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 ABSTRACT 
 

BABAR HUSSAIN. Development of n-ZnO/p-Si single heterojunction solar cell with 
and without interfacial layer. (Under the direction of DR. YONG ZHANG) 

 

The conversion efficiency of conventional silicon (Si) photovoltaic cells has not been 

improved significantly during last two decades but their cost decreased dramatically during 

this time. However, the higher price-per-watt of solar cells is still the main bottleneck in 

their widespread use for power generation. Therefore, new materials need to be explored 

for the fabrication of solar cells potentially with lower cost and higher efficiency. The n-

type zinc oxide (n-ZnO) and p-type Si (p-Si) based single heterojunction solar cell (SHJSC) 

is one of the several attempts to replace conventional Si single homojunction solar cell 

technology. There are three inadequacies in the literature related to n-ZnO/p-Si SHJSC: (1) 

a detailed theoretical analysis to evaluate potential of the solar cell structure, (2) 

inconsistencies in the reported value of open circuit voltage (VOC) of the solar cell, and (3) 

lower value of experimentally achieved VOC as compared to theoretical prediction based 

on band-bending between n-ZnO and p-Si. Furthermore, the scientific community lacks 

consensus on the optimum growth parameters of ZnO. 

In this dissertation, I present simulation and experimental results related to n-ZnO/p-Si 

SHJSC to fill the gaps mentioned above. Modeling and simulation of the solar cell structure 

are performed using PC1D and AFORS-HET software taking practical constraints into 

account to explore the potential of the structure. Also, unnoticed benefits of ZnO in solar 

cells such as an additional antireflection (AR) effect and low temperature deposition are 

highlighted. The growth parameters of ZnO using metal organic chemical vapor deposition 

and sputtering are optimized. The structural, optical, and electrical characterization of ZnO 
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thin films grown on sapphire and Si substrates is performed. Several n-ZnO/p-Si SHJSC 

devices are fabricated to confirm the repeatability of the VOC. Moreover, the AR effect of 

ZnO while working as an n-type layer is experimentally verified. The spatial analysis for 

thickness uniformity and optical quality of ZnO films is carried out. These properties turn 

out to play a fundamental role in device performance and so far have been overlooked by 

the research community. Three different materials are used as a quantum buffer layer at the 

interface of ZnO and Si to suppress the interface states and improve the VOC. The best 

measured value of VOC of 359 mV is achieved using amorphous-ZnO (a-ZnO) as the buffer 

layer at the interface. Finally, supplementary simulations are performed to optimize the 

valence-band and conduction-band offsets by engineering the bandgap and electron affinity 

of ZnO. 

After we published our initial results related to the feasibility of n-ZnO/p-Si SHJSC [Sol. 

Energ. Mat. Sol. Cells 139 (2015) 95–100], different research groups have fabricated and 

reported the solar cell performance with the best efficiency of 7.1% demonstrated very 

recently by Pietruszka et al. [Sol. Energ. Mat. Sol. Cells 147 (2016) 164–170]. We 

conclude that major challenge in n-ZnO/p-Si SHJSC is to overcome Fermi-level pinning 

at the hetero-interface. A potential solution is to use the appropriate material as buffer layer 

which is confirmed by observing an improvement in VOC using a-ZnO at the interface as 

buffer layer. Once the interface quality is improved and the experimental value of VOC 

matched the theoretical prediction, the n-ZnO/p-Si SHJSC can potentially have significant 

contribution in solar cells industry. 
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CHAPTER 1: HETEROJUNCTION SOLAR CELLS AND IMPORTANCE OF ZINC 
OXIDE 

 

1.1 Background 

Energy production is one of the biggest and most rapidly growing sectors globally. The 

continuous increase in world population and industry will result in 100% increase in global 

energy consumption by 2050 and CO2 emission will rise by 150% of the current level [1]. 

The analysts forecast that investments in renewable energy will reach $630 billion within 

a decade. According to International Energy Agency, $1.3 trillion will have been invested 

in solar power by 2035 and the world will be producing 662 gigawatts (GW) of solar energy 

[2]. The worldwide cumulative installed photovoltaic (PV) capacity has already reached 

233 GW at the end of year 2015 [3]. It is predictable that solar power generation can 

contribute prominently to overcome the indisputable problems of global warming and 

climate change. 

Since discovery of the first solar cell in mid-nineteenth century, several individuals 

including Albert Einstein (Stark-Einstein Law) and groups have contributed to 

understanding the underlying mechanism of light induced carrier generation/excitation. 

The first practical solar cell was demonstrated by Bell Laboratories in 1954 using a diffused 

Si p-n junction having efficiency around 6% [4]. The table 1.1 shows to-date state-of-the-

art-efficiencies of different types of research-cells [5]. Although, four-junction 

concentrator solar cells are reported with an efficiency of 46%, the fabrication cost impedes 

their extensive use. The Si based solar technology is still one of the most cost effective and 
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practically feasible options. The table 1.2 shows evolution of silicon solar cell efficiency 

divided in decades since 1940. The most widely used single junction crystalline Si 

passivated emitter rear locally diffused (PERL) solar cells have surpassed the milestone of 

25% conversion efficiency in lab conditions several years before [6]. But the best achieved 

conversion efficiency using commercial solar panels is not more than 22%. Although price 

per watt of Si-based solar modules has dramatically reduced recently, nevertheless, low 

efficiency and high cost of solar cells are two main bottlenecks in widespread use of solar 

panels. The efficiency of standard silicon solar cells has improved by only 2% during last 

more than two decades as shown in Fig. 1.1. Therefore, it is important that new materials 

and structures should be explored to make new solar cell devices which may have higher 

efficiency and lower cost. 

Table 1.1. Best Research Solar Cell Efficiencies [5] 
Solar Cell Type To Date Efficiency in 

Lab (%) 
Multijunction cells (2-terminal, monolithic) 
Four junction (concentrator) 46.0 
Three junction (concentrator) 44.4 
Three junction (non-concentrator) 37.9 
Two junction (non-concentrator) 29.8 
Single junction GaAs cells 
Concentrator 29.1 
Non-concentrator 28.8 
Crystalline Si cells 
Single crystal (concentrator) 27.6 
Single crystal (non-concentrator) 25.0 
Silicon heterostructures (HIT) 25.6 
Multicrystalline 21.2 
Thin film chalcogenide 
CIGS 21.0 
CdTe 21.0 
Other emerging technologies 
Perovskite thin film 20.0 
Dye sensitized 14.0 
Organic thin film 11.0 
Amorphous Si 10.2 
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Fig. 1.1. Improvement in efficiency of single junction Si solar cell since 1940 [6]. 
 

Table 1.2. Evolution of silicon solar cell efficiency divided in decades since 1940 

Decade Description Efficiency Major 
Organizations Refs. 

1940s First Si solar cell was reported in 1941 <1% Bell Labs [7] 

1950s 

First major improvement in efficiencies 
occurred by development of crystal 
growth/junction diffusion techniques and 
the refinement of the cell and contact 
design 

1–14% 
Bell Labs & 

Hoffman 
Electronics 

[8] 
[9] 
[10] 

1960s No major improvement - - - 

1970s 

Second major improvement phase 
occurred by using shallow junctions, 
metallization by photolithography, and 
improved antireflection coating and 
surface texturing 

15–18% COMSAT 
Labs 

[11] 
[12] 

1980s 

Third major phase of improvement arose 
resulted from progress in surface 
passivation, bulk lifetimes, contact 
passivation and light trapping in the cell 

18–24% University of 
NSW [13] 

1990s No major improvement - - - 

2000s 
The revision of standard solar spectrum 
resulted in 25% efficiency milestone in 
2009 

25% University of 
NSW [6] 

2010s No major improvement to date - - - 
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1.2 Heterojunction Solar Cells 

The advantages of hetero p-n junction solar cell are the liberty to choose material, layer 

thickness, dopant concentrations, inherent surface passivation, and low temperature 

approach [14] [15]. The most standard type of heterojunction solar cell uses hydrogenated 

amorphous silicon (a-Si:H) to create a-Si:H(n,p)/c-Si(p,n) structure. The fundamental 

challenge in this and other heterojunction solar cells is to avoid recombination due to 

interface states which is mostly addressed by inserting a buffer layer. The key to the success 

of heterojunction solar cells lies in separation of highly recombination-active contacts from 

the crystalline semiconductor surface by the insertion of a passivating semiconductor film 

with a wider bandgap [16]. For heterojunction solar cell, a-Si:H is an ideal candidate as a 

buffer layer because its bandgap is wider than that of c-Si and it can be n- or p-doped 

relatively easily enabling the fabrication of electronic heterojunction for solar cell. 

The first a-Si:H/c-Si heterostructures were studied in 1970s and it was found that a-

Si:H films passivate c-Si surface extraordinarily well [17] [18]. In 1983, Hamakawa et al. 

reported first Si heterojunction solar cell by depositing a-Si:H on poly-Si film [19] [20]. 

Contemporarily, the heterojunction between a-Si:H and c-Si was extensively investigated 

[21] [22]. Motivated by the study of the detailed properties of low-temperature emitters 

applicable to thin film poly-Si solar cells in 1990 [23], Sanyo (Japan) started working on 

the development of c-Si based heterojunction solar cells. Initially, devices composed of n-

type c-Si wafer and a thin boron-doped a-Si:H(p) produced efficiencies around 12% with 

a reasonable fill factor. The device characterization revealed a large reverse current density, 

indicating large interface state density. The insertion of a thin buffer layer of undoped a-

Si:H between doped emitter and wafer significantly reduced interface state density and 
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increased the efficiency up to 14.5%. This configuration is commonly known as 

Heterojunction with Intrinsic Thin-layer (HIT) structure. The introduction of the buffer 

layer mainly improved the open circuit voltage (VOC) by 30 mV. This result prompted the 

importance of having a heterostructure contact at the rear side of the solar cell. 

Implementing a similar heterostructure as a passivating back contact enhanced the cell 

efficiency to over 18% [24]. 

 

 
Figure 1.2. The schematic of the a-Si:H/c-Si heterojunction solar cell with front and rear 
buffer layers, as developed by Sanyo, and its band diagram [15]. 

 

 
Figure 1.3. Basic process steps for a-Si:H/c-Si heterojunction solar cell devices. 

 

The schematic of the a-Si:H/c-Si heterojunction solar cell with front and rear buffer 

layers, as developed by Sanyo, and its band diagram are illustrated in Fig. 1.2. In 2000, 

Sanyo reported an open circuit voltage of 702 mV and an efficiency of 20.1% for a solar 
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cell with the area of 101 cm2 [25]. The solar cell was fabricated at a temperature of less 

than 200 °C. The main reasons of this high efficiency were; optimization of surface 

treatment by carrier lifetime measurements, high quality doped layers, and control of the 

texturing process. In 2011, loss mechanism in HIT solar cells was examined which led to 

the improvements in optical and electrical properties of the transparent conductive oxide 

(TCO) layer, the metal grid electrode, and the window layer [26]. As a result, the 

conversion efficiency of 23.7% was achieved with an open circuit voltage, short circuit 

current density, and fill factor of 745 mV, 39.38 mA/cm2, and 80.9%, respectively, for a 

cell area of 100.7 cm2. 

The fabrication process of HIT solar cell is depicted in Fig. 1.3. On the front 

(illuminated) side of solar cell, an intrinsic a-Si:H passivation layer and a p-doped a-Si:H 

emitter are deposited on an n-type c-Si wafer successively using plasma enhanced chemical 

vapor deposition (PECVD). On top of the structure, a TCO film with a low sheet resistance 

is deposited by physical vapor deposition (PVD). A metallic grid is then screen-printed at 

the front for current collection. On the rear side, an intrinsic a-Si:H passivation layer is 

followed by deposition of n-type a-Si:H film for back surface field (BSF). On this doped 

film, a TCO layer and then a metallic contact layer are deposited. Alternatively, a TCO 

layer followed by a metallic grid can be used. The device can then be finished with either 

a white back sheet for standard solar modules or a transparent back sheet for bifacial solar 

module. The interface recombination is yet an impediment in making efficient 

heterojunction solar cells. 

By making some assumptions, Wilhelm et al. [27] proved the recombination rate (R) 

at a heterostructure depends on the interface recombination velocity of holes (Sp) as 
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𝑅𝑅 ≈ 𝑆𝑆𝑝𝑝𝑝𝑝𝑎𝑎
𝑖𝑖𝑖𝑖                                                                             (1.1) 

where 𝑝𝑝𝑎𝑎
𝑖𝑖𝑖𝑖 is the hole concentration on the absorber (Si in our case) side of interface. The 

direct relation between saturation current density (needs to be minimized) and interface 

recombination velocity of holes is 

𝐽𝐽0 = 𝑒𝑒𝑆𝑆𝑝𝑝𝑁𝑁𝑣𝑣,𝑎𝑎 exp �
𝐸𝐸𝑛𝑛,𝑤𝑤

𝑘𝑘𝑘𝑘
� exp �−

𝐸𝐸𝐴𝐴
𝐴𝐴𝑘𝑘𝑘𝑘

�                                                  (1.2) 

where e is the electronic charge, Nv,a is the effective density of states in the absorber 

valence band, En,w is the energy difference between the conduction band edge and the 

electron quasi-Fermi level in the window layer (ZnO in our case), EA is the activation 

energy that would be the bandgap for a Si homo-junction, but reduced in a type II 

heterostructure, as shown in Fig. 1.4, and A is the diode ideality factor. The activation 

energy can be approximated as 

𝐸𝐸𝐴𝐴 ≈ 𝐸𝐸𝑔𝑔,𝑆𝑆𝑖𝑖 − ∆𝐸𝐸𝑐𝑐                                                                    (1.3) 

where Eg,Si is the bandgap of Si and ∆EC is the conduction band offset. The ideality factor 

depends on material parameters as [28] 

𝐴𝐴 = 1 +
𝜀𝜀𝑎𝑎𝑁𝑁𝐴𝐴,𝑎𝑎

𝜀𝜀𝑤𝑤𝑁𝑁𝐷𝐷,𝑤𝑤
.                                                                   (1.4) 

where εa and εw are the relative permitivities, and NA,a and ND,w are the doping densities of 

the absorber and window, respectively. The values of A can be engineered depending on 

the ratio of the doping densities of Si and ZnO. Simple algebraic manipulations in basic 

diode equations relating open circuit voltage (Voc) and short circuit current density (Jsc) of 

the solar cell infer 

𝑉𝑉𝑜𝑜𝑐𝑐 =
𝐸𝐸𝐴𝐴
𝑒𝑒
−
𝐴𝐴𝑘𝑘𝑘𝑘
𝑒𝑒

ln �
𝐽𝐽0,𝑟𝑟

𝐽𝐽𝑠𝑠𝑐𝑐
�                                                            (1.5) 
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where J0,r is the reference current density of the saturation current density normally having 

a large value (on the order of 105 A/cm2). Equations (1.4) and (1.5) indicate that in order 

to have A small and Voc large, n-doping density in ZnO must be much larger than p-doping 

density in Si (ND,w >> NA,a). 

CB

VB
EF

En,w

ZnO
Si

ΔEC

ΔEV

 
Figure 1.4. Basic band diagram of n-ZnO/p-Si single heterojunction solar cell. CB: 
conduction band, VB: valence band, EF: fermi level, ∆EC: conduction band offset, ∆EV: 
valence band offset. 
 
 
1.3 Zinc Oxide 

With the increased demand for high power and high temperature optoelectronic 

devices, wide-bandgap semiconductor materials have drawn major attention from 

researchers and industry in recent years. These materials have additional advantages 

including light emission/absorption in the UV/visible range, broad transmission, a large 

piezoelectric effect, high breakdown voltages, and low electronic noise. Zinc oxide (ZnO) 

is a compound semiconductor with wide bandgap tunable from 3 to 4 eV with doping or 

alloying. Its unique advantages over other II-VI and III-V wide-bandgap materials include 

lower processing costs, low-level of toxicity, and natural abundance. The relatively small 
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refractive index of ZnO compared to gallium nitride (GaN) results in larger exciton binding 

energy (60 meV), much greater than kT at room temperature guarantees efficient 

luminescent and photovoltaic characteristics. The wurtzite structure with tetrahedral 

arrangement is the most stable form of ZnO with lattice parameters a=3.25 Å and c=5.21 

Å which make it a potential substrate for another widely used material GaN [29]. This 

allows fabrication of useful heterostructures for complex optical and electronic devices. 

The c/a ratio of ZnO wurtzite structure is 1.603 which is very close to the ideal ratio (1.633) 

for highly stable structures. The non-centrosymmetric wurtzite structure of ZnO gives rise 

to large piezoelectric and pyroelectric coefficients resulting in its potential use in 

mechanical sensors and nanogenerators [30]. Extensive research has been carried out on 

the fabrication and use of ZnO nanostructures owing to its stable morphological structure. 

In addition, the use of amorphous oxide semiconductors has appeared as a new technology 

which may overcome many of the problems associated with conventional silicon 

technology [31]. A review of recent advances in oxide semiconductors shows that 

amorphous ZnO appears to have the most desirable properties of all the amorphous oxide 

semiconductors [32]. The high electron mobility and wide bandgap of ZnO make it a 

suitable candidate for fabrication of thin film transistors (TFTs) and high electron mobility 

transistors (HEMTs) [33] [34] [35]. Aluminum- or gallium-doped ZnO has recently gained 

much attention as a suitable replacement for indium tin oxide (ITO), which is 

comparatively expensive material and less stable in hydrogen plasma, in fabrication of 

transparent conducting oxide (TCO) thin films [36] [37] [38] [39]. 
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1.3.1 Synthesis Techniques of ZnO Thin Films 

Several methods have been used to grow high quality doped and undoped ZnO films 

[40] [41]. The most common methods are magnetron sputtering [42] [43], pulsed laser 

deposition (PLD) [44] [45], molecular beam epitaxy (MBE) [33] [34], ion plating [46] and 

MOCVD [37] [39] [47]. The main advantage of magnetron sputtering which makes it 

suitable for ZnO growth is that materials with high melting point can be easily sputtered 

where evaporation of such materials is difficult. But diffuse transport, a characteristic of 

sputtering, results in contamination problems. The sputtering method may cause poor 

reproducibility from run to run due to its low controllability over film composition [35]. 

Also, dynamic control for multiple layer growth is demanding in sputtering as compared 

to PLD and MOCVD. ZnO porous thin films can be easily produced using PLD at room 

temperature [48]. The films grown by PLD are free of impurities with good stoichiometric 

control, but uniformity in thickness and other characteristics of the film is a big challenge 

in PLD. It is also difficult to scale-up PLD equipment for large wafers. The basic setup of 

PLD is simple as compared to other techniques but physical phenomena of laser-material 

interaction are very complicated. It is well accepted that MBE is one of the best choices to 

achieve high purity and crystallinity of ZnO thin films. Magnesium doped ZnO films with 

high carrier concentration and high mobility have been achieved using MBE [33] [34] for 

high current electronic devices. The absence of carrier gas leads to highest purity of the 

ZnO films. Besides, disadvantages of this method are graded edges of grown films, low 

growth rate, and high cost to implement and preserve. Transparent conducting 

polycrystalline Gallium doped ZnO films with different thicknesses have been deposited 

on glass substrates at temperatures as low as 200 °C using ion plating method [46]; 
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however, like MBE, low deposition rate and high cost for equipment and maintenance are 

some of the shortcomings of ion plating. 

Using MOCVD, ZnO can be grown at moderate temperatures (<500 °C) with growth 

rate above 2 µm/hr which leads to sharp interfaces with low inter diffusion [49]. The 

MOCVD technique has many other benefits like high controllability of film structure, 

deposition of high quality films over large areas, and possibility of scaling up the process 

to commercial base production [35]. Higher temperature growth is possible in MOCVD 

therefore the process is thermodynamically favorable. So far, various studies have been 

reported about optimized parameters for ZnO thin film growth using MOCVD for specific 

applications. S. Nicoly et al. have studied orientation and surface morphology evolution of 

ZnO films with different thicknesses grown on Schott glass substrates using low pressure 

MOCVD at different temperatures [50]. Proposing a growth model for polycrystalline ZnO 

thin films, the authors have demonstrated that preferred orientation of films changes from 

c-axis to a-axis as the growth temperature is increased from 110 °C to 220 °C and then 

returns back to c-axis at 380 °C. Many other researchers have reported optimized growth 

parameters for ZnO using MOCVD such as VI/II ratio, growth temperature, and pressure 

[51] [52] [53] [54]. 

