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Due to their physical and chemical properties (such as suitable band gaps, large absorption 
coefficients and good chemical stability) CdTe thin films are interesting for electronic and 
optoelectronic devices, including particularly photovoltaic cells for space technology. For 
that specific application, it is of prime importance to study in this type of materials the 
influence of ionizing radiations on their physical (structural, electrical and optical) 
properties. In this paper, the photovoltaic cells based on CdS/CdTe thin films, produced by 
thermal vacuum sublimation, were irradiated with 3 MeV protons at room temperature. 
The effects of irradiation were studied by investigating the changes in the electrical and 
optical properties of the cells. It was found that proton irradiation in the above mentioned 
conditions results mainly in the introduction of defects at the CdS/CdTe interface. A 
discussion about the possible origin of those defects is given. 
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1. Introduction 
 
Thin film CdS/CdTe photovoltaic cells are among the best candidates for producing low 

cost and high efficient heterojunction photovoltaic devices [1-5]. They were produced in both 
superstrate and substrate configurations, using several types of techniques [6]. In addition, the 
good stability of CdTe based solar cells against proton irradiation was demonstrated [7], which 
recommends them for use in space technology. 

Results of studies on the effects of electron and proton irradiation on physical properties of 
individual layers (i.e. CdS, CdTe and CdSe thin films) were reported elsewhere [8-16]. In the case 
of proton irradiation, it was found that 3 MeV accelerated proton irradiation, at relatively high 
fluencies (up to 1014 cm-2) results mainly in the introduction of point-like defects, acting as traps 
for free carriers. But, relatively few works were devoted to study the effect of ionizing irradiation 
on the performance of photovoltaic cells based on these materials [17]. In this paper we report the 
results we have obtained on the effects of proton irradiation (3 MeV energy and 3 x 1013 
protons/cm2 fluency) on the main parameters of CdS/CdTe thin film photovoltaic cells. The aim of 
this study was to investigate the changes induced in the spectral dependence of the photovoltaic 
response of the cells by the irradiation with protons in the above-mentioned conditions. 
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2. Experimental details 
 
CdS/CdTe photovoltaic cells were developed on ITO coated optical substrates, by thermal 

vacuum evaporation of CdS, respectively CdTe powder, in superstrate configuration. First, the 
CdS layer was sublimated at a pressure of 3.2 x 10-4 mbar from a quartz container heated to 740°C, 
the substrate temperature being maintained at 250°C. To prevent the sputtering of the powder 
during evaporation, the container was covered with a quartz-wool plug. After deposition, to 
improve the structural quality of the films, they were thermally treated in vacuum at 350°C for 15 
minutes. Next, the CdTe layer was sublimated at 600°C, with the substrate at 250°C and the 
heterostructure was thermally treated in vacuum at 350°C for 18 minutes. A back contact was 
evaporated on top of the CdTe layer, to complete the cell structure, consisting of 50 nm copper 
layer and 100 nm gold layer. After the Cu electrode deposition an annealing treatment in vacuum 
at 200°C for 15 minutes was applied.  

The cells were subjected to irradiation from the backside with protons supplied by an 
accelerator, the proton beam being directed along the normal to the surface of the samples. 
Irradiation was carried out in an evacuated chamber, at ambient temperature, with 3 MeV protons 
to a fluency of 3 x 1013 protons/cm2. During irradiation the thermal effect was negligible.   

The surface morphology of CdS and CdTe layers was analyzed by atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). Their crystalline structure was 
studied by X-ray diffraction (XRD), using a Brucker Discovery D8 diffractometer.  

Electrical characterizations in dark condition and under illumination were performed by 
using a Keithley 2400 SourceMeter, controlled by a computer, the light source was either an 
incandescence lamp or a Newport-Oriel 150 solar simulator. In the later case, all characterizations 
were performed in A.M. 1.5 conditions. For action spectra and external quantum efficiency (EQE) 
measurements, an experimental setup containing a Newport Oriel monochromator, controlled by a 
computer, was used. Optical properties of the CdS and CdTe films were characterized by 
performing transmittance and absorptions measurements. The data were recorded at room 
temperature, with a Perkin-Elmer Lambda 35 spectrometer. 

