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Abstract: Solar cells based on Cu(In,Ga)Se2 (CIGS) are very promising thin-film solar cells due to their high absorption

coefficient and appropriate optical band gap. In this work, a model of substrate thin-film solar cell of structure ZnO:Al/

CdS/CIGS/Mo/glass has been established to estimate the cell parameter of ultra-thin absorber layer. The quantitative

assessment of the optical losses due to reflection at interfaces and absorption in window layer (ZnO:Al) and buffer layer

(CdS) as well as the recombination losses at front and rear surface of CIGS layer has been studied. The optical losses are

carried out based on the optical constants of the used materials, and the recombination losses are carried out in terms of the

parameters of the absorber layer. The effect of antireflection coating and reflectivity from metal electrode on the short-

circuit current density and hence on the cell efficiency has been studied. It has been shown that the optical losses can

prevent 30% of the incident photons from reaching the absorber layer at 150 nm thickness for each of the ZnO:Al and CdS

layers. The antireflection coating of 100 nm thickness is capable of increasing JSC by 8%. High efficiency of 19.56% has

been obtained at 1 lm thickness of CIGS layer under certain parameters of the used materials, and this efficiency can reach

20.22% at 100% reflectivity from the back contact.
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1. Introduction

Thin-film solar cell based on Cu(In, Ga)Se2 (CIGS) is a

very promising thin-film photovoltaics and offers a number

of interesting advantages compared to the bulk silicon

devices [1]. Because of its high absorption coefficient

([ 104 cm-1) and appropriate optical band gap

(1.04:1.67 eV) [2, 3], CIGS thin-film solar cell has

achieved the highest conversion efficiency. Cu(In,Ga)Se2

(CIGS) thin-film solar cells are classified into two types,

namely substrate and superstrate device [4, 5]. The effi-

ciency of superstrate device with structure glass/SNO2:F/

CIGS/CdS/Ag can only reach 12.8% due to the low

thickness of the absorber layer [6]. For the substrate CIGS

device of structure ZnO:Al/CdS/CIGS/Mo/glass, the con-

version efficiency can reach 22.6% [7].

Due to the high prices of both indium and gallium, the

cost of CIGS solar cells is somewhat expensive despite its

small thickness and this of course affects the use of CIGS

thin-film solar cells. Many studies have been carried out

based on reducing the thickness of the absorber layer to

reduce the cost of these cells. Vermang et al. [8] have used

CIGS absorber layer with a thickness of 0.385 lm, and

they have achieved an efficiency of 13.5%. On the other

hand, based on numerical modelling and using 1 lm

thickness of CIGS absorber layer, Amin et al. [9] have

achieved an efficiency of 17.2%.

The main goal of this work is focused on understanding

the optical and recombination losses of CIGS solar cells at

low thickness of the absorber layer. In this aspect, a model

of substrate thin-film solar cell of structure ZnO:Al/CdS/

CIGS/Mo/glass has been established. The losses due to
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reflection at interfaces air/ZnO:Al ZnO:Al/CdS and CdS/

CIGS as well as the losses due to absorption in CdS and

CIGS layers have been studied. The quantitative assess-

ment of the optical losses is carried out based on the

refractive index and extinction coefficient of the used

materials. In addition, the recombination losses at the front

and back surfaces of CIGS layer have been taken into

account. The quantitative assessment of the recombination

losses is carried out on the basis of the parameters of the

absorber layer. The effect of the energy gap and the

absorption coefficient of the used materials on both the

optical and recombination losses have been studied also.

Moreover, the effect of the antireflection coating and the

thickness of ZnO:Al and CdS on the performance of CIGS

solar cells have been investigated.

