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Executive Summary 

Objectives 

The objective of this project is to develop improved processes for the fabrication of CdTe/CdS 
polycrystalline thin fllm solar cells. The technique we use. for the formation of CdTe, 
electrodeposition, is a non-vacuum, low-cost technique that is attractive for economic, large-scale 
production. 

Technical Approach 

During the past year, our research and development efforts have focused on several steps that are 
most critical to the fabrication of high-efficiency CdTe solar cells. These include the optimization 
of CdTe electrodeposition process, the effect of pre-treatment of CdS substrates, the post-deposition
annealing of CdTe, and back contact formation using Cu-doped ZnTe. Systematic investigations 
of these processing steps have lead to better understanding and improved device performances of 
the CdTe-based solar cells. 

Results 

Studies of the �rowth and properties ofCBD CdS tbjo films. The structural properties of the fllms
and the growth mechanisms were studied by investigating CdS samples prepared at different 
deposition times. A duplex structure with an inner compact layer and an outer porous layer and 
three growth stages is consistent with our data. The measurement of refractive index as a function 
of deposition time provides a simple way to determine the transition point from compact layer 
growth to porous layer growth, which is important for the optimization of CdS growth conditions 
in photovoltaic applications. Careful XRD analyses allowed unambiguous determination of crystal 
properties. 

EffectofCdCl, treatmentofCdS films. We-investigated the effect of CdCl2 treatment of CdS films
on the photovoltaic performance of CdTe solar cells. X -ray diffraction studies indicated that the 
diffusion of S into CdTe is qualitatively the same for CdTe/CdS films fabricated with both as
deposited and CdCl2-treated CdS. A major difference was observed in the extent of Te diffusion into 
CdS for the two types of CdS films. Full conversion of CdS into CdS 1.yTey was observed for films 
prepared with as-deposited CdS, while the formation of the ternary phase was below the detection 
limit for films prepared with CdCl2-treated CdS. Photoluminescence measurements confirmed this 
result. The difference in interdiffusion leads to differences in optical transmission of CdS films and 
spectral response of CdTe/CdS solar cells. An increase of 2.7 mA/cm2 in short-circuit current
density was observed as a result of improved spectral response in the wavelength range of 500-
600 nm for the CdCl2-treated CdS. 

Studies of Cu-doped ZnTe back contact layer. Cu-doped ZnTe was studied as a promising material
for forming stable, low-resistance contacts to the p-type CdTe. Polycrystalline ZnTe fllms were 
formed by vacuum co-evaporation of Cu and ZnTe. The electrical properties were studied 
systematically as a function of Cu concentration and annealing temperature. The effects of Cu 



concentration, ZnTe post-deposition annealing temperature, and the types of metals used to contact 
ZnTe on solar cell performances were studied. A Cu concentration of 5.4 at. %, a ZnTe post
deposition annealing temperature of 170oC, and Au metal contact on ZnTe were found to yield the 
highest cell performances. Different metal contacts on the ZnTe layer lead to different CdTe doping 
densities, which in tum may contribute to differences in the diffusion potential at the CdTe/CdS
junction and the open-circuit photo voltage of the solar cells. The formation of a back contact diode 
at the CdTe/ZnTe interface was detected for Ni-contacted cells, based on capacitance-voltage 
analysis. The series resistance of the CdTe/CdS cells was reduced significantly by the introduction 
of the ZnTe layer. Fill factors greater than 0.70 were consistently obtained, with the highest value 
reaching 0.76. 

Optimization of CdTe and CdS film thicknesses. We have investigated the effect of CdTe and CdS
thickness on the photovoltaic performance of the resulting cells. We found that an increase in the 
CdTe thickness from 2 J.lm to 3. 5 J.lm lead to a consistent improvement in V oc by 40-60 m V. The
shunt resistance of the cells was also increased. As a result, V oc greater than 800 m V and Rsh greater
than 1000 n cm2 were regularly obtained. SEM measurements indicated that the average CdTe
grain size after CdCb treatment and annealing was much larger for the thicker CdTe films. CdS 
layer thickness was varied from 700 A. to over 4000 A., The most efficient cells were obtained with
1500 A. CdS. For cells made with thinner CdS, both V oc and shunt resistance deteriorated because
of the significant consumption of CdS during CdS-CdTe interdiffusion. 

As a result of our systematic investigation and optimization of the processing conditions, we have 
improved the efficiency of CdTe/CdS cells using ZnTe back contact and electrodeposited CdTe. 
Our best CdTe/CdS cell exhibited a V oc of 0.778 V, a J.., of 22. 4 mA/cm2, an FF of74. 0%, and an
efficiency of 12.9% (verified at NREL). In terms of individual parameters, we have obtained V oc 

over 0. 8 V and FF of76% on other cells.
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1. Introduction

1.1 Background 

Polycrystalline thin-film CdTe has attracted a great deal of interest for low-cost, high
efficiency photovoltaic energy conversion applications. Among the various techniques that are 
available for CdTe thin

.
film deposition, electrodeposition is a non-vacuum technique and has the 

advantage of low cost, efficient utilization of raw material, and scalability for high-volume 
production. At the same time, additional research is still needed to improve upon the efficiencies 
and performance levels achieved to date. Among the significant issues are interface carrier 
recombination and top-layer photon absorption which presently limit the short-circuit current, 
junction recombination which limits the open-circuit voltage, and series-resistance losses which 
suppress the fill-factor. 

The objective of the CSM contract was to improve certain processing steps of the cell 
fabrication and to further our knowledge of these polycrystalline thin film materials. Improved 
efficiencies, high-quality film growth techniques, materials analysis, device fabrication and 
characterization have all been of particular interest in our work.

1.2 Cell Fabrication Procedure 

The solar cell structure we investigate has a CdTe/CdS/SnO/glass structure. The standard 
cell fabrication procedure includes: 

(1) Chemical bath deposition (CBD) of CdS layers
. 
(typical thickness of 0.2 J.Lm) in an

alkaline solution containing cadmium acetate, ammonium acetate, ammonium hydroxide, and 
thiourea (see Section 2.3 for the solution composition). 

(2) Annealing of the CdS films at 450°C for 50 min in a N2 atmosphere. A CdCh coating 
was applied to the CdS surface prior to annealing, using a mist generator containing a 1.2 M CdCl2 
aqueous solution. 

(3) The electrodeposition of CdTe (typical thickness of 2 - 3.5 J.Lm) using a system 
composed of four electrodes: Cd and Te anodes, a Ag/ AgCl reference electrode, and a cathode 
(sample substrate). The typical electroplating conditions were: pH, 2; temperature, 80°C; 1.2 M 
CdCl2 ; deposition current between 0.26 and 0.40 mA/cm2; deposition potential, -600 mV (vs.
Ag/AgCl electrode); and anode current ratio close to 2.0. 

( 4) Annealing of CdTe/CdS films at 410oC for 40 min in dry air. Prior to annealing, a CdCh
coating was applied to the CdTe surfaces using the same procedure as used for the CdS layers. 

(5) Etching of the CdTe surface in a 0.1% Br-MeOH solution for 10 s and back contact 
formation using either evaporated Au or Cu-doped ZnTe followed by Au evaporation. 

A wide variety of thin film and device characterization techniques were used to characterize 
our material. X-ray diffraction (XRD) measurements were performed on a Rigaku x-ray 
diffractometer using Cu-Ka radiation. Scanning electron microscopy (SEM) measurements were 
performed using a JOEL Model840 instrument. Optical transmission and reflection measurements 
were performed using a CARY 5E UV-VIS-NIR spectrophotometer equipped with a PTFE 
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integrating sphere. Film thicknesses were measured using a Dektak 3 surface profiler. For the study 
of structural and optical properties of the CdS films after CdTe deposition and final annealing 
processes, the CdTe layers were removed either mechanically or by chemical etching. The finished 
cells were characterized using current-voltage, capacitance-voltage, and spectral response 
techniques. 

