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ABSTRACT 
 
 

Wanseok Oh.  Transport Properties of II-VI Organic-Inorganic Hybrid Semiconductors 
(Under the direction of Dr. Yong Zhang) 

 
 

β-ZnTe(en)0.5, an organic-inorganic hybrid semiconductor, demonstrates exceptional long-term 

stability exceeding 15 years in ambient conditions, surpassing most hybrid semiconductors like 

halide perovskites. This stability arises from strong covalent-like bonds between the alternating 

inorganic and organic layers, forming a superlattice structure, where ZnTe inorganic layers are 

bonded with ethylenediamine (en). The crystalline structure exhibits various unique and 

interesting properties, such as strong quantum confinement effects, resulting in a large bandgap 

blueshift compared to bulk ZnTe and strong excitonic absorption, and anisotropic thermal 

expansion with a low uniaxial thermal expansion coefficient along the stacking direction. High 

crystallinity, evidenced by narrow X-ray diffraction and Raman line widths, makes β-ZnTe(en)0.5 

a promising candidate for optoelectronic applications. 

β-ZnTe(en)0.5 crystals were synthesized via a solvothermal method, leveraging high autogenous 

pressures and controlled crystallization in sealed reaction vessels at elevated temperatures. This 

technique, using ethylenediamine as a solvent, facilitated the formation of colorless flake-like 

crystals through controlled reaction parameters and purification. For device fabrication, a 

shadow mask approach was chosen over conventional lithography like UV photolithography and 

electron beam lithography (EBL), offering a resist-free, versatile, and less invasive patterning 

method that avoids chemical exposure and preserves material integrity. This allowed for high-

quality devices with minimal artifacts, enabling reliable transport property investigation.  

To explore charge transport, Space-Charge-Limited Current (SCLC) analysis, based on the Mott-

Gurney law (J ∝ V²), was employed. While real materials deviate from ideal behavior, this 
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analysis established a baseline understanding of charge carrier mobilities. Two-probe electrical 

measurements on both vertical and lateral device configurations were conducted. Initial vertical 

measurements on pristine samples with metal electrodes revealed SCLC behavior, with 

mobilities of 8.8 × 10-3 cm2/(Vs) and 2.5 10-3 cm2/(Vs) for samples synthesized in 2007 and 

2019, respectively. Lateral measurements, conducted along the a- and c-axes, revealed 

significantly higher mobilities, with values of 1.787 × 102 cm2/(Vs) along the a-axis and 1.696 × 

101 cm2/(Vs) along the c-axis, demonstrating anisotropic charge transport. These results 

underscore the importance of SCLC measurements in characterizing the anisotropic transport 

properties of materials. 

Complementary electronic structure analysis using X-ray photoelectron spectroscopy (XPS), 

ultraviolet photoelectron spectroscopy (UPS), Kelvin probe force microscopy (KPFM), and hot 

probe measurements were performed. XPS revealed a valence band maximum (Ev) of 0.80 eV 

below the Fermi level (EF), indicating p-type conductivity, corroborated by a 3.55 eV bandgap 

from photoluminescence (PL). KPFM yielded work function of 4.59 ± 0.03 eV, consistent with 

UPS data, falls within the 4.49 eV to 4.71 eV range determined by UPS, which accounts for 

substrate-dependent variations in the β-ZnTe(en)0.5 work function. The hot probe measurements 

indicated  p-type conductivity of β-ZnTe(en)0.5. Integrating these results produced a reliable 

energy band diagram, confirming p-type conductivity and establishing band alignment. This 

multi-technique approach emphasizes its importance for accurate electronic structure 

determination.  
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CHAPTER 1: INTRODUCTION 

1.1. The Unique Properties and Potential Applications of β-ZnTe(en)0.5 
β-ZnTe(en)0.5 stands as a compelling subject of study due to its unique properties and potential 

applications, distinguishing itself within the realm of organic-inorganic hybrid materials. Most 

hybrid materials, while offering improved processability, tailored bandgap energies, and tunable 

electronic properties, often suffer from poor long-term stability and structural disorder [1-2, 4-6, 

9, 66]. However, β-ZnTe(en)0.5 demonstrates exceptional long-term stability in ambient 

environments, exceeding 15 years, a significant advantage over materials like halide perovskites, 

which face substantial stability challenges [10, 66, 93]. This remarkable stability is attributed to 

its intrinsic strong chemical bonding with covalent-like bonds and further enhanced by 

conformation distortion of the organic and inorganic components [93]. Structurally, β-

ZnTe(en)0.5 is a three-dimensional (3D) hybrid single-crystal nanostructure where inorganic 

ZnTe layers are covalently bonded with organic ethylenediamine molecules, resulting in a quasi-

two-dimensional (quasi-2D) layered architecture for the inorganic component [1, 5-6, 8-9, 66]. 

The meticulous layering induces strong quantum confinement effects, leading to a substantial 

blueshift in the bandgap energy compared to bulk ZnTe [1, 2, 6, 163]. With a bandgap energy of 

3.719 eV at 1.5 K, and 3.55 eV at room temperature, the blueshift is evident when compared to 

bulk ZnTe's 2.3805 eV at 4 K and 2.26 eV at room temperature, showcasing temperature-

dependent variations consistent with typical inorganic semiconductor behavior [1-2, 5-6, 76-81, 

84-89, 142-144, 183]. Furthermore, β-ZnTe(en)0.5 exhibits anisotropic thermal expansion, with 

an exceedingly small uniaxial thermal expansion coefficient along its stacking direction, making 

it promising for optoelectronic applications like lasers and optical cavities [8, 163]. Its high 
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crystallinity, evidenced by narrow Raman line widths (FWHM = 0.8 cm-1 at 30 K), XRD 

linewidths (WRC = 22", W2θ = 38"), and distinct vibrational modes, highlights its superior 

material quality [2, 6, 9, 10]. The material's orthorhombic crystal system, akin to ultrashort-

period superlattice heterostructures, is synthesized via a solvothermal method, allowing for 

tailored cation, anion, and organic constituent manipulation [1, 2, 3, 5, 6, 10]. This method 

facilitates the creation of new hybrid nanostructures by enabling organic molecules to break 3D 

ZnTe crystal lattices into 2D ZnTe slabs [1]. The high-frequency dielectric constants of β-

ZnTe(en)0.5, εx = 6.06, εy = 5.41, and εz = 4.88, contrast with ZnTe's 7.28, reflecting its unique 

structural properties [6]. In essence, β-ZnTe(en)0.5, while fundamentally 3D, exhibits quasi-2D 

characteristics due to its layered architecture, demonstrating quantum confinement effects and 

anisotropic properties, making it a valuable material for exploring novel electronic and 

optoelectronic applications [66]. These unique properties necessitate precise synthesis and 

fabrication methods, as discussed in the following section. 

1.2. Solvothermal Synthesis and Shadow Mask Lithography for β-ZnTe(en)0.5 
β-ZnTe(en)0.5 crystals are synthesized through a carefully controlled solvothermal method, which 

leverages the generation of high autogenous pressures within sealed reaction vessels at elevated 

temperatures. This technique facilitates precise control over the crystallization process [72, 73]. 

Utilizing ethylenediamine as a solvent, this approach enables the synthesis of highly crystalline, 

colorless flake-like crystals through a process involving meticulously controlled reaction 

parameters, including temperature, pressure, and reaction time, followed by a rigorous 

purification protocol [1]. The solvothermal method allows for the creation of materials with 

tailored morphologies and sizes, offering advantages such as the ability to use diverse precursors 

and perform high-pressure reactions at lower temperatures [73]. Careful control of the synthesis 
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is required to produce high quality crystals suitable for electronic testing. The samples used in 

this study were synthesized by our collaborators: the newest ones by my team member Mr. 

Yizhou Wang, and older ones by other collaborators mentioned in a previous publication [10]. 

For the fabrication of devices necessary to study the material's electrical properties, a shadow 

mask approach was selected over conventional lithographic techniques like UV photolithography 

and electron beam lithography (EBL). While UV photolithography and EBL are capable of high-

resolution patterning, they introduce potential drawbacks when applied to delicate materials like 

β-ZnTe(en)0.5. These methods involve the use of photoresists, developers, and solvents, which 

can lead to chemical degradation of the material [109, 110, 194]. Furthermore, UV 

photolithography has been observed to induce mechanical stress, resulting in cracks within the β-

ZnTe(en)0.5 crystals. In contrast, the shadow mask technique offers a resist-free, versatile, and 

less invasive patterning method, avoiding direct chemical exposure and preserving the material's 

structural integrity by eliminating exposure to UV photons and high-energy electrons [159, 189, 

190, 191, 193]. This approach simplifies the fabrication process, reducing potential errors and 

enhancing cost-effectiveness. Specifically, successful lateral device fabrication was achieved by 

employing a planarizing coating as a temporary adhesive, which negated the need for harsh 

chemicals and UV exposure, both of which can degrade the material [192]. This method allowed 

for accurate alignment of electrodes along the a- or c-axis, crucial for studying the anisotropic 

transport properties of β-ZnTe(en)0.5. The precision afforded by the shadow mask technique 

ensures the creation of high-quality devices with minimal processing artifacts, enabling reliable 

and accurate investigation of the material's inherent transport characteristics. The carefully 

fabricated devices allowed for the study of the charge transport properties of β-ZnTe(en)0.5 via 

space-charge-limited current (SCLC) analysis, as detailed in the following section. 
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1.3. Space-Charge-Limited Current (SCLC) Analysis of β-ZnTe(en)0.5 
Understanding charge transport in organic-inorganic hybrid materials is crucial for their 

applications in advanced optoelectronic devices. β-ZnTe(en)0.5, a material with exceptional long-

term stability and a unique layered nanostructure, presents an intriguing case for such 

investigation [10]. To explore the charge transport properties of this material, this study 

employed Space-Charge-Limited Current (SCLC) analysis, a technique grounded in the idealized 

Mott-Gurney law [11]. The Mott-Gurney law predicts a direct quadratic relationship between 

current density and applied voltage (J ∝ V²), providing a fundamental framework for 

understanding charge transport in semiconductors and insulators under conditions where space-

charge dominates [12-14]. While it is well-established that real materials often exhibit deviations 

from the ideal Mott-Gurney behavior due to factors such as impurities, defects, and traps, this 

initial analysis focused on applying the idealized model to establish a baseline understanding of 

charge carrier mobilities in β-ZnTe(en)0.5. By assuming conditions that approximate the ideal, 

such as a dominant space-charge regime, and neglecting the immediate effects of traps and non-

idealities within the initial step of this analysis, the intrinsic transport characteristics of the 

material were assessed. This approach provides a foundation for future investigations that may 

incorporate more complex models to account for non-idealities. The derived mobility values, 

within the context of this ideal model, serve as a starting point for further exploration into more 

intricate transport phenomena [16-18]. 

Two-probe electrical measurements were performed on both vertical and lateral device 

configurations to investigate the charge transport properties of β-ZnTe(en)0.5. Initial vertical 

measurements on pristine samples, without metal electrodes, revealed SCLC behavior, with 

mobilities of 8.8 × 10-3 cm2/(Vs) and 2.5 × 10-3 cm2/(Vs) for samples synthesized in 2007 and 
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2019, respectively [10]. These values, derived using the Mott-Gurney law, are consistent with 

the expected reduced mobility for the transport along the inorganic-organic stacking direction (b-

axis). Lateral measurements, conducted along the a- and c-axes, revealed significantly higher 

mobilities, with values of 1.787 × 102 cm2/(Vs) along the a-axis and 1.696 × 101 cm2/(Vs) along 

the c-axis, demonstrating anisotropic charge transport, as suggested by the biaxial crystal 

symmetry [66]. These results emphasize the importance of SCLC measurements in 

characterizing the anisotropic transport properties of materials, particularly in layered hybrid 

nanostructures like β-ZnTe(en)0.5, whose anisotropic crystal structure directly contributes to the 

observed directionality in charge carrier mobility. 

1.4. Complementary Electronic Structure Investigation of β-ZnTe(en)0.5 
To thoroughly characterize the electronic structure of β-ZnTe(en)0.5, a complementary 

investigation employing a combination of surface-sensitive and bulk-probing techniques was 

conducted. X-ray photoelectron spectroscopy (XPS) was utilized to probe the valence band 

electronic structure, revealing a valence band maximum (Ev) located approximately 0.80 eV 

below the Fermi level (EF), a key indicator of p-type conductivity. This observation was further 

supported by room-temperature photoluminescence (PL) measurements, which independently 

determined a bandgap of 3.55 eV, providing crucial information about the material's optical 

properties and electronic transitions. 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed to determine the 

secondary electron cutoff (ESECO) and the Fermi level, aiming to understand the surface 

electronic properties and work function (∅). The UPS measurements estimated the work function 

to be within the range of 4.49 eV to 4.71 eV. However, due to the inherent surface sensitivity of 

UPS and potential interference from the substrate, challenges were encountered in accurately 
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identifying the valence band maximum. Nonetheless, the UPS data provided valuable insights 

into the material's surface electronic structure. 

Kelvin probe force microscopy (KPFM) was employed to directly measure the work function of 

β-ZnTe(en)0.5, yielding an average value of 4.59 ± 0.03 eV. This result was consistent with the 

range of 4.49 eV to 4.71 eV estimated from the UPS data, reinforcing the reliability of the work 

function determination. Additionally, hot probe measurements were conducted to independently 

verify the p-type conductivity of β-ZnTe(en)0.5, confirming the nature of the majority charge 

carriers. 

By integrating the data obtained from XPS, UPS, KPFM, and hot probe measurements, a 

comprehensive and reliable energy band diagram of β-ZnTe(en)0.5 was constructed. This energy 

diagram confirmed the p-type conductivity of the material and accurately established its work 

function and band alignments, providing a solid foundation for understanding its electronic 

behaviors. This multi-technique approach underscores the critical importance of utilizing a 

combination of spectroscopic and electrical characterization methods to accurately elucidate the 

electronic structure of complex materials like β-ZnTe(en)0.5, ensuring a more complete and 

accurate understanding of their properties.  
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CHAPTER 2: MATERIAL PROPERTIES OF β-ZnTe(en)0.5 

Organic-inorganic hybrid materials offer unique properties and several advantages that are not 

found in either organic or inorganic materials alone, such as improved processability, tailoring 

bandgap energy, lattice-matching flexibility, and tunable optical and electronic properties, while 

often demonstrating cost-effectiveness; however, they frequently suffer from poor long-term 

stability and crystal structural disorder [1, 2, 4, 5, 6, 9, 36, 66]. These materials are synthesized 

through the incorporation of organic components into inorganic constituents via various 

chemical bonds, including ionic, covalent, hydrogen bonds, coordinate bonds, and van der Waals 

interactions [1, 2]. Moreover, many hybrid materials exhibit non-crystalline structures due to the 

lack of translational symmetry, as defined by strict crystallographic classifications [58, 66]. 

α-ZnTe(en)0.5, β-ZnTe(en)0.5, and ZnTe(pda)0.5 represent the first examples of chalcogenide-

based organic-inorganic hybrid nanostructures, distinguished by uniform and fully ordered short-

period superlattice structures devoid of physical and chemical fluctuations [1, 5, 6, 8, 9, 10]. 

Notably, β-ZnTe(en)0.5 exhibits exceptional stability within ambient environments over an 

extended period, exceeding 15 years [10]. These materials are three-dimensional (3D) hybrid 

single-crystal nanostructures where the inorganic host II-VI semiconductors (ZnTe) are 

covalently bonded with the organic molecules (en: ethylenediamine, C2H8N2 or pda: 

propanediamine, C3H10N2); however, the organic materials and inorganic materials are perfectly 

stacked, resulting in a quasi-2D nanostructures [1, 5, 6, 8, 9, 66]. Additionally, one-dimensional 

(1D) and two-dimensional (2D) chalcogenide-based organic-inorganic hybrid nanostructures can 

be designed and synthesized [2]. 

II-VI compound semiconductors are direct bandgap material with wide-bandgap energies, and  
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ZnTe (Zinc Telluride), a prominent member of this family, has found widespread applications in 

optoelectronic devices such as detectors, green LEDs, and multi-junction tandem solar cells 

owing to its size-dependent characteristics, low resistivity, optical tunability, and dopability [80-

82, 84-87]. The ethylenediamine, C2H8N2, which serves as a spacer in α-ZnTe(en)0.5 and β-

ZnTe(en)0.5, is an organic solvent at room temperature with a bandgap energy of 5.27 eV (± 0.03 

eV), transitioning into a molecular crystal at temperatures below 10 ̊C [6]. Notably, while 

organic-inorganic halide perovskites are among the most extensively researched organic-

inorganic hybrid materials, they face significant stability challenges; in contrast, the exceptional 

long-term stability demonstrated by β-ZnTe(en)0.5 strongly suggests its potential as a promising 

candidate for (opto-)electronic applications [10, 66, 93]. The impressive long-term stability of β-

ZnTe(en)0.5 is primarily attributed to its intrinsic relatively large formation energy and 

conformation distortion induced sizable kinetic barrier, despite that the influence of oxygen, the 

most significant external factor, accelerates the degradation of the material in ambient conditions 

by lowering the thermal activation barrier and forming oxidation products [93]. 

Single crystal X-ray diffraction (XRD) reveals that these chalcogenide-based hybrid 

nanostructures possess orthorhombic crystal systems (a ≠ b ≠ c), and their atomic structures 

exhibit a striking resemblance to the ultrashort-period superlattice heterostructure 

(GaAs)n/(AlAs)n, the most extensively studied semiconductor superlattice examples grown by 

molecular beam epitaxy (MBE) [3, 10]. The solvothermal synthesis approach enables the 

creation of new hybrid nanostructures by tailoring the cation, anion, and length of the organic 

constituents where the organic compounds serve as effective spacers, solvents, reagents, and 

ligands within the synthesis process [1, 2, 5, 6]. Specifically, the formation of hybrid 

nanostructures is facilitated by the ability of organic molecules to be strong enough to break 
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three-dimensional ZnTe crystal lattices into two-dimensional ZnTe slabs [1]. Furthermore, the 

conversion of hybrid nanostructures can be achieved under mild conditions (e.g., α-

ZnTe(en)0.5↔ ZnTe(pda)0.5 or β-ZnTe(en)0.5↔ β-ZnTe(pda)0.5), while high temperature can 

induce the reversion of these hybrid materials to their original state (e.g., β-ZnTe(en)0.5 into 

ZnTe and en, and vice versa) [1].  

The high-frequency dielectric constants, calculated using the Projected Augmented Wave (PAW) 

method are, εx = 6.06, εy = 5.41, and εz = 4.88, contrasting with the dielectric constant of ZnTe, 

which is 7.28 [6]. Materials exhibiting uniaxial or biaxial zero thermal expansion (ZTE) 

coefficients are often considered viable alternatives when isotropic ZTE material is unavailable; 

however, their anisotropic TE coefficients, despite isotropic volumetric ZTE coefficient, 

significantly degrade the conductivity due to grain boundary effects and the potential for the 

internal cracking induced by this anisotropy [8, 58, 163]. β-ZnTe(en)0.5 shows exceedingly small 

uniaxial TE along the stacking direction (i.e., b-axis) between 4 K and 400 K, which can be 

attributed to the fact that organic materials typically exhibit negative TE coefficients (contraction 

upon heating), while inorganic materials typically exhibit positive TE coefficients (expansion 

upon heating) [8, 163]. Consequently, this opposing behavior effectively compensates for the TE 

of β-ZnTe(en)0.5 along the stacking axis, making β-ZnTe(en)0.5 a promising candidate for 

applications in high-efficiency semiconductor lasers, ultrathin window or transport layer for solar 

cells, and light-emitting and detecting devices [8, 163].  

Figure 1 illustrates α-ZnTe(en)0.5, which exhibits a wurtzite structure in the inorganic layer with 

some distortion and belongs to the space group of Pbca (No. 61) where two-dimensional ZnTe 

slabs are arranged along the stacking axis (i.e., c-axis) [1]. Specifically, the nitrogen atom is 

repeatedly connected to the zinc atom along the c-axis, resulting in the formation of a stable 
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tetrahedral coordination [1]. The ZnTe slab comprises a puckered 63 (honeycomb) net 

constructed from alternating, three-coordinated Zn and Te atoms [1]. These slabs are 

interconnected by bridging a nitrogen atom from organic spacers, positioned at the center of the 

Zn atom within the ZnTe slabs along the c-axis, forming (coordinate) covalent bonds in α-

ZnTe(en)0.5 [1, 2]. 

 

Figure 1: (a) Side view of α-ZnTe(en)0.5 structure shown along the b-axis with the unit cell 

outlined. The large solid circles are Zn, shaded circles Te, and small open and singly shaded 

circles C and N, respectively. (b) The 2D (ZnTe) slab is projected along the c-axis [1]. 

Figure 2 illustrates β-ZnTe(en)0.5, a polymorph of α-ZnTe(en)0.5, where it grows normal to the 

(110) ZnTe slab, but the stacking axis (i.e., b-axis), topology of ZnTe slabs, and connectivity 

between zinc and nitrogen atoms differ from those in α-ZnTe(en)0.5 [1, 5, 9]. β-ZnTe(en)0.5 

exhibits a zinc-blende structure in the ZnTe slab with some distortion and belongs to the space 

group of Pnnm (No. 58) where the zinc atoms from two (110) monolayers of ZnTe are connected 

to the nitrogen atoms from organic spacers, enabling the formation of stable tetrahedral 

coordination along the b-axis [1, 10, 66].  
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Figure 2: Crystal structure of β-ZnTe(en)0.5 viewed along the a-axis and c-axis [10]. 

ZnTe(pda)0.5 exhibits a wurtzite structure with some distortion and belongs to the space group of 

Cmc21 (No. 36), displaying a topology similar to α-ZnTe(en)0.5, although the relative orientation 

of ZnTe slabs and connectivity of host materials (ZnTe) and organic spacer (pda) differ [1]. 

Carbon and nitrogen are observed in the crystal structure of II-VI-based organic-inorganic hybrid 

nanostructures, but hydrogen atoms are absent for clarity. 

Strong quantum confinement effects (QCEs) are achieved when three-dimensional ZnTe crystal 

lattices are segmented into two-dimensional ZnTe slabs, resulting in an observed increase in the 

bandgap energy of ZnTe slabs compared to bulk ZnTe [1, 2, 6, 163]. QCE, a size-dependent 

effect and an inherent structural property of hybrid materials, qualitatively explains the 

substantial blueshifts observed in the absorption edge relative to bulk ZnTe; however, the extent 

of this blueshift is also affected by the property of organic spacers [2]. Low-temperature 

absorption and photoluminescence (PL) experiments can be employed to investigate changes in 

electronic properties of hybrid nanostructures, providing valuable insights into the emergence of 

additional absorption peaks, shifts in the bandgap energy, and the allowed energy transitions near 

the absorption edge [1, 5, 6, 92]. 
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The bandgap energy of β-ZnTe(en)0.5 is 3.719 eV (determined from the free exciton absorption 

peak at 1.5 K), exhibiting a large blueshift compared to the bandgap energy of bulk ZnTe 

(2.3805 eV), as determined from the free exciton transition energy [6]. Similar large blueshifts 

are also observed in other hybrid nanostructures (e.g., α-ZnTe(en)0.5 and ZnTe(pda)0.5) [1-2, 5]. 

The bandgap energy of β-ZnTe(en)0.5 was found to be 3.55 eV based on room-temperature 

photoluminescence (PL) measurements. This temperature dependence is consistent with the 

observed bandgap energy of ZnTe (Eg = 2.39 eV at 4 K) is greater than the typically reported 

value of 2.26 eV at room temperature [6, 76-81, 84-89]. Specifically, this aligns with the 

expected behavior of semiconductors, where the bandgap energy generally increases at lower 

temperatures and decreases at higher temperatures, as described by the Varshni equation [142-

144, 183]. 

Indeed, temperature-dependent variations in bandgap energy arise from thermal energy-induced 

intensification of atomic vibrations and lattice expansion at higher temperatures, resulting in 

enhanced electron-phonon interactions and bandgap reduction, in contrast, diminished lattice 

vibrations and slight atomic spacing contraction at lower temperatures lead to bandgap widening 

[141]. 

Beyond temperature effects, the observed attenuation of bandgap state intensity upon surface 

oxidation is a consequence of defect passivation, charge state modulation, and the formation of 

insulating oxide layers, all of which contribute to modifications in the material's electronic 

structure [138]. Additionally, variations in experimental methods and setups can also contribute 

to minor discrepancies in measured bandgap values [89]. 

The density of states (DOS) analysis reveals that the ZnTe slab plays a dominant role in the 

optical absorption of the band edge states, and these states can be engineered by manipulating the 
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dimensionality of the hybrid nanostructures [2, 5]. Electronic states near the band edge typically 

appear in pairs due to the presence of two ZnTe slabs within each period, and the splitting 

observed between these complementary states reflects the coupling strength between the two 

ZnTe slabs [6].  

Furthermore, strong absorption peaks exhibit anisotropic even within the ZnTe plane, and 

additional absorption peaks are observed in the hybrid nanostructure that are not observed in 

bulk ZnTe [5, 6]. Although QCE leads to bandgap energy blueshifts in many nanostructures, the 

magnitudes are typically smaller in inorganic quantum wells and quantum dots than in these 

hybrid materials (∆Eg ≈ 1.0 eV) [1-2, 4-6]. 

One of the major drawbacks of most organic-inorganic hybrid materials is their inherent 

instability under chemical and thermal stresses; however, β-ZnTe(en)0.5 exhibits remarkable 

stability in ambient conditions, even under exposure to UV radiation and elevated temperature 

(up to 200 ℃ ), with no noticeable changes in its crystal structures, electronic, and optical 

properties. This exceptional stability is attributed to the presence of a strong covalent-like bond 

within the material [1, 8, 9]. Moreover, while high formation energy is generally considered a 

contributing factor to the long-term stability of hybrid materials, the presence of defects can still 

degrade their stability, even under ambient conditions [9, 10]. 

Figure 3 presents in situ Raman spectroscopy data of freshly made pristine β-ZnTe(en)0.5 with N2 

flow [10]. A characteristic hybrid Raman peak at 133 cm-1 disappears above 240 ℃ [10]. 
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Figure 3: Thermal degradation of freshly prepared pristine β-ZnTe(en)0.5 by in situ Raman 

spectroscopy with N2 flow [10] 

Figure 4 shows Raman spectra for hybrid nanostructures and bulk ZnTe [2]. The narrow Raman 

line width (FWHM = 0.8 cm-1 for β-ZnTe(en)0.5) at low temperature (30 K) in high-resolution 

Raman spectra indicates a high degree of crystallinity comparable to high-quality elemental or 

compound semiconductors with superior surface quality, with distinct vibrational modes 

observed in these hybrid nanostructures that are absent in bulk ZnTe [2, 6, 9]. These newly 

observed phonon features can be explained by the band folding of the semiconductor-related 

modes (analogous to superlattices) and coupling between the organic and inorganic constitutes, 

while Raman studies on the same nanostructures with varying dimensionality and topology 

reveal distinct spectral signatures [2]. 

Although typical Raman peaks exhibit a redshift with increasing temperatures, a significant 

blueshift (56.0 cm-1 at 30 K vs. 63.2 cm-1 at 300 K) and several modes with weak temperature 

dependence are observed in β-ZnTe(en)0.5 [8]. 
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Figure 4: Raman Spectra for Bulk ZnTe, 3D β-ZnTe(en)0.5, 2D ZnTe(N2H4), and 1D ZnTe(pda) 

measured at 300K. The insertion is a hybrid peak of β-ZnTe(en)0.5 measured at 30K [2]. 

Figure 5 shows the Raman spectrum of β-ZnTe(en)0.5 acquired using a 532 nm laser with a 

backscattering geometry along the b-axis, demonstrating the material’s long-term stability 

through the persistent presence of the hybrid Raman peak at 133 cm-1 under ambient conditions; 

however, partially degraded β-ZnTe(en)0.5 exhibits tellurium Raman peaks at 124 cm-1 and 142 

cm-1, with the hybrid Raman peak vanishing in severely degraded β-ZnTe(en)0.5 [10, 80]. 
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Figure 5: Raman spectra of β-ZnTe(en)0.5 [10]. 

For over two decades, the scientific community has actively researched 2D materials, a category 

of low-dimensional nanostructures defined by their ultra-thin, nanometer or single-atom layer 

structure, electron confinement to two dimensions, and resulting markedly different and 

exceptional properties compared to bulk materials, where one axis is limited to a single or few 

monolayers (not exceeding a few nanometers) [100, 101]. Although these materials manifesting 

an atomically thin, sheet-like structure, exhibit unrestricted lateral dimensions and encompass a 

diverse range of properties, from insulating to highly conductive and from soft to extremely 

strong [102]. 

Indeed, the exceptional properties of 2D materials, stemming from their ultra-thin nature, 

including novel physical phenomena such as high carrier mobility, a high switching speed, low 

power dissipation, high surface area, quantum confinement effects, strong in-plane bonds (high 

mechanical strength and stability), van der Waals layer stacking for heterostructure creation 
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(easy exfoliation of single layers), and thickness-dependent tunable properties, making them 

versatile for diverse applications [100, 102]. 

The advent of mechanical exfoliation revolutionized 2D material studies by offering a simple 

and cost-effective method to obtain exceptionally high-quality and pure crystal samples, 

replacing the need for complex, cost-intensive growth processes and enabling wider exploration 

of fundamental physics [108, 109]. This breakthrough, coupled with the inherent properties of 

2D materials, such as scalability, integrability, high surface-to-volume ratio, mechanical 

flexibility, chemical stability, tunable bandgaps, ultra-flat surfaces, strong spin-orbit coupling, 

and quantum confinement-induced direct-indirect bandgap transitions, has propelled their 

exploration [103]. 

Graphene, as the most widely researched 2D material, exemplifies these unique properties, 

exhibiting 2D semimetal behavior, high room-temperature charge carrier mobility, superior 

electrothermal conductivity, high specific surface area, exceptional optical transparency, large 

Young’s modulus, quantum transport phenomena, a strong ambipolar electric field effect, and 

remarkable stability [55, 101, 102, 110]. Graphene's charge carrier mobility, minimally affected 

by temperature and thus limited by impurities or defects, can be improved through enhanced 

fabrication, while its low-noise nature and long electron mean free path, due to weak electron-

electron interactions, contribute to its high environmental sensitivity [110]. 

However, despite these advantages, 2D materials, including graphene, face challenges. For 

example, although bandgap engineering in graphene has been demonstrated, the resulting 

reduction in carrier mobility compromises its practical efficacy, and its low light absorption 

limits optoelectronic applications [102, 103]. Furthermore, while 2D materials, with their 

atomically flat surfaces, were expected to form ideal ohmic contacts, interfacial Fermi-level 
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pinning commonly leads to large Schottky barriers and deviations from the Schottky-Mott rule, 

impeding efficient charge carrier injection [90, 97, 106]. Moreover, despite their atomically flat, 

dangling bond-free surfaces, which suggest promise for ohmic metal contacts, 2D materials 

present challenges due to the inapplicability of traditional doping methods and their extreme 

sensitivity to surface adsorbates, leading to complex interfacial states [106]. 

Graphene's success has spurred the discovery of diverse 2D materials like Group IV-V 

monolayers, layered double hydroxides (LDHs), transition metal oxides (TMOs), transition 

metal dichalcogenides (TMDs), MXenes, phosphorene, silicene, antimonene, and hexagonal 

boron nitride (h-BN), each exhibiting unique physicochemical properties and superior 

performance compared to their bulk counterparts [100, 102]. 2D materials generally offer high 

device performance due to their unique properties; however, graphene and h-BN suffer from 

unsuitable bandgaps, and though tunable, their control is difficult [107]. In contrast, TMDs 

provide a wide range of easily tunable bandgaps, making them superior alternatives for field-

effect transistors (FETs) applications [103]. 

As Moore's Law nears its limits, necessitating alternative materials for continued circuit 

performance advancements, these newly discovered atomically thin 2D materials have emerged 

as a prominent focus for post-silicon era electronics [104, 109]. The inherent physicochemical 

properties of these 2D materials suggest diverse fabrication methodologies for 2D structures; 

consequently, a strategic selection of synthetic routes, informed by the properties of constituent 

materials, enables the construction of 2D superlattice materials, thereby facilitating enhanced 

performance [100]. 

To address the limitations of individual 2D materials, heterostructures formed by van der Waals 

stacking have emerged. By integrating varied 2D materials, researchers can broaden their 
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physicochemical properties, design novel device architectures, and generate new functionalities 

[100, 103]. 2D superlattice heterostructures, created by controlled alternating or periodic 

stacking of distinct 2D monolayers, further expand the possibilities, offering tunable (opto-

)electronic properties, ultrafast charge transfer, and tailored physicochemical attributes [100]. 

Fabricating devices from mechanically exfoliated 2D materials is challenging due to their 

micron-scale size, random distribution, and irregular shapes, hindering precise patterning and 

metal contact alignment; while EBL is slow and defect-inducing, optical lithography, enhanced 

by innovative alignment mark designs, offers a solution to these limitations, enabling channel 

fabrication on graphene with a 2 μm width [109]. The synergistic combination of EBL for metal 

contact patterning and helium ion beam milling for sub-nanometer graphene carving by 

sputtering enables unprecedented precision and yield in fabricating advanced nanoelectronic 

devices, crucial for exploring quantum effects and developing next-generation technologies 

[110]. 

Efficient 2D material device operation crucially depends on electrical contacts, as high contact 

resistance, especially in top contacts limits performance; therefore, edge contacts, offering 

superior orbital overlap and reduced tunneling barriers, are preferred for optimal carrier injection 

[105]. Despite TMDs' potential for FET applications, high contact resistance due to interfacial 

charge transfer remains a challenge, mitigated by selecting TMD-metal combinations based on 

lattice mismatch to induce phase transitions for enhanced charge transfer and ohmic contact 

formation [102-103, 105-107]. 

2D materials promise transformative advancements in sensing, MEMS/NEMS, 

optoelectronics/photonics, neuromorphic computing, and quantum technologies [104]. Notably, 

2D heterostructures are poised to revolutionize topological quantum computing [104]. The 
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fabrication of superlattice structures composed of organic/inorganic hybrid materials necessitates 

the strategic molecular integration (intercalation and polymerization) of organic molecules 

within the interlayer regions of the inorganic 2D components [100]. This approach, by enabling 

controlled defect engineering and offering tunable properties through the strategic combination 

and interfacial modification of distinct materials, provides a versatile platform for designing 

high-performance electronic devices and gaining insights into interfacial interactions, thereby 

guiding optimal material selection [103]. Furthermore, organic-inorganic heterostructures, by 

combining the low-cost, scalable synthesis, tunable functionalities, and high light absorption of 

organic materials with the high quality, mobility, and structural integrity of 2D van der Waals 

inorganic materials, offer a versatile, flexible, and adaptable platform for creating customized 

advanced optoelectronic devices and expanding application spaces by mitigating the limitations 

of each component through their complementary strengths [103]. 

Despite progress, challenges remain in synthesis, application, and understanding interfacial 

interactions [100, 102, 103]. The widespread adoption of 2D materials requires addressing 

challenges in wafer-scale deposition, bonding, controlled interfaces, etching, and doping [104]. 

Future research should focus on exploring novel material combinations and utilizing advanced in 

situ/operando techniques to enhance performance [100]. 

A lithography-free method using carbon fiber microprobes (d = 7 μm), as an alternative to metal 

electrodes, enables non-destructive electrical measurements on 2D materials, demonstrating 

comparable results to lithography-based methods while emphasizing that the probes' flexibility 

allows for placement on materials without surface damage, with a minimum placement 

separation of approximately 10 μm [108]. This highlights the ongoing development of innovative 

techniques to overcome fabrication and characterization challenges. The principles governing the 
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behavior of 2D materials are also observed within organic-inorganic hybrid nanostructures, as 

exemplified by the unique properties of β-ZnTe(en)0.5. 

The β-ZnTe(en)0.5, while fundamentally a three-dimensional (3D) superlattice nanostructure, 

exhibits characteristics of a quasi-two-dimensional (quasi-2D) material [66]. This apparent 

contradiction stems from its unique architecture: a precisely layered heterogeneous structure 

wherein two ZnTe monolayers are interconnected by ethylenediamine (en) molecules, forming 

an alternating stack. This meticulous layering of inorganic (ZnTe) and organic (en) ligand creates 

a highly anisotropic environment, effectively confining electronic states within the ZnTe layers. 

Consequently, despite its 3D nature, the structure manifests quantum confinement effects, a 

phenomenon typically observed only in low-dimensional materials [6]. This behavior 

emphasizes the importance of considering not just the dimensionality of the constituent building 

blocks, but also the overall architectural arrangement in determining the electronic properties of 

complex nanostructures.  
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CHAPTER 3: SPACE-CHARGE-LIMITED CURRENT (SCLC) 

3.1. Fundamentals of Space-Charge-Limited Current (SCLC) 

The space-charge effect, which describes the phenomenon wherein the electromagnetic 

interactions between a charge particle flow and its surrounding structures exert a substantial 

influence on the flow's dynamics, was first observed by Thomas Edison, and has tremendously 

impacted vacuum and solid-state electronics applications [21, 60]. Understanding charge 

transport and its limitations is vital for advancements in device performance, circuit design, and 

material development [40, 49]. Early band theory models for solids like semiconductors or 

insulators suggest that as long as charge carriers are injected through either the conduction band 

or the valence band, they can move freely through an interface (i.e., metal-semiconductor or 

metal-insulator) with ohmic contact, where the currents are only limited by the charge carriers, 

which is analogous to a Space-Charge-Limited Current (SCLC) in a vacuum diode [13, 16-19, 

21, 32, 48]. SCLC is the upper limit of steady-state current density that can be transported 

through a material [60]. For simplicity and to avoid confusion, the term 'semiconductor' will be 

used, even though many studies specifically refer to 'insulator' in their papers, because the 

classification of materials as either semiconductors or insulators is often roughly determined by 

their bandgap energy, with a somewhat arbitrary boundary [32, 123]. While electrons and holes 

are considered as the charge carriers, ions are also charge carriers in semiconductors; however, 

electrons are the only charge carriers in the vacuum diode. Although the contributions of both 

electrons and holes are evident, with some distinctions in SCLC, the term ‘electrons’ is often 

used to encompass both for brevity, with specific distinctions made when necessary [15]. 
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Although SCLC originated in the 1930s as a semiclassical transport model for solid diodes, it 

persists as a significant research area for material scientists and device engineers, particularly in 

the experimental analysis of charge transport and trapping mechanisms [60]. Linear currents in 

SCLC current density-voltage (J-V) characteristics arise from equilibrium charge carrier flow at 

low voltages, doping-induced carrier density increases, or bulk charge carrier saturation at high 

bias or with large injection barriers, excluding trap and doping effects [121]. Despite the 

theoretical significance of the SCLC model, experimental evidence supporting its validity in 

semiconductors remained limited until the 1950s [16-17, 19, 34]. SCLC measurement, a 

convenient, simple, and powerful two-probe electrical technique, involves applying sequential 

voltage steps and recording the corresponding current [49-50, 52, 55, 91]. The interpretation of J-

V characteristics of single-carrier devices is essential for SCLC measurements [52, 122]. 

Moreover, SCLC measurements do not require light illumination for charge carrier generation; 

instead, the injected charge carriers are responsible for the charge transport property [54]. This 

allows for the extraction of crucial charge carrier transport properties, including mobility, surface 

potential, electronic trap density, capture cross-section, and energy distribution of carrier 

trapping states in semiconductors; furthermore, direct data interpretation is possible on 

functioning optoelectronic devices [16-19, 22-24, 32, 34, 37, 41, 43-45, 49-50, 52, 54-56, 60, 91, 

121-122]. The direct dependence of the SCLC model on mobility and trap carrier density reveals 

its inherent connection to the electronic properties, charge traps, and dopants of solids, and its 

functional relationship with applied field, temperature, and carrier density [60, 121-122]. While 

numerical models can describe mobility independent of field, temperature, and charge-carrier 

density, analytical approximations of mobility necessitate incorporating temperature dependence 

[121]. Furthermore, SCLC measurements offer the advantage that their measurement conditions 
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are similar to those of optoelectronic devices, and their low material demand is crucial for 

devices made from rare or expensive substances [55]. It is noteworthy that SCLC is one of the 

most sensitive methods to measure the presence of traps in semiconductors with a high degree of 

crystallinity and SCLC behavior with the trap presence can qualitatively explain the most 

observed current phenomena in devices with ohmic contacts [16-18, 58, 122]. SCLC 

measurements on single-carrier devices are a common technique for investigating charge carrier 

transport, particularly in organic semiconductors [43, 122]. In high-mobility inorganic 

semiconductors, while the rapid accumulation of injected charge carriers is fundamental to 

SCLC, the very high mobility can hinder the effective formation of a stable space charge region 

at lower voltages, making it challenging to achieve the ideal SCLC regime due to the potential 

for non-ideal injection (where transport could be limited by the rate at which charge carriers 

overcome a barrier, rather than the density of injected charge carriers itself due to barrier 

formation), the need to overcome the influence of intrinsic carriers, and the rapid transit of 

injected charges before a significant space charge can build up, whereas organic semiconductors, 

with their lower mobilities and significantly higher trap densities, readily exhibit space-charge-

limited current behavior, though this is typically a trap-limited regime characterized by distinct 

current-voltage (I-V) characteristics that reflect the trapping and detrapping of charge carriers 

[36, 44].  