There are some advantages associated with sputtering as compared to MOCVD. It is 

possible to implement shadow-mask lithography in sputtering if ZnO (or any other 

material) needs to be deposited on selected areas. Also, source vapors can penetrate below 

the substrate in case of MOCVD causing unwanted growth of material at back side of 

substrate where this is not possible in sputtering. Thickness uniformity of the film is an 

important parameter because thickness directly affects physical properties of the single- or 
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multi-layer structure and thus performance of the device. Also, it plays important role in 

sample evaluation especially in electrical characterizations like Hall and 4-probe 

measurements because thickness is a fundamental factor which is used to calculate carrier 

concentration, lifetime, resistivity, and mobility of the sample. Uniformity in thickness 

distribution over the surface of ZnO films prepared by sputtering is better than the films 

produced by MOCVD [55] according to characterization results of the samples produced 

in our Labs. 

1.3.2 Doping in ZnO 

Although ZnO is getting enormous attention due to its unique properties and potential 

applications in thin film transistors, coatings and transparent conductors, there is a major 

difficulty associated with ZnO that hinders its use in various electrical and optical devices. 

This problem is the lack of understanding and controlling the conductivity, especially p-

type, in ZnO. Undoped ZnO naturally has n-type conductivity with carrier concentration 

ranging from 1016 to 1018 cm-3 depending on the growth methods and conditions. The 

undoped samples that I have prepared using MOCVD and sputtering showed electron 

concentration on the order of 1018 cm-3. The unintentional n-type conductivity in ZnO has 

been attributed to oxygen vacancies and/or zinc interstitials, however, it has been argued 

that hydrogen and other impurities are more responsible for this behavior [56] [57]. As 

compared to p-type doping, it is easy to achieve n-doped ZnO layers with desired carrier 

concentration using different techniques. Various researchers have reported n-doped ZnO 

thin films by incorporating Mg [33] [34], In [58], Al [59], Ga [36] [60] and their 

combinations. But it is still a challenge to obtain reproducible, consistent, reliable and 

highly conductive p-type ZnO thin films and nanostructures. 
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In 2000, Aoki et al. demonstrated fabrication of ZnO based short wavelength diodes 

using excimer-laser doping technique by growing phosphorous-doped p-type ZnO layer on 

an n-type ZnO substrate [61]. Then Kim et al. in 2003 reported very interesting results 

about phosphorous-doped p-type ZnO preparation on sapphire substrate [62] by radio 

frequency sputtering method. Initially, phosphorous-doped ZnO films showed n-type 

behavior with electron concentration in the range of 1016 to 1017 cm-3. These films were 

then converted to p-type by a thermal annealing process at a temperature above 800 °C 

under nitrogen flow. The Hall measurements of different films of the p-type ZnO films 

revealed a hole concentration of 1×1017 to 1.7×1019 cm-3, a mobility of 0.53 to 3.51 cm2V-

1s-1, and resistivity of 0.59 to 4.4 Ωcm. In a review [63] on p-type doping of ZnO, well 

organized data is reported about the work by various researchers using different growth 

techniques and different dopants such as nitrogen, arsenic, and phosphorous. Recently, 

Ding et al. have published two papers reporting p-type ZnO grown on m-plane and r-plane 

sapphire substrate using plasma assisted MBE method [64] [65]. Prior to ZnO growth at 

higher temperature, buffer layers were grown at lower temperature to improve the structure 

quality of the top film. Some reports correlate 3.31 eV (A-band) as an optical signature of 

p-doping of ZnO [66] [67]. According to these reports, basal plane stacking faults are 

mainly responsible for the A-band. A comprehensive analysis of this relationship is 

discussed and very detailed theoretical and experimental evidence is provided in support 

of association between stacking faults, 3.31 eV luminescence, and p-type doping of ZnO. 

Nevertheless, it is well known that p-type doping of ZnO is not completely understood and 

a lot of work is required to establish reliable techniques to grow p-type ZnO structures. The 
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two industrial applications of ZnO that require only n-type ZnO are discussed in next two 

subsections. 

1.3.3 ZnO in TFTs and HEMTs 

Problems related to p-type doping in ZnO are well known. Therefore, the most feasible 

and practical application of ZnO is to fabricate high frequency and high power field effect 

transistors (FETs) which is well supported by currently available semiconductor 

technology. The FETs may not need a pn junction avoiding p-type doping of ZnO. A 

substantial improvement in electrical and optical properties due to formation of two-

dimensional electron gas at the heterostructure interface of ZnO and MgZnO in a strained 

ZnO potential well has been reported [68].  

 

 
Fig. 1.5. Influence of temperature on electron mobility and electron concentration (inset) 
of ZnO/MgZnO heterostructures for two different compositions (5% and 8%) of Mg [33]. 
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In 2008, Tsukazaki et al. achieved high electron mobility (14000 cm2V-1s-1) at low 

temperature due to strong two-dimensional confinement of electrons by growing 

ZnO/MgZnO heterostructures using plasma induced MBE [33]. This work exhibits the 

possibility of ZnO based high performance HEMTs. Figure 1.5 shows dependence of 

mobility and carrier concentration of ZnO/MgZnO heterostructures on temperature 

demonstrated by Tsukazaki et al. A similar study demonstrated the mechanism and origin 

of two-dimensional electron gas in ZnO/MgZnO heterostructures [34]. The increase in 

carrier concentration and mobility with incorporation of Magnesium, reported in this study, 

is illustrated in Fig. 1.6. The highest carrier concentration and mobility at room temperature 

were obtained for Magnesium composition of 0.61. 

 

 
Fig. 1.6. Increase in mobility and carrier concentration with increase in Mg incorporation 
[34]. 
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Fig. 1.7. A schematic showing bottom-gate ZnO TFT structure with enhanced electrical 
characteristics by introducing a thin MgZnO layer at channel-gate insulator interface. 

 

A scheme for bottom-gated ZnO TFTs with enhanced electrical characteristics grown 

by MOCVD on glass substrate has been proposed [35]. The schematic is shown in Fig. 1.7 

which illustrates incorporation of a thin MgZnO layer at the channel-gate insulator 

interface. The mobility, on/off current ratio, turn on voltage, and subthreshold slope for 

ZnO TFTs without MgZnO layer were 2.3 cm2V-1s-1, 6.4×107, -6.75 V, and 0.78 V/decade, 

respectively. The same features for ZnO TFTs with MgZnO layer (Fig. 1.7) were measured 

as 9.1 cm2V-1s-1, 2.3×108, -2.75 V, and 0.38 V/decade, respectively. The results achieved 

in this study are very promising to employ HEMT-type TFTs fabricating ZnO/MgZnO 

heterostructures on glass substrate. These TFTs can be used in displays, ultraviolet 

detectors, and transparent electronics. 

1.3.4 ZnO as TCO 

A new category of semiconductor materials, amorphous oxides semiconductors (AOS), 

reveals an exciting combination of high optical transparency and high electron mobility. 

Transparent liquid crystal display (LCD) panels, an important application of AOS based 
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TFTs, enable a person to look through the panel like glass. These panels consume 90% less 

energy as compared to conventional flat panels using back light unit. After a few 

demonstrations of ZnO TFTs based completely transparent devices in 2003 [69] [70], oxide 

semiconductor based TFTs started becoming a feasible technology. The number of 

publications per year related to oxide based TFTs in a decade (2001-2010) are depicted in 

Fig. 1.8 [32]. The data reveal that binary and complex zinc oxides seem to be the best 

compounds for oxide TFT applications. 
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Fig. 1.8. The number of publications per year from 2001 to 2010 related to binary ZnO, 
complex ZnO, and other oxides based TFTs [32]. 

 

Recently, Bernal et al. presented an optical study of CuInGaSe2 (CIGS) solar cells in 

order to improve the device performance by selecting ZnO:Al as TCO layer and optimizing 

its thickness [71]. In 2009, Nayak et al. [36] demonstrated Ga-doped ZnO transparent 

conducting thin films for optoelectronic device applications using sol-gel spin coating 
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technique. The transparency of the films was more than 80% with resistivity as low as 

3.3×10-3 Ωcm with 2 at% Ga. Contemporarily, Huang et al. [37] and Zhao et al. [38] 

reported highly transparent Ga doped ZnO thin films with low resistivity using MOCVD. 

Huang et al. achieved highest transparency of 85%, mobility of 30.4 cm2V-1s-1, and lowest 

resistivity of 3.6×10-4 Ωcm. Also, the optical bandgap of Ga-doped ZnO increased from 

3.26 to 3.71 eV with increase in Ga incorporation due to Burstein Moss shift. Zhao et al. 

achieved bandgap engineering of Ga-rich GaZnO thin films in a range of 3.3–4.9 eV by 

varying the Ga content. Previously, a similar work was carried out fabricating high quality 

single-crystal Ga-doped ZnO films on sapphire substrate using low-pressure MOCVD to 

investigate influence of Ga doping on structural, electrical, and optical properties [39]. 

1.4 n-ZnO/p-Si Heterojunction Solar Cell 

High fabrication cost in order to realize the appropriate structure necessary for high 

efficiency is a serious drawback for the Si pn-homojunction solar cells. As a result, 

heterojunction solar cells (HJSCs) prepared by depositing wide bandgap TCO on Si wafer 

has gained significant attention because of simpler manufacturing steps, lower processing 

temperature and lower fabrication cost. The conversion efficiency of 15% for indium tin 

oxide (ITO)/Si HJSC was achieved long before [72], but due to limited quantity of indium 

on earth, a substitute for ITO is required for large-scale production of TCO/Si HJSC. 

During last decade, zinc oxide (ZnO) has drawn attention of the semiconductor industry 

after the awareness that ZnO is one of the rare semiconductors that retain magnetic 

properties above room temperature [73]. Because of the recognition of ZnO and the 

requirement of an ITO substitute, the research and industry attention in regards to n-ZnO/p-

Si HJSCs got invigorated. Furthermore, ZnO as compared to ITO is better with respect to 
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its band alignment with CIGS.  ZnO satisfies all the six criteria established for the solar 

cell device designers when considering any new material, which are unconstrained supply 

of material, low variability of key processes, low production cost, potential further cost 

reduction, environmental safety and health issues, and reliability/lifetime [74]. In 2006, 

Ibrahim and Ashour claimed 6.6% conversion efficiency of ZnO/Si HJSC prepared by 

depositing aluminum (Al)-doped n-ZnO (AZO) thin films on p-Si by spray pyrolysis [75]. 

In 2008, Zhang et al. demonstrated fabrication and characterization of ZnO/Si HJSC by 

deposition of intrinsic ZnO on p-Si substrates using DC reactive sputtering [76]. The 

variations in PV efficiency was investigated with varying deposition conditions in order to 

understand the photoelectric conversion behavior of the ZnO/Si heterojunction. In 2010, 

Shen et al. reported 0.7–1.14% conversion efficiency of the n-ZnO/p-Si HJSC fabricated 

by DC magnetron sputtering [77]. The authors analyzed the dark and light I-V curves to 

investigate the influence of interface states, back contact barrier, and series resistance in 

determining the solar cell performance. Knutsen et al. recently recognized by numerical 

simulations that conduction band offset in n-ZnO/p-Si HJSC is serious impediment to 

obtain high efficiency [78]. They theoretically proposed that, alloying ZnO with 

magnesium (Mg), the conduction band of ZnO can be raised so that the effect of 

recombination centers at the interface can be strongly reduced enabling high efficiency 

despite recombination velocities as high as 106 cm/s. Baturay et al. very recently reported 

deposition of intrinsic as well as gadolinium (Gd)-doped ZnO films on p-Si wafers to 

fabricate HJSC [79]. It was concluded that the heterojunction formed with 1% Gd-doped 

ZnO had the strongest rectification, highest barrier height, and the lowest series resistance. 

Contemporarily, it was theoretically proved that efficiency as high as 19% can be achieved 
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by n-ZnO/p-Si HJSC with the fabrication cost much lower than conventional Si solar cells 

[80]. The best experimental efficiency of 7.1% for n-ZnO/p-Si HJSC is recently reported 

by Pietruszka et al. using atomic layer deposition (ALD) [81]. Utilizing the model proposed 

by Knutsen et al. [78], they have incorporated Mg in ZnO to reduce conduction band offset 

between ZnO and Si that resulted in higher conversion efficiency. 

The main reason behind the difference between theoretically predicted and practically 

achieved conversion efficiency of n-ZnO/p-Si HJSC is that experimental open circuit 

voltage (VOC) is much lower than the predicted value of VOC (~650 mV) based on band-

bending between n-ZnO and p-Si. Most of the researchers attribute this lower value of VOC 

to the interface states because of lattice mismatch between ZnO and Si. In 2015, we have 

achieved experimental value of VOC as 260 mV after preparing several samples of n-

ZnO/p-Si HJSC by depositing intrinsic ZnO on p-Si wafers by RF magnetron sputtering 

[82]. This value of VOC is very close to the recently reported values 292 mV [79] and 257 

mV [81] but much lower than the values reported by other researchers earlier as 520 mV 

[75], 350 mV [76], 400 mV [77], and >330 mV [78] proving discrepancies in VOC values 

of n-ZnO/p-Si HJSC stated in the literature. Based on the understanding of HIT solar cells 

and ZnO TFTs, there is a need to introduce an interfacial layer for ZnO/Si HJSCs to 

improve the device performance especially VOC. 

1.5 Summary of the Chapter and Outline of Next Chapters 

This chapter summarized background and evolution of the solar cell efficiency over 

several decades. History of the heterojunction solar cell with reference to Si HIT structure 

was deliberated in detail. Also, the steps involved in fabrication of Si HIT solar cell were 

discussed. A brief review was presented on synthesis and applications of ZnO which is a 
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rapidly emerging material in semiconductor device applications. Different synthesis 

techniques to grow ZnO thin films were discussed with more emphasis on MOCVD and 

Sputtering which are the most common and well established techniques for ZnO growth 

and which I have used to fabricate n-ZnO/p-Si solar cell samples. The most prevalent 

problem in fabrication of ZnO based devices, the p-type doping, was discussed with 

references to previous and current investigations on doping in ZnO. The prominent 

applications of n-ZnO, FETs and transparent conducting oxides, were reviewed. At the 

end, a brief review on the previous work related to n-ZnO/p-Si single heterojunction solar 

cell (SHJSC) was presented. 

Experimental work starts from chapter 2 which covers the details of ZnO thin film 

growth using MOCVD, characterization, and optimization of parameters. Spatial analysis 

is also carried out to evaluate thickness uniformity over the surface of sample and also the 

optical properties are characterized as a function of distance from the center of the wafer 

in the sample. A figure of merit is defined to evaluate the overall quality of ZnO thin films. 

In chapter 3, I present deposition of ZnO using RF magnetron sputtering and structural 

characterization using XRD, SEM, and AFM. The growth temperature and RF power for 

ZnO crystal quality are optimized by iterative experiments. Also, spatial thickness 

uniformity and optical quality were evaluated and compared with ZnO thin films prepared 

by MOCVD. 

Chapter 4 includes modeling and simulations of n-ZnO/p-Si single heterojunction solar 

cell. Electrical parameters, doping concentrations in ZnO and Si, and internal/external 

quantum efficiencies are evaluated using well known personal-computer-one-dimensional 
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(PC1D) software. The optimized parameters of the solar cell structure are listed with best 

achieved values of electrical parameters, fill factor, and power conversion efficiency. 

In chapter 5, I discuss type-II n-ZnO/p-Si heterojunction formation with the help of 

band-bending diagram and Anderson’s rule. Experimental steps for n-ZnO/p-Si SHJSC 

device fabrication and electrical characterization by Hall and suns-VOC measurements are 

presented. The possible reasons and potential solutions of the lower experimental value of 

VOC are discussed. Furthermore, preparation of Ga-doped ZnO films is demonstrated to 

study effective bandgap widening of ZnO to utilize maximum possible energy of the solar 

spectrum. 

The last phase of experiments is demonstrated in chapter 6. Preparation of n-ZnO/p-Si 

heterojunction solar cells using three different materials (AlN, a-Si and a-ZnO) at the 

interface as the buffer layer to reduce recombination velocity as well as avoid oxide (SiO2) 

formation during ZnO deposition at higher temperature is presented. The effects of wafer 

selection on the performance of the finally fabricated device are also studied. Furthermore, 

an additional advantage of ZnO as an antireflection coating was experimentally verified 

for different thicknesses of ZnO film. 

In chapter 7, optimization of bandgap and electron affinity of ZnO to enhance the 

conversion efficiency of ZnO/Si single heterojunction solar cell is performed by PC1D 

simulations. It is predicted that the open circuit voltage of n-ZnO/p-Si single heterojunction 

solar cell can be significantly improved by tuning bandgap and/or electron affinity of ZnO 

by doping or alloying. The major reason of improvement in the solar cell efficiency is 

enhanced band-bending due to decrease in conduction-band offset which increases built-

in voltage. Furthermore, simulations are performed to evaluate the potential of n-ZnO/p-Si 
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bifacial solar cells. Two different structures of ZnO/Si solar cell are simulated one with 

doped BSF and other with charge passivated BSF. 

Finally, conclusions and summary of the dissertation is provided in chapter 8. The 

thesis is restated, and the major points are synthesized to bridge the whole work and to 

highlight the importance of the idea. Potential future work is also briefly proposed. 

 



 
 

CHAPTER 2: ZINC OXIDE GROWTH BY MOCVD AND CHARACTERIZATION 
 

2.1 Introduction 

Each method of growing thin films or nanostructures has merits associated with certain 

materials. Recent literature has turned a renewed eye to the MOCVD method due to its 

capability to transition to mass production fairly easily. MOCVD simply requires a 

metallorganic vapor carried (mixing occurs via a bubbler) by some nonreactive carrier gas 

(N2, Ar, etc.) to interact with the other reactants in a heated, vacuum-pressurized control 

chamber [83]. In the chamber, the molecular bonds of precursors break due to the increased 

free energy created by the heat, and the adatoms are then adsorbed onto the substrate. On 

the substrate, the product nucleates layer-by-layer forming an epitaxial film on the 

substrate. The issue with MOCVD is the multiplicity of determinants involved in each 

deposition, making optimization of the process a painstaking issue in the advancement of 

the method. Despite the facts that ZnO is one of the best candidates for future devices due 

to its tunable direct wide bandgap, natural abundance, low toxicity, highly stable wurtzite 

structure, large piezoelectric and pyroelectric coefficients, and richest nanostructural 

configuration, growth of ZnO films and nanostructures is still in a developing stage. 

Semiconductors community still lacks consensus on the optimized parameters of ZnO 

growth using MOCVD [37] [49] [51] [50] [84]. Extensive efforts are needed to investigate 

the dynamics during ZnO growth using specific precursors, substrates, and carrier gas to 

find an optimized window of the growth parameters. In this chapter, results are presented 

related to growth of several ZnO samples using MOCVD on Sapphire substrates using 
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most common precursors and carrier gas at a range of temperature. Pressure, flow rates, 

VI/II ratio, and rotation speed of the susceptor were kept constant to optimize the MOCVD 

process with respect to temperature with zinc oxide as a focal point. 

2.2 Materials and Methods 

For the deposition, a homemade MOCVD apparatus was utilized. Zinc oxide was 

grown on sapphire (Al2O3) substrates on a rotating graphite susceptor with different 

temperatures from 300 °C to 600 °C with a step size of 50 °C. Precursor reactants were 

diethylzinc (DEZn) as the zinc source, pure oxygen gas (O2) as the oxygen source, and 

nitrogen (N2) as the carrier gas. The susceptor rotated at a fixed speed of 800 rpm [85]. 

The chamber pressure was held at a set point of 3 torr. The flow rates of oxygen and the 

carrier gas (nitrogen) were 1000 and 100 sccm respectively. The bubbler pressure was 

around 180 torr and diethylzinc (DEZn) was kept at constant temperature of 5 °C resulting 

in vapor pressure of DEZn about 5 torr. This resulted in VI/II ratio of around 330. 

