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A B S T R A C T   

Translational symmetry is the signature of a crystal. Organic-inorganic hybrid materials can be classified in four 
levels according to the degree of deviating from this strict definition of the crystal. Among the large number of 
organic-inorganic hybrid materials, only a small fraction can be considered as crystalline even in a broad sense, 
whereas most of them are simply non-crystalline or highly disordered, referred to as the first level. Those hybrids 
that may be considered as crystalline can be categorized into the next three levels. The second level includes 
those that do not have short-range order but exhibit approximate long-range periodicity, such as the room 
temperature phase hybrid halide perovskites, resembling semiconductor alloys. The third level comprises those 
hybrids that behave like a real crystal on macroscopic scale (e.g., with very well defined XRD patterns) never
theless have considerable amount of microscopic scale defects (e.g., vacancies) and maybe also some extended 
defects (e.g., dislocations), similar to epitaxially grown GaN. The fourth level is reserved for those not only 
having very high degree of crystallinity on the macroscopic scale but also very few microscopic or extended 
defects, similar to Si. The II-VI based hybrids belong to either the third or fourth level. A brief review on the 
structural and physical properties and long-term stability of II-VI based hybrids are given, illustrated with a few 
prototype structures, in comparison with their inorganic counterparts and other hybrids. Perspective is given on 
the future studies of these hybrids.   

1. Introduction 

Organic-inorganic hybrid materials are of great interest for offering 
novel and enhanced properties compared to their inorganic and organic 
counterparts [1–8]. However, most of them exhibit two drawbacks: (1) 
structural disorder and (2) poor long-term stability. Many of them are 
simply non-crystalline materials [1]. Some may be considered as crys
talline materials in the same sense as semiconductor alloys that are not 
crystals in the genuine sense, i.e., lack of translational symmetry. For 
instance, the room temperature phases of the most extensively studied 
IV-VII2 based organic-inorganic hybrids, halide perovskites (e.g., 
MAPbI3) [9,10]. Some level of disorder is not necessarily bad for some 
applications, such as solid-state lighting (SSL) or photovoltaics (PV), as 
long as it does not shorten the carrier diffusion length so badly that the 
carrier transport along the critical dimension is inhibited (e.g., along the 
thickness direction in a planar solar cell). In fact, a moderate level of 
carrier localization can boost light emission efficiency by suppressing 
non-radiative recombination [11,12], which is ultimately desirable not 
only for light emitting devices but also for solar cells [13]. However, 

disordering diminishes quantum coherence, which is required for 
various advanced applications, such as quantum optics [14], and affects 
negatively on many basic material properties, such as exciton dynamics 
and electronic conductivity [15]. Even those that do appear like real 
crystalline materials when characterized with macroscopic scale prob
ing techniques, such as X-ray diffraction (XRD) and Raman scattering, 
many of them still exhibit a large number of microscopic defects, such as 
many II-VI and I-VII based hybrids [6,8], manifesting as, for instance, 
extensive below bandgap emission. Only in very rare cases the hybrid 
materials can have as good or nearly as good crystallinity as simple bi
nary semiconductors. Perhaps the only documented example in the 
literature is one of the II-VI based hybrid, β-ZnTe(en)0.5 [16]. 

