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C-V and I-V Characterisation of CdS/CdTe Thin 
Film Solar Cell Using Defect Density Model 

Debashish Pal1, Soumee Das2 

Abstract: This paper presents a detailed study of the current-voltage (I-V) and 
capacitance-voltage (C-V) measurements made on a CdS/CdTe based solar cell by 
numerical modeling. Implementation of the simulated cell having a superstrate 
configuration was done with the help of SCAPS program using defect density 
model. The I-V characterisation includes window and absorber layer optimisation 
based on various factors including the impurity doping concentration, thickness 
and defect density. The energy band diagram, spectral response and current-
voltage plot of the optimised cell configuration are shown. C-V characterisation 
(Mott-Schottky analysis) of the solar cell is conducted at different low frequencies 
to determine the flatband potential, carrier concentration and to validate the 
reliability of the results. The optimum device performance was obtained when the 
active layer was 2 µm thick with a doping level of 1×1015/cm3. 

Keywords: CdS/CdTe, Conduction band offset, Debye length, Mott-Schottky 
plot, Numerical modeling, SCAPS-1D, Spectral response. 

1 Introduction 
CdTe is a group II-VI semiconductor material having excellent photovoltaic 

characteristics owing to its high absorption coefficient (greater than 5×105/cm) 
and direct optical bandgap (~1.5 eV) which is very close to the optimal bandgap 
of single junction solar cells [1 − 3]. Because the bandgap matches closely with 
the solar spectrum, therefore the thickness of active CdTe layer required for 
generating power is relatively lower compared to other semiconductors. 
Therefore, CdTe based solar cells offer an economical alternative to the present 
thin film technologies by employing low temperature deposition, reduced 
material usage, ease in device processing, lower production cost, time and energy 
[4 − 6]. In addition, CdTe solar cells have demonstrated long term stability and 
high efficiency under AM1.5G illumination condition [7 − 9]. 

One of the factors that severely impair the performance of CdTe solar cells 
is an inappropriate back contact. The formation of a stable back contact having 
low resistance and non-rectifying properties is thus imperative to overcome the 
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degradation in performance associated with solar cells [10 − 14]. CdTe is a 
semiconductor having a high electron affinity ( 4.5 eVχ = ) and bandgap 
(~1.5eV). Therefore, the work function of the back contact must be greater than 
or equal to 6 eV to make a good ohmic contact. Unfortunately, most of the metals 
do not have such a high value of work function and form Schottky barrier contacts 
with CdTe. Even if a suitable metal is found having a reasonably high value of 
work function, the presence of surface states at the metal/CdTe interface may not 
form a good ohmic contact. The presence of a blocking barrier contact can have 
a significant effect on the current-voltage characteristics of the solar cell by 
hindering the flow of holes (rollover effect). An efficient way to overcome this 
design problem is to introduce a heavily doped electron back reflection (EBR) 
layer in between the CdTe absorber and metal back contact [11, 15]. Various 
candidates have been proposed as EBR in the past including, Zinc Telluride 
(ZnTe), Antimony Telluride (Sb2Te3), and Arsenic Telluride (As2Te3) [16 − 17]. 

The maximum theoretical efficiency for CdTe based solar cell at standard 
solar spectrum is about 29%. Recently a proposed structure of 
SnO2/Zn2SnO4/CdS/CdTe/As2Te3/Cu showed a conversion efficiency of 18.6% 
(VOC = 0.92 V, JSC = 24.97 mA/cm2, and FF = 0.81) using AMPS-1D simulator 
[18]. AFORS-HET was used to investigate TCO/CdS(n-type)/CdTe(p-type)/ 
CdTe(p+-type)/metal structure solar cell which produced an efficiency of 19.83% 
[19]. An efficiency of 22.79%, open-circuit voltage of 0.987 V, a short-circuit 
current density of 27.9 mA/cm2 and a fill factor of 82.4%, was reported for 
CdS/CdTe solar cell with step doped absorber layer, ZnTe optimized back surface 
field layer having a long carrier lifetime [20]. Researchers showed that the 
proposed structure of ZnO/CdS/CdTe/ZnTe demonstrated the highest efficiency 
of 24.66% (VOC = 946.51 mV, JSC = 34.40 mA/cm2 and FF = 75.72%) under 
global AM1.5G illumination spectra using a one-dimensional simulation 
software, ADEPT 2.1 [21]. 

