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Optical and recombination losses in CIGS thin-film solar
cell and efficiency enhancement methods
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A theoretical analysis of the optical and recombination losses effect on the performance of the solar cell with the structure
ZnO:Al/CdS/CIGS/Mol/Glass has been accomplished in this work. All the results are carried out on the basis of the variation
of Ga- ratio and the low thickness of the absorber layer ranged from 250 nm to 1 um. The optical parameters (refractive
index, extinction coefficient and energy gap) resulting from the experimental investigation of the used materials are the base
to calculate the optical losses caused by the reflection at different interfaces and absorption in ZnO:Al and CdS layers. The
calculations of the recombination losses at the front and back surface of CIGS are carried out on the basis of some physical
parameters of CIGS layer. The effect of antireflection coating layer and the reflectivity from back contact have been studied
to improve the performance of CIGS solar cell. The results show that Ga- ratio of 0.3 has the maximum short-circuit current
density of 16.46 mA/cm? and at the same time this ratio represents optical losses of about 35 %, these losses have been
increased up to 59.5 due to non-absorption losses. It is found that the thickness of CIGS layer has a significant effect on the
performance of this solar cell. Under the consideration of antireflection layer, reflectivity from back contact and at certain

parameters of the absorber layer, the recorded efficiency of thin- film CIGS solar cell reached a value of 18.12%.
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1. Introduction

First generation solar cells based on single-crystalline
and multi-crystalline wafer Si represent more than 85% of
the current photovoltaic (PV) industry [1, 2]. These cells
having indirect optical band gap absorbing materials
recorded high efficiencies of 25.6% and 20.8%,
respectively [3]. Nevertheless, due to the demanded large
thickness of more than 100 um. The technology cost of
solar cells based on Si is very expensive. The second
generation solar cells based on thin- film absorbing
materials is therefore, the ideal alternative choice. These
materials such as Copper indium gallium diselenide
Cu(In.4Ga,)Se, (CIGS) [4, 5, 6], Cadmium-Telluride
CdTe [7, 8], Copper zinc tin selenide Cu,ZnSnSe,
(CZTSe) [9, 10], and copper zinc tin sulphide Cu,ZnSnS,
(CZTS) [11, 12] have direct energy gap and high
absorption coefficient, so few micrometres of them are
sufficient to absorb most of the incident light.

Thin- film based on CIGS is being seen as one of the
most promising thin-film solar cell technologies with
highest confirmed efficiencies. CIGS material has direct
energy gap and high absorption coefficient greater than
10* cm™ [13]. The most attractive property of CIGS
compound is the ability to tune its energy band gap from
1.01 eV up to 1.68 eV by variation of Ga fraction leading
to the best match to the solar spectrum [14]. Moreover,
CIGS solar cells are suitable for space applications due to
their good stability over time and good resistance to
ionized radiation [15].

CIGS solar cells achieved a high conversion
efficiency more than 21.7% [3], which is still far from the
theoretical limit of 28-30% [16] due to some losses which
limit the efficiency or cause the power reduction. These

losses such as optical, recombination and resistance.
Quantitative estimating of these losses and determining the
reasons will certainly lead to appropriate solutions to
reduce them and thus increase the efficiency and
performance of CIGS solar cell.

In this work, a theoretical analysis of the effect of
optical and recombination losses on the performance of
solar cell of structure ZnO:Al/CdS/CIGS/Mo/Glass has
been done. The calculations of optical losses are carried
out in the basis of optical parameters (refractive index,
extinction coefficient and optical band gap) resulting from
the experimental investigation of the used materials. The
recombination losses at the front and back surface of CIGS
have been calculated using the experimental data of CIGS
layer such as absorption coefficient and energy gap.
Besides, this work aims to improve the efficiency of CIGS
solar cell through studying the effect of antireflection
coating layer and the reflectivity from back contact. All
these studies have been carried out for low thickness
absorber layer to achieve the economic feasibility of this
cell.