Substrates were pre-cleaned to remove dust with a sequence of acetone, methanol, 

isopropanol, and distilled water, then dried with compressed nitrogen. They were loaded 

one-at-a-time onto the susceptor and allowed to grow for variable amounts of time. 

Four types of measurement were conducted on the films. The first was an in-situ 

reflectance measurement through an Epimetric spectrometer, which generated an intensity 

graph by which growth could be monitored by undulations in the reflectance curves over 

time (contextualizing this, the curves appeared as cosine curves). Each undulation implied 

around 175 nm increase in thickness of the film during growth. This is based on the well-

known relation  

2𝑛𝑛𝑛𝑛 × cos 𝜃𝜃 = 𝑚𝑚𝑚𝑚                                                            (2.1) 
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where n is the refractive index at wavelength λ of the growing material, d is the film 

thickness, and m is the order of undulations. Considering angle of incidence θ ≈ 0 and n ≈ 

2 (in our case for ZnO at 700 nm), the approximate thickness relation becomes d ≈ λ/4. 

Photoluminescence (PL) was conducted with a mini PL/Raman spectrophotometer from 

Photon Systems (and associated software) in order to determine the crystallinity and crystal 

quality of the films. A UV-vis Hamamatsu light source was connected to a lens to conduct 

spectral reflectance and transmittance measurements, which were then read by a Filmetrics 

spectrophotometer. 

2.3 Characterization for Growth Temperature Optimization 

2.3.1 Growth Rate Observations 

The relationship between temperature and growth rate is largely an issue of kinetic 

energy. Growth rates for each temperature are summarized in Table 2.1. At low 

temperature, molecules do not have the energy to overcome pre-existing bonds. This was 

why the growth rate for the sample grown at 300 °C was exceptionally low; it was 

thermodynamically impaired in its ability to break reactant molecular bonds. The growth 

rate remains consistent for all samples grown from 350 °C to 550 °C. The sample grown 

at 600 °C had a notably lower growth rate, which suggests that it was also impaired 

somehow. We attribute this to excess of kinetic energy. The excess of kinetic energy made 

the adatoms less apt to settle into crystal configuration immediately decreasing the 

perceived growth rate of the epitaxial crystal. Furthermore, high growth temperature has 

empirically led to desorption of adsorbed reactants and oxygen vacancies in the crystal. In 

the work of Ye et al., the cracking effect of high temperature growth allowed more effective 

Zn adatoms but led to a higher rate of oxygen desorption [86]. Ye’s discussion 
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contextualizes our results, which in turn are corroborated by various mathematical models 

for organic oxygen precursors. The literature suggests an increase in growth rate up to 

about 400 °C for such oxygen precursors and a stable growth rate until a peak growth 

temperature after which the growth rate falls again [87]. Our work is about the optimization 

of the process using pure oxygen gas precursors. 

TABLE 2.1. Growth rates for temperatures from 300 to 600 °C 

Temperature 
(°C) 

Thickness 
(nm) 

Growth 
Time 
(min) 

Growth 
Rate 

(nm/min) 
300 358.69 30 11.96 
350 594.09 23 25.83 
400 602.09 23 26.18 
450 499.66 20 24.98 
500 502.96 20 25.15 
550 583.88 23 25.39 
600 468.01 30 15.60 

 

2.3.2 Photoluminescence 

Photoluminescence (PL) spectrometry measures radiative recombination of photo-

excited electrons with the holes left in the lower states. PL can provide useful information 

about the crystallinity of material. Zinc oxide has a characteristic bandgap of 3.34 eV in 

bulk. The narrower the full-width-at-half-maximum (FWHM) around the highest peak of 

the PL spectrum, the better the crystal quality [85]. The PL measurement system has a 

built-in UV- laser with a wavelength 250 nm that corresponds to photon energy of 4.96 eV 

which is sufficient to excite ZnO sample that has a bandgap around 3.3 eV. The step size 

of wavelength was set to 1 nm to get a detailed view of the PL spectra. All the 

measurements were made at room temperature. As seen in Fig. 2.1, the FWHM decreased 

as temperature increased from 300 °C to 550 °C. However, above 550 °C, the samples 
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showed an increase in FWHM, suggesting excessive kinetic energy of adatoms above 

550 °C causing haphazard nucleation and degradation in crystal quality. 

Past papers have suggested a number of other optimal growth temperatures. Huang et 

al. suggested a temperature of 500 °C as optimal, but this was for gallium-doped films [37]. 

Other papers using the slower-to-oxidize butanol suggested optimal temperatures in the 

400s [49] [51], but our samples were grown using pure oxygen source and different 

pressure. At lower pressures, furthermore, a lower temperature is allowable due to 

decreased need of kinetic energy of adatoms [50]. Our FWHM data seem to agree with the 

data of Wu et al. [84] in finding an optimal growth temperature around 500 °C. 

 
Fig. 2.1. FWHM of PL spectra of the samples grown at various temperatures. The FWHM 
narrows with increasing temperature until desorption causes it to rise at 600o C. 

 

Looking at the actual intensity of the maximum peak, we see a pattern that corresponds 

to the FWHM data. The PL peak intensity (on a log scale) increases with the temperature 

as exhibited in Fig. 2.2, implying again a positive correlation, until 550 °C, after which the 

peak intensity lowered (in the sample grown at 600 °C). Complete PL spectra of the samples 

are illustrated in Fig. 2.3. 
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Fig. 2.2. Intensity of PL peak increases with growth temperature, indicating increasing 
sample quality. 
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Fig. 2.3. PL spectra for samples grown at growth temperatures from 300-600 °C. PL peaks 
of the samples grown below 450 °C would not be visible on the linear scale, so are omitted. 

 

2.3.3 Spectral Reflectance 

Using spectral reflectance, three measurements were extracted with each sample: the 

thickness (d) of the sample (Table 2.2), the accuracy of the thickness measurement (%), 

and the roughness of the sample. The latter two data points are not reported due to a relative 

consistency in films grown at all temperatures, but thicknesses were intentionally centered 

around 500 nm. From the data in Table 2.2, though thicknesses were the same in samples 
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grown at high temperatures, narrower FWHM and higher exciton peak emission were 

maintained. The degraded crystallinity associated with the higher thickness [40] due to 

higher defect concentration is somehow ameliorated by the increasing temperature. Thus, 

increasing temperature seems to lead to an increase in the crystallinity, an effect we define 

as thermal rectification. However, the roughness of the samples shows a positive 

correlation with increasing temperature until 550 °C (it drops, like peak intensity and other 

PL parameters, in the sample grown at 600 °C), meaning that samples are also less 

“smooth” as temperature increases. These two patterns may be explained by the increased 

motion of adatoms, allowing them to fill the vacancies. 

2.3.4 Transmittance 
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Fig. 2.4. Transmittance spectra for samples grown at temperatures from 300-600 °C. The 
sample grown at 550 °C has maximum transmission below the bandgap. 
 
 

The transmittance measurements are graphed in Fig. 2.4. Transmittances below the 

bandgap were relatively low for all samples, except for that at around 550 °C. The threshold 
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for inclusion in a transparent conducting oxide solar cell is about 86% [88], which is met 

only for the samples grown at 550 °C. Tan et al.’s findings corroborate ours in that we can 

also see that in the sample grown at 400 °C, the transmittance was analogous to that of the 

sample at 600 °C [89]. The film at 300 °C was unstable during growth so that it was difficult 

to grow the film nearly as thick as other films, which led to higher transmittance for this 

sample than most of others, as can be observed in Fig. 2.4. 

2.3.5 Defining Figure of Merit 

The PL FWHM and peak intensity, film thickness, and average transmittance of the 

samples grown at different temperatures are summarized in Table 2. From these values, we 

have defined a temperature-dependent figure of merit for the crystal quality (Fcq) as 

𝐹𝐹𝑐𝑐𝑐𝑐 =
𝑓𝑓

𝑛𝑛 × 𝑝𝑝 × 𝑘𝑘𝑎𝑎𝑣𝑣
                                                                 (2.2) 

where f is FWHM (nm) of PL spectrum, d (nm) is film thickness, p is the peak intensity of 

PL, and Tav is the average transmittance at wavelength range of 400–1000 nm. The value 

of the figure of merit ‘Fcq’ is desired to be minimized. Applying this equation to the values 

in Table 2, we obtain the values plotted in Fig. 5. The graph shows that Fcq has optimized 

value for ZnO thin films grown at 550 °C. 

TABLE 2.2. Parameters used to calculate figure of merit 

Temperature 
(°C) 

PL 
FWHM 

(nm) 

Film 
Thickness 

(nm) 

PL Peak 
Intensity 

(Photon Count) 

Tave 
(%) 

300 26.2 358.69 787 82.23 
350 25.7 594.09 972 81.70 
400 25.1 602.09 1113 74.88 
450 18.0 499.66 31940 72.91 
500 16.5 502.96 383885 84.18 
550 13.2 579.22 1195532 91.31 
600 15.8 467.47 284713 75.27 
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Fig. 2.5. Figure of merit is plotted using values from Table 2.2 from Eq. 2.2. 

 

2.4 Spatial analysis of the ZnO Films 

The degradation in device performance based on thin film due to thickness non-

uniformity is an important issue in semiconductor device fabrication. Spatial thickness 

uniformity is an important parameter because it directly affects physical properties and 

performance of thin film device as well as plays important role in characterization of the 

material/device. From device point of view, there is a direct relation between thickness 

uniformity and performance of the thin film solar cell device because spatial thickness 

distribution influences the electrical and optical properties of thin films. 

We experimentally studied the spatial consistency of ZnO thin film with an average 

thickness of about 500 nm deposition on a sapphire substrate. Measurements were made 

on five distinct points on the sample to compare transmittance, photoluminescence, 

thickness, and roughness. The five measurement points were marked front, back, left, right, 

and center (Fig. 2.6), each 0.5” from the center of the sample having 2” diameter. 
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Fig. 2.6. ZnO thin film sample on sapphire substrate with five measurement points labeled. 

 

2.4.1 Photoluminescence 

Photoluminescence was used to characterize defect concentration and determine spatial 

crystal behaviors. Fig. 2.7 demonstrates the full width at half maximum (FWHM) at each 

of the five points on the sample. FWHM seems to vary more along the back-front axis than 

it does along the left-right axis. For reference, Fig. 2.8 provides a photoluminescence 

spectrum for one of the samples, grown at 550 °C. Although sample was rotating during 

the growth but the difference in crystal quality at different spots is evident. We attribute 

this difference to the inertial and viscous forces over the surface of the susceptor and the 

dynamics of the groove used to hold the sample.  

 

 
Fig. 2.7. Full width at half-maximum of the PL spectra at each of 5 points measured at 
room temperature. 
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Fig. 2.8. Photoluminescence spectra at five different points for a sample grown at 600 °C. 

 

2.4.2 Thickness Uniformity 

Spectral reflectance data is used by Filmetrics tool in an algorithm to calculate three 

values: the thickness of the sample, the roughness at the surface of the sample, and the 

fitting accuracy of the algorithm. All accuracies are above 95%. The roughness and 

thickness values are presented in Fig. 2.9. Roughness of the samples is visibly consistent 

across the substrate. Thickness deviations are marginal (~20 nm) for all regions but the 

front, which had a deviation of nearly 70 nm. 
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Fig. 2.9. Values of thickness and root mean square roughness as obtained by spectral 
reflectance by spatial positioning. 

 

 
Fig. 2.10. Thickness at 5 points along each axes left-to-right and front-to-back. Positive 
gradients visible in all four directions from center, with the exception of the negative 
gradient in the backward direction. 

 

To understand the nature of these thickness variations, we further investigated an 

additional two points on each axis, intermediary with respect to the measured points and 

the center on one of the samples. These results are plotted in Fig. 2.10 for a different 

(thicker) ZnO film. From the figure, we can see a clear gradient-style activity along both 

axes emanating from the center. The only area to show a decrease with emanation distance 
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is the back-side of the front-to-back axis, attributed to the fact that it is distal with relation 

to the sources of the gas, placed near the outer edge of the susceptor [90]. 

2.4.3 Transmittance 

Transmittance spectra for all samples were relatively consistent. The average 

transmittances at the five points over the wavelength range of 390 – 1100 nm are plotted 

in Fig. 2.11. Transmittance for the average photocell window layer is >80% [88], which is 

a criterion met by the front, back, right, and center regions of the samples measured on 

average. However, the left region shows lower rates of transmittance through the film. As 

the thicknesses are relatively consistent across the substrate, the lower transmittance of the 

left region can be attributed to the crystal quality of the ZnO film. 

 
Fig. 2.11. Average transmittance values for wavelength range 400 to 1000 nm. 

 

All of the characteristics discussed above can be attributed to the position of the 

substrate on the susceptor in MOCVD reactor [91]. The standard deviation of the measured 

values at different point on the substrate are summarized in Table 2.3. 
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Table 2.3. The average of all PL-FWHM, transmittances, and thicknesses over the five 
measured points on the sample. 

 Average Standard 
Deviation 

PL-FWHM (nm) 15.4 1.8 
Transmittance (%) 83.61 3.878 

Thickness (nm) 483.40 36.620 
 

2.5 Summary 
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Fig. 2.12. Change in PL peak intensity, PL-FWHM, and average transmittance over the 
whole spectrum of ZnO films with varying growth temperature. The PL intensity graph is 
elevated (offset) by 40% of the maximum value for clarity. 

 

This chapter covered the details of ZnO thin film growth using MOCVD, 

characterization, and optimization of parameters. After analyses of spectral reflectance, 

transmission, and PL, it was concluded that ZnO thin films grown at substrate temperate 

of 550 °C demonstrate best crystal quality. A figure of merit was defined in form of a 

mathematical equation to calculate quality of sample utilizing data from thickness, 

transmission, and PL measurements. Spatial analysis was also carried out to evaluate 
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thickness uniformity over the surface of sample and also the optical properties were 

characterized at different locations on the sample. Figure 2.12 displays summary of the 

experimental results to optimize ZnO growth temperature. Next chapter presents ZnO 

growth and characterization using sputtering and its comparison with samples produced by 

MOCVD.



 
 

CHAPTER 3: ZINC OXIDE GROWTH BY SPUTTERING AND 
CHARACTERIZATION 

 

3.1 Introduction 

The material quality plays vital role in performance of the finally fabricated device. 

Therefore, it is useful to grow material using more than one techniques and characterize 

for comparison. The MOCVD system used in this study (explained in Chapter 2) is custom 

made, therefore it produced ZnO films having significant variation in thickness over the 

surface of a sample. Therefore, ZnO thin films were grown on sapphire substrates using 

RF magnetron sputtering as well, and structural and optical characterization was carried 

out by x-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), photoluminescence, transmission, and interferometric spectral 

reflectance measurements. The ZnO films were grown on textured Si substrates as well to 

realize the n-ZnO/p-Si SHJSC structure. The deposition parameters of ZnO were 

optimized. The XRD and SEM confirm that optimized deposition temperature and RF 

power are >300 °C and 180 W respectively. The films grown on textured silicon substrates 

have lower crystallinity as compared to those grown on sapphire [82]. Surface of the film 

is spatially analyzed and a comparison is established with the previously reported results 

of MOCVD grown ZnO films. Results show that ZnO films prepared by sputtering 

technique are superior in thickness uniformity for practical applications. Optical quality of 

the films prepared by sputtering is similar or even shows better quality compared to 

MOCVD films probably because the MOCVD system we used, was not a well calibrated 
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commercial system. Further, the importance of film thickness uniformity in particular with 

reference to the solar cell performance is discussed. There are several studies reporting 

sample-to-sample analysis of ZnO films prepared by sputtering for thickness uniformity 

and reproducibility. However, to the best of our knowledge, in literature no one has 

reported a study describing thickness uniformity over the surface of ZnO film prepared by 

sputtering and to have a comparison with the samples prepared by MOCVD which is 

important for device performance. 

3.2 ZnO Deposition by RF Magnetron Sputtering 

Several samples of ZnO were grown on sapphire (2” diameter) and textured-Si (1×1 

cm2) substrates using sputtering system by AJA International Inc. The films grown on 

sapphire (transparent) substrates were used for optical characterization and comparison of 

structural quality. The substrates were cleaned with acetone (using ultrasonic cleaner), 

methanol, isopropanol and deionized water, and then dried with compressed nitrogen prior 

to ZnO growth. The sputtering was carried out at a pressure of 3×10-3 torr in argon gas 

environment. The susceptor rotation speed was 20 rpm. The deposition temperature was 

varied from room temperature to 300 °C for different samples. The RF power was also 

varied from 130 W to 200 W with a step size of 10 W to find the optimized value. 

3.3 Structural Characterization of ZnO 

3.3.1 XRD 

The XRD of the ZnO samples grown on sapphire and textured-Si substrates was carried 

out by PANalytical X-ray diffractometer. Figure 3.1 shows 2θ XRD scans of the ZnO 

samples grown with different RF powers on sapphire substrates. Smaller steps of RF power 

were used (10 W) to figure out the optimized RF power for best crystal quality. The highest 
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peak intensity and lowest full width at half maximum (FWHM) were observed for samples 

grown at 180 W. The XRD scans of the samples grown on textured-Si substrates revealed 

same trend (not shown here) with comparatively larger FWHM. The grain size of 40–50 

nm was calculated using measured value of FWHM of XRD 2θ scan in Debye-Scherrer 

equation: 

𝜏𝜏 =
𝐾𝐾𝑚𝑚

𝛽𝛽 cos𝜃𝜃
                                                                    (3.1) 

where τ is the mean size of the crystal grain, K is a dimensionless shape factor having value 

normally close to 1, λ is the x-ray wavelength which is 1.5418 Å in our case, β is the FWHM 

of the XRD curve-plot, and θ is the Bragg angle which is ~34° (for ZnO) in our case. The 

calculated grain size is a lower limit on the grain size value because the Debye-Scherrer 

equation assumes that the contribution in peak broadening from other sources such as 

dislocations, stacking faults, microstresses, and grain/subgrain boundaries are zero [92].  
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Fig. 3.1. XRD scans showing 002 reflections of the ZnO samples deposited with different 
RF powers from 130 to 200 W. 
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Figure 3.2 depicts 2θ XRD scans of the ZnO samples grown at different temperatures. 

The crystal growth was highly c-axis oriented. The crystal quality monotonically improved 

by increasing temperature up to 300 °C which proves that it is possible to grow ZnO films 

with even better crystallinity at higher deposition temperatures; however, the facility 

available in our cleanroom at UNC-Charlotte has an upper temperature limit of 300 °C. 
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Fig. 3.2. XRD scans showing 002 reflections of the ZnO samples deposited at room 
temperature (RT), 200 °C, and 300 °C. 

 

3.3.2 SEM 

The SEM was performed on ZnO samples grown on sapphire and textured p-Si 

substrates using JEOL USA SEM tool. The SEM images of samples grown at sapphire 

substrates at four different temperatures are illustrated in Fig. 3.3. The surface roughness 

reduced and crystal quality improved with increase in growth temperature. These trends 

are consistent with results reported by Wang et al. except they got different optimal 

temperature point probably because they used different technique for ZnO growth [49].  
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Fig. 3.3. SEM images of ZnO deposited at (a) RT (b) 100 °C (c) 200 °C (d) 300 °C. The 
scale bar is 2 μm in each figure. 

 

 
Fig. 3.4. SEM images of n-ZnO grown on textured p-Si at 300 °C with RF power of 180 
W. 
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The SEM images of n-ZnO films grown on textured p-Si substrates are shown in Fig. 3.4. 

These samples were prepared using optimized parameters. But the surface roughness and 

crystal quality degraded in case of textured Si substrate as depicted in Fig. 3.4(b). 

One of reasons is larger lattice mismatch between Si and ZnO. Another possible reason 

of degradation in crystal quality is textured surface of the substrate causing uneven crystal 

growth orientation. There are few reports related to thick ZnO films deposition on textured-

Si but not enough data is available about ZnO thin film grown on textured Si substrates. 

Therefore, more experimental study is required to understand the degradation in crystal 

quality of ZnO grown on textured-Si. 