Numerical modeling of thin film solar cells is an important strategy to test 
the validity of proposed structures and to predict the effect of physical and 
material changes on the cell performance. The objective of this paper is to use the 
various parameters present in literature to determine the performance of a 
CdS/CdTe thin film solar cell, with emphasis on power conversion efficiency 
(PCE). In particular dependence of conversion efficiency on window and 
absorber layer thickness and doping concentration will be shown. Moreover, the 
results of theoretical capacitance-voltage measurements will be presented for the 
very first time, using the SCAPS-1D program, for a CdS/CdTe photovoltaic cell 
to calculate the flatband voltage and carrier density. Finally, with the optimised 
CdS/CdTe solar cell presented in this paper, comparisons will be drawn to related 
work in the past. 
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2 Device Design and Numerical Modeling 
SCAPS-1D is a computer program used for modeling crystalline 

semiconductor devices, with emphasis on photovoltaic devices and is used as a 
simulation tool to understand the operation of solar cells yielding reliable results 
[22]. Simulations were performed under standard AM1.5G one sun illumination 
at an operating temperature of 300 K. 

Fig. 1 shows the basic configuration of the solar cell under investigation.  

 
Fig. 1 − Schematic diagram of the CdS/CdTe solar cell. 

 
The cell is composed of an ITO coated glass layer, where the ITO layer acts 

as a transparent conducting oxide. The TCO layer is the front contact of the solar 
cell. It should be highly transparent (more than 85% in the visible spectrum), 
should be very conductive at room temperature (low sheet resistance) and should 
have good adhesion to glass substrate. The ITO layer with a large bandgap of 
3.6 eV is used to prevent optical losses and is sensitive to the ultra-violet (UV) 
light which constitutes about 3−5% of the total energy of the solar spectrum. The 
n-CdS film is an ideal candidate for the formation of a heterojunction, despite a 
lattice mismatch of 10% with p-CdTe layer, which aids in the separation of the 
photogenerated charge carriers. Together they form a type II heterojunction 
interface with the conduction band of one semiconductor lying above the 
conduction band level of the other semiconducting material. The heterojunction 
thus facilitates the transport of electrons from one conduction band to another 
improving the charge collection. The depletion region reaches deep into the CdTe 
material because the doping concentration of CdTe is lower compared to the TCO 



D. Pal, S. Das 

258 

and the n-CdS layer. The sunlight on reaching the depletion region generates 
electron-hole pairs within it which are separated due to the presence of built in 
electric field directed from CdS to CdTe layer. The initial factors highlighted in 
Tables 1 and 2 for the numerical analysis were chosen after careful consideration 
[18 − 21], which shows the material and contact layer parameters respectively. 

Table 1 
Initial material parameters used in the simulation. 