2. Growth and Properties of Chemical Bath Deposited CdS Thin Films

CdS is commonly used as n-type window layers in CdTe solar cells. Among various 
techniques for preparing CdS fllms, chemical bath deposition (CBD) is a simple and low-cost 
method and produces uniform, adherent, and reproducible films. There have been several studies 
[1-4] on the mechanism of CdS growth via CBD as it relates to the optimization of CdS film 
properties. It is well known that, depending on the deposition conditions, an "ion-by-ion" growth 
process results in compact and adherent films while a "cluster-by-cluster" process or colloidal 
growth yields porous films [1,5]. Recently, Lincot and Borges [2,3] have carried out detailed in
situ studies on the CdS CBD process, using quartz crystal microbalance and electrochemical 
impedance measurement techniques. A more detailed duplex layer structure of CdS fllms and three 
distinct stages of CdS fllm growth were proposed [2,3]. 

We studied CdS films of various thicknesses corresponding to the termination of the growth 
at different deposition stages. CdS thin film samples were prepared on glass slides by CBD from 
an ammonia-thiourea aqueous solution. The chemicals and their concentrations in the solution were: 
CdAc2 (1x10-3 M), NH�c (20x1D-3 M), and (NH2)2CS (5x1Q-3 M). Ammonia was used to adjust the 
initial solution pH to a value between 9 and 10. The chemical bath was kept at a temperature of 
85<C. The substrates were immersed in the solution and taken out at different deposition times. The 
mechanism of CdS growth, the structural properties of these films and the compactness of the fllms 
were then analyzed using XRD, ellipsometry and other measurements. 

2.1 CdS Growth Process 

It is known that chemical bath deposition of CdS proceeds in three main stages [2]: an 
induction stage, a compact layer growth stage and a porous layer growth stage. The induction region 
corresponds to the formation of nucleation sites on the substrate. Following this induction period 
is the growth of a compact layer that is usually completed at a thickness between 100 and 200 nm 
[ 1 ,3]. Afterwards, a porous layer is formed for longer deposition time. Finally, the solution species 
are exhausted and the CdS film growth ceases. If CdS film growth proceeds into the porous layer 
growth region, a duplex layer structure, which consists of an inner compact layer and an outer 
porous layer with some surface particles, will be formed. 

Figure 2.1 shows the CdS film thickness as a function of deposition time. The induction 
period is clear (about 15 min); after that, CdS thickness is measurable and increases approximately 
linearly with deposition time. The growth rate decreases after 40 min because of a depleting 
solution. From the growth curve, we cannot determine the point of transition from compact to 
porous layer growth. Reportedly [2,3], there is a small plateau on the growth curve which indicates 
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this transition point; after the plateau, a sudden increase of the growth rate generally takes place, 
corresponding to the start of a porous layer growth. However, evidence of such behavior is not 
obvious if the thickness measurement is not precise enough. 
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Figure 2.1 CdS film thickness as a function of deposition time. 

Studies of the evolution of the refractive index provide a simple quantitative method to 
determine the transition point from compact layer growth to porous layer growth. Figure 2.2 shows 
the refractive index, obtained from optical reflection and transmission measurements, as a function 
of deposition time. In the compact layer growth region, CdS does not fully cover the substrate. This
contributes to an artificially smaller refractive index in comparison to that of bulk CdS. Near the 
transition point from the compact layer growth to the porous layer growth, the refractive index is 
close to that of bulk CdS (2.40) and reaches its maximum value (2.35). As porous layer growth 
starts, the refractive index decreases. Refractive index values measured from ellipsometry show 
qualitatively the same trend. In order to obtain dense CdS films, the substrates need to be removed 
from the bath just prior to porous layer growth (35 min here). 

Figure 2.3 shows the CdS grain size as a function of film thickness. The grain size is 
determined from XRD line widths using Scherrer equation. The grain size is linear with the film 
thickness. Note that the CdS grain size still increases during the porous layer growth which 
corresponds to film thickness above 150 nm for our deposition conditions. The increase of grain 
size is not due to adsorption of larger homogeneously grown CdS particles in solution since these 
have much smaller grain sizes than those of the CdS films. We conclude that the "ion-by-ion" 
growth process continues in the porous layer growth stage, even though the "cluster-by-cluster" 
growth process become more important, i.e. it is not a sharp transition in growth mechanisms. In 
the compact layer growth region, homogeneously grown CdS particles also exist in solution and 



are adsorbed on the substrates. However, in this region, film growth is dominated by the "ion
by-ion" process. 
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Figure 2.2. Refractive index of CdS as a function of deposition time. 
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Figure 2.3. CdS grain size as a function of film thickness. 
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Figure 2.4 shows the CdS surface roughness as a function of CdS film thickness. This 
roughness is mainly due to height difference of CdS surface particles adsorbed from solution. In 
the compact layer growth region, the amount and size of adsorbed CdS surface particles are 
relatively small. In the porous layer growth region, on·the other hand, the roughness is relatively 
large and increases fast. This is consistent with our SEM and optical microscopy observations of 
CdS surfaces. 
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2.2 Structural Properties of CdS Films

Figure 2.4. CdS surface 
roughness as a function of 
CdS film thickness . 

There have been a lot of reports [5-9] on the structural properties of CdS films prepared by 
CBD. However, the results are scattered over a wid� range because of different deposition 
conditions used in various laboratories. X-ray diffraction (XRD) analysis is commonly used for 
structural studies. Because high quality as-deposited CdS films have only one preferred orientation, 
corresponding to either cubic (Il l) or hexagonal (002), it is difficult to distinguish these two phases 
based on the XRD peak position [5,6]. The study by Kaur et al[l] concluded that the " ion-by
ion" process results in compact films which have pure hexagonal or a mixture of hexagonal and
cubic phase, and that the "cluster-by-cluster" process gives rise to porous layers with pure cubic 
phase . This point of view influenced other authors' assumptions on the phase of as-deposited CdS 
[4]. 

Figure 2.5 (a) and (b) show the XRD patterns for a CdS film obtained in the compact layer
growth stage and a film obtained in porous layer growth stage, respectively. Both films have a 
strong preferred orientation. The strong peak may correspond to cubic (Il l) with lattice spacing
3.360 A or hexagonal (002) with a lattice spacing 3.367 A. It is difficult to distinguish the phase
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from this peak only. We performed further XRD studies of CdS powders in order to determine the 
phase unambiguously. In Figure 2.6, the upper curve is the XRD pattern for CdS powders collected
from the solution; the lower curve is the XRD pattern for CdS powders obtained by scraping CdS 
films from the glass substrates. XRD patterns of CdS films obtained in the compact layer growth
stage and in the porous layer growth stage are similar. The positions and relative integrated 
intensities of several peaks were used to determine the CdS phase. As shown in Table 2.1, both
peak positions and relative integrated intensities are closer to those of the cubic phase than the 
hexagonal phase. The strongest evidence against any hexagonal phase is the absences of the hex 
(100) and (101) peaks. We therefore conclude that the CdS films are purely the cubic phase, even
for ftl.ms grown dominantly by the "ion-by-ion" process in the compact layer growth region. This 
is contrary to what was reported earlier [1]. 
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Figure 2.5. XRD patterns of CdS films: (a) A film obtained in the compact layer growth
stage; (b) A fllm obtained in the porous layer growth stage. 

