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Abstract: The effect of Cu on highly efficient CdTe thin solid film cells with a glass/TCO/CdS/CdTe
structure subjected to CdCl2 treatment was investigated by low-temperature photoluminescence
(PL). The PL of the CdS/CdTe junction in samples without Cu deposition revealed a large shift in the
bound exciton position due to the formation of CdSxTe1−x alloys with Eg (alloy) � 1.557 eV at the
interface region. After Cu deposition on the CdTe layer and subsequent heat treatment, a neutral
acceptor-bound exciton (A0

Cu,X) line at 1.59 eV and two additional band-edge peaks at 1.54 and
1.56 eV were observed, indicating an increase in the energy gap value in the vicinity of the CdTe/CdS
interface to that characteristic of bulk CdTe. These results may suggest the disappearance of the
intermixing phase at the CdTe/CdS interface due to the presence of Cu atoms in the junction area and
the interaction of the Cu with sulfur atoms. Furthermore, an increase in the intensity of CdS-related
peaks in Cu-doped samples was observed, implying that Cu atoms were incorporated into CdS after
heat treatment.
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1. Introduction

The low-temperature photoluminescence (PL) of CdTe single crystals has been intensively studied
in the past [1,2]. It is very well known that the typical low-temperature spectrum of undoped
single-crystal CdTe consists of bands assigned to the recombination of free excitons (FX), bound
excitons (AX or DX), free-to-bound transitions (FB), and donor–acceptor pair (DAP) transitions. Fewer
low-temperature PL studies have been conducted for polycrystalline CdTe, which has been established
as a very promising photovoltaic material for thin film solar cells [3,4]. A typical CdTe solar cell
consisting of a CdS/CdTe layer grown on a SnO2/glass substrate is based on recombination within an
n-CdS/p-CdTe heterojunction. Despite a 9.7% lattice mismatch occurring between the hexagonal CdS
and the cubic CdTe, high-efficiency devices result from this junction, probably due to interdiffusion at
the CdS/CdTe interface [5–8]. The S may passivate the grain boundaries and relieve the lattice mismatch
between CdS and CdTe, thereby reducing recombination and improving device performance.

It is very well known that the post-deposition CdCl2 annealing step is required to make reasonably
efficient CdTe solar cells. It has been suggested that the CdCl2 treatment enlarges grains, causes
recrystallization, and enhances the diffusion of S from CdS into CdTe at the interface [2,7]. Additionally,
the presence of chlorine dopants creates new recombination centers that may affect the recombination
processes of photogenerated electron–hole pairs. It has been reported that the CdCl2 treatment
introduces two very important chlorine related defects, such as chlorine substituting on a tellurium site
(ClTe) donor center and a VCd-ClTe (A) acceptor center that can be identified in the PL spectrum [1,5,9,10].
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It was found recently that further improvement of CdTe solar cell can be achieved by Cu
doping [11–16]. Cu enters the CdTe interstitially forming a shallow donor, Cui centers and gives rise to
deep acceptor CuCd centers via substitution [12–15].

In this paper, results of studies on the effect of Cu doping on the low-temperature front side PL of
CdS/CdTe solar cells will be presented.

2. Experimental Design

2.1. Film Deposition and Cell Fabrication

Cadmium telluride solar cells were fabricated in the superstrate configuration with the
structure: glass/TCO/n+-CdS/p-CdTe/graphite/metal back contact in our laboratory (CNBM Center).
Commercially available soda-lime glass coated with SnO2:F/HRT was used as a substrate for the
depositions. CdS (~80 nm in thickness) was deposited by chemical bath deposition (CBD) at 88 ◦C
using cadmium chloride, thiourea, ammonium acetate, and ammonia, followed by annealing at 400 ◦C.
CdTe (6–10 µm in thickness) was deposited by close-spaced sublimation (CSS) at Ts = 600 ◦C using
graphite susceptors in 10–15 Torr He/O2. The CdTe was then soaked in CdCl2/methanol at 80 ◦C,
followed by a furnace anneal under controlled conditions (380 ◦C, He/O2, 300 Torr) in order to improve
the CdTe structure and minority carrier lifetime. To form the back contact, a nitric-phosphoric (NP)
acid etch was used to remove the surface oxide, and a very thin layer of Cu was evaporated. The
efficiency of the cells examined in this work was in the range of 10%–11%. The overall process is
described in [17].