2. Theoretical model

In this model, a p- type CIGS is used as the absorber
layer with different values of energy gap (according to the
experimental results taken from [17]). A thin layer of n-
type CdS of energy gap (Eg) 2.45 eV is used as buffer
layer to make a hetero junction with CIGS. A transparent
conducting oxide (TCO) such as ZnO:Al of E;= 3.3 eV is
used as window layer. In addition, the spectrum was set to
the global AM1.5 standard and the operation temperature
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was maintained at 300 K. The other parameters that used
in this model are listed in Table 1.

Table 1. The values of open circuit voltage (Vo), maximum
voltage (Vyy, maximum current density (Jn), fill factor (FF) and
efficiency () of CIGS solar cell resulting from Fig. 5

X Ve | Ve |3dn FF |7 (%)
V) | (V) | (mAlcm?

0.1 |0.76 | 0.71 | 13.87 0.88 9.83

0.2 | 083 | 0.78 | 12.13 0.87 9.48

03070 | 0.64 | 15.76 0.879 | 10.14

0.4 | 086 | 0.82 | 10.14 0.87 8.27

0.6 | 095 | 0.91 | 8.49 0.87 7.68

Through this model, the optical losses result from the
reflection at air/ZnO:Al, ZnO:Al/CdS, CdS/CIGS
interfaces and the light absorption in ZnO:Al and CdS
layers as well as the recombination losses at the front and
back surface of CIGS can be quantitatively assessment.
The quantitative estimation of the optical losses carried out
passed on the refractive index, extinction coefficient and
energy gap of the used materials. The continuity equation
that taking into account the drift and diffusion components
of the photocurrent is employed to determine the
recombination losses. The quantitative determination of
the recombination losses carried out considering the
physical properties of the absorber layer (CIGS) such as;
the absorption coefficient (o), energy gap (Eg), thickness
(d), carrier lifetime (z), mobility (p), etc. In addition, the
effect of using the antireflection coating and the effect of
reflectivity from back contact have been taken into
account to enhance the performance of CIGS solar cell.

2.1. CIGS solar cell structure

The schematic structure of substrate thin-film solar
cell based on CIGS is shown in Fig. 1.

I

Soda Lime Glass

Fig. 1. Schematic cross-section of thin-film CIGS solar cell
(color online)

Substrate thin-film solar cells based on CIGS are
basically consisted of a substrate, back contact, absorber,
buffer layer and front contact.

Soda lime glass is a common substrate that used in
this case. It acts as a source of sodium that later is
incorporated in the CIGS layer and increasing the
conversion efficiency, allegedly by passivation defects in
the CIGS layer or at the CIGS/CdS junction [17, 18]. A
first layer from molybdenum is deposited onto the soda
lime glass to form a back contact. Molybdenum is a good
conductor that can allow sodium diffusion. A second layer
from CIGS with few micrometres thickness is deposited
on the molybdenum layer to act as the absorber. A third
layer is a buffer layer from thin CdS (~ 0.1 pm), which is
usually deposited on the absorber layer to create a hetero
junction with CIGS. CdS must have some required
properties such as: relatively high transparency, not too
thick in order not to reduce the high absorption in the
CIGS absorber layer, not too thin to avoid the short
circuiting effect, relatively low resistive to minimize the
electrical losses, and higher photoconductive in order not
to alter the solar cell spectral response [19]. The last layer
is formed from transparent conducting oxide (TCO) such
as ZnO:Al that acts as a window layer. The transmission
of this layer must be as high as possible (more than 85% in
visible region), at the same time has low resistivity at
room temperature (sheet resistance less than 10 Q/sq), and
has good adhesion to glass substrate [20].

2.2. Reflection and absorption losses

The reflectivity (R) at two contacting layers 1 and 2 of
the interfaces air/ ZnO:Al, ZnO:Al/CdS, CdS/CIGS is
determined based on the well-known Fresnel equations

[20]: ,
Ry = (w) 1)

ni+n,

where n; and n, are the refractive index of the two
materials, respectively.

If the materials are electrically conductive, the
refractive index will contain an imaginary part and is
written as:

n*=n-—ik 2
where n is the refractive index and k is the extinction
coefficient. In this case, the reflection coefficient, R, is

written as:

Inj—n3|? _ (n1—nz)%+(k1—k3)?
> =
|ng+nj| (n1+n2)?+(kq+k2)?