3.3.3 AFM 

 
Fig. 3.5. AFM image of n-ZnO grown on sapphire substrate using magnetron sputtering at 
300 °C with RF power of 180 W. 

 

TABLE 3.1. Summary of results obtained by image analysis of AFM images 
 Size (µm) Diameter (µm) 

Average 0.100 0.113 
Standard Deviation 0.036 0.041 
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The Fig. 3.5 depicts AFM image of ZnO thin film sputtered on sapphire substrate at a 

temperature of 300 °C and RF power of 180 W. The AFM measurement was carried out 

by NT-MDT AFM system by Spectrum Instruments and image data was processed and 

analyzed using the image analysis software provided by the same company. The table 2.1 

shows summary of the results. The average grain size is ~100 nm which is cosistent with 

the value calculated by Debye-Scherrer equation using XRD data. 

3.4 Spatial Analysis of Sputtered ZnO Thin Films 

3.4.1 Thickness Measurements by Spectral Reflectance 

The thickness measurements were carried out by utilizing the Filmetrics F20-UV 

system that exploits spectral reflectance data to calculate thickness, optical constants, and 

roughness of the sample. The measurements performed at nine distinct points are plotted 

on a 3-D histogram as illustrated in Fig. 3.6. 

 
Fig. 3.6. Thickness measurements using spectral reflectance data at nine distinct points 
over the surface of ZnO thin film sputtered on sapphire substrate of diameter of 2 inches. 
The inset of Fig. 3 depicts the positions front, back, left, and right. 
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TABLE 3.2. Comparison of thickness uniformity over the surface of ZnO samples grown 
by sputtering and MOCVD. 

Growth 
Method 

Growth 
Temperature 

(°C) 

Average 
Thickness 

(nm) 

Standard 
Deviation 

(nm) 
Sputtering 300 350.8 2.1 
MOCVD 550 483.4 36.6 

 

Overall, the thickness for the ZnO sample grown with sputtering technique is highly 

uniform. The mean value of thickness is 350.8 nm with a standard deviation of 2.1 nm and 

thicknesses over the surface are in the range of 347.9 to 353.9 nm. As mentioned in chapter 

2, the samples grown by MOCVD had thickness measurements varied over a range of ~70 

nm. Table 3.2 shows the average thicknesses and standard deviations for the ZnO samples 

grown by sputtering and MOCVD. Generally, it is well known that overall quality of thin 

films prepared by MOCVD is better than sputtering. The improved thickness uniformity 

for sputtered sampled in our case might be due to the fact that the homemade MOCVD 

system we used was not a commercial quality system. 

3.4.2 Photoluminescence 

Fig. 3.7 (a) depicts the PL spectra at five different points of a sputtered ZnO thin film 

on a sapphire substrate. PL spectra show the usual emission occurs at an averaged peak 

wavelength of 380.2 nm that corresponds to a bandgap value of 3.261 eV. The PL intensity 

for the sputtered sample at 300 °C is higher compared to the previously reported samples 

grown by the homemade MOCVD system even at higher temperature (450 °C) [83]. The 

higher PL intensity represents better crystal quality of the film. The standard deviation 

between the peaks at different locations on the ZnO sample prepared by RF sputtering was 

found to be 1.5 nm. The average full width at half maximum (FWHM) was found to be 

14.5 nm (or 0.125 eV). The standard deviation of the FWHM for the ZnO sample was 
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found to be 0.4 nm. The Table 3.3 shows the average FWHM for ZnO samples grown by 

sputtering and MOCVD as well as the standard deviation between the different 

measurement points. The lower value of FWHM relates to the higher crystal quality. 

 

 

      
Fig. 3.7. Photoluminescence measurements taken at five different spatial points over the 
surface of ZnO thin films sputtered on sapphire substrate (a) linear scale (b) logarithmic 
scale. 
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TABLE 3.3. Comparison of PL-FWHM of ZnO samples grown by sputtering and 
MOCVD. 

Growth 
Method 

Growth 
Temperature 

(°C) 

Average 
FWHM 
(nm) 

Standard 
Deviation 
(nm) 

Sputtering 300 14.53 0.44 
MOCVD 550 15.40 1.80 

 

Fig. 3.7 (b) shows the same PL spectra in logarithmic scale for analysis of low intensity 

signals. The weak green emission at 500 nm spanning up to 600 nm, known as deep-level 

emission, is caused by impurities such as oxygen vacancies and/or zinc interstitials. These 

defects and resulting deep level emission can be reduced by annealing samples in oxygen 

at 1200 °C [93]. 

3.4.3 Transmittance 

ZnO, being a wide bandgap material has a number of potential applications where 

transparency of the film plays critical role; such as use transparent conducting oxides as 

transparent electrodes in liquid crystal displays [94], antireflection coating [95], and n-

layer of ZnO/Si heterojunction solar cell [80]. Transmittance was measured in the same 

manner as for PL analysis at five different points of the sample using the same Filmetrics 

F-20 UV setup we used for thickness measurements. The halogen and deuterium lamps 

both were selected as the light sources to cover the entire wavelength range from deep-UV 

spanning into infrared. 

The transmittance spectra for ZnO sample deposited at 300 °C are shown in Fig. 3.8. 

The value of bandgap obtained from transmittance data is consistent with the value 

obtained by PL measurements. The average transmittance recorded in the wavelengths 

ranging from 200 to 900 nm is about 80% which is the same as obtained for the samples 

grown at 300 °C by MOCVD [83]. The transmittance is expected to further enhance if the 
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substrate temperature is raised above 300 °C during sputtering because the crystallinity 

will improve as evident by Fig. 3.2. 

 
Fig. 4. Transmission measurements at five different points of the ZnO thin films sputtered 
on sapphire substrate. 

 

3.4.4 Discussion on Spatial Analysis 

Thickness uniformity of the film is an important parameter because thickness directly 

affects physical properties of the single- or multi-layer structure and thus performance of 

the device [96] [97]. Also, it plays important role in sample evaluation especially in 

electrical characterizations like Hall and 4-probe measurements because thickness is a key 

factor which is used to calculate carrier concentration, lifetime, resistivity, and mobility of 

the sample. 

The thickness uniformity of the film prepared by magnetron sputtering is primarily 

dictated by the geometry of the target relative to substrate, applied electric power, gas 

temperature, and erosion zone of the target ends. The thickness uniformity and deposition 

rate both increase with the decrease in target-substrate distance as well as with increase in 
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power [98]. Jiang et al. have recently proposed a theoretical model to improve uniformity 

in thickness of the films grown on a large substrate by employing a step-moving target 

[99]. There were two critical parameters, the target stay time and the target moving step, 

that affect film thickness distribution in the model. 

We have experimentally observed that uniformity in thickness distribution over the 

surface of ZnO films prepared by sputtering is better than the films produced by the 

available MOCVD system. The PL measurements revealed that crystal quality of the films 

sputtered at 300 °C is better than the films grown by MOCVD even grown at higher 

temperature on same substrate material. The high temperature processing of samples can 

degrade the quality of substrate and thus performance of the device. This is specifically 

applicable to ZnO/Si heterojunction solar cell because high temperature causes solar cell 

performance degradation mainly correlated with oxygen precipitation [100]. Also, there is 

a direct relation between spatial thickness uniformity and solar cell performance. The 

behavior of absorption of light has been linked to normalized standard deviation of 

thickness [101]. Karpov et al. in 2002, modeled non-uniformity effects in terms of the 

equivalent circuit of a system of many interacting random diodes [102]. The several weak 

diodes were associated with a non-uniform thickness which consumed most of the 

photogenerated current. The non-uniform thickness was believed to influence the optical 

and electrical properties of thin films. 

There are some additional advantages associated with sputtering as compared to 

MOCVD. It is possible to implement shadow-mask lithography in sputtering if ZnO (or 

any other material) needs to be deposited on selected areas. Also, source vapors can 
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penetrate below the substrate in case of MOCVD causing unwanted growth of material on 

the back side of substrate where this is not possible in sputtering.  

3.5 Summary 

This chapter presented deposition of ZnO using RF magnetron sputtering and structural 

characterization using XRD, SEM, and AFM. Detailed optical characterization was also 

performed by PL, transmission, and spectral reflectance measurements. The growth 

temperature and RF power for ZnO crystal quality were optimized by iterative experiments. 

Also, spatial thickness uniformity and optical quality were evaluated and compared with 

the ZnO samples prepared by the available MOCVD system in our Lab. The results 

confirmed that the ZnO thin films produced by magnetron sputtering are more uniform in 

spatial thickness distribution as compared to ZnO thin films grown on the same substrate 

by MOCVD. Based on our analysis, overall sputtered ZnO films exhibited better and an 

improved optical quality over the MOCVD films. These experimental findings helped us 

to select sputtering method for growth of ZnO to fabricate the solar cell. 

 



 
 

CHAPTER 4: n-ZnO/p-Si HETEROJUNCTION SOLAR CELL MODELING AND 
SIMULATIONS 

 

4.1 Introduction 

This chapter presents modeling and simulations of potentially cost effective and high 

efficiency single heterojunction solar cells based on Si (rear region) and the II-VI material 

ZnO (front region). The simulations were performed using modified personal-computer-

one-dimensional (PC1D) software taking practical constraints into account. Electrical and 

optical characteristics as well as internal and external quantum efficiencies were 

investigated by varying different key parameters. The measured absorption spectrum of the 

ZnO thin films grown in our Lab was used in PC1D simulations in order to get more 

realistic results of the model. The best conversion efficiency has been predicted as 19.0% 

with fill factor of 81%. 

The ZnO grown on Si can work as an active n-layer as well as antireflection (AR) 

coating due to its close refractive index match with the ideal value. This prevents 

requirement of additional AR coating which can reduce fabrication cost and complexity.  

ZnO can be deposited at much lower temperature that can reduce degradation in carrier 

lifetime, a common problem in high temperature diffusion of phosphorous and ion 

implantation in the conventional Si pn junction solar cell. Furthermore, the work function 

of Ag (4.2 eV) is less than the electron affinity of ZnO (4.5 eV). Consequently, there is no 

barrier at Ag-ZnO interface and the contact at front surface will be ohmic which can further 

increase the device performance. Additionally, as compared to ITO which is commonly 
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used as AR coating, ZnO is more resistant to radiation damage because of its stable crystal 

structure which inhibits UV degradation and ensures longevity of the device. 

Previously, various studies have been presented using texture-etched ZnO-coated glass 

substrates [103] [104] [105] or ZnO nanostructured transparent electrodes for high 

conversion efficiency solar cells [106] [107] [108] [109]. In this proposed model, front 

region of the solar cell which is directly exposed to solar radiation is composed of n-type 

ZnO. Therefore, transparency of the ZnO layer for visible and IR region is very important. 

In 2009, Nayak et al. [36] demonstrated Ga-doped ZnO transparent conducting thin films 

for optoelectronic device applications using sol-gel spin coating technique. The 

transparency of the films was more than 80% in the spectral range of 400 – 700 nm with 

resistivity as low as 3.3×10-3 Ωcm with 2 at% Ga. Contemporarily, Huang et al. [37] and 

Zhao et al. [38] reported highly transparent Ga doped ZnO thin films with low resistivity 

using MOCVD. Huang et al. achieved highest transparency of 85% in the same spectral 

range, mobility of 30.4 cm2V-1s-1, and lowest resistivity of 3.6×10-4 Ωcm. 

4.2 Schematic and Modeling of n-ZnO/p-Si Solar Cell 

Figure 4.1 illustrates schematic of the solar cell model proposed in this study. 

Thicknesses of the rear and front regions are optimized by PC1D simulations (explained in 

next section). The peak intensity of the solar spectrum is approximately at wavelength of 

600 nm. The reflectivity (R) at this wavelength calculated by PC1D (personal computer 1-

dimensional) semiconductor modeling program was 33% that is close to average value of 

~37% for wavelengths 400-1100 given in literature   [110]. The refractive index (n) of ZnO 

at the same wavelength was calculated using Fresnel equation for normal incidence in 
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which extinction coefficient is ignored due to negligible absorption. The reflectance is 

related to refractive index in this equation: 

𝑅𝑅 = �
𝑛𝑛 − 1
𝑛𝑛 + 1

�
2

.                                                                        (4.1) 

The refractive index of air is assumed to be 1. Using simple algebraic manipulations, 

the refractive index can be found as 

𝑛𝑛 =
𝑟𝑟 + √𝑟𝑟2 − 4

2
                                                                    (4.2) 

where r = 2(1+R)/(1-R). The refractive index of silicon at wavelength of 600 nm came out 

to be 3.95. The reflection is minimized if the refractive index of the AR coating (ZnO layer 

in our case) is the geometrical mean of the two surrounding indices. Assuming air at one 

side and Si at other side, optimum refractive index (nAR) of the AR coating is 

𝑛𝑛𝐴𝐴𝐴𝐴 = �𝑛𝑛𝑎𝑎𝑖𝑖𝑟𝑟 × 𝑛𝑛 .                                                               (4.3) 

Assuming air index as 1, optimum value of refractive index of AR coating should be 

1.99 at wavelength having peak intensity. The refractive index of ZnO at 600 nm is ≈2 

which is very close to the ideal value. Required thickness of ZnO layer to act as perfect AR 

coating can be calculated as 

𝑛𝑛 =
𝑚𝑚

4𝑛𝑛𝐴𝐴𝐴𝐴
 .                                                                       (4.4) 

The optimum thickness of the ZnO layer is 75 nm for λ = 600 nm. But PC1D 

simulations revealed that conversion efficiency does not change significantly up to 100 nm 

thickness of ZnO layer (the dependence is rather weak). 

The optimized modeled thickness of ~0.1 µm for minimum reflection can be 

detrimental to electrical performance of the device because the sheet resistance of the ZnO 

film can be very high and will require very close gridline spacing resulting in increased 
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shadowing. Increased shadowing decreases the short circuit current and hence the 

efficiency. To improve the sheet resistance, thicker ZnO films can be used that will still 

significantly reduce reflection (especially if textured Si is used) as compared to bare 

silicon. The simulations revealed that increasing ZnO film thickness from 0.1 to 0.5 µm 

reduces the efficiency from 19.4% to 19%. This drop in efficiency is not significant as 

compared to losses due to high sheet resistance and shadowing effects because of close 

gridline spacing. Since absorption coefficient of ZnO above bandgap is on the order of 105 

cm-1, the absorption length is around 100 nm. Therefore, most of the UV portion of solar 

radiation would be absorbed in >100 nm thick ZnO layer. The electron affinity of ZnO is 

4.5 eV where the work function of Ag is 4.2 eV. Therefore, there is no Schottky barrier at 

the interface and the Ag-ZnO contact at the front surface is ohmic which further enhances 

the device performance. The electron affinity of ITO, commonly used as AR coating for 

solar cells, is ~4.7 eV [111]. 

 

 
Fig. 4.1. Schematic showing single heterojunction solar cell based on crystalline n-ZnO 
and p-Si. 
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4.3 Simulations 

4.3.1 PC1D Software 

A large amount of time, effort, and resources can be saved if simulations are effectively 

incorporated in employing appropriate theoretical models in device designs. In the PV 

community, PC1D is the most popular software package to simulate optical and electrical 

behavior of the solar cell devices. This software was originally developed in 1980’s by 

Paul Basore’s group at the Iowa State University. Additional features including light 

trapping-model were introduced in PC1D by Paul Basore at Sandia National Labs [112]. 

The software was converted for use with windows in 1990’s at University of New South 

Wales. The software has been continuously improved alongside progress in experimental 

work and theoretical models [113]. Over the decades, this software has played an important 

role in improvement of existing devices and development of new ones. The main features 

of PC1D are its free availability, precision, speed, convenience, and open source code. The 

program numerically solves the coupled nonlinear equations for carrier generation, 

recombination and transport of electrons and holes in crystalline semiconductor devices. It 

can be used for device performance simulation as well as to understand the fundamental 

physical phenomena of solar cells. A few researchers have reported modifications in PC1D 

to make it further user friendly or to employ it for new materials [114]. There are several 

other reports presenting characterization studies and improvements in Si, GaAs, and other 

heterostructure solar cells [115] [116] [117]. 

4.3.2 Quantum Efficiency 

There are several adjustable parameters in PC1D which can be altered to find an 

optimized window for solar cell fabrication. Since we are using ZnO only for the front 
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region, the parameters associated with the rear region are almost same as already optimized 

for Al-BSF Si by the solar cells community. We have used absorption spectrum for ZnO 

which was measured in our lab for film thickness around 0.5 µm.  
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Fig. 4.2. Internal quantum efficiency (IQE), external quantum efficiency (EQE), and front 
surface reflection (R) of the solar cell device taking into account antireflection effects of 
the ZnO layer. The inset shows same parameters without antireflection effects. 
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Fig. 4.3. External quantum efficiency (EQE) of the solar cell device for three different 
thicknesses of ZnO layer assuming 5% reflection from front surface. 
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Figure 4.2 illustrates internal quantum efficiency (IQE), external quantum efficiency 

(EQE), and front surface reflection of the solar cell device. The antireflection effects of the 

ZnO layer were included for this simulation. The reflectance and quantum efficiency 

without incorporating antireflection in device parameters are depicted in the inset of Fig. 

4.2. It is obvious that absorption as well as EQE is significantly improved specially around 

wavelength of 600 nm (peak of solar spectrum). Without including antireflection effect, 

the conversion efficiency up to 17.6% with the fill factor around 81% was predicted. 

Incorporating antireflection effect in the simulation, the best conversion efficiency of 19% 

and a fill factor of 81.9% were anticipated. Figure 4.3 illustrates the external quantum 

efficiency (EQE) of the solar cell device for different thicknesses of ZnO layer. The 

absorption of high energy photons in ZnO is mainly responsible for poor EQE at short 

wavelengths. 

4.3.3 Electrical Parameters and Efficiency 

The impact of ZnO thickness on open circuit voltage (VOC), short circuit current (ISC), 

fill factor, and power conversion efficiency of the ZnO/Si solar cell are depicted in Fig. 

4.4. The ISC reduces monotonically with increased ZnO thickness because of significant 

decrease in number of available short-wavelength photons in space charge region as shown 

in Fig. 4.3. Since most of the space charge region lays in Si due to the large difference in 

doping levels in two materials, the photons reaching Si contribute most in carrier 

generation. Since ISC is directly related to photo-generated carriers, absorption in thicker 

ZnO layer causes drop in ISC. A slight decrease in VOC with increase in ZnO thickness can 

be attributed to the same reason. For the optimized solar cell in terms of efficiency, we 

achieved a VOC of 622 mV which is slightly lower than that of conventional Si based solar 
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cells (~630 mV). This is mainly due to the high surface recombination velocity posed by 

the hetero-junction of silicon and ZnO. This can also be explained by a Fermi level pinning 

phenomenon which is a strong function of the interface recombination velocity. A high 

interface recombination velocity in this model is inevitable due to the hetero-interface 

between Si and ZnO. The fill factor of the solar cell improves with increasing ZnO 

thickness as depicted in Fig. 4.4 (b). This is caused by decrease in the series resistance of 

the solar cell which is a dominant parameter effecting fill factor. 

The optimum thickness computed by PC1D is around 0.1 µm which has sheet 

resistance of ~500 Ω/sq. Such a high sheet resistance requires narrow finger spacing for 

the solar cell. Therefore, we recommend using thicker layer (~0.5 µm) that will allow wider 

finger spacing and reduction in shadowing effect. Apparently, it seems that efficiency 

should largely reduce due to decrease in EQE (Fig. 4.3) if ZnO thickness is increased from 

0.1 µm to 0.5 µm. But due to less contribution of energy in the solar spectrum at shorter 

wavelengths, efficiency does not reduce as significantly as it does in case of narrow finger 

spacing. 

The effect of minority carrier life time on the solar cell efficiency is shown in Fig. 4.5. 

The collection probability of the solar cell chiefly depends on the carrier life time (or 

diffusion length) and strongly effects short circuit current of the solar cell. Front surface 

recombination velocity of Si (or ZnO/Si interface recombination velocity) is the most 

important parameter in this model that dictates efficiency of the solar cell. Figure 4.6 

illustrates large effect of the interface recombination velocity on the solar cell performance. 