Parameters ITO n-type CdS p-type CdTe 

Thickness (µm) 0.1 0.05 0.5 – 3.0 

Dielectric Constant 9.0 10.0 9.4 

Energy Bandgap (eV) 3.6 2.4 1.5 

Electron Afinity (eV) 4.5 4.5 4.3 

Conduction Band DOS 
(1/cm3) 2.2×1018 2.2×1018 8×1017 

Valence Band DOS 
(1/cm3) 1.8×1019 1.8×1019 1.8×1019 

Electron Mobility 
(cm2/Vs) 100 100 320 

Hole Mobility  
(cm2/Vs) 25 25 40 

Donor Concentration  
(1/cm3) 1×1018 5×1018/1×1019/ 

5×1019 – 

Acceptor Concentration 
(1/cm3) – – 5×1014 / 1×1015 / 

5×1015 

Donor Defect Density  
(1/cm3) – – 2×1011 to 2×1015 

Acceptor 
Defect Density (1/cm3) 1×1015 1×1015 to 1×1019 – 

Donor Defect Peak 
Energy (eV) – – Midgap 

Acceptor Defect Peak 
Energy (eV) Midgap Midgap _ 

Electron Capture 
Cross-section (1/cm2) 1×10–12 1×10–17 1×10–12 

Hole Capture Cross-
section (1/cm2) 1×10–15 1×10–12 1×10–15 
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Table 2 
Initial contact layer parameters used in the simulation. 

Parameters Front Contact Back Contact 

Barrier potential (eV) Flatband 0.4 

Electron Surface  
Recombination (cm/s) 1×107 1×107 

Hole Surface  
Recombination (cm/s) 1×107 1×107 

 

The base value of CdTe thickness was chosen as 1 µm while the impurity 
concentration and defect density of states of CdS and CdTe were set to 5×1018, 
5×1014 /cm3 and 1×1015, 2×1011/cm3 respectively. 

3 Results and Discussion 
3.1 Effect of thickness and doping concentration 

CdS can be formed by employing several common low-cost techniques such 
as radio frequency sputtering, closed space sublimation and chemical bath 
deposition. On the other hand, CdTe layer can be deposited using techniques like 
electro-deposition, screen printing and close space sublimation. However, 
because of the inherent drawbacks associated with these conventional methods, 
several modified strategies are being explored which include low temperature 
deposition, all electrodeposited method [23]. 

The CdS layer is the window of the solar cell having donor impurities and is 
moderately conducting to reduce electrical losses associated with the solar cell. 
It should have relatively high transparency and should not be very thick. A thick 
CdS layer can hinder the absorption of photons by the CdTe absorber material. 
At the same time in order to avoid the possibility of short circuiting the window 
layer should not be too thin. For the solar spectral response to remain unaltered 
the CdS layer should be highly responsive and photoconductive. The bandgap of 
CdS is rather low (~2.4 eV) because of which it cannot absorb short wavelengths 
below 500 nm. Therefore, in order to improve the blue response of the solar cell 
the CdS thickness is chosen to be less than 100nm. The reduced absorption loss 
in the blue region of the spectrum improves the short-circuit current density and 
the conversion efficiency. Also, it is worth mentioning that considerable 
difficulty is encountered while fabricating CdS layers having thickness less than 
50 nm. This is because thinner CdS layers can lead to the short circuit of TCO 
and the CdTe layer caused by the partial grain covering and pinholes in CdS 
which has an adverse effect on the open-circuit voltage and fill factor. Therefore, 
for the purpose of investigation the thickness of CdS layer is chosen to be 50 nm 
in accordance with practical values. 
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Table 3 shows the variation of the electrical parameters with the doping 
concentration in CdS layer at a fixed thickness of 50 nm. It is evident that there 
is no significant variation in any of the parameters with the change in the doping 
concentration. Therefore, for further analysis the doping concentration is chosen 
as 1x1019 atoms/cm3. 

Table 3 
Effect of impurity doping concentration of CdS on the electrical parameters. 

CdS Doping 
Conc. (1/cm3) 

OCV   
(V) 

SCJ  
(mA/cm2) 

FF  
(%) 

Efficiency 
(%) 

5×1018 0.8969 25.395009 80.01 18.22 

1×1019 0.8967 25.405958 81.29 18.29 

5×1019 0.8965 25.426972 80.73 18.40 

 

CdTe is the absorber layer of the solar cell which has acceptor doping ion 
concentration. It has an ideal bandgap (~1.5 eV) and high absorption coefficient 
(>104/cm) means that even a thin layer is able to absorb most of the energy from 
incident sunlight. The layer of CdTe for the simulation is varied and can be 
considered to be depleted of charge carriers because of the relatively larger 
doping concentration of ITO-CdS. The CdTe thus acts as absorber layer in the 
solar cell. 