Ri2(A) = ©)

The values of n and k of ZnO:Al and CdS, were taken
from the literature data [21, 22], respectively.
The transmission in this case is given by:

T(A) = (1 —Ry3)(1 — Ry3)(1 — R3y) 4
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where Ri,, Rys and Rs, are the reflectivity at the interface
between air/ZnO:Al, ZnO:Al/CdS and CdS/CIGS,
respectively.

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.4 takes the form:

T(A) = (1 = Ry2)(1 = Ry3)(1 — Rgy)e™%2%2e™ %% (5)

where, a, and as are the absorption coefficient of ZnO:Al
and Cds, respectively and d, and d; their thicknesses. Note
that this equation does not take into consideration the
effect of antireflection process.

When an antireflection coating layer is deposited on
the TCO layer, the reflectance between the air and this
layer is significantly reduced. The optimal refractive index
value of the antireflection coating (n,.) is suggested to be
(n,)*?, where n, is the refractive index of ZnO:Al material
[16]. Then, the reflection coefficient (R, from the
material with an antireflection coating can be written as
[23]:

R = r@+ri+21,7c05(20)
arc = 1 4r2y242r,r ©)
ath a’pCos(26)
where,
21
0 = Tnarcdarc (7

dare in EQ.7 represents the thickness of the antireflection
material. In Eq.6, r, and r, are the amplitude values of
reflectivity (Fresnel coefficients) from the front and back
surfaces of the antireflection material, respectively and are
given by:

Narc—N1
T, =——— 8
a Narcthy ( )
N2—MNarc
T, = ——— 9
b Na+Ngre ( )

Then the optical transmission that given by Eg.4 can
be expressed in the following form when the antireflection
effect is taken into account:

T =>0-

Rard)(1 = Rp3)(1 = Rsa)  (10)

The second process that contribute in the optical
losses is the absorption process that takes place in ZnO:Al
and CdSs layers. In this case, Eq.10 takes the form:

T(A) = (1 = Rarc) (1 — Ry3) (1 — Ryy)e*2%2e™ %% (11)
where, a, and as are the absorption coefficient of ZnO:Al
and CdS, respectively and d, and ds their thicknesses.

2.3. Recombination Losses

The internal quantum efficiency (i) of the solar cell
is the summation of the drift and diffusion components.

Nint = Narift + Naif (12)

The drift component is obliged to photogenerate of
electron- hole pairs in the space- charge region while the
diffusion component is obliged to photogenerate of
electron- hole pairs in the neutral part of the diode
structure.

The drift component of the internal quantum yield
(narire) is given from the solution of the continuity equation
in the form [24, 25]:

2 -1
s =) (Po-qV
f () @o-a)
1+(D_)[a+T

Narift = a = —exp(—aW) (13)
s\ (@) @o-av)
1+(%) Wi T

where, St is the recombination velocity at the front surface
of CIGS, D, is the diffusion coefficient of the holes related
to the mobility (i) by the Einstein relation qDy/kT= p,, a
is the absorption coefficient of CIGS, W is the width of
space-charge region, V is the voltage, and ¢, is the barrier
height. Note that this equation takes into account the losses
due to the recombination at the CdS/CIGS interface, i.e., at
the front surface of the absorber layer.

The diffusion component of the internal quantum
efficiency (54¢) is also given from the solution of the
continuity equation [26]. The solution of the continuity
equation was simplified with sufficient accuracy and can
be written in the form [16],

(Sb ")[cosh((d W)/Lp)—exp(—a(d—W))]+sinh((d—W)/Ly)+aLyexp(—a(d—W))

Naiy = gz exp(= aW)x{aL

where, « is the absorption coefficient of the absorber layer,
D, is the diffusion coefficient of the electrons related to
the mobility u, by Einstein relation gD./kT= W, L, (=1,
D,) is the diffusion length of minority carriers, z, is the
lifetime of electron, d is the absorber layer thickness and

(Sb n)smh[(d W)/Lypl+cosh[(d—W)/Ly] }
(14)

S, is the recombination velocity at the back surface of
CIGS. Equation (14) takes into consideration the
recombination losses at the back surface of the absorber
layer, i.e. at the CIGS/MO interface.
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The external quantum efficiency 7.y of the solar cell
can be determined in terms of the optical losses owing to
the reflection at different interfaces and absorption in
ZnO:Al and CdS in the form:

Next = T(A) Nint (15)

where T(1) is given by Eq.11, which takes into account the
optical losses.