We have used interface recombination velocity of 106 cm/s in the simulations. The 

maximum achieved short circuit current, open circuit voltage, fill factor, and efficiency are 
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37.7 mA/cm2, 0.622 V, 81%, and 19.0%, respectively. These results are very promising at 

this initial stage. The practical constraints are kept in mind using these values in 

simulations. The efficiency will further enhance if lower recombination velocity value is 

used as shown in Fig. 4.6.  
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Fig. 4.4. Effect of ZnO thickness on (a) open circuit voltage and short circuit current (b) 
power conversion efficiency and fill factor of the Si-ZnO single heterojunction solar cell 
by simulations. 
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Fig. 4.5. Increase in the solar cell efficiency with increasing minority carrier life time in 
bulk Si. 

 

The most of results mentioned above have been confirmed (not shown here) by another 

software Automat FOR Simulation of HETerostructures (AFORS-HET) [118] [119] and 

the results are consistent with those obtained by PC1D. 
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Fig. 4.6. Decrease in the solar cell efficiency with increase in ZnO/Si interface 
recombination velocity. 
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4.3.4 Effect of Doping Concentration 

The doping concentration in ZnO has significant influence on the fill factor. The fill 

factor will be reduced significantly for concentrations lower than of order 1017 cm-3 as 

represented by Fig. 4.7. Change in ZnO doping concentration does not change ISC and VOC 

significantly. The doping concentration in Si does not alter fill factor and VOC prominently 

but it changes ISC significantly as illustrated in Fig. 4.8. It was also noticed that ISC reduces 

with increasing p-doping concentration in Si. The current-voltage (I-V) and power 

characteristics of the device are shown in Fig. 4.9 for optimized parameters. The optimized 

values of the solar cell parameters and best achieved results are shown in Table 4.1. 
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Fig. 4.7. Current voltage characteristics of the solar cell with different doping 
concentrations in n-ZnO, keeping p-Si doping concentration constant at 1×1016 cm-3. 

 
Simulations results presented in this chapter suggest that ZnO can be used with Si to 

fabricate efficient, durable, and cost effective heterostructure solar cells. A comparison of 
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the processes involved in fabrication of a conventional Si solar cell and the n-ZnO/p-Si 

solar cell is presented in Table 4.2. Assuming front reflectance of 5%, PC1D simulations 

show that the conventional Si cell exhibits an efficiency of 20.8% using the same p-type 

Si base. The slightly lower efficiency (19%) of the n-ZnO/p-Si cell is due to (1) the non-

ideal transmission of ZnO, leading to loss in ISC, and (2) higher recombination velocity at 

the interface, causing loss in both ISC and VOC. It is important to note that the proposed 

device does not need p-type doping in ZnO which is a well-known issue with this material. 

But tremendous amount of research and experimental study is required to understand and 

overcome the problems associated with recombination at the hetero-interface. 
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Fig. 4.8. Current voltage characteristics of the solar cell with different doping 
concentrations in p-Si, keeping n-ZnO doping concentration constant at 2.2×1019 cm-3. 
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Fig. 4.9. Current, voltage, and power characteristics of the Si-ZnO single heterojunction 
solar cell with optimized parameters by simulations. 
 
 

TABLE 4.1. Optimized Parameters for The Solar Cell 
Varying Parameter Value 
Device Parameters 
Device Area 1 cm2 
Surface Texturing None 
Surface Charge None 
Front Reflectance (from ZnO) 5% 
Internal Rear Reflectance 70% 
Emitter Contact Resistance 10-6 Ω 
Base Contact Resistance 0.4 Ω 
Front Region (ZnO) 
Region Thickness 0.5 μm 
Electron/Hole Mobility 50 cm2/Vs 
Dielectric Constant 8.66 
Bandgap 3.27 eV 
Refractive Index 2 
n-type Background Doping 2.2×1019 
Bulk Electron/Hole 
Recombination Time 1×10-6 μs 

Electron/Hole Front Surface 
Recombination Velocity 1×107 cm/s 

Rear Region (Si) 
Region Thickness 160 μm 
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Carrier Mobilities From Internal 
Model of PC1D 

Dielectric Constant 11.9 
Bandgap 1.124 eV 
Intrinsic Concentration at 300 
K 1×1010 cm-3 

p-Type Background Doping 1×1016 cm-3 
Peak Rear p-Type Doping 3×1018 cm-3 
Bulk Electron/Hole 
Recombination Time 100 μs 

Electron/Hole Front Surface 
Recombination Velocity 1×106 cm/s 

Electron/Hole Rear Surface 
Recombination Velocity 300 cm/s 

Results: 
Short Circuit Current = 37.7 mA 
Open Circuit Voltage = 0.6221 V 
Maximum Output Power = 19.0 mW 
Conversion Efficiency = 19.0% 
Fill Factor = 81% 

 

TABLE 4.2. A comparison of the processes involved in fabrication of the conventional and 
the n-ZnO/p-Si solar cell 

Si p-n junction solar cell ZnO-Si solar cell 
Wafer selection Wafer selection 

Saw damage etching Saw damage etching 
Texturing Texturing 

p-n junction formation 
High temperature 

(820 – 920 °C) 

ZnO growth 
Low temperature 

(550 °C) 
Edge isolation Might be needed (depends 

on growth technique) 
SiN deposition – 

Contact formation Contact formation 
 

4.4 Summary 

This chapter included modeling and simulations of n-ZnO/p-Si single heterojunction 

solar cells. Internal and external quantum efficiencies as well as electrical characterization 

were simulated using modified PC1D software. Influence of doping concentrations on ZnO 
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and Si was investigated to find the optimized values of doping concentrations. 

Furthermore, importance of the n-ZnO/p-Si solar cell structure is highlighted in 

comparison with the conventional Si pn junction solar cell. The measured absorption 

spectrum of the ZnO thin films grown in our Lab was used in PC1D simulations in order 

to get more realistic results of the model. The best values of ISC, VOC, conversion 

efficiency, and fill factor has been predicted as 37.7 mA, 0.6221 V, 19.0% respectively. 

The simulation results prove that ZnO can be used with Si to fabricate efficient, durable, 

and cost effective heterostructure solar cells. 

 



 
 

CHAPTER 5: n-ZnO/p-Si HETEROJUNCTION SOLAR CELL FABRICATION AND 
CHARACTERIZATION 

 

5.1 Introduction 

To fabricate n-ZnO/p-Si single heterojunction solar cell (SHJSC), ZnO was deposited 

on p-Si substrates using RF magnetron sputtering and then front and back metal contacts 

were made using handmade shadow masks. The electrical characterization of the n-ZnO 

thin films was carried out by Hall measurements which revealed that resistivity of the ZnO 

film is too high to measure current-voltage (I-V) characteristics. Therefore, suns-VOC 

measurements were made to circumvent effects of series resistance. A summary of best 

results recently achieved by other researchers has been incorporated in this chapter. We 

have prepared several n-ZnO/p-Si SHJSC samples and performed suns-VOC measurements 

to validate the experimental value of VOC because there are discrepancies in the measured 

value of VOC of n-ZnO/p-Si SHJSC in the literature. Previous work on n-ZnO/p-Si SHJSC 

has already been cited in Chapter 1 (section 1.4). We obtained a repeatable value of VOC 

of 260 mV which is very close to the value reported in literature by other researchers. This 

value is much lower than theoretical value of >600 mV predicted by PC1D simulations 

based on band bending between n-ZnO and p-Si. 

This chapter also presents a theoretical description of heterojunction formation between 

n-ZnO and p-Si based on Anderson energy-band model. At the end, a discussion is 

provided about the possible causes of lower experimental value of VOC and the potential 

solutions to improve the device performance. 
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5.2 Heterojunction Formation 

The energy band diagram of an ideal n-ZnO/p-Si heterojunction is depicted in Fig. 5.1 

that seems like a type-II heterojunction. the features of the band alignment are determined 

based on the Anderson energy-band rule also known as electron affinity model. The 

conduction band offset (∆EC) and valence band offset (∆EV) according to Anderson’s rule 

are given by 

∆𝐸𝐸𝐶𝐶 = 𝜒𝜒2 − 𝜒𝜒1                                                               (5.1) 

∆𝐸𝐸𝑉𝑉 = �𝜒𝜒2 + 𝐸𝐸𝑔𝑔2� − �𝜒𝜒1 + 𝐸𝐸𝑔𝑔1�                                            (5.2) 

where χ is electron affinity, Eg is bandgap, and subscripts 1 and 2 correspond to Si and 

ZnO respectively in our case. The electron affinity and bandgap of Si are well known to be 

4.05 and 1.12 eV respectively. These values vary significantly in literature for ZnO. The 

bandgap of ZnO films prepared in our Labs, using both MOCVD and sputtering, turned 

out to be 3.27 eV which coincides with the values reported by several researchers. Actually, 

the bandgap of ZnO can be tuned over a large range from 3 to 5 eV by alloying which is 

considered as one of the unique advantages of ZnO. Sundaram et al. has reported the 

electron affinity of ZnO around 4.5 eV which was calculated using I-V measurements and 

Shottky-Mott model [120]. Since the ZnO films are highly doped, their fermi level almost 

overlaps with the conduction band edge. Therefore, the work function of ZnO is considered 

same as electron affinity. These values result in ∆EC and ∆EV of ~0.4 and 2.55 eV 

respectively. Sundaram et al. has also considered a very thin (1-2 nm) oxide layer at the 

interface that is likely to develop due to high energy process like magnetron sputtering 

[121] [122]. The carrier flow across the junction is largely affected by oxide layer thickness 

that dictates the tunneling coefficient [123]. 
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Fig. 5.1. Schematic diagram of n-ZnO/p-Si heterojunction band-bending. 

 

There are two limitations of the Anderson’s rule [124]. The first is that Anderson’s rule 

neglects electron correlation effect. The correlation effect occurs when electron moves to 

the vacuum level (according to definition of electron affinity) and surrounding electrons 

rearrange themselves to reduce the total energy of the system. The magnitude of correlation 

effect is generally very small. The second drawback is the lack of consideration of lattice 

mismatch and interface defects. Dangling chemical bonds at the interface of two 
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semiconductors form interface states. Conduction and valence band discontinuities are 

affected by the dipole effects induced by electron transfer. Interestingly, the dipole effect 

is significantly reduced and becomes negligible if there is large lattice mismatch as is the 

case with ZnO/Si heterojunction [125]. Therefore, Anderson’s rule is valid to determine 

band edge offsets of a highly mismatched ZnO/Si heterojunction. 

5.3 n-ZnO/p-Si Solar Cell Device Fabrication 

5.3.1 ZnO Deposition by RF Sputtering 

A few samples were prepared by sputtering ZnO on Sapphire and Si substrates at a 

temperature of 300 °C using sputtering system by AJA International Inc. The rotation speed 

was approximately 20 rpm. The RF power was 180 W, frequency was 13.56 MHz, and 

sputtering time was 90 minutes. The pre-cleaning of substrates and optimization of growth 

conditions was discussed in chapter 3. The thickness of ZnO films was around 190 nm with 

sputtering rate of ~2 nm/min. The thickness of the sputtered ZnO film was measured by 

mechanical profilometer as well as filmetrics tool. Both methods gave almost same value 

of thickness. Although, the crystal quality was reasonable, it can be further improved by 

raising growth temperature beyond 300 °C which is the upper limit of our sputtering 

system. Optical characterization using photoluminescence, transmission and 

interferometric spectral reflectance, and structural characterization using XRD, SEM and 

AFM were presented in chapter 3. 

5.3.2 Electrical Characterization 

The hall measurements at room temperature were performed to determine the carrier 

concentration, mobility and resistivity of the samples. These three electrical measurements 

for a ZnO sample grown on Sapphire are graphed in Fig. 5.2 as a function of distance in 
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the sample. As expected, the ZnO film was inherently n-doped with carrier concentration 

around 1.8×1018 cm-3. The sample has good uniformity in electrical characteristics over the 

surface. Unintentional n-type doping can be attributed to oxygen vacancies or zinc 

interstitials. But it is also argued that hydrogen and other impurities are more responsible 

for this behavior [56] [57]. As compared to p-type doping, it is easy to achieve n-doped 

ZnO layers with a desired carrier concentration using different techniques. It is possible to 

grow n-doped ZnO thin films by incorporating Mg, In, Al, Ga and their combinations. But 

it is still a challenge to obtain reproducible, consistent, reliable and highly conductive p-

type ZnO thin films and nanostructures.  

 
Fig. 5.2. Unintentional n-type carrier concentration, mobility, and resistivity of a ZnO thin 
film as a function of distance from the edge of the sample. The film was grown on sapphire 
substrate for convenience in Hall measurements. 
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The samples prepared by MOCVD had similar electrical characteristics as sputtered 

samples. Fortunately, the carrier concentration optimized by PC1D (section 4.3.4) for our 

proposed model is very close to the value measured for the samples prepared by MOCVD 

and sputtering in our labs. Therefore, for initial device fabrication, doping arrangements 

are not required and the first solar cell can be made using available facilities. 

5.3.3 Contacts Formation by E-Beam Evaporation 

 
(a) 

 
(b) 

Fig. 5.3. Solar cell device using ZnO as an active n-layer and AR coating (a) schematic (b) 
contact formation on device with 1 cm2 area using handmade shadow mask. 

 

The samples were again cleaned with acetone in ultrasonic bath before contact 

deposition using e-beam evaporation. The front Ag-contact and back Al-contact were 
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deposited by Kurt J. Lesker system using handmade shadow masks. A few samples with 

different number of fingers were prepared to examine the effect of finger spacing. The 

edges were isolated during contact deposition. Figure 5.3 (a) depicts schematic of the n-

ZnO/p-Si solar cell device where ZnO is acting as electrically active n-layer as well as AR 

coating saving fabrication complexity and cost. Figure 5.3 (b) is a photograph of a few n-

ZnO/p-Si SHJSC devices fabricated in the first trial of experiments. 

5.4 Effect of Series Resistance on I-V Measurements 

An ideal solar cell can be modeled by a current source (representing photocurrent) in 

parallel with a diode. But practically, every solar cell has a shunt resistance (RSH) and a 

series resistance (RS) as shown in Fig. 5.4 (a). Usually, the shunt resistance is very high 

and can be considered as open for specific purposes. Under dark conditions, omitting 

current source and neglecting RS, the circuit simplifies as shown in Fig. 5.4 (b) for I-V 

measurement. 

The mathematical description of I-V characteristics for ideal diode are given by 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
𝑐𝑐𝑉𝑉
𝑛𝑛𝑛𝑛𝑛𝑛 − 1� .                                                           (5.3) 

The exponential term inside brackets is usually much larger than 1. Also IL = 0 under 

dark so the equation simplifies to 

𝐼𝐼 = −𝐼𝐼0 �𝑒𝑒
𝑐𝑐𝑉𝑉
𝑛𝑛𝑛𝑛𝑛𝑛�                                                                (5.4) 

which can be written in form of proportionality expression as 

𝐼𝐼 ∝  𝑒𝑒
𝑐𝑐𝑉𝑉
𝑛𝑛𝑛𝑛𝑛𝑛                                                                      (5.5) 

The proportionality expression is valid for an ideal diode. In case of series resistance 

as shown in Fig. 5.4b, the expression modifies to 
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𝐼𝐼 ∝  𝑒𝑒
𝑐𝑐(𝑉𝑉−𝐼𝐼𝐴𝐴𝑠𝑠)
𝑛𝑛𝑛𝑛𝑛𝑛                                                                       (5.6) 

The expression (5.6) is numerically solved in MATLAB qualitatively to evaluate the 

effect of series resistance on the curvature on I-V curve as shown in Fig. 5.5. 

 
(a) 

 
(b) 

 
Fig. 5.4. Equivalent circuit of a practical solar cell (a) practical solar cell (b) under dark 

condition considering shunt resistance as open. 
 

The ZnO films grown in our lab have a resistivity larger than 0.2 Ωcm as shown in Fig. 

5.2 where the resistivity should be at least 20 times less than this value to get reasonable 

current [81] which is possible by doping ZnO with Al or Mg. This whole discussion about 

effect of RS on I-V measurements proves that direct I-V measurements are valid for solar 

cells having very low value of RS. Otherwise, the I-V curve will show ohmic-like behavior 

making determination of VOC value impossible. Therefore, we have employed suns-VOC 
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measurements, that circumvent series resistance, to quantify actual VOC value of the n-

ZnO/p-Si SHJSC in which undoped ZnO is deposited which inherently turns out to be n-

type. 

 

 
Fig. 5.5. Effects of series resistance on I-V characteristic measurements. 

 

5.5 Suns-VOC Measurements 

Suns-VOC measurement is a relatively new technique, in which a flash lamp is used to 

produce monotonically varying illumination and resultant time dependent 

photoconductance of the sample is measured. Proper analysis requires use of the continuity 

equation for the excess minority carrier density. For the case of low injection, the continuity 

equation for the excess minority carriers in a semiconductor reduces to [126] 

𝜕𝜕∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐺𝐺(𝑥𝑥, 𝑡𝑡) −
∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)
𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛

+ 𝐷𝐷𝑛𝑛
𝜕𝜕2∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥2
                                 (5.7) 
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where ∆n, G, τ, and Dn are excess minority carrier density, generation rate, lifetime and 

diffusion coefficient respectively. The minority carriers’ loss due to surface recombination 

at the wafer of thickness W is given by the boundary conditions 

𝐷𝐷𝑛𝑛
𝜕𝜕∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥
�
𝑥𝑥=0

= 𝑆𝑆𝑖𝑖𝑟𝑟𝑜𝑜𝑛𝑛𝑓𝑓∆𝑛𝑛(0, 𝑡𝑡)       &      −𝐷𝐷𝑛𝑛
𝜕𝜕∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥
�
𝑥𝑥=𝑊𝑊

= 𝑆𝑆𝑏𝑏𝑎𝑎𝑐𝑐𝑛𝑛∆𝑛𝑛(𝑊𝑊, 𝑡𝑡)   (5.8) 

where S is the surface recombination velocity. Integrating Eq. (5.7) over the wafer width 

gives 

𝜕𝜕
𝜕𝜕𝑡𝑡
� ∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑥𝑥
𝑊𝑊

0

= � 𝐺𝐺(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑥𝑥
𝑊𝑊

0
−

1
𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛

� ∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑥𝑥
𝑊𝑊

0
+ 𝐷𝐷𝑛𝑛

𝜕𝜕∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥

�
𝑥𝑥=𝑊𝑊

− 𝐷𝐷𝑛𝑛
𝜕𝜕∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥
�
𝑥𝑥=0

    (5.9) 

Dividing the whole equation by the wafer width W, and using the boundary conditions from 

Eq. (5.8), the expression reduces to 

𝑛𝑛∆𝑛𝑛𝑎𝑎𝑣𝑣(𝑡𝑡)
𝑛𝑛𝑡𝑡

= 𝐺𝐺𝑎𝑎𝑣𝑣(𝑡𝑡) −
∆𝑛𝑛𝑎𝑎𝑣𝑣(𝑡𝑡)

𝜏𝜏𝑒𝑒𝑖𝑖𝑖𝑖(∆𝑛𝑛𝑎𝑎𝑣𝑣)                                                 (5.10) 

where 

∆𝑛𝑛𝑎𝑎𝑣𝑣(𝑡𝑡) =
1
𝑊𝑊
� ∆𝑛𝑛(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑥𝑥
𝑊𝑊

0
                                                    (5.11) 

𝐺𝐺𝑎𝑎𝑣𝑣(𝑡𝑡) =
1
𝑊𝑊
� 𝐺𝐺(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑥𝑥
𝑊𝑊

0
                                                       (5.12) 

∆𝑛𝑛𝑎𝑎𝑣𝑣(𝑡𝑡)
𝜏𝜏𝑒𝑒𝑖𝑖𝑖𝑖(∆𝑛𝑛𝑎𝑎𝑣𝑣)

=
∆𝑛𝑛𝑎𝑎𝑣𝑣(𝑡𝑡)

𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛(∆𝑛𝑛𝑎𝑎𝑣𝑣)
+

1
𝑊𝑊
𝑆𝑆𝑖𝑖𝑟𝑟𝑜𝑜𝑛𝑛𝑓𝑓∆𝑛𝑛(0, 𝑡𝑡) +

1
𝑊𝑊
𝑆𝑆𝑏𝑏𝑎𝑎𝑐𝑐𝑛𝑛∆𝑛𝑛(𝑊𝑊, 𝑡𝑡)                 (5.13) 

The Sinton Instruments tool measures the illuminated power, Gav(t), using a calibrated 

solar cell and the conductivity of the sample using an inductive coil. Using measured data 

in numerical simulations, the control program computes the average value of excess 

minority carrier density, ∆nav(t), bulk and effective lifetimes, and front/back recombination 
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velocities. Then the actual illumination level can be plotted against an implied VOC using 

the relationship [127] 

𝑛𝑛𝑝𝑝 ≈ ∆𝑛𝑛(0)[𝑁𝑁𝐴𝐴 + ∆𝑛𝑛(0)] = 𝑛𝑛𝑖𝑖2 exp �
𝑞𝑞𝑉𝑉𝑜𝑜𝑐𝑐
𝑘𝑘𝑘𝑘

�                                    (5.14) 

where NA is the doping concentration in p-Si wafer. 