2. Model

In recent years, interests in theoretical studies have a great

importance for the understanding and design of thin-film

solar cells based on CdTe [10–13], PbS [14, 15], CITS

[16, 17] and CIGS [3, 8, 18, 19]. However, the major

difficulty lies in the large number of parameters influencing

the performance of thin-film solar cells. In this model, the

absorber (CIGS) is a p-type, with a gap of 1.13 eV, and the

junction is made between the Cu(In,Ga)Se2 p-type and n-

type CdS with a gap of 2.45 eV, whereas the window layer

is formed from ZnO:Al with a gap equals 3.3 eV. The

schematic structure of thin-film ZnO:Al/CdS/CIGS/

MO/glass solar cell is shown in Fig. 1. In the present study,

the spectrum is set to the global Am 1.5 standard and the

operation temperature is maintained at 300 K. The other

parameters that used in this study are listed in Table 1.

2.1. Reflection and absorption losses

In the calculations of short-circuit current density (JSC) of

solar cells, one needs to know the optical transmission T(k)

that will reach the absorber layer, which is limited for

CIGS cell by reflections from the interfaces air/ZnO:Al,

ZnO:Al/CdS and CdS/CIGS as well as absorption in the

ZnO:Al and CdS layers.

The reflectivity (R) at the interface between two con-

tacting layers 1 and 2 can be determined based on the well-

known Fresnel equation [10]:

R12 ¼ n1 � n2

n1 þ n2

� �2

ð1Þ

where n1 and n2 are the refractive indices of the two

materials, respectively.

In the case of electrically conductive materials, the

refractive index contains an imaginary part and is written

as:

n� ¼ n� ik ð2Þ

where n is the refractive index and k is the extinction

coefficient. Therefore, the reflection coefficient, R, is

written as:

R12 kð Þ ¼
n�1 � n�2
�� ��2
n�2 þ n�2
�� ��2 ¼ n1 � n2ð Þ2þ k1 � k2ð Þ2

n1 þ n2ð Þ2þ k1 þ k2ð Þ2
ð3Þ

The values of n and k of ZnO:Al, CdS, CIGS were taken

from the literature data [18, 20, 21, respectively].

The transmittance can be estimated using the optical

calculation regarding the materials’ refractive indices and

extinction coefficients. The transmission in this case is

given by:

T kð Þ ¼ 1 � R12ð Þ 1 � R23ð Þ 1 � R34ð Þ ð4Þ

where R12, R23 and R34 are the reflectivity at the interfaces

air/ZnO:Al, ZnO:Al/CdS and CdS/CIGS, respectively.

The antireflection coating effect significantly reduces

the reflectance between the air and transparent conducting

layer (ZnO:Al in this work). The theoretical optimal

refractive index value of the antireflection coating (narc) is

Fig. 1 Schematic structures of

thin-film solar cells based on

CIGS
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(n2)1/2, where n2 is the refractive index of ZnO:Al material

[18].

The reflection coefficient from the material with an

antireflection coating has the form [22]:

Rarc ¼
r2

a þ r2
b þ 2rarbcos 2hð Þ

1 þ r2
ar

2
b þ 2rarbcos 2hð Þ ð5Þ

where

h ¼ 2p
k
narcdarc ð6Þ

darc in Eq. 6 represents the thickness of the antireflection

material. In Eq. 5, ra and rb are the amplitude values of

reflectivity (Fresnel coefficients) from the front and back

surfaces of the antireflection material, respectively, and are

given by:

ra ¼
narc � n1

narc þ n1

ð7Þ

rb ¼ n2 � narc

n2 þ narc

ð8Þ

Then, when the antireflection effect is taken into

account, the optical transmission that given by Eq. 4 has

a form:

T kð Þ ¼ 1 � Rarcð Þ 1 � R23ð Þ 1 � R34ð Þ ð9Þ

Now, we will consider the absorption process that takes

place in ZnO:Al and CdS layers. The losses due to

reflection and absorption are called the optical losses. In

this case, Eq. 9 takes the form:

T kð Þ ¼ 1 � Rarcð Þ 1 � R23ð Þ 1 � R34ð Þe�a2d2e�a3d3 ð10Þ

where a2 and a3 are the absorption coefficients of ZnO:Al

and CdS, respectively, and d2 and d3 are their thicknesses.

Note that this equation takes into consideration the effect of

antireflection process.