As regarding the long-term stability, we mean a time scale of one or 
two decades that is typically expected for (opto-)electronic applications. 
The hybrid perovskites of intense current interest are known to have 
relatively poor long-term stability, both under ambient conditions [7] 
and illumination [17], which limits the scope of their applications. 
Because of their extraordinary performance as emerging PV materials, 
concerted effort has been devoted to improving their stability. Major 
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improvement has been demonstrated, from hours just a few years ago 
[17] to currently up to a couple of months, benefiting from reduction in 
structural defects and surface passivation [18–20], although it remains 
inadequate for general applications in PV and SSL. Long-term stability 
and high melting points of familiar semiconductors like Si and GaAs are 
intrinsically associated with their large formation energies [21]. How
ever, extrinsic effects, such as surface and defects, often affect their 
stability under ambient condition. Surface oxidation is practically 
inevitable for most inorganic semiconductors, such as Si, GaAs, and 
ZnTe. Fortunately, for most crystalline inorganic materials, the oxida
tion is usually a self-limiting process, which ensures their long-term 
stability. One of the II-VI hybrids, β-ZnTe(en)0.5, appears to be the first 
documented hybrid material with well over one-decade long-term sta
bility, as reported recently by comparing aged and newly synthesized 
samples [16]. It has been shown that β-ZnTe(en)0.5 has a much larger 
formation energy, in the order of 0.5 eV, compared to that of MAPbI3 at 
around − 0.1 eV (i.e., spontaneously unstable based on thermodynamics) 
[22]. Additionally, the former has an additional kinetic barrier, resulting 
in a total thermodynamic barrier over 1.6 eV, whereas for the latter it 
likely relies on a yet unknown kinetic barrier to maintain its room 
temperature stability. Interestingly, the long-lived β-ZnTe(en)0.5 sam
ples were also found to have a self-limiting thin oxide layer, although 
others that appeared degraded under optical characterization had a 
much thicker oxide layer (~2 μm) [16]. The variation in aging result 

indicates that both intrinsic and extrinsic degradation mechanisms are 
at work in influencing the long-term stability. This unique example 
prompts a question: can one indefinitely improve the long-term stability 
of a material? A similar question has been asked in biology, despite 
biology systems are perhaps far more complex than semiconductor 
materials. There is quite obvious variation on the lifespan between 
species, for instance, dog vs. human [23]. It has also been suggested that 
there is a fundamental or absolute limit of human lifespan in the range of 
120–150 years [24]. If each material does have a finite lifespan dictated 
by thermodynamics beyond the improvement that can be provided by 
auxiliary effort, such as surface passivation and eliminating structural 
defects, would it be prudent to assess the material long-term stability 
after it shows sign of potential interest for an intended application? 

2. II-VI based organic-inorganic hybrid structures 

II-VI based organic-inorganic hybrid structures were first reported in 
2000 for three structures: α-ZnTe(en)0.5, β-ZnTe(en)0.5, and α-ZnTe 
(pda)0.5, with their crystal structures determined and optical bandgap 
estimated [25]. Thereafter, many more II-VI hybrids with group II ele
ments Zn, Cd, and Mn and group VI elements S, Se, and Te have been 
synthesized, structurally analyzed, and optical bandgap estimated 
[26–28]. These hybrid structures can be categorized into three groups 
[28]: as shown schematically in Fig. 1(a), (1) three-dimension (3D) like 

Fig. 1. (a) Schematics of II-VI based hybrids in 3D, 2D, and 1D structures. (b) Crystal structures of prototype 3D, 2D, and 1D structures based on ZnTe. (c) Raman 
spectra of the three ZnTe hybrid structures and ZnTe. (Panel (a) courtesy of Jing Li; (b) and (c) reproduced with permission [28]). 
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structures, 3D-(MQ)L0.5, where for the β phase two-monolayer thick 
(110) slabs of a zincblende (ZB) structure (or their wurtzite equivalences 
for the α phase) are interconnected by organic molecules, for instance, 
ethylenediamine (en) = C2N2H8, forming cation-N bonds. The inorganic 
layer thickness was sometimes referred to as “single atomic layer” in the 
literature [27,28], but should instead be “two monolayers”, following 
the convention of describing the layer thickness in a semiconductor 
heterostructure. (2) Two-dimension (2D) like structures, 2D-(MQ)L, 
where only one end of the organic molecule (N) bonds with the cation of 
the inorganic layer of the same thickness as in the 3D structure, 
resembling layered structures. In this group, it is also possible to have 
structures with the inorganic slab thickness doubled, 2D-(M2Q2)L, 
referred to as a “double layered” structure (actually having four 
monolayers) [29]. (3) One-dimension (1D) like structures, where the 
single atom thick binary chains of the wurtzite structure bond with the 
molecules (both ends of the molecule bond to the cation), and an as
sembly of such quasi 1D structures in parallel form the hybrid crystal. 
The array has a very high density around 2 × 1014 wires/cm2 for 
1D-ZnTe(pda). The individual inorganic chains in these 1D structures 
can be viewed as the smallest quantum wire practically possible. The 
structure can also be viewed as an atomic chain passivated by a molecule 
to its cation sites. 