The lattice constant was determined with the Nelson-Riley extrapolation technique. For 
both CdS powders from the solution and CdS on the substrate, the CdS lattice constants, 
5.819±0.002 A and 5.820±0.002 A, respectively, calculated from the positions of peaks, are not
dependent on CdS thickness or grain size and are very close to the standard value (ao=5.818 A) . 
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Table 2.1. Lattice spacing and relative integrated intensity of standard hexagonal and cubic CdS 
powders and CdS powers removed from the glass substrates and extracted from the chemical 
solutions. 

Hex. CdS 
(standard) 

d (A) hid I(%) 

3.583 100 75 
3.367 002 60 
3.160 101 100 
2.068 110 55 
1.761 112 45 

-
""C 4000c: 
0 
0 
Q) 
fQ 3000C/) -
c: 
:J 
0 

(.) - 2000
>. 

:=: 
C/) 
c: 
Q) 1000-
c: 

Q
a:
X

20

Cubic CdS CdS powders 
(standard) (from substrate) 

d <A> 

3.360 

2.058 
1.753 

hid I (%) d <A> I (%) 

111 100 3.360 100 

220 80 2.058 45 
311 60 1.755 20 

30 40 50
Two-Theta ( Degrees ) 

CdS powders 
(from solution) 

d (A) I (%) 

3.359 100 

2.057 60 
1.754 40 

60

Figure 2.6. XRD patterns of CdS powders: (a) Powders extracted from the solution; (b)
Powders scrapped from the substrates. 

The grain size of CdS powders from solution is much smaller than that of CdS on substrate, 
calculated from the width of the strongest peaks in Figure 2.6 (a) and (b). It is interesting to note
that, in Figure 2.6 and Table 2.1, CdS grain orientations are not as random as the standard powder. 
Although CdS powders in solution were grown under a homogeneous surrounding condition, XRD 
analysis shows that the CdS powders have.preferred growth direction along cubic ( 111) because the 

7 



grain size ratio in the (111), (220), and (311) orientations calculated from corresponding peaks is 
3:1:1. This indicates that CdS grows more easily and faster along cubic (111) than along other 
directions. This is consistent with that fact that the CdS films on substrates have strong preferred 
orientation along cubic (111). 

2.3 Electrical Properties of CBD CdS Films

The dark and light resistivity of CdS films grown by chemical-bath-deposition using two 
different recipes (listed in Table 2.2) were investigated. The first recipe, used previously by 
Ametek, is characterized by a high solution concentration and a fast growth rate. The second recipe, 
typical of the one used by Chu et al, is characterized by a dilute solution and a slow growth rate. 
Films in their as-deposited state and those ·annealed at 450°C in nitrogen ambient, with and without 
CdCh treatment, were studied. The results are summarized in Table 2.3 and 2.4. The activation 
energy was determined from the slope of ln(p) vs. Iff plots measured in the temperature range of 
20 - 1 00°C. The energy bandgap obtained from optical absorption measurements is also listed. 

Table 2.2. Recipes for chemical bath deposition of CdS 

recipe#l 
recipe#2 

CdCl2 or 
Cd(Ac)z 

0.002M 
0.001 M 

Thiourea 

0.15M 
0.005M 

NJLCl or 
NJLAc 

0.005 M 
0.02M 

pH 

11 
9.5 

deposition 
rate (Almin) 

100 
20-40 

Table 2.3. Electrical Properties of CdS films prepared by fast growth (recipe 1). 

Darkp Light p p.wJplighl Activation 
(Q-cm) (Q-cm) Energy (eV) 

As-deposited 2.0 X 109 3.3 X 105 6.0 X 103 0.70 
Annealed without CdCl2 5.6 X 107 2.0 X 103 3.0 X 1(}4 0.54 
Annealed with CdCb 1.6 X 107 1.1 X 103 1.5 X 1(}4 0.50 

� 
(eV) 

2.36 
2.39 
2.42 

Table 2.4. Electrical Properties of CdS films prepared by slow growth (recipe 2). 

Darkp Light p . p.wJplight Activation � 
(Q-cm) (Q-cm) Energy (eV) (eV) 

As-deposited 9.5 X 103 6.5 X 101 1.5 X 102 0.19 2.35 
Annealed without CdCl2 3.2 X 107 7.8 X 102 4.1 X 104 0.67 2.26 
Annealed with CdCb 2.8 X 107 6.0 x 101 4.7 X 105 0.55 2.39 
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We can notice several features from these data: 

(1) The bandgap of as-deposited CdS is comparable for films grown with either method and 
is 60 - 70 me V smaller than the bandgap of single crystal CdS. After CdCl2 treatment and annealing, 
the bandgap increases in both cases, approaching that of single crystal CdS (2.42 e V). For annealing 
without CdCl2, however, variations of bandgap in opposite directions were observed for films 
deposited with the 2 different recipes. A large decrease of bandgap was observed for films 
deposited with the slow growth recipe, whereas a small increase was observed for films deposited 
with the fast growth recipe. 

(2) The dark resistivity of as-deposited films differs significantly, by more than 5 orders of 
magnitude, for film deposited with the 2 different recipes. The fast -growth recipe yielded very high 
dark resistivity and the slow-growth recipe yielded relatively low resistivity. Correspondingly, the 
activation energy is also much smaller in the latter case. After annealing, the dark resistivity reaches 
comparable values for both types of films� 

(3) Films deposited by slow growth and annealed with CdC12 treatment showed the lowest 
resistivity under illumination (60 Q-cm) and the highest dark-to-light resistivity ratio (4.7 x 105). 
The high conductivity under illumination and high dark-to-light resistivity ratio suggest a long 
lifetime of photogenerated electrons, an electron Fermi level close to the conduction ban.d, and, 
consequently, improved solar cell performances. Annealing of the slowly grown CdS with CdCl2 
probably introduced a high concentration of hole traps which enhanced the photosensitivity. 

(4) For both as-deposited films and those annealed without CdCh treatments, the 
photoconductivity decay is very slow. In some cases, several hours are required for the dark 
resistivity to reach a stable value. Such a slow decay of photoconductivity indicates the existence 
of high concentration of electron traps. For films annealed with CdCh treatment, the 
photoconductivity decay is very fast, with a time constant of the order of seconds. This indicates 
that the CdCl2 treatment eliminated effectively the electron trapping centers.



3. CdS-CdTe Interdiffusion Studies

3.1.Studies of CdTe Annealing and CdTe-CdS Interdiffusion 

Because of the finite solubility of CdS and CdTe within each other, interdiffusion between 
CdS and CdTe layers occurs during the final annealing of CdS/CdTe films. As a result, a CdTe
rich ternary phase (CdTe1.xSJ is formed in the CdTe layer. A CdS-rich ternary phase (CdSt-y Tey) 
may also be formed in the CdS layer. The degree of these interdiffusion processes is affected by 
the CdCl2 treatment of CdS films and can be quantitatively measured by monitoring the change of 
line shape of XRD patterns. Figure 3.1 shows the XRD patterns of the CdTe films, both as
deposited and annealed under different conditions. The XRD pattern from a pure (99 .999%) CdTe 
powder is used as a reference. A high angle diffraction peak of CdTe, (531 ), was chosen for detailed 
analysis because of the better resolution at high angle. The peak position is also less sensitive to 
sample alignment, providing a more accurate value of the lattice parameter. Both the as-deposited 
and annealed CdTe films exhibit lattice parameters larger than that of commercial CdTe powder, 
indicating an in-plane compressive stress in the films. For both the pure CdTe powder and the 
350°C-annealed thin film, the XRD pattern is characteristic of a single-phased material. The two 
peaks, with intensity ratio of 2: 1, originate from the CuKa.1 and CuKa.z lines. For CdTe films 
annealed at 410°C, a noticeable change in the XRD lineshape was observed. The XRD pattern is 
composed of two sets of peaks. One set of peaks (lower angles) corresponds to pure CdTe under 
compression. The second set, characterized by a smaller lattice parameter and growing in intensity 
with annealing time, indicates the formation of CdTe1.xSx. 