2.2. Recombination losses

The other important parameter affects JSC is the internal

quantum yield (gint). It is defined as the ratio between the

photogenerated electron–hole pairs and the total amount of

the photons, which are absorbed in the absorber layer. The

optimal value of gint = 1. The variation of unity is due to

the recombination losses.

The internal quantum efficiency of the solar cells is the

summation of the drift and diffusion components, which

are obliged to photogenerate electron–hole pairs in the

space-charge region and in the neutral part of the diode

structure, respectively. The drift component of the internal

quantum yield (gdrift) is given from the solution of the

continuity equation in the form [23, 24]:

gdrift ¼
1 þ Sf=Dp

� �
aþ 2=Wð Þ uo � qVð Þ=kT½ ��1

1 þ Sf=Dp

� �
2=Wð Þ uo � qVð Þ=kT½ ��1

� exp �aWð Þ ð11Þ

where Sf is the recombination velocity at the front surface

of CIGS, Dp is the diffusion coefficient of the holes related

to their mobility lp by the Einstein relation qDp/kT = lp, a
is the absorption coefficient of CIGS, W is the width of

space-charge region, V is the voltage and uo is the barrier

height. This equation takes into account the losses due to

recombination at the CdS/CIGS interface, i.e. at the front

surface of the absorber layer.

The diffusion component of the internal quantum efficiency

(gdif) is also given by the solution of the continuity equation

[25]. The solution of the continuity equation was simplified

with sufficient accuracy and can be written in the form [18]:

where a is the absorption coefficient of the absorber layer,Dn is

the diffusion coefficient of the electrons related to their

mobility ln by the Einstein relation qDn/kT = ln, Ln (= sn Dn)

is the diffusion length of minority carriers, sn is the lifetime of

electron, d is the absorber layer thickness and Sb is the

Table 1 Parameters’ values used in the model

Parameter uo–qV (eV) W (lm) Sf (cm/s) Sb (cm/s) ln (cm2/V s) lp (cm2/V s) sn (ns) T (K)

Value 0.7 0.6 107 107 20 30 10 300

gdif ¼
aLn

a2L2
n � 1

exp �aWð Þ

� aLn �
SbLn
Dn

� �
cosh d �Wð Þ=Lnð Þ � exp �a d �Wð Þð Þ½ � þ sinh d �Wð Þ=LnÞ þ aLn exp �a d �Wð Þð Þð Þ

SbLn
Dn

� �
sinh d �Wð Þ=Ln½ � þ cosh d �Wð Þ=Ln½ �

8<
:

9=
;

ð12Þ

Modelling of high-efficiency substrate CIGS solar cells



recombination velocity at the back surface of CIGS. Equa-

tion (12) takes into consideration the recombination losses at

the back surface of the absorber layer, i.e. at the CIGS/MO

interface.

The total internal quantum yield (gint) is easy to deter-

mine as the sum of all quantum yields:

gint ¼ gdrift þ gdif ð13Þ

The account of the optical losses owing to the reflection

at different interfaces and absorption in ZnO:Al and CdS

gives the opportunity to determine the external quantum

efficiency gext of the solar cells:

gext ¼ T kð Þgint ð14Þ

where T(k) is given by Eq. 10, which takes into account the

optical losses.

2.3. Absorptive capacity and effect of the back contact

If the thickness of the absorber layer is too thin, there is a

part of the incident photons on the absorber layer which is

lost due to the incomplete absorption in this layer. Con-

sidering this effect, the exact values of integrated absorp-

tive capacity (Ahm) of the CIGS layer must be estimated

taking into consideration the spectral distribution of solar

radiation and the absorption coefficient of the material

rather than to determine the absorptive capacity for one

wavelength in the range hv[Eg as usually estimated. The

value of integrated absorptive capacity of the semicon-

ductor layer depends not only on the spectral distribution of

solar radiation but also on the optical transmission of the

ZnO:Al and CdS layers that modifies the solar radiation

spectrum. Thus, the integrated absorptivity is equal to the

ratio of the number of photons absorbed in the CIGS layer

to the number of photons penetrated through the ZnO:Al

and CdS layers [26]:

Ahm dð Þ ¼
P

i T kð Þ ;i=hmið Þ 1 � exp �aidð Þ½ �DkiP
i T kð Þ ;i=hmið ÞDki

ð15Þ

where d is the thickness of CIGS layer, /i (mWcm-2

mm-1) is the spectral power density, hv is the photon

energy, a is the absorption coefficient of CIGS layer, Dk is

the interval between neighbouring values of the wave-

length and T(k) is the spectral transmission and is given by

Eq. (10).