Originally, proposed by Clement Child in 1911 to describe electron conduction in vacuum diodes 

(Child-Langmuir Law, J ∝ V1.5), the SCLC concept has been effectively adapted to describe 

charge carrier transport in semiconductors using Mott-Gurney law (J ∝ V2) [11-13, 19, 21-22, 

29, 32, 47, 60, 62-63, 123, 196]. In addition, the Child-Langmuir law has been extensively 

modified to accommodate considerations like non-standard geometries, relativistic electron 
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energies, initial electron velocities, quantum effects, cathode surface electric fields, and slowly 

varying charge densities [63, 47]. SCLC mechanism has been extensively employed to 

investigate the electrical properties of semiconductors (≤ 300 K) due to their typically low free 

charge carrier densities, which facilitate the creation of charge imbalances under applied 

voltages, and in this regime, both charge carrier mobility and space-charge density, influenced by 

the semiconductor's permittivity, significantly contribute to SCLC [48, 53, 56]. The Mott-Gurney 

law provides a framework for interpreting SCLC behavior in devices with two symmetrical, 

ohmic contacts, enabling the study of charge carrier mobility through drift current in the 

intermediate voltage regime, specifically within the SCLC or Mott-Gurney regime, in trap-free 

and undoped single-carrier devices [11, 17-18, 23, 26, 30, 34, 36, 42-45, 52, 58, 62-63, 65, 91, 

119, 122, 124]. A single charge carrier device (unipolar device) refers to a device in which only 

one charge carrier (i.e., electron-only devices or hole-only devices) is responsible for the current 

flow through the ohmic contact, with the maximum current limited by the space-charge density, 

encompassing both equilibrium charge carriers and injected charge carriers [23, 44, 50, 52-55, 

121-122]. In single charge carrier devices, where current-voltage behavior is governed by the 

mobility and concentration of injected charge carriers and the electric field, rather than electron-

hole recombination, the current density in an undoped electron-only device with optimal contact 

injection becomes primarily determined by the Mott-Gurney law, independent of the equilibrium 

electron concentration [43, 50, 52, 121-122, 124]. Ideal ohmic contacts, characterized by zero 

barrier height, eliminate injection barriers at the metal-semiconductor interface, enabling 

efficient charge carrier injection into the semiconductor, and enhancing the SCLC mechanism 

[30, 50, 56, 121-122, 124]. In an ideal single charge carrier device with an ohmic contact, charge 

carrier injection is unrestricted, and the resulting current flow becomes limited solely by the 
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accumulated space-charge, which can ultimately diminish the electric field at the injection 

contact to zero [30, 50, 52, 119-120, 122, 124]. To ensure current continuity when the electric 

field at the injecting contact is zero, an infinite carrier concentration at the boundary is required 

[119]. In contrast, under non-ohmic contact conditions, the total barrier height, which influences 

the charge transport property, is the sum of the internal diffusion barrier height (Vbi) and the 

injection barrier height (∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆) [49-50, 121, 131]. The injection barrier height is the same as the 

Schottky barrier height in ideal cases where interface states or dipoles are ignored, whereas, in 

real devices, the interface plays an important role in charge carrier transport [39, 90, 121]. 

Herein, this ideal condition is applied. It is important to note that, for SCLC analysis of single 

charge carrier electron device only, the terms 'injection barrier height' and 'Schottky barrier 

height' are synonymous and will be used interchangeably without loss of ambiguity. However, 

these terms differ from the conventional built-in voltage (diffusion barrier height) found in most 

metal-semiconductor (MS) junctions, which is defined as the difference between the work 

function (∅) of the metal and the semiconductor [43, 57, 70-71, 96, 124, 133]. Furthermore, the 

injection barrier height for electrons differs from that for holes. The equilibrium charge carriers 

exist within the semiconductor under thermal equilibrium conditions without applied bias, while 

injected charge carriers originate from the metal to the semiconductor or vice versa under an 

applied voltage. In an ideal single charge carrier device, all injected charge carriers remain free, 

and they all contribute to the space-charge carriers, resulting in SCLC at the Mott-Gurney regime 

[34, 50, 52, 56, 122-123]. The current-voltage (I-V) characteristics of a metal-semiconductor-

metal (MSM) junction are expected to be highly asymmetric when Schottky barrier effects are 

dominant [41]. 
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The space-charge carriers are typically observed in the depletion region (space-charge region) of 

pn-junction, metal-semiconductor junction, and the near cathode region of the vacuum diode. In 

the space-charge region of the pn junction, recombination occurs due to the diffusion of 

excessive majority charge carriers driven by the carrier concentration gradient across pn junction 

interface, leading to charge carriers depletion near the junction interface. In contrast to the pn 

junction, where electron-hole recombination occurs, electron liberation from the cathode in a 

vacuum diode leads to the accumulation of electrons near the cathode, forming an electron cloud, 

since the electron emission occurs more rapidly than the time required for the emitted electrons, 

accelerated by the electric field, to reach the anode. It's important to note that the physical 

properties of a semiconductor influence the behavior of injected charge carriers flowing through 

an ohmic contact, which introduces complexities not accounted for in the ideal model [32]. 

The Mott-Gurney law provides a foundational description of SCLC behavior in ideal devices. 

While the Mott-Gurney law is the standard for SCLC analysis, it's crucial to acknowledge its 

inadequacy in describing semiconductors with doping or trap states [55, 121]. However, real 

materials exhibit non-ideal characteristics, such as disorder and impurities, which introduce trap 

sites and necessitate corrections to the Mott-Gurney law [11, 19, 23-24, 26, 44, 91, 121- 122]. 

Charge carrier mobility, influenced by temperature, electric field, and carrier density, reflects the 

broad density of states (DOS) in these materials, which modifies the current-voltage relationship 

due to trap-like tail states, often modeled as an exponential distribution rather than a Gaussian 

broadening [45, 58, 121]. Shallow traps are often attributed to localized tail states within the 

band gap [58]. In a single charge carrier device, carrier mobility and SCLC are functions of 

temperature, carrier density, and electric field at high bias voltages, whereas mobility is generally 

constant at low bias voltages and room temperature [40, 121]. SCLC measurements have been 
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proven valuable for investigating mobility, trap density, and trapping sites in complex materials 

like hybrid halide perovskites, which exhibit mixed ionic-electronic conduction mechanisms [46, 

53-54, 158]. Yet, the interpretation of SCLC measurements in the perovskites is complicated by 

significant variability in reported mobility values, influenced by experimental techniques, sample 

conditions (chemical composition and morphology), and other factors [53]. Time-of-flight (TOF) 

spectroscopy minimizes the influence of contact barriers by using one blocking contact and 

surface effects, making it useful for studying the charge carrier mobility [38, 46, 49]. A 

significant drawback of the TOF technique is that it necessitates films thicker than 1 µm and 

with low conductivity [44, 49-50]. In contrast, when comparing SCLC and TOF techniques in 

organic semiconductors, a small discrepancy in electron mobility values is observed, which is 

readily explained by differing measurement conditions [30, 46]. In organic semiconductors, 

where systematic charge transport studies were conducted, SCLC analysis was proved to be the 

sole technique capable of consistently extracting mobility values across all devices [44]. 

Furthermore, when comparing different materials, it is noteworthy that while SCLC, TOF, and 

Hall effect measurements yield a wide range of mobility values for the perovskites (µperovskite = 

1×100 ~ 1×102 cm2/(Vs)), the electron mobility values of β-ZnTe(en)0.5 along the a-axis and c-

axis are within the mobility range of the perovskite, despite its significantly lower mobility along 

the stacking b-axis (µ ≈ 10-3 cm2/(Vs)) [10, 46, 53, 59]. 

A strategic methodology is necessitated to achieve the first critical condition for two-carrier 

SCLC, which requires symmetrical electrodes with metal’s work functions closely aligned to the 

semiconductor's electron affinity and ionization energy. Achieving ohmic contact formation for 

two-carrier SCLC is complex, requiring precise execution beyond mere metal selections, as any 

deviation could disrupt essential conditions, complicating the process beyond the challenges of 
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single-carrier ohmic contact formation [57, 70-71, 96, 133, 136]. To ensure the perfect injection 

of both electrons and holes, the introduction of unintended consequences, such as the creation of 

new traps within the semiconductor that would impede carrier flow, must be prevented during 

the contact formation process. The objective is to create contacts that enable balanced injection 

while protecting the integrity of the semiconductor material and maintaining the ideal conditions 

necessary for accurate two-carrier SCLC measurements. 

Despite the simplification of a trap-free semiconductor and idealized boundary conditions, the 

theoretical framework developed for two-carrier SCLC provides valuable fundamental insights 

into charge transport [20]. 

Figure 6 depicts a simplified scenario illustrating SCLC behavior where a semiconductor has two 

symmetrical ohmic contacts. When the work function (∅) of the metal electrode is closely 

aligned with the electron affinity (χ) of the semiconductor, injected electrons from the electrode 

connected to the negative terminal can readily inject and transfer into the conduction band of the 

semiconductor, accumulating near the electrode region of the semiconductor [16, 19, 44, 51, 57-

58, 121-122]. This region of accumulated free electrons (i.e., space-charge electrons) is termed 

the space-charge region, and these space-charge electrons are rapidly transported toward the 

other side of the electrode when an electric field is applied [16, 44]. Once the space-charge 

sufficiently reduces the electric field at the injecting contact, the device reaches charge 

saturation, with new charge injected solely to replenish that extracted at the opposing electrode 

[44]. This flow of charge carriers significantly enhances the conductivity of the semiconductors 

within Mott-Gurney regime, leading to a maximum steady current when the injection of charge 

carriers, and consequently the space-charge density, remains constant [17].  
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Figure 6: Simplified schematic drawing to explain SCLC in the semiconductor with two 

symmetric electrodes 

Although ideal SCLC models emphasize the injecting contact's role in determining current flow 

through efficient carrier injection and space-charge formation, treating the collecting contact as a 

passive sink, real devices demonstrate that the collecting contact's properties can significantly 

influence SCLC behavior by affecting extraction, recombination, and field distribution, 

particularly in non-ideal conditions [119-120, 123]. In analyzing these real devices, particularly 

within the Mott-Gurney regime, it's crucial to understand the conditions under which the 

theoretical assumptions hold. While precise voltage thresholds for Mott-Gurney regime are not 

explicitly defined, the mobility value is expected to remain independent of the applied voltage as 

long as the electron temperature remains comparable to the semiconductor temperature (Telectron 

is not always the same as Tsemiconductor), ensuring the validity of the Einstein relation �𝐷𝐷
𝜇𝜇

= 𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞

� 

[16, 43, 45, 92, 122]. 

Furthermore, the applied electric field should be moderate to avoid several critical effects, 

including the excitation of electrons from high-lying trap states into the conduction band, the 
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removal of electrons from ionized traps, and the capture of electrons by ionized trap states within 

the semiconductor [16].  

The current-voltage (I-V) characteristics of semiconductors can exhibit various features, 

including a rapid current rise at a certain voltage, and several plausible explanations contribute to 

this behavior, such as poor contact, barriers, heating effects, collision ionization of trapped or 

valence electrons, and field emission from electrodes, traps, or valence band [16, 24, 32]. 

Collision ionization (impact ionization) occurs when a high-energy particle (typically an 

electron) collides with an atom or molecule, transferring enough energy to eject an electron and 

create an ion-electron pair; this process is important in semiconductor physics, especially in 

high-field regions, and can cause avalanche multiplication of carriers. Although ohmic contacts 

mitigate poor contact and field emission from the electrodes, complete elimination of all barriers 

is not always achievable [16, 57, 71]. The low currents and linear I-V characteristics under 

steady illumination, along with the use of a moderate field, help prevent heating effects, rule out 

collision ionization, and minimize field emission from traps or the valence band, thereby limiting 

their impact on electron temperature [16, 17]. 

Deviations from the ideal Mott-Gurney law can arise from non-ideal conditions, such as the non-

ohmic contact, oxidation of metal contact, and neglecting the diffusion contributions, which are 

primarily caused by the concentration gradients but can be weakened by traps and disorder [22, 

24, 44, 50, 91, 122]. Due to inherently weak intermolecular interactions in organic 

semiconductors, defect-induced localized bandgap states emerge, trapping charge carriers at 

varying timescales [58]. Consequently, these traps significantly impact diffusion currents and 

overall device performance, necessitating their careful consideration in SCLC analysis [45]. 

Furthermore, experimental and drift-diffusion simulation results have demonstrated that minor 
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deviations from the ideal SCLC model occur when a small injection barrier height (a few tenths 

of KBT) exists [44, 50, 54, 97, 131]. In contrast, organic semiconductors exhibiting a moderate 

injection barrier height display well-defined SCLC characteristics, enabling accurate 

determination of charge carrier mobility, a result corroborated by other techniques such as the 

Time-of-flight (TOF) method and the field-effect-transistor (FET) method [30, 49-50]. The 

introduction of shallow traps enhances SCLC analysis by creating characteristic features in the I-

V characteristics, which, when analyzed using appropriate theoretical models that also account 

for the influence of high electric fields on trap occupancy and detrapping rates, enable the 

determination of the energy distribution and density of these traps and provide insights into 

multiple trapping and release transport mechanisms [24, 26, 56]. 

The conductivity of semiconductors is directly proportional to charge carrier mobility (σ ∝ μ) 

and exhibits strong sensitivity to the temperature, pressure, and the presence of the impurities 

within the bandgap, where the energy required to excite an electron from the center of the 

impurities is less than that of intrinsic bandgap transitions [11, 53, 56]. Consequently, conduction 

in such materials is primarily dominated by impurity-mediated processes rather than intrinsic 

bandgap transitions in pure semiconductors with uniform properties, and in these 

semiconductors, such as compound semiconductors, deviations from perfect stoichiometry can 

lead to imperfection (impurities or defects), which can significantly influence the electrical 

properties [53, 56]. 

Furthermore, in highly doped semiconductors, charge carriers can tunnel through the thin 

potential barrier at the semiconductor-metal interface, contributing to the overall conduction 

mechanism, and this tunneling phenomenon results in low-resistance, non-rectifying (ohmic) 

contact behavior [56-57]. Increased semiconductor doping causes the current to become more 
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ohmic and less space-charge limited across the voltage range, diminishing the applicability of the 

Mott-Gurney law in the drift regime [55].  

An analytical model, confirmed by simulations, supports the observation that thin film devices 

exhibit higher current levels than bulk materials due to injected electrons spreading beyond the 

film, resulting in a higher injection rate exceeding the Mott-Gurney law for bulk materials [28]. 

Charge carriers can also be trapped and stored in equilibrium states, with the occupancy of 

localized states directly impacting the magnitude of SCLC [58, 122]. Analysis of SCLC 

characteristics yields valuable information regarding the trap density (Nt), capture cross-section 

of traps (σn), and trap locations in the energy band diagram (Et) [56, 122]. The capture cross-

section of traps, given below, serves as a measure of the effectiveness of charge carriers to the 

center of defects or impurities, indicating the efficacy of the capture process, 

𝜎𝜎𝑛𝑛 = (𝜏𝜏𝑡𝑡𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡)−1 
Eq. 1 

where τt is the trapping time, vth is the thermal velocity, and Nt is the total number of traps [16, 

27, 33, 57]. 

The probability of electron capture, which can be visualized as the volume swept per unit of time 

by electrons moving at thermal velocity, where an electron is captured when a trap state resides 

within this volume, highlighting the interplay between thermal motion and capture efficiency, is 

given below [195]. 

𝐶𝐶𝑛𝑛 = 𝜎𝜎𝑛𝑛𝑣𝑣𝑡𝑡ℎ 
Eq. 2 

Furthermore, the frequency of escape (f) represents the rate at which charge carriers (electrons or 

holes) are released from traps within a semiconductor, and is defined by, 
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𝑓𝑓 =
𝜃𝜃
𝜏𝜏𝑡𝑡

𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐸𝐸𝑐𝑐 − 𝐸𝐸𝑡𝑡

𝐾𝐾𝐵𝐵𝑇𝑇
� Eq. 3 

 

where θ is the free to trapped charge carrier ratio, influenced by the number and depth of traps, 

Ec is the conduction band edge, Et is the trap energy level, KB is the Boltzmann’s constant, and T 

is the absolute temperature [27, 33, 51, 54]. 

Recent advancements in nanoscale fabrication techniques have spurred renewed interest in 

applying the Mott-Gurney law to analyze SCLC behavior in diverse optoelectronic devices 

across various size scales [31, 36, 39-41]. Driven by rapid progress in nanoscale technology, the 

successful fabrication of nanosized gaps between metallic electrodes, where spacing is 

comparable to the electron de Broglie wavelength �𝜆𝜆𝐵𝐵 = ℎ
𝑝𝑝

�, has propelled a renewed interest in 

exploring and applying the quantum analysis of the Mott-Gurney law, which predicts a linear 

current-voltage relationship in the quantum regime [47]. 

While SCLC analysis was initially focused on vertical device structures with two terminals, such 

as solar cells and LEDs, similar charge carrier transport behaviors are observed in lateral device 

structures with two or three terminals, for example, field-effect transistors (FETs), despite the 

differing device configuration [25, 28, 34, 36, 41-42, 49, 115-117, 125, 157, 192]. An analytical 

model developed for a thin semiconductor film with coplanar contacts, where film thickness and 

electrode dimensions are negligible relative to electrode spacing (102 μm ~ 103 μm), reveals two 

key observations: the transverse electric field's control over mobile charge density and the 

transition from ohmic to SCLC in lateral configuration [25]. Furthermore, fabricated FET arrays, 

with channel lengths from 500 nm to 50 μm, demonstrated stable, low-resistance contacts, 

revealing scaling effects, attributing observed channel length-dependent mobility and hysteresis 
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behaviors to SCLC dominance in shorter channels, with peak mobility at 5 μm [192]. To further 

understand these lateral devices, rigorous analytical work has been introduced to address the 

crucial role of contact configuration [25, 28]. The electrical conductivity of reduced graphene 

oxide FETs changed from ohmic to SCLC, with the transition occurring at progressively lower 

voltages as temperature decreased; at higher voltages, the SCLC exponent increased from 2 to 3 

with decreasing temperature, indicating a transition from negligible to exponentially distributed 

traps [41, 58]. This observation can be explained by the temperature-dependent changes in 

charge carriers and trap densities: at room temperature, the free charge carrier concentration 

exceeds the trap state density, allowing for ohmic conduction. However, upon temperature 

reduction, the free carrier concentration decreases, resulting in the dominance of trap states 

through charge carrier localization, thus leading to the observed SCLC behavior and the shift of 

the ohmic-SCLC transition to lower voltages [41]. 

In addition to these structural considerations, SCLC devices with semiconductor thin films, 

exceptionally high currents occur, exceeding bulk property expectations. This phenomenon can 

be attributed to various factors, including quantum confinement effects, trap-assisted transport, 

surface states and interfaces, mobility enhancement, and field enhancement, all unique to thin 

films and localized charge carriers [28, 56]. By decreasing semiconductor thickness, the resulting 

increase in background charge carrier density, influenced by device geometry and electrostatics 

and capable of neutralizing traps or being replaced by the free charge carriers introduced through 

doping, allows to neglect the effects of traps and doping, but simultaneously makes the device 

more susceptible to injection barrier effects, which become negligible only in significantly 

thicker devices where the background charge carrier density is less affected by the barrier and 

injection from non-Ohmic contacts [122]. With all other conditions constant except for thickness, 
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as film thickness reaches a sufficiently small value, the total current remains constant, a result of 

a dynamic equilibrium where the expected current decrease from reduced film volume is 

precisely compensated by an increase in charge carrier injection, maintaining a constant current 

density [28]. 

Figure 7 provides a simplified schematic illustration of the lateral device configuration under 

study, depicting the transport mechanism of injected charge carriers based on established models 

(FETs) [116, 117]. While the real transport mechanism is more complex, this diagram highlights 

the existence of both vertical and lateral charge transport with distinct mobility components 

experienced by these carriers as they traverse the device [64-65, 57, 70-71, 96, 133]. 

Specifically, vertical transport from the injecting and collecting electrodes is associated with a 

vertical mobility μ⊥ (indicated by red arrows), while horizontal transport across the active region 

is characterized by a horizontal mobility μǁ (indicated by blue arrows). This visual representation 

serves as a fundamental illustration to aid in understanding the anisotropic nature of charge 

transport within the lateral device structure. 

Given that Figure 7 is based on FET models, it is important to note that while Shockley’s 

equation is used to evaluate the charge carrier transport property, such as charge carrier mobility, 

in FETs, accurate charge carrier mobility values can be challenging to obtain due to factors like 

carrier concentration, disorder, charge trapping in the gate dielectric, contact effects at low gate 

voltage, and Coulombic interactions between charges at high concentrations [117]. 

The optimal performance of a single charge carrier device requires precise electrode dimension 

specifications, particularly ensuring that the transverse dimensions of the parallel electrodes 

exceed the interelectrode spacing to prioritize the injected charge carriers over thermally 

generated ones, a critical factor in achieving superior SCLC behaviors [25, 47].  Furthermore, it 



37 
 

 
 

is relevant to consider that while the fundamental SCLC mechanism persists in both two- and 

three-terminal devices when charge injection dominates, the gate voltage in three-terminal 

devices introduces additional control over charge transport, leading to distinct transport 

characteristics [28]. As expected, the longer interelectrode distance resulted in lower current 

values at the same voltage, corresponding to a higher observed resistance [116]. 

 

Figure 7: Simplified schematic diagram of lateral device configuration, illustrating the transport 

mechanism  (based on [116] and [117]) of injected charge carriers: vertical transport from the 

injecting electrode (μ⊥ , vertical mobility, green arrow), horizontal transport across the sample (μǁ 

, horizontal mobility, black arrow), and vertical transport into the collecting electrode (μ⊥ , 

vertical mobility, green arrow). 

Although the material thickness in lateral devices affects the available volume for charge 

transport and potentially the electric field profile to some degree, it is the interelectrode distance 

that serves as the primary parameter for mobility determination via SCLC, as it dictates the 

charge carrier transit length and governs the electric field and current flow [116]. Under the 

condition that the interelectrode distance is less than the electrode width, a two-dimensional 

theoretical framework becomes applicable, enabling the modeling of current flow within thin 

semiconductor layers as confined to an idealized, infinitely thin plane [25]. 
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Although an energy distribution of defect states is commonly assumed to fit SCLC data, this 

simplification neglects the crucial roles of interactions between dopants and deep traps, as well 

as the Frenkel effect, which ultimately determines the current-voltage (I-V) characteristics and 

the capacity of SCLC to analyze deep trap levels [42]. 

Finally, it is noted that following its initial discovery, SCLC theory has been significantly 

expanded by refinements that address limitations in the basic scaling laws, including 

considerations of finite initial velocity, relativistic applied voltage, and quantum mechanical 

effects [29]. 

3.2. Assumptions, Requirements, and Limitations of Mott-Gurney Law on SCLC Analysis 

The reliable interpretation of Mott-Gurney law regarding space-charge-limited current (SCLC) 

behavior relies on an idealized single charge carrier device (unipolar device), necessitating four 

conditions: 1) the material must be undoped and trap-free; 2) ideal ohmic contacts must exist at 

the metal-semiconductor junctions; 3) current flow must be dominated by space-charges rather 

than intrinsic charge carriers; and 4) only drift current, and not diffusion current, should be 

present within the Mott-Gurney regime, even in devices satisfying the first two conditions [16-

17, 19, 26, 34, 43-44, 47-50, 52, 56, 58, 123]. Although weakly doped semiconductors violate 

the ideal conditions, their SCLC behaviors are used for analysis [52]. Furthermore, to achieve the 

second critical condition for single charge carrier SCLC, ensuring low contact resistance, a 

strategic methodology is mandated, requiring symmetrical electrodes with metal work functions 

closely aligned to the semiconductor's electron affinity (for electron-only devices) and ionization 

energy (for hole-only devices), and necessitating that one electrode facilitates efficient charge 

carrier injection while the other effectively blocks opposite polarity injection [44, 52, 121-122]. 
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Additionally, to ensure unipolar charge transport for accurate SCLC mobility measurements, 

electron injection must be blocked in hole-only devices and vice versa, verifiable by comparing 

electrode combinations, while light emission testing can indicate bipolar transport through 

electron-hole recombination, though its absence does not confirm unipolarity [44]. While the 

effects stemming from doping or defects conflict with the third assumption, they must be low so 

that their contribution is negligible compared to the injected charge carrier density [52]. 

An ideal single charge carrier device fulfills these conditions, with only one type of charge 

carrier contributing to SCLC behavior [122]. Current flow is exclusively limited by space-charge 

carriers, primarily injected carriers, assuming the thermodynamically equilibrated carrier 

concentration is negligible [23, 34, 49-50, 52-53]. Injected charge carriers remain free within the 

space-charge region, thereby contributing to SCLC behavior [34, 50, 56]. This current flow 

mechanism closely resembles the conduction mechanism seen in vacuum diodes [13, 16-17, 19, 

21, 32]. However, the Mott-Gurney law, derived using assumptions, all of which are frequently 

invalid in organic semiconductors (particularly the absence of charged defects) faces limitations 

in accurately modeling these materials, as while numerous trap-inclusive models exist that still 

rely on drift-only transport, trap presence often necessitates considering diffusion currents, 

hindering analytical approximations [43, 45]. Trap-assisted space-charge limited conduction is 

the primary source of electrical leakage in thin films (Cr2O2), where the density and distribution 

of charge traps are highly dependent on the underlying substrate [51]. 

In practice, the agreement between SCLC measurements and theoretical predictions is often 

inadequate, especially in experiments involving high-quality materials with low defect densities. 

First, the interpretation of I-V characteristics is challenging due to the inability to independently 

validate ideal conditions, leading to ambiguities, and even when theory aligns with experiments, 
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detailed analysis often reveals inconsistencies; second, significant variations in I-V curves 

among nominally identical samples make it difficult to compare experimental data with theory, 

highlighting potential gaps in understanding of SCLC transport [34]. Moreover, the presence of 

external series resistances, arising from thin film electrode materials, attenuates the voltage 

potential across the semiconductor film at elevated current levels, manifesting as a linear current-

voltage characteristic and presenting a significant challenge in the characterization of high-

mobility thin film materials [44]. 

Accurate interpretation of mobility values derived from the Mott-Gurney law is crucial, as these 

values derived from SCLC measurements differ significantly from those obtained in the ohmic 

regime due to differences in the dominant charge carrier species. Therefore, using mobility 

values extracted from SCLC analysis within the framework of Mott-Gurney law to subsequently 

calculate charge carrier density within the ohmic regime using Ohm's law can lead to erroneous 

results [49-50]. 

The applicability of the Mott-Gurney law, while SCLC occurs in various materials with 

impurities or defects provided ideal ohmic contacts are present, is limited to the intermediate 

voltage regimes due to two primary factors: 1) the theoretical derivation of the Mott-Gurney law 

assumes a zero electric field at the injecting contact, which may not accurately reflect 

experimental reality, where diffusion dominates near the injecting electrode, leading to 

inadequate boundary condition application; and 2) saturation current regimes at higher voltages, 

limited by the maximum achievable space-charge density, causing deviations from the expected 

current-voltage behavior [23, 28-30, 26, 50, 56]. 

It is important to understand that the behavior of charge carriers near contacts plays a significant 

role in these observations. When diffusion from Ohmic contacts significantly alters current-
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voltage characteristics in thin organic single charge carrier devices, the drift-only approximation 

of trap-limited currents (shallow-trap SCLC) with an exponential trap distribution becomes 

unreliable for trap distribution analysis [45, 58, 60]. The inevitable presence of carrier-

concentration gradients and space-charge near any contact indicates that current transport is 

predominantly governed by carrier diffusion in the vicinity of ohmic contacts, thus providing 

qualitative insights into metal-semiconductor contact behavior, and also influences the boundary 

condition for the Mott-Gurney law [22]. 

Non-ideal features of semiconductors, such as traps, energetic disorder, defects, impurities such 

as unintentional doping, and non-idealities within the charge carrier device, including injection 

barrier heights due to non-ohmic contacts, further complicate the analysis and cause 

discrepancies between the experimental results and theoretical predictions [19, 23-24, 43-44, 50, 

91, 121-122]. Although significant efforts have incorporated non-ideal features such as traps into 

Mott-Gurney law, a direct assessment of its suitability for analyzing the behavior of ideal 

devices, particularly regarding the impact of the metal-semiconductor contact, has not been 

adequately addressed. This is crucial because an accurate description of charge carrier injections 

beyond equilibrium charge carrier density, especially at low and high applied voltages, is 

dependent on a realistic contact behavior [50]. 

Although the initial analysis of SCLC with a shallow trap neglected diffusion currents arising 

from the zero electric fields at the metal-semiconductor interface, Mott-Gurney law nonetheless 

remains a valuable qualitative analytical tool [23, 30, 45, 50, 56, 119-120]. However, its inability 

to fully elucidate charge transport in single-carrier devices emphasizes the necessity for a more 

comprehensive approach that considers the limitations and assumptions inherent in the Mott-

Gurney law model [43, 50, 121]. Ultimately, understanding the requirements and limitations of 
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Mott-Gurney law in both ideal and non-ideal conditions is crucial for accurate analysis of charge 

carrier transport mechanism, especially given the growing interest in new applications of 

organic-inorganic hybrid materials and micro/nano-scale structures [23, 31, 36, 39, 40-41, 53]. 

Rigorous standardization of SCLC measurement protocols, encompassing data analysis and 

device fabrication, is essential to overcome inherent variability, particularly from thickness 

uncertainties and injection limitations, thereby ensuring reliable material benchmarking [44]. 

3.3. Mott-Gurney Law Derivation for SCLC 

The derivation of Mott-Gurney law to describe space-charge-limited current (SCLC) behavior in 

an ideal scenario proceeds as follows. It is important to note that SCLC is one of the distinct 

regimes within a semiconductor device, occurring at intermediate voltages. In order to establish a 

comprehensive understanding of SCLC, a brief analysis of other relevant charge transport 

mechanisms is required. At very low voltages, thermal injection results in a pure diffusion 

regime, where carrier diffusion dominates. As voltage increases, a drift-diffusion regime prevails 

in the ohmic region, where both drift and diffusion contribute to current flow. At intermediate 

voltages, SCLC becomes the primary transport mechanism, as described by the Mott-Gurney 

law. Understanding these regimes provides a comprehensive picture of charge transport, 

highlighting the specific conditions under which SCLC becomes dominant. 

In the pure diffusion regime, current transport is governed by carrier diffusion, described by 

Fick’s law, yielding an approximately exponential relationship with applied voltage in the diode 

and a high degree of thermal sensitivity, as follows, 
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𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐽𝐽𝑛𝑛 + 𝐽𝐽𝑝𝑝 = �𝑞𝑞𝐷𝐷𝑛𝑛
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 𝑞𝑞𝐷𝐷𝑝𝑝
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

� Eq. 4 

where q is the electric charge, Dn is the electron diffusivity, Dp is the hole diffusivity, n is the 

electron concentration in the conduction band, and p is the hole concentration in the valence 

band [22, 43, 70, 133]. It is important to note that the current expressed in this regime accounts 

for ideal ohmic contact formation, and the diffusion current deviates from Eq. 4 in the presence 

of a barrier height [52]. 

The diode diffusion current density is given by, 

𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞𝑞𝑞

𝐾𝐾𝐵𝐵𝑇𝑇
� − 1� Eq. 5 

where V is the applied voltage, KB is the Boltzmann’s constant, and T is the absolute temperature 

[32, 57, 65, 71]. 

As voltage increases, the total current density for two charge carriers is determined by the drift-

diffusion equations, which are essential for providing the current density terms needed to fully 

describe carrier dynamics within the continuity equation, thus allowing for a comprehensive 

understanding of charge transport in semiconductor devices 

𝐽𝐽 = 𝜎𝜎𝜎𝜎 + �𝑞𝑞𝐷𝐷𝑛𝑛
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 𝑞𝑞𝐷𝐷𝑝𝑝
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

� = 𝑞𝑞�𝑛𝑛𝜇𝜇𝑛𝑛 + 𝑝𝑝𝜇𝜇𝑝𝑝�𝐸𝐸 + �𝑞𝑞𝐷𝐷𝑛𝑛
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 𝑞𝑞𝐷𝐷𝑝𝑝
𝑑𝑑𝑑𝑑
𝑑𝑑𝑥𝑥

� 
Eq. 6 

where σ is the conductivity, E is the electric field, µn is the electron mobility, and µp is the hole 

mobility [13, 22, 43, 45, 47, 52, 55-57, 65, 71, 119-120, 122, 133]. Mobility and the diffusion 

constant are related by the Einstein relation �𝐷𝐷
𝜇𝜇

= 𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞

� [43, 45, 122]. While Einstein's 
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relationship strictly applies only to small concentration gradients, experimental data suggests its 

validity extends to conditions with moderate current densities [118].  

At intermediate applied bias, where diffusion currents are negligible and total current density is 

dominated by drift, the current increases steadily and smoothly with voltage, albeit less rapidly 

than the exponential increase observed in the pure diffusion regime [22]. 

Conductivity, a measure of a material's ability to conduct electricity, is given by, 

𝜎𝜎 = 𝑞𝑞�𝑛𝑛𝜇𝜇𝑛𝑛 + 𝑝𝑝𝜇𝜇𝑝𝑝� Eq. 7 

where all 𝑛𝑛 and 𝑝𝑝 have the same 𝜇𝜇𝑛𝑛 and 𝜇𝜇𝑝𝑝, respectively, a constant mobility approximation was 

employed in the current density [11, 22, 28, 57]. The average mobility values are employed 

when it has the dependency on the electron energy where the electron energies are distributed 

within the range of the order of KBT (≈ 0.0259 eV at room temperature T, KB is Boltzmann 

constant) [11]. 

Conventional Ohm's law exhibits linear I-V characteristics, while ideal SCLC exhibits a 

quadratic I-V characteristics. Despite potential linear behavior at very low voltages within the 

SCLC regime, their underlying charge carrier dynamics differ significantly. Conventional Ohm's 

law has negligible space-charge carriers compared to the majority charge carriers, while SCLC is 

dominated by space-charge carriers [49, 122]. In complex materials where space-charge and 

majority carriers can exhibit differing polarities, such as in a pn junction, relying solely on 

photoconductive measurements to identify majority carriers is insufficient, necessitating the 

application of complementary analytical techniques [164]. 
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In electron-only devices, unlike conventional Ohm's Law describing drift current, injected 

electrons from the metal contact into the semiconductor's conduction band, driven by an applied 

field, create space-charges and a current density deviating from Ohm's Law, similar to the 

behavior of a vacuum diode, 

𝐽𝐽 = 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 = 𝜎𝜎𝜎𝜎 = 𝜌𝜌𝜌𝜌𝜌𝜌 = 𝜌𝜌𝜌𝜌
𝑉𝑉
𝐿𝐿

 Eq. 8 

where ρ is the total carrier density, including both equilibrium charge carriers (n0) and injected 

charge carriers (n), but with the equilibrium charge carrier density exceeding the injected charge 

carriers (n0 >> n) [13, 18, 22, 26-27, 33, 35, 39-40, 47-51, 55-57, 91, 121, 123]. 

The drift velocity of the charge carriers, which depends linearly on the electric field, is given by 

[25]. 

𝑣𝑣𝑑𝑑 = 𝜇𝜇𝜇𝜇 
Eq. 9 

Poisson’s equation derived from Gauss’s law is, 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝜌𝜌
𝜀𝜀

 
Eq. 10 

where ε is the permittivity (ε= εo εr), εo is the vacuum permittivity, and εr is the relative 

permittivity [22, 26, 34, 40, 43, 45, 47, 52, 54-56, 91, 119-120, 123, 196]. Substituting Eq. 10 

into Eq. 8 yields current density below [34, 47, 54, 123]. 
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𝐽𝐽 = 𝜌𝜌𝜌𝜌𝜌𝜌 = 𝜇𝜇𝜇𝜇𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 
Eq. 11 

The electric field distribution within the device can be obtained by integrating Eq. 11 under 

steady-state current conditions, applying the boundary condition E(0) = 0 [47, 123]. 

�
𝐽𝐽

𝜇𝜇𝜇𝜇

𝑥𝑥

0
𝑑𝑑𝑑𝑑 = � 𝐸𝐸

𝑥𝑥

0
𝑑𝑑𝑑𝑑 

Eq. 12 

𝐽𝐽𝐽𝐽
𝜇𝜇𝜇𝜇

=
1
2

𝐸𝐸2 Eq. 13 

𝐸𝐸(𝑥𝑥) = �
2𝐽𝐽𝐽𝐽
𝜇𝜇𝜇𝜇

 
Eq. 14 

The magnitude of the electric field under uniform conditions is expressed. 

𝐸𝐸(𝑥𝑥) = −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 
Eq. 15 

The electric potential is determined by integrating E(x) [47, 123]. 

𝑉𝑉 = � 𝐸𝐸
𝑥𝑥

0
𝑑𝑑𝑑𝑑 = � �

2𝐽𝐽𝐽𝐽
𝜇𝜇𝜇𝜇

𝑥𝑥

0
𝑑𝑑𝑑𝑑 

Eq. 16 
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𝑉𝑉(𝑥𝑥) =
2
3

�
2𝐽𝐽
𝜇𝜇𝜇𝜇

𝑥𝑥
3
2 

Eq. 17 

The current density is derived by substituting the length of the sample, L, for x, in Eq. 17 and 

then squaring both sides of the resulting equation. This process yields the well-known Mott-

Gurney law as expressed below, 

𝐽𝐽 =
9
8

𝜇𝜇𝜇𝜇
𝑉𝑉2

𝐿𝐿3  
Eq. 18 

where 𝜇𝜇 is the mobility in the SCLC regime [13-14, 17, 19, 24, 26-27, 30, 33, 38, 44, 47-50, 52-

55, 60, 65, 91, 121-123, 186, 196]. Within the intermediate voltage regime, characterized by 

steady-state current where charge carrier injection and transport reach a stable condition under 

applied voltage, current transport is dominated by drift under applied bias and exhibits minimal 

temperature-dependence [22, 30, 35]. The L term in the denominator of Eq. 18 exhibits an 

inverse third-power dependency compared to the current density [119]. Both analytical and 

experimental results reveal this inverse third-power relationship for bulk materials (J ∝ L-3), 

whereas in thin films, specifically 2D lateral devices, the current density is inversely proportional 

to the square of the electrode length (J ∝ L-2) [25, 28, 48, 124]. Furthermore, while current 

density in 1D materials exhibits an inverse proportionality to material length, the geometry of 

both 1D and 2D materials plays a significant role in maintaining current density units consistent 

with those of bulk materials [48]. These dimensionality and geometrical factors result in a clear 

correlation between material thickness and the observed current-voltage (I-V) characteristics. 



48 
 

 
 

While the Mott-Gurney law neglects lateral effects, an analytical model shows that in lateral 

electrode configurations, lateral charge redistributions significantly influence SCLC in thin 

semiconductor layers due to a strong transverse electric field, which controls mobile charge 

density and is comparable to the longitudinal field [25]. 

Understanding the relationship between voltage regimes, material thickness, and charge carrier 

mobility is critical for understanding the charge transport property of devices. To further 

understand charge transport, consider charge carrier mobility, which refers to the capability of 

how quickly the charge carrier moves in a material in response to external fields, and high charge 

carrier mobility values are important in electronic and optoelectronic devices to achieve high 

switching speed and low power dissipation [102]. The Mott-Gurney law is predicated on the 

assumption of constant mobility; however, temperature-dependent mobility, governed by 

scattering mechanisms, is subject to complications arising from deep traps, dopants, and the 

Frenkel effect [42, 58]. This deviation from constant mobility, particularly in organic 

semiconductors, manifests in complex temperature-dependence of charge carrier mobility, 

ranging from band-like transport (mobility increasing with cooling) in high-quality crystals to 

thermally-activated hopping (mobility decreasing with cooling, Arrhenius relation, μ ∝ exp(-

1/T)) in materials with higher trap densities, with transitions between these regimes influenced 

by factors such as drain-source voltage, semiconductor/dielectric interface strain, and 

ferroelectric dielectric polarization [58]. Although often assumed constant and field-independent, 

charge carrier mobility can exhibit field-dependent behavior, particularly in organic 

semiconductors and disordered materials where trap states significantly influence it, and this 

field-dependent charge carrier mobility is given below, 
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𝜇𝜇(𝐸𝐸) = 𝜇𝜇0𝑒𝑒𝑒𝑒𝑒𝑒�𝛾𝛾√𝐸𝐸� 
Eq. 19 

where, is the μ0 field-independent charge carrier mobility and γ is the field activation of the 

mobility [30, 43-44, 57, 60]. While the parameter γ is intended to represent the Poole–Frenkel 

effect's field dependence on current, its actual value is often influenced by traps and trap-induced 

diffusion currents [43-44]. The Einstein relation retains its applicability in disordered 

semiconductors, given that continuity equations are defined in terms of free carriers [43]. 

Substituting Eq. 19 into Eq. 18 results in the field-dependent SCLC, 

𝐽𝐽 =
9
8

𝜀𝜀
𝑉𝑉2

𝐿𝐿3 𝜇𝜇0𝑒𝑒𝑒𝑒𝑒𝑒�0.89𝛾𝛾√𝐸𝐸� Eq. 20 

where the inclusion of 0.89 originates from the analytical model [26, 30, 43-44, 57, 60]. 

However, inherent limitations exist in models that assume uniform current density, necessitating 

the consideration of nonuniform current density for a more complete understanding of charge 

transport [29]. 

Mott-Gurney law, as presented in Eq. 18, predicts a square-law voltage dependence for charge 

carrier devices under space-charge-limited conditions, assuming a nearly constant Fermi level 

throughout the semiconductor, except in the vicinity of the electrodes [11, 15-17, 22, 48, 65, 

119].  

The region where Ohm's law is applicable exhibits linear transport characteristics, while non-

linear transport characteristics emerge at a transition voltage when the injected charge carriers 

surpass the equilibrium charge carriers, leading to non-uniform electric fields and charge 

distributions dependent on sample geometry [65]. The transition between Ohm’s law and Mott-

Gurney regime occurs at transition voltage, VTr, Ohm-Mott-Gurney, where the current densities in both 
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regimes are equal. This transition voltage can be determined by equating the current density 

expressions from Eq. 8 and Eq. 18. 

𝐽𝐽𝑂𝑂ℎ𝑚𝑚′𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐽𝐽𝑀𝑀𝑀𝑀−𝑙𝑙𝑙𝑙𝑙𝑙 Eq. 21 

Substituting the expressions for current density from Eq. 8 and Eq. 18 into Eq. 21 yields the 

following result. 

𝑞𝑞𝑞𝑞𝑞𝑞
𝑉𝑉
𝐿𝐿

=
9
8

𝜇𝜇𝜇𝜇
𝑉𝑉2

𝐿𝐿3  
Eq. 22 

This yields the transition voltage, VTr, Ohm-Mott-Gurney, from ohmic to Mott-Gurney regime [49, 51, 

56, 56]. 

𝑉𝑉𝑇𝑇𝑇𝑇,𝑂𝑂ℎ𝑚𝑚−𝑀𝑀𝑀𝑀 =
8𝑞𝑞𝑞𝑞𝐿𝐿2

9𝜀𝜀
 

Eq. 23 

Eq. 21, Eq. 22, and Eq. 23 are only valid when the current flow is exclusively governed by 

space-charge carriers under the applied bias; however, significant variations in transition voltage 

are observed among samples, limiting the practical utility of Eq. 23 for predicting the transition 

voltage in charge carrier devices [49, 123]. 

Figure 8 depicts simplified schematic representations illustrating the conceptual difference 

between the formation of a virtual electrode and the progression of a moving electrode within a 

single charge carrier device, crucial for SCLC analysis. The virtual electrode effect, occurring 

during the ohmic-to-SCLC transition in semiconductors, is characterized by charge accumulation 

near the injecting contact [22]. Initially, ohmic conduction driven by drift and diffusion 
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transitions to SCLC, where space-charge dominates, exhibiting a quadratic voltage dependence 

(Mott-Gurney law). This virtual electrode formation, resulting from the enhanced injection, 

screens the real electrode and explains nonlinear current-voltage transitions [22, 28]. 