2.4. Short-circuit current density and the cell
parameters

The short-circuit current density (Jsc) can be
calculated according to this formula [27]:

Di(4
Jse = AL T 0 (R)DY (16)

where, @; is the spectral power density, @/ hv is the
spectral distribution of the photons, hv is the photon
energy, A\ is the interval between neighbouring values of
the wavelength, T(A) is given by Eq. (11) and #in(A) is
given by Eq. (12).

According to the standard diode equation, the J(V)
characteristic of a single- junction solar cell under
illumination can be written as the linear superposition of
the dark characteristics of the cell and the photogenerated
current:

J=Jo[exp (=) =1] - 1y (17)
where J, is the reverse saturation current, J_ is the
photogenerated 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 Jy, and A are taken from
[28].

The CIGS solar cell efficiency can be expressed by:

— FFX]JgcXVy (18)
Pin
where FF is the fill factor, V. is the open circuit voltage,
Pi, is the density of the total AM 1.5 solar radiation power.
The fill factor can be written as:

FF = m¥m (19)
JscXVo

where J;,, and V,, are the maximum current density and
voltage, respectively.

2.5. Reflectivity from back contact

If some light passes to the back contact, which is a
metal electrode, thus its reflectivity can be reaching 100
%. This situation can be occurring in the case of low
thickness of the absorber layer, which cannot absorb all
the incident light. 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 [29, 30]
can be used to measure the effect of reflectivity from the
back contact on the internal quantum efficiency:

Nint(R) = Nine[1 + R X exp(—ad)] (20)
where R is the reflectivity from the back contact, a is the
absorption coefficient of the absorber layer and d its
thickness.

3. Results and discussion

The relationship between (aiv)® and hv for as —
deposited Culn,.,Ga,Se, (CIGS) thin films of various Ga-
ratios at low thickness of 250 nm is shown in Fig.2-a.
From this figure, the energy gap of 1.72, 1.82, 1.63, 1.87
and 2 eV are estimated of the compositions of x= 0.1, 0.2,
0.3, 0.4 and 0.6, respectively. Besides, the energy gap 1.13
eV and 1.24 eV are detected for the composition of x= 0.3
at higher thickness of 800 nm and 1000 nm, respectively
as shown in Fig. 2-b. The results of this figure are carried
out on the basis of experiment measurements taken from
ref. [17].

1.2

15

1.0 |-

Fig. 2. Plot of (ahv)? vs. hv of CIGS thin-film for 250 nm

thickness at different Ga-ratios (a) and for Ga-ratio= 0.3

at high thicknesses of thin film CIGS layer (800 and 1000
nm) (b) (color online)
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Fig. 3 represents the calculated transmission
considering the reflection at interfaces air/ZnO:Al,
ZnO:Al/CdS, CdS/CIGS (Tg) as well as the reflection and
absorption in window layer (ZnO:Al) and buffer layer
(CdS) (Tg, a). The results of this figure are carried out on
the basis of Eqgs. (4, 5) for different Ga- ratios of CIGS
with thickness of 250 nm. It follows from Fig. 3-a that the
transmission due to reflection (Tg) from the interfaces of
the contact layers is high and the average value over the
spectral range A= 300 nm to A= 1100 nm = A g4 (= 1.13 ev,
the optimal energy gap of CIGS [12]) is about 88% for
most Ga- ratios. This indicates a small part of the incident
light can be lost due to reflection at different interfaces.
The effect of both reflection at all interfaces and
absorption in ZnO:Al and CdS on the value and behaviour
of transmission is shown in Fig. 3- b. It can be seen that
there is a significant decrease in the transmission due to
reflection and absorption (Tra) particularly in low
wavelength due to the absorption process which takes
place in ZnO:Al and CdS. It is clear that the average of
transmission in whole wavelength range is so small (44 %)
indicating a loss of great part of the photons due to optical
losses (reflection and absorption). Besides, it is observed
that the Ga- ratio of x= 0.3 shows the lowest transmitted
light that can reach the absorber layer.
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Fig. 3. The transmission due to reflection (Tg) of CIGS
solar cell with different Ga- ratios considering reflection
at all interfaces (a) as well as the transmission due to
reflection at all interfaces and absorption (Tg,s) in
(ZnO:Al) and (CdS) layers (b). (color online)