The initially fabricated devices, a few of them shown in Fig. 5.3 (b), were tested by 

suns-VOC measurements using Sinton Instruments tool. The results for one of the fabricated 

device are depicted in Fig. 5.6 which confirms junction formation between n-ZnO and p-

Si. The pseudo light IV curve is obtained by using basic diode current-voltage relation 

given in Eq. (5.3) and then plotting the IV curve in the first quadrant as shown in Fig. 5.6 

(b). This IV curve is quantitatively not valid because (1) the photogenerated current IL is 

calculated assuming 100% EQE and (2) the series resistance is assumed as zero. The best 

values of VOC, ideality factor (n), J01, J02, and shunt resistance we obtained are 0.260 V, 

1.97, 1.2×10-12 A/cm2, 1.0×10-11 A/cm2, and 150×103 Ω-cm2 respectively. The value of J02 

was more than two orders larger than J01 in most of devices which shows recombination in 

bulk is more dominant than that at the interface. The low value of VOC is because of (1) the 

recombination due to defects introduced at the interface and (2) the low crystal quality of 

the Si substrate. Also, a thin layer of SiO2 is expected to form at the interface during ZnO 

growth. If this layer is too thick, it can reduce the tunneling coefficient which results in 

recombination of the photo-generated carriers in the conduction band in Si through 

interface states and thus reducing the photocurrent and VOC. The formation of SiO2 layer 

at the interface can be prevented by introducing a buffer layer of aluminum nitride (AlN) 

or titanium nitride (TiN) to compensate the lattice mismatch. The buffer layer will have an 

extra advantage of reducing reverse saturation current resulting in increased VOC. 
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(a) 

 
(b) 

Fig. 5.6. Suns-VOC measurements (a) illumination and test cell VOC (b) pseudo light IV 
curve without effect of series resistance. 

 

5.6 Contribution by Other Researchers 

In 2015, we reported feasibility of n-ZnO/p-Si SHJSC by theoretical analysis, PC1D 

based simulations, and preliminary experimentation highlighting the feasibility of ZnO as 
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an electrically active n-layer as well as AR coating [80]. This triggered some researchers 

to fabricate n-ZnO/p-Si SHJSC and to use ZnO as AR coating [128] [81] [129]. The best 

experimental efficiency of 7.1% for n-ZnO/p-Si HJSC is reported by Pietruszka et al. using 

atomic layer deposition (ALD) [81]. Utilizing the model proposed by Knutsen et al. [78], 

they have incorporated Mg in ZnO to reduce conduction band offset between ZnO and Si 

that resulted in higher conversion efficiency. Pietruszka et al. prepared four samples named 

A, B, C and D with different percentages of Mg incorporation in ZnO as shown in Table 

5.1.  

 
TABLE 5.1. Photovoltaic parameters of the n-ZnO/p-Si SHJSC prepared by different 
percentages of Mg alloying in ZnO. The values of Mg percentage, RS and RSH have 
different level of uncertainties not shown here for simplicity. The data has been tabulated 
here after consultation and consent from Pietruszka et al. [81]. 

Sample Mg (%) RS (Ω) RSH (Ω) JSC 
(mA/cm2) 

VOC 
(mV) FF (%) Eff. (%) 

A 0 17 ~106 30.3 257 48 3.7 
B 0.7 21 ~106 33.1 307 55 5.6 
C 1.6 12 ~104 34.0 304 58 6.0 
D 3.8 120 ~103 26.4 268 29 2.1 

 

The current density vs voltage (J-V) characteristics are plotted in Fig. 5.7 for samples 

A – D measured under standard one sun illumination. The parameters RSH, JSC, VOC and 

fill factor (FF) were extracted by using the IV Curve Fitter software. The efficiency (Eff) 

was calculated using relation 

𝐸𝐸𝑓𝑓𝑓𝑓 =
𝐽𝐽𝑆𝑆𝐶𝐶𝑉𝑉𝑂𝑂𝐶𝐶𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑛𝑛
                                                               (5.16) 

where Pin is the solar simulator power density having value of 100 mW/cm2 for the sample 

having area of 1 cm2. 
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Fig. 5.7. J-V characteristics of the samples A–D prepared with different Mg concentrations 
in ZnO measured under one sun illumination [81]. 

 

 
Fig. 5.8. Comparison between the J-V response of the sample C with ZnO deposited at 160 
°C and sample E with ZnO deposited at 300 °C [81]. 
 
 

It can be noticed that J-V characteristic curve of sample D, that has RS > 100 Ω, follows 

the same trend as predicted by simulations shown in Fig. 5.5. Another sample named ‘E’ 

was prepared by growing ZnO films at elevated temperature of 300 °C. the J-V curve of 

the sample measured under 1 sun illumination is shown in Fig. 5.8 with comparison of 
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sample C. the most significant difference is the values of FF and RSH. The FF value 

increased from 58% to 66% and RSH improved from ~103 to ~106 Ω causing ~1.1% increase 

in the efficiency due to improvement in crystal quality of ZnO. 

5.7 Issues at the Interface of ZnO/Si Heterojunction 

The lower experimental value of VOC of n-ZnO/p-Si SHJSC is attributed to Fermi level 

pinning at the hetero-interface causing high interface recombination velocity [130]. The 

main reason of high recombination velocity at the heterostructure interface is the defects 

introduced due to lattice mismatch between the crystal structures of the two materials. The 

c/a ratio of lattice parameters (a=3.25 Å, c=5.21 Å) of ZnO wurtzite structure is 1.603 

which is very close to the ideal ratio of 1.633 for highly stable structure. This makes ZnO 

very resistant to UV radiation and harsh environments making it ideal candidate as a front 

layer of solar cell. However, the drawback is that it has a large mismatch with Si lattice 

structure. The most common solution to lattice mismatch problem is the use of a buffer 

(transition) layer between the two materials, though, it can increase the process complexity 

and fabrication cost. Jin et al. have developed epitaxial ZnO thin films on Si (111) using 

aluminum nitride (AlN) and magnesium oxide (MgO)/titanium nitride (TiN) buffer layers 

[131]. AlN has a wurtzite structure similar to that of ZnO with close lattice parameters 

a=3.11 Å and c=4.98 Å (~4% mismatch). In apitaxial growth of AlN on Si, integral 

multiples of the major lattice planes of the film and substrate match across the interface 

[132]. This can induce some strain in the crystal but has negligible effects for very thin 

layers. High quality ZnO crystal can be grown on AlN due to close lattice match. TiN and 

MgO can be grown on each other since both have very close lattice parameters with each 

other as well as with ZnO. By means of transmission electron microscopy, x-ray 
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diffraction, and photoluminescence, Jin et al. concluded that both ZnO/AlN/Si and 

ZnO/MgO/TiN/Si films demonstrate excellent structural, optical, and electrical properties. 

It is noteworthy that increase in buffer layer thickness raises diode ideality factor; therefore, 

the buffer layer thickness is of considerable importance for the recombination process [27]. 

The nanostructures of n-ZnO have also been grown directly on p-Si by chemical vapor 

deposition to study photoluminescence and electroluminescence properties [133]. 

A thin layer of SiO2 is expected to form at the interface during ZnO growth which can 

significantly influence the solar cell performance. If the SiO2 layer is too thick, it can 

reduce the tunneling coefficient resulting in recombination of photo-generated holes with 

electrons in the conduction band in Si via interface states consequently suppressing the 

photocurrent. If a buffer layer of AlN or TiN is used to compensate lattice mismatch (as 

explained earlier), it will have an additional advantage of preventing formation of SiO2 

layer at the interface. Also, the presence of a thin insulating layer can reduce the reverse 

saturation current causing increase in Voc. 

5.8 Gallium Alloying in ZnO to Increase Bandgap 

Our undoped ZnO samples have a bandgap around 3.27 eV (~380 nm). According to 

ASTM G-173 spectra provided by NREL, around 10% “intensity” of solar spectrum lies 

below this wavelength. Since absorption coefficient of ZnO is on the order of 105 cm-1, the 

absorption length is around 100 nm. Therefore, most of the UV portion of solar radiation 

would be absorbed in the 100 nm thick ZnO layer. This is undesired because the photons 

absorbed before the heterojunction are less likely to contribute in photogenerated current 

due to absence of high electric field in the depletion region because the built-in voltage of 

our heterostructure is mostly on the low-bandgap (Si) side. Fortunately, the bandgap of 
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ZnO can be increased to up to 5 eV by incorporating high ratio of gallium (Ga) content 

[38]. It improves transmission and electrical characteristics of the film as well [47] [60]. 

Therefore, we have grown Ga rich ZnO:Ga films using MOCVD to examine the bandgap 

tuning. Trimethylgallium was used as the Ga source. The doped films were grown with the 

same optimized temperature and other conditions as explained in chapter 2 for pure ZnO 

growth. The PL spectra of both ZnO and ZnO:Ga were dominated by the near band edge 

(NBE) emission as depicted in Fig. 5.9. The spectra are normalized to their maximum 

values. The bandgap is blue-shifted by about 105 meV (12 nm). These PL spectra should 

not be confused with those presented in Fig. 2.3. These films are much thicker (~5 μm); 

therefore, PL spectra shown here are much broader. The molar ratio of Ga was around 50% 

during our growth process which lead to a bandgap around 3.35 eV (370 nm). This is in 

accordance with the model reported by Zhao et al. [38]. We attribute this increase in 

bandgap to well-known Burstein-Moss effect in which effective bandgap of a heavily 

doped semiconductor is increased as the absorption edge in conduction band moves to 

higher energies because all states close to the conduction band edge are filled. It is 

important to note that Burstein-Moss shift will reduce by decreasing temperature and will 

eventually disappear at cryogenic temperatures. 

The intensity of NBE emission decreases with Ga incorporation which can be analyzed 

by difference in laser (used for excitation) related peak at 250 nm illustrated in Fig. 5.9. 

This implies that Ga-doping produces local strain around Ga atoms creating non-radiative 

channels. This causes annihilation of the exciton radiative transition and thus limiting the 

radiative efficiency of NBE emission [134]. Similar results have been reported by other 

researchers for Ga-doped ZnO prepared by MOCVD [135] and spin coating [36] 
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techniques. However, linewidth (FWHM) of NBE emission does not increase in our Ga-

doped ZnO films contradicting the results reported by Ye et al. [39]. They have developed 

a reasonable argument attributing the linewidth increase to unavoidable inconsistency of 

doping concentration giving rise to tail states resulting in broadening of luminescence 

linewidth. Further study is required to understand the mechanism behind the broadening of 

NBE emission observed by Ye et al. but not witnessed in our samples. 
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Fig. 5.9. PL spectra of pristine ZnO and Ga-rich ZnO:Ga showing increase in bandgap due 
to Burstein-Moss shift suitable for ZnO use as a front layer of solar cell. 

 

In case of heavy Ga-doping in ZnO and resulting Burstein-Moss shift, the film will 

most probably be degenerate and behave like a metallic electrode. Then, the heterostructure 

is expected to act like a Schottky diode instead of p-n junction. This can greatly modify the 

device performance and cell parameters. In this scenario, again, the insulating buffer layer 
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can play a vital role because diode ideality factor and barrier height are highly dependent 

on buffer layer thickness in Schottky solar cells [136]. Graphene based Schottky diode 

solar cells have been reported exhibiting reasonable efficiency but a tradeoff is required in 

conductivity and transparency of the grapheme sheets to optimize the performance [137] 

[138]. Where the Ga-doping in ZnO not only increases electrical conductivity but also 

transparency of the films. 

Experimental results presented in this chapter and in literature suggest that ZnO can be 

used with Si to fabricate efficient, durable, and cost effective heterostructure solar cells. 

The proposed device does not need p-type doping in ZnO which is a well-known issue with 

this material. But tremendous amount of research and experimental study is required to 

understand and overcome the problems associated with recombination at the hetero-

interface. Study concerning the band offset and the Fermi level position at the interface is 

also necessary, since charge transfer and recombination activity depend on these factors 

[14]. 

5.9 Summary 

In this chapter, theoretical analysis of type-II n-ZnO/p-Si heterojunction formation was 

provided with the help of band-bending diagram and Anderson’s rule. Then the different 

processing steps involved in the fabrication of n-ZnO/p-Si SHJSC device were explained. 

Electrical characterization using Hall measurement showed that inherent doping level of 

n-ZnO films is fortunately close to the value (~1018 cm-3) optimized for the solar cell by 

PC1D modeling, but the resistivity of the films is too high to evaluate samples using I-V 

characterization. Therefore, suns-VOC measurements were used to quantify VOC of the solar 

cells. We obtained a repeatable value of VOC of 260 mV which is very close to the value 
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reported in literature by other researchers. This value was much lower than theoretical 

value of >600 mV predicted by PC1D simulations based on band bending between n-ZnO 

and p-Si. The possible reasons and potential solutions of the lower experimental value of 

VOC were discussed. Furthermore, Ga-doped ZnO films were prepared to study bandgap 

tuning of ZnO to utilize maximum possible energy of the solar spectrum. 

 



 
 

CHAPTER 6: IMPROVEMENT IN OPEN CIRCUIT VOLTAGE OF n-ZnO/p-Si 
SOLAR CELL BY USING AMORPHOUS-ZnO AT THE INTERFACE 

 

6.1 Introduction 

The main reason behind the difference between theoretically predicted and practically 

achieved conversion efficiency of n-ZnO/p-Si HJSC is that experimental open circuit 

voltage (VOC) is much lower than the predicted value of VOC (~650 mV) based on band-

bending between n-ZnO and p-Si. Most of the researchers attribute this lower value of VOC 

to the interface states because of lattice mismatch between ZnO and Si. As explained in 

previous chapter, we have demonstrated the experimental value of VOC as 260 mV after 

preparing several samples of n-ZnO/p-Si HJSC by depositing intrinsic ZnO on p-Si wafers 

by RF magnetron sputtering. 

In this chapter, we report >20% improvement in VOC of n-ZnO/p-Si HJSC by simply 

depositing amorphous-ZnO (a-ZnO) at the interface between crystalline ZnO (c-ZnO) and 

Si. Two other materials, amorphous-Si (a-Si) and aluminum nitride (AlN) were also 

deposited as a buffer layer (BL) between c-ZnO and Si-wafer. But the best VOC was 

achieved for the device having a-ZnO at the interface. The improvement in VOC is probably 

due to elimination/reduction in SiOx formation at the interface of c-ZnO and Si-wafer, 

and/or reduction in the interface states. Additionally, we demonstrate significant decrease 

in reflection from front surface of the solar cell when ZnO is used as the front n-layer. 
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6.2 Materials and Methods 

Solar cells were fabricated using three types of Si wafers: (type-1) boron-doped p-type 

(100) wafers with resistivity 1.5 Ωcm and thickness 90 µm, (type-2) boron-doped p-type 

(100) wafers with resistivity 0.7–5 Ωcm and thickness 500 µm, and (type-3) boron-doped 

p-type (111) textured wafers with resistivity 2 Ωcm and thickness 190 µm. The Si wafers 

were cut into 1×1 cm2 pieces and then cleaned in three stages. (i) The wafers were 

subsequently placed in acetone container on to a hot plate at 55 °C for 10 minutes, in 

methanol at room temperature for 5 minutes, rinsed with deionized (DI) water, and dried 

with nitrogen. (ii) To remove the organic residues, Si wafers were placed in H2O2/H2SO4 

solution of 2:3 ratio for 20 minutes and then rinsed with DI water. (iii) To etch the SiOx 

layer at the surface, the wafers were dipped in 10% hydrofluoric (HF) solution for 10 

seconds (proper procedure should be adopted while using this dangerous acid). Then the 

wafers were again rinsed with DI water and dried in nitrogen. After the HF-solution dip, 

the Si wafers are supposed to have hydrogen-terminated surface and less likely to develop 

SiOx at room temperature. 

Three types of n-ZnO/BL/p-Si solar cell samples were prepared each with different 

type of buffer layer (BL); AlN, a-Si, or a-ZnO. AlN BL of thickness ~5 nm was deposited 

by RF sputtering using CVC AST-601 tool with RF power and rotation speed of 150 W 

and 10 rpm respectively. Before depositing AlN as BL, the growth rate of 1.67 nm/min of 

AlN was calibrated by preparing a few samples of different thicknesses. The a-Si BL of 

thickness ~5nm was deposited using Kurt J. Lesker e-beam evaporation system. The 

growth rate of a-Si was calibrated as well. The a-ZnO BL and c-ZnO n-layer were deposited 

by AJA International Inc. sputtering system. The sputtering pressure was 3×10-3 torr in 
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argon gas environment and the susceptor rotation speed was set to 20 rpm. The RF power 

and frequency used for ZnO sputtering were 180 W and 13.56 MHz respectively. ZnO does 

not crystallize if sputtered at room temperature. Therefore, during a-ZnO BL deposition, 

temperature was kept at 20 °C. The thickness of a-ZnO layer is estimated to be 8–10 nm 

based on growth rate of 2.5 nm/min and deposition time of 4 minutes. The temperature was 

raised to 300 °C to deposit c-ZnO n-layer. The front and back Al contacts were made by 

using shadow mask in Kurt J. Lesker e-beam evaporation system. The samples were again 

cleaned with acetone in ultrasonic bath before contact deposition. The edges were isolated 

during contact deposition. The Fig. 6.1 shows schematic and optical pictures of the final 

solar cell device. 

Back Al Contact

p-Si

Buffer Layer

n-ZnO

Front Al Contact

 
(a) 

 

  
(b) 

Fig. 6.1. (a) Schematic of the n-ZnO/BL/p-Si solar cell (b) Optical pictures of the front 
(left) and back (right) of an n-ZnO/BL/p-Si solar cell of size 1cm×1cm. 
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Crystallinity of the ZnO films was characterized by PANalytical X-ray diffractometer. 

Scanning electron microscopy (SEM) images were obtained using SEM column part of the 

Raith 150 e-beam lithography system. The thickness measurements were carried out by 

Filmetrics F20-UV system that exploits spectral reflectance data to calculate thickness, 

optical constants, and roughness of the sample. The photoluminescence (PL) 

measurements were performed by MiniPL-5.0 system by Photon Systems Inc. that has a 

built-in laser with a wavelength of 250 nm. The VOC measurements were made by Suns-

VOC measurement system by Sinton Instruments. The absolute specular reflection 

measurements were conducted by Ocean Optics system using integrated sphere. All the 

characterization measurements were performed at ambient temperature. 

6.3 Characterization Results and Analysis 

6.3.1 Effects of Type of Wafer on the Crystallinity of ZnO 

The crystal orientation and texturing of the Si wafer also showed significant effect on 

the crystallinity of ZnO films. The Figs. 6.2 (a) and 6.2 (b) show SEM micrographs of ZnO 

films deposited on type-1 and type-3 Si wafers respectively. Both samples were prepared 

under same conditions at 300 °C but the surface roughness is much poor in case of the 

textured Si substrate. One possible reason of degradation in crystal quality in the type-3 

sample is uneven crystal growth orientation due to the textured surface. There are a few 

reports about ZnO thick films grown on non-textured Si but not enough data is available 

related to the quality of ZnO thin films deposited on textured Si substrates. Therefore, 

further experimental study is needed to understand the degradation in crystal quality of 

ZnO deposited on textured Si wafers. 
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Fig. 6.2. SEM images of ZnO deposited at 300 C by sputtering on (a) type-1 and (b) type-
3 Si wafer. 