Fig. 1(b) compares three ZnTe based hybrid structures, 3D-β-ZnTe 
(en)0.5, 2D-ZnTe(N2H4), and 1D-ZnTe(pda), as examples for 3D, 2D, and 
1D structures, respectively [28]. Fig. 1(c) compares their 
room-temperature Raman spectra together with that of ZnTe [28]. Not 
only they are very much different from that of ZnTe but also distinctly 
different from each other. Small Raman linewidths indicate that the 
hybrid structures possess high crystallinity. Particularly, the low tem
perature (30 K) spectrum for β-ZnTe(en)0.5 shows a linewidth of 0.8 
cm− 1, comparable to many binary semiconductors (though slightly 
larger than the highest quality binary, such as GaAs). However, we do 
want to stress that characterization techniques like XRD and Raman 
typically do not reflect the degree of structural ordering in microscopic 
scale (e.g., presence of point defects), thus, cannot predict the material 
quality relevant to electronic properties. On this regard, some 3D 
structures, particularly β-ZnTe(en)0.5, are very unique, because at room 
temperature, not only it shows a clean bandgap exciton emission with 
nearly no visible below bandgap emission but also very little non
radiative recombination [16]. Together with its very high macroscopic 
scale structural ordering, with XRD linewidths comparable to many 

binary semiconductors (e.g., GaN), β-ZnTe(en)0.5 could very well be the 
most prefect man-made superstructure [16]. Certainly its structural 
perfectness is far better than any inorganic superlattices, such as GaA
s/AlAs [30]. This exceptional level of structural perfectness found in the 
3D hybrid structures benefits from its unique structure where the 
ultra-thin inorganic slab is much less likely to form structural defects, 
distinctly different bonding arrangements between the inorganic and 
organic component make it impossible to have the commonly encoun
tered interdiffusion of neighboring components in the inorganic super
lattices, and lastly that both ends of the organic molecules are bonded to 
the inorganic slabs forces the molecules to take one well-defined 
conformation [31]. The all covalent like bonding [25] also makes the 
3D structure more stable than the other structures. 

The 2D structures, with one dangling end of the molecule, are found 
to be highly defective in the sense that they typically exhibit a broad 
below bandgap emission band. For examples, Fig. 2(a) show PL spectra 
for a few 2D structures with four-monolayer thick inorganic slabs (also 
known as "double-layered"): 2D-CdS(ba)0.5 (Eg ~ 2.9 eV), 2D-CdSe 
(ba)0.5 (Eg ~ 2.7 eV), and 2D-ZnS(ba)0.5 (Eg ~ 3.9 eV) (Y. Zhang, 2004, 
unpublished results with samples provided by Jing Li). The spectra show 
broad emission bands much below the respective bandgaps. Although 
the bandgaps were only estimated from diffuse reflectance measure
ments using a Kubelka-Munk function [29], they are adequate to 
conclude that the broad emission bands were not originated from the 
intrinsic band edge emission. For comparison, PL spectra of 3D-β-ZnTe 
(en)0.5 are shown in Fig. 2(b), where the two spectra were measured 
respectively from a then newly synthesized sample (S19-p) and an aged 
sample (S07-p) [16]. The spectra show very little below bandgap 
emission other than the band edge free exciton emission, in stark 
contrast to the spectra of the 2D hybrids shown in Fig. 2(a). It is of 
particularly impressive that the sample synthesized in 2007 stored under 
the ambient condition remained as pristine as the new sample. It is also 
important to mention that under UV illumination (325 nm) the 
photo-stability of the 2D structures CdX(ba)0.5 with X = S, Se, and Te 
decreases with going down the column of the periodic table or 
increasing the ionicity of the binary. For the Te based structure, the 
powder sample degraded (PL quenched and illuminated site tuning 
dark) almost instantly when illuminated by 325 nm laser. The 
photo-stability was slightly better for the Se version, but the S version 
was found quite stable. However, 2D-ZnS(ba)0.5 was found furthermore 
stable. This trend seems to be consistent with the relative stability of 

Fig. 2. (a) PL spectra of 2D-(MQ)L0.5. (b) PL spectra of 3D-β-ZnTe(en)0.5.  
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MAPbX3 with X = Cl, Br, and I. Although the exact nature of the below 
bandgap emission remains unknown, the broad emission band shown in 
Fig. 2(a) has motivated the use of 2D-CdS(ba)0.5 as phosphor for white 
light emission excited by a UV light LED [32]. 