Virtual electrode formation is illustrated in Figure 8 (a). In the initial stages following voltage 

application to a semiconductor thin film with injecting and collecting electrodes, charge carriers 

are injected from the injecting terminal and begin to drift across the material under the influence 

of the electric field. However, as injection continues, a space-charge accumulates near the 

injecting contact, particularly pronounced in materials with lower mobility or a significant 

presence of traps. This localized charge buildup creates a region where the electric field is strong 

near the injecting contact but is effectively screened and weakened further into the bulk of the 

semiconductor. The boundary separating the charge-rich region near the injector from the 

relatively charge-neutral region deeper within the material constitutes the virtual electrode: a 

dynamic, voltage- and space-charge-dependent, non-physical region within a semiconductor, 

formed by charge distribution, acting as a shifting boundary for carrier injection [50]. 

Moving electrode progression from virtual electrode formation is illustrated in Figure 8 (b). With 

continued charge carrier injection over time, the space charge region occupied by the injected 

space-charge carriers expands further into the semiconductor film. Consequently, the virtual 

electrode, the boundary of this charge-filled region, propagates from the injecting contact 

towards the collecting contact. The moving electrode model specifically describes the SCLC 

resulting from this voltage-driven shift of the virtual electrode towards a physical electrode, 

typically under conditions of low injection barriers or equilibrium charge-carrier densities, 

yielding a unique current flow characteristic [50]. Behind the moving electrode (towards the 

injecting contact), the material exhibits a high concentration of injected charge carriers, while 
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ahead of it, the material remains relatively depleted. This dynamic boundary effectively acts like 

a mobile electrode, separating the portion of the device actively contributing to SCLC from the 

region yet to be significantly influenced by the injected space charge. 

These simplified illustrations in Figure 8 aim to provide a fundamental understanding of these 

non-physical electrode concepts that are crucial in comprehending the spatial and temporal 

dynamics of charge transport under SCLC conditions. The virtual electrode can approach a 

physical electrode at high voltages [50]. 

 

 

Figure 8: Simplified schematic representations illustrating the conceptual difference between (a) 

the formation of a virtual electrode and (b) the progression of a moving electrode within a single 

charge carrier device for SCLC analysis. 

Typically, free electron density at the thermal equilibrium state, n0, is generally less than the 

injected charge carrier density for SCLC devices [23, 34, 41, 56, 57]. However, under certain 

conditions, such as a low voltage regime at certain temperatures (T > 0), the free electron density 

at the thermal equilibrium state, n0, can exceed the injected carrier density. As a result, Ohm’s 

law might be used instead of the Mott-Gurney law. However, the observed linear I-V 
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characteristic is not a true ohmic current, as the behavior is not derived from the intrinsic charge 

carrier density but rather from space-charge carriers in the middle of the single charge carrier 

device [50-51, 56]. 

Some literature mistakenly utilized the intrinsic charge carrier density for ohmic conduction 

behavior at low voltage regimes in SCLC measurements, but the current flow is completely 

governed by the space-charge carriers; employing either the intrinsic charge carrier density or the 

doping concentration for analysis introduces significant deviations from ideal SCLC analysis 

[49]. 

In an ideal trap-free SCLC regime, carrier injection from the metal contact into the 

semiconductor is initially limited. However, as the applied voltage increases, a greater number of 

charge carriers are injected [124]. These injected charge carriers accumulate within the 

semiconductor, forming a space-charge region that significantly alters the internal electric field. 

Instead of immediately recombining or leaving the material, these injected carriers redistribute, 

creating a non-uniform charge density within the device. This redistribution leads to a non-linear 

electric field profile, which ultimately results in an increased current flow that follows the 

characteristic square-law voltage dependence described by the Mott-Gurney law (11, 15-17, 22). 

In the intermediate voltage regime (Mott-Gurney regime), the internal diffusion barrier (Vbi) 

becomes negligible, and the injected charge carriers accumulate in the space-charge regions, 

allowing the Mott-Gurney law to accurately describe the current behavior [17, 49-50, 123]. 

Under the ideal condition, the double logarithmic I-V characteristic of SCLC measurement 

exhibits a slope of 2, allowing for direct calculation of the mobility of the charge carrier (e.g., 

electrons or holes) using the Mott-Gurney law [18, 23, 49-51]. The intrinsic charge carrier 
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concentration is negligible, and the space-charge carriers dominate, contributing primarily to the 

drift current [50, 122]. 

In high voltage regime, a large number of injected charge carriers results in a uniform 

distribution of charge carriers within the device, and the absence of an injection barrier 

(effectively a zero injection barrier height) contributes to these uniform charge carriers across the 

single charge carrier device [50]. Furthermore, the condition where the density of states (DOS) is 

saturated, quantifying how many electronic states exist at each energy level within a material's 

energy bands, and the internal diffusion barrier height (Vbi) is zero, is referred to as the charge 

carrier saturation limit or injection limit [23, 50-51, 56, 58]. Consequently, the semiconductor 

behaves like a metal, exhibiting a negligible internal electric field, while the electric field across 

the semiconductor is determined solely by the applied voltage due to the charge accumulation at 

the contacts [50]. The saturation limit, incorporating the injection barrier height, is given, along 

with the corresponding saturation current, 

𝐽𝐽 = 𝑞𝑞𝜇𝜇𝑛𝑛𝑁𝑁0
𝑉𝑉
𝐿𝐿

𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑞𝑞∅𝐵𝐵𝐵𝐵

𝑆𝑆𝑆𝑆

𝐾𝐾𝐵𝐵𝑇𝑇
� 

Eq. 24 

where N0 is the effective density of states (DOS) for space-charge electron in the semiconductor 

at the surface in contact with the electrode and ∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆 is the Schottky barrier height for electrons 

[19, 22, 50, 90, 97, 122]. Eq. 24 is valid when the injection barrier height is greater than twice of 

KBT [23, 50, 57]. 

The approximate transition voltage between SCLC and saturation voltage is expressed as [19, 23, 

122]. 
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𝑉𝑉𝑠𝑠 =
8𝑞𝑞𝐿𝐿2𝑁𝑁0

9𝜀𝜀
𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑞𝑞∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆

𝐾𝐾𝐵𝐵𝑇𝑇
� Eq. 25 

While this transition voltage bears similarity to Eq. 23, the numerator of the expressions utilizes 

distinct charge carrier densities (n vs. N0). 

Pulsed I-V measurements are encouraged in SCLC measurement because, despite instrument 

resolution limitations causing some charge carriers to remain trapped before pulsed I-V 

measurements, using a small amount of light allows these measurements to approximate the 

theoretical trap-free SCLC behavior, revealing higher current values than steady-state 

measurements (AC or DC) and showing how trap presence deforms I-V characteristics in steady-

state [16]. 

In single charge carrier devices, particularly in the low voltage regime, the moving electrode 

(ME) equation provides a more accurate interpretation of current flow than Ohm’s law, as it 

incorporates both drift and diffusion, crucial for describing linear current flow [17, 18, 49-50, 55-

56, 121]. This is because injected space-charge carriers from contacts, rather than intrinsic 

charge carriers (n0), are the primary influence on linear current flows [49, 55]. In contrast, ohmic 

conduction, which is described by Ohm's law, assumes negligible space-charge region formation. 

Based on the principles of charge transport and electrostatics, the moving electrode model 

describes SCLC behavior by considering the redistribution of charge carriers due to the moving 

electrode, a conceptual representation of charge carrier injection or extraction at the device 

electrode, rather than physical movement of the electrode itself [49-50, 55]. Consequently, 

space-charge regions form, and the applied bias influences current flow by modulating charge 

carrier transport within the device. 

The moving electrode equation for the charge carrier device is given below [50, 55, 121-122]. 
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𝐽𝐽 = 4𝜋𝜋2 𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞

𝜇𝜇𝑛𝑛𝜀𝜀
𝑉𝑉
𝐿𝐿3 Eq. 26 

In contrast, the current density at high voltage regime (Eq. 24) shows the linear dependence on 

the applied voltage, which is similar to Ohm’s law (Eq. 8) and ME equation (Eq. 26) in terms of 

linearity with voltage, but the current density in this high voltage regime is proportional to L-1 

like Ohm’s law (Eq. 8). This linear increase in current with applied voltage in the high voltage 

regime can be explained by the fact that the electron drift velocity (vd) increases linearly with 

applied voltage, resulting in a linearly increasing current [19, 25]. 

Both the Mott-Gurney law (Eq. 18) and the moving electrode equation predicts a current density 

proportional to L-3, indicating that the system is not injection-limited, and the thickness 

parameter dependence allows for distinguishing the linear I-V characteristic behavior predicted 

by Ohm’s law (L-1) from that predicted by the moving electrode equation (L-3) [49, 119, 124]. 

However, even with this theoretical distinction, to accurately measure SCLC and avoid false 

mobility readings due to similar characteristics with injection-limited behavior, at least one 

ohmic contact condition must be satisfied, a condition difficult to verify experimentally, 

particularly in thinner films where poor charge injection becomes more problematic and 

necessitates a minimum film thickness for successful SCLC measurements [44]. 

The transition voltage, VTr-ME-Mott-Gurney, from the moving electrode equation to Mott-Gurney law 

can be determined by equating Mott-Gurney law (Eq. 18) and ME equation (Eq. 26). 
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𝐽𝐽𝑀𝑀𝑀𝑀 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑙𝑙𝑙𝑙𝑙𝑙 Eq. 27 

 Substitution of Eq. 18 and Eq. 26 into Eq. 27 gives the following. 

4𝜋𝜋2 𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞

𝜇𝜇𝜇𝜇
𝑉𝑉
𝐿𝐿3 =

9
8

𝜇𝜇𝜇𝜇
𝑉𝑉2

𝐿𝐿3  
Eq. 28 

 The transition voltage, VTr-ME-Mott-Gurney, is given below [49-50, 122, 131]. 

𝑉𝑉𝑇𝑇𝑇𝑇,𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
32𝜋𝜋2

9
𝐾𝐾𝐵𝐵𝑇𝑇

𝑞𝑞
 

Eq. 29 

Eq. 29 demonstrates that the temperature is the only variable influencing VTr-ME-Mott-Gurney, and 

this transition voltage is typically around 0.9 V at room temperature (VTrθ,ME-Mott-Gurney ≈ 0.9 V). 

For the single charge carrier devices, VTr-ME-Mott-Gurney (Eq. 29) provides a more accurate transition 

voltage than VTr-Ohm-Mott-Gurney (Eq. 23), as both the Mott-Gurney law (Eq. 18) and the moving 

electrode equation (Eq. 26), used to derive, VTr-ME-Mott-Gurney (Eq. 29) are based on space-charge 

carriers, the relevant charge carriers for SCLC analysis. 

The total drift current density, obtained by summing Eq. 18 and Eq. 26, can be used to fit the 

entire J-V curve, enabling the extraction of charge carrier mobility in intrinsic and single charge 

carrier devices with ideal ohmic contacts, as described below [55, 121]. 

𝐽𝐽 = 4𝜋𝜋2 𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞

𝜇𝜇𝜇𝜇
𝑉𝑉
𝐿𝐿3 +

9
8

𝜇𝜇𝜇𝜇
𝑉𝑉2

𝐿𝐿3  Eq. 30 

It is noteworthy that Eq. 30 overlooks the significant impact of traps, which are commonly found 

in organic semiconductors [121]. 
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As a consequence of the fourth assumption of the Mott-Gurney law (only drift current), the 

electric field within the charge carrier device increases, as detailed below, 

𝐸𝐸(𝑥𝑥) = −�
2𝐽𝐽𝐽𝐽

𝜇𝜇𝑛𝑛𝜀𝜀0𝜀𝜀𝑟𝑟
 

Eq. 31 

where J is the current density in x direction and x is the spatial distance from the injecting contact 

[50]. The charge carrier density for electrons can be derived using Gauss’s law, as shown below 

[50]. 

𝑛𝑛(𝑥𝑥) =
1
𝑞𝑞

�
𝐽𝐽𝑥𝑥𝜀𝜀0𝜀𝜀𝑟𝑟

2𝜇𝜇𝑛𝑛𝑥𝑥
 

Eq. 32 

In the SCLC regime, the electron density n(x) diverges near the injecting electrode (x → 0) due 

to significant charge accumulation, decreasing proportionally to x-1 with increasing distance from 

the contact, a behavior precisely characteristic of SCLC where ‘diverge’ signifies an extremely 

high, idealized as infinite, electron density indicative of strong space charge effects at the 

injecting contact. 

Incorporating the injection barrier height into the Mott-Gurney law modifies the expression, 

introducing a Schottky barrier height for electrons, and resulting in lower current density values 

compared to the ideal condition (Eq. 23), 

𝐽𝐽 =
9
8

𝜇𝜇𝜇𝜇
(𝑉𝑉 − ∅𝐵𝐵𝐵𝐵

𝑆𝑆𝑆𝑆)2

𝐿𝐿3  
Eq. 33 
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where ∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆 is the Schottky barrier height for electrons [38, 52, 90-91, 97, 121, 131, 158]. 

The manifestation of SCLC behavior in the presence of a Schottky barrier height necessitates the 

application of an external voltage exceeding the magnitude of the injection barrier height, 

provided that other confounding variables are not considered [19]. Similar to ideal SCLC, the 

intermediate voltage regime features drift-dominated transport and minimal temperature-

dependence under steady-state conditions, with the key difference being a Schottky barrier 

height stemming from non-ohmic contacts [22, 30, 35]. Due to the challenges in obtaining 

suitable contact materials, SCLC measurements are commonly performed on asymmetric single-

carrier devices, which are easier to fabricate than symmetric ones, and in these devices, the 

barrier height significantly influences the current density-voltage (J-V) characteristics at low and 

intermediate bias voltages until the barrier height is overcome [121]. 

In SCLC analysis, the ohmic contact condition is satisfied when the electron affinity of the 

semiconductor (χ) is identical to the work function of the metal [121-122]. Therefore, the 

Schottky barrier height in Eq. 33 differs from the diffusion barrier height (Vbi) found in most 

metal-semiconductor junctions, which is defined as the difference between the work function of 

the metal and the semiconductor [57, 70-71, 96, 133]. The Schottky barrier height for electron 

SCLC, as defined by the Schottky-Mott rule, is given below, 

∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑀𝑀 =

χ − ∅𝑚𝑚

𝑞𝑞
 Eq. 34 

where χ is the electron affinity of the semiconductor and ∅m is the work function of the metal 

[50, 52, 90-91, 97, 121-122]. While Eq. 34 can, in principle, account for barrier height alongside 

applied voltage, similarly to Eq. 33, this approach is unreliable due to dissimilar band diagrams 
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between symmetric and asymmetric devices (in which applied voltage is zero and equal to 

barrier height, respectively) and because the barrier height is rarely known precisely and is often 

approximated by shifting the voltage axis to a square-law regime, potentially causing 

misinterpretations of carrier mobility, especially with traps present [121]. An analytical 

expression describing the Schottky barrier height in an asymmetric single-carrier device from the 

ratio of the currents in the forward and reverse bias allows for easy and direct determination of 

the ∅𝐵𝐵𝐵𝐵
𝑆𝑆𝑆𝑆 without prior knowledge of charge-carrier mobility, benefiting SCLC measurements by 

eliminating the need for complementary barrier height measurements [52]. While this analysis 

simplifies barrier height determination, it's important to note that the presence of traps in actual 

devices introduces detailed energy and concentration contours, as most real devices include a 

certain degree of traps [118-120]. 

The ideal Mott-Gurney equation (Eq. 18) is derived from Eq. 33 when the electron affinity of the 

semiconductor and the work function of the metal within Eq. 34 are set to be equal, representing 

ideal ohmic contact for SCLC analysis. While this ideal condition is a simplification, SCLC 

behavior is observed, and the charge carrier mobility can be successfully determined using the 

ideal Mott-Gurney law equation in organic semiconductors with a moderate barrier height, as 

obtained from temperature-dependent SCLC measurements. [30]. 

3.4. The Effects of Impurity, Doping, Defects, and Device Thickness in SCLC Analysis 

Impurities and defects can all give rise to traps that influence a material's electrical properties 

and cause deviations from ideal Mott-Gurney law predictions in SCLC analysis [13, 14, 18-19, 

22, 24, 44, 49, 55-56, 61, 64, 67, 71, 122]. The temporary capture and subsequent release of 

charge carriers by traps, facilitated by external stimuli like electric fields, thermal energy, or 
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photons, occurs through models such as multiple-trap and release, band-like transport, or 

hopping/tunneling [58]. Impurities, encompassing both intentionally introduced dopants and 

unintentionally present foreign atoms within the semiconductor crystal lattice, can alter the 

material's electrical, optical, and structural properties, with doping, the deliberate addition of 

specific impurities (dopants), controlling conductivity by modifying free charge carrier 

concentration and consequently influencing both the transition voltage (VTr) and the magnitude 

of SCLC [44, 49, 57, 61, 64, 122]. Proper doping elevates low-field conductivity, whereas 

improper doping creates deep traps that effectively raise the built-in voltage, altering the current-

voltage behavior [44, 122]. While both impurities and dopants are foreign atoms within the 

semiconductor lattice, the key difference is the intent behind their introduction. Defects, on the 

other hand, are imperfections in the crystal lattice structure itself, frequently caused by chemical 

impurities, and significantly alter the injection mechanism [19, 35, 37, 39, 44, 61, 64, 67]. Both 

defects and impurities can introduce traps or alter carrier mobility, indirectly influencing SCLC 

behavior [19, 24, 37, 44]. Numerical simulations reveal that charged acceptor-like defects in 

electron-only devices create barriers, reducing current and distorting mobility and band tail slope 

estimations from analytical models, but correcting for these barriers can yield accurate mobility 

values despite the inherent neglect of diffusion currents in such analyses [43]. Static disorder, the 

source of intrinsic traps, introduces localized in-gap states through two primary mechanisms: 

structural defects, which are crystal lattice perturbations that break symmetry and cause energetic 

disorder by varying electronic coupling and site energy, and chemical impurities, where foreign 

molecules alter the host's energy levels, distinctly different from dynamic disorder's transient 

localization caused by thermal motion [58]. 
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Finally, traps are energy states within a semiconductor's bandgap caused by imperfections like 

impurities, dopants, or defects, creating localized electronic states spatially and energetically 

distributed around these imperfections; shallow traps reside close to the band edges (a few KBT), 

whereas deep traps are situated deeper within the bandgap (several KBT) [11, 13, 15, 17, 44, 58, 

122]. Inherent impurities presence in all materials can act as donor or acceptor centers, thereby 

providing mobile charge carriers within the semiconductor, supplementing those introduced by 

external space-charge injection [22]. Impurities, doping, and defects create these trap states, 

which then affect carrier transport and lead to deviations from the ideal Mott-Gurney law in 

SCLC [13-14, 17-19, 37, 44, 121-122]. Theoretical solutions of the Frenkel and Hartke models 

demonstrate enhanced SCLC compared to the Mott-Gurney law under high electric fields and 

specific trap conditions; Schottky defects (paired anion and cation vacancies) maintain charge 

neutrality and, being mobile, contribute to ionic conductivity under electric fields; the interplay 

between defects, electric fields, and charge transport significantly influences semiconductor 

device behavior, especially in high-field regimes [11, 26]. Although the Frenkel effect accounts 

for field-induced trap depth reduction, leading to higher SCLC current values than the Mott-

Gurney law, it overestimates the effective reduction by assuming a one-dimensional mechanism, 

whereas Hartke's calculation, which averages emission probability across all directions, provides 

a more accurate, three-dimensional representation, resulting in current values intermediate to 

those predicted by the Frenkel and Mott-Gurney models [26]. A complete and accurate 

theoretical model for observed SCLC behavior necessitates a self-consistent solution of coupled 

equations governing dopant and trap occupancy, explicitly incorporating the crucial Frenkel 

effect, particularly on Coulombic dopants, and accounting for multiple occupancies, as the 

Frenkel effect is not optional for accurately capturing the interplay between these factors [42]. 
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For accurate device characterization of organic semiconductors, especially those containing 

traps, the significance of diffusion currents cannot be overlooked due to their influence on device 

performance [45]. In order for SCLC to occur, where dopant densities are lower than deep trap 

densities, dopant electrons, despite occupying higher energy levels, primarily fill deep traps, 

resulting in an ohmic behavior controlled by thermal excitation from these traps [42]. 

Furthermore, charge carrier traps, which significantly impact the performance of organic 

electronic devices, are introduced at interfaces like metal-semiconductor due to interfacial effects 

stemming from dissimilar materials, manifesting as surface roughness, impurity adsorption, 

thermal expansion mismatch, and metal-induced surface states, and consequently affecting 

charge injection, transport, and efficiency [58]. 

By way of contrast, for a trap-free semiconductor the current should increase only as the square 

of the applied voltage [11, 15-17, 48]. Assuming a relatively uniform trap distribution in energy 

within the bandgap, equal voltage increments will result in equal shifts in the Fermi level 

position. Because the free electron density depends exponentially on the Fermi level position, it 

will increase exponentially, or at least by a higher power, with increasing applied voltage. This 

explains the observed strong dependence of current on voltage. Finally, it is reasonable to expect 

that, under illumination, the density of photo-generated charge carriers would surpass the density 

of injected space-charges, thus dominating thesemiconductor’s behavior and resulting in ohmic 

conduction. 

Ideal semiconductors at absolute zero temperature exhibit low conductivity due to filled valence 

bands and empty conduction bands, but conductivity increases with temperature as thermal 

excitation promotes electrons to the conduction band (band to band transition) [11, 57]. 

However, the presence of impurities in most semiconductors introduces energy levels within the 
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bandgap, requiring less energy for electron excitation to the conduction band than a band-to-band 

transition, thereby enhancing conductivity [71]. While the Mott-Gurney law describes the SCLC 

behavior of ideal devices, experimental data often deviates from these predictions due to the 

difficulty in achieving ideal device conditions [11, 17, 18, 54, 56]. Ideal SCLC conditions are 

difficult to achieve due to challenges in forming ohmic contacts with electrodes; therefore, 

removing the electrodes can help realize these conditions, provided that trapped charges do not 

remain in trap states long enough to influence measurements using internal polarization 

techniques [16, 23]. Surface traps, exceeding bulk traps in pure semiconductors with low bulk 

trap densities (even in thick samples), cause significant variations in I-V characteristics of SCLC 

among nominally identical samples due to surface quality, a phenomenon confirmed 

experimentally [34]. In equilibrium state, localized states within the bandgap, capable of trapping 

charge carriers that would otherwise contribute to SCLC, are unavoidable, thus the conduction 

mechanism is not purely SCLC [17, 18, 50, 56, 58].  

In a single charge carrier device (e.g., an electron-only device), the presence of traps and 

recombination centers alter the lifetime of charge carriers under applied voltage, which in turn 

influences the observed SCLC behavior [56]. The Hecht relation allows for the measurement of 

the mobility-lifetime product (μτ) in semiconductors, a key material property, but it does not 

provide individual values for mobility (μ) or lifetime (τ) [152]. 

While exponential tail states from shallow traps can significantly influence I-V characteristics, 

their voltage dependence is not always stronger than that predicted by the Mott-Gurney law; the 

observed behavior is more complex and depends on several factors such as trap density, energy 

distribution, and the applied voltage range [23, 42, 45, 58]. 
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In thermodynamic equilibrium, both electrons and holes populate available energy states 

according to Fermi-Dirac statistics; deeper states within the bandgap are localized (bound states), 

while intermediate states may be free but are fully occupied, and higher-lying states are free and 

unoccupied [15]. 

Figure 9 illustrates the distribution of injected charge carriers under an applied voltage across 

three energy levels: free carriers in the conduction band, trapped carriers above the shifted Fermi 

level, and trapped carriers condensed between the original (zero-field) and shifted (finite-field) 

Fermi levels [17]. Traps significantly alter charge carrier distribution in a semiconductor, shifting 

the Fermi level closer to trap energy levels and trapping a large portion of carriers near this new 

Fermi level, especially when trap density exceeds free carrier density in the space-charge region, 

leaving only a small fraction mobile; this trapping, affecting both electrons and holes depending 

on trap type, significantly influences effective mobility (μeff) and charge transport, with the 

spatial distribution of traps further impacting electrical and optoelectronic properties [16, 17, 24, 

51, 54, 58, 121-122]. 

 

Figure 9: A simplified energy band diagram of a semiconductor showing trap distributions 

within the bandgap and the Fermi level shift induced by an applied electric field [17]. 

To understand current noise in semiconductors during operation, a trapping-detrapping model 

was developed. This model demonstrates the correlation between ionized trap levels and relative 
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current noise spectral density, which was validated by experiments, and provides a method for 

estimating material properties such as deep trap energy level (Et) and concentration (Nt) [39]. 

Shallow traps, with their low trap depths, facilitate the thermal detrapping of charge carriers, 

whereas deep traps, requiring significantly higher energy for detrapping, often act as 

recombination centers, reducing charge carrier lifetime [58]. The trapping-detrapping model is 

applied to explain the situation where in a semiconductor with a uniform distribution of shallow 

traps near the initial Fermi level, applied electric fields cause injected charge carriers to be 

trapped between the initial and final Fermi levels (trap filling), shifting the Fermi level towards 

the trap levels and contributing to space-charge formation; while trapping dominates, thermal 

detrapping can also occur, significantly influencing conductivity and charge transport. [17, 24, 

39, 56]. 

When injected charge carriers raise the Fermi level (EF) above the trap energy level (Et), while 

keeping it well below the conduction band (Ec), the Fermi level moves through a bandgap region 

where the trap density is much less than the free charge carriers (n) [24, 122]. 

Although the same number of charge carriers are injected into a semiconductor with shallow 

traps as in the trap-free SCLC, only a fraction remains free, resulting in a reduced effective 

mobility (μeff); because this fraction is voltage-independent and determined by trap density and 

depth, SCLC retains the same square-law voltage dependence as the ideal trap-free SCLC [16-

17, 44-45, 51, 54, 58, 122]. The SCLC method can still be used to determine mobility in systems 

with charge traps, by employing an effective mobility that reflects both free and trapped carriers, 

as long as the free-to-trapped carrier ratio is voltage-independent [44-45]. 

In contrast, deep traps within the SCLC regime reduce the effective carrier concentration and act 

as recombination centers, leading to lower current and increased deviation from the Mott-Gurney 
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law [22, 124]. Shallow traps induce sublinear voltage dependence by reducing effective carrier 

mobility, and the combined presence of both shallow and deep traps results in complex, 

nonlinear current-voltage behavior that significantly impacts device performance through its 

effect on charge carrier transport [17, 22, 35]. Dangling bonds or damaged molecules lead to a 

higher deep trap density (Nt) near the surface in real materials, contrary to the typical assumption 

of uniformity in the bulk [34]. In materials with high defect and dopant concentrations, where 

conventional tunneling between widely spaced traps is negligible, thermally activated tunneling 

between deep traps and shallower dopant levels, as well as tunneling from shallow dopants to 

deep traps, becomes significant, contributing to the overall current [42]. 

In materials with high trap densities, injected charge carriers are predominantly trapped, resulting 

in a small Fermi level shift towards the relevant band edge, which, despite increasing free carrier 

density, remains minimal due to the large disparity between trap and free charge carrier densities, 

creating distinct quasi-Fermi levels [16]. This trapping significantly impacts charge transport and 

conductivity by reducing mobile carrier density, with the balance between trapped and free 

charge carriers, and thus the Fermi level shift, influenced by factors like temperature [16, 24, 27, 

122]. Consequently, when trap density exceeds the density of injected space-charges, the 

magnitude of SCLC is significantly reduced, as only a small fraction of injected carriers 

contributes to current flow due to the reduced drift mobility [16-17, 58, 122, 124]. 

While ideal conditions predict a transient current enhancement upon charge carrier injection into 

the conduction band, real devices contain traps where injected charge carriers are captured, 

resulting in a small initial current followed by a transient current whose rate is governed by the 

trap capture cross-section (σn) [16, 17]. In these devices, a quasi-equilibrium state, defined by the 

Electron Steady-State Fermi Level (ESSFL) and influenced by bias or illumination, establishes a 
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dynamic balance between trapped and free charge carriers (distinct from thermal equilibrium) 

dictating free carrier density and trap occupancy, with shallow traps shifting the ESSFL towards 

the conduction band based on trap density, energy level, and injection conditions [56]. 

In semiconductors with disorders, the current-voltage relationship often deviates from the ideal 

Mott-Gurney law (J ∝ V²) and follows a J ∝ Vᵐ relationship where m > 2; this complex voltage 

dependence varies significantly with disorder, carrier density, electric field, and device 

parameters, and can be further influenced by measurement conditions, grain-doping density, and 

defect state distribution, with light intensity sometimes decreasing the voltage dependence [14, 

16, 43]. While measurement timing and illumination influence current-voltage characteristics, 

specific relationships are complex and material-dependent, highlighting the intricate nature of 

charge transport in disordered semiconductors [16]. 

The analytical expressions describing behavior in the presence of traps are presented below. The 

free electron density at the thermal equilibrium state, 𝑛𝑛0, is given by, 

𝑛𝑛0 = 𝑁𝑁𝑐𝑐𝑒𝑒�(𝐸𝐸𝐹𝐹−𝐸𝐸𝑐𝑐)
𝐾𝐾𝐵𝐵𝑇𝑇 � 

Eq. 35 

where EF is the Fermi level, Ec is the conduction band edge, and Nc is the effective density of 

states [13, 56, 57, 71, 121, 123]. 

The trap density at the trap energy level (Et) under the thermal equilibrium states (nto) is given 

by, 

𝑛𝑛𝑡𝑡0 =
𝑁𝑁𝑡𝑡

1 + 1
𝑔𝑔 ∙ 𝑒𝑒�(𝐸𝐸𝑡𝑡−𝐸𝐸𝐹𝐹)

𝐾𝐾𝐵𝐵𝑇𝑇 �
 Eq. 36 

where Nt is the trap density of states, Et is the trap energy level, and g is the degeneracy factor for 

traps [17, 39, 56, 57, 123]. The equilibrium trap density (nto), resulting from the balance of 
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electron capture and thermal re-emission from the traps in the absence of an applied field, can be 

altered by a moderate applied field due to the change in free electron density caused by varying 

injection levels [56]. 

The free electron density under a moderate applied field, n(x), is given below [27, 33, 50, 54, 57, 

71]. 

𝑛𝑛(𝑥𝑥) = 𝑁𝑁𝑐𝑐𝑒𝑒�
(𝐸𝐸𝐹𝐹𝐹𝐹(𝑥𝑥)−𝐸𝐸𝑐𝑐)

𝐾𝐾𝐵𝐵𝑇𝑇 � 
Eq. 37 

The trap density under a moderately applied field (nt) is given below, 

𝑛𝑛𝑡𝑡 =
𝑁𝑁𝑡𝑡

1 + 1
𝑔𝑔 ∙ 𝑒𝑒�

(𝐸𝐸𝑡𝑡−𝐸𝐸𝐹𝐹𝐹𝐹(𝑥𝑥))
𝐾𝐾𝐵𝐵𝑇𝑇 �

 Eq. 38 

where, EFn is the quasi-Fermi level [27, 56]. 

The trap density in the quasi-thermal equilibrium state is obtained by substituting Eq. 37 into Eq. 

38, 

𝑛𝑛𝑡𝑡(𝑥𝑥) =
𝑁𝑁𝑡𝑡

1 + 1
𝑔𝑔

𝑁𝑁
𝑛𝑛(𝑥𝑥)

 Eq. 39 

where 𝑁𝑁 = 𝑁𝑁𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒 �(𝐸𝐸𝑡𝑡−𝐸𝐸𝑐𝑐)
𝐾𝐾𝐵𝐵𝑇𝑇

� is the effective density of the traps and the free charge carriers in the 

quasi-thermal equilibrium state [18, 56]. 

If N is much greater than 𝑛𝑛(𝑥𝑥), then the denominator in Eq. 39 can be simplified using the 

assumption below. 

𝑛𝑛𝑡𝑡(𝑥𝑥) =
𝑁𝑁𝑡𝑡

1 + 1
𝑔𝑔

𝑁𝑁
𝑛𝑛(𝑥𝑥)

≅
𝑁𝑁𝑡𝑡

1
𝑔𝑔

𝑁𝑁
𝑛𝑛(𝑥𝑥)

 Eq. 40 

For shallow trap conditions, the free to trapped charge carrier ratio, θ, is given by, 
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𝜃𝜃 =
𝑛𝑛(𝑥𝑥)

𝑛𝑛(𝑥𝑥) + 𝑛𝑛𝑡𝑡(𝑥𝑥) ≈
𝑛𝑛(𝑥𝑥)
𝑛𝑛𝑡𝑡(𝑥𝑥) =

𝑁𝑁
𝑔𝑔𝑁𝑁𝑡𝑡

=
𝑁𝑁𝑐𝑐

𝑔𝑔𝑁𝑁𝑡𝑡
𝑒𝑒𝑒𝑒𝑒𝑒 �

(𝐸𝐸𝑡𝑡 − 𝐸𝐸𝑐𝑐)
𝐾𝐾𝐵𝐵𝑇𝑇

� 
Eq. 41 

where 𝜃𝜃 is the ratio of the free charge carriers to total charge carriers, which is a constant value 

(independent of voltage), and it can be as low as 10−7 [13, 15, 17, 24, 26-27, 33, 39, 51, 54, 56, 

58, 60, 119]. Eq. 41 describes n-type transport; for p-type transport, the density of states in the 

valence band (Nv) should be used instead, maintaining continuity [39]. It is noteworthy that the 

trap density is assumed to be much greater than the free electron density (n(x) << nt(x)), so the 

free electron density is negligible in the denominator. 

As previously noted, traps lead to a higher-power voltage dependence of current compared to the 

trap-free SCLC, but the current magnitude is several orders of magnitude lower than the 

theoretical ideal SCLC due to the exponential dependency of the free electron density on the 

Fermi level in Eq. 35 and the free to trapped charge carrier ratio, θ, in Eq. 41 [13-14, 16-17, 19, 

38, 43, 54]. 

Figure 10 depicts a typical space-charge-limited current (SCLC) density-voltage characteristic on 

a double logarithmic scale, contrasting idealized trap-free SCLC with the realistic scenario of a 

single trap level, which introduces four distinct regions in the I-V characteristic [51, 56, 58]. 

Assuming a single discrete energy level for all traps is an oversimplification, given that trapping 

sites are known to be widely distributed in energy due to variations in their local environments 

[32, 58]. 
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Figure 10: Double logarithmic plot of the space-charge-limited current (SCLC) density-voltage 

characteristic, illustrating the difference between idealized trap-free SCLC and the behavior 

observed with a single trap level [56]. Note the four distinct regions in the I-V characteristic that 

emerge due to the presence of traps [51]. VTr represents the transition voltage from ohmic to trap-

limited SCLC (shallow-trap SCLC), while VTFL denotes the trap-filled limit voltage [60]. 

While trap-free SCLC represents an idealized scenario, the presence of traps in non-ideal 

conditions leads to the emergence of four distinct regions in the I-V characteristic, as illustrated 

in Figure 10 [51]. Therefore, these four regions are examples of behaviors indicative of SCLC in 

semiconductors containing both shallow and deep traps, as well as thermally generated carriers 

[32]. Although trap-free SCLC results in higher current compared to dark ohmic conduction, the 

presence of traps significantly reduces the SCLC magnitude by altering the voltage dependence 

(from V1 to V2) as they capture injected space-charges; however, at higher voltages, trap filling 

occurs, restoring trap-free SCLC behavior [13, 14, 17-18, 24, 51, 56, 124]. Despite not being 

depicted in Figure 10, the intersection of ohmic and trap-free SCLC occurs at a lower voltage, 
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where the injected charge carrier density, calculated using square-law, equals the dark carrier 

density [18]. 

To facilitate a comprehensive understanding of the physical phenomena underlying the distinct 

regions observed in SCLC plots (Figure 10), a preliminary introduction to carrier transit time (τc) 

and dielectric relaxation time (τd) is necessary. Carrier transit time, defined as the time required 

for charge carriers to traverse between electrodes, is given by, 

𝜏𝜏𝑐𝑐 =
𝑞𝑞𝑛𝑛𝑡𝑡𝐿𝐿2

𝜇𝜇𝜇𝜇𝑉𝑉𝑡𝑡𝑡𝑡
 Eq. 42 

where q is the electric charge, nt is the effective trap density, L is the distance between two 

electrodes, μ is the charge carrier mobility, θ is the ratio between the free charge carrier and the 

trapped charge carrier, and VTr is the transition voltage from ohmic to trap-limited SCLC regime 

[13-14, 17-18, 27, 33, 37, 44]. 

Dielectric relaxation is the process of charge redistribution within a material in response to an 

applied electric field, leading to a new equilibrium [33]. Dielectric relaxation time, defined as the 

time between charge carrier collisions, is given by, 

𝜏𝜏𝑑𝑑 =
𝜀𝜀

𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
 Eq. 43 

where ε is the dielectric constant of the semiconductor [13, 27, 33]. 

For intrinsic or weakly doped single charge carrier devices, space-charge influences the charge 

carrier density (making the Mott-Gurney law applicable) because the semiconductor thickness is 

usually less than twice the Debye length, thus invalidating Ohm's law and causing current to be 

space-charge-limited, even at low voltages [49, 55]. However, in the presence of traps, the 
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following behaviors are observed. In region 1 (0 < V < VTr), the Ohmic region, where the injected 

carrier density (n) is significantly lower than the free carrier density (n0), a linear I-V 

characteristic consistent with Ohm’s law is observed; this arises from mobile electron and hole 

movement and reflects ohmic conduction, which dominates when other conduction mechanisms 

are negligible [13, 14, 17, 27, 32-33, 37, 46-51, 54, 56, 58, 119-120, 123]. Besides trap density, 

injecting contact charge carrier concentration and thickness also play a vital role in transport 

[119]. Even within the ohmic region, where weak injection (n < n0) causes partial trap filling, 

allowing injected carriers to begin filling traps and establish an ohmic mode within an 

electrically quasi-neutral state; below the transition voltage (V < VTr) when carrier transit time 

exceeds dielectric relaxation time (τc > τd), injected carriers rapidly redistribute to maintain 

charge neutrality, preventing transport across the semiconductor and leading to ohmic behavior 

upon trapping [13, 14, 27, 33]. While the moving electrode (ME) equation offers a more precise 

representation of current flow in trap- and doping-free semiconductors, Ohm's Law is employed 

here for clarity, given its established familiarity and effectiveness in basic charge transport 

analysis, particularly in the presence of traps [49-50, 55]. Trapping of space-charge carriers is 

essential for the observation of ohmic behavior [33]. Transient SCLC can dominate the initial 

behavior even within the steady-state ohmic regime, as a temporary surge of injected carriers 

exceeds volume-generated carriers before trapping reduces space-charge-carrier density, 

allowing the volume-generated carriers to establish steady-state ohmic currents [17]. 

Linear transport characteristics are exhibited within the region of Ohm's law applicability, 

whereas non-linear transport characteristics arise upon the injected charge surpassing the 

equilibrium charge, resulting in non-uniform electric fields and charge distributions that are 

dependent on the sample geometry [48]. In region 2 (VTr < V < VTFL), trap-limited SCLC, where 
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the injected charge carrier density exceeds the thermally generated free charge carrier density, 

the transition from ohmic to SCLC behavior occurs (V1 → V2), resulting in I-V characteristic 

modified by the presence of traps, yet still valid for Mott-Gurney law analysis [17, 19, 24, 32-35, 

37, 41-42, 47-51, 54, 56, 58, 60, 120, 122-123]. Due to deep and distributed traps, the current-

voltage relationship shifts from the ideal square law (J ∝ V2) to a power-law (J ∝ Vn, n > 2), 

where n is affected by trap density, injecting contact charge carrier concentration, and material 

thickness, revealing a complex interplay [58, 119-120]. The voltage required to initiate trap 

filling (VTr) is determined by the concentration (Nt) and depth of the traps (shallow or deep traps) 

[119]. The transition from linear ohmic conduction to quadratically or higher-power SCLC, 

occurring at a voltage that rises with volume-generated conductivity, is straightforward for 

distinct current pathways but complex with coexisting currents and varied potential distributions, 

requiring higher voltages for SCLC dominance with increased volume-generated carrier density 

[17, 27, 34]. Under these conditions, the current is limited by the bulk of the material, not the 

interface [44]. 

Traps immobilize charge carriers, significantly reducing the mobile charge carrier density in the 

conduction (or valence band when holes are the majority charge carriers), resulting in lower 

current compared to a trap-free SCLC [119, 124]. In this regime, the current is often described 

by a modified SCLC equation that accounts for trapping effects and may deviate from the ideal 

SCLC equation (Eq. 18) [54]. Furthermore, shallow traps, while still capturing charge carriers, 

have a smaller impact than deep traps [19]. Charge carriers trapped in shallow states can be 

thermally re-emitted back into the conduction band relatively easily. This leads to increased 

recombination, as trapped carriers can recombine with opposite charge carriers, and a moderate 

delay in the onset of SCLC (VTr). The presence of traps also influences the recombination rate of 
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charge carriers within the device; however, shallow traps do not impede current flow as severely 

as deep traps. 

When the electron quasi-Fermi level, influenced by injected charge carriers, remains below the 

shallow trap energy level, most injected charge occupies traps and does not contribute to current, 

maintaining a constant ratio of free to total charge (θ) regardless of applied voltage [14, 18, 27].  

During intermediate injection (V > VTr, τc ≤ τd), injected charge carriers dominate due to their 

rapid transit, filling traps and creating space-charge; unlike weak injection (V < Vtr), where τc 

increases inversely with voltage and τd remains constant, both τc and τd decrease with increasing 

voltage due to rising free charge carrier density, potentially raising the quasi-Fermi level (EFn) 

above the trapping energy level (Et) [13, 27, 33, 35, 39, 44, 51]. The accumulated space-charge 

reduces the electric field at the injecting contact to a negligible level, leading to charge saturation 

within the device, where charge injection is limited to replacing the charge removed at the 

opposing electrode [44]. The injected charge carrier density is governed by electrostatics [34]. 

As the voltage increases, traps start to fill, beginning with the shallow ones. However, deep traps 

require higher energy to fill and dominate the transition to the trap-filled limit. Once the applied 

voltage reaches a critical value, often referred to as the trap-filled limit voltage (VTFL), virtually 

all the traps are filled [24, 37, 41, 46, 119, 124]. There is a direct linear proportionality between 

VTFL and the concentration of traps (Nt) [46, 58]. The slope of the I-V curve in the VTFL region is 

directly influenced by dopant concentration, where increased dopant levels cause a reduction in 

the turn-on voltage [42]. This transition is characterized by a rapid increase in current with 

increasing voltage (V2 → Vn), where value of n is influenced by both the injection level and the 

distribution of trapping centers [18, 32, 34]. After the initial sharp current increase due to deep 

trap filling, influenced by local thermal equilibrium, the subsequent power-law current rise, 
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governed by dopant energy levels and the Frenkel effect (electric field-induced ionization energy 

reduction shielded by free carriers), ends when all traps and dopants are filled, leading to the 

Mott-Gurney regime [42]. Before all traps are filled, theoretically, if electrons recombine with 

deep-lying holes, low current values (trap-limited SCLC) are observed; however, the increment 

of electron density contributes to high current values (trap-free SCLC) as the field increases prior 

to electrons recombining with deep-lying holes, a phenomenon that can be recorded by a pulsed 

I-V measurement [16, 24, 60]. With the inclusion of both shallow and deep traps, the I-V curve 

exhibits a trap-filled limit region characterized by an abrupt current increase as the proportion of 

free carriers rises with voltage, rendering the ideal field-independent Mott-Gurney law 

inapplicable, though field-dependent mobility within the equation can account for shallow trap 

effects where electric fields lower the transport barrier [44, 121]. 