 
Fig. 6.3. (a) SEM image of the cross-section of the n-ZnO/a-ZnO/p-Si structure (b) Higher 
resolution SEM image of n-ZnO/AlN/p-Si structure showing grain size more than 100 nm. 
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The Fig. 6.3 (a) shows SEM image of the cross-section of the n-ZnO/a-ZnO/p-Si 

structure. The thickness of ZnO layer is ~250 nm which is very close to value measured by 

spectral reflectance technique. A high resolution SEM image of n-ZnO/AlN/p-Si structure 

is depicted in Fig. 6.3 (b). It can be noted that the grain size is on the order of 100 nm which 

is consistent with the grain size value calculated using XRD data. Transmission electron 

microscopy (TEM) of the cross-section could provide more useful information about the 

interface morphology. 

6.3.2 Suns-VOC Measurements 

The description of suns-VOC measurement technique and its usefulness has been 

explained in section 5.5 in the previous chapter. Fig. 6.4 shows time-varying illumination 

light intensity and corresponding inferred VOC of one of our best n-ZnO/a-ZnO/p-Si solar 

cell samples. The value of VOC at 1-sun is 359 mV. Fig. 6.5 demonstrates power density 

curves plotted by suns-VOC system for the best samples related to the three structures of n-

ZnO/BL/p-Si solar cell as well as a simple n-ZnO/p-Si structure without the buffer layer. 

The ranges of the VOC values for the several samples of each of the structures are listed in 

Table 6.1. We attribute improvement in VOC to reduction in SiOx formation and 

suppression in the interface states due to a-ZnO buffer layer. SiOx layer is more likely to 

develop at higher temperatures. Since the a-ZnO layer is deposited at room temperature; 

therefore, it inhibits oxidation of Si. Once a-ZnO covers the Si wafer surface, it prevents 

oxidation even when c-ZnO is deposited at 300 °C as the next processing step. It probably 

suppresses interface states and consequential electron-hole recombination rate as well due 

to reduction in surface dangling bonds as a-Si does in case of HIT heterojunction Si solar 
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cell. Further experimental study is required to understand the effects of a-ZnO buffer layer 

on the interface states. 
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Fig. 6.4. Time-varying illumination light intensity and corresponding inferred VOC of one 
of our best n-ZnO/a-ZnO/p-Si solar cell samples. The value of VOC at 1-sun is 359 mV. 

 

 
Fig. 6.5. Power density curves plotted by suns-VOC system for best samples related to the 
three structures of n-ZnO/BL/p-Si solar cell as well as a simple n-ZnO/p-Si structure 
without buffer layer. 
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TABLE 6.1. VOC values measured for several samples of the four structures. 
Structure Range of VOC values 

(mV) 
n-ZnO/p-Si 235 – 260 
n-ZnO/AlN/p-Si 211 – 231 
n-ZnO/a-Si/p-Si 224 – 267 
n-ZnO/a-ZnO/p-Si 338 – 359 

 

6.3.3 Antireflection Effect of ZnO 

Besides the other advantages of ZnO, its refractive index is very close to the value 

required for an antireflection (AR) coating of Si. Therefore, ZnO can work as an n-type 

layer of the solar cell as well as the AR coating reducing device fabrication complexity and 

cost. We have deposited ZnO layers having different thicknesses on Si wafers to 

experimentally evaluate the AR effect. Fig. 6.6 shows reflection spectra measured from 

bare Si and ZnO/Si structure for four different thicknesses of ZnO film. It can be clearly 

observed that reflection significantly reduces for all the thicknesses of ZnO as compared 

to the bare Si. The optimized value of ZnO film thickness was previously mentioned in 

chapter 4 (section 4.2) as 75 nm. It can be seen that the minimum reflection corresponds to 

the ZnO film of thickness ~72 nm. The thickness of ZnO films was measured by spectral 

reflectance that was giving a variation of ~±2 nm in thickness measurements. It is 

noteworthy that reflection considerably increases for the thickness value of 82 nm. 

Therefore, precision in thickness control of ZnO films plays an important role in the solar 

cell performance. Hence another advantage of sputtering technique is that it provides better 

control on the thickness of ZnO during deposition. As discussed earlier, spatial thickness 

uniformity is also better for the films prepared by sputtering as compared to MOCVD. It 

can also be noticed that in Fig. 6.6 reflection reduces for thicker films (181 nm and 249 

nm) as well. This is important because the relatively high sheet resistance of the thin ZnO 
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layer imposes a requirement of close grid line spacing for the front contacts resulting in 

increased shadowing effect and decreased solar cell performance. Thicker ZnO films can 

be used to reduce the sheet resistance that will still significantly reduce the reflection as 

compared to bare Si. The reflection will further decrease if ZnO with good structural 

quality can be grown on textured Si wafers, although thicker ZnO will reduce the 

transmission. Reflection is still high for the 600-400 nm region with the best thickness. 

Another AR coating can be added to achieve a broad range reduction in reflection. 

 

 
Fig. 6.6. Reflection spectra measured from bare Si and ZnO/Si structure for four different 
thicknesses of ZnO film. The reflection is significantly less than that of bare Si for all the 
thicknesses of ZnO proving additional antireflection effect of ZnO film. 

 

6.4 Discussion 

6.4.1 Importance of Buffer Layer 

The most common solution to the lattice mismatch problem is the use of a buffer 

(transition) layer between the two materials. AlN has a wurtzite structure similar to that of 
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ZnO with close lattice parameters a=3.11 Å and c=4.98 Å (~4% mismatch). In epitaxial 

growth of AlN on Si, integral multiples of the major lattice planes of the film and substrate 

match across the interface. This can still induce some strain in the crystal but has negligible 

effects for very thin layers. We have deposited AlN buffer layer using a separate sputtering 

system (CVC AST-601) that can sputter at room temperature only resulting in poor crystal 

quality. Also, we note that thickness control for films having thickness below 50 nm is very 

difficult to achieve with this tool. It is noteworthy that increase in buffer layer thickness 

raises diode ideality factor; therefore, the buffer layer thickness is of considerable 

importance for the recombination process [27]. We attribute lower VOC of n-ZnO/AlN/p-

Si solar cell (see Fig. 6.6) to low crystal quality and uncertain thickness of the AlN layer. 

We have borrowed the idea of a-Si as buffer layer from HIT solar cell in which a-Si 

passivates the c-Si surface very well reducing surface dangling bond density and reducing 

effective recombination velocity down to 10 cm/s resulting in increased VOC [139]. Our 

solar cell structure is different than HIT solar cell because there is c-ZnO at one side instead 

of doped a-Si. Therefore, the passivation is not expected to be as effective at this side. But 

the recombination is more likely to happen at the interface towards c-Si because the electric 

field drives the minority carriers towards the barrier. The carriers pile up to a certain level 

while waiting to tunnel through the buffer layer (see Fig. 6.7) and are more prone to be 

recombined. We obtained slight improvement in VOC for a few n-ZnO/a-Si/p-Si solar cell 

samples but the results are not repeatable and some samples have even worse VOC (see 

Table 6.1). This is probably due to poor passivation at the interface towards ZnO side. 

Also, the oxidation cannot be prevented using a-Si as buffer layer because SiOx can 

develop on top of a-Si layer while depositing ZnO at higher temperature. 
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Fig. 6.7. Band-bending diagram of n-ZnO/p-Si heterostructure with a buffer layer at the 
interface. 

 

The use of a-ZnO as buffer layer showed the best results as can be seen in Fig. 6.6. We 

attribute this improvement in VOC to two reasons. The a-ZnO is probably passivating both 

c-Si and c-ZnO surfaces effectively resulting in reduced dangling bonds and improved 

VOC. Secondly, the a-ZnO is deposited at room temperature therefore SiOx is less likely to 

develop on the Si wafer surface. Once the a-ZnO layer is deposited, it prevents formation 

of SiOx even at higher temperature when the c-ZnO is deposited as a next fabrication step. 

Another advantage of a-ZnO buffer layer is that it can be deposited using the same target 

in the sputtering tool just by keeping the substrate at room temperature during buffer layer 

deposition. Further experimental study is required to optimize the thickness of a-ZnO 

buffer layer. 
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Study concerning the band offset and the Fermi level position at the interface of ZnO/Si 

is also necessary, since charge transfer and recombination activity depend on these factors 

[14]. Jaramillo et al. have recently related conductive oxide/Si interface with metal/Si 

Schottky junction in terms of Fermi level pinning [130]. Using electronic transport and 

atom-probe tomography, they have demonstrated that the Fermi level is pinned in the lower 

half of the Si bandgap at ZnO:Al/SiO2/Si Schottky junction. The carrier concentration in 

the ZnO:Al layers was varied by 2 orders but the Schottky barrier height remained constant. 

It is hypothesized that the observed Fermi level pinning is linked with the insulator-metal 

transition in doped ZnO, and ZnO/Si barrier height could be tuned by employing kinetic 

and/or electrostatic control of the interface during ZnO:Al growth to overcome the 

thermodynamic driving force for segregation of Al. 

Etching of the surface oxide of Si in aqueous HF solution has a pivotal role in 

fabrication of solar cell and many other devices. Although, HF etching of the Si surface is 

known to produce H-terminated surface but H-termination on chemical reaction of HF with 

SiOx is not intuitive. Silicon oxide removal by HF leads to F-Si bond formation which is 

one of the strongest bond (~6 eV) known in chemistry [140]. Michalak et al. showed that 

it is possible to prepare F-Si surface with up to 30% F monolayer by controlling the 

immersion time in HF [141]. Similarly, they achieved ~30% OH-Si termination by 

immersion of F-Si surface in water without oxidation of the underlying Si wafer. They 

proved that the availability of OH-Si sites without an underlying oxide helps in atomically 

smooth junction formation between Si and other materials. When we immersed the Si 

wafers in HF for several minutes (instead of 10 seconds) and then rinsed with DI water, it 

improved the VOC by 4–7 mV of, not all but, several samples. The experimental study of 
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surface chemistry during HF removal of surface oxide can also improve the n-ZnO/p-Si 

solar cell performance. 

6.4.2 Effect of Buffer Layer Thickness 

In chapter 1, it was mathematically proved that the recombination at the hetero-

interface depends mainly on the interface recombination velocity of holes (Eq. 1.1), and 

the ideality factor (A) depends on material parameters (Eq. 1.3). In order to have ideality 

factor small and VOC large, n-doping concentration in ZnO must be much larger than p-

doping concentration in Si. The thickness of the buffer layer also impacts the solar cell 

parameters specially ideality factor and activation energy (EA). The direct influence of 

buffer layer thickness (db) on A and EA is given as [27] 

1
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Where the subscripts a, b and w represent absorber, buffer layer and window 

respectively. Absorber and window are Si and ZnO in our case. The q is elementary charge 

and ε is the permittivity of material which includes the relative permittivity and electric 

permittivity of free space. ND, NA, Vbi and Eg represent n-type doping density, p-type 

doping density, built-in voltage and bandgap of Si, respectively. 

Once A and EA are known, the saturation current density J0 and reference current 

density J0,r can be determined as 

𝐽𝐽0 = 𝑞𝑞𝑆𝑆𝑝𝑝𝑁𝑁𝑉𝑉,𝑎𝑎𝑒𝑒
�
𝐸𝐸𝑛𝑛,𝑤𝑤
𝑛𝑛𝑛𝑛 − 𝐸𝐸𝐴𝐴

𝐴𝐴𝑛𝑛𝑛𝑛�                                                   (6.3) 

𝐽𝐽0,𝑟𝑟 = 𝑞𝑞𝑆𝑆𝑝𝑝𝑁𝑁𝑉𝑉,𝑎𝑎𝑒𝑒
�
𝐸𝐸𝑛𝑛,𝑤𝑤
𝑛𝑛𝑛𝑛 �                                                     (6.4) 

After experimental determination of VOC, additional information about the device 

characteristics can be obtained by means of analytically determined equations for the 

recombination parameters A and EA. 

6.5 Summary 

We have prepared n-ZnO/p-Si heterojunction solar cells using three different materials 

(AlN, a-Si and a-ZnO) at the interface as the buffer layer to reduce recombination velocity 

as well as avoid oxide formation during ZnO deposition at higher temperature. The use of 

a-ZnO at the interface produced best VOC up to 359 mV under 1-sun measured by suns-

VOC system to avoid the effects of series resistance. It was found that wafer selection and 

surface treatment of the wafer also significantly affected the performance of the finally 

fabricated device. Furthermore, the additional advantage of ZnO as an antireflection 

coating was experimentally verified for different thicknesses of ZnO film. Also, the 

influence of buffer layer thickness on the solar cell parameters was mathematically 

described. Fermi level pinning is still the main challenge to be addressed to improve the 
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VOC and efficiency of n-ZnO/p-Si heterojunction solar cells. Once this problem is solved, 

it will considerably help to fabricate practically feasible ZnO/Si heterojunction solar cells 

and also to improve the performance of other electronic and optoelectronic devices based 

on the heterojunction between ZnO and Si. 

 



 
 

CHAPTER 7: FURTHER SIMULATIONS FOR POTENTIAL IMPROVEMENT IN 
THE SOLAR CELL PERFORMANCE 

 

7.1 Introduction 

In this chapter, we present the influence of bandgap and/or electron affinity tuning of 

zinc oxide on the performance of n-ZnO/p-Si single heterojunction photovoltaic cell. The 

effects of valence-band and conduction-band off-set engineering on the VOC, JSC, FF, and 

overall conversion efficiency (η) have been investigated using PC1D software. The 

simulations reveal that the open circuit voltage and fill factor can be improved significantly 

by optimizing valence-band and conduction-band off-sets by engineering bandgap and 

electron affinity of zinc oxide. The overall conversion efficiency of more than 20.3% can 

be achieved without additional cost or any change in device structure. It has been found 

that the improvement in efficiency is mainly due to increased band bending resulting in 

higher open circuit voltage. 

Bifacial solar cells offer the advantage of harvesting the sunlight more effectively. In 

this chapter, simulation is performed to critically investigate the potential of n-ZnO/p-Si 

structure as a bifacial solar cell. Simulation results indicate that the bifacial n-ZnO/p-Si 

solar cells are insensitive to the emitter layer thickness up to 1μm whereas Si solar cell 

performance severely degrades. Further, emitter doping concentration of ZnO in Si solar 

cells shows stable efficiency up to 1019 cm-3 and drops rapidly for higher doping 

concentration. In addition to this, simulation of ZnO/Si solar cells with doped back surface 

field (BSF) and charge passivated BSF is explored. For solar cell thickness of 140 μm for 
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both types of solar cells, efficiency is almost same. But with higher carrier lifetime wafers, 

efficiency of charge passivated n-ZnO/p-Si solar cells leads. Similarly, higher VOC and JSC 

are observed. For charge passivated BSF solar cells, charge density of 1012 cm2 is required 

for higher efficiency and VOC is almost 15 mV higher than doped BSF ZnO/Si solar cell 

with carrier lifetime of 100 μs. 

7.2 Optimization of Bandgap and Electron Affinity of Zinc Oxide for n-ZnO/p-Si 
Heterojunction Solar Cell 

 

7.2.1 Background 

Apart from several other properties which make ZnO a unique wide bandgap material, 

its bandgap and electron affinity can be tuned over a large range by doping or alloying. 

Recently, nickel (Ni) doped ZnO thin films were prepared by spray pyrolysis and an optical 

bandgap decrease from 3.47 eV for the undoped ZnO film to 2.87 eV for 15% Ni doping 

was achieved [142]. In 2010, Mayer et al. demonstrated that the bandgap of ZnO prepared 

by pulsed laser deposition can be narrowed down to 2 eV by Se incorporation [143]. Later, 

the same research group reported effects of growth parameters on electron affinity of ZnO 

[144]. Also, there are reports available demonstrating significant reduction in conduction 

band offset (or electron affinity) by incorporating magnesium (Mg) in ZnO [81]. In chapter 

4, it was anticipated that the overall conversion efficiency of 19% and fill factor of 81% 

can be achieved using the n-ZnO/p-Si SHJSC. Here, we predict that the overall conversion 

efficiency of more than 20.3% can be achieved by optimizing conduction and valence band 

offsets without additional cost or any change in device structure. 

We have prepared ZnO thin films by RF sputtering and have performed detailed 

characterization. The experimental details were given in chapter 3. The photoluminescence 

and absorption measurements performed in our labs showed bandgap value of 3.27 eV 



120 
 

which was used in the simulation. The most common value of electron affinity (4.5 eV) 

provided in literature was used initially. The absorption spectrum of ZnO of thickness ~0.5 

μm measured in our lab was used in the simulation to investigate the effect of electron 

affinity. The details of the n-ZnO/p-Si solar cell modeling, structure schematic, and other 

optimized parameters for PC1D were included in chapter 4. 

7.2.2 Results and Analysis 

Figure 7.1 illustrates improvement in efficiency with reduction in electron affinity of 

ZnO. It is obvious that the conversion efficiency exceeds 20% by lowering electron affinity 

to 4.3 eV. The simple reason behind this phenomenon is reduction in conduction band 

offset (see Fig. 5.1) that leads to a decrease in the dark current. In other words, when a 

barrier for majority carrier electrons is formed by conduction band offset, it increases the 

probability of recombination via interface defects by Shottky-Read-Hall (SRH) 

mechanism. The maximum efficiency of 20.34% can be achieved with ZnO having 

bandgap of 3.27 eV and electron affinity of ~4.1 eV. Further reduction in electron affinity 

deteriorates the cell efficiency. This can be theoretically confirmed by band-bending 

diagram of ZnO/Si junction as shown in Fig. 7.2. Since the electron affinity of Si is ~4.05 

eV, the electron affinity of ZnO below this value results in formation of a spike in the 

conduction band of n-ZnO region. This spike acts as a potential barrier and blocks electron 

flow from p-Si to n-ZnO region. Therefore, it is difficult for p-Si region to contribute in 

the photocurrent. This reasoning is supported by Fig. 7.3 that depicts significant increase 

in VOC with reduction in electron affinity. A negligible increase in JSC can be attributed to 

the same reason. 
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The efficiency of the solar cell alters by modifying the bandgap as well. Change in 

conversion efficiency with bandgap value of ZnO is shown in Fig. 7.4 for three different 

values of electron affinity. The absorption spectrum was altered for values of bandgap other 

than 3.27 eV to get realistic results. The efficiency increases by decreasing the bandgap (or 

valence-band off-set). This improvement in efficiency cannot be explained by band-

bending diagram based on the famous Anderson’s rule which ignores the effects of 

chemical bonding. The chemical bonding or electrical polarization due to interface states 

can alter the band bending significantly. Figure 7.4 also illustrates that the efficiency 

reduces significantly below a certain bandgap value. It is predictable because a 

considerable part of solar spectrum gets absorbed in ZnO for such a small bandgap value. 

The ZnO layer is much thinner (0.5 μm) than Si (160 μm) but it has a higher absorption 

coefficient due to direct bandgap of ZnO. 
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Fig. 7.1. Influence of electron affinity of ZnO (bandgap: 3.27 eV) on the efficiency of n-
ZnO/p-Si heterojunction solar cell. 
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Fig. 7.2. Schematic of the band-bending when electron affinity of ZnO (χ1), at left, is lower 
than that of Si (χ2), at right. CB: conduction band, VB: valence band, EF: fermi level. 
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Fig. 7.3. Effect of electron affinity of ZnO (bandgap: 3.27 eV) on the VOC and ISC of n-
ZnO/p-Si solar cell. 
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Fig. 7.4. Change in overall conversion efficiency of n-ZnO/p-Si solar cell with 
modification of bandgap value of ZnO for three different values of electron affinity (EA). 
Few data points have been interpolated because numerical solution was not converging for 
those points in PC1D. 