In order to determine unambiguously the material composition corresponding to the first set 
of peaks and demonstrate the compressive stress, we have scraped off the CdTe thin film from the 
glass substrate and performed XRD measurement on the collected powders (top set of data in 
Fig.3.1 ). The lattice parameters corresponding to the two sets of peaks were determined accurately 
by plotting the lattice constant derived from each diffraction peak as a function of cos29/sin9 with 
extrapolation to e = 1t/2 by a least squares fit . The results are shown in Figure 3.2 together with the 
result for commercial CdTe powder. The good agreement between the measured lattice parameters 
of the powder collected from the thin film and that of commercial CdTe powder is a clear indication 
that the first set of peaks is associated with pure CdTe phase, rather than CdTet-xSx with low S 
content. Our result also indicates that the larger lattice parameter we observed with the thin films 
is related to residual stress introduced by the different thermal expansions between the thin films 
and glass substrate. Based on the observed difference in lattice parameters derived from the two sets 
of peaks and the known lattice constants of CdTe (0.6481 nm) and CdS (cubic, 0.5818 nm), we 
estimate the content of S in CdTexS1.x to be x = 0.03. 

It has been found that S diffusion along grain boundaries proceeds at a rate several orders 
of magnitude higher than that in bulk CdTe [1 0]. Therefore, it is expected that the pure CdTe exists 
mainly near the center of the grains. The non uniformity of S diffusion is in the lateral direction, 
i.e., from grain boundaries to grain centers. The concentration gradient of S along the direction
normal to the film is less significant. This is verified by comparing the XRD lineshape of the film 
and the scraped powders. The ( 531) XRD patterns of the two are plotted on the same scale in Figure 
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Figure 3.1. XRD patterns of the (531) peak from different CdTe samples: annealed film.
as-deposited film, and CdTe powders. 
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Figure 3.3. Comparison of the XRD lineshape of the thin film and the powder collected from 
scraping off the thin film from glass substrate. 
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3.3. The pattern from the powder has been shifted to align with that of the film. It is clear that the 
Iineshapes .of the tWo are similar, especially in the vicinity of the sharp peak characteristic of the 
interdiffusion. This suggests that the S diffusion into the CdTe film and the distribution of CdTe 1_ 
xSx is nearly uniform in the direction perpendicular to the film. Otherwise, if S diffusion is limited 
to a region near the CdS/CdTe metallurgical junction which is buried under a pure CdTe layer, we 
would expect a much lower intensity of the second set of diffraction peaks from the thin film than 
from the collected powder because of the strong absorption of x-rays in the CdTe film. For CuKa 
radiation we used, the absorption coefficient of CdTe is 1408 em-•. At a diffraction angle of 29 = 

89°, a 1J.Lm-thick CdTe layer would attenuate the XRD signal by more than 30%. 

We have investigated the dependence ofXRD lineshape on CdCl2 treatment and annealing 
conditions. The results are shown in Figure 3A. For CdTe/CdS structures that were treated with 
CdCh and annealed at a relatively low temperature (350°C), little interdiffusion was observed 
(FigAAa). For a higher annealing temperature (410°C), the relative intensity of the S-alloyed 
component increases with the amount of CdClz that was sprayed on the CdTe prior to annealing, 
indicating that CdCl2 is effective in promoting the interdiffusion. The separation between the two 
peaks corresponding to CdTe and CdTexSt-x remains unchanged, indicating a constant x value in the 
alloy. The observed S content is expected to be limited .by the solubility of S in CdTe at the 
annealing temperature. 
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Figure 3A. Effect of CdCh treatment 
on CdTe/CdS interdiffusion. (a) CdTe 
annealed at 350°C, showing no 
interdiffusion; (b) CdTe annealed at 
41 OOC without CdC12, showing limited 
interdiffusion; (c) CdTe annealed at 
41 ooc with CdCb, showing significant 
interdiffusion. 

A broad tail was also observed at th� high angle side of the main CdTexS t-x peak in Figure 
4c, indicating the existence of an alloyed region with S content higher than 3%. The weak signal 

13 



from Sn02, with a peak centered at 29 = 90.2°, cannot account for this long tail. A broad peak is 
required to fit the experimental data. Such a broad peak indicates either a continuous distribution 
of S content in the CdTexS1.x, or that the S-enriched regions are highly localized such that the 
diffraction peak is broadened. We are inclined to the second explanation and associate the S
enriched region with the grain boundaries and the small crystallites that exist at the CdTe/CdS 
interface. 

Complete cells were made in an attempt to correlate the different degrees of interdiffusion 
with the photovoltaic performance. The results are listed in Table 3.1. As expected, smaller V oc and 
Isc values were obtained with films that were annealed without CdCl2. For films that were annealed
with CdCh, noticeable improvements of both V oc and Isc were obtained. However, little changes in
V oc and Isc were observed as the CdC12 spray time increased from 20 s to 50 s despite the fact that
the fraction of CdTe,_xSx changed significantly with the amount of CdCb. 

Table 3.1. Dependence of photovoltaic performance on the amount of CdCh used for annealing. 

CdCl2 spray Voc Jsc
time (s) (V) (mA/cm2) 

0 0.71 20.7 
20 0.76 22.3 
30 0.75 21.7 
40 0.75 21.7 
50 0.75 22.1 

3.2. Effect of CdCI2 Treatment of CdS 

The treatment of CdS thin films prior to the deposition of CdTe is a critical step in the 
fabrication of polycrystalline CdTe/CdS solar cells. The two most commonly used methods for 
treating CdS are: (1) annealing in a H2 environment for 5 to 15 min; (2) applying a thin coating of 
CdCh to the CdS followed by annealing in inert ambient (N2) for 30-50 min [11-14]. The former 
has been found to reduce interface states and improve the open-circuit photovoltage (V oc) of 
CdTe/CdS solar cells. The latter has also been shown to lead to higher and more stable V oc [11] and 
to suppress CdTe/CdS interdiffusion during the final annealing step of CdTe/CdS films [12]. It is 
known that heat-treatment in the presence of CdCb promotes grain growth of the CdS films. 
However, a detailed investigation on the increase of CdS grain size, the quantitative measurement 
ofCdTe-CdS interdiffusion, and their effects on the electrical and optical properties of the CdS films 
and on the photovoltaic performance of CdS/CdTe solar cells is still lacking. We fabricated cells 
with and without the CdC12 treatment and annealing of CdS. The effects of the CdC12 treatment of 
CdS on CdTe-CdS interdiffusion, on the optical properties of CdS films, and on the photovoltaic 
performances were investigated. 

Table 3.2 shows the V oc and Isc values of CdTe/CdS cells fabricated with as-deposited and 
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CdCh-treated CdS films. Isc is strongly affected by the CdCl2 treatment of the CdS films. On 
average, J.., is increased by 2.7 rnNcm2 as a result of this treatment. On the other hand, V oc is
virtually independent of the CdS processing. 

Table. 3.2. Photo voltaic performance of CdS/CdTe cells fabricated with as-deposited and CdCb
treated CdS films. The V oc and Isc values are the average of 12 cells ofO.l cm2 size. The standard
deviations are listed in parentheses. 