It is noteworthy that the transition from trap-limited to trap-free SCLC and the influence of 

recombination are observed even in the presence of ion inclusions, indicating a robustness of 

these processes across varying material compositions [53-54, 158]. 

The transition from trap-filled SCLC in Region 3 to trap-free SCLC in Region 4 is marked by a 

rapid increase in current. This transition occurs at the trap-filled limit voltage (VTFL), which 

signifies the shift from trap-limited to trap-free SCLC, where the I-V characteristic exhibits ideal 

trap-free SCLC behavior due to complete trap filling at high injection levels [14, 18, 24, 27, 33, 

37, 42, 46, 51, 56, 58, 60, 119, 124]. Specifically, at VTFL, traps become saturated, the quasi-

Fermi level rises above the trapping energy level, and the current sharply increases as injected 

charge carriers move freely, transitioning to SCLC behavior (Vn → V2) under strong injection, 

where the electric field is no longer constant [13, 27, 39, 46, 58]. This trap saturation is directly 

related to the electron quasi-Fermi level (EFn). As applied voltage increases, EFn rises, and when 
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it surpasses the shallow trap energy level (Et) at VTFL, traps become filled, defining VTFL as the 

threshold voltage for trap saturation [14, 27, 39, 51, 58]. The presence of unneutralized charge 

carriers in trap states prior to voltage application establishes a Coulombic repulsion that impedes 

electron injection, necessitating the application of the trap-filled limit voltage to mitigate this 

effect [18]. 

The simple assumption of a rapid current rise toward trap-free regions upon trap filling, used to 

determine trap depth and density via thermally stimulated currents and photocurrent response 

time, can lead to deviations due to potential contributions from field ionization or double 

injection [24]. 

Beyond VTFL (region 4), where injected carriers are no longer significantly trapped, the current 

dramatically increases and is fully controlled by space-charge carriers, which limits further free 

charge carrier injection into the semiconductor [13, 27, 42]. In this idealized scenario, once traps 

are fully saturated, they cease to impede charge injections, and all subsequent injected charge 

carriers contribute to ideal SCLC [14, 58]. However, real semiconductors deviate from this ideal 

case because traps in real semiconductors are distributed in energy, typically following 

exponential or Gaussian distributions within the bandgap rather than existing at a single discrete 

level; consequently, the transition from trap-limited to trap-free SCLC is gradual [13-14, 37, 41, 

43, 54, 58]. Hopping charge transport in such a Gaussian DOS leads to a dependence of the 

(effective) mobility on the temperature, electric field, and charge-carrier density [121]. To 

elaborate, with increasing applied potential, trap states at progressively elevated energy levels 

become occupied, resulting in a gradual saturation of trap occupancy and a corresponding 

gradual increase in current, thereby inducing an energetic shift of the quasi-Fermi level towards 

the conduction band edge [13, 27]. 
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Under trap-limited SCLC conditions, the double logarithmic current density-voltage (J-V) 

characteristics exhibit three distinct general properties: 1) Ohm's law represents a lower limit for 

the J-V characteristic, as electron injection can only increase the pre-existing thermal charge 

carriers, thereby establishing ohmic conduction as the baseline for minimum current values; 2) 

Under conditions of significant charge carrier injection, the J-V characteristic is constrained by 

the SCLC line, which indicates the theoretical maximum current achievable when injected 

charge carriers exist exclusively within the conduction band; and 3) The VTFL line delineates the 

lower limit of the J-V characteristic, as it corresponds to the condition wherein the maximum 

proportion of injected charge carriers are localized in trap states, thereby minimizing the free 

charge carrier concentration available for conduction current [18]. 

It is well-established that charge carrier trapping-detrapping contributes to current instability and 

degradation in organic FETs [39]. Beyond trapping and detrapping, charge carrier redistribution 

also occurs due to dielectric relaxation, similar to ideal SCLC. This redistribution influences 

conductivity, especially when the carrier transit time (τc) is shorter than the dielectric relaxation 

time (τd) [44, 57]. In this scenario, injected charge carriers have sufficient time to redistribute 

within the semiconductor before reaching the opposite electrode. This effect is less prominent in 

the ohmic regime, where the charge carrier density is dominated by thermally generated charge 

carriers and the influence of injected charge carriers is relatively small. 

Shallow traps in semiconductors alter I-V characteristics by delaying the transition to the SCLC 

regime, introducing a trap-limited region with a higher than square-law voltage dependence 

between the Ohmic and trap-free SCLC regimes; while extending the Ohmic region, they do not 

eliminate Mott-Gurney behavior but rather modify the SCLC regime, requiring higher injection 
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levels to overcome the thermally excited carrier density due to significant trapping [17, 18, 51, 

56, 60]. 

The current density influenced only by drift is given by. 

𝐽𝐽 = 𝜇𝜇𝜇𝜇(𝑥𝑥)𝐸𝐸 
Eq. 44 

Substituting Poisson's equation (Eq. 10) and the free to trapped charge carrier ratio (Eq. 41) into 

Eq. 44 gives. 

𝐽𝐽 = 𝜇𝜇𝜃𝜃𝜃𝜃𝐸𝐸
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 Eq. 45 

Rearrangement of Eq. 45 and subsequent integration over E, using the SCLC assumption that the 

electric field at the electrode (x=0) is zero, yields [8]. 

𝐸𝐸(𝑥𝑥) = �
2𝐽𝐽𝐽𝐽
𝜇𝜇𝜃𝜃𝜃𝜃

 Eq. 46 

At high bias voltages, carrier mobility and SCLC are functions of temperature, carrier density, 

and electric field in a single charge carrier device; however, mobility is generally constant at low 

bias voltages and room temperature [40, 121]. The modified Mott-Gurney equation, which 

accounts for trap states, is analytically derived through the sequential application of the 

relationships presented in Eq. 15 through Eq. 17, 

𝐽𝐽𝜃𝜃 =
9
8

𝜃𝜃𝜃𝜃𝜃𝜃
𝑉𝑉2

𝐿𝐿3  
Eq. 47 

where Jθ is the current density in the presence of traps, which is related to the trap-free current 

density (J) by the free to trapped charge carrier ratio, θ; this factor differentiates the current 

density with traps (Jθ) from the current density without traps (J) and [13-14, 17, 24, 26-27, 35,  
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39, 51, 54, 56, 58, 60, 119, 157]. The term μeff, known as the effective mobility, represents the 

product θμ as shown in Eq. 47 [39, 44-45, 51, 54, 121]. It is essential that Eq. 47 must reduce to 

the ideal Mott-Gurney law (Eq. 18) when the free to trapped charge carrier ratio (θ) equals 1, as 

this confirms the validity under ideal conditions; the voltage-dependent nature of the ratio is 

critical, as its progression to unity, achieved once all traps are filled, indicates the transition from 

trap-SCLC to trap-free SCLC [51, 58]. Similar to ideal SCLC, but accounting for traps, the 

intermediate voltage regime features steady-state current, drift-dominated transport, and minimal 

temperature dependence [22, 30, 35]. When traps are considered in SCLC analysis, the models 

often rely on the assumption of discrete, monoenergetic trapping levels [13, 60]. These traps 

reduce the effective mobility (μSCLC = θμ), effectively limiting free carrier transport and higher 

trap densities behave similarly to lower doping levels [17, 44-45, 51, 54, 121, 157]. Indeed, the 

presence of trap states can contribute to field-dependent charge carrier mobility, which is 

contrary to the common assumption of constant mobility, particularly in organic semiconductors 

and disordered materials [30, 60]. The field-dependent SCLC with trap presence is given below 

[26, 30]. 

𝐽𝐽𝜃𝜃 =
9
8

𝜃𝜃𝜃𝜃
𝑉𝑉2

𝐿𝐿3 𝜇𝜇0𝑒𝑒𝑒𝑒𝑒𝑒�0.89𝛾𝛾√𝐸𝐸� Eq. 48 

It is noteworthy that the intended representation of the Poole-Frenkel effect's field dependence 

by γ is often compromised in practice due to traps and trap-induced diffusion currents [43]. In 

single charge carrier devices, free charge carrier density in Ohm's law (Eq. 8) is influenced by 

the doping due to added either donor (ND) or acceptor (NA) and the total current density, a 

summation of Eq. 8 (Ohm’s law) and Eq. 47, includes doping effects on charge carrier transport; 
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here, Ohm’s law (Eq. 8), modified by the new free charge carrier density (ND or NA), dominates 

and applies in heavily doped single charge carrier devices, but not lightly doped ones [55]. 

The transition voltage, VTrθ,Ohm-Mott-GurneyY, marking the shift from the Ohmic to Trap-Filled Mott-

Gurney law regime in the presence of shallow traps, is derived by combining Eq. 8 and Eq. 47 

[13, 14, 24, 27, 29, 33]. 

𝐽𝐽𝑂𝑂ℎ𝑚𝑚′𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐽𝐽𝜃𝜃,𝑀𝑀𝑀𝑀−𝑙𝑙𝑙𝑙𝑙𝑙 Eq. 49 

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇,𝑂𝑂ℎ𝑚𝑚−𝑀𝑀𝑀𝑀 =
8𝑞𝑞𝑛𝑛0𝐿𝐿2

9𝜃𝜃𝜃𝜃
 

Eq. 50 

A transition regime at intermediate voltages, where both Ohmic and SCLC behaviors contribute 

to the total current, is broadened in real semiconductor and organic electronic devices by factors 

like contact resistance, trap states, and inhomogeneous charge injection, 

𝐽𝐽 = 𝛼𝛼𝛼𝛼 + 𝛽𝛽𝑉𝑉2 
Eq. 51 

where α and β are the parameters from Eq. 8 and Eq. 47, excluding voltage terms [51]. 

Similarly, the transition voltage, VTrθ,ME-Mott-Gurney, from the moving electrode (ME) equation 

regime to the Mott-Gurney law regime in the presence of shallow traps, is derived by combining 

Eq. 26 and Eq. 47. 

𝐽𝐽𝑀𝑀𝑀𝑀 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐽𝐽𝜃𝜃,𝑀𝑀𝑀𝑀−𝑙𝑙𝑙𝑙𝑙𝑙 Eq. 52 

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇,𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀 =
32𝜋𝜋2

9
𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞𝑞𝑞

 
Eq. 53 

Although the moving electrode equation is used in both Eq. 52 and Eq. 53, the standard moving 

electrode equation for SCLC fails to accurately describe charge transport in the presence of traps; 

therefore, a more comprehensive model that incorporates trapping and release dynamics is 

necessary [121]. The impact of shallow traps on SCLC is substantial, as θ can be as low as 10−7, 
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significantly reducing SCLC magnitude, especially considering that traps are not typically 

confined solely to shallow energy levels [17, 56]. It is expected that the presence of traps will 

shift the ohmic to SCLC transition to a higher voltage compared to the ideal case outlined in Eq. 

23. In addition, higher light intensity increases VTrθ,Ohm-Mott-Gurney from the Ohmic to the trap-

limited SCLC regime because the increased volume-generated charge carrier density (which 

differs from the charge carrier density) extends the Ohmic regime to higher voltages, thus 

delaying the onset of the trap-limited SCLC regime where injected charge carriers dominate; 

beyond VTrθ,Ohm-Mott-Gurney, I-V characteristics are governed by the interaction of injected charge 

carrier density with trap states [16, 153]. This behavior highlights the complex interplay between 

light-generated carriers, traps, and injected charge carriers in determining the electrical 

characteristics of illuminated semiconductors, demonstrating how photogenerated carriers can 

significantly modify charge transport regimes [153]. 

For deep traps, the trap density in the quasi-thermal equilibrium state (nt(x)) can be simplified 

using the assumption that the density of the traps and the free charge carriers in the quasi-thermal 

equilibrium state (N) is approximately equal to the free electron density under a moderate applied 

field, 𝑛𝑛(𝑥𝑥) [56]. 

𝑛𝑛𝑡𝑡(𝑥𝑥) =
𝑁𝑁𝑡𝑡

1 + 1
𝑔𝑔

𝑁𝑁
𝑛𝑛(𝑥𝑥)

≅ 𝑁𝑁𝑡𝑡 Eq. 54 

Deep trap states in semiconductors, which are not always fully occupied, significantly influence 

free carrier density by capturing carriers for extended periods, thus reducing the mobile carrier 

concentration; their occupancy depends on temperature, applied field, and energy level relative 

to the Fermi level, and their presence can substantially alter electrical properties through dopant 

compensation, non-radiative recombination, and modified charge transport [42, 56]. Deep traps 
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are typically located well below the ESSFL (often by more than KBT), their occupancy, which is 

not always complete, varies with temperature, field, and energy level relative to the Fermi level; 

both trap types influence the ESSFL and carrier dynamics, with deep traps potentially having a 

greater impact on free charge carrier density, and the overall trap behavior depending on their 

energy distribution, density, and operating conditions [56]. While deep traps do not directly 

contribute to current flow, they significantly impact semiconductor behavior by capturing 

carriers for extended periods, reducing free carrier concentration and thus altering electrical 

characteristics; their influence on carrier dynamics and device performance can be substantial, 

particularly regarding compensation effects and recombination processes [51, 56, 154]. 

Analytical analyses demonstrate that deep traps significantly alter the material's bulk electrostatic 

profile and are essential for accurately interpreting SCLC current-voltage (I-V) curves, enabling 

the reproduction of experimental results that conventional theory fails to capture [34]. As 

injection level increases, the ESSFL rises, progressively filling traps; at the trap-filled limit 

voltage regime (VTFL), most traps are occupied, causing a rapid current increase, followed by a 

gradual transition towards the trap-free SCLC regime, eventually approaching the Mott-Gurney 

law (J ∝ V²), though this transition depends on trap distribution and energy levels, with deep 

traps potentially influencing carrier dynamics even at high injection levels, as illustrated in 

Figure 10  [13, 14, 24, 27, 37, 51, 56]. The trap-filled limit voltage (VTFL), which corresponds to 

the voltage necessary for complete trap filling or the point at which the quasi-Fermi level (EFn) 

crosses the trap energy level (Et) is given below in this case [33, 39, 46, 56]. 

𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇 ≅
(𝑞𝑞𝑁𝑁𝑡𝑡𝐿𝐿2)

𝜀𝜀
 

Eq. 55 
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Although ‘ε’ appears in the denominator of Eq. 55, ‘2ε’ is also reported as a denominator, which 

can be explained by the degeneracy factor (g): ‘ε’ for discrete traps and ‘2ε’ for an exponential 

trap distribution due to integration over the trap states. [13-14, 18-19, 23, 27, 33, 41-42, 51, 54, 

56, 58]. Understanding these factors is crucial, as they are essential for estimating deep trap 

density from Eq. 55 [34]. The interplay between dopants and deep traps is theorized to be 

significant in SCLC, and including doping concentration (ND or NA) in VTFL (Eq. 55) explains the 

early trap-filled limit voltage onset, as injected carriers fill dopant sites, resulting in a gradual 

current density increase [42]. It is observed that the VTFL decreases with increasing temperature, 

attributed to higher temperatures facilitating thermal carrier generation and thus requiring a 

lower voltage to fill all trap levels [24, 27]. In the presence of energetically distributed charge 

traps, these traps are gradually filled with increasing electric field, irrespective of temperature, 

until the trap-filled limit voltage is reached, at which point all trap states are filled [41]. 

While the trap energy level (Et) can be calculated by noting that the Fermi level (EF) aligns Et at 

2/3 of VTFL (the point of significant trap filling), and performing bandgap integration of the trap-

filling equation; however, this method is inherently linked to the accuracy of VTFL determination 

[24]. Therefore, to address this limitation, temperature-dependent SCLC measurements with the 

presence of traps (Eq. 34) provide a distinct advantage: the independent determination of both Et 

and trap density (Nt) through VTFL (Eq. 55), thereby enhancing the reliability of the results 

without requiring VTFL interpretation [24, 27, 33, 41, 45]. It should be noted that the VTFL region 

exhibits temperature-dependent characteristics [42]. As a result, higher temperatures reduce VTFL 

due to increased thermal carrier generation, making it easier to fill traps [33]. 

The shifts in the Fermi level, 𝛥𝛥𝐸𝐸𝐹𝐹, due to the injected charges under an applied field is given by, 
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𝛥𝛥𝐸𝐸𝐹𝐹 =
𝑄𝑄

(𝑞𝑞𝑁𝑁𝑡𝑡𝐿𝐿) ≅
𝐶𝐶𝐶𝐶

(𝑞𝑞𝑁𝑁𝑡𝑡𝐿𝐿) Eq. 56 

where V is the applied voltage, C is the capacitance, and 𝑄𝑄(= 𝐶𝐶𝐶𝐶) is the injected charge carrier, 

which is approximately equal to the trapped charge carrier density [17, 56]. The assumption of 

uniform charge carrier distribution throughout the semiconductor introduces a maximum error of 

a factor of 2 [56]. 

The free charge carrier density, 𝑛𝑛𝑐𝑐, which includes 𝛥𝛥𝐸𝐸𝐹𝐹 is given by, 

𝑛𝑛𝑐𝑐 = 𝑁𝑁𝑐𝑐𝑒𝑒�(𝐸𝐸𝐹𝐹−𝐸𝐸𝑐𝑐)
𝐾𝐾𝐵𝐵𝑇𝑇 �𝑒𝑒�𝛥𝛥𝐸𝐸𝐹𝐹

𝐾𝐾𝐵𝐵𝑇𝑇� = 𝑛𝑛0𝑒𝑒�𝛥𝛥𝐸𝐸𝐹𝐹
𝐾𝐾𝐵𝐵𝑇𝑇� 

Eq. 57 

where 𝑛𝑛0 is the initial free charge carrier concentration at thermal equilibrium states [17, 56]. 

Substituting Eq. 56 into Eq. 57 gives, 

𝑛𝑛𝑐𝑐 = 𝑛𝑛0𝑒𝑒�𝛥𝛥𝐸𝐸𝐹𝐹
𝐾𝐾𝐵𝐵𝑇𝑇� = 𝑛𝑛0𝑒𝑒� 𝐶𝐶𝐶𝐶

𝑞𝑞𝑁𝑁𝑡𝑡𝐿𝐿𝐾𝐾𝐵𝐵𝑇𝑇� = 𝑛𝑛𝑐𝑐0𝑒𝑒𝛼𝛼𝛼𝛼 
Eq. 58 

where nc0(=n0) is the free charge carriers at the initial thermal equilibrium states, and 𝛼𝛼 =

𝐶𝐶
𝑞𝑞𝑁𝑁𝑡𝑡𝐿𝐿𝐾𝐾𝐵𝐵𝑇𝑇

 is a constant [17, 56]. 

Assuming that all the injected charge carriers are trapped, and that the density of the trapped 

charge carrier is approximately equal to the injected charge carrier density, as given below [17, 

56]. 

𝑛𝑛𝑡𝑡 =
𝑄𝑄
𝑞𝑞𝑞𝑞

=
𝐶𝐶𝐶𝐶
𝑞𝑞𝑞𝑞

 Eq. 59 

Substituting Eq. 58 and Eq. 59 into Eq. 41 gives the free to trapped charge carrier ratio (θ) for 

shallow traps with a uniform energy distribution; however, unlike the previous shallow trap 

model (Eq. 41), this ratio is not constant [17, 56]. 
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𝜃𝜃 =
𝑛𝑛𝑐𝑐

𝑛𝑛𝑡𝑡
=

𝑛𝑛0𝑒𝑒�𝛥𝛥𝐸𝐸𝐹𝐹
𝐾𝐾𝐵𝐵𝑇𝑇�

𝐶𝐶𝐶𝐶
𝑞𝑞𝑞𝑞

=
𝑛𝑛𝑐𝑐0𝑒𝑒𝛼𝛼𝛼𝛼

𝐶𝐶𝐶𝐶
𝑞𝑞𝑞𝑞

= �
𝑛𝑛𝑐𝑐0𝑞𝑞𝑞𝑞

𝐶𝐶𝐶𝐶
� 𝑒𝑒𝛼𝛼𝛼𝛼 

Eq. 60 

A notable distinction exists in the behavior of the free-to-trapped charge carrier ratio (θ). Eq. 41 

shows voltage independence in trap-limited regimes, which aligns with the behavior of discrete 

(shallow) traps [58]. However, Eq. 60 demonstrates a clear voltage dependence [14, 18]. This 

voltage dependence is attributed to deep and distributed traps, which introduce a voltage-

dependent ratio and subsequently alter the current's power-law (J ∝ Vn, n > 2) from a square-law 

relationship (J ∝ V2) [58]. Furthermore, charge transport is significantly influenced not only by 

trap density, but also by the injecting contact's charge carrier concentration and the material's 

thickness, suggesting a complex interplay of factors contributing to the observed current-voltage 

characteristics [119]. 

Substituting Eq. 60 into Eq. 47 gives the SCLC equation for a uniform distribution of shallow 

traps, as shown in Eq. 61, 

𝐽𝐽 =
9
8

𝜃𝜃𝜃𝜃𝜃𝜃
𝑉𝑉2

𝐿𝐿3 =
9
8

�
𝑛𝑛𝑐𝑐0𝑞𝑞𝑞𝑞

𝐶𝐶𝐶𝐶
𝑒𝑒𝛼𝛼𝛼𝛼� 𝜇𝜇𝜇𝜇

𝑉𝑉2

𝐿𝐿2 = �
9
8

𝑛𝑛𝑐𝑐0𝑞𝑞𝑞𝑞𝑞𝑞
𝐶𝐶𝐿𝐿2 � 𝑉𝑉𝑒𝑒𝛼𝛼𝛼𝛼 

Eq. 61 

where �9
8

𝑛𝑛0𝑞𝑞𝑞𝑞𝑞𝑞
𝐶𝐶𝐿𝐿2 � is a constant [17, 56]. 

As previously discussed, the voltage dependence of SCLC is strongly influenced by the 

characteristics and distribution of traps. In the absence of traps, SCLC follows the Mott-Gurney 

law with J ∝ V². When shallow traps are present, they generally maintain the J ∝ V² dependence, 

but with reduced current magnitude. However, in the case of an exponential trap distribution, 

where trap density decreases with distance from the conduction band edge, the relationship 

typically leads to a power-law dependence [16, 41, 56, 58, 155]. This progression illustrates how 
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different trap configurations can significantly alter the I-V characteristics in semiconductor 

devices. 

Eq. 61 can be modified by using Eq. 58 and converting the current density to the current without 

loss of continuity, as shown below. 

𝐼𝐼 = �
9
8

𝑛𝑛0𝑞𝑞𝑞𝑞𝑞𝑞
𝐶𝐶𝐿𝐿2 � 𝑉𝑉𝑒𝑒�𝛥𝛥𝐸𝐸𝐹𝐹

𝐾𝐾𝐵𝐵𝑇𝑇� 
Eq. 62 

The trap distribution can be determined by differentiating Eq. 62 with respect to voltage [17, 56]. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝐼𝐼
𝑉𝑉

�1 +
𝑉𝑉

𝐾𝐾𝐵𝐵𝑇𝑇
𝑑𝑑(𝛥𝛥𝐸𝐸𝐹𝐹)

𝑑𝑑𝑑𝑑
� 

Eq. 63 

Eq. 63 is modified to form Eq. 64. 

𝑑𝑑(𝛥𝛥𝐸𝐸𝐹𝐹)
𝑑𝑑𝑑𝑑

= �
𝑉𝑉
𝐼𝐼

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 1�
𝐾𝐾𝐵𝐵𝑇𝑇

𝑉𝑉
 

Eq. 64 

Eq. 64 is rewritten by substituting the fundamental capacitance formula (Q = CV), assuming the 

charge carriers are localized in trap energy states [17, 48, 56]. 

𝐶𝐶
𝑑𝑑(𝛥𝛥𝐸𝐸𝐹𝐹)

𝑑𝑑𝑑𝑑
= �

𝑉𝑉
𝐼𝐼

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 1�
𝐾𝐾𝐵𝐵𝑇𝑇

𝑉𝑉
 

Eq. 65 

The trap density per unit energy, which can be derived from the experimental I-V characteristic, 

is given by [17, 56]. 

𝑑𝑑𝑑𝑑
𝑑𝑑(𝛥𝛥𝐸𝐸𝐹𝐹) = ��

𝑉𝑉
𝐼𝐼

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 1�
𝐾𝐾𝐵𝐵𝑇𝑇
𝐶𝐶𝐶𝐶

�
−1

 
Eq. 66 

If the constant, �9
8

𝑛𝑛0𝑞𝑞𝑞𝑞𝑞𝑞
𝐶𝐶𝐿𝐿2 �, from Eq. 61 and a suitable voltage (E = QV) are chosen such that the 

current doubles compared to its value under the applied field, then the number of injected charge 

carriers (which corresponds to the number of traps within an energy range KBT near the Fermi 

level) can be determined [17]. 
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The trap density of states (Nt(Et)), assumed to be an exponential distribution of traps, is 

approximated by the temperature, as shown below, 

𝑁𝑁𝑡𝑡(𝐸𝐸𝑡𝑡) = 𝐴𝐴exp �−
𝐸𝐸𝑡𝑡

𝐾𝐾𝐵𝐵𝑇𝑇𝑐𝑐
� Eq. 67 

where 𝐴𝐴 �= 𝐻𝐻
𝐾𝐾𝐵𝐵𝑇𝑇𝑐𝑐

� is a constant, H is the total trap density (assuming the distribution applies 

across all energy levels below the conduction band or above the valence band), Et is the trap 

energy level (measured from the conduction band minimum or the valence band maximum), h is 

Planck’s constant, ν is the frequency of longitudinal polarization waves of long wavelength, and 

𝑇𝑇𝑐𝑐(= ℎ𝜈𝜈
𝐾𝐾𝐵𝐵

) is the characteristic temperature influencing the energy-dependent trap distributions 

(exponential distribution of trap DOS) and is greater than the measuring temperature (T) [11, 16-

17, 23, 26, 58, 60]. Traps arising from surface defects and structural disorders typically exhibit 

an exponential energy distribution [41, 58]. 

The temperature-dependent voltage dependence of SCLC for Tc > T condition is given below, 

𝐼𝐼 ∝ 𝑉𝑉�𝑇𝑇𝑐𝑐
𝑇𝑇 �+1 Eq. 68 

where, 𝑇𝑇𝑐𝑐
𝑇𝑇

 is related to the width of the distribution of traps [16, 50-51, 58, 60]. Small Tc values 

correspond to trap distributions that vary rapidly with energy, while large 𝑇𝑇𝑐𝑐 values correlate 

with the slowly varying trap distribution [17]. When Tc < T, the current exhibits a square-law 

voltage dependence (J ∝ V²), similar to the trap-free and shallow trap SCLC; in contrast, an 

exponential voltage dependence is observed for large 𝑇𝑇𝑐𝑐 values, indicative of a uniform trap 

distribution [16-17]. 
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The temperature-dependence of the mobility (J ∝ 𝜎𝜎 ∝ 𝜇𝜇) is important where the 𝜇𝜇 is not 

changing rapidly with the temperature above Tc, but the mobility has exponential dependence at 

low temperatures (𝜎𝜎 ∝ 𝑒𝑒
ℎ𝜈𝜈
𝑇𝑇 ) in the case of ℎ𝜈𝜈 < 1

2
𝐸𝐸  [11]. 

While the total space-charge in a semiconductor may vary with temperature due to factors such 

as thermal carrier generation and dopant ionization, the fraction of mobile space-charge electrons 

typically increases exponentially with temperature, primarily due to thermal activation of trapped 

charges and enhanced carrier mobility (despite increased phonon scattering), thus significantly 

influencing the electrical properties and charge transport mechanisms in semiconductor devices 

[16, 156]. Semiconductor conductivity generally increases with temperature, primarily due to the 

exponential increase in charge carrier concentration, which outweighs the decrease in carrier 

mobility from increased phonon scattering; however, the specific temperature-dependence varies 

with material, doping, and temperature range [57, 71]. Though conductivity increases with 

temperature in semiconductors, its temperature-dependence is dictated by trap distribution, not 

just conductivity, as temperature increases the conduction band's proportion of constant total 

space-charge carriers [17]. 

Undoped devices are ideal for SCLC analysis; typically exhibiting a square-law voltage 

dependence (J ∝ V²); however, doping (intentional or unintentional), which is inevitable during 

the synthesis and fabrication process, introduces additional charge carriers, altering the 

equilibrium charge carrier density and disrupting the ideal SCLC regime, leading to deviations 

from the ideal square-law dependence, particularly at low and intermediate voltages [17, 49, 53, 

55]. 
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Experimental conditions, including applied bias and device thickness, can significantly affect 

SCLC behavior, influencing the measured mobility [44]. Because of the difficulty of extracting 

accurate mobility data in real devices, drift-diffusion simulations are used to validate the use of 

ohm's law, and the Mott-Gurney law. The drift-diffusion simulation proves the validity of Ohm’s 

law by incorporating both Mott-Gurney law and Ohm’s law as a function of the thickness and the 

doping concentrations of single charge carrier devices, where the mobility from Mott-Gurney 

law can be applied to find the charge carrier density using Ohm’s law; however, the valid 

regimes are small, existing only under extreme conditions, such as thin devices or high doping 

concentration devices, which are physically unfavorable and impractical in most situations, at the 

cost of violation of SCLC assumptions [49-50]. Analyzing the thickness dependence of SCLC in 

the J-V characteristics of organic single-carrier devices enables the differentiation between field-

dependent and charge carrier density-dependent mobility in drift-limited transport [45]. The 

thickness of the material, in conjunction with trap density and injecting contact charge carrier 

concentrations, influences a substantial influence on charge transport within both the ohmic and 

SCLC regimes [119]. The valid regimes, where both Ohm's law and the Mott-Gurney law are 

applicable, can be determined by equating Eq. 23 and Eq. 29, and substituting n with ND (doping 

concentration), as shown below [49]. 

𝑉𝑉𝑇𝑇𝑇𝑇,𝑂𝑂ℎ𝑚𝑚−𝑀𝑀𝑀𝑀 = 𝑉𝑉𝑇𝑇𝑇𝑇,𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀 Eq. 69 

𝑁𝑁𝐷𝐷𝐿𝐿2 =
4𝜋𝜋2𝐾𝐾𝐵𝐵𝑇𝑇

𝑞𝑞2 𝜀𝜀 
Eq. 70 

While Eq. 70 provides some intuitions regarding doping concentration and thickness, where 

Ohm’s law is used in conjunction with Mott-Gurney law, the analytical expression conflicts with 

the drift-diffusion simulation [49]. However, doped and intrinsic charge carrier devices can be 
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distinguished above a threshold doping concentration by differences in charge carrier 

concentrations, the energy level (Ec and Ev), conductivity, Fermi level position, and the slope of 

the SCLC region in a double logarithmic I-V characteristic [49-50]. 

The presence of dopants strongly influences SCLCs by filling deep traps with electrons, thereby 

controlling the power-law rise and eliminating the need to postulate an exponential or Gaussian 

defect density of states [42, 58]. This mechanism subsequently impacts I-V characteristics 

through its influence on space-charge accumulation, leading to two competing phenomena 

involving the rapid dynamics of localized charge carriers (e.g., ionization or trap filling): the 

introduction of additional charge carriers, which diminishes the space-charge effect, and the 

capture of charge carriers by ionized dopants, which enhances it [50, 116]. Therefore, doping 

significantly influences both the Mott-Gurney regime (via space-charge effects) and hysteresis in 

semiconductors, as the interplay between introduced charge carriers and ionized dopants alters 

space-charge distributions and localized carrier dynamics, thus modulating both SCLC current-

voltage characteristics and transient/memory behaviors, which is crucial for optimizing device 

performance [116]. 

In semiconductors, the Debye length (electric field screening length) refers to the characteristic 

length scale that screens out electric fields due to the presence of charge carriers and sets a limit 

on the potential change in response to an abrupt doping profile change, as shown below [49, 71]. 

𝐿𝐿𝐷𝐷 ≡ �
𝜀𝜀𝐾𝐾𝐵𝐵𝑇𝑇
𝑞𝑞2𝑛𝑛

 
Eq. 71 

For a valid Mott-Gurney law analysis, the single charge carrier device thickness should be 

significantly larger than the Debye length, not less than twice the Debye length [49, 71]. 
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While space-charge effects are significant in thin devices, especially those with thicknesses 

comparable to the Debye length, the charge carrier density is not solely determined by space-

charge; intrinsic carrier density, doping, temperature, and contact effects also play substantial 

roles, even at low voltages [49, 64]. While the Debye length can be a useful approximation for 

lightly doped or intrinsic semiconductors, especially at higher temperatures, the Thomas-Fermi 

screening length more accurately describes electric field screening by electrons in moderately to 

heavily doped semiconductors [64]. 

Device thickness, without directly altering doping concentration, influences the impact of doping 

and space-charge regions; the interplay of doping, device geometry, and electric fields 

determines carrier distribution and device behavior, with space-charge regions in thin devices 

occupying a larger fraction of the total thickness and thus more significantly affecting carrier 

distribution [49-50]. As doping concentration increases in a single charge carrier device, the 

equilibrium charge carrier density becomes negligible compared to the space-charge density, and 

the space-charge regions at the metal-semiconductor (MS) junction shrink, resulting in a non-

uniform space-charge distribution [49, 57, 71]. In single-carrier devices, the carrier density, 

except within space-charge regions, approximates the doping concentration, leading to SCLC 

behavior (governed by the Mott-Gurney law) up to a threshold doping level, above which ohmic 

conduction dominates, even though space-charges remain the primary carriers, with SCLC (J ∝ 

V²) behavior only occurring under specific conditions [49-50, 116]. In contrast to trap-free metal-

insulator-metal (MIM) barriers (similar to single charge carrier device with asymmetric contact), 

which exhibit a convex energy profile at zero current, the presence of traps significantly alters 

the energy and concentration contours, leading to increased curvature (potentially causing a 

canceled or reversed resident field and an energy maximum within the barrier) and ultimately 
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resulting in deterioration of the rectification ratio and altered current-voltage characteristics 

[118]. For example, in a highly doped single-carrier device where current behavior is initially 

governed by Ohm's law (Eq. 8), the transition from linear to square-law voltage dependence 

occurs above 0.9 V; therefore, the transition voltage for ohmic to Mott-Gurney conduction (Eq. 

23), VTrθ,Ohm-Mott-Gurney, should be used to define this transition [49, 131]. 

Furthermore, the mean free path, a key parameter, influences the charge carrier mobility, 

𝜇𝜇 =
𝑞𝑞𝜆𝜆∗

𝑚𝑚∗ῡ
 

Eq. 72 

where λ* is the mean free path, m* is the effective mass, and ῡ is the mean velocity [11]. 

The average kinetic energy is given below. 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑎𝑎𝑎𝑎𝑎𝑎 =
1
2

𝑚𝑚∗ῡ2 =
2
3

𝐾𝐾𝐵𝐵𝑇𝑇 Eq. 73 

The average velocity can be obtained by rearranging Eq. 73. 

ῡ = �3𝐾𝐾𝐵𝐵𝑇𝑇
𝑚𝑚∗  

Eq. 74 

 Substituting Eq. 74 into Eq. 72 gives the relationship between the mobility and the mean free 

path based, assuming the effective mass of the charge carrier (electron or hole) equals the 

electronic mass [11]. 

𝜇𝜇 =
𝑞𝑞𝜆𝜆∗

𝑚𝑚∗ῡ
=

𝑞𝑞𝜆𝜆∗

𝑚𝑚∗
�3𝐾𝐾𝐵𝐵𝑇𝑇

𝑚𝑚∗ = 𝑞𝑞𝜆𝜆∗ �
3𝐾𝐾𝐵𝐵𝑇𝑇
𝑚𝑚∗3 �

1
2�

 
Eq. 75 
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CHAPTER 4: SAMPLE AND DEVICE PREPARATIONS 

4.1. Solvothermal Method for Synthesis of β-ZnTe(en)0.5 

A primary mechanism of solvothermal synthesis lies in its ability to generate high autogenous 

pressures within sealed reaction vessels by operating at temperatures above the boiling points of 

the reactants, thereby facilitating the controlled crystallization of materials [72, 73]. This 

technique encompasses diverse variations like hydrothermal, ammonothermal, and 

saccharothermal methods, relying on solubility differences induced by temperature gradients [72, 

73]. Solvent selection plays a critical role in solvothermal synthesis; while aqueous hydrothermal 

methods are predominantly employed for oxide formation, non-aqueous solvents are 

indispensable for non-oxide synthesis, and advanced techniques such as microwave-

hydrothermal processing provide diverse routes to nanomaterials with precisely controlled 

attributes [72]. 

Solvothermal reactions are governed by both chemical (reagent and solvent nature) and 

thermodynamic parameters (temperature, pressure, reaction time), all of which are carefully 

controlled to optimize crystal growth [72, 73]. These reactions encompass diverse chemical 

processes, including redox, hydrolysis, thermolysis, complexation, and metathesis, enabling 

applications in material synthesis, functional material processing, low-temperature crystal 

growth, controlled micro/nanocrystal formation, low-temperature sintering, and thin film 

deposition [72]. 

Solvothermal synthesis enables the creation of a wide range of novel materials. For instance, 

employing non-aqueous solvents expands beyond traditional hydrothermal methods, allowing the 

fabrication of materials with tailored morphologies, such as zeolites, low-temperature diamond, 
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and diverse carbon nanostructures [73]. This approach facilitates the synthesis of geo-inspired 

compounds, light element materials, hydrothermal diamond, cubic boron nitride (c-BN), C3N4, 

MoS2 nanosheets, organic-inorganic hybrids, and nanotube-structured nanocrystallites like 

carbon, bismuth, tellurium, and intermetallic nanowires such as FePt, all driven by their 

application potential [1, 72, 74]. 

Key advantages of solvothermal synthesis include precise control over morphology and size, the 

ability to utilize diverse precursors, the feasibility of high-pressure reactions at lower 

temperatures, and the potential for one-step heteroatom doping [73]. However, the process also 

presents challenges, such as the necessity for specialized high-pressure equipment, waste 

management issues, limitations in achieving ideal morphologies, and difficulties in observing 

reaction mechanisms [73]. 

The utilization of heated organic solvents under pressure in solvothermal methods offers a 

tunable, cost-effective, and environmentally benign strategy for the synthesis of highly 

crystalline micro/nanocarbons with precisely controlled properties [73]. Solvothermal methods 

facilitate the synthesis of II-VI based nanomaterials across diverse dimensionalities, including 

one-dimensional, two-dimensional, and three-dimensional structures. 

β-ZnTe(en)0.5 is synthesized by solvothermal method [1]. Two millimoles (0.595 g) of zinc 

nitrate hexahydrate (Zn(NO3)2ּ 6H20, Strem Chemicals, Inc., CAS 10196-18-6) and one 

millimole (0.128 g) of tellurium (Te, Strem Chemicals, Inc., CAS 13494-80-9) were precisely 

measured by a laboratory scale (Fisher Scientific International, Inc., ACCU-224). These 

reactants were then transferred to a Teflon-lined stainless steel high-pressure acid digestion 

vessel (Parr Acid Digestion Bombs, 23 mL volume). Subsequently, 6 mL of ethylenediamine 

(EMD Millipore Corp., CAS 107-15-3) was poured into the vessel, which was then sealed with 
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the lid. The vessel was placed in a muffle furnace (Tabletop Furnace Company, LLC., Rapidfire 

Programmable Pro-LP) and heated to 200 ℃ for three days. Following this, the temperature was 

naturally reduced to ambient conditions, and the vessel was removed from the muffle furnace. 

The resulting product consisted of a mixture containing β-ZnTe(en)0.5, byproduct (black color), 

and liquid. Separation of the solid components was achieved by pouring the mixture onto a filter 

and applying a vacuum to remove the liquid. β-ZnTe(en)0.5 was then purified through sequential 

rinses with distilled water, 95 % ethanol (Koptec, CAS 64-17-5), and ethyl ether (VWR 

International, LLC., CAS 60-29-7), followed by air drying. The final product, β-ZnTe(en)0.5, 

presented as colorless flake-like crystals. 

4.2. Device Fabrication of β-ZnTe(en)0.5 

This overview aims to discuss UV photolithography, electron beam lithography (EBL), shadow 

mask, and stencil lithography, specifically in the context of device fabrication of β-ZnTe(en)0.5. 

Initially, it is important to note that UV photolithography and EBL, while powerful, utilize 

chemicals like photoresists, developers, and solvents, which can lead to partial sample 

degradation and challenge lift-off processes due to adhesive chemical use. Furthermore, UV 

photolithography has been observed to induce cracks in β-ZnTe(en)0.5, likely due to mask-sample 

contact within the mask aligner. To mitigate these issues, shadow masking and stencil 

lithography offer alternative fabrication approaches. 

UV photolithography, a fundamental microchip fabrication technique that uses UV light and 

photomasks to pattern photoresist-coated substrates for precise microscale device creation, is 

also being adapted to pattern delicate 2D materials, enabling the fabrication of novel nanoscale 

electronic and optoelectronic devices [109, 194]. Although UV photolithography is a well-
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established approach, fabrication processes still introduce minor defects in graphene and slight 

damage to MoS2 and WSe2 sheets; however, the good signal-to-noise ratio in their Raman 

spectra indicates minimal impact on material quality [109]. 

However, for applications requiring finer resolution, EBL is essential for nanoscale patterning in 

nanotechnology and semiconductor manufacturing, outperforming traditional photolithography’s 

feature size limitations [110, 194]. For example, a novel three-level lithography technique 

combining statistical nanowire alignment with microscopic selection further surpasses traditional 

EBL limitations, achieving 1 nm nanoscale gaps, material flexibility, and high device 

functionality [31, 194]. 