A schematic of a typical CdS/CdTe solar cell is shown in Figure 1.
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CdTe source with a purity of 99.999% (5N) or 99.99999% (7N) and illuminated by monochromatic 
light directed onto the backside or front side of the solar cell structure. All measurements were 
performed on CdCl2-treated cell structures, but before the deposition of the back contact. 

For the backside PL, the measurements were taken by illuminating the CdTe/CdS cells with a 
658 nm line generated by a red laser diode (LPM658, Newport, Irvine, CA, USA). For the front side 
luminescence, in addition to red excitation, a blue line with a wavelength of 405 nm (laser diode 
LQA405-8SE, Newport, Irvine, CA, USA) was also used. In Cu-doped samples, Cu was introduced 
to the cell through diffusion at 400 °C from a layer of pure metal deposited on the CdTe after chlorine 

Figure 1. The glass substrate represents the front side of a solar cell and the CdTe layer represents the
backside of a solar cell. The glass substrate, SnO2, and CdS layers are transparent to a 658 nm line that
is absorbed only by the CdTe film at the interface (junction luminescence).

2.2. Photoluminescence Measurements

The PL spectra were measured for undoped and Cu-doped CdTe/CdS cells produced from the
CdTe source with a purity of 99.999% (5N) or 99.99999% (7N) and illuminated by monochromatic light
directed onto the backside or front side of the solar cell structure. All measurements were performed
on CdCl2-treated cell structures, but before the deposition of the back contact.

For the backside PL, the measurements were taken by illuminating the CdTe/CdS cells with a
658 nm line generated by a red laser diode (LPM658, Newport, Irvine, CA, USA). For the front side
luminescence, in addition to red excitation, a blue line with a wavelength of 405 nm (laser diode
LQA405-8SE, Newport, Irvine, CA, USA) was also used. In Cu-doped samples, Cu was introduced to
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the cell through diffusion at 400 ◦C from a layer of pure metal deposited on the CdTe after chlorine
treatment. The thickness of the copper layer was 10 nm. All of the samples used for PL measurements
were placed in a closed-cycle cryostat with a controlled temperature ranging from 10 to 300 K. Spectra
were recorded using a grated monochromator coupled to a cooled photomultiplier tube (R106999,
Hamamatsu, Tokyo, Japan).

3. Experimental Results and Discussion

3.1. Optical Characterization of the CdS/CdTe Solar Cells

In Figure 2, the results of the backside PL excited by 658 nm light are shown for two different
CdS/CdTe samples. One sample was a solar cell grown in the NREL laboratory (Golden, Colorado,
USA) and kindly supplied to us for testing. The second sample was grown in the CNBM Center using
the same methodology used to generate solar cell devices with an efficiency of about 11%. As can be
seen in Figure 2, the spectra obtained from both samples were similar. The presence of an excitonic
band with a maximum at 1.59 eV indicated good-quality CdTe polycrystalline films in both samples. In
both samples, defect-related peaks observed at around 1.44 eV were recorded. The defect-related peaks
were assigned to DAP transitions between the ClTe donor centers and the A acceptor centers [1,10].
The origin of the peaks between 1.55 and 1.50 eV in both samples is still under discussion. A similar
emission behavior was reported by other authors [1,10] who assigned bands in this region to DAP
transitions (1.56 eV) and free electron–acceptor (e, A0) transitions (1.54 eV).
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Figure 2. Backside luminescence (10 K) of CdS/CdTe solar cells grown in the NREL laboratory and
CNBM New Energy Materials Research Center, respectively.