Samples 

#778 (as-deposited CdS) 
#779 (CdCh-treated CdS) 

v oc (V)

0.769 (0.005) 
0.758 (0.006) 

J.., (mA/cffil)

20.5 (0.2) 
23.2 (0.4) 

The enhanced short-circuit photocurrent is caused by improved quantum efficiency in the 
spectral range close to the bandgap of CdS. As shown in Fig. 3.5, the spectral response of the cell 
fabricated with CdClrtreated CdS shows a sharp increase at the wavelength corresponding to the 
CdS bandgap (500 nm) and a very high quantum efficiency between 500 and 600 nm. The spectral 
response of the cell fabricated with as-deposited CdS, on the other hand, shows a much more gradual 
increase at wavelengths longer than 500 nm. The quantum efficiency reaches relatively high values 
only at wavelengths close to 600 nm. 
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Figure 3.5. Spectral 
response of CdTe/CdS 
solar cells prepared 
with as-d eposited 
(dashed) and CdCb
treated CdS (solid). 



Figure 3.6 shows the XRD pattern corresponding to the CdTe (531) peak of CdTe/CdS films 
prepared with as-deposited and CdClz-treated CdS. The XRD data are fitted with a superposition 
of 2 components, each consisting of two peaks with fixed intensity ratio and separation to account 
for the Cu-Kat and-Ka2lines. The component at lower diffraction angle corresponds to pure CdTe, 
whereas the one at higher diffraction angle corresponds to the ternary phase alloy CdTet.xSx· The 
content of S in the ternary alloy is estimated using Vegard's law, based on the observed difference 
in lattice parameters derived from the two sets of peaks. For CdTe/CdS films prepared with as
deposited and CdClrtreated CdS, the sulfur content in the ternary phase was found identical, 
approximately 2.3% in both cases. The proportion of the ternary phase relative to the binary phase 
was found to be slightly higher for films prepared with as-deposited CdS, based on the relative x
ray intensities of the 2 components. 
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Figure 3.6. XRD patterns of the CdTe (531) peak from CdTe/CdS films prepared 
with (a) as-deposited and (b) CdCI2-treated CdS. 
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The fact that the sulfur content in CdTexSt-x is identical for both types of CdS preparation is 
in agreement with the spectral response measurements of the cells. The latter exhibited the same 
long wavelength cutoff, indicating the same bandgap of the absorber layer despite the differences 
in CdS processing conditions. 

The high proportion of the ternary CdTexSt-x phase implies significant consumption of the 
CdS layer. Based on the relative intensity of XRD peaks corresponding to the binary and ternary 
phases, approximately 70% of the CdTe is converted to CdTexSt-x- This would predict a decrease 
of CdS film thickness of -60 nm for the CdTe film thickness used (3.4 J.Lm)_ Indeed, after the CdTe 

layer was removed after the annealing and interdiffusion process, the CdS film thickness was found 
to have decreased from 240 nm to 165 nm, representing a 7 5 nm reduction. This high CdS 
consumption caused by CdTe-CdS interdiffusion is expected to play a critical role in determining 
the smallest CdS thickness that can be employed in CdTe/CdS solar cells. The large reduction of 
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CdS film thickness can also be · noticed when we compare CdTe/CdS cells fabricated with
electrodeposition and with closed-spaced sublimation (CSS). CSS is known to produce CdTe films 
with large grains and better crystallinity, which lead to less interdiffusion and less CdS consumption. 
On the other hand, electrodeposition and other low temperature processes produce CdTe films with 
much smaller grains, which lead to more significant interdiffusion and CdS consumption. This high 
CdS consumption caused by CdTe-CdS interdiffusion is expected to play a critical role in 
determining the smallest CdS thickness that can be employed in CdTe/CdS solar cells fabricated 
with low temperature processes. For example, if the smallest CdS thickness is -700 A for producing
efficient cells using CSS deposited CdTe, a CdS thickness of 1200-1300 A would be the lower limit
that can be used for lower temperature processes such as electrodeposition. 
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The diffusion of Te into CdS and the formation of CdS1.yTey were also investigated by 
monitoring the XRD pattern of the hexagonal CdS ( 1 03) peak (Fig. 3. 7). For this measurement, the 
bulk CdTe layer was removed chemically in a Br2-MeOH solution in order to enhance the XRD 
intensity of the CdS peak. In comparison to the CdTe XRD studies, a much more significant 
difference in the XRD patterns was observed in this case. For CdS/CdTe films prepared with 
CdCl2-treated CdS, the CdS (1 03) XRD peak yields a lattice spacing characteristic of pure CdS.
For films prepared with as-deposited CdS, on the other hand, the XRD pattern shows a significant 
shift of the peak position toward low diffraction angle, indicating an increased lattice spacing and 
the formation of an alloyed phase. This indicates that while only a negligible portion of the CdS is 
converted to CdS,.y Tey for the CdC12-treated CdS, it is fully converted to the ternary phase when as
deposited CdS is used. Based on the known values of the (1 03) lattice spacing for CdS (0.1898 nm) 
and hexagonal CdTe (0.2115 nm), we estimate the y value to be 4.4% in CdS1.y Tey. This large
difference in the extent of Te diffusion into CdS is expected to originate from not only the 
differences in grain size, but also the differences in defect dtmsity in the two types of CdS films. 

17



The optical transmittance (T) and reflectance (R) of the CdS films with and without CdCl2
treatment were measured both before and after the CdTe deposition and final annealing to reveal the 
change of optical properties caused by CdTe-CdS interdiffusion. Fig.3.8(a) shows the results 
obtained from CdS films before CdTe deposition. T/(1-R) is plotted to eliminate the interference 
fringes. The absorption coefficient (a) calculated from the corrected transmittance is then used to 
produce the conventional plot, (ahv)2 vs. hv, shown in Figure 3.8(b). As shown in Fig.3.8(a), the
optical transmission of the CdC12-treated CdS shows a sharper onset at the wavelength 
corresponding to CdS bandgap (500 nm) than the as-deposited CdS. The bandgap of the CdClz
treated CdS (2.44 e V) is also larger than that of the as-deposited CdS (2.38 e V). 
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Figure 3.8. (a) Corrected optical transmission of CdS films prior to CdTe deposition. (b) Optical 
absorption of CdS as a function of photon energy. dashed: as-deposited CdS; solid: CdC12-treated 
CdS. 

Both the optical transmittance and the (ahv)2 vs. hv plot of the CdS were affected
significantly by the CdTe-CdS interdiffusion. Figure 3.9 show the optical transmission of the CdS 
films after the CdTe deposition and the subsequent annealing processes. For this experiment, the 
CdTe overlayer was removed after the final annealing. The optical transmission of CdS in the 
wavelength range of 500 - 600 nm deteriorates after the interdiffusion if the CdS did not receive a 
CdCl2 treatment prior to CdTe deposition. The variation of T/(1-R) in the spectral range of 500 -

600 nm matches qualitatively with the spectral response curve of the CdTe/CdS cells (Fig.3.5). A 
decrease in bandgap was observed for both CdC12-treated CdS and non-treated CdS. 
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Figure 3.9. (a) Corrected optical transmission of CdS films after CdTe/CdS interdiffusion. (b) 
( ahv)2 vs. hv plot of CdS after CdTe/CdS interdiffusion. dashed: as-deposited CdS; solid: CdC12-

treated CdS. 