 
 
3. Results and discussion  
 
3.1 Crystalline Structure 
 
Structural analysis of the CdS films revealed that they consist of a well formed würtzite 

type phase, with (002) preferred orientation (fig. 1a). The XRD pattern of the CdTe films, grown 
in the above mentioned conditions, shows peaks related to the face-centered cubic phase of 
zincblende type (fig. 1b). CdTe layer show a good (111) texture, corresponding to the fast growth 
direction of this compound [18] and also related to the CdS substrate orientation. 
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Fig. 1. XRD pattern of the CdS layer (a) and of the CdTe layer of the cell (b) 
 

 
3.2 Morphology 
 
Cross-section SEM micrograph of one of the cells and AFM scans are shown in figures 2a, 

2b and 2c. Both SEM and AFM images show that the films are made out of dense and well faceted 
crystallites, with linear transversal dimensions larger than 100 nm.  
 

 
Fig. 2a. Cross-section SEM micrograph of the CdS/CdTe cell 
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Fig. 2b. AFM image of the surface of the CdS layer 
 

 
 

Fig. 2c. AFM image of the surface of the CdTe layer 
 

Cross-section elemental mapping of the CdS/CdTe heterojunction, obtained by Energy 
Dispersive X-ray (EDX) analysis (Fig. 3) suggest that inter-diffusion of S and Te atoms has 
occurred at the interface, possibly with the formation of a CdTe1-xSx compound. This process was 
induced either during CdTe deposition or the subsequent vacuum annealing treatment of the cell. 

 

 
 

Fig. 3. EDX mapping of the CdS/CdTe junction. 
 

3.3 Current-Voltage characteristics in the dark 
 
The current-voltage (I-V) characteristics of an ITO/CdS/CdTe/Cu/Au cells measured in 

dark, before irradiation, at room temperature, in both forward and reverse bias conditions, are 
shown in figure 4. As expected, the forward bias conditions correspond to positive voltage on the 
gold electrode with respect to the ITO front contact electrode. A thorough analysis of the dark I-V 
characteristics of the cell, starting from the modified Shockley equation [19], allows for a 
characterization of CdS/CdTe interface, responsible for both electric and photovoltaic behavior of 
the cell.  
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Fig. 4. I-V characteristics of  ITO/CdS/CdTe/Cu/Au cell in the dark 

 
The modified Shockley equation is given by:  
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where: I0 is the reverse saturation current, Rs – the series resistance and Rsh – the shunt resistance. 
Here β = q/nkT, where q is the electronic charge, n – the diode quality factor, k – the Boltzmann 
constant, and T – the absolute temperature. The differential resistance of the cell is given by:  
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At high voltages, in forward bias, eq. (1) becomes ( )[ ]so IRVII −= βexp  and then Eq. (2) 

simplifies to: 
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Fig. 5. Dependence of the differential resistance of ITO/CdS/CdTe/Cu/Au cell on the 

reciprocal of the current at forward bias 
 
 

Thus, in the range of high voltages of R0 vs. 1/Idark  plot, shown in figure 5, the values for 
Rs and n parameters can be extracted. At low voltages, where the current flowing through Rsh 
becomes important, eq. (2) becomes 

shso RRR +≅ . Since shs RR << , it follows that R0 is 
essentially Rsh at low voltages. The values of Rs and Rsh are: Rs = 2.68 kΩ and Rsh = 1.64 MΩ. 
Further on, in order to get more accurately the values of I0 and n, eq. (1) has been transformed as:  

( )[ YI
R
YI o

sh

βexp=− ]        (4) 

where: 
shR

YI − is the current flowing through the barrier and sRIVY −= , the real voltage drop 

across it, respectively.  

The plot of  ⎟
⎠
⎞⎜

⎝
⎛ −

shR
YIln vs. Y is shown in figure 6. After removing the effects of series 

and shunt resistances, the linear part in the plot was extended considerably, increasing the 
accuracy in the determination of I0 and n values, respectively I0 = 9.6x10-9 A and n =3.46.  
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Fig. 6. The ln(I-Y/Rsh) = f(Y) characteristics for ITO/CdS/CdTe/Cu/Au cell 

 
 
3.4 Current-Voltage characteristics, at illumination in fourth quadrant 
 
Typical I-V characteristics in the fourth quadrant, under AM1.5 conditions, measured before and 

after irradiation, are shown in figure 7.  
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Fig. 7. I-V characteristics of the ITO/CdS/CdTe/Cu/Au device measured under AM 1.5 

illuminations, before  (open red circles) and after (filled black circles) irradiation 
 