So far, detailed material property studies have been performed 
mostly on selected 3D structures, mostly on 3D-β-ZnTe(en)0.5, because of 
their highly ordered structures as well as better stability. Below we offer 
a brief summary of the work related to the 3D structures and offer some 
perspective for the future studies. 

3. A brief review and perspective on 3D-(MQ)L0.5 

Despite very limited effort on selected structures, the II-VI based 
hybrid structures have been demonstrated to be unique in a number of 
ways not only in the organic-inorganic hybrid materials but also in 
semiconductor materials in general. Almost any property being inves
tigated, something unusual has been observed. A few examples are given 
below mostly from the studies on a few prototypes belonging to the 
group 3D-[MQ](L)0.5.  

1) Long-term stability β-ZnTe(en)0.5 is the first documented 
organic-inorganic hybrid structure with shelf life well over 10 
years, and the first hybrid structure with its intrinsic thermal 
degradation barrier (consisting of thermodynamic barrier and 
kinetic barrier) being experimentally measured with a projected 
intrinsic half-life over 108 years [16]. This result was obtained by 
measuring the time decay of Raman signal intensity in N2 envi
ronment at elevated temperatures between 210 ◦C and 270 ◦C. 
Similar measurement in air will offer the information for the 
intrinsic shelf life for the structure when there is no unintended 
structural defect other than the naturally formed surface oxide 
layer.  

2) Free exciton emission and absorption β-ZnTe(en)0.5, as a 
biaxial crystal, is typically obtained as a single-crystalline platelet 
with the platelet normal along the b axis or the organic-inorganic 
stacking direction. It is anisotropic between the two in-plane axes 
a and c, with the a axis being equivalent to the (001) axis of the 
ZB ZnTe and the c axis the [110] of the ZB ZnTe. At 1.5 K, the 
band edge excitonic absorption peak at 3.7192 eV exhibits an 
absorption coefficient of around 300 cm− 1 with the a-polariza
tion, and around 1,100,000 cm− 1 with the c-polarization [33], 
which is among the strongest band-edge excitonic absorption 
reported in semiconductors [34]. For ZnTe, the value is around 
140,000 cm− 1. The corresponding excitonic or exciton-polariton 
emission peak is found at 3.7193 eV [33]. This practically exact 
match with the absorption peak, within the uncertainty, could be 
the first unambiguous observation of free exciton emission in an 
organic-inorganic hybrid semiconductor. Other more casual 
claims of free exciton emission in the hybrids might find the 
emission peak energy being within 10 meV of the absorption peak 
[34]. Although one cannot preclude that the Stokes-shifted 
emission peak was indeed free exciton emission, impurity and 
defect emission might also appear in the vicinity of the funda
mental bandgap, as known in many inorganic semiconductors. 

3) Zero and negative thermal expansion Usually, negative ther
mal expansion is of interest to counterbalance positive thermal 
expansion, which is more commonly observed in semiconductor 
or insulating materials, to achieve zero-thermal expansion. Most 
materials that exhibit negative thermal expansion are oxides 
[35]. The 3D hybrids (ZnTe)2CnN2H2n+4 (n = 0, 2–5) are the first 
non-oxide semiconductors showing zero or negative thermal 
expansion [36,37]. Significantly, these examples offer a novel 
approach for thermal expansion design and tuning.  