Fig. 3.10 shows the photoluminescence spectra of the CdTe/CdS films. For films prepared 
with CdC12-treated CdS, two peaks at 2.54 eV and 2.08 eV, corresponding to a near band gap 
transition and a deep transition of pure CdS, were observed. For films prepared with as-deposited 
CdS, only a broad peak, at 1 .74 eV energy, was observed. This transition is characteristic of the 
CdSt.yTey ternary phase [13] and is presumably related to deep levels introduced by Te in CdS. The 
photoluminescence results therefore confirm the results obtained fromXRD, i.e., CdCl2-treated CdS 
remains pure CdS while non-treated CdS is fully converted to ternary phase during the final 
annealing step. 
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4. Study of ZnTe:Cu Back Contacts on CdTe/CdS Thin Film Solar Cells

The formation of stable, low-resistance contacts to p-type CdTe is critical for the 
achievement of high efficiency and long-term stability of CdTe thin-film solar cells. Because of the 
rather high ionization energy of CdTe and the difficulty of achieving high doping levels in p-type 
CdTe, a low-resistance ohmic contact cannot be formed by a simple metallization. Chemical 
reactions between CdTe and some of the high work function metals (e.g., Au) also make it difficult 
to form a stable ohmic contact by metal evaporation. ZnTe, which is expected to have a small 
valence band discontinuity with CdTe and can be doped degenerately with Cu, has been used as an 
intermediate layer between the high-resistivity CdTe and the metal contact [14,15]. Incorporation 
of a thermally evaporated Cu-doped ZnTe contact in CdTe/CdS cells yielded an efficiency of 11.2% 
[14,15], a record efficiency for thin-film solar cells at that time. Subsequently, other groups have 
investigated the deposition and properties ofZnTe thin films in relation to their application in thin
film CdTe solar cells [16-18]. 

We studied the effects ofCu concentration, ZnTe:Cu layer thickness, ZnTe post-deposition 
annealing temperature, and contact material to the ZnTe on the photovoltaic performances of 
CdTe/CdS solar cells. ZnTe films doped with Cu were deposited by vacuum evaporation. The 
vacuum system had a base pressure of 1 x 1 � torr and was partitioned into two sections: one for a 
ZnTe powder source (99.999%, Johnson-Matthey) and the other for a Cu source (99.9999%, 
Johnson-Matthey). The ZnTe and Cu deposition rates were measured by separate thickness 
monitors. The typical deposition rates of the ZnTe were 5-10 Als. The deposition rate of the Cu 
was adjusted to a value between 0 and 0.2 Als to obtain the desired Cu atomic concentration in the 
ZnTe, varying between 4 and 10%. During vacuum deposition, the substrates were held at room 
temperature. The ZnTe:Cu layer thickness was varied from 400 to 1500 A. Post-deposition
annealing was performed in a N2 environment. A strip heater was used for the annealing and was 
composed ofMo sheet metal as the heating element and a graphite block as the sample holder. This 
system reached temperatures above 400oC in less than 1.5 min and cooling from 400oC to 200°C 
took approximately 2 min. The solar cells were completed by evaporating metals on the annealed 
ZnTe/CdTe/CdS films. Three types of metals were used in this study to form the fmal metal contact 
to the ZnTe: Au, Ni, and Co. 

4.1. Optimization of the ZnTe:Cu Layer and Its Processing Conditions 

Table 4.1 shows the dependence of ZnTe/CdTe/CdS cell performances on the Cu 
concentration in the Zn Te fllms. Both V oc and J sc (not shown iii the table) are relatively independent 
of the Cu concentration over a wide range (from 4.3 to 7.5 at. % ). The fill factor (FF) was also less
affected when the Cu concentration varied from 4.3 to 6.3 at. % .  At higher Cu concentrations (7 .0, 
7.5 at. % ), the fill factor decreased. The highest device performance was achieved at a Cu 
concentration of 5.4 at. %. The lack of Cu concentration dependence of the cell performance is 
certainly beneficial for large scale production. 
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Table 4.1. Effect of Cu concentration in ZnTe on Au/ZnTe/CdTe/CdS cell performances. 

Cu concentration (at. %) Voc (V) IF(%) 

4.3 0.76 0.70 
5.1 0.71 0.70 
5.4 0.77 0.73 
6.3 0.75 0.70 
7.0 0.73 0.63 
7.5 0.75 0.66 

The effects ofZnTe post-deposition annealing temperature on cell performances are shown 
in Table 4.2 for ZnTe/CdTe/CdS cells fabricated with both Au and Ni as the final metal contact to 
ZnTe. For both Au- and Ni-contacted cells, the highest fill factor was obtained for an annealing 
temperature of 168°C. Cells annealed at higher temperature (185°C) show lower fill factors. We 
have also investigated higher annealing temperatures. However, cells with good efficiencies were 
only obtainable at annealing temperatures below 200°C, even though ZnTe films with improved 
electrical and structural properties can be obtained at higher annealing temperatures [19]. This is 
possibly caused by degradation of the CdTe/CdS junction or reactions between CdTe and ZnTe at 
high annealing temperatures. 

A significant difference in cell performance was observed when different metals were �sed 
as the final metal contactto ZnTe. The open-circuit photovoltage ofthe cells is critically dependent 
on the processing conditions ifNi was used as the contact metal to ZnTe. In many cases, V ocoften 
decreases after Ni deposition. In contrast, deposition of Au on the ZnTe/CdTe/CdS structure leads 
to consistent improvement of V oc· In collecting the data shown in Table 4.2, the Au- and Ni
contacted cells were fabricated side-by-side on the same piece ofZnTe/CdTe sample. Only the final 
metallization step is different. Cells made with Au/ZnTe show consistently higher V oc than those 
with Ni contacts. The series resistances are comparable in both cases. The difference in FF 
originates mainly from the difference in V oc· Cells were also fabricated using Co as the contact 
metal to ZnTe, the cell performances were similar to those of Ni-contacted cells. 

Table 4.2. Effect of ZnTe annealing temperature and back contact metal on cell performances. 
The Cu concentration in ZnTe was 5.5 at. %. 

Back Contact Annealing temperature (<C) V oc (V) 1..: (mA/cm2) FF (%) Eff.(%) 

155 0.77 21.6 0.72 11 .9 
Au 168 0.77 21.4 0.73 12.1 

185 0.76 20.2 0.68 10.4 

155 0.65 22.8 0.65 10.5 
Ni 168 0.68 23.1 0.70 11.1 

185 0.70 22.4 0.67 10.5 
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Table 4.3 lists the diode quality factor (A), the reverse saturation current density (Jo), and
series resistance (R) of the Au/CdTe/CdS cells with and without aZnTe intermediate layer. A( dark) 
and Jo were derived from dark J-V measurements. A(light) and R, were evaluated from light J-V
curves by plotting dV/dJ as a function of (J + 1.,,)-and extrapolating to (J + Jsc)-1= 0 [20]. The diode
quality factors derived from both dark and light J-V curves are less than 2 and are not affected by 
the presence ofZnTe. The series resistance obtained from cells with a ZnTe layer is less than 0.1 Q 
cm2, much smaller than that obtained without a ZnTe layer. Because the doping concentration of 
ZnTe is over 1020 cm-3 [19], the contact between the final metal contact and ZnTe is not expected 
to depend critically on the work function of the metals. Indeed, the lowest series resistances we 
obtained with Ni-, Au- and Co-contacted cells are very similar. 

Table 4.3. Diode quality factors (A), saturation current density (J o). and series resistance (R.) of
CdTe/CdS cells with and without a ZnTe layer. 

A(light) 

Au/CdTe/CdS 1.89 

Au!ZnTe/CdTe/CdS 1.82 

4.2. Mechanism and Stability Studies 

R. (n cm2) A(dark)

1.8 

< 0.1 

1.94 

1.93 

6.1 X 1Q-10

1.5 X 1Q-9 

The mechanism that leads to the observed difference in cell performances was investigated 
using C-V measurements. As shown in Figure 4.1, the 1/C2 - V plot of cells with Ni/ZnTe back 
contacts show a behavior typical of a p-i-n cell [14,15]. At zero bias, the depletion layer width is 
comparable to the CdTe film thickness. The slope in the forward bias region yields doping 
concentrations in the low 1014 cm-3 range. Cells with Au!ZnTe show higher doping concentrations 
(2x 1015 cm-3 ). This higher doping concentration may contribute to a higher diffusion potential at the 
junction and lead to the higher V oc observed. At zero bias, the width of the depletion region is 
estimated to be 0.9 J.Lm, much smaller than the CdTe film thickness (2 J.Lm), suggesting that the 
CdTe/CdS cells using ZnTe/Au as back contacts are more appropriately described as p-njunction 
devices. In this case, the heavy doping of ZnTe contributes only to the back contact formation, not 
to the establishment of the built-in field in the CdTe absorber layer. 