3.2. Front Side Luminescence of CdS/CdTe Structure Excited by a 658 nm (1.88 eV) Line

For front side luminescence, solar cells were illuminated from the front side of the device consisting
of glass covered by TCO and a CdS window transparent to excitation light of 658 nm. However, the
excitation light was strongly absorbed by the CdTe layer. Due to the high absorption, the generation
of free electron–hole pairs and their subsequent separation or recombination occurred exclusively in
a very narrow layer of the CdTe adjacent to the CdS/CdTe interface. Front side PL, called junction
luminescence, gives us direct information about processes occurring in this area.

3.2.1. Front Side Luminescence of an Undoped CdS/CdTe

Figure 3 shows the PL spectrum obtained for the undoped CdS/CdTe structure excited from the
junction side through the glass. The backside PL spectrum obtained for the same sample is shown
for comparison. The junction PL of undoped CdS/CdTe structures has been reported by several
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investigators [10,11,18,19] and results similar to ours were obtained. The front side spectrum consists
of two peaks at 1.53 and 1.43 eV; the high-energy peak at 1.59 eV detected in the backside spectrum is
not present. There are two possible explanations for this observation. One possibility is to assume
that the origin of the 1.53 eV peak in the junction PL and the 1.59 eV peak in the backside PL is the
same, namely that they are both due to bound-exciton emission. The 73 MeV shift in the exciton peak
towards a lower energy for the junction region can be attributed to the reduction of the bandgap due to
the formation of the CdSxTe1−x alloy at the interface described in [7–10]. The shift found in this paper
is similar to that found in [19,20].
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Figure 3. Photoluminescence (PL) spectra (10 K) from undoped CdS/CdTe solar cells excited from the
backside (full line) and front side (dotted line) of the cell.

The alternative explanation is to assume that the excitonic band at 1.59 eV is depressed due to a
high density in defects at the interface and that the 1.53 eV peak is equivalent to the broad free-to-bound
peak around 1.56 eV detected in the same sample excited from the back. However, the analysis of the
temperature dependence of the intensity of the 1.53 eV peak presented in the next section strongly
favors the assertion of an excitonic origin of this peak.

3.2.2. Temperature Dependence of the 1.53 eV Peak

In order to further clarify the origin of the 1.53 eV peak found in the junction PL of the undoped
sample, additional measurements of PL as a function of temperature were conducted. The analysis of
the temperature dependence of the intensity of the 1.53 eV transition presented in Figure 4 shows a
good fit with a two activation-energy model:

I(T)
I(0)

=
1

1 + C1e
−E1
kT + C2e

−E2
kT

(1)

proposed by Bimberg et al. [20] for the temperature decay of bound excitons. The activation energies
E1 and E2 in this equation represent the electron–hole binding energy and the binding energy of the
exciton to the impurity, respectively.
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The binding energy of 10 meV is in good agreement with the binding energy of the free exciton [1],
and it is reasonable to assume that the 17 meV point represents the binding energy of the exciton to
the unidentified acceptor or the chlorine donor. The exciton position of 1.53 eV and the two binding
energies, 0.01 and 0.017 eV, can be used to calculate the energy gap for CdSxTe1−x alloy [1]:

Eg (alloy) = 1.53 + 0.01 + 0.017 = 1.557 eV (2)

Following the work of Ohata [21] and Pal [22], the composition of such alloy can be predicted
using a simple quadratic equation:

Eg (CdSxTe1−x) = kx2 + (Eg (CdS) − Eg (CdTe) − k)x + Eg (CdTe) (3)

Assuming k = 1.7 eV from [21] and substituting a 10 K bandgap for CdS (Eg (CdS) = 2.59 e) and for
that of CdTe (Eg (CdTe) = 1.61 eV), the value x � 0.08 can be obtained.