The optical losses can be estimated through
calculating the short- circuit current density (Jsc) from Eq.
16. The value J*** has been calculated at #;(A)=1 for
each composition. This means that the summation in Eq.
(16) should be separately made for each composition due
to the different values of optical band gap corresponding
to different Ga- ratios. Fig. 4 represents the calculated Jsc
and the corresponding optical losses. As unexpected,
x=0.3 of Ga- ratio shows the maximum value of 16.46
mA/cm? and at the same time this ratio represents optical
losses of about 35%. The more important notification that
the optical losses of x= 0.3 are considered higher than
most of the compositions (x= 0.1, 0.2, 0.4). In order to
understand this conflict, it should be born in mind that
there is another so important factor that significantly
affects on the short- circuit current density namely the
optical band gap which can be seen from the limitation of
the summation in Eqg.(16) (the smaller energy optical band
gap, the greater numbers of terms in the summation). As
shown in Fig. 2, the composition of x= 0.3 of Ga- ratio
represents the lowest energy gap of 1.63 eV which
indicates more photons must be absorbed in the absorber
layer and consequently more photogenerated current can
be achieved. In this aspect, another optical loss can be
added to the reflection and absorption, this loss is called
non- absorption loss [23, 24]. Therefore, the photons with
energy lower than the band gap energy of the absorbing
material are transmitted. Thus, the energy of the photons
having energy lower than the band gap energy is lost due
to the non-absorption by the absorbing material.
Accordingly, the total optical losses in this case have been
calculated for the optimal CIGS energy gap of 1.13 eV
which will be the limit of summation in Eq.16 in
calculating J7'**. Under these considerations, the total
optical losses have been calculated and plotted in Fig.4
(the dotted line). As can be seen, the total optical losses
are higher than those of reflection and absorption (dashed
line). Besides, the ratio x= 0.3 shows the minimum total
optical losses of about 59.5% and then higher Jsc as
mentioned above. Moreover, at higher values of Ga- ratio,
the total losses are very high and can reach 77% indicting
that CIGS absorber layer with these ratios of Ga is not

suitable to use in solar cell devices.
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Fig. 4. Short-circuit current density (Jsc) of CIGS solar
cell at different Ga- ratios considering the optical losses
(reflection and absorption) and the losses (dashed line)
and total optical losses (reflection, absorption and non-
absorption losses) (dotted line) (color online)



214 H. A. Mohamed, E. Kh. Shokr, M. M. Wakkad, N. M. A. Hadia, Y. A. Taya

The current voltage characteristics curve (J- V) of
CIGS solar heterojunction under illumination at different
ratios of Ga is shown in Fig. 5- a. The results of this figure
are carried out on the basis of Eq.17. The values of Jsc that
used in these calculations have been computed based on
the optical losses as shown in Fig. 4. The values of
saturation current Js. and quality factor A are taken from
ref. [28]. As can be seen from this figure, the open-circuit
voltage Voc of each Ga- ratio depends on the energy gap
of this composition. At x= 0.3, Voc is about 0.7 eV where
its energy gap is 1.63 eV and the maximum Vg of 0.940
volts can be observed for x= 0.6 having the greatest optical
band gap (2 eV). Fig. 5- b shows the power- voltage curve
of CIGS solar cell at different ratios of Ga. From this
figure we can determine the maximum power and
consequently determine the maximum voltage V.. Using
the results of Fig. 5, the CIGS solar cell efficiency and the
value of fill factor can be calculated using Egs. (18 and 19)
respectively. The obtained data of maximum voltage (Vp),
maximum current density (J;, ), open circuit voltage (Voc),
fill factor (FF) and efficiency (#) are listed in Table 1. It is
obvious from Table 1 that the values of fill factor of most
compositions are so close each other. The composition of
x= 0.3 represents the maximum efficiency of 10.14 %
resulting from the highest Jsc comparing with the other
compositions.
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Fig. 5. Current-voltage curve (a) and power voltage curve
(b) of CIGSsolar cell at different Ga- ratios
considering the optical losses (color online)