Fig. 6 shows open-circuit voltage, short-circuit current and efficiency as a 
function of CdTe absorber thickness and doping level. 

It is clear from Fig. 2a that to obtain an open circuit voltage close to or greater 
1V the doping concentration should exceed 5×1015 atoms/cm3. A large impurity 
concentration corresponds to an increased electric field strength which promotes 
charge separation. However, very high values of impurity concentration (greater 
than 1x1015/cm3) can also enhance the recombination process limiting the short-
circuit current, Fig. 2b. It is also evident that the possibility of bulk recombination 
increases for increased absorber layer thickness which saturates the short-circuit 
current. It should be noted that the overall conversion efficiency is strongly 
dependent on both the doping concentration and thickness of the CdTe layer. For 
thickness greater than 2 µm the efficiency is almost same and is independent of 
the doping concentration exceeding 1×1015/cm3. However, for CdTe thickness in 
the range of 0.5µm – 2µm there is a steep increase in efficiency. The smaller 
values of efficiency at low values of CdTe thickness can be attributed to two 
factors: lower absorption of photons and saturation of short-circuit current 
because of the reduced minority carrier diffusion length. Fig. 2c also suggests that 
for thickness beyond 2 µm the increment in efficiency is insignificant. 
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Fig. 2 − Dependence of: (a) open-circuit voltage; (b) short-circuit current;  
(c) efficiency as a function of CdTe absorber thickness and doping level. 
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Fig. 3 − Debye length as a function of CdTe absorber layer doping level. 
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The Debye length (LD) has been calculated [24] and is defined as the length 
over which the local electric field affects the flow of the charge carriers. The 
Debye length is inversely proportional to the square root of the doping 
concentration and therefore decreases as the carrier concentration increases (Fig. 
3). According to the Schottky barrier model the charge carrier transit time through 
the depletion region is proportional to the square of the Debye length, clearly 
suggesting that for improved electron-hole separation the carrier transit time 
should be low. 

3.2 Effect of defect density concentration 
In the defect density model, there is an alteration in energy band structure at 

the depletion region because of the presence of trapped charge carriers in the 
defect states. Defect states play a major role in determining the overall 
performance of a solar cell. These states present in the bandgap of the material 
cause undesirable trapping of mobile charge carriers lowering the current density 
of the solar cell. In this paper, considering the worst case scenario, the defects 
were chosen to be located at the middle of the bandgap and the effect of defect 
density on the current and efficiency of the CdS/CdTe are reported. 

The acceptor defect concentration of CdS window layer is varied from 
1×1015 to 1×1019/cm3 while the donor defect concentration of the CdTe absorber 
layer is varied from 2×1011 to 2×1015/cm3. In both the cases it is found that the 
short-circuit current density increases when the defect density is reduced, Fig. 4a 
and 5a. For CdS window, when the defect density is decreased from 1×1019 to 
1×1015/cm3 the efficiency of the cell increases from 17.25 to 20.04%, Fig. 4b.  
At the same time for the CdTe absorber, the decrease in defect density from 
2×1015 to 2×1011/cm3 accounts for the increase in efficiency from 15.91 to 
19.60%, Fig. 5b. 
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Fig. 4 − Effect of defect density concentration for the CdS window layer  
on the: (a) short-circuit current; (b) efficiency. 



C-V and I-V Characterisation of CdS/CdTe Thin Film Solar Cell Using Defect Density... 

263 

1E12 1E13 1E14 1E15

25.25

25.30

25.35

25.40

25.45

25.50

3Defect Density (1 cm )

2
Js

c
(m

A
/c

m
)

(a) 

1E13 1E14 1E15

16

17

18

19

20

Ef
fic

ie
nc

y 
(%

)

3Defect Density (1 cm )  
(b) 

Fig. 5 − Effect of defect density concentration for the CdTe absorber layer  
on the: (a) short-circuit current; (b) efficiency. 