In contrast to the high resolution of EBL, shadow mask, a basic patterning method, involves 

using a physical mask to block material deposition or etching [190]. However, a key limitation of 

both shadow masking and stencil lithography is the shadow effect [193]. This occurs when the 

deposition angle or the gap between the mask and substrate causes blurring or distortion of the 

patterned features, particularly affecting resolution and feature uniformity [137, 192, 193]. This 

effect is more pronounced with larger gaps or non-collimated deposition sources [159]. Figure 11 

exhibits how the separation between the substrate and shadow mask influences the deposition 

area [159]. In shadow mask deposition, the spatial separation between the substrate and the mask 

critically influences the accuracy of the transferred pattern. As shown on the left side of Figure 

11, when a non-negligible gap exists (separation D ≠ 0), the deposited thin film exhibits a 

broadened profile characterized by reduced edge sharpness and overspray (smearing effect). This 

phenomenon arises from the divergence of the deposition flux, which allows material to deposit 

in regions nominally blocked by the mask. In contrast, achieving intimate contact between the 

substrate and the shadow mask effectively minimizes this divergence, resulting in a thin film 
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profile with sharp, well-defined edges, consistent with the intended pattern, as shown on the right 

side of Figure 11. 

 

Figure 11: Schematic illustration of the influence of substrate-shadow mask separation (D) on 

thin film deposition profiles [159]. On the left, a non-negligible gap (separation D ≠ 0) results in 

a broadened thin film profile with reduced edge sharpness and overspray, due to the divergence 

of the deposition flux (smearing effect). Material deposits in areas nominally blocked by the 

mask. On the right, intimate contact between the substrate and shadow mask minimizes this 

divergence, leading to a sharp, well-defined thin film profile consistent with the intended pattern. 

The shadow mask approach, for instance, can create 5μm features, bridging integrated circuit 

(IC) and printed circuit board (PCB) fabrication, although thermal expansion necessitates precise 

control [159]. Shadow mask deposition is also employed for fabricating nonplanar microlenses 

for optoelectronic devices, with microlens curvature and deposition rates being influenced by 
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mask geometry, material, and deposition method [191]. To overcome the resolution limits of 

traditional shadow masks, such as Invar fine metal masks, silicon-based magnetic metal hard 

masks have been developed, incorporating magnetic films to reduce bending by gravity and 

improve pattern uniformity [193]. Spin-coated polystyrene spheres serve as a shadow mask with 

random apertures, including submicron openings [36]. A silicon shadow mask, fabricated via 

deep silicon etching, further demonstrates precise material deposition, including complex 

patterns and alignment structures [187]. Moreover, shadow mask evaporation is used to fabricate 

nanoscale metal contacts on delicate molecular devices, avoiding damage from conventional 

lithography [189]. Double shadow mask technique was employed to create submicron 

interelectrode gaps with asymmetric electrodes for studying space-charge-limited current 

(SCLC) behavior in organic single-nanofiber devices [38]. While organic crystal surfaces are 

inherently susceptible to contamination and defects, metal deposition via e-beam evaporation 

further exacerbates this issue by inducing localized states and increasing trap densities, which 

degrades device performance, a phenomenon highlighted by the stark difference in injection 

efficiency between e-beam evaporated and laminated contacts; thus, alternative methods like 

flip-chip lamination are crucial for maintaining crystal integrity [58]. 

Stencil lithography, an evolution of shadow masking, targets high-resolution nanopatterning 

[190]. It offers resist-free processing and versatility, enabling deposition, etching, and ion 

implantation on diverse materials [137, 188, 191]. Advancements in stencil lithography have 

addressed challenges like blurring and clogging, expanding its applications in plasmonic, 2D 

material contacts, biosensing, flexible devices, and biological patterning [137, 188, 190, 191]. 

Stencil lithography using suspended silicon nitride membranes enables resist-free fabrication of 

15 nm metal dots and 15-20 nm lines, with resolution influenced by beam divergence and surface 



100 
 

 
 

diffusion [188]. Furthermore, a novel stencil lithography technique utilizing suspended PMMA 

membranes enables solvent-free fabrication of pentacene FETs with sub-micron resolution, 

achieving stable contacts and revealing SCLC dominated transport in short channels [192]. 

Beyond shadow mask and stencil lithography, microsoldering has been employed in the 

fabrication of 2D material devices, offering an alternative that eliminates the need for chemical 

processing and specialized metal deposition instrumentation; however, this technique is 

technically demanding, necessitates a degree of practical expertise, and carries the risk of 

potential sample damage due to excessive heat [108]. 

Although UV photolithography and EBL offer high resolution, they present challenges related to 

chemical use, which leads to the degradation of β-ZnTe(en)0.5. The shadow mask approach 

provides viable, reusable alternatives, offering a resist-free, versatile patterning technique for 

device fabrication. Unlike UV photolithography and EBL, the shadow mask approach avoids UV 

photon and high-energy electron exposure, preserving the integrity of the materials. Moreover, it 

involves fewer steps, simplifying the fabrication process and reducing potential errors, which 

further contributes to its efficiency and cost-effectiveness. 

While space-charge-limited current (SCLC) measurements can be performed on devices with 

either vertical (photovoltaics, LEDs) or lateral (FETs) structures, vertical devices are more 

commonly used for SCLC analysis [16, 25, 28, 30, 34, 36, 41, 44, 49, 115-117, 157]. The lateral 

dimension (a- and c-axis) of β-ZnTe(en)0.5 ranges from tens to hundreds of micrometers, while 

their thickness (b-axis) is approximately 6-10 μm, enabling precise shadow mask alignment for 

metal deposition without specialized tools. The precise thickness of β-ZnTe(en)0.5 was measured 

by Scanning Electron Microscopy (SEM) (JEOL JSM 6460 LV) and profilometer (KLA-Tencor 

P7 Profilometer). Both vertical and lateral device configurations are used in β-ZnTe(en)0.5 for 
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SCLC measurement to investigate anisotropic transport properties along different crystal axes. 

Three electrode patterning techniques (photolithography, Electron-beam lithography, and 

shadow mask) were considered, with a shadow mask (Micron Laser Technology, Inc.) approach 

was ultimately chosen for metal deposition on β-ZnTe(en)0.5 to minimize potential degradations 

by chemical exposures like photoresist and developer. 

While SCLC analysis is commonly performed on single charge carrier devices, two charge 

carriers SCLC can be achieved under specific conditions. These conditions include: 1) the 

electrodes are symmetrical, and the metal work functions are closely matched to the 

semiconductor's electron affinity (for electron) and ionization energy (for holes), enabling 

efficient and equal injection of electrons and holes; 2) the semiconductor exhibits low or no trap 

states, minimizing carrier trapping; 3) electron-hole recombination is minimized, maintaining 

charge carrier concentrations; 4) the ratio of electron to hole mobility is close to 1, facilitating 

balanced carrier transport; and 5) diffusion current is neglected [20, 56, 124]. Two charge carrier 

devices typically exhibit higher current flow than single charge carrier devices because both 

electrons and holes contribute to conduction and partially neutralize space charge regions [124]. 

For accurate SCLC analysis, it is important to design electrodes so that the transverse dimension 

of electrodes should be much greater than the interelectrode spacing, as electrodes significantly 

influence carrier injection, transport barriers, and the onset of SCLC regimes (VTr) [25, 47]. 

Charge carrier transport in lateral metal-perovskite-metal structures, particularly the influence of 

the metal-perovskite interface, reveals distinct ohmic and SCLC regimes controlled by inter-

electrode length and applied bias; shorter inter-electrode spacing increases the electric field, 

resulting in higher current densities and a faster transition from ohmic to SCLC behavior (lower 

VTr) [157]. Proper electrode design is crucial for accurately determining charge carrier mobility 
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and trap density from SCLC measurements, especially in complex materials like metal halide 

perovskites, where ion accumulation at electrodes can alter charge injection, necessitating 

advanced techniques (e.g., pulsed I-V measurement instead of steady-state) to minimize artifacts 

[16, 60, 91, 158]. 

Optimizing shadow mask thickness is crucial in device fabrication, as it must be thick enough to 

maintain structural integrity during metal deposition yet thin enough to prevent blocking 

deposition areas on the β-ZnTe(en)0.5 due to line-of-sight limitations, while also minimizing the 

smearing effect caused by the separation between the mask and substrate, which is particularly 

problematic in small-feature structures [159]. 

Prior to device fabrication, a rigorous cleaning protocol was employed on substrates (Si/SiO2). 

Initially, the substrates underwent a solvent-based cleaning regimen, designed to remove organic 

contaminants from the surface. This process typically involves sequential immersion in solvents 

such as acetone, isopropyl alcohol, and deionized water, each chosen for its specific solvency 

properties. Following the solvent cleaning, an RCA (Radio Corporate of America) cleaning 

procedure was performed. This method, comprising a series of chemical treatments, is 

specifically effective in removing both organic residues and ionic contaminants, including heavy 

metals [68, 69]. The RCA cleaning is crucial for achieving a pristine substrate surface, which is 

essential for ensuring high-quality thin film deposition and device performance. The sequential 

application of solvent and RCA cleaning procedures ensures the removal of a broad spectrum of 

surface contaminants, thereby optimizing the substrate for subsequent fabrication steps. 

Figure 12 shows a schematic diagram of the vertical device preparation flow. Prior to device 

fabrication, the sample's condition was assessed using Confocal Raman Spectroscopy (Horiba 

LabRAM HR800, λ=532 nm). First, β-ZnTe(en)0.5 is carefully placed onto a substrate using a 
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vacuum pen (Virtual Industries, INC., Pen-VacTM Pro Series), with manual alignment achieved 

using a shadow mask under a microscope (Olympus, MX51). Heat-resistance tape (Kapton® 

tape) is used to secure the shadow mask on the substrate. Second, the aligned substrate with β-

ZnTe(en)0.5 is mounted on a sample holder (substrate holder) and loaded into a vacuum chamber 

(Kurt J. Lesker, PVD 75TM) for the metal deposition. The PVD system is operated with the 

desired parameters, including material and thickness. To minimize heating effects, the metal 

electrodes were deposited in two layers, each 150 nm thick [91]. Unload the sample holder from 

the vacuum chamber after the metal deposition. Third, after the metal deposition on one side of 

the β-ZnTe(en)0.5, the shadow mask is removed, and the sample is detached from the substrate 

using the vacuum pen. β-ZnTe(en)0.5, with the metal electrodes side facing the substrate, is 

carefully placed onto the substrate using a vacuum pen. A shadow mask is then aligned on the 

opposite side, not previously deposited surface of the β-ZnTe(en)0.5, under a microscope, 

following the same alignment procedure as described earlier. Precise alignment of the two 

electrodes along the stacking axis (b-axis) is crucial. Similarly, heat-resistance tape is used to 

secure a shadow mask on a substrate. Fourth, the aligned substrate with β-ZnTe(en)0.5 is mounted 

on a sample holder and then loaded into the vacuum chamber for the metal deposition on the 

other side of β-ZnTe(en)0.5. To avoid asymmetric electrode effects, the same material (and 

thickness) is used in the PVD process [157]. To reduce heat-related impacts, a dual-layer metal 

electrode, with each layer measuring 150 nm in thickness, was deposited [91]. Unload the 

sample holder from the vacuum chamber after the metal deposition. Fifth, a shadow mask and 

heat-resistance tapes are removed after unloading β-ZnTe(en)0.5 from the vacuum chamber. 

While no chemicals are involved in the process, β-ZnTe(en)0.5 is exposed to heat during the 

metal deposition process, necessitating Raman spectroscopy to monitor for possible degradation. 
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For two-probe vertical electrical measurements, β-ZnTe(en)0.5 has two electrodes on both sides, 

aligned along the b-axis. 

 

 

Figure 12: Cross-Section View of Schematic Diagram of Vertical Device Preparation Flow 

Confocal Raman Spectroscopy (Horiba LabRAM HR800, λ = 532 nm excitation) was employed 

to determine the sample's condition prior to lateral device fabrication. Furthermore, polarization 

Raman spectroscopy was utilized to definitively confirm the crystal axis orientation [178]. 

Although empirical experience suggested the c-axis was along the longer edge of the crystal and 

the a-axis along the shorter edge, polarization Raman spectroscopy was employed to definitively 

confirm the crystal axis orientation, leveraging the unique Raman peak patterns characteristic of 

specific crystallographic directions [139, 178]. 
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Figure 13 presents polarization Raman spectroscopy spectra acquired along the crystallographic 

a-axis and c-axis, with observed vibrational frequencies annotated. Notably, discrepancies were 

observed between the experimentally determined and computationally predicted frequencies 

[178]. The measured frequencies, derived from these polarization Raman spectra, were utilized 

for crystal axis identification. Three common vibrational modes were identified in both the a-axis 

and c-axis spectra, exhibiting frequencies of 23.64 cm-1, 95.81 cm-1, and 132.55 cm-1, which 

deviate from the reported values of 23.8 cm-1, 96.3 cm-1, and 132.8 cm-1, respectively. A reported 

vibrational mode frequency of 175.8 cm-1 was observed as 176.52 cm-1 along the crystal a-axis 

and 174.08 cm-1 along the crystal c-axis, indicating a slight frequency shift between the two 

crystal axes. Additionally, the a-axis spectra revealed frequencies at 1052.17 cm-1 and 1169.35 

cm-1, with corresponding deviations from reported values of 1054.1 cm-1 and 1171.2 cm-1, 

respectively. Similarly, the c-axis spectra revealed modes at 284.56 cm-1, 540.01 cm-1, and 

989.10 cm-1, deviating from reported values of 285.0 cm-1, 540.2 cm-1, and 990.8 cm-1, 

respectively. 

While occasional deviations between observed and reported Raman frequencies are noted, 

understanding their origins is essential. In the context of β-ZnTe(en)0.5's exceptional crystallinity, 

characterized by a sub-1 cm-1 Raman linewidth (< 1 cm-1) comparable to high-quality binary 

semiconductors (GaAs, CdTe, ZnO, and GaN), a 0.5 cm-1 frequency shift is considered within 

acceptable experimental limits [10, 178]. This minor deviation aligns with the inherent precision 

of Raman spectroscopy measurements on such highly ordered materials. A 1 cm-1 frequency 

shift, despite near-perfect structural order of β-ZnTe(en)0.5, evidenced by narrow Raman 

linewidths and sharp X-ray diffraction rocking curves, effectively minimizes deviations arising 

from defects or disorder, is largely attributable to subtle intrinsic vibrational properties, such as 
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phonon interactions [10, 178]. Given the inherent crystallinity of β-ZnTe(en)0.5, a 2 cm-1 Raman 

frequency shift, significantly exceeding expected precision, strongly indicates the influence of 

external factors like sample degradation, rather than intrinsic material properties. 

 

 

Figure 13: Polarization Raman spectroscopy spectra of β-ZnTe(en)0.5 acquired along the 

crystallographic a-axis (red color) and c-axis (blue color) by Confocal Raman Spectroscopy 

(Horiba LabRAM HR800, λ = 532 nm excitation). Raw spectra, with observed vibrational mode 

frequencies annotated using LabSpec 6 Spectroscopy Suite Software, are presented without 

further analysis.  

For lateral devices, β-ZnTe(en)0.5 is placed on top of the substrate, and a shadow mask is aligned 

and placed over it. Under ideal conditions, electrostatic forces can secure the sample to the 
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substrate. However, under non-ideal conditions such as vibrations or airflow, the electrostatic 

force may be insufficient to secure the sample to the substrate, potentially leading to dislocation 

or detachment of β-ZnTe(en)0.5 from its original location. Heat-resistant tape is then used to 

secure both the shadow mask and the substrate to the sample holder before loading them into the 

vacuum chamber for electrode deposition via the PVD process. After the initial process, it was 

observed that the samples were not secured in their original location but had shifted to an 

unintended position during transport to the vacuum chamber. This occurred because the sample 

holder needed to be flipped to be secured on the rotation stage in the vacuum chamber, causing 

misalignment of the samples. Thus, several adhesives compatible with β-ZnTe(en)0.5, including 

cement glue, negative epoxy photoresist, and planarizing coating, are used. The condition of β-

ZnTe(en)0.5 is inspected using Raman spectroscopy prior to each starting device fabrication. 

After conducting controlled experiments, two approaches are used to fabricate lateral devices. 

Figure 14 illustrates a schematic diagram of the first approach for lateral device preparation. 

First, a 1.5 μm thick layer of SU-8 2 (Microchem), a permanent negative epoxy photoresist, was 

spin-coated onto the substrate (Si/SiO2) using a Brewer Science, Inc., CEE200 spin coater with a 

two-step process: 500 rpm for 5 seconds, followed by 3000 rpm for 30 seconds. Second, β-

ZnTe(en)0.5 is then carefully placed onto the spin-coated negative epoxy photoresist using a 

vacuum pen under a microscope. Third, β-ZnTe(en)0.5/substrate is then placed on a hot plate 

(Brewer Science, Inc., CEE 1100FX) and subjected to a two-step pre-bake process: 1 minute at 

65 ℃, followed by 1 minute at 95 ℃. Fourth, β-ZnTe(en)0.5/substrate is placed on the chuck of a 

mask alignment system (Quintel, Q4000-6TL) and exposed to i-line (365 nm) for 20 seconds. 

The exposure time varies depending on the optical power and the thickness of the negative epoxy 

photoresist, and the reference parameter can be obtained from the fact sheet. Fifth, β-
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ZnTe(en)0.5/substrate undergoes a post-bake process on the hot plate, with sequential heating for 

1 minute at 65 ℃ and then 1 minute at 95 ℃. These processes are implemented to secure β-

ZnTe(en)0.5 onto the substrate. Sixth, a 1.5 μm thick layer of positive photoresist (SHIPLEY®, 

MICRODEPOSITTM S1813TM) is spin-coated onto β-ZnTe(en)0.5/substrate using a spin coater 

with a two-step process: 500 rpm for 5 seconds, followed by 3000 rpm for 30 seconds. Seventh, 

β-ZnTe(en)0.5/substrate is placed on the hot plate for a pre-bake process for 1 minute at 115 ℃. 

Eighth, β-ZnTe(en)0.5/substrate is placed on the chuck of a mask alignment system, and a 

photomask (Photo Science, Inc.) is used for the electrode design, ensuring that the two electrodes 

will be parallel to the a- or c-axis of β-ZnTe(en)0.5. Ninth, following the photomask alignment, β-

ZnTe(en)0.5 is exposed to the i-line (λ = 365 nm) for 20 seconds. A post-bake process is not 

required in this process. Tenth, β-ZnTe(en)0.5/substrate is submerged in developer (AZ Electronic 

Materials USA Corp., AZ® 300MIF Developer) for 20 seconds, rinsed thoroughly with 

deionized water, and dry with a direct nitrogen gas (N2). Eleventh, β-ZnTe(en)0.5/substrate is 

secured on a sample holder and loaded into the vacuum chamber for the metal deposition. The 

PVD system is operated with the desired parameters, including material and thickness. Metal 

electrodes, each 150 nm thick and applied in two layers, were fabricated to minimize thermal 

effects [91]. The sample holder was unloaded from the vacuum chamber after metal deposition. 

Twelfth, after unloading the sample from a vacuum chamber, β-ZnTe(en)0.5/substrate is 

submerged in acetone to remove undesired areas of positive photoresist and metal areas via a lift-

off process. Carefully sink β-ZnTe(en)0.5/substrate in acetone, watching the structure under the 

microscope. Extend the sinking time if unwanted areas are not removed. Ensure the sample is 

completely submerged in acetone during this process. Once the undesired areas are removed, 

rinse with IPA and dry with nitrogen gas. 
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Following these procedures, β-ZnTe(en)0.5 will have two electrodes, ideally parallel to the a- or 

c-axis, enabling two-probe lateral electrical measurement. 

 

Figure 14: Cross-Section View of Schematic Diagram of 1st Lateral Device Preparation. 

Following the fabrication of the device, it is observed that the hybrid Raman peaks weakened or 

disappeared, while two Tellurium Raman peaks emerged [10, 178]. This suggests that the 

extended chemical exposure, coupled with heat and UV exposure during processing, may have 

accelerated degradation. Therefore, an alternative device fabrication approach is warranted. 

Figure 15 illustrates the second approach for lateral device preparation, a simplified process 

involving fewer chemicals compared to the first approach shown in Figure 14. Using planarizing 

coating (Futurrex, Inc., PC3-1500) as a temporary adhesive layer, instead of negative epoxy 

photoresist, avoids the use of chemicals that potentially accelerate the degradation process, such 

as SU-8 2, S1813, MIF developer, and acetone, as well as UV exposures during β-ZnTe(en)0.5 
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device fabrication process. First, a planarizing coating is spin-coated onto the substrate at 1000 

rpm for 30 seconds. Here, the surface morphology of planarizing coating is a key factor in this 

process, whereas its exact thickness is less important, as the primary function of the coating is to 

secure β-ZnTe(en)0.5 on the substrate. Second, β-ZnTe(en)0.5 is then carefully placed onto the 

planarizing coating using a vacuum pen under a microscope. Third, β-ZnTe(en)0.5/substrate is 

placed on the hot plate for 1 minute pre-bake at 115 ℃. Fourth, a shadow mask is aligned under 

a microscope to ensure the two electrodes are parallel to the a- or c-axis of β-ZnTe(en)0.5. The 

heat-resistance tape is used to secure the shadow mask to the substrate. Fifth, the aligned 

substrate, now with the attached β-ZnTe(en)0.5, is mounted on a sample holder and then loaded 

into the vacuum chamber for the metal deposition. The PVD system is operated with the desired 

parameters, including material and thickness. Heating effects were minimized by depositing 

metal electrodes in two 150 nm layers [91]. The sample holder was unloaded from the vacuum 

chamber after metal deposition. Sixth, after unloading the sample from a vacuum chamber, the 

shadow mask and heat-resistance tapes are removed. 

Following these procedures, β-ZnTe(en)0.5 will have two electrodes, ideally parallel to the a- or 

c-axis, enabling two-probe lateral electrical measurement. Three-probe electrical measurements 

are possible using a back gate, for which a heavily doped Si substrate would be a suitable choice. 
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Figure 15: Cross-Section View of Schematic Diagram of 2nd Lateral Device Preparation. 

Figure 11 highlights the critical requirement for intimate contact between the shadow mask and 

the sample (D = 0) to mitigate smearing effects during deposition [159]. Figure 16 schematically 

depicts that ideal conditions with no separation (D = 0) and the presence of any separation 

between the shadow mask and β-ZnTe(en)0.5 (D ≠ 0) can lead to undesirable consequences, 

specifically broadening the electrode profile with reduced sharpness and electrode connection 

[159]. Ideally, with zero separation (D = 0), as shown in Figure 16 (a), well-defined two-terminal 

devices are achievable for lateral configurations. However, the presence of even a small 

separation between the shadow mask and β-ZnTe(en)0.5 (D ≠ 0) can induce smearing, resulting in 

unintended electrical connections between the electrodes, as illustrated in Figure 16 (b). While 

electron-beam evaporation is known for its high directionality, stemming from the line-of-sight 

trajectory of evaporated atoms or molecules within a high-vacuum environment, the existence of 

separation can still contribute to smearing [194]. The observed smearing is likely attributable to 
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thermal deformation of the shadow mask during the deposition process. Despite secure 

adherence of β-ZnTe(en)0.5 and the shadow mask to the sample holder, smearing occurred. To 

mitigate this metal electrode smearing issue, magnetic bars, which retain their properties under 

elevated temperatures, were employed. By positioning β-ZnTe(en)0.5 between the magnetic bars 

and the shadow mask, optimal device fabrication was achieved. 

 

Figure 16: Cross-sectional view of schematic illustrations showing the impact of shadow mask 

separation (D) on electrode deposition. (a) Ideal conditions with no separation (D = 0) result in 

well-defined two-terminal devices for lateral configurations. (b) The presence of separation (D ≠ 

0) between the shadow mask and β-ZnTe(en)0.5 induces smearing, leading to unintended 

electrical connection between the two electrodes. 

Although surface oxidation is common in ambient conditions, and not an absolute certainty, both 

bulk ZnTe and β-ZnTe(en)0.5 surfaces might exhibit an inherent oxidation layer. This 

phenomenon is attributed to atmospheric exposure prior to metal deposition, leading to the 

formation of surface oxides. Furthermore, the sample is stored in ambient conditions, which can 

further contribute to the growth of the oxidation layer. Time-of-Flight Secondary Ion Mass 
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Spectrometry (ToF-SIMS) analysis, utilizing comparative sputtering rates between bulk ZnTe 

and β-ZnTe(en)0.5, revealed the oxide layer thickness to be approximately 5 nm (e.g., TeOx, 

unpublished data by Mr. Yizhou Wang). This thickness is considered sufficiently thin to 

facilitate charge carrier tunneling, thereby minimizing contact resistance. However, the presence 

of this interfacial oxide layer also induces interface states between the deposited metal and the β-

ZnTe(en)0.5 material, as previously observed [90, 114, 121]. While surface oxidation can be 

intentionally implemented in certain device architectures, its uncontrolled formation, particularly 

in novel materials such as β-ZnTe(en)0.5, introduces potential variability and may compromise 

sample integrity. Although the surface oxidation layer can be removed through appropriate 

treatments, such removal may not be advantageous if the layer's thickness does not impede 

charge carrier transport. Nonetheless, regardless of whether it's removed, awareness of the 

oxidation layer's existence is crucial during both device preparation and data analysis to ensure 

accurate interpretation of device performance.  
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CHAPTER 5: EXPERIMENTAL PROCEDURES WITH DATA AND RESULTS 

Two-probe measurements are performed on β-ZnTe(en)0.5 devices using a Keithley source meter 

unit (SMU) 2401 (Tektronix, Inc.). Data acquisition is controlled using Kickstart software 

(Tektronix, Inc.) running on a computer connected to the SMU via a GPIB-USB-HS instrument 

control device (National Instruments Corp.). 

Initial vertical measurements were conducted without metal electrodes, with β-ZnTe(en)0.5 

placed directly on a conductive substrate (Global Chip Materials, LLC., Ceramic packages, 

LCC8447002). Electrical probes (The Micromanipulator Company, 7B Tungsten Probe Tip, 0.5 

μm radius) were installed on manipulators (The Micromanipulator company, model 110 & 350) 

for precise controls. One probe contacted β-ZnTe(en)0.5, while the other contacted the conductive 

substrate. Figure 17 shows the experimental setup used for the vertical electrical measurement of 

β-ZnTe(en)0.5 [10]. Measurements were performed on two pristine β-ZnTe(en)0.5 synthesized in 

different years: one synthesized in 2007 (S07-p) and one newly synthesized in 2019 measured in 

2020 (S19-p). 

  

Figure 17: Experimental Setup for vertical electrical measurement [10]. 

The thicknesses of β-ZnTe(en)0.5 were ascertained through Scanning Electron Microscopy 

(SEM) utilizing a JOEL JSM-6460LV instrument, as depicted in Figure 18. To ensure accurate 
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measurement, three distinct samples were analyzed, each imaged at two different magnifications. 

The first sample, presented in Figure 18 (a) (×1000 magnification) and Figure 18 (b) (×3000 

magnification), measured 5.42 μm in thickness. The second sample, shown in Figure 18 (c) 

(×1000 magnification) and Figure 18 (d) (×3000 magnification), had a thickness of 7.17 μm. 

Finally, the third sample, displayed in Figure 18 (e) (×1500 magnification) and Figure 18 (f) 

(×3000 magnification)at magnifications of x1500 and x3000, was determined to be 9.17 μm 

thick. These measurements revealed a notable variation in thickness across the three samples. 

 

Figure 18: Scanning Electron Microscopy (SEM) images of β-ZnTe(en)0.5 showing thickness 

measurements at varying magnifications. (a), (b) First sample, at ×1000 and ×3000 magnification 

respectively, thickness = 5.42 μm. (c), (d) Second sample, at ×1000 and ×3000 magnification 
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respectively, thickness = 7.17 μm. (e), (f) Third sample, at ×1500 and ×3000 magnification 

respectively, thickness = 9.17 μm. 

Figure 19 shows the J-V characteristic of β-ZnTe(en)0.5 vertical device in a linear scale. As 

shown in Figure 19, fitting the data to the Mott-Gurney law (Eq. 18, using ε = 6, LS19-p = 6 μm, 

and LS07-p = 10 μm with approximately 10% accuracy) yielded mobilities of μS07-p = 8.8 × 10-3 

cm2/(Vs) for S07-p and μS19-p = 2.5 × 10-3 cm2/(Vs) for S19-p, representing the best achieved 

results for the respective batches of the samples [10]. The sample designation ‘S07-p’ indicates 

that the sample was synthesized in 2007 and was in pristine condition when measured. Similarly, 

the designation ‘S19-p’ indicates a sample synthesized in 2019, also in pristine condition. As 

expected for the transport along the inorganic-organic stacking direction, both mobility values 

are smaller than good quality inorganic semiconductors, but still higher than those of most 

organic semiconductors [10, 30]. 
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Figure 19: The J-V characteristics of β-ZnTe(en)0.5 vertical devices are presented on a linear 

scale S07-p and S19-p [10]. The dots represent experimental data, and the lines show the fitted 

curves using the Mott-Gurney law (Eq. 18). S07-p and S19-p denote pristine samples 

synthesized in 2007 and 2019, respectively. 

Figure 20 shows the J-V characteristic of β-ZnTe(en)0.5 vertical device in a double logarithmic 

scale. A double logarithmic plot of the J-V curve effectively distinguishes distinct transport 

regimes, such as the ohmic (J ∝ V), space-charge-limited (J ∝ Vn, n > 2), and trap-influenced 

regions, each exhibiting a characteristic linear slope that facilitates the analysis, with deviations 

from the ideal SCLC behavior (J ∝ V2), revealing insights into the trap distribution, energy 

levels, and complex charge carrier transport mechanisms [17, 18, 160]. In a double logarithmic 

plot, the ideal ohmic regime exhibits a slope of 1 (J ∝ V); however, as shown in Figure 20 (a), 

the slope of the S07-p sample in the ohmic regime deviates significantly from the ideal value. 

While this has not yet been explored in detail, plausible explanations exist to account for the 
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observed behaviors. Trap states within the material, particularly deep-level defects, can influence 

current-voltage behaviors, potentially leading to a slow current increase before the characteristic 

sharp rise associated with SCLC behavior [42]. The SCLC behavior in low-dimensional 

nanostructures such as nanowires and thin films differs significantly from ideal models due to a 

range of factors encompassing both classical effects like device geometry, contact asymmetries, 

and reduced dielectric properties, as well as quantum effects, dimensional constraints, and 

transient dynamics, thereby demanding advanced models to precisely characterize the observed 

deviations in voltage scaling and current densities [48, 60]. The dielectric constant's dependence 

on both frequency and field suggests that incorporating a field-dependent dielectric constant can 

improve the accuracy of current-voltage behavior interpretations, implying that the material's 

dielectric properties may vary with the applied field and potentially contribute to deviations from 

ideal ohmic behavior [53, 160]. Therefore, accurate SCLC analysis of organic semiconductors 

requires consideration of a field-dependent dielectric constant, as this field dependence directly 

influences field-dependent charge carrier mobility by modifying Coulomb interactions, trap 

effects, and dipole reorientation, which in turn alters charge transport and mobility extraction 

accuracy [30]. As shown in Figure 20 (a), the slope of the S07-p sample in the SCLC regime, 

mSCLC = 2.081 is very close to the ideal value of 2 (J ∝ V2) in a double logarithmic plot. Fitting 

this regime alone yielded μS07-p = 8.8 × 10-3 cm2/(Vs), only slightly different from that from the 

full-range fitting. 

In a double logarithmic plot for the S19-p, as shown in Figure 20 (b), in the low voltage regime, 

the S19-p sample’s slope closely approximates the ideal value of 1 (J ∝ V). However, as shown 

in Figure 20 (b), the slope in the high-voltage regime, mSCLC = 2.655, deviates significantly from 

the ideal value of 2 (J ∝ V2). While a slope of approximately 2 is typically expected in the SCLC 
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regime, some studies have reported higher slopes. Deviations from the theoretical slope of 2 

were noted in the SCLC regime, with reported values including 2.4, 2.5, 2.8, and 3.1, probably 

due to the presence of traps, where the power-law (J ∝ Vn) is considered to be used instead of 

square-law (J ∝ V2) dependence, but the ideal Mott-Gurney is used for analysis [14, 17, 121, 

155, 161]. The presence of traps, specifically in the form of exponential tail states within the 

bandgap, causes the slope of the current-voltage characteristic to deviate from the ideal value of 

2 [121]. Deviations from the ideal slope, potentially due to trap filling or other material/device 

non-idealities as supported by related findings, including slopes exceeding 2 in SCLC 

measurements, can specifically indicate trap filling within the SCLC regime [14, 131, 158]. The 

spatial distribution of equilibrium and injected charge carriers can significantly influence the 

Schottky barrier height at metal-semiconductor junctions; consequently, the presence of this 

barrier height, which must be accurately determined for mobility calculations, suggests its 

significant impact on SCLC measurements [42, 162]. 

Figure 20 (c) presents the data for both S07-p and S19-p samples on a double logarithmic scale, 

which is useful for visualizing and comparing data spanning several orders of magnitude. Raman 

spectroscopy confirmed the pristine condition of β-ZnTe(en)0.5 used in the electrical 

measurements, even after 13 years post-synthesis (S07-p). These samples, whose pristine 

condition was confirmed by Raman spectroscopy as shown in Figure 5, were also measured 

more than 15 years after their initial synthesis [10]. 
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Figure 20: The J-V characteristics of β-ZnTe(en)0.5 vertical devices are presented on a double 

logarithmic scale for (a) S07-p and (b) S19-p, respectively. (c) presents a comparative plot of the 

two datasets, revealing similar current densities. The dots represent experimental data, while the 

lines indicate the slope. S07-p and S19-p denote pristine samples synthesized in 2007 and 2019, 

respectively. 

As demonstrated in Figure 19, S07-p and S19-p exhibit the superior performance characteristics 

among the vertical device configurations examined [10]. To further investigate these 

configurations, Figure 21 presents the linear J-V characteristics of β-ZnTe(en)₀.₅ vertical devices 

for (a) S07-p_1, (b) S07-p_2, (c) S19-p_1, and (d) S19-p_2. The designations S07-p_1 and S07-

p_2 denote pristine samples: S07-p_1 and S07-p_2 were synthesized in 2007, while S19-p_1 and 

S19-p_2 were synthesized in 2019. The numbered subscripts (e.g., _1, _2) distinguish individual 

devices within each sample batch. Experimental data, shown as dots, were fitted to the Mott-

Gurney law (Eq. 18). Consistent with the fitting parameters used for Figure 19, the permittivity 

(ε = 6) and sample thickness (LS19-p = 6 μm, and LS07-p = 10 μm) were employed [10]. The 

resulting mobility values were: μS07-p_1 = 4.2 × 10-3 cm2/(Vs), μS07-p_2 = 4.5 × 10-3 cm2/(Vs), μS19-

p_1 = 6.1 × 10-4 cm2/(Vs), and μS19-p_1 = 7.5 × 10-4 cm2/(Vs). Notably, these values are slightly 
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lower than the optimal mobilities previously reported for the respective sample batches (μS07-p = 

8.8 × 10-3 cm2/(Vs) and μS19-p = 2.5 × 10-3 cm2/(Vs)), potentially due to minor variations in 

fabrication or measurement conditions [10]. 

 

Figure 21: Linear J-V characteristics of β-ZnTe(en)0.5 vertical devices: (a) S07-p_1, (b) S07-p_2,  

(c) S19-p_1, and (d) S19-p_2. Dots represent experimental data, and lines show Mott-Gurney 

law fits (Eq. 18). S07-p_1 and S19-p_1 are pristine samples from 2007 and 2019, respectively. 

The subscripts (e.g., _1, _2) denote individual devices within each sample batch. 
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In contrast to the ideal SCLC behavior observed in Figure 20, where optimized vertical devices 

(S07-p and S19-p) exhibited double logarithmic J-V characteristics with slopes of 2.081 and 

2.655, respectively, the four devices analyzed herein, as shown in Figure 22, present significant 

deviations. While linear J-V characteristics enabled successful mobility determination using the 

Mott-Gurney law (Eq. 18), the corresponding double logarithmic plots revealed non-ideal 

features, characterized by slopes deviating from the theoretical value of 2. 

In the previously reported optimal results (Figure 20), two distinct slope regions were identified: 

an ohmic region (slopes of 0.2081 and 0.961) transitioning to a trap-limited SCLC regime 

(slopes of 2.081 and 2.655), with a higher slope value indicating a trap-filled SCLC regime 

(slope = 2.655) [10]. However, Figure 22 reveals significantly different slope values for each 

device: 4.599 and 2.198 for S07-p_1 (Figure 22 (a)), 3.105 and 1.589 for S07-p_2 (Figure 22 

(b)), 3.835 and 1.862  for S19-p_1 (Figure 22 (c)), and 10.817 and 2.390 for S07-p_1 (Figure 22 

(d)). Notably, the absence of data in the low voltage regime prevented the identification of an 

ohmic region. Instead, the data suggests a transition from either trap-limited SCLC or trap-filled 

(steeper slopes) SCLC to a possible progression towards trap-free SCLC, a phenomenon not 

observed in the optimal results (Figure 20) [10]. 

While both optimal devices (S07-p and S19-p) showed a transition voltage (VTr), neither reached 

a trap-filled limit (VTFL) in Figure 19. The slope observed for S07-p suggests a trend towards 

ideal trap-free SCLC, while the slope of S19-p (J ∝ Vn, n > 2) indicates a clear trap-limited 

SCLC behavior (Figure 20) [10]. In contrast, Figure 22 shows no noticeable transition voltage 

(VTr). Instead, the low voltage regions exhibit elevated slopes (J ∝ Vn, n > 2), consistent with a 

trap-filled limit (VTFL), suggesting the influence of trap states on charge transport [58, 119-120]. 
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Eq. 55 demonstrates a direct proportionality between VTFL and trap density (Nt), implying 

samples with fewer trap states will generally show a lower VTFL, and those with more traps, a 

higher VTFL [33, 39, 46, 56]. The near-ideal SCLC behavior in S07-p suggests a minimal trap 

state concentration. However, S19-p, showing only VTr, and the prediction from Figure 10 and 

Eq. 55, suggest a higher VTFL is anticipated at higher voltage regions and has a greater trap 

density relative to S07-p_1, S07-p_2, S19-p_1, and S19-p_2. Furthermore, both Nt and the 

capture cross-section of traps (σn) in Eq. 1, which are intrinsic to the material's defect structure, 

directly impact both the transition voltage (VTr)  and the trap-filled limit voltage (VTFL) [16, 27, 

33, 57]. 
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Figure 22:  The J-V characteristics of β-ZnTe(en)0.5 vertical devices are presented on a double 

logarithmic scale, showing different slope values: (a) S07-p_1: 4.599 and 2.198; (b) S07-p_2: 

3.105 and 1.589; (c) S19-p_1: 3.835 and 1.862; (d) S19-p_2: 10.817 and 2.390. 

In contrast to the vertical measurement, the lateral measurement utilized a probe system (Instec, 

Inc., HCP621GP) with tungsten-rhenium alloy probe tips (25 μm radius) and probe jigs, instead 

of the electrical probes and manipulators (The Micromanipulator company) used for the vertical 

measurement. 
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Figure 23 illustrates the experimental setup used for the lateral electrical measurement of β-

ZnTe(en)0.5 and provides a schematic representation of the devices along two distinct 

crystallographic axes. Specifically, Figure 23 (a) shows the measurement setup for the a-axis 

lateral device, and Figure 23 (b) shows the setup for the c-axis lateral device. Electrical 

measurements were conducted on two pristine β-ZnTe(en)0.5 samples, both synthesized in the 

same year (S23). The sample thickness (W), determined by SEM, ranged from approximately 6 

to 10 µm (Figure 18). The crystallographic c-axis was empirically observed to align with the 

longer edge, and the a-axis with the shorter edge, a determination subsequently confirmed by 

polarized Raman spectroscopy (Figure 13) [178]. 

For accurate SCLC analysis, optimal electrode configuration requires the transverse dimension 

of the electrodes to be substantially larger than the interelectrode spacing [25, 47]. A shadow 

mask with a 20 µm interelectrode spacing and centimeter-range transverse dimensions fulfilled 

this requirement. Figure 23 (c) schematically illustrates the lateral device configuration along the 

a-axis, where a consistent sample thickness (W) of 6 µm was used, and the device length (L) 

varied, reaching several hundred micrometers, as confirmed by optical microscopy. Figure 23 (d) 

schematically depicts the c-axis device configuration, also utilizing a 6 µm sample thickness 

(W), with a variable length (L) typically up to 100 µm, as determined by optical microscopy. 

Following current-voltage (I-V) measurements, the cross-sectional area (A = L × W) was used to 

normalize current to current density for SCLC analysis. Importantly, the effective device area for 

in-plane charge carrier transport analysis (a-axis or c-axis) is the cross-sectional area, not the in-

plane electrode dimensions. As previously illustrated in Figure 7, injected charge carriers 

traverse both vertically and laterally, exhibiting distinct mobilities due to material anisotropy 

transport property [117]. Therefore, the lateral devices described are specifically designed to 
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study the transport properties along the lateral dimensions (a-axis or c-axis). Due to the 

inherently complex nature of charge transport and potential material anisotropy, isolating pure 

lateral mobility in a standard lateral device configuration is challenging, as measurements 

inevitably include contributions from both lateral and vertical carrier movement. 

 

 

Figure 23: Experimental Setup for lateral electrical measurements of β-ZnTe(en)0.5 and device 

schematic along two different crystal axes. (a), (c) a-axis device. (b), (d) c-axis device. 

For SCLC analysis, current density was calculated by dividing the measured current by the 

cross-sectional area (A = L × W), determined from I-V measurements. Figure 24 shows the J-V 

characteristic of β-ZnTe(en)0.5 lateral devices in a linear scale. As shown in Figure 24, fitting the 

data to the Mott-Gurney law (Eq. 18, using ε = 6, LS23-p_a-axis =  LS23-p_c-axis = 20 μm) yielded 
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mobilities of μS23-p_a-axis = 1.787 × 102 cm2/(Vs) for the a-axis and μS23-p_c-axis = 1.696 × 101 

cm2/(Vs) for the c-axis, representing the best achieved results from the same batches of the 

samples synthesized in 2023 (S23-p). The mobility value along the a-axis, as determined by the 

Mott-Gurney law (Eq. 18), is an order of magnitude greater than that along the c-axis. 

 

Figure 24: The J-V characteristics of β-ZnTe(en)0.5 lateral devices are presented on a linear scale 

for (a) S23-p_a-axis and (b) S23-p_c-axis, respectively. The dots represent experimental data, 

while the lines show the fitted curves using the Mott-Gurney law (Eq. 18). 

Figure 25 illustrates the J-V characteristic of β-ZnTe(en)0.5 lateral devices, plotted on a double 

logarithmic scale to effectively display the wide range of current and voltage values. Ideally, the 

ohmic regime is characterized by a slope of 1 (J ∝ V) at lower voltages, transitioning to a slope 

of slope of 2 (J ∝ V2) in the SCLC regime at intermediate voltages on a double logarithmic plot. 

However, only the SCLC regime was observed in both the S23-p_a-axis and S23-p_c-axis 

samples, without a clear ohmic regime. Although not shown in Figure 25, the transition voltage 
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(VTr) occurred at a lower voltage in the lateral devices than in the vertical devices, as illustrated 

in Figure 20. 