3.2.3. Effect of Cu on the Front Side Luminescence of CdS/CdTe Solar Cells

The effect of Cu on the solar cell structure was studied by measuring the front side PL from a
sample with a 10 nm Cu layer deposited on the CdTe side of the cell that was subjected to chlorine
treatment, as described previously. After Cu deposition, the cell was annealed for 10 min at 400 ◦C.
As can be seen from the Figure 5, in addition to peaks at 1.43 and 1.53 eV observed in the undoped
samples, two new peaks at 1.595 and 1.56 eV were recorded in the Cu-doped samples. The following
conclusions can be drawn from the comparison of the spectra taken for doped and undoped samples:

• The PL results show that Cu was present in the vicinity of the junction as a result of its migration
from the backside of the solar cell during the post deposition annealing.

• The presence of peaks at maximums of 1.59 and 1.56 eV (absent in copper-free cells) indicated that
the composition of the CdTeS alloy at the interface was dramatically changed due to Cu diffusion
into the junction area. It has already been established [23,24] that the peak at 1.59 eV in Cu-doped
CdTe corresponds to CuCd-bound exciton.

• The position of the exciton peak can be used to estimate the value of the energy gap in the CdTe
layer adjacent to the CdTe/CdS interface using the following relation: hω bound exciton = Eg −

EB. The value of Eg obtained from the junction luminescence of Cu-doped sample is essentially
identical to the Eg = 1.605 of bulk CdTe in 10 K [25]. This indicates that the formation of the CdSTe
alloy observed in undoped solar cells is suppressed by the presence of copper in the junction area.



Coatings 2019, 9, 435 6 of 9Coatings 2019, 9, x FOR PEER REVIEW 6 of 9 

 

 
Figure 5. Front side luminescence of Cu-doped (full line) and undoped (dotted line) CdS/CdTe solar 
cells taken at 10 K. 

It is worth noting that a similar effect has not been found in previously reported studies 
[11,18,19] of front side luminescence of Cu-doped CdTe/CdS solar cells. This may suggest that the Cu 
did not reach the junction area in those samples. 

3.3. Front Side Luminescence of CdS/CdTe Structure Excited by a 405 nm (3.06 eV) Line 

3.3.1. Front Side Luminescence of an Undoped CdS/CdTe Structure 

Contrary to red light, blue light is strongly absorbed by the CdS layer. Therefore, it is reasonable 
to assume that the PL shown in Figure 6 is related mainly to emission from the CdS layer. In a high 
energy range, four peaks with maximal emission at 2.34, 1.92, 1.79 eV and a weak emission at 1.65 eV 
were recorded. Despite the extensive literature on the luminescence of polycrystalline thin film CdS, 
the interpretation of the observed PL bands may not be easy. The low-temperature PL strongly 
depends on the type of deposition and the post-deposition treatment [26,27]. According to the 
literature data [26], it is reasonable to assume that the emission at around 2.34 eV can be attributed to 
the excitons bound to substitutional Te atoms on the sulfur lattice site while the two bands at 1.79 
and 1.65 eV may be due to a DAP transition involving Te complexes in the CdS. The peak at 1.92 eV 
had a similar position to what has been called a red band, ascribed to VCd-Vs defects [26]. 

In the low energy range, two strong peaks at 1.51 and 1.41 eV were detected. The origin of those 
peaks is not clear. They may be related to an emission from CdTe as the position of those peaks are 
similar to that recorded for the front side PL excited by red light. On the other hand, similar peaks 
were found in polycrystalline CdS grown on glass or TCO by chemical bath deposition [26], and were 
ascribed to the transition of electrons trapped in surface states to the valence band. 