 

3.3 Optimised solar cell 
Based on the investigation the chosen values of doping concentration, 

thickness and defect states of CdS and CdTe layers are summarised in Table 4. 
Table 4 

Optimised material parameters of the different layers. 

Layers Thickness 
(µm) 

Doping concentration 
 (1/cm3) 

Defect State  
Concentration (1/cm3) 

CdS 0.05 Donor: 1×1019 Acceptor: 1×1018 

CdTe 2.00 Acceptor: 1×1015 Donor: 2×1014 

 

In order to achieve a greater value of VOC high Quasi-Fermi Level splitting 
is a must, and can be obtained by choosing a low value of interface recombination 
and large value of carrier lifetime. Fig. 6 shows the energy band diagram of the 
proposed solar cell which represents the separation of Fermi Level into Quasi-
Fermi levels of electrons and holes. The band bending at the CdS/CdTe interface 
suggests that space-charge region extends deep (1.1 µm) inside the CdTe region, 
which is in conformity with the difference of doping levels between these layers. 
There is a conduction band offset of ∆EC = 0.2 eV at the CdS/CdTe junction. The 
presence of the depletion region at the CdS/CdTe junction aids the movement of 
electrons in the conduction band and holes in the valence band enhancing the 
collection probability. 
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Fig. 6 − Energy Band Diagram of the proposed CdS/CdTe cell under illumination; 
Inset: Conduction Band offset of 0.2 eV at the CdS/CdTe interface (x = 0.15µm). 
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The spectral response (Fig. 7) is indicative of the fact that the cell’s response 

diminishes for wavelengths below 525 nm which is in agreement with the poor 
blue response associated with CdS/CdTe based solar cells. Therefore, in general 
the thickness of CdS layer is always chosen below 100 nm. It should be 
emphasised here that the high frequency response of the proposed cell can be 
improved even further if the depth of CdS layer is reduced below 50 nm ignoring 
the practical constraints [18]. 
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Fig. 8 − Optimised current-voltage (I-V) characteristics  

of the CdS/CdTe photovoltaic cell. 
 

Fig. 8 shows the I-V characteristics of the proposed solar cell with the 
following extracted electrical characteristics: open-circuit voltage, OCV , 

0.8967VOCV = , short-circuit current, SCJ , 225.406 mA cm ,SCJ =  fill factor, 
FF = 80.29% and efficiency is 18.29%. 

3.4 Effect of working temperature on the I-V characteristics 
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Fig. 9 − Temperature effect on the I-V characteristics of the CdS/CdTe solar cell. 

 
Fig. 9 shows the dependence of the current-voltage characteristics on the 

working temperature of the solar cell. An increase in temperature reduces the 
bandgap of the semiconductor material following the relation [25]: 
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2

( ) (0)G G
TE T E

T
α= −

+ β
, (1) 

where ( )GE T  is the bandgap at a particular temperature, (0)GE  is the bandgap at 
0 K, α  and β  are constants for a particular semiconductor. 

In particular temperature increase has a prominent role in determining the 
decrease in open-circuit voltage of the solar cell, and is governed by the relation: 

 0

0

d d d
d d d

OC OC SC

SC

V V J JkT
T T q J T J T

 
= + − 

 
, (2) 

where JSC is the short-circuit current density, k is the Boltzmann constant, q is the 
electronic charge and J0 is the reverse saturation current density and is related to 
the diffusivity (D), diffusion length (L), doping concentration (N) as per the 
equation: 

 
2

0
iqDnJ

LN
= . (3) 

In (3) the term ni is the intrinsic carrier concentration which has a strong 
dependence on temperature and bandgap of the material, given by: 

 2 3 (0)exp G
i

En BT
kT

 = − 
 

, (4) 

where B is a semiconductor material dependent constant. 