One possible explanation of the observed difference in CdTe doping concentration is the 
interaction between the metal and ZnTe:Cu layers. As reported by Chou et al [21], significant Cu 
diffusion into CdTe was observed when Cu/ Au was used to contact CdTe. It is possible that a 
similar phenomenon, to a smaller extent, may affect the ZnTe:Cu/ Au contact. To investigate this, 
we studied the effect of ZnTe:Cu layer thickness. Three thicknesses (400, 900, and 1500 A) and
two metals (Au and Ni) were used for this study. The results are shown in Table 4.4. Cells with Au 
contact have much higher V oc for all three thicknesses stUdied, in agreement with results shown in 
Table 4.2. For Ni-contacted cells, a higher V oc was also obtained with thicker ZnTe:Cu films. In 
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Figure 4.1. l/C2 vs V plots
of CdS/CdTe/ZnTe cells 
using Au and Ni as contact 
metals to ZnTe. 

terms of the CdTe doping concentration, a clear trend was observed for the ZnTe:Cu/ Au-contacted 
cells: higher CdTe doping concentrations were obtained with thicker ZnTe:Cu films. This can be 
explained by the possible Cu-diffusion that results from interactions between back contact metal and 
ZnTe:Cu layers. More significant Cu-diffusion may be expected from thicker ZnTe:Cu films 
because of the larger amount ofCu that is present. The CdTe doping concentration in Ni-contacted 
cells is much lower than that of Au-contacted cells. It does not show a significant variation with 
ZnTe thickness. 

Table 4.4. V oc and its stability of CdS/CdTe/ZnTe cells and the doping concentration deduced 
from dark C-V curves. 

Sample 

6411 Au 
6412 Au 
6413 Au 

6411 Ni 
6412 Ni 
6413 Ni 

ZnTe thickness 
(A) 

400 
900 

1500 

400 
900 

1500 

V oc (as-prepared) 
(mV) 

741 
738 
750 

653 
697 
702 
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V oc (9 days later) Doping density 
(mV) (cm-3) 

762 2.8*1014 
750 4.4*1014 
752 6.2*1014 

692 0.74*1014 
710 0.76*1014 
708 L2*1Q14 



Table 4.4 also lists the V oc values of the cells after 9 days storage. Interestingly, for both 
Au and Ni-contacted cells and all three ZnTe thicknesses, increases in V oc were observed. This V oc 

increase is most significant for cells with thin ZnTe layers. 

The C-V curves of most Ni-contacted CdS/CdTe/ZnTe cells show an unusual decrease of 
capacitance at forward bias (Fig.42). This suggests the existence of a back contact diode with a 
polarization opposite to that of the main diode. This back contact diode is expected to exist at the 
CdTe!ZnTe contact. The height of the peak in the C-V curve depends on the depletion width of the 
second diode, and therefore on the CdTe doping concentration. For Au-contacted cells and cells 
with thicker Zn Te:Cu layers, the decrease of capacitance is small because of the higher CdTe doping 
concentration. For Ni-contacted cells, especially at small ZnTe thickness, on the other hand, the 

o c_  __ �---L--�--���� 
-1 .5 -1 -0.5 0

Bias (V) 
0.5 1

0 �----------�----------�---------------�----------�---------------� 
-1 .5 -1 -0.5 0

Bias (V) 
0.5 1

Figure 4.2. 1/C2 vs. V plots 
of CdS/CdTe/ZnTe cells 
with different ZnTe:Cu layer 
thickness. (a) Au as contact 
metal to ZnTe; (b) Ni as 
contact metal to ZnTe. 
ZnTe layer thickness: 400 
A (o ), 900 A <�>. and tsoo 
A (c). 



CdTe doping concentration is small, leading to a large decrease of the capacitance. The existence 
of the back contact diode may be partially responsible for the lower V oe in the Ni-contacted cells. 
It also implies that even though the valence band offset at ZnTe/CdTe interface is expected to be 
small, it may not be negligible in certain cases. 

We have noticed an interesting feature during our studies of the CdS/CdTe/ZnTe system. 
The lowest series resistance, with dV /dJ @V oe values in the range of 3.5- 3.8 O-cm2, was very often 
obtained with cells that showed lower V oe· For cells with high V oe. the value of dV/dJ@Voe is often 
slightly higher, around 3.8 - 4.4 n-cm2• This variation of V oe and series resistance in opposite 
directions results in comparable fill factors (- 0. 70) in both cases. This trend was first noticed in 
our study of different metal contacts (e.g., Au and Ni) on ZnTe. Recently, we also see such a trend 
for CdS/CdTe/ZnTe cells made with different batches of CdTe films using the same metal contact. 
Capacitance-voltage measurements indicate that the doping concentration of the CdTe layer near 
the back contact is lower for cells that exhibit low contact resistance. This may be another evidence
of a small valence band offset (- 0.2 eV) at the CdTe/ZnTe interface. 

The stability of the Zn Te-contacted cells under illumination and different bias conditions was 
studied over a period of 370 hrs. The results are shown in Table 4.5. We observed several features 
from the stability test: (1) Ni!ZnTe-contacted cells degrade significantly with increasing stress time. 
V oe of the cells decreased by -100 m V after 370 hrs. The shunt resistance also decreased 
dramatically (not listed). These contributed to large decreases of fill factor, from 0.69 to 0.58; (2) 
Au/ZnTe-contacted cells show good stability over 370 hrs of life testing. Increases ofV oe by over 
50 m V were observed during the initial stage oflife testing; (3) No major differences were observed 
for cells stressed under different bias; (4) The contact resistance (not listed) remained low during 
life testing. For Au/ZnTe-contacted cells, we even observ,ed a slight decrease of series resistance. 
We are currently investigating the mechanisms for the observed changes of cell parameters during 
life testing. The results will be reported in a future publication. 

The composition of Cu-doped ZnTe films annealed at different temperatures was measured 
by Alice Mason at NREL using wavelength dispersive spectroscopy (WDS). For a copper atomic 
concentration of 8%, both the as-deposited film and the film annealed at 190oC show a Zn
deficiency by about 5 a,t. %. No preferential loss of Zn or Te was observed for the annealed film. 
The Zn-deficiency observed in our films is consistent with the results of previous studies [18]. Our 
earlier electrical conductivity measurements showed that the conductivity of as-deposited films 
is typically lower by two orders of magnitude than that of260 °C-annealed films, indicating that most 
Cu atoms in the as-deposited films are not electrically active. The larger degree of Cu-excess than 
Zn-deficiency observed with WDS therefore suggests that Cu in these films exists mostly in the 
Cu2Te-like state. After annealing, redistribution of Cu occurs within the film, forming CuZn 
substitutional acceptors and increasing the electrical conductivity. The excess Cu formed as a result 
of this redistribution is expected to accumulate at grain boundaries. When the Cu-doped ZnTe is 
used as a contact on CdTe, the excess Cu may also diffuse into the CdTe. 
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Table 4.5. Stability test of the ZnTe/CdTe/CdS solar cells. The illumination intensity was 40 
mW/cm2 and the cell temperature was 75oC during the stress test. The cell performances were 
measured periodically under standard conditions (100 mW/cm2 and 25oC).

contact metal Time Eff Voc Isc FF 
I stress condition (hrs) (%) (mV) (mA/cm2) (%) 

