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Abstract:  Thin film CdS/CdTe solar cells are promising candidates for large-scale photovoltaics. The
CdSyTe1« solid solution is always formed at the interface between the CdS window layer and
CdTe absorber layer due to the intermixing at the interface region. It is confirmed that this
interdiffusion process significantly affects the device performance. This occurs through several
things of which are changing the bandgap of both CdTe and CdS, which modifies the spectral
response of the solar cell, and reducing the lattice mismatch at the CdS/CdTe junction which
results in the reduction of the number of interfacial states and recombination centers. This work
gives a short review of the properties of this solid solution in two cases; first, when it is produced
as a separate product (i.e. powder or thin films), and second when it is part of the solar cell (i.e.
created due to interdiffusion or introduced as a layer between CdS and CdTe).
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1. INTRODUCTION

Development of photovoltaic systems requires a reliable, efficient, and low cost technology. Thin film
CdTe/CdS photovoltaic devices satisfy these requirements [1]. Progress has been made in improving
the efficiency of CdTe/CdS research devices, where a final recorded efficiency of 22.1% has been
obtained by Green et al. [2]. Light absorption and charge separation in thin-film polycrystalline cadmium
telluride (CdTe) photovoltaic (PV) solar cells largely occur in the vicinity of the CdS/CdTe interface
[3]. Alloying between CdS and CdTe at this interface to form CdSxTel-x is important for efficient PV
devices. This alloying is a function of the growth temperature and post deposition CdCI2 heat treatment
(HT) [4], where the best device performance is obtained in cells prepared by high temperature processes.
While, CdCI2 heat treatment enhances the crystal structure of the layers, reduces the density of defects
in the transition region of the heterojunction, and forms CdSxTel-x solid solution at the interface, which
results in improving the performance of the solar cell.

The interdiffusion on the CdS/CdTe interface is bidirectional, but there is more sulfur diffusing into the
CdTe than Te diffused into the CdS [5]. The solid solution formed in the CdTe side of the junction is
Te-rich and it is referred to as CdSxTel-x, where x refers to the concentration of S. On the other hand,
the solid solution formed in the CdS side of the junction is S-rich, and it is referred to as CdS1-yTey,
where y refers to the concentration of Te. A schematic of the superstrate CdS/CdTe thin film solar cell
is illustrated in Fig.1, where the solid solution on both sides of the junction is shown. Light reaches the
CdTe absorber layer through the glass substrate, transparent conductive oxide (Sn02), then the CdS
window layer.
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Figure 1. A schematic of the superstrate configuration of the SnO,/CdS/CdTe thin film solar cell, where the solid
solutions on both sides are shown. Note: Drawing is not to scale [6].

Polycrystalline CdSxTel-x and CdS1-yTey thin films can be produced by several methods such as:
thermal evaporation (co-evaporation of CdS and CdTe) [7-9], RF magnetron sputtering [9], brush
plating [10], pulsed laser deposition [11], pulse plating [12], closed space sublimation [13-17], metal
organic chemical vapor deposition MOCVD [18], chemical bath deposition (CBD) [19], and spray
pyrolysis [20-22] by first producing CdS films then annealing in Te atmosphere. It is well known that
the properties of produced films are affected by the deposition technique and deposition parameters
used, such as deposition rate, substrate temperature, and thickness of the films [8].

Several authors [5,8,10,12,13,20-22] produced and characterized CdSxTel-x thin films, and others used
computational methods to study the CdSxTel-x solid solution [23], but there is a need to have a review
about the production, properties, and significance of CdSxTel-x solid solutions inside and outside the
CdS/CdTe solar cell. The aim of this work is to review the significance and some properties of this alloy
when produced as a separate product and in the interfacial region of the CdS/CdTe thin film solar cell.
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2. SOME PROPERTIES OF CdSxTe;.x AND CDS;.yTEy SOLID SOLUTIONS

Understanding the properties of the CdSxTel-x and CdS1-yTey alloys is essential to improve the
performance of CdS/CdTe thin film solar cells. A brief idea about some of the properties of these alloys
will be given in the following paragraphs.