3.5 Capacitance voltage (C-V) measurements 
To verify the consistency of the results the capacitance-voltage measure-

ments were made at four different frequencies. The total junction capacitance 
associated with the p-n junction is considered to be the sum of depletion and 
diffusion capacitance. At reverse bias voltages the depletion capacitance 
dominates the diffusion capacitance, whereas for forward bias the diffusion 
capacitance overrides the depletion capacitance. At zero bias voltage the 
capacitance of the cell is found to be 1.4 nF (Fig. 10). The expression for 
depletion capacitance is given as: 

 0( )
2( )bi

q NC V A
V V
εε=

−
, (5) 

where A is the area of cross-section of the junction, q is the electronic charge, ε 
is the dielectric constant of the semiconductor, ε0 is the permittivity of free space, 
N is the carrier density, Vbi is the built in electric field and V is the applied 
potential. From Fig. 10 it can be seen that the capacitance curve has 1 ( )biV V−
dependence. 
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Fig. 10 − Capacitance vs. Voltage plot of the CdS/CdTe photovoltaic cell. 

 
The data presented in Fig. 11 can be best interpreted using the Mott-Schottky 

equation (derived using equation (5)): 

 2 2
0

1 2 ( )biV V
C q A N

= −
εε

. (6) 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.20

1

2

3

4

5

6

7

8

1/
C

2 
(c

m
4 /n

F2 )

Voltage (V)

 0.5kHz
 1kHz
 5kHz
 10kHz

 

 
Fig. 11 − Mott-Schottky plot of the CdS/CdTe photovoltaic cell. 

 
This equation generates a linear region which has a slope equivalent to the 

doping concentration. The intersection of the 1/ 2C plot with the voltage axis 
yields the flat-band voltage of the cell. The carrier concentration can also be 
calculated by differentiating (6 ) and applying the formula: 
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 22
0

2 1
d (1 )

d

N
Cq A
V

=
εε

. (7) 

The Mott-Schottky fit has a slope of –20 cm4V-1/nF2 and intersects the x-axis 
at 0.93 V, which is the flat-band voltage of the CdS/CdTe junction. The negative 
slope of the plot suggests that the majority charge carriers are holes and the space 
charge region mostly occupies the p-type CdTe layer. Putting the appropriate 
values in equation (7), the carrier concentration is found to be 6.845×1018/cm3. 
The excess carrier density in CdTe layer is due to the photo-generated charge 
carriers upon exposure to sunlight of intensity 1000 W/m2. 

4 Conclusion 
As part of the I-V measurements extensive numerical analysis has been done 

to understand the role of thickness and doping concentration of the CdS window 
and the CdTe absorber layer on the output. Taking into consideration the practical 
constraint associated with the minimum CdS thickness of 50 nm, it was found 
that the doping level of CdS had no significant impact on the PCE of the cell. It 
was also shown that for CdTe thickness the optimum doping concentration was 
1×1015/cm3, and the efficiency had no enhancement beyond a thickness of 2 µm. 
The Debye length for the chosen CdTe doping concentration is 120.85 nm which 
is a reasonably low value meaning better charge separation and reduced 
recombination. It is also evident from the analysis that defect density in general 
always has a detrimental effect on both the short circuit current and PCE of the 
cell. The spectral response for shorter wavelengths has to be improved in order 
to achieve better efficiency yield. The optimised solar cell structure after 
accounting for various factors had an efficiency yield of 18.29%. The efficiency 
can be enhanced further by the introduction of a thin and highly doped electron 
back reflector layer to suppress the possible recombination loss at the back 
contact. 

C-V profiling is an integral part of characterising semiconductor devices like 
solar cells and can be used to improve the device performance. Results from C-
V characterisation yield information on threshold voltage, deletion layer width, 
and charge concentration. Yet, to the best of our knowledge, no theoretical report 
concerning the C-V numerical simulation of CdS/CdTe has been found in 
literature. To validate the repeatability of the results measurements were made at 
0.5, 1, 5 and 10 kHz. The M-S plot showed that the threshold voltage of the device 
is 0.93 V and the cell had an excess carrier concentration of 6.844×1018/cm3 upon 
illumination of intensity 1000 W/m2. 
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