When the thickness of the absorber layer is too thin, then

not all the incident photons have been absorbed on it. In

this case, the reflectivity from back contact takes place;

particularly, the back contact is a metal electrode and its

reflectivity can reach 100%. Accordingly, the effect of the

reflectivity from the metallic back contact may enhance the

absorptivity in the absorber layer and then increase the

photogenerated carriers. The following formula [14] can be

used to measure theoretically the effect of reflectivity from

the back contact on the internal quantum efficiency:

gint Rð Þ ¼ gint 1 þ R� exp �adð Þ½ � ð16Þ

where R is the reflectivity from the back contact, a is the

absorption coefficient of the absorber layer and d is its

thickness.

2.4. Short-circuit current density and the cell

parameters

The spectral distribution of the photons can be found as Ui/

hv, where Ui is the spectral power density, and hv is the

photon energy. The short-circuit current density (JSC) can

be calculated according to the following formula [12]:

JSC ¼ q
X
i

T kð ÞUi kið Þ
hmi

gint kið ÞDki ð17Þ

where Dk is the interval between neighbouring values of

the wavelength, T(k) is given by Eq. (10) and gint(k) is

given by Eq. (13).

According to the standard diode equation, the J(V)

characteristic of a single-junction solar cell under illumi-

nation can be written as the linear superposition of the dark

characteristics of the cell and the photogenerated current:

J ¼ JL � J0 exp
qv

AkT

� �
� 1

h i
ð18Þ

where JL is the photogenerated current, J0 is the reverse

saturation current, q is the elementary charge, k is the

Boltzmann constant, T is the absolute temperature and A is

the ideality factor. The values of Jo and A are taken from

Ref. [27].

The CIGS solar cell efficiency can be expressed by:

g ¼ FF � JSC � V0

Pin

ð19Þ

where FF is the fill factor, V0 is the open-circuit voltage

and Pin is the density of the total AM 1.5 solar radiation

power.

The fill factor can be written as:

FF ¼ Jm � Vm

JSC � V0

ð20Þ

where Jm and Vm are the maximum current density and

voltage, respectively

3. Results and discussion

Figure 2-a shows the transmission spectra T(k) as a func-

tion of CdS thickness at 100 nm thickness of the ZnO:Al

layer. The results are carried out based on Eq. 10 with

Rarc = 0, i.e. the effect of antireflection coating is

A. S. Mohamed and H. A. Mohamed



neglected. The reflection at interfaces air/ZnO:Al, ZnO:Al/

CdS and CdS/CIGS as well as the absorption in ZnO:Al

and CdS is taken into account. According to this figure, we

note that the transmitted light that will reach the absorber

layer is less than unity due to these losses. Appreciable

losses are observed in the wavelength range

k = 500–600 nm, and much more losses are observed in

the region k\ 500 nm caused by absorption in CdS

together with ZnO:Al. As the thickness of CdS increases,

the optical losses due to the absorption in this layer

increases and then T(k) decreases. When the antireflection

coating is taken into account as shown in Fig. 2-b, the

value of T(k) increases comparing with this shown in

Fig. 2-a. This figure shows also the increase in the thick-

ness of the antireflection coating leads to the increase in the

value of T(k), which reaches more than 90% at darc =

100 nm corresponding approximately to the maximum of

the solar radiation under the AM1.5 conditions.