Structural Properties

The CdS-CdTe solid solutions can grow in the cubic (zinc blende) phase, the hexagonal (wurtzite) phase
or the mixed (cubic and hexagonal) phase [6,7]. CdTel—xSx has the crystallographic form of the zinc
blende (ZB) with space group (F-43m) structure, and CdS 1—yTey the wurtzite (WZ) structure with space
group (P63mc). The mixed phase of the CdS-CdTe system shows a large miscibility gap that depends
on temperature in which both phases (cubic and hexagonal) are present. Compaan and Bohn [6,11]
found that the miscibility gap of CdTel—xSx spans the range between x = 0.16 to x = 0.86 at a
temperature of T = 650°C, Duenow et al. [9] showed that it spans the range between x = 0.058 and x =
0.97 at a temperature of 415°C. Single-phase films that exist within this gap are not in thermodynamic
equilibrium, and hence, one should expect a large driving force for decomposition or phase separation
in the material [11].
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Figure 2. X-ray diffractograms of three CdS;.,Tey with different Te content beside the diffractogram of as-
depoited CdS:In film.

The lattice spacing and lattice parameters of the CdS-CdTe solid solutions vary with composition.
Ikhmayies and Ahmad-Bitar produced polycrystalline CdS,-yTey thin films by first producing CdS:In
thin films by the spray pyrolysis technique and then annealing the films in Te atmosphere [20,21]. The
X-ray diffractograms of some of these films (a, b and c) beside that of pure CdS:In (d) are shown in
Fig.2, where film (a) has the greatest Te content, and film (c) has the least Te content. The films display
a polycrystalline mixed structure. Comparison between the diffractograms clearly shows a shift in the
positions of all reflection peaks towards smaller angles with the increase in Te content. This indicates
that the lattice spacing d increases with the increase of Te content in the films. The same thing was
observed by Murali and Thirumoorthy [24] for CdSxTe1.x films prepared by pulse plating. In addition,
the comparison between the diffractograms shows a new peak located at 20 = 40.8° in the diffraction
patterns of films (c) and (b) which is related to CdS:-yTey alloy. On the other hand, for the cubic Te rich
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CdSyTei« alloy, Dhere, et al. [4] found that the (111) peak of CdTe in the XRD pattern shifts towards
higher angles as the lattice constant of the alloy decreases with addition of S.

The dependence of lattice spacing on composition enables obtaining the lattice parameter from X-ray
diffraction measurements and hence calculating the mole fraction (x) or (y) for different phases of CdS-
CdTe solid solutions. According to Murali et al. [12] the variation of lattice spacing and lattice
parameters with composition is linear and obeys Vegard’s law [9], where the lattice parameters of
CdSxTei films changed from CdTe to CdS side as the concentration of CdS increased in the films. For
the cubic phase of the CdTe-CdS alloy system, the mole fraction, x according to Vegard’s law is given

by [9]:

a —a,
X = CdS,Te,_, CdTe (1)

Acgs — AcdTe

For the mixed CdSxTei crystal, Ohata et al. [25] have reported that CdSxTe;« exists in cubic phase for
x =0 to x ~ 0.2 and the lattice constant in this range varies according to Vegard’s law as

a (zinc blend) = 6.477 — 0.657x (2)

But it must be taken into account that the accuracy of using XRD is limited, because the XRD signal is
dominated by the layer composition closest to the surface as well as the crystallinity of the phase.
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Figure 3. SEM images of two CdS1.,Tey films with comparable thickness and different values of y. a) y =
4.51x102,t=720nm. b) y = 28.45x102,t =620 nm.

Fig.3 displays the scanning electron microscope observations for another two films with comparable
thickness but different Te concentration (t = 720 and 620 nm with y = 4.51x10-2 and 28.45x10-2
respectively), where the concentrations of Cd, S and Te in the films were taken from the X-ray energy
dispersive spectroscopy (EDS). The films appear to be polycrystalline and the film with higher Te
concentration (Fig.3b) appears with much larger grain size despite the fact that it is thinner.