The other important parameter that affects Jsc value is
the internal quantum efficiency (#i(A)) which is the
summation of drift quantum efficiency and diffusion
quantum efficiency (see Eqgs.13, 14). As can be seen from
these equations, #iw(X) depends on some physical
parameters of the absorber layer (CIGS) such as the
absorption coefficient (&), minority (electron) lifetime (z,),
mobility of holes and electrons (u,, H.) and the thickness
of the absorber layer. Besides, #in(A) depends on the
properties of the space-charge region namely; the width
(W) and the barrier height (¢,). Since, the recombination
losses at the front surface (CdS/CIGS) and at rear surface
(CIGS/Mo) were taken into account in calculating #in(A),
therefore the velocity of recombination at front and back
surface (Sy, Sp) of CIGS must be taken into calculations.
The values of these parameters are taken from the previous
studies of CIGS solar cells and are listed in Table 2.

Table 2. The used parameters in this paper model

Parameter Value Ref.
Uzno:al 100 (nm) [31]

dcas 60 (nm) This work
o 25 (cm’/Vs) | [32, 33]
Hn 50 (cm?/Vs) [32, 33]
Do-qVv 0.7 (eV) This work
Sp 10’(cm/sec) [16]

St 10’(cm/sec) [16]

Th 10 (ns) [16]

w 0.15(p m) This work

Fig. 6 shows the quantum efficiency spectra for
absorber CIGS at various values of Ga- ratio. The
variation of Ga- ratio will affect on the calculation of
7int(A) through the absorption coefficient (), energy gap
(Eg) and the thickness(d) of CIGS material. The rest
parameters which were mentioned in Table 2 are fixed for
all compositions. The results of this figure are carried out
at W= 0.15 um. It is used this small width of space-charge
region because of the small thickness (250 nm) of CIGS
films.
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Fig. 6. Spectral internal quantum efficiency (a) external
quantum efficiency (b) of CIGS solar cell at different
Ga- ratios considering the recombination losses

(color online)

As seen from Fig. 6-a, the value and shape of 7 (V)
are significantly affected by Ga- ratio. At low wavelength
up to 600 nm, the values of #;()) are close to unity for x >
0.1 which indicating small recombination losses. Besides,
ninl(A) for different compositions attains zero at different
values of A depending on the energy gap of each
composition. The maximum value of #(A) can be
observed for thin film of x= 0.3 having the lowest energy
gap. That means CIGS at Ga-ratio equals 0.3 can absorb
more photons comparing with the others. Fig. 6-b shows
the spectral external quantum efficiency (yex) given by Eq.
(15) which takes into consideration the optical losses. The
value and behaviour of 7, differs from those obtained for
nine due to the reflection at interfaces as well as the
absorption in window layer (ZnO:Al) and buffer layer
(Cds).

Fig. 7 shows the dependence of Jsc on Ga- ratio
considering the recombination losses which take place at
front and back surface of CIGS. The results of this figure
are carried out on the basis of Eq. (16) under the condition
of T(A)= 1. It is seen that the values of Jsc are greater than
those obtained under the consideration of optical losses.
Moreover, the composition of x= 0.3 has the maximum Jsc
of about 23.66 mA/cm? while the minimum current of 12
mA/cm? is observed for the composition of x= 0.6. It can
be seen that although the composition of Ga- ratio of 0.6

shows the highest losses of about 18%, all other
compositions have low values of recombination losses
smaller than 10%. The minimum losses of about 6.33%
are detected for x = 0.3. This implies that the
recombination losses have small significance compared
with the optical losses. These results open the way for
practical research interested in improving the optical
properties of materials contributing to the formation of
CIGS solar cell particularly the absorber layer.