The dependence of short-circuit current density (JSC) on

the thickness of CdS at various thicknesses of ZnO:Al is

shown in Fig. 3-a. Equation 17 is used to calculate JSC

with gint(k) = 1(i.e. ignoring the effect of recombination

losses). As it was expected, the values of JSC decrease with

increasing both the thickness of CdS and ZnO:Al layers. To

estimate the quantities of optical losses, firstly we have to

calculate the maximum short-circuit current density

(JSC(max)) by using Eq. 17 under the conditions of

T(k) = 1 and gint(k) = 1 (i.e. all the incident photons will

reach the absorber and create pairs of electron–hole

without any losses) and then compare the values of JSC

represented in Fig. 3 with JSC(max), which equals

40.55 mA/cm2. It can be seen that at dZnO:Al = 50 nm and

dCdS = 60 nm, the recorded JSC is 31.54 mA/cm2 and then

the optical losses are about 22%. The optical losses can

reach their maximum value of 30% at dZnO:Al = 150 nm

and dCdS = 150 where JSC = 28.47 mA/cm2, which indi-

cates that a great part of the incident photons can be lost

before reaching the absorber layer. This result represents

the importance of improving the optical properties of the

ZnO, CdS and CIGS layers. This can be done through

decreasing the difference in refractive indices for two

consecutive layers in order to limit the reflection loss and

decreasing the absorption coefficient for both ZnO and CdS

layers in order to limit the absorption loss.

The calculations show that in the case of using the

antireflection coating, the values of JSC as a function of

dCdS increase as shown in Fig. 3-b. It can be observed that

the maximum value of JSC of about 34 mA/cm2 is achieved

in the range darc = 100 nm–120 nm and the optical losses

record the minimum value of 16%. It indicates that the

appropriate thickness (100 nm) of antireflection coating

can increase JSC by 7–8%.

I–V curve of the CIGS heterojunction under illumination

is calculated using Eq. 18, and the results are shown in

Fig. 4. From this figure, we can see that the open-circuit

voltage Vo = 0.84 V, and the maximum current Jm and

voltage Vm are 32.37 mA/cm2 and 0.72 V, respectively.

From these data and using Eqs. 19 and 20, the fill factor FF

Fig. 2 Optical transmission of the ZnO:Al/CdS at various values of

CdS thickness (a) and at various thicknesses of the antireflection

coating (b)

Fig. 3 Short-circuit current density as a function of CdS thickness at

various thicknesses of ZnO:Al (a) and as a function of antireflection

coating thickness at various thicknesses of CdS (b)

Modelling of high-efficiency substrate CIGS solar cells



records 81% and the efficiency of CIGS cells when the

optical losses are taken into calculations is 23.3%.

The dependence of the absorptivity on the thickness of

CIGS is shown in Fig. 5. It can be seen that a thickness of

0.5 lm of CIGS layer is capable of absorbing about 89%

from the incident photons. And this ratio rises up to 95%

when the thickness of CIGS becomes 1 lm. The absorp-

tivity of photons in the CIGS layer with a typical thickness

of 2–3 lm is about 99%.

Figure 6 shows the photoelectric quantum yield spectra

(internal and external quantum efficiency) computed by

Eqs. 11–13 for different parameters of the absorber layer

that are listed in Table 1. The deviation of internal quan-

tum efficiency from unity is caused by surface recombi-

nation. (Note that g = 1 for S = 0.) In our calculations, the

recombination velocity at front surface and at back surface

is taken by 107 cm/s. This means that the recombination

losses take place where the surface recombination reveals

itself mostly within the short-wavelength region. The decay

of the efficiency at short wavelengths is usually attributed

to the surface recombination, which intensifies as the

electric field decreases [28]. Figure 6-b represents the

external quantum efficiency when the reflection losses at

interfaces air/ZnO:Al, ZnO:Al/CdS and CdS/CIGS as well

as the absorption in both ZnO:Al and CdS layers are taken

into consideration. It can be seen that there is a steep decay

of gext in the short-wavelength region caused by absorption

in the ZnO:Al and CdS layers as shown in Fig. 2; in gen-

eral, the value of gext is less than gint due to the value of

T(k) as shown in Eq. 14.

In order to estimate the recombination losses at front

and back surface of CIGS layer, we have to calculate JSC

from Eq. 17, which takes into account the value of gint that

is given by Eqs. 11, 12. In this case, we assume that

T(k) = 1. Under these notes, JSC records 34.15 mA/cm2

and hence the recombination losses are about 15%.