0 12.5 724 25.0 68.8 
Ni 60 10.5 690 23.4 65.3 

open circuit 170 9.4 642 24.0 60.6 
270 9.0 628 24.2 59.2 
370 8.2 598 23.6 58.1 

0 12.9 735 25.3 69.4 
Ni 60 11.6 698 23.8 69.7 

resistive load 170 8.6 666 24.4 52.8 
270 9.7 667 24.7 58.9 
370 9.0 647 24.1 57.3 

0 10.7 679 23.5 66.9 
Au 60 11.9 743 23.2 69.1 

open circuit 170 11.9 726 24.0 68.2 
270 11.6 710 24.1 67.7 
370 11.2 702 23.7 67.3 

0 11.1 699 23.5 67.4 
Au 60 12.4 752 23.7 69.9 

resistive load 170 12.2 728 24.8 67.3 
270 12.7 747 24.9 68.6 
370 11.4 704 24.8 65.6 

27



5. Optimization of Solar Cell Structure

5.1 Effect of CdS thickness 

We investigated the effect of CdS thickness on the photovoltaic performance of CdTe/CdS 
cells. The results are shown in Table 5.1 .  As expected, J sc of the cells decreases monotonically with
increasing CdS thickness because of the increased absorption in the window layer. However, high 
V oc and efficiencies were obtained only for CdS thicknesses above 1500 A. Cells with very thin
(700 A) CdS exhibit low efficiency, caused mainly by a low V oc· The highest efficiency was
obtained for a CdS thickness of 1 500 A. 

Table 5.1 . Effect of CdS thickness on the photovoltaic performance of CdTe/CdS cells. 

CdS Voc Jsc FF 11 Rsh 
thickness (mV) (mA/cm2) (%) (%) (0-cm2) 

100 A 645 24.0 54.0 8.3 550 
t5oo A 780 23.0 72.0 12.9 1800 
2300 A 775 22.0 69.0 12.0 2500 
2500 A 765 21 .5 70.0 1 1 .6 2200 

The inferior cell performance observed with thin CdS is caused by the high consumption of 
CdS during the fmal annealing of CdTe/CdS films. Our XRD studies and direct measurements 
with surface profilometry indicated that a decrease of CdS film thickness of -600 A for the CdTe 
film thickness used (3.4 J.lm). This high CdS consumption caused by CdTe-CdS interdiffusion is 
expected to play a critical role in determining the smallest CdS thickness that can be employed in 
CdTe/CdS solar cells fabricated with electrodeposition. Because electrodeposited CdTe films, in 
its as-deposited state, have much smaller grains ( -0. 1 - 0.2 J.lm) than films formed by high 

temperature processes (e.g., close-spaced sublimation}, the diffusion of S into electrodeposited CdTe 
is more significant in the former. Based on our measurement, a CdS thickness of 1200-1300 A is
estimated to be the lower limit for fabricating CdTe/CdS solar cells using electrodeposition. 

5.2 Effect of CdTe thickness 

Table 5.2 shows the dependence of cell parameters on CdTe thickness. The CdTe thickness 
was varied from 2.2 mm to 5.3 J.lm. A CdTe thickness of 2.2 J.lm, typical of most studies using 
electrodeposited CdTe, yielded V oc values in the low 700 m V range. An increase of CdTe thickness 
to 3.4 J.lm lead to a significant improvement in V oc• by -70 m V. The highest V oc obtained at this 

CdTe thickness exceeded 800 m V. Further increase of the CdTe layer thickness to 5.3 J.lm, however, 
resulted in low shunt resistance and low efficiencies of the cells. 
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Table 5.2. Effect of CdTe thickness on cell performances. 

CdTe Voc Jsc R.t. 
thickness (mV) (rnNcm2) (il-cm2) 

2.2 J.Lm 708 22.9 890 
3.4 J.lm 775 22.8 800 

5.3 J.lm 757 22.8 210 

SEM measurements were performed on CdTe films of various thicknesses after CdCh 
treatment and annealing. The average CdTe grain size was larger for the thicker CdTe films (Figure 
5. 1). This increase of grain size may explain the improved V oc obtained with 3.4 Jlm CdTe. The

deteriorated cell performance obtained with 5.3 J.lill CdTe is caused by the poor adhesion of CdTe
on the substrate and the formation of shunting paths in the CdTe layer during the post-deposition 
annealing. 

(a) (b)

Figure 5 . 1 .  SEM images of CdTe films after CdCh-treatment and 41 O>C-annealing. The CdTe film 
thickness was (a) 2.2 J.lm and (b) 3.4 Jlffi. 

Our systematic investigation and optimization of the processing conditions has lead to 
consistent improvement of the efficiency of CdTe/CdS cells we fabricate. The light I-V curve of 
a CdS/CdTe!ZnTe cell. which yielded a V oc of 0.778 V, a J sc of 22.4 mA/cm2, a FF of 74.0%, dod
an efficiency of 12.9%, is shown in Fig. 5.2. The spectral response of this cell is shown in Fig. 5.3.  
In terms of individual parameters, we have obtained V oc values of over 0.8 V, and FF values of76%
from other cells. 
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Figure 5.2. Light 1-V curve (measured at NREL) of a CdS/CdTe!ZnTe/Au cell showing 12.9%
efficiency. 
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Figure 5.3. Spectral response curve (measured at NREL) of a CdS/CdTe/ZnTe/Au cell showing 
12.9% efficiency. 
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6. Summary 

We have studied the structural and electrical properties of chemical-bath-deposited CdS thin 
films and the CBD growth mechanisms. We demonstrated that the measurement of refractive index 
as a function of deposition time provides a simple way to determine the transition point from 
compact layer growth to porous layer growth. The crystalline phase of as-deposited CdS was 
identified as cubic based on XRD analysis of the thin films and powders. 

We investigated the CdTe-CdS interdiffusion and the effect of CdCh treatment of CdS fllms 
on the photovoltaic performances. Both XRD and photoluminescence measurements indicated a
major difference in the extent of Te diffusion into CdS for the two types of CdS films: Full
conversion ofCdS into CdS1.yTey was observed for films prepared with as-deposited CdS, while the 
formation of the ternary phase was below the detection limit for films prepared with CdClz-treated 
CdS. The difference in interdiffusion leads to differences in optical transmission of CdS films and 
spectral response of CdTe/CdS solar cells. An increase of 2.7 mA/cm2 in Jsc was obtained using
CdClz-treated CdS. 

· 

We have studied the formation of back contact to the CdTe cells using Cu-doped ZnTe. The 
effects of Cu concentration, ZnTe post-deposition annealing temperature, and the types of metals
used to contact ZnTe on solar cell performances were studied. A Cu concentration of 5.4 at. %, a 
ZnTe post-deposition annealing temperature of 17QoC, and Au metal contact on ZnTe were found 
to yield the highest cell performances. The series resistance of the CdTe/CdS cells was reduced 
significantly by the introduction of the ZnTe layer. Fill factors greater than 0.70 were consistently 
obtained, with the highest value reaching 0.76. 

The effect of CdTe and CdS thickness on the photovoltaic performance of the resulting cells 
was studied. We found that an increase in the CdTe thickness from 2 Jlm to 3.5 Jlm lead to a 

consistent improvement in V oc by 40-60 m V. The shunt resistance of the cells was also increased. 
In terms of CdS layer thickness, the most efficient cells were obtained with 1500 A CdS. For cells
made with thinner CdS, both V oc and shunt resistance were low because of the significant 
consumption of CdS during CdS-CdTe interdiffusion. 

Our systematic investigation and optimization of the processing conditions have resulted in 
consistent improvement of the device efficiency of our CdTe solar cells. Our best CdTe/CdS cell 
exhibited a V oc of 0.778 V, a Jsc of 22.4 mA/cm2, an FF of 74.0%, and an efficiency of 12.9%
(verified at NREL). 
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