4) Structural perfectness Ever since the concept of semiconductor 
superlattices was proposed by Esaki and Tsu in 1970 [38], the 
holy grail of nanoscale assembling has been to achieve a 

super-structure consists of nanoscale units of identical physical 
size and chemical composition, arranged in an ordered manner 
with genuine translational symmetry. However, this dream has 
turned out to be much more difficult to realize than one might 
anticipate. For instance, for the best investigated system, GaA
s/AlAs superlattices, because of the close similarity between the 
constituents Ga and Al, atomic inter-diffusion within a few 
monolayers of the interface is practically inevitable [30], which 
makes a perfect superlattice non-achievable after five decades. 
β-ZnTe(en)0.5 may very well be the most perfect man-made 
superlattice, with macroscopic scale structural ordering (e.g., 
measured by XRD and Raman) as good as most binary semi
conductors (e.g., GaN) [16,28,36]; and microscopic scale struc
tural ordering much better than any known semiconductors, 
including GaAs, CdTe, and hybrid perovskite [10], with nearly 
100% room temperature photoluminescence internal quantum 
efficiency over 6 orders in excitation density [16]. Although 
slightly worse than those most mature elementary and binary 
semiconductors, such as Si and GaAs, in terms of the macroscopic 
structural parameters (e.g., XRD linewidth), given the complexity 
of the hybrid (β-ZnTe(en)0.5 consists of 32 atoms/unit cell), the 
results for the hybrid are in fact very impressive. Considering 
both macroscopic and microscopic scale defects, overall the 
hybrid β-ZnTe(en)0.5 is among the structurally most perfect 
semiconductors reported.  

5) Potential as p-type transparent conductive materials No 
stable p-type transparent conductive (TC) material is currently 
available, while p-TC materials are universally desired to have for 
all (opto)electronic devices. With room temperature bandgaps 
over 3.5 eV, the advantageous conduction band and valance band 
alignments of β-ZnTe(en)0.5 relative to other better known high 
bandgap materials, such as ITO, ZnO, GaN, make it potentially a 
very promising candidate for p-type TC material [33]. The un
derlying physics lies in that the acceptor binding energy is posi
tively correlated to the atomic energy level difference between 
the dopant and host atom that dominates the valance band states 
rather than determined by the Coulomb potential as commonly 
thought [39]. Therefore, a semiconductor with a high valance 
band maximum (VBM) energy level is more likely to have effec
tive p-type doping, which is why ZnTe can achieve the highest 
p-type conductivity among all II-VI semiconductors because of its 
highest VBM, whereas ZnO is the most difficult to achieve 
effective p-type doping because of its O p-state derived VBM 
being very low. β-ZnTe(en)0.5 can potentially be doped with 
group I elements Cu and Ag to become p-type conductive.  

6) Unusual elastic properties Elastic constants Cij of β-ZnTe(en)0.5 
have been calculated using density-functional theory (DFT) [40]. 
The elastic response of the hybrid is unsurprised to be highly 
anisotropic. For instance, if (x,y,z) is assumed to match the (b,a,c) 
axes of the crystal, the Poisson’s ratios can be calculated using the 
reported Cij values, which yields νzx = − 0.0111 and νxz =

− 0.0098, indicating small but negative Poisson’s ratios for 
stretching along z (c axis) and along x (b axis), respectively; νyx =

0.2740 and νxy = 0.4393, νyz = 0.3095 and νzy = 0.5586, showing 
normal positive Poisson’s ratios, albeit anisotropic. For bulk 
ZnTe, ν = 0.3533. Also found is that the hybrid has strongly 
enhanced shear response, about a factor of 5 as large, for the zx 
component compared to the bulk ZnTe. It means that a small 
shear stress along the c axis on the b plane can lead to a large 
distortion on the structure, which is understandable because 
along the c axis the inorganic slab is most rigid and the molecules 
are aligned perpendicular to the c axis [16]. These properties are 
yet to be confirmed experimentally and potentially can be used 
for high sensitivity stress sensing applications.  