The absence of a clear ohmic region, despite the observed SCLC behavior, is likely due to the 

limited number of data points acquired at lower voltages. Furthermore, the observations indicate 

that a high-resolution voltage scan (achieved through a faster scan rate or finer voltage steps) can 

reveal lower current values compared to a lower-resolution scan (slower scan rate or coarser 

voltage steps). While further investigation is required, potential explanations for the observed 

behaviors include contact instability, heat effects, or trap dynamics. 

Figure 25 (c) presents the data for both S23-p_a-axis and S23-p_c-axis samples on a double 

logarithmic scale, which is useful for visualizing and comparing data spanning several orders of 

magnitude. The current density of S23-p along the a-axis is approximately an order of magnitude 

higher than that along the c-axis at the same voltage. 

 

Figure 25: The J-V characteristics of β-ZnTe(en)0.5 lateral devices are presented on a double 

logarithmic scale for (a) S23-p_a-axis and (b) S23-p_c-axis, respectively. (c) directly compares 

the two datasets, revealing one order of magnitude difference in current density. The dots 

represent experimental data, while the lines indicate the slope. 
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Among the examined lateral device configurations, S23-p_a-axis and S23-p_c-axis demonstrated 

superior performance characteristics, as illustrated in Figure 24. To further analyze the electrical 

transport in these configurations, Figure 26 presents the J-V characteristics of the β-ZnTe(en)0.5 

lateral device on both linear and double logarithmic scales. 

The linear plots in Figure 26 (a) and Figure 26 (b), based on the Mott-Gurney law (Eq. 18), result 

in charge carrier mobilities of μS23-p_a-axis_1 = 1.261 × 101 cm2/(Vs) and μS23-p_c-axis_1 = 5.247 × 100 

cm2/(Vs). Ideally, the ohmic regime in a double logarithmic plot shows a slope of 1 (J ∝ V). 

However, as shown in Figure 26 (c), the S23-p_a-axis_1 sample exhibits a significantly lower 

slope (m = 0.332) in the ohmic regime, a behavior similar to the vertical device from the S07-p 

sample (m = 0.256) in Figure 20 (a). Furthermore, the slope in the SCLC regime for S23-p_a-

axis_1 (m = 3.297) also deviates considerably from the ideal value of 2 (J ∝ V2), with a larger 

deviation compared to the vertical device from the S19-p sample (m = 2.655) in Figure 20 (b). 

While an SCLC slope around 2 is generally expected, higher slopes (e.g., 2.4, 2.5, 2.8, and 3.1) 

have been reported in literature, likely due to the presence of traps, necessitating the use of a 

power-law dependence (J ∝ Vn, n >2) instead of the ideal square law (J ∝ V2), even when the 

Mott-Gurney equation is used for analysis [14, 17, 121, 155, 161]. In contrast, the double 

logarithmic plot for S23-p_c-axis_1 in Figure 26 (d) reveals a slope closely approximating the 

ideal value of 1 (J ∝ V) in the ohmic regime and a slope near the ideal value of 2 (J ∝ V2) in the 

SCLC regime. Notably, the previously reported optimal devices (Figure 25) exhibited only an 

SCLC region with slopes close to 2 (1.942 and 1.869), showing a slight deviation from the ideal. 

Additionally, unlike the optimal devices, both S23-p_a-axis_1 and S23-p_c-axis_1 displayed a 

transition voltage (VTr). 
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Figure 26: The J-V characteristics of the β-ZnTe(en)0.5 lateral devices are presented on both 

linear and double logarithmic scales. (a) S23-p_a-axis_1 and (b) S23-p_c-axis_1 are shown on a 

linear scale. (c) S23-p_a-axis_1 and (d) S23-p_c-axis_1 are displayed on a double logarithmic 

scale. 

In contrast to the four lateral devices (S23-p_a-axis, S23-p_c-axis, S23-p_a-axis_1, and S23-p_c-

axis_1), where polarization Raman spectroscopy was implemented before device fabrication, an 

empirical approach was used to differentiate the crystallographic axes for S23-p_a-axis_2 and 

S23-p_c-axis_2 [178]. Figure 27 illustrates the J-V characteristics of the β-ZnTe(en)0.5 lateral 
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device, displayed on both linear and double logarithmic scales. Analysis of the linear plots in 

Figure 27 (a) and Figure 27 (b), using the Mott-Gurney law (Eq. 18), yielded charge carrier 

mobilities of μS23-p_a-axis_2 = 6.864 × 101 cm2/(Vs) and μS23-p_c-axis_2 = 5.992 × 101 cm2/(Vs). 

Consistent with the best achieved devices in Figure 25, the double logarithmic plot for the S23-

p_a-axis_2 sample in Figure 27 (c) reveals a power-law relationship (J ∝ Vn, n > 2) instead of the 

expected square law (J ∝ V2), indicating the presence of traps. In contrast, the double logarithmic 

plot for S23-p_c-axis_2 in Figure 27 (d) shows distinct ohmic (m = 1.305) and SCLC (m = 

2.644) regimes with some deviations, the SCLC slope being comparable to that of the vertical 

device from the S19-p sample (m = 2.655) in Figure 20 (b). The similar mobility values obtained 

for both devices (S23-p_a-axis_2 and S23-p_c-axis_2), which were fabricated by examining 

crystallographic axes without polarization Raman spectroscopy, suggest the need for 

incorporating polarization Raman spectroscopy alongside empirical observation [178]. 
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Figure 27: The J-V characteristics of the β-ZnTe(en)0.5 lateral devices are presented on both 

linear and double logarithmic scales. (a) S23-p_a-axis_2 and (b) S23-p_c-axis_2 are presented 

on a linear scale. (c) S23-p_a-axis_2 and (d) S23-p_c-axis_2 are illustrated on a double 

logarithmic scale. 

To contextualize these β-ZnTe(en)0.5 mobility values, it is useful to compare them with reported 

mobilities for other 2D and 3D materials. Graphene exhibits a wide range of carrier mobilities. 

Electron mobility of monolayer graphene is also observed to be 104 cm²/(Vs) [103]. The mobility 
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of n-type graphene is 106 cm2/(Vs), and that of p-type graphene is 104 cm2/(Vs) [89]. For few-

layer graphene (FLG), the mobility ranges from 3 × 103 to 104 cm2/(Vs) [101]. Multilayer 

graphene achieves mobilities up to 15 × 103 cm2/(Vs) at 300 K and approximately 6 × 104 

cm2/(Vs) at 4 K [101, 109]. Graphene nanoribbons exhibit mobilities of 100-200 cm2/(Vs) [102], 

while engineered graphene with a 150 meV band gap achieves 200 cm2/(Vs) [102]. Field-effect 

hole mobility is 1010 cm2/(Vs), and electron mobility is 3550 cm2/(Vs) [109]. Molybdenum 

disulfide (MoS2) also shows varying mobilities. Experimental mobility without a high-K 

dielectric gate material is 1 cm2/(Vs) [102]. With a hafnium oxide (HfO2) top gate layer at 300 

K, it reaches 150 cm2/(Vs) [102]. Theoretical electron mobility of MoS2 is reported as 410 

cm2/(Vs) [103]. Trilayer MoS2 exhibits mobilities of 1.3 and 3.3 cm2/(Vs) [108], and field-effect 

carrier mobility is 0.06 cm2/(Vs) [109]. Black phosphorus (phosphorene) exhibits mobilities of 

103 cm2/(Vs) for monolayers [102-103]. Tungsten diselenide (WSe2) shows a field-effect carrier 

mobility of 0.03 cm2/(Vs) [109]. 

In contrast to these 2D materials, 3D semiconductors exhibit different mobility ranges. At room 

temperature, mobility values are: 540 cm²/(Vs) for electrons and 28 cm²/(Vs) for holes in ZnSe; 

340 cm²/(Vs) for electrons and 100 cm²/(Vs) for holes in ZnTe; 1200 cm²/(Vs) for electrons and 

50 cm²/(Vs) for holes in CdTe; 8800 cm²/(Vs) for electrons and 400 cm²/(Vs) for holes in GaAs 

[89]; and 1245 cm²/(Vs) [198], 1200 cm²/(Vs) [199], and 1350 cm²/(Vs) [200] for electron 

mobility in GaN. 

The best achieved mobility for β-ZnTe(en)0.5 along the a-axis (μS23-p_a-axis = 1.787 × 102 

cm2/(Vs)) is notably comparable to the reported mobilities of certain 2D materials like graphene 

nanoribbons (100-200 cm2/(Vs)) [102] and engineered graphene with a band gap (200 cm2/(Vs)) 

[102], as well as the hole mobility in the 3D semiconductor ZnTe (100 cm2/(Vs)) [89]. The 
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mobility achieved along the c-axis in β-ZnTe(en)0.5 (μS23-p_c-axis = 1.696 × 101 cm2/(Vs)) is 

comparable to the hole mobility in the 3D semiconductor ZnSe (28 cm2/(Vs)) and CdTe (50 

cm2/(Vs)) [89]. This value is on the lower end of the spectrum when compared to the 2D 

materials listed, being approximately one order of magnitude higher than certain experimental 

MoS2 without a high-K dielectric gate material (1 cm2/(Vs)) [102] and trilayer MoS2 (1.3 and 3.3 

cm2/(Vs)) [108]. 

In summary, electrical transport measurements were conducted on β-ZnTe(en)0.5 devices in both 

vertical and lateral configurations. Vertical measurements on pristine samples (S07-p and S19-p) 

yielded mobilities of 8.8 × 10-3 cm2/(Vs) and 2.5 × 10-3 cm2/(Vs), respectively, consistent with 

weaker transport along the inorganic-organic stacking direction. J-V characteristics in double 

logarithmic plots revealed deviations from ideal ohmic behavior, potentially due to trap states, 

device geometry, or field-dependent dielectric constants. However, the SCLC regime exhibited 

slopes close to the ideal value of 2 (J ∝ V2) for S07-p but showed significant deviation for S19-p 

(J ∝ Vn, n > 2), possibly indicating trap filling and a deviation from the ideal slope of 2. Further 

investigation of specific vertical devices (S07-p_1, S07-p_2, S19-p_1, and S19-p_2) using linear 

J-V characteristics and the Mott-Gurney law yielded slightly lower mobility values compared to 

the optimal devices (S07-p and S19-p). Double logarithmic J-V plots for these devices showed 

significant deviations from ideal SCLC behavior, with elevated slopes suggesting a transition 

from trap-limited or trap-filled SCLC, and an absence of a clear ohmic region. The data indicate 

a stronger influence of trap states on charge transport in these specific devices, with no 

observable transition voltage (VTr) observed. Instead, the double logarithmic J-V characteristics 

suggest a transition from trap-limited or trap-filled SCLC to a possible progression towards trap-

free SCLC, with evidence of reaching a trap-filled limit (VTFL). It suggests a higher trap density 
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compared to the S07-p device, which shows near-ideal SCLC. However, these devices exhibit a 

lower trap density compared to the optimal S19-p sample, where only the transition voltage is 

observed, and not the trap-filled limit voltage. Thus, the analysis of specific vertical devices 

suggests a higher density of trap states compared to the optimal S07-p sample, and a different 

trap distribution compared to the optimal S19-p sample. 

Lateral measurements on pristine samples (S23-p_a-axis and S23-p_c-axis) showed much higher 

mobilities, with 1.787 × 102 cm2/(Vs) along the a-axis and 1.696 × 101 cm2/(Vs) along the c-axis, 

demonstrating a multiple orders of magnitude difference. Only the SCLC regime was observed 

in lateral devices, with the transition voltage (VTr) occurring at lower values compared to vertical 

devices. The absence of a clear ohmic regime may be attributed to limited data points at low 

voltages and potential contact instability, heat effects, or trap dynamics, possibly related to lower 

trap states. The current density along the a-axis was approximately an order of magnitude higher 

than along the c-axis at the same voltage. To gain further insight into the lateral transport 

mechanisms, linear fits applied to the J-V characteristics of devices S23-p_a-axis_1 and S23-

p_c-axis_1 yielded mobilities of 1.261 × 101 cm2/(Vs) and 5.247 × 100 cm2/(Vs), respectively. 

Both devices showed deviations from ideal ohmic and SCLC slopes, with S23-p_a-axis_1 

exhibiting a particularly low ohmic slope and a high SCLC slope. In contrast, S23-p_c-axis_1 

showed near-ideal slopes. Both displayed a transition voltage, unlike the previously reported 

optimal lateral devices (S23-p_a-axis and S23-p_c-axis), which exhibited only an SCLC region 

with near-ideal slopes and no observable transition voltage, potentially indicating lower trap 

density that require filling before the onset of SCLC in the optimal lateral devices. Moving on to 

devices S23-p_a-axis_2, with a mobility of 6.864 × 101 cm2/(Vs)), and S23-p_c-axis_2, showing 

a mobility of 5.992 × 101 cm2/(Vs)), these demonstrated similar mobility values despite being 
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fabricated without implementing polarization Raman spectroscopy. This suggests the importance 

of utilizing polarization Raman spectroscopy in conjunction with the empirical observation for 

accurate crystallographic axis identification. S23-p_a-axis_2 exhibited a power-law dependence 

(J ∝ Vn, n > 2) indicative of traps, while S23-p_c-axis_2 showed distinct ohmic (J ∝ V) and 

SCLC (J ∝ V2) regimes with some deviations. 

Given the observed structural anisotropy along the three crystallographic axes (Figure 2), 

anisotropic electrical behavior is anticipated. SCLC measurements offer valuable insights for 

characterizing the anisotropic electrical behavior of semiconductors possessing anisotropic 

crystal structures. This technique allows for the determination of charge carrier mobility along 

distinct crystallographic axes, enabling a quantitative assessment of the anisotropy in charge 

transport such as mobility using the Mott-Gurney law. In fact, the successful application of 

SCLC measurements to a range of semiconductors has revealed substantial variations in mobility 

as a function of crystallographic orientation [165, 166]. 
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CHAPTER 6: PHOTOELECTRON SPECTROSCOPY 

Photoelectron spectroscopy (PES), also termed photoemission spectroscopy, has evolved from 

the foundational discovery of the photoelectric effect. In 1887, Heinrich Rudolf Hertz 

documented the emission of electrons from a material's surface upon illumination, though a 

comprehensive explanation remained unclear to him [111]. Albert Einstein explained this 

phenomenon in 1905, introducing the existence of photons and the quantization of their energy; 

this contribution, for which he received the 1921 Nobel Prize in Physics, provided the theoretical 

framework for the photoelectric effect [112]. Subsequent investigations employing X-rays to 

induce electron emission paved the way for X-ray photoelectron spectroscopy (XPS), and the 

development of high-resolution spectrometers enabled the acquisition of the first high-energy-

resolution XPS spectrum, demonstrating its potential for chemical analysis; this advancement, 

recognized by the 1981 Nobel Prize in Physics awarded for Electron Spectroscopy for Chemical 

Analysis (ESCA), established PES as a powerful tool in chemical characterization [95, 113]. 

Photoemission (PE) experiments, while conceptually similar to their early counterparts of nearly 

a century ago, have undergone significant advancements in instrumentation and techniques 

[111]. Figure 28 illustrates the fundamental principle of the PE process, the main components of 

which are the photon source, analyzer, and detector [112]. 
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Figure 28: Sketch of simplified PES [112]. 

An electrostatic analyzer measures emitted photoelectrons, revealing information about their 

initial electronic states (kinetic energy, Ekin, and momentum, p=�2𝑚𝑚𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘), while the 

polarization of incident light with a well-defined vector potential (A) adds further valuable data, 

especially in angle-resolved photoelectron spectroscopy (ARPES) experiments [111]. Although 

the simplified sketch (Figure 28) provides a basic understanding, photoelectron excitation is a 

complex process than it illustrates [112]. 

When the photon energy exceeds the sample's work function (∅), electrons are emitted from the 

surface via the photoelectric effect, which is governed by Einstein’s equation below, 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚 = ℎ𝜈𝜈 − ∅ Eq. 76 

where 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum kinetic energy of the emitted photoelectrons, hν is the photon 

energy, and ∅ is the work function of the sample (a characteristic constant of the sample surface) 

[111, 112]. Eq. 76 still forms the basis for the interpretation of modern PES experiments [112]. 

The inherent surface-sensitivity of PES arises from the strong scattering and inelastic losses 

experienced by emitted electrons, primarily through electron-electron and electron-phonon 
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collisions, which limit the escape depth of elastically scattered electrons to the near-surface 

region; this depth is governed by the electron mean free path, which varies strongly with the 

electron's kinetic energy, thus confining the probing depth of PES to the surface region and 

making it a highly surface-sensitive technique [111, 113]. Furthermore, the inherent surface-

sensitivity necessitates ultra-high vacuum (UHV) conditions during PES measurements, as even 

minor surface contamination or the surface layer can significantly influence the detected signal 

and compromise data interpretation [111, 112]. While PES provides valuable insights into 

surface properties like electronic surface states, adsorbate structures, or ultra-thin films, its 

limited information depth can hinder the study of bulk properties in solids [112]. 

As illustrated in Figure 29, the three-step model simplifies the PE process by dividing it into 

three distinct, sequential steps: first, photoionization is initiated when an electron absorbs a 

photon of sufficient energy to surpass the ionization energy, leading to its transition to a higher, 

unbound energy level; second, this excited electron, possessing sufficient kinetic energy, is 

transported to the surface, enabling its escape from the material; and third, upon traversing the 

surface and entering the vacuum, the electron is detected [111]. While the schematic primarily 

illustrates valence band excitation, it encompasses all energy levels, including core levels, for 

general explanatory purposes. 
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Figure 29: The three-step model for interpreting PE experiments:  photoionization occurs 

through the absorption of a photon, which excites an electron;  this excited electron is 

transported to the surface;  the electron travels through the surface into the vacuum where it is 

detected; [111]. 

The three-step model, while a somewhat artificial separation of the unified photoexcitation, 

transport, and escape process, has proven invaluable for interpreting PE experiments due to its 

significant conceptual simplification [95, 111].  

Analysis of the emitted photoelectron distribution in energy and momentum space provides 

insights into several key material properties, including chemical composition and bonding, 

electronic band structure, and the characteristics of surface states and molecular orbitals [111, 

112]. So, PES has broad applicability across diverse scientific disciplines, including surface 
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chemistry and materials science, and has been instrumental in understanding the fundamental 

principles of solid-state physics [112]. This analysis relies on a light source, a critical component 

that defines the energy and flux of photons incident on the sample; electron ejection and 

subsequent detection by the instrument occur when the photon energy of the light source exceeds 

the binding energy of an electron within the sample. [111]. PES uses light sources like gas 

discharge lamps, X-ray sources, and synchrotron radiation, with X-ray Photoelectron 

Spectroscopy (XPS) probing core-level states at higher binding energies and Ultraviolet 

Photoelectron Spectroscopy (UPS) primarily investigating valence band states [112]. While 

several monochromatic light sources are commercially available because narrower linewidths 

provide higher resolution, Al Kα (hν = 1486.6 eV) and Ag Kα (hν = 2984.4 eV) radiation sources 

are predominantly used for XPS, whereas He I (hν = 21.2 eV) and He II (hν = 40.8 eV) sources 

are more commonly employed for UPS [95]. 

PES techniques, including surface-sensitive and complementary UPS and XPS, differ primarily 

in their radiation source, utilizing low-energy ultraviolet photons and higher-energy X-rays, 

respectively, to induce electron emission and provide insights into a material's electronic 

structure. XPS yields core-level binding energies, enabling elemental identification and chemical 

state analysis, while UPS probes the valence band, revealing information about the work 

function (∅), ionization energy, and valence band density of states [94, 95, 140]. This distinction 

arises from the fact that XPS photoelectrons originate from core-level electron excitations, 

whereas UPS photoelectrons originate from valence-level electron excitations, as illustrated in 

Figure 30 [111]. 
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Figure 30: A simplified schematic energy diagram illustrating XPS and UPS photoelectron 

emission for a metal, where XPS probes core-level electron excitations and UPS probes valence-

level electron excitations [111]. 

Modern XPS instrumentation can often integrate ultraviolet sources, such as the commonly 

employed He I source (hν =21.2 eV) and/or He II source (hν = 40.8 eV), allowing for the 

acquisition of UPS data within the same experimental setup. This combined approach facilitates 

a comprehensive understanding of both core and valence electronic states, proving especially 

valuable for studying surface modifications, thin films, and interfacial phenomena [111]. 

Specifically, UPS exhibits enhanced surface sensitivity compared to XPS due to the lower 

excitation energy of ultraviolet photons, approximately probing the top 1–3 nm of the material 

(sampling depth of 3λ) [95, 129]. This increased sensitivity, however, makes UPS measurements 
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more susceptible to surface contamination. Furthermore, while UPS provides superior energy 

resolution and is generally less destructive to organic layers than XPS, it is unsuitable for 

insulating surfaces due to charging effects [129]. 

While the simplified picture provides a basic understanding, photoelectron excitation is a 

complex process best described by Fermi's Golden Rule, derived from first-order perturbation 

theory, as detailed in the referenced citation [112]. In addition, a brief overview of PES's 

evolution beyond conventional surface analysis, encompassing advanced applications such as 

operando studies, interface analysis, and time-resolved measurements, along with its future 

directions, is presented in the cited reference [113]. 

Most PES, including XPS and UPS, can incorporate Monatomic Ion Beam Sputtering (IBS) 

and/or Gas Cluster Ion Beam (GCIB) techniques for surface cleaning or depth profiling. A 

simulation study compared Ga IBS and C60 GCIS surface interactions, revealing that the deeper 

penetration and cylindrical damage profile of Ga IBS ejects sample atoms, suggesting a more 

aggressive technique prone to defect formation and electronic structure alteration, potentially 

affecting surface states, while the shallower, crater-like material removal of C60 GCIB offers a 

gentler approach that may be advantageous for surface cleaning by minimizing electronic 

property changes and deep-level defect introduction [145]. Furthermore, the tunable energy per 

atom of GCIB is a critical parameter for optimizing and minimizing surface damage; both 

simulation and experimental results suggest that larger cluster sizes reduce the energy per atom, 

which contributes to less aggressive conditions, establishing GCIB as a versatile tool for cleaning 

and depth profiling complex materials [145, 170]. While GCIB encompasses various ion beam 

technologies, (Gas Cluster Ion Sputtering) GCIS is specifically designed for XPS/UPS, 

employing lower energies for a gentle sputtering approach to preserve chemical integrity during 
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analysis, whereas GCIB can utilize higher energies for more aggressive surface processing and 

diverse modifications [95]. 

6.1. X-ray Photoelectron Spectroscopy (XPS) 

6.1.1. Fundamentals of XPS 

XPS is a widely used surface-sensitive technique providing a comprehensive picture of a 

material's surface composition and chemistry by analyzing the binding energies and intensities of 

emitted photoelectrons, revealing elemental composition, chemical states, electronic structure, 

and bonding information at surfaces, films, and interfaces [95, 111]. 

While Figure 28 and Figure 29 offer a concise overview of PES principles and PE process 

interpretation, Figure 31 provides a more detailed illustration of the energetic processes 

occurring after X-ray incidence on the sample [95]. X-ray interaction with an atom can result in 

the transfer of energy to an inner-shell electron, leading to its ejection as a photoelectron with 

kinetic energy directly related to the incident X-ray's energy (hν), initiating a cascade of events 

including X-ray fluorescence (XRF) or Auger electron emission due to the creation of an inner-

shell vacancy [132]. Although the most intense photoelectron lines are generally symmetrical 

and narrow, pure metals may exhibit asymmetry due to conduction electron coupling; less 

intense lines at higher binding energies typically broaden by 1-4 eV compared to those at lower 

binding energies, and insulating solids exhibit a general broadening of approximately 0.5 eV 

relative to conductors [132]. XRF is a process initiated by the ejection of an inner-shell electron 

following sufficient incident X-ray energy, causing ionization, and competes with Auger effects 

[132]. Following photoelectron emission and the creation of an excited atomic state, relaxation 

can occur via an electron transition from a higher energy level to fill the inner-shell vacancy; this 



145 
 

 
 

transition releases energy that may subsequently lead to the emission of an Auger electron, a 

process occurring within an extremely short timeframe of a few femtoseconds (10-15 seconds) 

following the initial photoelectric effect [111, 132]. While the photoelectron lines are the 

primary focus in XPS, other spectral features are also crucial for accurate data interpretation, as 

detailed in the literature [132].  

 

Figure 31: Schematic energy diagram of electron transitions of (a) photoelectron emission for 

XPS, (b) X-ray Fluorescence (XRF), and (c) Auger electron emission [95]. 

The fundamental principles of PES are also applicable to XPS, which operates on the same 

principles of photoelectron generation and detection, whereby core-level photoelectrons are 

ejected upon incidence of an X-ray photon on the sample surface, accelerated by an electric field 

toward a detector, and subsequently measured by an electron energy analyzer, as shown in 

Figure 32 [95, 111, 112]. The energy analyzer resolves photoelectrons based on their kinetic 

energy, and the intensity of the resulting XPS spectra is proportional to the number of detected 

photoelectrons at each specific energy. Modern XPS instruments predominantly utilize 

monochromatic X-ray sources to enhance spectral clarity by eliminating satellite peaks, thereby 

simplifying interpretation and improving energy resolution, yielding sharper, more well-defined 
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peaks with reduced linewidth and smaller FWHM [95, 132]. Observed XPS peak widths are a 

convolution of the natural linewidth (related to the core-hole lifetime as a consequence of the 

photoionization process), the X-ray source linewidth, and the instrument's contribution to the 

measured linewidth [132]. 

Some advanced spectrometers incorporate switchable-mode electron guns, enabling a single 

system to perform both charge neutralizer in XPS and focused beam applications such as 

LEED/Auger spectroscopy. The charge neutralizer in XPS minimizes analytical errors in 

insulating or poorly conductive samples by counteracting surface charge buildup that occurs 

during measurement; without this compensation, positive charge accumulation can occur due to 

photoelectron emission. Integrated cameras and ion sputtering sources (e.g., GCIS) are 

commonly employed for sample imaging and cleaning. 

 

Figure 32: Schematic Diagram of PES equipped with Electron Gun, LEED (Low-Energy 

Electron Diffraction)/Auger, Analyzer, Detector, and X-ray and UV sources [111]. If a 

monochromatic X-ray source is available, a monochromator is not required. 



147 
 

 
 

Although XPS measures the kinetic energy of emitted photoelectrons, most available data 

represent XPS spectra with respect to the binding energy (EB) using the following equation 

below, 

𝐸𝐸𝐵𝐵 = ℎ𝜈𝜈 − 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 − ∅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
Eq. 77 

where EB is the binding energy, hν is the X-ray photon energy, Ekin is the kinetic energy, and 

∅spec is the work function of the spectrometer [111, 132]. The inclusion of ∅spec in Eq. 77 arises 

from the fact that photoelectron binding energy is measured relative to the sample Fermi level, 

not the vacuum level, as shown in Figure 33 [95]. For easier interpretation, a binding energy 

scale is employed, typically with 0 eV corresponding to the Fermi level (the highest occupied 

electron energy level if the metal at absolute zero temperature (0 K)), and increasing from right 

to left, reflecting the greater energy required to remove more tightly bound electrons [132]. 

 

Figure 33: An energy level diagram illustrates the basic XPS equation, which includes the 

following components: the X-ray source energy (hν), the binding energy (BE = EB) of the ejected 

electron (with C1s used as a well-defined and stable XPS reference), the kinetic energy of the 
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electron as measured by the spectrometer (KEmeasured = Ekin), and the work function of the 

spectrometer (∅spectrometer) [95]. 

Although the spectrometer work function is a fundamental parameter in binding energy 

calculations, it is generally handled through instrument software and calibrations, thus typically 

not requiring direct user input; however, its influence on absolute binding energy accuracy, 

particularly when comparing data across different instruments or with theoretical values, 

necessitates consideration, and minimizing the sample's contact potential, often using a built-in 

charge neutralizer, is essential for optimal accuracy [95]. 

In this study, binding energies obtained from XPS and UPS were calibrated using the Fermi level 

of copper (Cu) in Eq. 77. As a result, all reported binding energies are referenced to the 

calibrated Fermi level at 0 eV. 

The elemental and chemical composition, and chemical states of the atoms in a sample can be 

determined from the binding energy, which is independent of the x-ray source but material 

property, except for hydrogen (H) and helium (He) elements; however, the chemical 

environment, such as nearest neighbors and the oxidation state of the element, affects the binding 

energy [95, 111, 112]. While the elemental composition reveals the types and relative quantities 

of constituent elements (irrespective of bonding or arrangement), the chemical composition 

further describes bonding and arrangement, providing structure information. The chemical state 

specifies the various configurations atoms or molecules adopt based on their chemical, physical, 

and electronic properties, reflecting the nature of their chemical bonds. 

For example, XPS spectra of tellurium and its various oxidation states show a clear trend of 

increasing binding energy with increasing oxidation state, with binding energy ranges of 572.70 - 
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573.50 eV for Te, 575.60 - 576.50 eV for TeO2, and 576.60 - 577.30 eV for TeO3 [132, 177]. 

This shift in binding energy (chemical shifts) is a direct result of the changing chemical 

environment around the tellurium atom as it loses electrons and forms bonds with more 

electronegative elements like oxygen (due to changes in chemical potential and polarizability), 

and these chemical shifts indicate the chemical state; similar trends are also observed in Titanium 

oxide states (TiOx) [95, 132]. The NIST X-ray Photoelectron Spectroscopy Database is an 

invaluable resource for the scientific community, providing comprehensive reference data that 

greatly facilitates XPS analysis and serves as an excellent starting point for researchers 

identifying and analyzing core-level binding energies [177]. 

In XPS analysis, carbon correction, specifically referencing the C 1s peak at 284.60 eV 

(characteristic of C-C bonding), is a standard post-measurement procedure used to adjust binding 

energies in most analyses. Following the application of the C 1s correction at 284.60 eV, the 

binding energy values for all other elements within the XPS spectrum are considered accurate. 

However, while widely employed, the reliability of this correction is contingent upon the 

sample's characteristics and the presence of adventitious carbon; therefore, careful consideration 

of the sample, instrument, and experimental conditions is essential for proper data analysis. 

Figure 34 shows the XPS high-resolution C 1s spectrum of β-ZnTe(en)0.5 after Ar1000
+ GCIS with 

an energy of 10 KeV for 45 mins under UHV at room temperature using Al Kα radiation (1486.6 

eV). As illustrated in the inset table within Figure 34, the lowest binding energy observed in the 

raw XPS spectra is fitted to C-C/C-H bonding at 284.60 eV, serving as the reference point for 

determining the binding energies of the other two spectral features. This lowest binding energy 

peak, attributed to C-C/C-H bonding, exhibits the highest intensity, indicative of the greatest 

atomic concentration because the unique set of binding energies associated with each element 
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enables XPS to identify and quantify the elemental composition of the sample [132]. The peak at 

the intermediate binding energy is most likely associated with C-N/C-OH bonding (286.17 eV), 

while the peak at the highest binding energy corresponds to C-O/C=O bonding (288.09 eV). 

Because XPS peak shapes and measured binding energies can be influenced by multiple final 

states and related processes (multiplet splitting, shakeup, shakeoff), which complicate 

interpretation beyond simple oxidation state and neighboring atom electronegativity effects, it is 

crucial to check existing literature before assigning unexpected peaks as novel chemical states, 

even though the initial state primarily dictates measured binding energies when only one final 

state is accessible [95, 111, 132]. Furthermore, the varying probabilities, or cross-sections, 

associated with each final state further complicate the accurate interpretation of the observed 

phenomena [132]. 

 

Figure 34: The XPS high-resolution C 1s spectrum of β-ZnTe(en)0.5 acquired after Ar1000
+ GCIS 

process at 10 KeV for 45 minutes under UHV at room temperature using Al Kα radiation 

(1486.6 eV), was processed using ESCApe software. The blue line represents the acquired XPS 

spectrum, and the three green graphical features represent the fitted XPS spectrum after carbon 

correction (C 1s, C-C at 284.60 eV). The inset table shows the raw and fitted XPS C 1s spectra 
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(using a carbon correction of C 1s, C-C at 284.60 eV), along with the FWHM of each binding 

energy, the relative sensitivity factor (RSF), and the atomic concentration of each chemical state. 

While incident X-rays penetrate a few micrometers deep, only electrons generated within 

approximately 10 nm of the surface, particularly those escaping without inelastic scattering, 

contribute to the characteristic photoelectron peaks used for analysis, with deeper electrons 

undergoing energy loss and contributing only to background signal [95, 132]. Although the y-

axis typically represents intensity in arbitrary units (a.u.) rather than absolute values, the non-

zero background values (around 900 cps) observed in Figure 34 are used to explain contributions 

from inelastically scattered electrons, secondary electrons, detector noise, and other background 

effects. The continuous background observed in XPS spectra is mainly attributed to inelastic 

scattering of emitted photoelectrons as they travel through the sample; these random, multiple 

scattering events result in a distribution of energy losses, where each photoelectron loses a 

varying amount of energy, contributing to a continuous background signal at lower kinetic 

energies (corresponding to higher binding energies) relative to the primary photoelectron peak 

[132]. 

When the sample thickness is significantly less than the XPS probing depth, valence band 

spectra may exhibit superimposed signals from both the sample and substrate, necessitating 

substrate spectrum analysis (e.g., via spectral subtraction) to ensure accurate interpretation. 

However, angle-resolved XPS (ARXPS) allows for the analysis of thinner surface layers than 

traditional XPS by providing information on elemental depth distribution through varying 

detection angles, although the exact depth probed is influenced by experimental parameters, 

material properties, and measurement conditions [95, 146]. 
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While XPS is primarily known for its ability to provide information about the chemical state of 

materials, it also offers valuable insights into band structure studies, such as the valence band 

maximum (Ev), by analyzing the low binding energy region of the spectrum, where the Ev is 

typically located at the onset of the valence band emission [64, 138, 146, 171-175]. A refined 

procedure has been developed to precisely determine semiconductor core level to valence band 

maximum binding energy differences by analyzing simultaneously acquired core level and 

valence band XPS spectra, wherein the valence band maximum position is theoretically derived 

from the experimental XPS data [77, 78]. 

6.1.2. Sample Preparation and Experiment Procedures for XPS 

XPS samples must be vacuum-compatible and handled with care to prevent contamination (using 

gloves and clean containers) and mounted appropriately to minimize charging; further sample 

preparation and mounting details are available in the cited references [95, 132]. 

Several mounting methods were attempted using conductive substrates since metallic behaviors 

are observed in UPS. First, β-ZnTe(en)0.5 was attached to the Cupper conductive tape as a 

substrate. Second, gold conductive paste (Electron Microscopy Sciences, EMS Conductive Gold-

Paste, SKU: 12642) was applied to the edge of β-ZnTe(en)0.5 for attachment to the substrate 

(Au/Si) and allowed to fully cure for 24 hours at room temperature before XPS measurement. 

Third, a cleaned spatula was used to gently press β-ZnTe(en)0.5 onto indium foil (Thermo Fisher 

Scientific, CAS: 7440-74-6, EINECS: 231-180-0) without breaking the samples. Fourth, 

methanol was initially used to secure the sample to the substrate (Au/Si and Pd/Si), but the 

sample detached during the GCIS process. If the monochromatic X-ray source and UV source 



153 
 

 
 

are not already activated, it is recommended that they be turned on and allowed to stabilize 

before sample preparation. 

Figure 35 shows β-ZnTe(en)0.5 mounted on the sample holder after being secured to the 

substrate. Copper plates and screws were used to secure the substrates for XPS measurement. A 

bulk ZnTe crystal was also prepared as a reference; it was easily mounted by placing it under the 

copper plate and securing it with two bolts on each side. 

 

Figure 35: β-ZnTe(en)0.5 is mounted on the sample holder after being secured to (a) Indium foil 

and (b) conductive substrate (Pd/Si). 

Prior to XPS analysis at CHANL (Chapel Hill Analytical and Nanofabrication Laboratory), the 

condition of all β-ZnTe(en)0.5 was verified using confocal Raman spectroscopy (Horiba 

LabRAM HR800, λ=532 nm) by acquiring spectra at multiple locations on each β-ZnTe(en)0.5. 

Sample preparations and XPS measurements were carried out in CHANL using the Kratos Axis+ 

Supra XPS system. This system is equipped with a monochromatic Al Kα radiation source 



154 
 

 
 

(1486.6 eV), argon ion gas cluster ion sputtering (Arn
+ GCIS) for the cleaning process, and a 

helium lamp to enable UPS capability on the same samples without breaking vacuum. 

The sample holder was loaded into a load-lock chamber and then transferred to the main analysis 

chamber, which was maintained at UHV condition (~10-8 to 10-9 Torr), after the pressure in the 

load-lock chamber reached an appropriate vacuum level (~10-6 to 10-7 Torr). Nitrogen (N2) is 

used to purge the load-lock chamber to create a controlled environment, minimizing surface 

contamination during sample transfer and analysis, which ultimately led to more accurate and 

reliable results. This two-chamber system is commonly employed to maintain UHV conditions 

and minimize contaminations by preventing direct atmospheric exposure of the main analysis 

chamber. Once UHV is achieved, PES (XPS/UPS) measurement can proceed. 

Due to the surface-sensitive nature of photoelectron spectroscopy (PES), sample cleanliness is 

crucial. As the current study did not include a control experiment with Arn
+ GCIS, previous data 

were referenced. It reported an etch rate of 0.72 (nm/min) on Tantalum pentoxide (Ta2O5) under 

Ar1000
+ GCIS at 20 KeV(internal data obtained by Dr. Carrie Donley from CHANL). The 

experimental conditions employed, Ar1000
+ GCIS at 10 KeV for 45 minutes, represent a less 

aggressive condition. Given that each argon ion (Ar⁺) within the 10 KeV Ar1000
+ cluster 

possesses approximately 10 eV of energy, a reduced etch rate is expected compared to the 20 

keV experiment. Following Ar1000
+ GCIS, the analysis vacuum chamber was purged with 

nitrogen (N2) to remove residual argon ions (Ar⁺). Once ultra-high vacuum (UHV) conditions 

were re-established, ultraviolet photoelectron spectroscopy (UPS) measurements were performed 

before X-ray photoelectron spectroscopy (XPS). This sequence was chosen because UPS 

requires less acquisition time (approximately 10 minutes per spot) than XPS. Performing UPS 
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first minimized the need for additional Ar⁺ GCIS treatments between measurements while 

maintaining UHV conditions. 

Prior to UPS measurements, the sample's position was carefully adjusted to prevent collisions 

with the optic elements for collecting photoelectrons. Real-time camera monitoring was utilized 

for this purpose. For Z-axis height optimization, a prominent peak, typically carbon or oxygen, is 

employed. In this specific instance, the zinc peak was selected for optimal Z-axis height 

determination. The sample height was incrementally adjusted with a small step size, either 

increased or decreased, until the maximum Zn peak intensity was achieved. Subsequently, a 

survey scan was performed to verify the optimal height. 

Following Z-axis optimization, XPS was employed to optimize the iris (aperture) size. This 

optimization ensured that no substrate information was detected, isolating the signal from the 

sample surface. It was determined that an iris diameter of 55 μm achieved this condition. Once 

substrate interference was eliminated, UPS measurements proceeded. 

UPS measurements were conducted using a He I (hν = 21.2 eV) radiation source. Initially, a 

wide scan was performed with a step size of 0.025 eV and a dwell time of 0.1 seconds. 

Subsequently, high-resolution scans were acquired for both the low binding energy region (-1.22 

eV to 5.22 eV) and the high binding energy region (15.22 eV to 19.22 eV), each with a step size 

of 0.01 eV. The dwell time for the high binding energy region scans was 0.1 seconds, while the 

dwell time for the low binding energy region scans was 0.6 seconds. 

To enhance the accuracy of work function (∅) calculations, particularly in the determination of 

the secondary electron cutoff, a 9V bias was applied during the UPS measurements. However, it 

is important to note that the optimal bias potential is contingent upon the specific spectrometer 

configuration and the inherent properties of the sample. 
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Given the conductive nature of β-ZnTe(en)0.5 under investigation, a charge neutralizer was not 

employed. This decision aligns with the standard practice of avoiding charge neutralizers for 

conductive samples, as they are generally recommended only for insulating materials. 

Furthermore, this intentional exclusion aimed to prevent potential interference and maximize the 

precision of work function (∅) and valence band edge determination. 

For XPS measurement, a survey scan is typically acquired initially to determine the basic 

elemental composition of the sample and identify any unexpected elements, thus guiding 

subsequent high-resolution scans for more detailed analysis of specific elements. While survey 

scans readily provide elemental composition, high-resolution scans require careful selection of 

photoelectron lines; typically, the most intense peak for an element is chosen for ease of 

detection and comparison with reference data, but potential peak interferences or limited 

chemical shifts may necessitate using less intense peaks or acquiring data from multiple 

photoelectron and Auger lines for accurate chemical state interpretation [95]. 

XPS scan parameters were optimized through iterative testing, resulting in the following settings: 

80 eV pass energy, 1 eV step size, and 0.1 second dwell time for survey scans; and 20 eV pass 

energy, 0.1 eV step size, and 0.4 second dwell time for high-resolution scans. The binding 

energies of core levels and the valence band regions can be determined with an accuracy of 1 eV 

for survey scans and 0.1 eV for high-resolution scans. Generally, XPS scan parameters (pass 

energy, step size, and dwell time) are user-defined and must be optimized for quality data 

acquisition, varying between survey and high-resolution spectra, as well as across instruments; 

survey scans prioritize electron throughput (using larger pass energies, step sizes, and shorter 

dwell times), while high-resolution scans prioritize spectral resolution (using smaller pass 
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energies and step sizes, along with longer dwell times) to resolve subtle peak shape changes [95, 

111, 132]. 

An iris is positioned at the entrance to the collection path. An iris (slot) size of 700 μm x 300 μm 

was selected to achieve high throughput and minimize charging effects. 

A charge neutralizer, operating with a filament current of 0.39 A, a filament bias of 1.1 V, and a 

charge balance of 4.3 V, was employed during both survey and high-resolution XPS scans. 

Insulating samples are prone to charging, causing peak shifts and distortions, requiring charge 

neutralization (e.g., low-energy electron/ion beams) to mitigate the positive charge accumulation 

that shifts binding energies and can induce differential charging; even with optimized 

neutralization, residual shifts often necessitate energy calibration using an internal standard 

(carbon C 1s), though its variable binding energy limits its reliability [95, 111, 132]. 

6.1.3. Experimental Results of XPS on bulk ZnTe and β-ZnTe(en)0.5 

6.1.3.1. Chemical States of bulk ZnTe and β-ZnTe(en)0.5 by XPS 

Each element exhibits a unique XPS spectrum based on its characteristic energy levels. All 

transitions having binding energies below the X-ray source energy are theoretically observable, 

and photoelectron peaks are identified by the element and orbital from which the corresponding 

electrons are ejected [95, 111]. Therefore, XPS spectral interpretation typically proceeds by first 

identifying the most prominent C and O lines, followed by major and associated minor lines. 