Optical Properties

Bandgap Bowing

Intermixing at the CdS/CdTe junction results with a graded region in which the bandgap depends on
composition. Following the model used by Ohata et al. [25] and Pal et al. [26], the bandgap of the
CdSxTeix alloy can be predicted using a simple quadratic equation

Egaioy) = kx® + (Eg(CdS) —Eg(cdre — K)X+ Eg(care) (3)
Hence the bandgap of the CdS.,Tey alloy will be given by
Eg(alioy) = KX+ (Eg(care) — Eg(cas) —K)X+ Eg(cas) (4)

where K is the bowing parameter and its theoretical value is 2.0 [26].

Several experimental results are consistent with Eq. [3] for CdSxTei«x [9,12,27], but according to our
knowledge, there are no experimental or theoretical results for CdS;.yTey. For CdSTe1.x alloy, Duenow
et al. [9] found that the bandgap decreases below the CdTe bandgap value of Egcqre) = 1.5 €V, to as low
as 1.41 eV at x~0.3, before increasing at higher x values. Ohata et al. [27] have shown that the bandgap
of CdSxTeix alloy decreases with addition of S in the Te-rich region for values of x up to 0.25. In
addition, Murali et al. [12] observed that the bandgap shifts towards CdS side as the concentration of
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CdS in the films increases, and got a bandgap that varies from 1.44 to 2.41 eV as the percentage of CdS
increased. On the other hand, for CdSTe1x nanocrystalline thin films, Marymathelane et al. [10] got Eq
values in the range of 1.54 — 2.32 eV for films of different composition and observed that the bandgap
shifts towards CdS side as the concentration of CdS in the films increases, which may mean that they
did not got quadratic relation between E4 and x.

As mentioned in sub-section 2.1, the alloy system also exhibits a miscibility gap (two-phase region) in
which both a Te-rich ZB phase and S-rich WZ phase may be present simultaneously at equilibrium. The
composition of each phase in the two-phase region is the same as in the corresponding single-phase
regions at the edges of the miscibility gap, with the relative quantity of each phase present varying with
x [9]. Single-phase films, however, have been grown within the miscibility gap; implying non-
equilibrium growth methods were used. The phases generally separated after a CdCl; heat treatment [9].
The miscibility gap in CdS-CdTe system limits the range of alloy compositions in the intermixed region

[4].

Photoluminescence

Fig.4 displays the photoluminescence spectra of the three CdS1-yTey thin films mentioned in sub-
section 2.1 which are prepared by Ikhmayies and Ahmad-Bitar [21] measured at 60 K taken by two
gratings of different ranges (the first grating has a range: 640-1280 nm and the second grating has a
range: 190-860 nm). From the figure it is noticed that, first in the high energy part (Fig.4a), the weakest
PL signal is that of film (a) and the strongest one is that of film (c). In the low energy part (Fig.4b) the
opposite is found; that is the strongest PL signal is that of film (a) and the weakest is that of film (c).
This is because film (a) has the larger Te content and film (c) has the smaller Te content -not measured
but known from annealing time in Te vapor and color of the film. That is the shift of the PL spectra
becomes deeper into the lower energy side as the concentration of Te increases, which is a result of the
alloying of the CdS with Te. Peak-broadening observed in all PL spectra in Fig.4 is due to the
superposition of spectra corresponding to the range of crystallites’ sizes present in the alloyed layer,
because the films contain particles of different sizes as seen in the SEM micrographs shown in Fig.3.
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Figure 4. The photoluminescence spectra of CdSy.,Tey thin films measured at 60 K. a) Taken by the second
grating. b) Taken by the first grating [21].
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Figure 5. The photoluminescence spectra of the interface of CdS/CdTe solar cells. a) taken by the second
grating. b) taken by the first grating [28].

Fig.5 displays the PL spectra of the interfacial region of the CdS/CdTe solar cells -from the glass side-
after CdCI2 heat treatment [28], where there is no luminescence from the CdTe side. The figure shows
the PL spectra for two solar cells with similar SnO2:F and CdS:In thickness (200 nm and 500 nm
respectively), but different thickness of the CdTe layer. The PL spectra in Fig. 5a were recorded by the
second grating, and that in Fig. 5b were recorded by the first one. The thickness of the CdTe layer is 1.0
pum in one solar cell, and 1.5 pm in the other. It is obvious that these curves are largely identical to the
PL spectra of the CdS1-yTey thin films shown in Fig.4. These results confirm that these PL spectra are
from the CdS1-yTey solid solution in the interfacial region of the solar cell, since as mentioned before
the CdTe layer has no luminescence. The same observations found in Fig.4 are present in Fig.5. That is,
first, the PL spectrum of the thicker cell has a deeper shift to the lower energy side. Second, the broadest
spectrum (largest bandwidth) is that of the thicker cell. The main peaks in the solar cells’ spectra are far
from the bandgap energy of CdTe (1.5 eV), but closer to the bandgap energy of CdS:In (2.5 eV),
especially those of the thinner cell.