 

It is evident from the simulation results that the open circuit voltage of n-ZnO/p-Si 

single heterojunction solar cell can be significantly improved by tuning bandgap and/or 

electron affinity of ZnO by doping or alloying. The major reason of improvement in the 

solar cell efficiency is enhanced band-bending due to decrease in conduction-band offset 

which increases built-in voltage. The best values achieved for open circuit voltage, short 

circuit current density, fill factor, and conversion efficiency are 0.662 V, 37.7 mA/cm2, 

0.815, and 20.34%, respectively, for ZnO having a bandgap of 3.27 eV and electron affinity 

of 4.1 eV. 
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7.3 Bifacial n-ZnO/p-Si Single Heterojunction Solar Cells 

7.3.1 Simulation Procedure 

 
Fig. 7.5. The schematic of two different structures of solar cells using ZnO as emitter layer; 
doped BSF (left) and front and rear surface charge passivated BSF (right). 

 

TABLE 7.1. List of various parameters used in PC1D simulations. 
Material properties ZnO Si 
Thickness (μm) 0.1 – 1 5 – 150 
Doping concentration (cm-3) 1016-1020 1×1016 
Carrier lifetime (μs) 10-3 100 - 1000 
Back surface field (BSF) thickness (μm) - 3 
BSF doping concentration (cm-3) - 2×1019 
Series resistance (Ω) 0.3 
Front and rear surface charge density (cm2) 106 – 1012 
Back illumination intensity (mW/cm2) 30 

 

In all the simulations, thickness of Si and ZnO are 150 and 0.5 μm respectively. Figure 

7.5 displays the schematic of two different structures of solar cells using ZnO as emitter 

layer; doped BSF (left) and front and rear surface charge passivated BSF (right). A 

comparison between these two solar cell designs is also explored alongside the advantages 

of using ZnO as front window layer. Table 7.1 enlists various parameters used in the PC1D 
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for the simulation of these solar cells. In all the simulations, light is simultaneously shone 

from the front and rear side and the rear light intensity is kept at 30% of the front 

illumination (30 mW/cm2). 

7.3.2 Results and Discussion 

Figure 7.6 provides the comparison between the ZnO/Si and conventional Si solar cells 

for varying emitter thicknesses. With increasing emitter thickness, Si solar cells efficiency 

decreases linearly from ~ 31% to 26% for emitter thickness of 0.1 to 1 μm. Whereas, 

ZnO/Si solar cell efficiency is not a strong function of emitter thickness and efficiency 

drops only by 1% for the same range of thickness of ZnO emitter as shown in Fig. 7.6 (a). 

Similarly, VOC of Si solar cells reduces rapidly by 30 mV with emitter thickness as depicted 

in Fig. 7.6 (b) whereas for ZnO emitter solar cell VOC almost stays constant. Figure 7.7 

illustrates the JSC as function of emitter depth. ZnO/Si solar cell shows a drop of 2 mA/cm2 

in JSC whereas in Si solar cell this drop is 6 mA/cm2. 

The doping concentration of emitters is very crucial apart from thickness. Si solar cells 

heavily rely on the doping concentration to enhance the light absorption (blue response) 

and to achieve low contact resistance also depends on emitter doping concentration (ND). 

Figure 7.8 illustrates the effect of ND on ZnO/Si solar cell. To understand the impact of 

doping concentration on the performance of ZnO based solar cells, simulation is performed 

over a broad range of ND: 1×1016 – 1020 cm-3. It is found that ZnO emitter solar cell 

efficiency is not prone to the ND in the range of 1016 – 1019 cm-3 but efficiency drop is very 

steep for ND > 2×1020 cm-3. We attribute this to the fact that ZnO behaves like a metal for 

such a heavy doping and majority carrier current component becomes very large that 

degrades the device performance. 
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(a) 

 

 
(b) 

Fig. 7.6. Effect of emitter layer thickness on ZnO/Si and Si based solar cells; (a) efficiency 
and (b) VOC. 
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Fig. 7.7. Comparison of JSC as a function of emitter thickness for ZnO/Si and Si solar cells. 

 

 
Fig. 7.8. Impact of ZnO doping concentration on the efficiency of bifacial ZnO/Si solar 
cell. 
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The BSF formation in current silicon solar cells is accomplished by boron doping or 

aluminum deposition with subsequent annealing to form few micrometer thick BSF layer 

that acts as electron reflector and enhances the VOC and efficiency of the Si solar cells. 

Here we have explored the effect of BSF (doped and charge passivated) coupled with ZnO 

emitter for the charge passivated BSF. Figure 7.9 displays efficiency as a function of 

lifetime in front and rear surface passivated BSF ZnO/Si solar cell. The charge density is 

varied from 106 to 1012 cm2. It can be observed that the efficiency considerably increases 

with the use of charge passivated BSF specially in the charge density range of 1011 – 1012 

cm2. 

 
Fig 7.9. Efficiency of charge passivated BSF ZnO/Si solar cell as a function of lifetime. 
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(a) 

 

 
(b) 

Fig. 7.10. Efficiency of ZnO/Si solar cell with changing base thickness for different 
lifetimes (a) charge passivated BSF and (b) with doped BSF. 
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(a) 

 

 
(b) 

Fig. 7.11. VOC of ZnO/Si solar cell with (a) charge passivated BSF and (b) doped BSF with 
different lifetimes. 
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Figure 7.10 provides a comparison in efficiency with thickness for doped and charge 

passivated BSF for different lifetimes. For low carrier lifetime (100 μs) of base materials, 

efficiency is ~31% for both ZnO/Si solar cells. For higher lifetime base materials, the 

difference in efficiency becomes appreciable and charge passivated BSF ZnO/Si solar cells 

dominate in performance. This provides an option that low lifetime materials can be used 

for the fabrication of solar cells that provides equivalent efficiency to Al-BSF solar cells. 

The difference in efficiency between these two different BSF solar cells with thickness of 

140 μm is ~1.5%. In addition, for a small thickness of 20 µm, the efficiency is close to 

36%. This shows that the bulk recombination is dominant in this solar cell structure. The 

efficiency higher than the Shockley-Queisser limit is due to the bifacial structure. Figure 

7.11 demonstrates the VOC of doped BSF and charge passivated BSF ZnO/Si solar cells for 

different lifetimes. For solar cell thickness of 140 μm with carrier lifetime 100μs, VOC 

difference is 5 mV, but for wafers with higher lifetime, this difference increases to 13 mV. 

7.4 Summary 

In this chapter, we presented simulations based optimization of bandgap and electron 

affinity of ZnO to enhance the conversion efficiency of ZnO/Si single heterojunction solar 

cell. The effects of valence-band and conduction-band off-set engineering on the open 

circuit voltage, short circuit current density, fill factor, and overall conversion efficiency 

have been investigated using PC1D software. It is ascertained that the open circuit voltage 

of n-ZnO/p-Si single heterojunction solar cell can be significantly improved by tuning 

bandgap and/or electron affinity of ZnO by doping or alloying. The major reason of 

improvement in the solar cell efficiency is enhanced band-bending due to decrease in 

conduction-band offset which increases built-in voltage. The best values achieved for open 
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circuit voltage, short circuit current density, fill factor, and conversion efficiency are 0.662 

V, 37.7 mA/cm2, 0.815, and 20.34%, respectively, for ZnO having a bandgap of 3.27 eV 

and electron affinity of 4.1 eV. 

Furthermore, PC1D simulations were performed to evaluate the potential of n-ZnO/p-

Si bifacial solar cells. Two different structures of ZnO/Si solar cell are simulated one with 

doped BSF and other with charge passivated BSF. ZnO emitter/Si solar cells showed 

insensitivity to emitter thickness which is quite influential to the performance of 

conventional Si solar cells. Charge passivated BSF ZnO/Si solar cells showed higher 

efficiency for high carrier lifetime base materials in comparison to doped BSF and for low 

lifetime base materials, charge passivated BSF cells are equivalent in efficiency to doped 

BSF ZnO/Si solar cells. 

 



 
 

CHAPTER 8: CONCLUSIONS 
 

In this dissertation, I have documented the work related to study and development of 

n-ZnO/p-Si single heterojunction solar cell (SHJSC) as a potential viable substitute of the 

conventional pn homojunction Si solar cell. The heterojunction solar cell seems to be one 

of the few practical applications of ZnO because of well-known p-doping issue with this 

material. ZnO can be deposited at much lower temperature that can reduce degradation in 

carrier lifetimes, a common problem in high temperature diffusion of phosphorous using 

POCl3 or implantation. The front n-type ZnO layer of the p-n junction acts as antireflection 

coating due to its close refractive index match with the ideal value. This prevents 

requirement of additional antireflection coating which can reduce fabrication cost. 

Furthermore, the work function of Ag is less than electron affinity of ZnO. Consequently, 

there is no barrier at Ag-ZnO interface and the contact at front surface will be ohmic which 

can further increase the device performance. Additionally, ZnO is more resistant to 

radiation damage as compared to indium tin oxide (a commonly used material for AR 

coating) because of its stable crystal structure which inhibits UV degradation and ensures 

longevity of the device. 

The first chapter of this dissertation discussed background of heterojunction solar cells, 

importance of ZnO and previous work reported on n-ZnO/p-Si SHJSC. The chapters 4 and 

7 dealt with modeling and simulation based results related to design and optimization of n-

ZnO/p-Si SHJSC. The chapters 2 and 3 included experimental details related to growth and 

characterization of ZnO using MOCVD and sputtering, and optimization of parameters. In 
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chapters 5 and 6, discussion of fabrication and characterization of n-ZnO/p-Si SHJSC 

device with and without a buffer layer was provided. 

The performance of every type of electronic or optoelectronic device including 

photovoltaic cell primarily depends on the progress in material technology related to the 

device. The n-ZnO/p-Si SHJSC involves two semiconducting materials Si and ZnO. The 

Si is already a well-established material with optimized growth techniques and well-known 

parameters. The ZnO growth techniques still lack precise optimization with reference to 

specific applications. Therefore, we have prepared numerous ZnO thin film samples using 

two popular semiconductor film growth techniques MOCVD and sputtering. Iterative 

growth and characterization of ZnO thin films were carried out to optimize the growth 

parameters using both deposition techniques. The samples were evaluated by structural 

characterization using XRD, SEM and AFM, optical characterization using PL, 

transmission and interferometric spectral reflectance, and electrical characterization using 

Hall and 4-probe measurements. It was concluded that MOCVD based ZnO thin films 

grown at a temperature of 550 °C, rotation of 800 rpm, and VI/II ration of 330 demonstrate 

the best crystal quality. Similarly, the optimized RF power and deposition temperature for 

sputtered samples were 180 W and >300 °C respectively. 

Thickness uniformity of the film is an important parameter because thickness directly 

affects physical properties of the single- or multi-layer structure and thus performance of 

the device. Also, it plays an important role in sample evaluation especially in electrical 

characterizations like Hall and 4-probe measurements because thickness is a fundamental 

factor which is used to calculate carrier concentration, lifetime, resistivity, and mobility of 

the sample. We have experimentally observed that uniformity in thickness distribution over 
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the surface of ZnO films prepared by sputtering is better than the films produced by the 

homemade MOCVD system available in our Lab. The PL measurements revealed that 

crystal quality of the films sputtered at 300 °C is better than the films grown by MOCVD 

even grown at higher temperature on same substrate material. The high temperature 

processing of samples can degrade the quality of substrate and thus performance of the 

device. This is specifically applicable to ZnO/Si heterojunction solar cell because high 

temperature causes solar cell performance degradation mainly correlated with oxygen 

precipitation. Also, there is a direct relation between spatial thickness uniformity and solar 

cell performance. There are some additional advantages associated with sputtering as 

compared to MOCVD. It is possible to implement shadow-mask lithography in sputtering 

if ZnO (or any other material) needs to be deposited on selected areas. Also, source vapors 

can penetrate below the substrate in case of MOCVD causing unwanted growth of material 

at back side of substrate where this is not possible in sputtering. Although, it is well known 

that MOCVD produces thin films exhibiting overall better quality than sputtered samples 

but this is not the case in our experimental observations probably because our MOCVD 

system is not a well calibrated commercial unit. These experimental finding helped us to 

select sputtering as main growth technique for ZnO growth. 

Mathematical modeling was used to prove the feasibility of ZnO as electrically active 

n-layer as well as antireflection coating and to find the optimized thickness of ZnO layer 

to reduce the reflection to minimum level. The simulations were performed using modified 

PC1D software taking practical constraints into account. Electrical and optical 

characteristics as well as internal and external quantum efficiencies were investigated by 

varying different key parameters. The measured absorption spectrum of the ZnO thin films 
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grown in our Lab was used in PC1D simulations in order to get more realistic results of the 

model. The optimum thickness computed by PC1D was around 0.1 µm which has sheet 

resistance of ~500 Ω/sq. Such a high sheet resistance requires narrow finger spacing for 

the solar cell. Therefore, we recommend using thicker layer (~0.5 µm) that will allow wider 

finger spacing and reduction in shadowing effect. It will still reduce the reflection 

significantly due to interference effect after reflection from front and back face of ZnO 

film. The thickness of the ZnO film should be precisely controlled in this case to make 

back-face-reflected light able to destructively interfere with front-face-reflected light. The 

best values of ISC, VOC, conversion efficiency, and fill factor were predicted as 37.7 mA, 

0.6221 V, 19.0% respectively for n-ZnO/p-Si solar cell without optimizing conduction and 

valence band offsets. The simulation results proved that ZnO can be used with Si to 

fabricate efficient, durable, and cost effective heterostructure solar cells. 

Initial n-ZnO/p-Si SHJSC device was fabricated by depositing ZnO on p-Si substrates 

using RF magnetron sputtering and making front and back metal contacts by e-beam 

evaporation using handmade shadow masks. The electrical characterization of the n-ZnO 

thin films was carried out by Hall measurements which revealed that inherent doping level 

of n-ZnO films is fortunately close to the value (~1018 cm-3) optimized for the solar cell by 

PC1D modeling, but the resistivity of the films is too high to evaluate samples using I-V 

characterization. Therefore, suns-VOC measurements were made to circumvent effects of 

series resistance. Several samples were fabricated and measured to validate the 

experimental value of VOC because there are discrepancies in the measured value of VOC 

of n-ZnO/p-Si SHJSC in the literature. We obtained a repeatable value of VOC of 260 mV 

which is very close to the value reported in literature by other researchers. This value is 
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much lower than theoretical value of >600mV predicted by PC1D simulations based on 

band bending between n-ZnO and p-Si. The possible reasons and potential solutions of the 

lower experimental value of VOC were discussed. 

Our undoped ZnO samples have a bandgap around 3.27 eV (~380 nm). According to 

ASTM G-173 spectra provided by NREL, around 10% “intensity” of solar spectrum lies 

below this wavelength. Since absorption coefficient of ZnO is on the order of 105 cm-1, the 

absorption length is around 100 nm. Therefore, most of the UV portion of solar radiation 

would be absorbed in 100 nm thick ZnO layer without contributing in photogeneration 

current. Therefore, Ga-doped ZnO films were prepared to study bandgap tuning of ZnO to 

utilize maximum possible energy of the solar spectrum. The bandgap was blue-shifted by 

about 105 meV (12 nm) due to Burstein-Moss effect in which effective bandgap of a 

heavily doped semiconductor is increased as the absorption edge in conduction band moves 

to higher energies because all states close to the conduction band edge are filled. 

The main reason behind the difference between theoretically predicted and practically 

achieved conversion efficiency of n-ZnO/p-Si HJSC is that experimental VOC is much 

lower than the predicted value of VOC (~650 mV) based on band-bending between n-ZnO 

and p-Si. This lower value of VOC is attributed to fermi level pinning at the hetero-interface 

due to interface states probably resulting from lattice mismatch between ZnO and Si. The 

use of a thin buffer layer at the interface is proved to be one of the best solutions to reduce 

interface states and recombination velocity. We achieved >20% improvement in VOC of n-

ZnO/p-Si HJSC by simply depositing amorphous-ZnO (a-ZnO) at the interface of 

crystalline ZnO (c-ZnO) and Si. Two other materials, amorphous-Si (a-Si) and aluminum 

nitride (AlN) were also deposited as a buffer layer (BL) between c-ZnO and Si-wafer. But 
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the best VOC was achieved for the device having a-ZnO at the interface. The improvement 

in VOC is probably due to elimination/reduction in SiOx formation at the interface of c-

ZnO and Si-wafer, and/or reduction in the interface states. The best value of 359 mV of 

VOC was achieved using n-ZnO/BL/p-Si solar cell structure under 1-sun. Also, it was found 

out that wafer selection and surface treatment of the wafer also significantly affect the 

performance of the finally fabricated device. Furthermore, additional advantage of ZnO as 

an antireflection coating was experimentally verified for different thicknesses of ZnO film. 

Also, the influence of buffer layer thickness on the solar cell parameters was 

mathematically described.  

Finally, we presented the influence of bandgap and/or electron affinity tuning of zinc 

oxide on the performance of n-ZnO/p-Si single heterojunction photovoltaic cell. The 

effects of valence-band and conduction-band off-set engineering on the VOC, JSC, fill factor 

(FF), and overall conversion efficiency (η) were investigated using PC1D software. The 

simulations revealed that the open circuit voltage and fill factor can be improved 

significantly by optimizing valence-band and conduction-band off-sets by engineering 

bandgap and electron affinity of zinc oxide without additional cost or any change in device 

structure. It was found out that the improvement in efficiency is mainly due to decreased 

conduction band offset resulting in reduced recombination at the interface. The best values 

achieved for VOC, ISC, FF, and η are 0.662 V, 37.7 mA/cm2, 0.815, and 20.34%, 

respectively, for ZnO having a bandgap of 3.27 eV and electron affinity of 4.1 eV. 

Furthermore, simulations were performed to evaluate the potential of n-ZnO/p-Si bifacial 

solar cells. Two different structures of ZnO/Si solar cell are simulated one with doped BSF 

and other with charge passivated BSF. ZnO emitter/Si solar cells showed insensitivity to 
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emitter thickness which is quite influential to the performance of conventional Si solar 

cells. Charge passivated BSF ZnO/Si solar cells showed higher efficiency for high carrier 

lifetime base materials in comparison to doped BSF and for low lifetime base materials, 

charge passivated BSF cells are equivalent in efficiency to doped BSF ZnO/Si solar cells. 

Fermi level pinning is still the main challenge to address to improve the VOC and 

efficiency of n-ZnO/p-Si heterojunction solar cells. Once this problem is solved, it will 

considerably help to fabricate practically feasible ZnO/Si heterojunction solar cell and also 

to improve the performance of other electronic and optoelectronic devices based on 

heterojunction between ZnO and Si. Besides, ZnO has many other applications in 

optoelectronics devices. It is a cheap and environmentally friendly material and can be used 

for coatings, transparent conducting oxides, UV emitters and detectors, high-speed and 

high-power electronics and many other devices. The progress in n-ZnO/p-Si SHJSC will 

produce useful knowledge about the hidden features and potential benefits of ZnO for other 

applications as well. 

There is tremendous potential for research to overcome the problem of ZnO/Si 

interface. Once this problem is solved, it can lead to the emergence of a new solar cell 

technology that can significantly influence the solar cell industry. There are multiple 

potential solutions to improve the ZnO/Si interface. One possible solution is to find out the 

suitable material for quantum buffer layer (BL) between ZnO and Si to reduce the lattice 

mismatch. Titanium nitride (TiN) have a very close lattice match with both ZnO and Si so 

it can be used to make the solar cell device with improved performance. Magnesium oxide 

(MgO)/TiN buffer layers can also be incorporated at the interface since TiN has very close 

lattice match with Si and MgO conforms the ZnO lattice. Depositing amorphous-Si (a-Si) 
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intrinsic layer to passivate the crystalline-Si (c-Si) surface before deposition of ZnO 

resulted in improved VOC. It can be useful to do detailed theoretical analysis of the effects 

of a-ZnO buffer layer at the interface of n-ZnO/p-Si SHJSC and to optimize the thickness 

of the buffer layer. Another potential solution to improve the hetero-interface could be 

using electrostatic control of the interface during ZnO growth that may enable the desired 

control of defect segregation and thereby improving the device performance. But this needs 

major modifications in the ZnO deposition system. It will also be interesting to use ZnO as 

front layer in concentrator solar cells. The ZnO front layer will prevent UV degradation of 

the device which is a common problem in concentrator solar cells. 
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