3.3.2. Effect of Cu on the Front Side Luminescence of CdS/CdTe Solar Cells 

The effect of Cu doping on CdS luminescence has never been studied before. As can be seen 
from Figure 6, the intensity of all four high energy peaks increased significantly due to Cu doping 
but no peak shift was observed. This can be understood assuming that the Cu passes through the 
interface and diffuses into the CdS film, where it reacts with native CdS defects in such way that the 
number of nonradiative recombination events decreases. The decrease in the intensity of the peaks at 
1.51 and 1.41 eV in doped samples suggests that those peaks are related to the CdS lattice rather than 
to the CdTe. The reduction of the intensity of the peaks can be ascribed to the reduction in the number 
of surface defects in the Cu-doped sample. 
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cells taken at 10 K.

It is worth noting that a similar effect has not been found in previously reported studies [11,18,19]
of front side luminescence of Cu-doped CdTe/CdS solar cells. This may suggest that the Cu did not
reach the junction area in those samples.

3.3. Front Side Luminescence of CdS/CdTe Structure Excited by a 405 nm (3.06 eV) Line

3.3.1. Front Side Luminescence of an Undoped CdS/CdTe Structure

Contrary to red light, blue light is strongly absorbed by the CdS layer. Therefore, it is reasonable to
assume that the PL shown in Figure 6 is related mainly to emission from the CdS layer. In a high energy
range, four peaks with maximal emission at 2.34, 1.92, 1.79 eV and a weak emission at 1.65 eV were
recorded. Despite the extensive literature on the luminescence of polycrystalline thin film CdS, the
interpretation of the observed PL bands may not be easy. The low-temperature PL strongly depends on
the type of deposition and the post-deposition treatment [26,27]. According to the literature data [26],
it is reasonable to assume that the emission at around 2.34 eV can be attributed to the excitons bound
to substitutional Te atoms on the sulfur lattice site while the two bands at 1.79 and 1.65 eV may be due
to a DAP transition involving Te complexes in the CdS. The peak at 1.92 eV had a similar position to
what has been called a red band, ascribed to VCd-Vs defects [26].

In the low energy range, two strong peaks at 1.51 and 1.41 eV were detected. The origin of those
peaks is not clear. They may be related to an emission from CdTe as the position of those peaks are
similar to that recorded for the front side PL excited by red light. On the other hand, similar peaks
were found in polycrystalline CdS grown on glass or TCO by chemical bath deposition [26], and were
ascribed to the transition of electrons trapped in surface states to the valence band.

3.3.2. Effect of Cu on the Front Side Luminescence of CdS/CdTe Solar Cells

The effect of Cu doping on CdS luminescence has never been studied before. As can be seen from
Figure 6, the intensity of all four high energy peaks increased significantly due to Cu doping but no
peak shift was observed. This can be understood assuming that the Cu passes through the interface
and diffuses into the CdS film, where it reacts with native CdS defects in such way that the number of
nonradiative recombination events decreases. The decrease in the intensity of the peaks at 1.51 and
1.41 eV in doped samples suggests that those peaks are related to the CdS lattice rather than to the
CdTe. The reduction of the intensity of the peaks can be ascribed to the reduction in the number of
surface defects in the Cu-doped sample.
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4. Conclusions

Low-temperature junction PL has been used to study the effect of Cu deposited on CdTe on the
electronic structure of CdTe/CdS solar cells grown in our laboratory.

In undoped cells, good evidence for the interdiffusion of sulfur and bandgap reduction was found
in CdTe/CdS solar cells subjected to CdCl2 treatment. The energy gap of 1.557 eV was calculated and
the composition of the interface alloy was estimated to be x � 0.08.

In Cu-doped samples, the junction PL data provides evidence that Cu diffuses into the junction
area, forming CuCd centers. The most interesting result of this work is the fact that the energy bandgap
of CdTe at the interface restores its original value of about 1.60 eV. This allows us to suggest that the
presence of Cu in the junction area hinders the interdiffusion of sulfur through the interface. If so, the
effect of sulfur diffusion on the cell performance should be reexamined.

Finally, this is the first time that CU has been documented to diffuse through the interface into the
CdS layer, changing the character of the recombination processes in the CdS.
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