7) Stacked quasi 2D sheets Quasi 2D materials, monolayer MoS2 
and alike, have many interesting properties. However, a single 
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monolayer cannot offer adequate volume effect, for instance, 
optical absorption for certain applications (e.g., photo-detection). 
Attempting to stack them directly will result in drastic change in 
the material properties, despite it might be desirable for some 
applications [41]. It is thus highly desirable to be able to stack as 
many quasi 2D sheets as needed yet with minimal changes in the 
basic material properties. One could in principle overcome the 
issue by inserting a thin insulating layer (e.g., BN) in between the 
monolayers (a superlattice like structure), but so far this 
approach can only be done manually for a limited number of 
stacks [42]. It would be highly desirable to have a 2D like ma
terial that has a sizable bandgap and can be stacked in an arbi
trary number of layers as needed, with precisely controllable 
inter-layer coupling and thus material properties. Hybrid struc
tures, such as 3D hybrids (ZnTe)2CnN2H2n+4 (n = 0, 2–5), could 
be the options for this purpose. The spacing between the inor
ganic slabs can be turned approximately from 4 to 10 Å to fine 
tune the electronic coupling between the inorganic slabs. This 
possibility offers unique opportunity to investigate the collective 
effects of electronically weakly coupled ultra-thin semiconductor 
layers, without the extreme sensitivity of the layer number 
dependence in systems like MoS2.  

8) Room temperature exciton-polariton condensation Large 
exciton binding energies (>200 meV), sharp excitonic resonance 
(due to very high crystallinity), and excellent stability offer the II- 
VI hybrids unique advantages over other systems. The sharp 
resonance requires low energy input, and the high ordering en
sures long quantum coherence time. Exciton binding energy for 
β-ZnTe(en)0.5 was estimated using effective mass theory [33], 
which is unlikely accurate for this type of system with the 
anticipated large exciton binding energy. A more rigorous theory, 
GW based approach solving Bethe-Salpeter equation, is required 
to offer accurate understanding of the excitonic properties in 
these hybrids. Exciton-polariton effects can be explored in the 
similar manner as other less ordered hybrids [43]. 

9) Phonon-polariton β-ZnTe(en)0.5 is perhaps the first semi
conductor superlattice of which all Raman modes can be unam
biguously identified [16], in contrast to the other semiconductor 
superlattices known today (e.g., GaAs/AlAs), none of which has a 
Raman spectrum free of ambiguity in the assignments to at least 
some of its Raman modes due to inevitable structural fluctuations 
[44]. The structural perfection of the II-VI hybrids allows for the 
study of the phonon-polariton effects having a clean starting 
point. Many expected Raman modes of β-ZnTe(en)0.5 have been 
identified by comparing with DFT calculated Raman mode fre
quencies and symmetries [16]. Polarized Raman spectra remain 
to be analyzed and compared with the calculated Raman tensors. 
Phonon polariton effects can then be explored. 

10) Carrier mobility It has been shown that even along the inor
ganic/organic stacking direction, β-ZnTe(en)0.5 exhibits a 
mobility close to 10 − 2 cm2/(V s) at room temperature [16], 
which is much better than the bulk mobilities in most semi
conducting organic materials. It can be further enhanced by 
changing the spacer molecule. The in-plane mobility has been 
measured to be around 100 cm2/(Vs) (Zhang group, unpub
lished), which is as good as inorganic semiconductors like GaN 
and CdTe. These results ensure the feasibility of practical appli
cations of these materials.  

11) UV device applications UV light emitting and detecting devices 
can benefit from the ultra-strong band edge absorption and 
oscillator strength. The transparency to the full visible spectrum 
can be utilized for fabricating transparent electronic devices (e.g., 
transistors and sensors).  

12) Thermoelectric application β-ZnTe(en)0.5 has been predicted, 
although not yet measured, to have roughly a factor of 10 
reduction in thermal conductivities [40]. Coupling with the 

measured high carrier mobility (much better than most thermo
electric materials), the 3D II-VI hybrids are of great interest for 
exploring thermoelectric applications. 

4. Summary 

II-VI based organic-inorganic hybrids are unique in many ways 
compared to most known hybrid materials. Although a large number of 
structures have been synthesized together with their basic material 
properties characterized, they remain largely unexplored, as another 
family of the hybrid materials beyond the hybrid perovskites. We hope 
that this brief review and perspective can provide insights for others to 
see the similarity and distinction between these II-VI hybrids and other 
hybrids as well as inorganic semiconductors, and to stimulate further 
investigation on their physical and chemical properties and exploration 
in practical applications. 
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