Subsequently, interpretations are verified via spin-orbit doublet analysis, and finally, any 

remaining weak peaks are identified [132]. Following this, chemical state analysis, along with 

quantitative and qualitative assessments, are performed, with detailed steps and analytical 

considerations provided in the referenced literature [95, 132]. 
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Regarding the nature of XPS photoelectron lines, all XPS lines, except those from s orbitals 

(l=0), are doublets due to spin-orbit coupling (denoted using the j quantum number as a 

subscript) [95]. This splitting is observed in core-level spectra of elements with non-zero orbital 

angular momentum (l≠0), arising from spin-orbit interaction and resulting in two peaks whose 

calculable intensity ratio (based on j) reflects the distinct quantum states [64, 92, 95, 132]. 

For accurate analysis, it is important to check XPS references, as these resources not only 

provide energies for expected photoelectron peaks (including chemical shifts, peak splitting, and 

shapes) but also often indicate when elemental peak shapes deviate from simple doublet/singlet 

patterns, making them an essential starting point for XPS analysis [95, 132, 177]. 

Bulk ZnTe was mounted directly on the sample holder by copper plate and screws. XPS analysis 

of bulk ZnTe is based on the binding energies of photoelectron peaks. 

Bulk ZnTe sample, with approximate dimensions of 2mm x 2mm x 2mm, was utilized as a 

reference material to facilitate analysis and enhance the understanding of the properties of β-

ZnTe(en)0.5. 

Figure 36 shows the XPS survey and high-resolution scans (Zn 2p and Te 3d) acquired from bulk 

ZnTe. As shown in Figure 36 (a), the bulk ZnTe surface appears severely contaminated, 

evidenced by the strong C 1s (87.45 at. %) and O 1s (9.44 at. %) peaks. However, after Ar1000
+ 

GCIS, the oxygen signal is eliminated, although a C 1s peak (11.50 at. %) persists, as shown in 

Figure 36 (b). Oxygen was observed in the previous analysis, but carbon was not reported [10]. 

While ideal ZnTe crystals are carbon-free, the observed presence of carbon could be attributed to 

either contamination during synthesis or redeposition from Ar1000
+ GCIS [145]. 

As expected, the Zn 2p3/2 peak exhibits a higher intensity than the Zn 2p1/2 peak, consistent with 

the Zn 2p3/2 peak being the most prominent feature in the Zn 2p region, as shown in Figure 36 (c) 
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and (d). The Zn 2p photoelectron lines are nearly coincident, regardless of Ar1000
+ GCIS. This 

observation can be explained by the fact that the Zn photoelectron lines are observed at slightly 

lower binding energies than those characteristic of ZnO or ZnOx, yet the binding energy ranges 

associated with ZnO and ZnOx significantly overlap with the ZnTe lines [132, 177]. 

Obvious differences are observed in the Te 3d photoelectron lines before and after Ar1000
+ GCIS, 

as shown in Figure 36 (e) and (f). The Te 3d5/2 peak also exhibits a higher intensity than the Te 

3d3/2, consistent with it being the most prominent feature in the Te 3d region [132, 177]. To 

ensure reproducibility, four independent data sets were collected from different regions of the 

sample using Ar1000
+ GCIS (denoted as c, d, e, f). A standard carbon correction procedure was 

applied by aligning the carbon C-C peak to a binding energy of 284.60 eV. 
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Figure 36: Survey XPS scan on bulk ZnTe (a) before Ar1000
+ GCIS and (b) after Ar1000

+ GCIS. 

High-resolution XPS scan on bulk ZnTe (c) Zn 2p before and after Ar1000
+ GCIS, (d) Zn 2p after 

Ar1000
+ GCIS, (e) Te 3d before and after Ar1000

+ GCIS, (f) Te 3d after Ar1000
+ GCIS. To 

demonstrate reproducibility, four data sets were acquired after Ar1000
+ GCIS (c, d, e, f) from 

different locations on the sample. Carbon correction was applied to the XPS spectra by aligning 

the lowest binding energy peak to 284.60 eV (C-C). 

Table 1 shows the photoelectron lines on bulk ZnTe before and after Ar1000
+ GCIS. Carbon 

correction, as previously mentioned, was applied to the XPS spectra by aligning the lowest 

binding energy peak to 284.60 eV, corresponding to the C-C bond. While this is a useful initial 

step, it requires careful consideration, as comprehensive spectral analysis is essential for reliable 

results. This C 1s binding energy of 284.60 eV ± 0.1 eV is generally accepted for XPS 

calibration, though minor deviations can occur due to instrumental resolution and surface 

charging effects. 

The Zn 2p3/2 photoelectron lines likely correspond to either ZnTe or ZnOx on both before and 

after Ar1000
+ GCIS, with the maximum binding energy difference of 0.37 eV. The binding energy 

regions for Zn, ZnTe, ZnO, and ZnOx overlap, with the binding energy of Zn 2p3/2 within 

approximately 1.3 eV, complicating chemical state interpretation based on XPS alone [132, 177]. 

TeO2 or TeO3 is observed in the Te 3d5/2 photoelectron line before Ar1000
+ GCIS, but the Te 3d5/2 

photoelectron line indicates the presence of Te after Ar1000
+ GCIS [132, 177]. 
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Table 1: Photoelectron Lines on Bulk ZnTe before and after Ar1000
+ GCIS 

 

Table 2 presents the elemental ratios on bulk ZnTe before and after Ar1000
+ GCIS. The ideal 

elemental Te:Zn ratio for bulk ZnTe is 1, but its value varies. The current O:Zn ratio is 

significantly lower than the previous measurement of 0.16 [10]. Elemental ratios provide 

valuable insight into the material's composition, they should be considered qualitative rather than 

strictly quantitative. This is because, during GCIS, lighter atoms are preferentially sputtered due 

to their higher sputtering yields, resulting from their lower mass and greater ease of ejection from 

the sample surface [176]. 

Table 2: Elemental Ratios on bulk ZnTe before and after Ar1000
+ GCIS 

 

1. Copper (Cu) conductive tape substrate 

β-ZnTe(en)0.5 was placed on a copper (Cu) substrate and mounted using a copper plate and 

screws for XPS measurement. XPS analysis of β-ZnTe(en)0.5 is based on the binding energies of 
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photoelectron peaks and Auger electron lines. Although Auger Electron Spectroscopy (AES) was 

attempted, the data obtained was not suitable for analysis. Therefore, the analysis presented 

herein is exclusively based on binding energy measurements. 

Figure 37 presents the XPS survey and high-resolution scans (Zn 2p and Te 3d) on β-

ZnTe(en)0.5. The survey scan indicated the presence of Zn, Te, C, N, and O; however, the atomic 

concentrations of C, N, and O were significantly reduced following Ar1000
+ GCIS, as shown in 

Figure 37 (a) and (b). Although not intentionally incorporated during synthesis, oxygen was 

observed in these results, consistent with prior findings [66, 93]. 

Figure 37 (c) shows the Zn photoelectron lines before and after Ar1000
+ GCIS. Notably, the Zn 

peaks before Ar1000
+ GCIS appear at lower binding energies compared to those observed after 

Ar1000
+ GCIS. As anticipated, the Zn 2p3/2 peak is the most dominant feature in the Zn 2p region, 

exhibiting a higher intensity than the Zn 2p1/2 peak. While the binding energy ranges for the Zn 

2p3/2 photoelectron line overlap for Zn, ZnTe, ZnO, and ZnOx, the Zn peak is known to occur at 

slightly lower binding energies than those of ZnTe, ZnO, or ZnOx [132, 177].  

As depicted in Figure 37 (e), distinct differences in the Te 3d photoelectron lines are obvious 

before and after Ar1000
+ GCIS, consistent with the observations for bulk ZnTe (Figure 36 (e)). 

Figure 37 (f) shows a slight peak shift is observed between the two spectra, with the Te 3d5/2 

peak being the most prominent feature in the Te 3d region and displaying a greater intensity than 

the Te 3d3/2 peak [132, 177]. 
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Figure 37: Survey XPS scan of β-ZnTe(en)0.5 on Cu substrate (a) before Ar1000
+ GCIS and (b) 

after Ar1000
+ GCIS. High-resolution XPS scan on β-ZnTe(en)0.5 (c) Zn 2p before and after Ar1000

+ 

GCIS, (d) Zn 2p after Ar1000
+ GCIS, (e) Te 3d before and after Ar1000

+ GCIS, (f) Te 3d after 

Ar1000
+ GCIS. Carbon correction was applied to the XPS spectra by aligning the lowest binding 

energy peak to 284.60 eV (C-C). 

Table 3 exhibits the photoelectron lines on β-ZnTe(en)0.5 before and after Ar1000
+ GCIS. As 

previously noted, carbon correction was performed by aligning the lowest binding energy peak to 

284.60 eV (C-C bond). 

The Zn 2p3/2 peak, a Zn peak, was identified solely through binding energy analysis (the 

conventional XPS method), not Auger Electron Spectroscopy (AES). After 30 minutes of Ar1000
+ 
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GCIS, the Zn 2p3/2 peak exhibited binding energies consistent with either ZnTe or ZnOx; 

however, AES analysis confirmed the presence of ZnOx. The Zn 2p3/2 peak's binding energy, 

after an additional 15 minutes of Ar1000
+ GCIS (total 45 minutes), could not distinguish between 

ZnTe and ZnOx; however, AES analysis confirmed the presence of ZnO. 

Prior to Ar1000
+ GCIS, the Te 3d5/2 peak was consistent with TeO2. Following Ar1000

+ GCIS, a 

slight shift in the Te 3d photoelectron lines was observed; however, both post Ar1000
+ GCIS Te 

3d₅/₂ peaks remained within the binding energy range characteristic of Te, as determined solely 

by XPS binding energy analysis, without AES. The binding energy (ΔEB) shifts observed in the 

current XPS data are consistent with previous findings, where the Te 3d3/2 and 3d5/2 

photoelectron lines in β-ZnTe(en)0.5 exhibit a shift of approximately -2.7 eV after in situ Ar 

etching, which removes approximately 150 nm of the top surface [10]. The current data, which 

shows a shift to lower binding energies after Ar1000
+ GCIS, corroborates this trend, but with 

slightly larger shifts of -3.05 eV for the 3d3/2 line and -3.15 eV for the 3d5/2 line. These shifts are 

indicative of a change in the chemical state of Te 3d, specifically the reduction of TeOx to Te. 

Slight deviations are typically expected, and both the N and O peaks fall within their respective 

photoelectron line ranges [132, 177]. It is important to note that definitive chemical state 

identification, especially for light elements such as N and O, often requires complementary 

analysis techniques such as AES. However, this is beyond the scope of the present study and is 

left for future investigation. 
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Table 3: Photoelectron Lines of β-ZnTe(en)0.5 on Cu substrate before and after Ar1000
+ GCIS 

 

Table 4 shows the ideal and measured elemental ratios of β-ZnTe(en)0.5 on Cu substrate before 

and after Ar1000
+ GCIS, revealing several notable trends. The measured elemental ratios deviate 

from the ideal, and two explanations are provided to support this observation. First, preferential 

sputtering of lighter elements over heavier elements is observed following Ar1000
+ GCIS, as 

evidenced by the decreased atomic concentration of the organic elements C, N, and O. 

Furthermore, preferential sputtering of the lighter element Zn relative to Te is observed between 

30 minutes and 45 minutes of Ar1000
+ GCIS. While Arn

+ GCIS is effective for surface cleaning 

under vacuum conditions, the inherent redeposition associated with the technique can influence 

elemental analysis accuracy [145]. This redeposition effect, even under the relatively mild 

conditions (Ar1000
+) employed, where smaller cluster numbers (e.g., Ar10

+) can have a 

disproportionately stronger influence than larger ones (e.g., Ar1000
+), may still contribute to the 

observed results. 

While the surface sensitivity of XPS (typically the top 1–10 nm) makes it ideal for analyzing the 

surface composition, it's important to recognize that this same sensitivity can also be misleading 

when studying layered structures (e.g., superlattice heterogeneous structures). β-ZnTe(en)0.5 can 

be seen as a superlattice heterogeneous structure since two monolayers of ZnTe are connected to 

ethylenediamine (C2H8N2), and this sequence is repeated. Thus, its atomic concentration is 

strongly dependent on the probing depth. However, ARXPS can be used for detailed depth 
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information since this technique offers a non-destructive method for depth profiling by varying 

the photoelectron detection angle, thus avoiding the need for ion sputtering, which is typically 

used to remove the surface of the sample. 

Thermal degradation significantly increased the O:Zn ratio from 0.05 (S19-p) and 0.41 (S07-p) 

in pristine samples to 0.71 (S19-th) and 1.08 (S03-th) after the thermal degradation process, 

measured by energy-dispersive X-ray (EDX), indicating a relative increase in oxygen content 

compared to zinc as the samples degraded [10]. After Ar1000
+ GCIS, the sample exhibited O:Zn 

ratio of 0.27 after 30 minutes and 0.32 after 45 minutes, suggesting a pristine condition was 

retained for XPS analysis. 

While elemental ratios offer valuable qualitative insights into material composition, they should 

not be considered strictly quantitative due to the preferential sputtering of lighter atoms during 

Arn
+ GCIS, a consequence of their higher sputtering yields resulting from lower mass and easier 

ejection [176]. Organic materials generally exhibit higher sputter rates than inorganic materials 

under Arn
+ GCIS, a trend also observed in the data [197].  

Table 4: Ideal and measured elemental ratios of β-ZnTe(en)0.5 on Cu substrate before and after 

Ar1000
+ GCIS 

 

In addition to the copper (Cu) tape as a substrate, other conductive substrates such as Au/Si (with 

gold conductive paste) and indium (In) foil, were used. β-ZnTe(en)0.5 was positioned on an Au/Si 

substrate, with gold conductive paste applied to its edge, and then secured onto the sample holder 
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using a copper plate and screws. XPS analysis of β-ZnTe(en)0.5 was based on the binding 

energies of photoelectron peaks exclusively, as AES yielded no interpretable data. 

2. Au/Si substrate 

β-ZnTe(en)0.5 was gently placed onto the Au/Si substrate, and a small amount of gold conductive 

paste was applied to adhere the sample to the substrate. The assembled sample was subsequently 

secured to the sample holder using a copper plate and screws. The chemical states analysis of β-

ZnTe(en)0.5, presented herein, relies exclusively on precise binding energy measurements 

associated with photoelectron peaks. 

Figure 38 shows the XPS survey and high-resolution scans of β-ZnTe(en)0.5 on the Au/Si 

substrate, including the Zn 2p and Te 3d regions. Figure 38 (a) and (b) present survey scans 

showing the presence of Zn, Te, C, N, and O before and after Ar1000
+ GCIS, respectively. The 

intensity of C, N, and O was significantly diminished following Ar1000
+ GCIS, with similar 

patterns observed in Figure 37 (a) and (b). In addition to the expected elements, gold was 

observed in the XPS spectra, likely due to smearing from the gold conductive paste. Despite 

several attempts to mitigate this, gold persists. One potential solution to eliminate the gold signal 

is to reduce the iris size from the current 700 µm x 300 µm to a smaller aperture, enabling spot 

analysis down to 15 µm in diameter. An optimal iris diameter of 55 µm was found to eliminate 

the gold signal. However, this comes with the trade-off of increased charging risk and lower 

throughput, which, while potentially manageable for XPS, could be detrimental for techniques 

like UPS. 

The Zn 2p3/2 peak is the dominant peak in the Zn 2p photoelectron lines, exhibiting greater 

intensity than the Zn 2p1/2 peak. This is illustrated in Figure 38 (c) and (d), which demonstrate 

the near coincidence of the Zn 2p photoelectron lines, irrespective of Ar1000
+ GCIS. This near 
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coincidence is further complicated by the significant overlap in binding energy ranges observed 

for the Zn 2p3/2 photoelectron lines of Zn, ZnTe, ZnO, and ZnOx [132, 177].  

Noticeable differences in the Te 3d photoelectron lines are evident before and after Ar1000
+ GCIS, 

as illustrated in Figure 38 (e) and (f). The Te 3d5/2 peak exhibits greater intensity than the Te 

3d3/2, consistent with its prominence with the Te 3d photoelectron lines region [132, 177]. 

 

 

Figure 38: Survey XPS scan of β-ZnTe(en)0.5 on the Au/Si substrate (with gold conductive paste) 

for Au1 (a) before Ar1000
+ GCIS and (b) after Ar1000

+ GCIS. High-resolution XPS scan on β-
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ZnTe(en)0.5 (c) Zn 2p before and after Ar1000
+ GCIS, (d) Zn 2p after Ar1000

+ GCIS, (e) Te 3d 

before and after Ar1000
+ GCIS, (f) Te 3d after Ar1000

+ GCIS. Carbon correction was applied to the 

XPS spectra by aligning the lowest binding energy peak to 284.60 eV (C-C). 

Table 5 presents photoelectron Lines of β-ZnTe(en)0.5 before and after Ar1000
+ GCIS, with carbon 

correction performed by aligning the lowest binding energy peak to 284.60 eV (C-C bond). 

Before Ar1000
+ GCIS, the observed Zn 2p3/2 peak displayed binding energies corresponding to 

either Zn or ZnO. Following Ar1000
+ GCIS, the Zn 2p3/2 peak's binding energies were confined 

within a 0.4 eV range. This narrow range made it impossible to distinguish between Zn, ZnTe, 

ZnO, and ZnOx, as their reported binding energies not only exceed 0.4 eV, but also exhibit 

significant overlap, particularly between ZnTe, ZnO, and ZnOx [132, 177]. 

Before Ar1000
+ GCIS, the Te 3d5/2 peak was consistent with TeO2, and after Ar1000

+ GCIS, it 

remained within the binding energy range characteristic of Te. The shift in the Te 3d3/2 and 3d5/2 

photoelectron lines to lower binding energies after Ar1000
+ GCIS, with shifts of -3.35 eV, 

confirms the reduction of TeOx to Te. This observation is consistent with the prior work, which 

reported a -2.7 eV shift after in situ Ar etching [10]. 

Although high-resolution spectra of nitrogen was absent from certain datasets (Au2, Au5, and 

Au6), the presence of both N and O was confirmed within their established photoelectron line 

ranges, with allowances made for minor deviations [132, 177]. 
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Table 5: Photoelectron Lines of β-ZnTe(en)0.5 on Au/Si substrate before and after Ar1000
+ GCIS 

 

Noticeable trends, relative to the ideal elemental ratios, are evident in the measured elemental 

ratios of β-ZnTe(en)0.5 before and after Ar1000
+ GCIS, as presented in Table 6. Following Ar1000

+ 

GCIS, preferential sputtering is observed, with lighter elements like C, N, and O decreasing in 

atomic concentration, and further preferential sputtering of Zn relative to Te occurring between 

30 and 45 minutes of Ar1000
+ GCIS. Although nitrogen was unexpectedly absent in Au2 and Au6, 

a generally low (< 6 at. %) or undetectable nitrogen concentration was observed in the samples 

after Ar1000
+ GCIS, possibly due to several factors. Preferential sputtering during even gentle 

Arn
+ GCIS can lead to the more efficient removal or redistribution of lighter elements like 

nitrogen compared to heavier inorganic elements. Therefore, while elemental ratios provide 

valuable qualitative insights into material composition, they should be interpreted qualitatively 

rather than quantitatively due to this preferential sputtering of lighter atoms during Arn
+ GCIS, 

which arises from their higher sputtering yields due to lower mass and easier ejection [176]. 

Furthermore, the potential for redeposition, particularly of heavier elements under high vacuum 

conditions due to sputtering yield differences, is crucial to consider when analyzing samples 

containing both heavy and light elements after Arn
+ GCIS [145, 176]. Because β-ZnTe(en)0.5, 

which is a superlattice nanostructure alternating organic and inorganic elements, these 
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differential redeposition rates can significantly influence observed elemental ratios, potentially 

leading to misinterpretations of sample compositions if not properly accounted for. 

The O:Zn ratio of β-ZnTe(en)0.5, reported to be less than 0.41 in its pristine condition, remained 

below 0.42 after Ar1000
+ GCIS, suggesting that the sample maintained a pristine condition for 

XPS analysis [10]. 

Table 6: Ideal and measured elemental ratios of β-ZnTe(en)0.5 on the Au/Si substrate before and 

after Ar1000
+ GCIS 

 

3. Indium (In) foil substrate 

β-ZnTe(en)0.5 was carefully placed on an indium (In) foil substrate. Gentle pressure was applied 

with a clean spatula to ensure uniform contact between the sample and substrate, avoiding any 

structural damage. The assembled sample was then affixed to the sample holder using a copper 

plate and screws. The chemical states of β-ZnTe(en)0.5 are determined exclusively using precise 

binding energy measurements of photoelectron peaks, consistent with previous data sets obtained 

from Cu and Au substrates. 

Figure 39 (a) and (b) show XPS survey scans of β-ZnTe(en)0.5 before and after Ar1000
+ GCIS, 

respectively, revealing the presence of Zn, Te, C, N, and O. Following Ar1000
+ GCIS, the 

intensities of the C, N, and O peaks were significantly reduced, a similar trend observed in 

previous data using different substrates (Figure 37 and Figure 38). The persistent presence of 
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indium signal in the XPS spectra, despite mitigation efforts, can be addressed by reducing the iris 

diameter to 55 µm. This approach eliminates the indium signal but introduces a trade-off of 

increased charging risk and lower throughput. 

As seen in Figure 39 (c) and (d), the Zn 2p3/2 peak, which is the most intense in the Zn 2p 

spectrum, remains nearly coincident regardless of Ar1000
+ GCIS. The overlapping binding 

energies of the Zn 2p3/2 lines for Zn, ZnTe, ZnO, and ZnOx create challenges in distinguishing 

between zinc-containing elements [132, 177]. 

The Te 3d photoelectron spectra, presented in Figure 39 (e) and (f), demonstrate observable 

variations following Ar1000+ GCIS. Especially, the Te 3d5/2 component exhibits a greater 

intensity than the Te 3d3/2, in accordance with its established prominence in the Te 3d spectral 

region [132, 177]. 
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Figure 39: Survey XPS scan of β-ZnTe(en)0.5 on In foil substrate for In1 (a) before Ar1000
+ GCIS 

and (b) after Ar1000
+ GCIS. High-resolution XPS scan on β-ZnTe(en)0.5 (c) Zn 2p before and after 

Ar1000
+ GCIS, (d) Zn 2p after Ar1000

+ GCIS, (e) Te 3d before and after Ar1000
+ GCIS, (f) Te 3d 

after Ar1000
+ GCIS. Carbon correction was applied to the XPS spectra by aligning the lowest 

binding energy peak to 284.60 eV (C-C). 

Figure 39 exhibits the photoelectron lines of β-ZnTe(en)0.5 before and after Ar1000
+ GCIS, with 

carbon correction applied (C-C at 284.60 eV). Prior to Ar1000
+ GCIS, the Zn 2p3/2 photoelectron 
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line indicated the chemical states of Zn. Post Ar1000
+ GCIS, the photoelectron line of the Zn 2p3/2 

was inconclusive, overlapping with Zn, ZnTe, ZnO, and ZnOx due to a narrow 0.73 eV range, 

which aligns with both reported values and observed data from the previous two data sets [132, 

177]. 

The Te 3d5/2 peak, initially indicative of TeO2, shifts to a range consistent with elemental Te 

after Ar1000
+ GCIS. A -3.2 eV shift in Te 3d3/2 and 3d5/2 lines confirm TeOx reduction, aligning 

with previous reports [10].  

Both nitrogen and oxygen were detected within established binding energy ranges, accounting 

for minor deviations [132, 177]. 

Table 7: Photoelectron Lines of β-ZnTe(en)0.5 on In foil substrate before and after Ar1000
+ GCIS 

 

Table 8 reveals the ideal and observable trends in the elemental ratios of β-ZnTe(en)0.5 before 

and after Ar1000
+ GCIS. As expected, the preferential sputtering resulted in decreased atomic 

concentrations of lighter elements (C, N, O) relative to inorganic elements (Zn, Te) after Ar1000
+ 

GCIS. Therefore, elemental ratios should be interpreted qualitatively, not quantitatively because 

lighter elements exhibit higher sputtering yields due to their lower mass, leading to their more 

efficient removal or redistribution [145, 176]. Adding to the complexity, redeposition, especially 

of heavier elements, can distort results, especially in superlattice nanostructures like β-
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ZnTe(en)0.5, which feature alternating organic and inorganic layers [145]. Nevertheless, despite 

these analytical challenges, the O:Zn ratio remained below 0.30 after Ar1000
+ GCIS, confirming a 

pristine state, consistent with the previous report [10]. 

Table 8: Ideal and measured elemental ratios of β-ZnTe(en)0.5 on In foil substrate before and 

after Ar1000
+ GCIS 

 

6.1.3.2. Electronic Structure of β-ZnTe(en)0.5 by XPS 

XPS is primarily known for its efficacy in core-level chemical state analysis. However, it also 

serves as a powerful technique for band structure investigations. Specifically, the valence band 

maximum (Ev) can be accurately determined by analyzing the low binding energy region 

corresponding to the onset of valence band emission [64, 138, 146, 171-175]. 

In this study, XPS analysis was conducted to elucidate the electronic properties of β-ZnTe(en)0.5. 

Prior UPS measurements exhibited metallic-like behavior (6.2.2), suggesting possible substrate 

interference. To mitigate this, a diameter of 55 µm iris was employed, and XPS confirmed the 

successful removal of substrate contributions. Nevertheless, metallic characteristics persisted in 

the UPS spectra, suggesting an alternative approach for the valence band maximum analysis. 

Figure 40 presents the XPS spectra of β-ZnTe(en)0.5, spanning from the core level regions to the 

valence band maximum. To accurately determine the Ev position, a linear extrapolation of the 
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background signal and a separate linear extrapolation of the steep leading edge of the valence 

band emission were performed. The intersection of these two extrapolated lines, as depicted in 

Figure 40 (c) and (d), defines the location of the Ev. This method, though less accurate than the 

first derivative technique, provides reliable results [95]. 

 

Figure 40: XPS spectra of core levels relative to the valence band maximum (Ev) of β-

ZnTe(en)0.5. (a) High-resolution XPS spectrum illustrating the overall core level features. (b) 

XPS spectra in the lower binding energy region, focusing on the valence band maximum (Ev) 

region. (c) Ev ≈ 0.78 eV; (d) Ev ≈ 0.82 eV: XPS spectrum detailing the Ev region for work 

function determination using the extrapolation approach. 

The experimental determination of Ev resulted in values of 0.78 eV and 0.82 eV, indicating a 

0.04 eV deviation. This deviation is considered within the acceptable range, considering the 
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measurement step of 0.1 eV. It is important to note that the Ev values were obtained using the 

aforementioned extrapolation method, which inherently carries a degree of uncertainty compared 

to the first derivative technique. However, the derived Ev values are deemed trustworthy. Under 

the XPS measurement conditions utilized, no substrate interference was detected. 

The Ev was determined to be approximately 0.80 eV below the Fermi level. This placement 

indicates that the highest occupied electronic state resides 0.80 eV from the Fermi level. 

Complementary photoluminescence (PL) measurements conducted at room temperature revealed 

a bandgap energy of 3.55 eV for β-ZnTe(en)0.5. Consequently, the position of the Fermi level is 

significantly closer to the valence band (0.80 eV) than to the conduction band (2.75 eV), 

calculated by subtracting the Ev energy from the bandgap energy. This disparity in energy level 

placement suggests p-type conductivity of β-ZnTe(en)0.5. The proximity of the Fermi level to the 

valence band signifies a higher concentration of holes as majority carriers, a characteristic 

feature of a p-type semiconductor. 

In summary, X-ray photoelectron spectroscopy (XPS) analysis was conducted on both bulk ZnTe 

and β-ZnTe(en)0.5 to investigate their chemical states and electronic properties. Initially, surface 

contamination, primarily carbon and oxygen, was observed in both samples before Ar1000
+ GCIS 

(Gas Cluster Ion Sputtering). Subsequently, after Ar1000
+ GCIS, oxygen was largely eliminated, 

while residual carbon persisted. 

Furthermore, the core-level spectra of Zn 2p and Te 3d revealed characteristic spin-orbit 

doublets. However, distinguishing between Zn, ZnTe, ZnO, and ZnOx chemical states based 

solely on Zn 2p binding energies proved challenging due to overlapping energy ranges. In 

contrast, Te 3d spectra showed a clear reduction of TeOx to Te involved non-oxide structures 
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after Ar1000
+ GCIS, evidenced by shifts to lower binding energies, changing from oxidized to 

reduced state. 

Moreover, elemental ratios were affected by preferential sputtering of lighter elements (C, N, O) 

over heavier elements (Zn, Te) during Ar1000
+ GCIS. Additionally, redeposition effects, 

particularly in the superlattice structure of β-ZnTe(en)0.5, further complicated quantitative 

analysis. Therefore, elemental ratios were interpreted qualitatively. 

Finally, valence band maximum (Ev) analysis using XPS revealed an Ev of approximately 0.80 

eV below the Fermi level, calculated as the average of 0.78 eV and 0.82 eV, thus confirming p-

type conductivity. This finding was further supported by photoluminescence (PL) measurements, 

which determined a bandgap of 3.55 eV, placing the Fermi level closer to the valence band 

maximum. 

6.2. Ultraviolet Photoelectron Spectroscopy (UPS) 

6.2.1. Fundamentals of UPS 

To understand the UPS spectrum generation, Figure 41 illustrates an energy-level diagram 

depicting the sequence of events generating a UPS spectrum for metal, with the process outlined 

as follows: (a) Ultraviolet photons (hν) excite valence band electrons above EVAC, creating an 

approximate reflection of the valence band's energy distribution; (b) Excited electrons 

(photoelectrons) must first be transported to the surface before escaping, where a fraction arrive 

elastically, retaining their initial valence band position, while others lose kinetic energy 

(dependent on their transport path), leading to the formation of secondary electrons that extend 

from the Fermi level (EF) to above the vacuum level; (c) The spectrometer detects photoelectrons 

escaping into the vacuum with kinetic energy Ekin, provided they possess energies above the 
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vacuum level, yielding an observed UPS spectrum composed of both directly emitted valence 

band electrons and secondary electrons [129, 147]. 

 

 

 

Figure 41: An energy-level diagram illustrating the sequence of events generating a UPS 

spectrum: (a) Incident ultraviolet photons of energy (hν) induce valence band electron excitation, 

promoting them to energy levels exceeding the vacuum level (Evac); (b) In the process of 

transport from the bulk to the surface-vacuum interface, a portion of the excited electrons lose 

kinetic energy via inelastic scattering, producing secondary electrons; (c) The observed UPS 

spectrum is composed of both elastically emitted photoelectrons and secondary electrons with 

kinetic energies exceeding the vacuum level (Evac) [129]. 

It is important to note that UPS spectra are conventionally presented with binding energy (EB) on 

the x-axis, rather than kinetic energy in reverse order. This convention arises from the fact that 

binding energy is an intrinsic material property, remaining invariant with respect to the incident 
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photon energy (hν). In contrast, the kinetic energy of emitted photoelectrons is directly 

dependent on the photon energy of the excitation source. Moreover, while Figure 41 shares 

similarities with the preceding Figure 29, it provides a detailed representation of UPS spectrum 

construction, whereas the previous figure offered a generalized overview of PES principles. 

When analyzing the UPS spectrum, as shown in Figure 42, a secondary electron cutoff spectrum 

(ESECO), measured on the higher binding energy side, corresponds to detected secondary 

electrons emitted from the sample surface, while the valence band maximum (Ev), measured on 

the lower binding energy side relative to the aligned Fermi level, provides information on the 

valence band electronic structure [95, 129]. Although electrical equilibrium aligns the Fermi 

levels of the spectrometer and sample, the resulting vacuum level offset is directly dependent on 

the work function (∅) difference. Modern UPS instruments mitigate this by employing automatic 

Fermi level alignment features, ensuring proper alignment prior to measurement. Especially, in 

the UPS spectrum, the lower binding energy region provides more reliable information than the 

higher binding energy region due to the dominance of elastically emitted photoelectrons at Ev, 

whereas inelastically scattered secondary electrons prevail at ESECO, particularly within the 

spectral region extending to the vacuum level [129]. 
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Figure 42: UPS measurements of sputter-cleaned TiO2 (110) at room temperature using He I (hv 

= 21.2 eV): a) ESECO determination relative to the Fermi level (EF); b) expanded view near the EF 

for valence band maximum (Ev) determination [129]. 

It is worth noting that UPS is a preferred technique for work function determination, primarily 

attributed to its high energy resolution in the valence band region, which enables precise 

measurement of emitted electron kinetic energies following photon absorption [140, 146, 147]. 

For quantitative analysis, in UPS analysis, the valence band maximum binding energy, |EF – EV|, 

and the secondary electron cutoff can be determined by finding the intersection of extrapolations 

of the parallel background extrapolation and two steep extrapolations (one from the lower and 

the other from the higher binding energy side), with the region between these steep 

extrapolations representing the actual density of states of the sample [64, 94, 95, 138, 140, 146]. 

Moreover, the minimum absolute work function, an intrinsic property of the surface, is 

determined by this technique, which is independent of all experimental parameters except the 
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ultraviolet photon energy [180]. Although this approach has lower accuracy compared to the first 

derivative method, it is commonly employed in the literature and provides dependable results 

[95,126-130, 135, 138, 140, 147]. Furthermore, to simplify ESECO determination in UPS, the 

midpoint of the high binding energy side's steep line, provided its width is below 0.2 eV, can be 

used, eliminating the necessity for a parallel baseline and differing by only 0.1 eV from other 

established methodologies [138]. 

The work function of metals or semiconductors can be determined by, 

∅ = ℎ𝜈𝜈 − (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐸𝐸𝐹𝐹) Eq. 78 

where hv is the photon energy, h is Planck’s constant (6.626 × 10-34 J·s), v is the frequency of 

incident photons, and EF is mostly aligned to the binding energy of 0 eV [95, 129]. 

In non-metallic samples such as semiconductors, the ionization energy can be calculated by 

using the following equation [95]. 

𝐼𝐼𝐼𝐼 = ℎ𝜈𝜈 − (𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐸𝐸𝑣𝑣) Eq. 79 

Although UPS measurements are generally reliable for homogeneous samples (e.g., clean metal 

surface) and published work functions are often macroscopically averaged, it is recognized that 

variations in work function arise from differing crystal orientations. However, the analysis of 

heterogeneous samples, inhomogeneous surfaces, and nanostructured materials presents 

significant challenges due to existing uncertainty in the fundamental understanding of work 

function determination [94, 147]. Moreover, work function variations are commonly observed, 

with deviations often arising when using different measurement techniques [146, 167]. 

In addition to crystal orientation and sample homogeneity, altering the surface conditions 

influences the work function, independent of the orientations and polymorph; while the Fermi 

level and the vacuum level can be independently adjusted through doping, surface space-charge 
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layers, or the surface dipole, these adjustments do not affect the ionization energy (± 0.15 eV) 

[94, 138]. 

Despite both UPS and XPS providing valence band spectra, UPS excels in surface defect 

detection due to its enhanced surface sensitivity, resulting from lower photon energies and 

yielding higher signal intensities in the valence band [138, 140]. 

6.2.2. Experimental Results of UPS on bulk ZnTe and β-ZnTe(en)0.5 

As a reference material to facilitate analysis and enhance the understanding of the properties of 

β-ZnTe(en)0.5, bulk ZnTe was mounted on the sample holder and secured with copper plates and 

screws to ensure good electrical conduction. Figure 43 illustrates the wide UPS spectrum of bulk 

ZnTe, which clearly exhibits key spectral features, including the secondary electron cutoff 

(ESECO), the valence band maximum (Ev), and the Fermi level (EF) of bulk ZnTe, providing a 

comprehensive overview of its electronic structure. Additionally, the plot includes the individual 

UPS spectra of bulk ZnTe 2 and bulk ZnTe 3, along with their average spectrum. 

As depicted in Figure 43, ESECO is located in the higher binding energy region, whereas Ev is 

situated in the lower binding energy regions relative to the EF, which is aligned to a binding 

energy of 0 eV. Furthermore, the Ev region yields more reliable data compared to the ESECO 

region due to the predominance of elastically emitted photoelectrons in the vicinity of Ev, while 

inelastically scattered secondary electrons dominate proximate to ESECO, especially near the 

vacuum level [129]. 

The presence of a minor feature in the ESECO region of the UPS spectrum may indicate 

inhomogeneous conductivity, which introduces complications. This hypothesis is strengthened 

by the effective surface cleaning achieved using Ar1000
+ GCIS. However, while alternative 
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factors could contribute to this observation, they do not appear to significantly impact the 

determination of the ESECO. 

 

Figure 43: Wide UPS spectrum of bulk ZnTe, showing the second electron cutoff (ESECO), the 

valence band maximum (Ev), and the Fermi level (EF), with an average spectrum. 

Figure 44 presents high-resolution UPS spectra of bulk ZnTe, illustrating the determination of 

the ESECO and Ev locations using extrapolation approach: (a) Lower binding energy region of 

bulk ZnTe spectra from two locations and their average; (b) Higher binding energy region of 

bulk ZnTe spectra from two locations and their average; (c) Lower binding energy region of bulk 

ZnTe2 spectrum; (d) Higher binding energy region of bulk ZnTe2 spectrum; (e) Lower binding 

energy region of bulk ZnTe3 spectrum; (f) Higher binding energy region of bulk ZnTe3 

spectrum. 

To establish the electronic properties of these samples, the valence band maximum (Ev), 

secondary electron cutoff (ESECO), and work function (∅) were determined. For bulk ZnTe2, the 
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Ev was determined to be 0.50 ± 0.05 eV below the EF, ESECO was measured at 16.00 ± 0.05 eV, 

and the work function was calculated to be 5.20 eV using Eq. 78. Similarly, for bulk ZnTe3, Ev 

was also located 0.50 ± 0.05 eV below the EF, ESECO measured at 16.05 ± 0.05 eV, and a work 

function was calculated to be 5.15 eV using Eq. 78. Both ESECO and Ev values will have a 

combined standard deviation of 0.05 eV, which is reasonable for both ESECO and Ev, considering 

instrument resolution, extrapolation fitting uncertainty, and human judgment. The work function 

of bulk ZnTe was determined to be approximately 5.175 ± 0.035 eV using simple arithmetic. 

The spectra used to generate the average in Figure 44 (a) and (b) were acquired from two distinct 

locations on an identical bulk ZnTe sample, revealing highly similar results. However, a minor 

deviation of 0.05 eV was observed in the ESECO values between these two locations, which is 

considered relatively small and likely attributable to inhomogeneous conductivity or 

measurement uncertainties. Importantly, both spectra exhibited identical Ev values, indicating no 

significant sample inconsistency. Furthermore, while the 0.05 eV deviation in ESECO may arise 

from the employed extrapolation method, known for its lower accuracy compared to the first 

derivative technique, it does not substantially affect the determination of the work function (∅), 

remaining within the range of experimental uncertainty. 
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Figure 44: High-resolution UPS spectra of bulk ZnTe, illustrating the determination of the 

second electron cutoff (ESECO) and the valence band maximum (Ev) locations via extrapolation 

approach. (a) lower binding energy region of bulk ZnTe2, bulk ZnTe3, and their average, (b) 

higher binding energy region of bulk ZnTe2, bulk ZnTe3, and their average, (c) lower binding 

energy region of bulk ZnTe2, (d) higher binding energy region of bulk ZnTe2, (e) lower binding 

energy region of bulk ZnTe3, (f) higher binding energy region of bulk ZnTe3. 
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Figure 45 illustrates the wide UPS spectra of β-ZnTe(en)0.5 on two different substrates: (a) gold 

thin film on silicon (Au/Si) and (b) indium (In) substrate. While these spectra successfully 

exhibit the secondary electron cutoff (ESECO) and the Fermi level (EF), a significant challenge 

arises from the absence of an observable valence band maximum (Ev). This absence created a 

problem, as it prevented a complete assessment of β-ZnTe(en)0.5’s electronic properties. Without 

the Ev, there is a risk of incorrectly interpreting ZnTe(en)0.5 as metallic, rather than 

semiconducting. 

 

Figure 45: Wide UPS spectra of β-ZnTe(en)0.5 on two different substrates: (a) gold thin film on 

silicon (Au/Si) and (b) indium (In) substrate. The spectra show the second electron cutoff (ESECO) 

and the Fermi level (EF), along with individual UPS spectra of the (a)Au and (b) In. 

Figure 46 shows high-resolution UPS spectra of β-ZnTe(en)0.5 on an Au/Si substrate and gold 

substrates, demonstrating the determination of the secondary electron cutoff (ESECO) using the 

extrapolation approach. This method allows for the precise identification of the ESECO, a key 

feature used to derive the work function and understand the surface electronic behavior of β-

ZnTe(en)0.5. 
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Figure 46 (a) presents a comprehensive compilation of UPS data. It includes five distinct UPS 

spectra of β-ZnTe(en)0.5 on an Au/Si substrate, their arithmetically calculated average, and the 

UPS spectrum of the bare gold substrate. This configuration allows for a direct comparison 

between individual measurements and their average, thus enabling a rigorous evaluation of 

experimental reproducibility. The work function values, derived from the ESECO positions, are as 

follows: (b) β-ZnTe(en)0.5_Au1: approximately 4.72 eV, (c) β-ZnTe(en)0.5_Au2: approximately 

4.70 eV, (d) β-ZnTe(en)0.5_Au3: approximately 4.73 eV, (e) β-ZnTe(en)0.5_Au4: approximately 

4.68 eV, (f) Gold substrate (Au): approximately 5.08 eV. The work function of β-ZnTe(en)0.5 

was determined to be approximately 4.71 ± 0.022 eV through simple arithmetic. 

The observed work function of gold, 5.08 eV, is in excellent agreement with the reported values 

[38, 95, 167, 180]. However, while the work function of gold can be significantly varied by 

surface conditions, a reported value of 4.82 eV lacks context owing to the absence of information 

regarding surface treatment [181]. 
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Figure 46: High-resolution UPS spectra of β-ZnTe(en)0.5 on Au/Si substrate and gold (Au) 

substrate, illustrating the determination of the second electron cutoff (ESECO) using the 

extrapolation approach. (a) Combined UPS spectra of β-ZnTe(en)0.5 on Au/Si substrate, 

including all five individual datasets, the calculated average, and the gold substrate spectrum. 