The main parameters of the photovoltaic cells, derived from I-V measurements before and 
after irradiation, are shown in table 1.  
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Table 1. I-V parameters of the cell before and after irradiation 
 

Parameter As grown Irradiated 
VOC (mV) 149 165 

ISC (mA/cm2) 4.2 3.0 
FF (%) 27.2 25.6 

 
 

3.5 Spectral characterization 
 
Figure 8 shows the spectral dependence of the normalized external quantum efficiency 

(EQE) recorded for one of the cells, both before and after irradiation with 3 MeV protons. From 
near-threshold absorption spectra, bandgap values of 1.48 eV and 2.32 eV were determined for 
CdTe (fig. 8, dashed line) and CdS (fig. 8, solid line) layers, respectively. Before irradiation, the 
spectral photovoltaic response of this cell fits well with the spectral dependence of the optical 
absorption coefficient of the CdTe layer, at photon energies greater than the band-gap (i.e., 1.48 
eV), where EQE rises steeply. With the onset of the fundamental absorption in CdS, EQE drops 
rapidly, proving that the space-charge region of the heterostructure extends mainly in the CdTe 
layer. The group of three peaks that can be clearly seen at photon energies below the bandgap of 
CdTe, respectively at 1.16 eV, 1.26 eV and 1.35 eV correspond to electron transitions from defect 
(acceptor) bands to the conduction band of the host material. We infer that these defects are 
associated with the observed S and Te inter-diffusion at the CdS/CdTe interface.  

It is worth mentioning that in CdTe, the singly ionized Cd vacancy VCd
- is an acceptor 

defect with a level located at 0.13 eV above the valence band maximum [20,21]; the observed 
peak at 1.35 eV could be associated to the electron transition from this level to the conduction 
band.  

After irradiation, the fourth quadrant of I-V characteristics was not significantly changed, 
but the structure of the EQE spectrum is substantially altered: its background level increases in the 
whole investigated spectra range, the main feature now correspond to the above mentioned defects, 
while EQE values decrease significantly for photon energies in the range corresponding to 
absorption in CdTe, (i.e., 1.48 eV, 2.5 eV), and increase for photon energies in the range 
corresponding to fundamental absorption in CdS layer proving that the space-charge region is now 
more extended into CdS layer. 

In order to get a more detailed image of the proton irradiation damage in our cell, the 
software package SRIM-2008 [22] was used in full collision cascade mode. Figure 9 shows the 
result of a Monte-Carlo simulation of protons spatial scattering distribution and the S and Te recoil 
atom distributions. At this proton energy most of these protons are transmitted, but a significant 
damage can be observed at the CdS/CdTe interface, where most of the vacancies are produced in 
CdTe layer and inter-diffusion of S and Te recoil atoms occurs (fig. 9b).  

 

 
Fig. 8. Normalized EQE spectrum before (open circles) and after (filled circles) 

irradiation with 3 MeV protons and absorption spectra of constitutive CdTe (dashed line) 
and CdS (solid line) layers of the cell 
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We associate the observed increase of the EQE at photon energies below the optical 
threshold of CdTe with this effect. After irradiation the peak structure in this spectra range is 
washed out; only the peak at 1.16 eV was observed, with a shoulder at 1.26 eV. 
 

   

 
 

Fig. 9. Monte-Carlo simulation of 3MeV proton scattering distribution (a) and S and Te 
recoil atoms distribution in CdS/CdTe cell (b) 

 
EQE decreasing in the spectral range corresponding to photo-generation of free carriers in 

CdTe can be related to the decrease of their life time due to irradiation damage. 
 
 
4. Conclusions  
 
The ITO/CdS/CdTe/Cu/Au photovoltaic cells were prepared and characterized, 

investigating the effect of proton irradiation on their performances. It was found that irradiation 
with 3 MeV protons at fluencies up to 3 x 1013 protons/cm2 affect only slightly the main 
parameters (short-circuit current, open-circuit voltage, fill factor) and the overall performance of 
the cells. 

At this energy, most of the incident protons are transmitted and significant radiation 
damage occurs mainly at CdS/CdTe interface. Important changes were detected in the spectral 
dependence of EQE, especially in the spectral range corresponding to incident photons with 
energies below the bandgap of the base absorber layer (CdTe). We infer that these changes are due 
to defects associated with inter-diffusion of S and Te recoil atoms. 
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