3. THE SIGNIFICANCE OF CdSxTeix IN THE INTERFACIAL REGION OF CDS/CDTE
SOLAR CELL

The interdiffusion processes taking place at the CdS/CdTe interface during CdTe deposition at high
temperature and/or CdCI2 heat treatment have largely been realized to significantly affect the device
performance. There is 10% lattice mismatch between CdS and CdTe, which should generate a large
density of defects [4], and produces strain at the CdS/CdTe interface [9]. Intermixing at the CdS/CdTe
interface is expected to reduce the effect of lattice mismatch, and then it relieves strain, reduces the
number of interfacial states, and reduces the number of recombination centers [20]. In addition, a graded
layer is formed at the interface [4,20] in which a gradual bandgap is produced in the interfacial region.
As explained in sub-section 2.2.1, this bandgap varies with composition x according to quadratic
relations Eq.(2) and Eq.(3) due to the optical bowing parameter of the CdTe-CdS alloy system. This
results in a narrowing of the absorber-layer bandgap, and hence a higher long wavelength quantum
efficiency of the solar cell. Intermixing at the CdS/CdTe interface also passivates (at least partially) the
grain boundaries and improves the carrier lifetime in the absorber, and it may reduce the dark
recombination current.
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4. CONTROLLING CdS/CdTe INTERDIFFUSION

In CdS/CdTe thin film solar cells, alloy formation has both beneficial and detrimental effects on device
performance depending on how the alloys are formed, their composition and their compositional
distribution. The proper amount of interdiffusion is necessary for a superior efficiency solar cell [8].
However, diffusion of CdS into CdTe is a faster process than that of CdTe into CdS, and is more difficult
to control, especially for cell structures with ultra-thin, <100 nm, CdS films. Diffusion of CdTe into CdS
has unwanted effects: It can reduce the transmissive properties of the window, and the CdS film
thickness will be reduced, which can be beneficial for window transmission, but can result in lateral
junction discontinuities. Non-uniform consumption of CdS can be mitigated by heat treatment of the
CdS layer prior to CdTe deposition to increase CdS grain size, density, sharpen the CdS optical
transmission edge, and to form oxides, which reside on grain surfaces and penetrate grain boundaries.
In this case, CdS consumption can be limited by reducing grain boundary diffusion, CdCI2 and O2 vapor
concentrations and treatment temperature.

A viable processing route that can be established for minimizing CdS consumption and deterioration of
the device performance is utilizing uniform CdTel-xSx alloy absorber layers in place of pure CdTe
[7,29,30] to prevent deterioration of the solar cell related to interdiffusion and current losses. But it is
found that this directly-deposited alloy layer is not fundamentally detrimental to device performance
[19]. Duenow et al. [29] found that devices that received no CdCI2 treatment performed poorly, while
devices containing the alloy layer that received a CdCI2 HT after the CdTe deposition in many cases
showed comparable performance to devices without the alloy layer.

5. CONCLUSIONS

The CdSxTel-x solid solution usually forms due to interdiffusion between CdS and CdTe in the
interfacial region of the CdS/CdTe solar cell during the deposition of CdTe layer at high temperature
and/or CdCI2 heat treatment. It also can be produced in the form of thin films by several methods. The
Te rich CdSxTel-x has a cubic structure, the S rich CdS1-yTey has a hexagonal structure, and there is
a miscibility region in which both phases are found. Cubic CdSxTel-x has crucial role in improving the
performance of the solar cell because it reduces CdS/CdTe lattice mismatch and increases the quantum
efficiency due to bandgap bowing. It is necessary to control intermixing at the interface to prevent the
non uniform consumption of the CdS window layer.
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