The work function derived from the ESECO are: (b) ∅β-ZnTe(en)0.5_Au1 ≈ 4.72 eV, (c) ∅β-ZnTe(en)0.5_Au2 

≈ 4.70 eV, (d) ∅β-ZnTe(en)0.5_Au3 ≈ 4.73 eV, (e) ∅β-ZnTe(en)0.5_Au4 ≈ 4.68 eV, (f) ∅Au ≈ 5.08 eV. 
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Figure 47 presents high-resolution UPS spectra of β-ZnTe(en)0.5 on indium (In) substrate and In 

foil substrate, demonstrating the determination of the secondary electron cutoff (ESECO) using the 

extrapolation approach. Through this method, accurate determination of the ESECO is achieved, a 

crucial step in deriving the work function and thus revealing the surface electronic properties of 

β-ZnTe(en)0.5. 

Figure 47 (a) provides a combined UPS spectra of two distinct UPS spectra of β-ZnTe(en)0.5 on 

In foil substrate, their average, and the bare indium foil substrate. This arrangement allows for a 

direct comparison between individual measurements and their average, thereby enabling an 

evaluation of experimental reliability. Derived from the ESECO positions, the work function 

values are: (b) ∅β-ZnTe(en)0.5_In1 ≈ 4.52 eV, (c) ∅β-ZnTe(en)0.5_In3 ≈ 4.45 eV, (d) ∅In ≈ 4.10 eV. 

The observed work function of indium is in excellent agreement with the reported value, 4.09 eV 

[89]. 
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Figure 47: High-resolution UPS spectrum of β-ZnTe(en)0.5 on indium (In) substrate and In foil 

substrate, illustrating the determination of the second electron cutoff (ESECO) using the 

extrapolation approach. (a) Combined UPS spectra of β-ZnTe(en)0.5 on In foil substrate, 

including two individual datasets, the calculated average, and the indium foil substrate spectrum. 

The work function derived from the ESECO are: (b) ∅β-ZnTe(en)0.5_In1 ≈ 4.52 eV, (c) ∅β-ZnTe(en)0.5_In3 ≈ 

4.45 eV, (d) ∅In ≈ 4.10 eV. 

The electronic properties of β-ZnTe(en)0.5 present a complex picture, demanding careful analysis 

of both UPS and XPS data. Initially, UPS spectra suggested metallic-like behavior, with the 

valence band edge (Ev) appearing near the Fermi level (EF). However, a distinct Ev is clearly 

observed in the XPS spectrum of Figure 40, contradicting this initial interpretation and 

necessitating further investigation. 
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To understand this discrepancy, it is crucial to recognize the fundamental differences between 

UPS and XPS. UPS, utilizing 21.2 eV photons, probes valence electrons and is highly surface-

sensitive (1-3 nm). In contrast, XPS, employing 1486.6 eV photons, excites core electrons and 

probes deeper (1-10 nm). Furthermore, β-ZnTe(en)0.5 is a superlattice nanostructure with a 

thickness of 6-10 µm and approximate macroscopic lateral dimensions (500 µm x 100 µm), 

significantly exceeding the probing depths of both techniques. 

Interestingly, the work function of β-ZnTe(en)0.5 measured by UPS varies with the substrate's 

work function, indicating substrate influence. Specifically, UPS spectra show that when the 

substrate has a higher work function, the sample's apparent work function increases, and vice 

versa. In contrast, XPS shows no such substrate signature. 

To examine the substrate interference in the UPS data, the individual UPS spectra of the Au/Si 

and In foil substrates were included for comparison in Figure 45. Indeed, no substrate features 

are observed in the lower binding energy region. However, it is noteworthy that certain wide 

UPS spectra exhibited almost identical features in this region. Moreover, upon close examination 

of Figure 45 (a), it shows that the ESECO of β-ZnTe(en)0.5 is located at a higher binding energy 

than that of gold. On the other hand, in Figure 45 (b), the ESECO of β-ZnTe(en)0.5 is situated at a 

lower binding energy relative to indium. Based on this data, it can be hypothesized that the work 

function of β-ZnTe(en)0.5 is in between the work functions of the gold and indium foil substrates. 

The substrate influence observed in UPS, despite the significant thickness of β-ZnTe(en)0.5, 

indicates a need for further explanation. One potential explanation is that the X-ray and UV 

radiation sources are not perfectly aligned with the collection path, as shown in Figure 48. For 

accurate detection, both sources must illuminate the same area on the sample. Therefore, even a 

small misalignment can produce detrimental results, challenging data interpretation. Given that 
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no substrate information is observed with XPS under identical experimental conditions, source 

alignment becomes a critical factor. Additionally, high-resolution XPS valence spectra reveal 

clear valence band maximum values in Figure 40. 

 

Figure 48: Schematic diagram depicting the arrangement of X-ray and UV radiation sources in 

an XPS/UPS instrument, with the sources deliberately misaligned with the photoelectron 

collection path to highlight the critical role of source alignment and collection optics in capturing 

and redirecting emitted photoelectrons to the detector. 

It is well-established that the Ev region typically provides more reliable data than the ESECO 

region. This is due to the predominance of elastically emitted photoelectrons near Ev, while 

inelastically scattered secondary electrons dominate near ESECO, especially near the vacuum level 

[129]. Thus, the Ev region is crucial for accurately determining the bandgap energy and valence 

band features. 
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Furthermore, given that the electron mean free path at these low kinetic energies (He I at 21.2 

eV) is very short, substrate photoelectrons should not reach the detector unless there are cracks in 

β-ZnTe(en)0.5. Consequently, the data suggests a convolution of signals in the UPS spectrum, 

potentially reflecting a weighted average of bulk and surface contributions. 

 

Figure 49: Substrate-dependent work function of β-ZnTe(en)0.5. Measured values range from 

4.49 eV (on In foil substrate) to 4.71 eV (on Au/Si substrate), indicating the actual work function 

lies within this range. 

In summary, Ultraviolet Photoelectron Spectroscopy (UPS) was used to determine the valence 

band maximum (Ev), secondary electron cutoff (ESECO), and work function (∅) of bulk ZnTe. 

Two measurements yielded highly consistent results, with Ev at 0.50 eV below the Fermi level 

(EF) (determined by the work function of the instrument Au) and work functions of 5.20 eV and 

5.15 eV, averaging to 5.175 ± 0.025 eV. A minor 0.05 eV deviation in ESECO, likely attributable 

to sample inhomogeneity or measurement uncertainty, did not significantly affect the work 
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function determination. Although work function (∅) values are not directly provided, the work 

function of ZnTe can be calculated using the reported electron affinity (χ), bandgap energy (Eg), 

and ionization energy (IE). The bandgap energy values were identical, but the electron affinity 

and ionization energy values differed by approximately 0.1 eV, resulting in a 0.1 eV difference 

in the calculated work function [84-87]. Moreover, a literature value deviates from the observed 

data by approximately 0.05 eV [88]. The consistency of the observed data with literature values, 

despite the component value variations, indicates the reliability of the observed data. 

UPS of β-ZnTe(en)0.5 showed no clear valence band maximum, hindering accurate electronic 

property determination. This contrasts with XPS, which revealed a distinct Ev (Figure 40). The 

discrepancy stems from UPS's surface sensitivity and potential signal convolution, while XPS 

probes deeper and offers more reliable Ev data. 

Furthermore, the work function of β-ZnTe(en)0.5 exhibited substrate-dependent variations, with 

the average work function on the Au/Si substrate determined to be 4.71 eV, and on the In foil 

substrate, 4.49 eV. Therefore, the presence of substrate-related features within the UPS spectra 

strongly suggests that the actual work function of β-ZnTe(en)0.5 resides within the range of 4.49 

eV to 4.71 eV, as shown in Figure 49. However, this conclusion is not definitive and requires 

further investigation. To address this unresolved question and provide conclusive evidence, it is 

recommended that complementary experimental techniques be employed.  
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CHAPTER 7: KELVIN PROBE FORCE MICROSCOPY (KPFM) 

7.1. Fundamentals of KPFM 

Kelvin probe force microscopy (KPFM) is a highly sensitive technique used to quantify the local 

contact potential difference (CPD) between a conductive atomic force microscopy (AFM) tip and 

a sample surface [94, 98, 99, 179, 180, 181, 182]. Specifically, KPFM enables the acquisition of 

high spatial resolution maps of morphology, work function, and surface potential [58, 179]. 

Indeed, KPFM has evolved from a specialized method for characterizing nanoscale 

electronic/electrical properties of metal/semiconductor surfaces and devices to a versatile 

technique capable of imaging potential distributions on organic and biological materials with 

sub-nanometer resolution, establishing it as a premier tool for electrical characterization of 

nanostructures [179, 182]. By leveraging the modification of local contact potential by trapped 

charge carriers, Kelvin probe force microscopy (KPFM) has proven invaluable in determining 

trap origins and their spatial distributions, especially in examining the impact of grain boundaries 

on charge carrier trapping in organic thin films [58]. 

Several factors, including work function, adsorption layers, oxide layers, doping concentration, 

and temperature fluctuations, influence the CPD quantified by KPFM [98]. In particular, the 

fundamental principle of KPFM relies on the electrostatic interaction arising from the difference 

in work functions (Δ∅tip & sample ≠ 0) between the AFM tip (∅tip) and the sample (∅sample) [99, 

179]. This work function difference leads to the CPD, the primary output from KPFM 

measurement, used to generate surface potential maps or determine local work functions, and 

this CPD is [179, 180]. 

To understand this process, consider the following: When the AFM tip and sample are 

electrically connected via the KPFM circuit, their Fermi levels equilibrate through electron 
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transfer from the material with the lower work function to that with the higher work function [99, 

180]. This charge transfer establishes a potential difference, the CPD, which can be determined 

using the following equation [179], 

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 =
∅𝑡𝑡𝑡𝑡𝑡𝑡 − ∅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

−𝑒𝑒
 Eq. 80 

where e is an elementary charge [99]. 

Figure 50 shows a schematic representation of electronic energy levels, demonstrating three 

cases of AFM tip and sample interactions, illustrating the principles of contact potential 

difference: (a) The AFM tip and the sample surface are physically separated by a finite distance, 

denoted as d, ensuring no direct electron transfer pathway and maintaining electrical 

discontinuity, while the vacuum levels are aligned but the Fermi levels remain misaligned due to 

the work function difference between the sample and the AFM tip; (b) Upon electrical contact, 

the CPD, generated by the work function difference between the AFM tip and the sample, 

initiates electron transfer from the sample with a lower work function to the AFM tip with a 

higher work function, resulting in Fermi level alignment through uniform electron redistribution 

while simultaneously creating a misalignment of vacuum levels; (c) The CPD between the AFM 

tip and the sample is nullified by introducing an external bias (|VDC| = |Δ∅tip & sample| = |VCPD| ), 

thereby creating an opposing potential that forces the vacuum levels of the tip and sample to 

align, effectively eliminating the CPD-induced potential offset; accordingly, the work function of 

the sample (∅sample) can be determined if the AFM tip work function (∅tip) is known [99, 179]. 
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Figure 50: Schematic representation of electronic energy levels illustrating the contact potential 

difference (CPD) [179]. Ev represents the vacuum level, Efs is the Fermi level of the sample, Eft 

is the Fermi level of the AFM tip. (a) The AFM tip and sample are spatially separated by a 

distance d, maintaining electrical discontinuity. (b) A contact potential difference, resulting from 

the work function difference between the AFM tip and sample, is generated upon electrical 

contact. (c) An external bias (|VDC| = |Δ∅tip & sample| = |VCPD|) is applied between the AFM tip and 

sample to counteract the CPD, resulting in the alignment of their respective vacuum levels. 

Given a known AFM tip work function, the sample's work function can be determined through 

the rearrangement of Eq. 80 [180]. 

∅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∅𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑒𝑒 ∙ 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 
Eq. 81 

As a result, the magnitude of the applied voltage (VDC), specifically the bucking voltage, plays a 

pivotal role in the accurate determination of the sample's work function [99]. Furthermore, the 

work function exhibits exceptional sensitivity to surface characteristics, thereby making it a 

valuable probe of environmental influences, given that surface contaminants can induce 

substantial variations in the energy necessary to extract an electron from the Fermi level [180]. 
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In practice, KPFM employs AFM principles, which include contact, amplitude modulation 

(AM), and frequency modulation (FM) modes, for surface potential measurements [179, 182]. 

While contact-mode KPFM measures surface topography via direct tip contact, AM-KPFM 

(tapping mode) and FM-KPFM (non-contact mode) use cantilever oscillation and detect 

amplitude or frequency changes, respectively [179]. Generally, AM-KPFM provides higher 

energy resolution (~5 meV) compared to FM-KPFM (~10–20 meV) due to its signal-to-noise 

ratio [179, 182]. In contrast, FM-KPFM offers superior accuracy in surface potential 

measurements compared to AM-KPFM, primarily due to FM-KPFM's enhanced sensitivity to 

the electrostatic force gradient directly beneath the probe tip (while maintaining a constant 

amplitude of cantilever oscillation), which minimizes spatial averaging and improves spatial 

resolution, thereby mitigating the incorrect surface potential values associated with AM-KPFM's 

cantilever contribution [179]. Despite this, AM-KPFM can still achieve atomic-scale resolution, 

though both modes are limited at sub-nanometer scales [179, 181]. 

For optimal performance, high-resolution KPFM demands atomically sharp and conductive 

AFM tips, with tip selection dictating resolution, stability, and preparation complexity, thereby 

necessitating optimization based on specific experimental parameters [179]. Moreover, the 

accuracy of the sample work function determination via KPFM directly relies upon the precision 

of the reference work function value (∅tip); any uncertainty in the reference adversely affects the 

measured sample work function [180]. 

However, KPFM has limitations: it requires probe work function calibration, compromising 

measurement accuracy due to sample exchange; it averages surface potential, unable to 

distinguish contributions from band bending and surface dipoles; topographic height changes can 

disrupt measurements because of capacitance gradient effects; and it's slow due to simultaneous 
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topography and potential mapping, risking cross-talk [98, 179]. Additionally, the combined 

substantial influence of the substrate, charge carrier concentration changes, and other 

contributing effects on charge transfer to 2D materials, which alters the surface potential, causes 

KPFM to encounter significant challenges in accurately quantifying surface potential differences 

between layers in 2D material, particularly between monolayer and bilayer graphene, making 

layer-to-layer comparisons unreliable [181]. 

Despite these limitations, the ability to perform CPD measurements via KPFM in dark conditions 

provides a distinct advantage over PES for the evaluation of semiconductor surfaces where band 

bending is susceptible to surface photovoltage effects [94]. Furthermore, while KPFM enables 

the determination of work function, the combined use of PES and IPES provides a 

comprehensive analysis of the electronic structure [94, 128]. Nevertheless, PES, unlike KPFM, 

provides full spectral distribution, allowing separate determination of band bending and surface 

dipoles, and is not affected by tip-sample distance [179]. 

While KPFM typically yields higher work function values than UPS due to its averaging of the 

work function difference under the probe, as opposed to UPS's measurement of the lowest work 

function, an exception arises in the presence of polar adsorbates, where under ambient 

conditions, the gold work function can be reduced by up to 0.4 eV due to the physisorption of 

surface adsorbates, especially polar molecules [180, 182]. In terms of spatial resolution, KPFM 

exhibits a significant advantage over PES, while demonstrating comparable sensitivity [179, 

182]. Moreover, UPS work function measurements are limited to a macroscopic lateral 

resolution, whereas KPFM enables work function mapping with sub-nanometer precision [182]. 

Unlike UPS, which is typically conducted under ultra-high vacuum (UHV) conditions to 

minimize surface contamination and ensure accurate electron detection, thus mitigating 
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atmospheric gas interference, KPFM is frequently employed in ambient environments, where 

surface adsorbates and humidity exert a substantial influence on the measured surface potential, 

thereby impacting work function determination [180, 182]. 

7.2. Experimental Results 

Determining the work function of a sample using Eq. 81 is simplified when the work function of 

the atomic force microscopy (AFM) tip is known. However, AFM tip manufacturers typically do 

not provide this information. Therefore, it is common practice to use well-defined work function 

materials, such as gold or highly oriented pyrolytic graphite (HOPG) because of their stability, 

flatness, and established work function values [99, 180-182, 184, 185]. Despite their widespread 

use, the reported work function of HOPG exhibits variability [185]. A reliable work function 

value for HOPG in ambient conditions is 4.475 ± 0.005 eV [182, 184]. This variability is 

attributed to spatial heterogeneity and temporal evolution of the HOPG work function, as 

observed by Kelvin probe force microscopy (KPFM) [185]. 

While gold or HOPG are frequently employed as reference substrates, muscovite mica (Highest 

Grade Mica Sheets, Prod# 56-15, Ted Pella, INC) is also a suitable substrate for KPFM. For 

sample preparation, a mica sheet was placed onto a circular metal sample holder, a puck with a 

diameter of approximately 15 mm. Pristine β-ZnTe(en)0.5 was then carefully positioned onto the 

mica surface using a vacuum pen. Methanol was used as a temporary adhesive to secure the 

sample to the mica sheet, ensuring stability during the measurement. The sample holder was 

subsequently transported to the KPFM stage of an Innova KPFM system (Bruker). The KPFM 

analysis was then conducted in ambient atmospheric conditions, reflecting typical laboratory 

settings. 
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KPFM enables the concurrent acquisition of topographical and surface potential data [98, 179]. 

Data collection was performed using a raster scanning technique, capturing information during 

both forward and reverse line movements. Topographical data, obtained from the forward scan, 

was acquired in tapping mode, where tip-sample interactions are dominated by atomic forces. 

Subsequently, surface potential data was acquired during the reverse scan in non-contact mode. 

In this mode, the AFM tip was lifted to a predetermined distance, determined by an inter-atomic 

force vs. distance curve, ensuring that electrostatic forces, rather than atomic forces, primarily 

governed the tip-sample interaction [179]. Thus, this dual-scan approach enabled the concurrent 

acquisition of topographical and surface potential information. 

Figure 51 presents the results of KPFM measurements conducted in the absence of light. It 

shows: (a) an optical image, (b) a topographical spatial map, and (c) a work function spatial map 

of β-ZnTe(en)0.5, both acquired from the same location. The measurement area was initially set 

to 5 μm x 5 μm; however, instabilities in the data, likely due to the heterogeneous topography of 

β-ZnTe(en)0.5, required the left side of the topographical (b) and work function maps (c) to be 

cropped to ensure reliable data, leaving a final measurement area of 4 μm x 5 μm. 

Prior to measurement, an optically clean region was selected based on visual inspection. To 

quantify the overall work function of β-ZnTe(en)0.5, an average value, 4.59 ± 0.03 eV, was 

computed by summing the work function values of each data pixel in the image and dividing by 

the total number of pixels. 

Before presenting the detailed results, it is crucial to acknowledge that UPS and KPFM utilize 

different measurement principles, leading to potentially non-identical work function values, with 

UPS measuring the minimum and KPFM an area average. [89, 180]. UPS measurements, as 

presented in Figure 49 indicate that the work function of β-ZnTe(en)0.5 falls within the range of 
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4.49 eV to 4.71 eV. This finding is corroborated by KPFM data, which determined the work 

function of β-ZnTe(en)0.5 to be 4.59 ± 0.03 eV, confirming its value within the UPS-derived 

range. Therefore, this shows that even with the differences in measurement techniques, both 

techniques show very similar results. 

 

Figure 51: KPFM data of β-ZnTe(en)0.5 in dark conditions. (a) Optical image, (b) topography 

map (4 μm x 5 μm), (c) work function map (4 μm x 5 μm). Cropping was necessary due to 

topographic instabilities. 

Figure 52 presents two topographical spatial maps obtained through sequential scans of the same 

location of β-ZnTe(en)0.5, revealing significant surface heterogeneity. Figure 52 (a) shows the 

topography map of the first scan, while Figure 52 (b) displays the topography map from the 

follow-up scan. A comparative analysis of these scans highlights topographical variations, with 

specific instances circled for clarity. These variations suggest that the AFM tip may displace 

surface debris during contact mode, the method used for topography acquisition. Furthermore, 

given the absence of any prior cleaning procedures, it is highly probable that the bright 

colorations observed within the circled regions are attributable to surface debris, rather than the 

intrinsic heterogeneity of β-ZnTe(en)0.5. 
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Figure 52: Sequential topographical spatial maps of the same β-ZnTe(en)0.5 location, illustrating 

significant surface heterogeneity. (a) Topography map from the initial scan. (b) Topography map 

from the subsequent scan. Observed differences suggest the AFM tip may be displacing surface 

debris during contact mode scanning. 

In summary, Kelvin Probe Force Microscopy (KPFM) was employed to characterize the surface 

properties of β-ZnTe(en)0.5 on a mica substrate under ambient and dark conditions. The KPFM 

measurements revealed an average work function of 4.59 ± 0.03 eV for β-ZnTe(en)0.5, which is 

consistent with the work function range of 4.49 eV to 4.71 eV obtained from UPS measurements. 

Topographical analysis indicated significant surface heterogeneity, and sequential scans 

highlighted potential tip-induced displacement of surface debris. To ensure data reliability, 

cropping of the topographical and work function maps was performed due to instabilities caused 

by either the heterogeneous topography or debris. The presence of bright colorations in 

topographical maps suggested surface debris artifacts, emphasizing the importance of surface 
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cleaning in KPFM measurements. This study successfully demonstrated the concurrent 

acquisition of topographical and work function data using KPFM, highlighting the importance of 

careful sample preparation and data analysis for accurate results. 

  



206 
 

 
 

CHAPTER 8: HOT PROBE MEASUREMENTS 

8.1. Fundamentals of Hot-Probe Method 

In contrast to conventional techniques for doping type determination, such as spectroscopic 

methods and Hall measurements, which often face limitations including high complexity or 

limited accessibility, particularly when applied to low-dimensional structures, due to their 

development for bulk materials, the hot probe method offers a simpler alternative [149, 150, 

151]. The hot probe method, a standard technique for semiconductor conductivity type 

determination, leverages the thermoelectric effect to differentiate between n-type and p-type 

materials [148, 151]. 

Upon application of heat to one probe (hot probe), a voltage arises instantaneously, reaches a 

steady state within a few seconds, and subsequently maintains that steady state as long as the 

circuit remains connected [150]. However, intermittent contact with the hot probe results in 

observed voltage fluctuations. Furthermore, moisture-assisted hot probe analysis, which replaces 

the traditional heated source, successfully identifies the doping type in low-dimensional 

inorganic semiconductors, including thin films, nanowires, and nanotubes [149]. 

Figure 53 depicts the schematic diagram of the hot probe measurement. Thermally excited 

charge carriers diffuse outward from the hot probe, following Fick's law and resembling a drive-

in diffusion process with a Gaussian distribution, creating a depletion region as they leave the 

heated zone [148, 150]. This procedure involves the application of a thermally elevated probe 

(hot probe), often heated with a soldering iron, and an ambient temperature probe (cold probe) to 

the semiconductor surface [148, 151]. These probes are electrically connected to a sensitive 

electrometer or multimeter, with the heated probe configured as the positive terminal and the 
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unheated probe as the negative terminal; although the specific polarity assignment is arbitrary, 

consistent application is crucial for accurate interpretation [150]. 

As a result, measurement of the potential difference resulting from the thermally induced 

diffusion of majority charge carriers, driven by a localized temperature gradient creating a carrier 

concentration gradient from the heated probe, facilitates conductivity type identification [148, 

151]. Indeed, thermally-induced diffusion of majority charge carriers, illustrated by electron 

diffusion resulting in a positive voltage for n-type semiconductors (Figure 53 (a)) and hole 

diffusion resulting in a negative voltage for p-type semiconductors (Figure 53 (b), directly 

correlates voltage polarity to the majority carrier species, thereby enabling accurate conductivity 

type classification [150, 151]. 

 

Figure 53: Schematic diagram of hot probe method for conductivity type determination in (a) n-

type and (b) p-type semiconductors, constructed based on references [150, 151]. A soldering iron 
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heats the positive probe, inducing thermal excitation and diffusion of majority charge carriers. 

(a) In n-type semiconductors, electron diffusion from the heated probe results in a positive 

voltage reading. (b) In p-type semiconductors, hole diffusion from the heated probe results in a 

negative voltage reading. 

It is important to note that an observed positive correlation exists between temperature and 

measured voltage; however, excessive thermal application can compromise the reliability of 

measurement results, particularly in thin film samples [148, 151]. Building upon this technique, 

an advanced hot probe methodology has been developed, extending beyond conventional 

conductivity type determination to include the estimation of majority charge carrier 

concentration in semiconductors, utilizing a theoretical model derived from the continuity and 

Poisson equations to characterize the process [148, 150]. Experimental validation of the 

advanced hot probe technique, which approximates majority carrier concentration by quantifying 

excess charge induced by the heated probe, was performed using bulk Si and Ge, along with Ge 

thin film semiconductor samples, demonstrating a significant contribution to semiconductor 

characterization and device development by enabling a more comprehensive assessment of 

material properties [148]. 

In addition to the advancement of hot probe method capability, moisture-assisted hot probe 

method provides a practical, effective, and rapid technique for determining doping types in thin 

films and inorganic nanowires, showcasing its broad potential for advancing semiconductor-

based devices in materials science and device engineering [149]. 
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8.2. Experimental Results 

The primary objective of the hot probe method in this study was to ascertain the conductivity 

type of β-ZnTe(en)0.5 to support the results of XPS spectra confirming the valence band 

maximum location relative to the Fermi level from Figure 40. Initially, a direct lateral 

measurement approach was attempted, wherein two probes were manually positioned on the 

pristine β-ZnTe(en)0.5 placed on a substrate (Si/SiO2). However, the inherent fragility of β-

ZnTe(en)0.5 resulted in frequent fracturing during the application of the heat to one probe by a 

soldering iron. Alternative contact enhancement strategies, including the use of conductive tape 

and paste, proved successful in device preparation but yielded no observable electrical results. 

Consequently, a refined measurement methodology was implemented, implementing electrode 

deposition using e-beam evaporation, as depicted in Figure 15. Two distinct device 

configurations, corresponding to crystallographic a-axis and c-axis orientations, were fabricated 

for the hot probe method, as shown in Figure 54. Upon application of heat to the designated 

positive terminal probe, both device configurations exhibited a negative voltage potential, 

indicative of p-type semiconductor behavior. This consistent observation across both 

crystallographic orientations confirms the p-type conductivity of β-ZnTe(en)0.5, aligning with the 

XPS results. 
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Figure 54: Hot probe measurement device configurations fabricated along crystallographic axes: 

(a) a-axis device, (b) c-axis device. 

In summary, the hot probe method, as demonstrated in this study, offers several key advantages 

for semiconductor characterization, particularly for fragile and low-dimensional materials. Its 

simplicity, rapid measurement capability, and adaptability (including moisture-assisted 

variations) make it a valuable tool for determining conductivity type. Furthermore, 

advancements in the technique, such as the ability to estimate majority carrier concentration, 

extend its utility for comprehensive material analysis. This study showcases the method's 

effectiveness in confirming the p-type conductivity of β-ZnTe(en)0.5, highlighting its robustness 

and reliability in challenging experimental scenarios.  
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CHAPTER 9: ELECTRONIC STRUCTURE FROM XPS, UPS, KPFM, AND HOT PROBE 

MEASUREMENTS 

9.1. Electronic Structure of bulk ZnTe 

To construct the energy band diagram of bulk ZnTe, Ultraviolet Photoelectron Spectroscopy 

(UPS) data was utilized to determine key electronic properties. Figure 43 presents the wide UPS 

spectrum of bulk ZnTe, showcasing the secondary electron cutoff (ESECO), the valence band 

maximum (Ev), and the Fermi level (EF), thereby providing a comprehensive overview of its 

electronic structure. A minor feature observed within the ESECO region may indicate 

inhomogeneous conductivity, although this does not significantly impact the determination of 

ESECO. 

However, it is important to acknowledge that reported bandgap energy (Eg) values in the 

literature exhibit a range from 2.1 eV to 2.39 eV. These deviations can be attributed to several 

factors, including temperature variations, surface oxidation, and differences in measurement 

techniques [1, 2, 5, 6, 76, 79-82, 84-89, 138]. Similarly, reported work function (∅) and electron 

affinity (χ) values also vary, which can be due to differences in doping levels and measurement 

techniques [75, 83-88, 167]. 

High-resolution UPS spectra of bulk ZnTe, as depicted in Figure 44 were employed to determine 

the ESECO and Ev locations using the extrapolation approach. For bulk ZnTe2, the Ev was 

determined to be 0.50 eV below the EF, the ESECO was measured at 16 eV, and the work function 

was calculated to be 5.20 eV using Eq. 78. Similarly, for bulk ZnTe3, Ev was also located 0.50 

eV below the EF, the ESECO measured at 16.05 eV, and a work function was calculated to be 5.15 

eV using Eq. 78. Furthermore, the electron affinity values are 5.70 eV for bulk ZnTe2 and 5.65 
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eV for bulk ZnTe3. The spectra used to generate the average in Figure 44 (a) and (b) were 

acquired from two distinct locations on an identical bulk ZnTe sample, revealing highly similar 

results. A minor deviation of 0.05 eV was observed in the ESECO values between these two 

locations, likely attributable to inhomogeneous conductivity or measurement uncertainties, but 

both spectra exhibited identical Ev values, indicating no significant sample inconsistency. 

Although the 0.05 eV deviation in ESECO may arise from the employed extrapolation method, 

known for its lower accuracy compared to the first derivative technique, it does not substantially 

affect the determination of the work function, remaining within the range of experimental 

uncertainty. 

To complete the energy band diagram, the bandgap energy of bulk ZnTe from 

photoluminescence (PL) measurements is used in conjunction with the UPS-derived Ev and work 

function values to construct the energy band diagram. The electronic properties of bulk ZnTe can 

be fully characterized by combining the Ev value (0.50 eV), the work function (5.20 eV and 5.15 

eV), and the bandgap energy (2.26 eV), enabling the construction of a reliable energy band 

diagram, as shown in Figure 55 [79-81, 84-89]. 

Figure 55 exhibits an energy diagram depicting for bulk ZnTe with flat bands to the surface, 

incorporating the bandgap energy (Eg), and illustrates the relationship between electron affinity 

(χ), work function (∅), ionization energy (IE), and the Fermi level (EF) relative to the vacuum 

level. This characteristic alignment of Ev relative to EF serves as a definitive indicator of p-type 

conductivity in bulk ZnTe. The observed energy level alignment suggests that the Fermi level 

resides closer to the valence band, implying an abundance of holes as majority charge carriers 

within the bulk ZnTe. A discrepancy of approximately 0.1 eV was observed in the ionization 
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energy values [84-87]. Furthermore, a literature value either deviates from or is identical to the 

observed data, with a maximum difference of 0.05 eV [88]. 

 

Figure 55: Energy diagram of bulk ZnTe with flat bands to the surface, showing the 

relationships between bandgap energy (Eg), electron affinity (χ), work function (∅), 

ionization energy (IE), and the Fermi level (EF) relative to the vacuum level, based on a 

simplified model from the cited reference [94]. 

9.2. Electronic Structure of β-ZnTe(en)0.5 

The construction of a comprehensive energy band diagram for β-ZnTe(en)0.5, was achieved 

through the implementation of a multi-technique methodology, utilizing data acquired from X-

ray Photoelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), Kelvin 

Probe Force Microscopy (KPFM), and the hot probe method. 
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XPS was utilized to determine the valence band maximum (Ev) relative to the Fermi level (EF). 

The UPS measurements exhibited metallic-like behavior, potentially due to substrate 

interference. To mitigate this, a 55 µm iris was used during XPS, effectively eliminating 

substrate contributions. Figure 40 presents the XPS spectra, illustrating the determination of the 

valence band maximum using linear extrapolation of the background signal and the steep leading 

edge of valence band emission. The intersection of these extrapolated lines defined Ev, a method 

considered reliable, albeit less accurate than the first derivative technique [95]. The experimental 

Ev values were 0.78 eV and 0.82 eV, with a 0.04 eV deviation, deemed acceptable given the 0.1 

eV measurement step. As a result, the Ev was determined to be approximately 0.80 eV below EF 

using simple arithmetic. Room-temperature photoluminescence (PL) measurements revealed a 

bandgap energy of 3.55 eV. Therefore, the Fermi level was found to be significantly closer to the 

valence band (0.8 eV) than the conduction band (2.75 eV), confirming the p-type conductivity of 

β-ZnTe(en)0.5. 

UPS spectra were acquired on Au/Si and In foil substrates (Figure 45). While the secondary 

electron cutoff (ESECO) and EF were observed, a distinct Ev was absent, potentially leading to the 

misinterpretation of β-ZnTe(en)0.5 as metallic. High-resolution UPS spectra (Figure 46 and 

Figure 47) facilitated ESECO determination using the extrapolation approach, enabling work 

function derivation. Substrate-dependent variations in the β-ZnTe(en)0.5 work function were 

observed. The average work function was 4.71 eV on Au/Si substrate and 4.49 eV on In foil 

substrate, suggesting the actual work function lies within this range (Figure 49). It is 

hypothesized that the substrate interference in the UPS data, despite the significant thickness of 

the sample, is likely due to the misalignment of the X-ray and UV radiation sources (Figure 48). 
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Nevertheless, the work function of gold and indium was found to be in good agreement with 

reported values [89, 95, 167, 180]. 

To corroborate the UPS data, KPFM was employed to characterize surface properties under 

ambient conditions (Figure 51). The average work function of β-ZnTe(en)0.5 was determined to 

be 4.59 ± 0.03 eV, consistent with the 4.49 eV to 4.71 eV range obtained from UPS. This 

consistency supports the reliability of the work function values obtained from UPS. 

Additionally, the hot probe method was implemented to confirm the p-type conductivity 

indicated by XPS (Figure 40). Both a-axis and c-axis device configurations (Figure 54) exhibited 

negative voltage potentials upon heating the positive probe, confirming p-type behavior, 

consistent with XPS findings. 

Comprehensive characterization of the electronic properties of β-ZnTe(en)0.5 was achieved by 

integrating the valence band maximum (Ev) value from XPS (0.80 eV), the bandgap energy (Eg) 

from PL (3.55 eV), and the work function (∅) from KPFM (4.59 ± 0.03 eV), which aligns with 

the UPS range of 4.49 eV to 4.71 eV. Furthermore, the electron affinity (χ) value and the 

ionization energy (IE) were calculated to be 1.84 eV and 5.39 eV, respectively. The observed 

consistency between UPS and KPFM work function values, despite differing measurement 

principles, reinforces the reliability of the obtained work function value. Moreover, the hot probe 

method's confirmation of p-type conductivity validates the XPS-derived Ev placement. 

Therefore, a reliable energy band diagram of β-ZnTe(en)0.5 can be constructed based on the 

obtained information, as shown in Figure 56. 

Figure 56 presents the energy diagram of β-ZnTe(en)0.5, illustrating the flat band approximation 

at the surface and the relationships between the electron affinity (χ), work function (∅), and 

ionization energy (IE) relative to the vacuum level. The position of the valence band maximum 
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relative to the Fermi level (EF) confirms p-type conductivity in β-ZnTe(en)0.5, with holes as the 

majority carriers. 

 

Figure 56: Energy diagram of β-ZnTe(en)0.5, illustrating the flat band approximation at the 

surface and the relationship between electron affinity (χ), work function (∅), and ionization 

energy (IE) with respect to the vacuum level. 

Figure 57 presents the energy diagram comparing β-ZnTe(en)0.5 and ZnTe. Specifically, Figure 

57 (a) depicts the energy band diagram constructed by aligning the Fermi levels (EF) of β-

ZnTe(en)0.5 and ZnTe, using data from Figure 55 and Figure 56. This alignment, performed 



217 
 

 
 

using room-temperature band gap energies (Eg_β-ZnTe(en)0.5 = 3.55 eV, Eg_ZnTe = 2.26 eV), resulted 

in a conduction band maximum offset (Ec) of 0.99 eV and a valence band maximum offset (Ev) 

of 0.30 eV. In contrast, previously calculated data, as shown in Figure 57 (b), revealed the 

conduction band offset and valence band offset of 0.71 eV and 0.62 eV, respectively, based on 

low-temperature band gap energies (Eg_β-ZnTe(en)0.5 = 3.72 eV, Eg_ZnTe = 2.39 eV) [5-6]. The 

observed discrepancies between these two sets of offset values, specifically 0.28 eV for ΔEc and 

0.32 eV for ΔEv, likely arise from the use of differing band gap energies. 

 

Figure 57: Energy band diagram comparison of β-ZnTe(en)0.5 and ZnTe. (a) Energy band 

alignment based on room-temperature band gap energies (Eg_β-ZnTe(en)0.5 = 3.55 eV, Eg_ZnTe = 2.26 

eV), yielding a conduction band offset (ΔEc) of 0.99 eV and a valence band offset (ΔEv) of 0.30 

eV. (b) Previously calculated energy band alignment using low-temperature band gap energies 

(Eg_β-ZnTe(en)0.5 = 3.72 eV, Eg_ZnTe = 2.39 eV), resulting in ΔEc = 0.71 eV and ΔEv = 0.62 eV [6]. 
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CHAPTER 10: Conclusion and Future Works 

10.1. Conclusion 

This study has demonstrated the exceptional properties and potential of β-ZnTe(en)0.5, an 

organic-inorganic hybrid material with remarkable long-term stability and unique structural 

characteristics. The solvothermal synthesis approach, coupled with shadow mask lithography, 

enabled the fabrication of high-quality devices, facilitating a detailed investigation of the 

material's charge transport and electronic properties. 

Space-Charge-Limited Current (SCLC) analysis revealed significant anisotropic charge transport 

in β-ZnTe(en)0.5, with notably higher mobilities along the a- and c-axes compared to the b-axis. 

This anisotropy, directly linked to the material's layered crystal structure, underscores the 

importance of SCLC measurements in characterizing such hybrid nanostructures. The observed 

deviations from ideal Mott-Gurney behavior at low voltages suggest the presence of trap states or 

device geometry effects, necessitating further investigation. 

A comprehensive electronic structure investigation, utilizing XPS, UPS, KPFM, and hot probe 

measurements, confirmed the p-type conductivity of β-ZnTe(en)0.5 and established its work 

function and band alignment. The consistency between the results obtained from different 

techniques highlights the effectiveness of a multi-technique approach for accurately determining 

the electronic properties of complex materials. 

The exceptional stability, anisotropic transport, and well-defined electronic structure of β-

ZnTe(en)0.5 make it a promising candidate for optoelectronic applications. The successful 

synthesis and fabrication methods developed in this study provide a foundation for future 



219 
 

 
 

research aimed at optimizing device performance and exploring novel applications of this 

intriguing material. 

10.2. Future Works 

Future research on β-ZnTe(en)0.5 should focus on several key areas to deepen the understanding 

of its electronic properties and optimize its potential for optoelectronic applications. Firstly, 

device fabrication techniques must be refined to create single charge carrier devices, specifically 

electron-only and hole-only devices. This requires the selection of appropriate electrode 

materials with low or high work functions, respectively, to form ohmic contacts that satisfy the 

Space-Charge-Limited Current (SCLC) conditions. Rigorous electronic structure characterization 

is essential to guide this process, ensuring reliable data acquisition. In the lateral device 

configuration, two pristine samples with different cross-sectional areas were used due to 

variations in sample geometry. To minimize potential contributions from variations in contact 

geometry, a maskless alignment approach was employed. A systematic process was initiated to 

create identical electrode geometries within one pristine sample. Two electrodes were aligned 

along each crystallographic axis (a-axis and c-axis) using a Heidelberg μMLA maskless aligner. 

This new device fabrication approach allows for lateral measurements to be performed on a 

single device, reducing deviations that could arise from sample-to-sample variations. 

Additionally, future device fabrication should explore varying interelectrode widths on the same 

lateral device to confirm the extracted mobility and the consistent application of electrodes for 

vertical devices. 

Secondly, SCLC measurements must be expanded to include temperature-dependent and pulsed 

I-V techniques. When a continuous (DC) voltage (steady-state) is applied, self-heating can alter 
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electrical properties, whereas pulsed I-V measurements, using short voltage pulses with low duty 

cycles, minimize this effect, providing more accurate intrinsic characteristics [16, 54, 60, 91, 

158]. Temperature-dependent SCLC measurements are crucial for determining trap energy levels 

(Et), trap density of states (Nt), and barrier heights, enabling comparison with analytical analyses 

and simulations for validation [24, 27, 30, 33]. Furthermore, future SCLC studies should 

incorporate surface trap effects to improve material parameter estimations, explain I-V curve 

asymmetries, optimize contact fabrication, and explore novel device functionalities through 

surface trap engineering, utilizing sophisticated models and simulations [34]. Incorporating non-

idealities into SCLC analysis, such as surface trap effects and device geometry influences, is also 

vital for a more accurate representation of charge transport. 

Thirdly, a full electronic structure investigation requires further exploration using techniques 

such as Inverse Photoelectron Spectroscopy (IPES) and Scanning Tunneling 

Microscopy/Spectroscopy (STM/STS). While XPS and UPS provide valuable information about 

core-level and valence electrons, IPES complements these by probing unoccupied electronic 

states, such as the conduction band structure [128]. STM/STS is highly surface-sensitive, 

necessitating operation under ultra-high vacuum conditions to avoid erroneous data interpretation 

[134]. These techniques can provide detailed spatial variations in spectroscopy, aiding in the 

extraction of electronic structure and properties through curve-fitting and comparison with 

theoretical models. 

Surface information is critical for understanding metal electrode deposition on β-ZnTe(en)0.5, 

particularly along the stacking axis (b-axis), where oxidation layers may form. Auger electron 

spectroscopy can provide a more in-depth analysis of chemical states than XPS. Proper ohmic 

contacts are essential for barrier-free charge transport, and the Schottky-Mott Rule, while widely 
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used, overlooks surface information like interface dipoles [90, 97]. Sufficient n-type doping in a 

device with electron-injecting contacts leads to an ohmic current-voltage characteristic within a 

specific voltage range, where the electron concentration is dominated by dopants rather than 

injected charges, and conductivity is determined by electron mobility and doping level [43]. 

Investigating methods to minimize surface states without damaging the sample, such as argon 

gas sputtering, is crucial, and the effects of such treatments on Fermi level pinning and sample 

condition should be thoroughly assessed [10]. 

Experimental determination of ohmic contacts for electron-only and hole-only devices, coupled 

with systematic device preparation and Raman spectroscopy analysis before each fabrication and 

measurement step, will enhance data reliability. Further verification of β-ZnTe(en)0.5’s undoped 

nature can be achieved through Hall effect, capacitance-voltage (C-V) measurement, and 

Scanning Spreading Resistance Microscopy (SSRM) measurements. Techniques to analyze trap 

states (shallow and deep) and proper analysis approaches will further satisfy ideal conditions for 

Mott-Gurney law analysis. 

Finally, electrical pulse measurements, alongside DC measurements, should be conducted to 

investigate frequency-dependent permittivity, which impacts mobility values in Mott-Gurney law 

analysis and hysteresis in I-V characteristics [53-54, 60]. Ellipsometry and impedance 

spectroscopy can be employed to study permittivity values and their frequency dependence, 

respectively [53]. 
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