When the optical and recombination losses are taken

into account, the value of JSC is about 28.7 mA/cm2 and

the values of optical and recombination losses are more

than 29%. These results are carried out under the condi-

tions of darc = 100 nm, dZnO:Al = 100 nm, dCdS = 60 nm,

dCIGS = 1 lm and other data that are listed in Table 1.

Once again, J–V curves for CIGS under illumination are

shown in Fig. 7. This figure shows also the effect of

reflectivity from back contact. The results from this fig-

ure are carried out under the effect of both optical and

recombination losses at the conditions that shown in the

above paragraph. It can be seen that when the reflectivity

from back contact is ignored, the cell parameters represent

V0 = 0.84 V, Jm = 27.12 mA/cm2, Vm = 0.72 V, FF =

81% and g = 19.56%. At 100% reflectivity from back

contact, the cell parameters represent V0 = 0.84 V, Jm =

28.07 mA/cm2, Vm = 0.72 V, FF = 81.5% and

Fig. 4 J–V curve of CIGS solar cell under the influence of the optical

losses

Fig. 5 Absorptivity of CIGS as a function of its thickness under the

condition of the total AM 1.5 solar radiation

Fig. 6 Spectral of the internal quantum efficiency (gint) (a) and

external quantum efficiency (gext) (b) of CIGS solar cell
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g = 20.22%. These results indicate that even though the

thickness of the absorber layer is small (1 lm) and only

absorbs 95% from the incident light (see Fig. 5), the

absorbed light and hence JSC are high due to the reflectivity

from back contact takes place due to using a metallic

electrode. It can be seen that the 100% reflectivity from

back contact can increase the efficiency by a ratio of 3.4%.

To know the quality of the results of this work, these

results must be compared with recent papers that published

on CIGS solar cells with ultra-thin absorber layer. Xiao

et al. [29] obtained efficiency of 10.5% for submicron thick

of CIGS (800–900 nm). Li et al. [30] obtained efficiency

reached to 11.72% for 1.3 lm of the absorber layer without

any light trapping and antireflecting coating techniques.

Kim et al. [31] obtained efficiency 15.4% of CIGS for

1 lm thickness. Additionally, Vermang et al. [8] have used

CIGS absorber layer with ultra-thickness of 0.385 lm and

they have achieved an efficiency of 13.5%.

4. Conclusions

In the present study, we have established a model of sub-

strate thin-film solar cell of structure ZnO:Al/CdS/CIGS/

Mo/glass. The optical losses resulting from the reflection at

interfaces air/ZnO:Al, ZnO:Al/CdS and CdS/CIGS as well

as the absorption in ZnO:Al and CdS layers have been

studied. The quantitative assessment of the optical losses is

carried out based on the refractive index and extinction

coefficient of the used materials. The recombination losses

at the front and back surfaces of CIGS layer have been

taken into account. The quantitative assessment of the

recombination losses is carried out on the basis of the

parameters of the absorber layer. The results show that the

optical losses are in the range of 22–30% depending on the

thickness of window layer (ZnO:Al) and buffer layer

(CdS). The antireflection coating with thickness 100 nm

improves the short-circuit current density by 7–8%. At

particular parameters of darc = 100 nm, dZnO:Al = 100 nm,

dCdS = 60 nm and dCIGS = 1 lm, the short-circuit current

density records 28.7 mA/cm2 and the optical and recom-

bination losses are more than 29%. The solar cells with

these parameters give an electric efficiency of 19.56% with

a fill factor of 81% and voltage of open circuit of 0.84 V.

The 100% reflectivity from back contact increases the cell

efficiency by 3.4%, and this efficiency reaches 20.22%.

The obtained efficiency in the present study is better than

those reported so far in the literature for CIGS-based solar

cells. What’s new in this work is to get a high efficiency of

CIGS solar cell despite the use of a small thickness of the

absorber through choosing the optimum conditions for each

layer in this cell.
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