28
| —Jsc (mA/em?2) r 18
— Recombination losses (%) /o
24 | B
. -1 15
(o] -
£ - 1 £
£ 20 | =
= - 12
¥
g 4 @
~ =
2 16 -9
12} -6

0.1 0.2 0.3 0.4 0.5 0.6
Ga- ratio, x
Fig. 7. Short-circuit current density (Jsc) of CIGS solar
cell at different Ga- ratios and the corresponding
recombination losses (dashed line) (color online)

As expected, when the two losses (optical and
recombination) are taken into consideration, the short-
circuit current density takes small values compared with
the results obtained regarding each loss separately. In this
aspect, Eq. (16) is employed with the real values of both
T(A) and n(\) and the results are plotted in Fig. 8. The
composition of x= 0.3 still has the maximum Jsc of 15.2
mA/cm?. The behaviour of Jsc with considering the optical
and recombination losses is similar to Jsc that obtained in
Figs. 4 or 7 for either optical or recombination losses,
respectively.

Optical and recombination losses
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Fig. 8. Short-circuit current density (Jsc) of CIGS solar
cell at different Ga- ratios considering the optical and
recombination losses

Once again, J- V curve for the illuminated CIGS films
with different values of Ga- ratio under the influence of
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the optical and recombination losses is plotted in Fig. 9.
The efficiency of CIGS in this case has estimated. It is
found that the composition with Ga- ratio of 0.3 possesses
the highest efficiency of 9.3%. This small value of
efficiency can be attributed directly to the small values of
Jsc and Vo because of incomplete absorption as well as
due to the small thickness of the absorbing material
(250 nm).
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Fig. 9. Current-voltage curve of CIGS solar cell at different
Ga- ratios considering the optical and
recombination losses (color online)

As referred in the above section, the thickness, 250
nm, of the absorber layer is too small to absorb all the
incident photons and the energy gap is so high that can
lead to small Jsc, Voc and consequently lead to small
efficiency. In this section we will study the effect of
increasing the thickness of CIGS layer on the performance
of CIGS solar cells. Current- voltage curve of CIGS solar
cell at Ga- ratio = 0.3 at different thicknesses of CIGS
considering the optical losses is shown in Fig. 10. As seen,
CIGS film of 800 nm thick achieves the value of Jsc of
31.84 mA/cm? while the film of 1000 nm thickness has
lower value of 29 mA/cm?. This due to the film of 800 nm
has energy gap (1.13 eV) smaller than that of the film of
1000 nm (1.24 eV) (see Fig. 2-b). This indicates that in the
case of 800 nm film thickness, more photons will be
absorbed and thereby a high value of Jsc can be achieved.
On the other hand, the calculated values of V¢ are 0.669
and 0.808 for the thickness of 800 nm and 1000 nm,
respectively. This vyields efficiency values of about
14.74% and 16.2% for CIGS films of 800 nm and 1000
nm respectively. Such result shows that the effect of open-
circuit voltage is more significant than the short-circuit
current density.
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Fig. 10. Current-voltage curve of CIGS solar cell at Ga-
ratio = 0.3 at different thicknesses of CIGS considering

the optical losses (color online)

Considering the recombination losses, the spectral
internal quantum efficiency (7)) and external quantum
efficiency (7ex) of CIGS thin films with Ga- ratio of 0.3
and different values of thickness are calculated and plotted
in Fig. 11 under the same condition of Table 2. It can be
seen that with increasing the thickness of CIGS from 250
nm to 1000 nm, the values of both 7y and 7. increase
particularly at longer wavelengths. This indicates that
small recombination losses at the interfaces CdS/CIGS and
CIGS/Mo can be occurred and consequently high Jsc can
be obtained. It is obviously that, the film of 800 nm
thickness seems to have greater values of quantum
efficiency compared with the film of 2000 nm. This can be
explained in terms of films optical band gap effect.

In order to obtain realistic cell parameters of CIGS
solar cells, the influence of both optical and recombination
losses have been taken into account. From J- V curve (not
appeared in this case) the cell efficiency is estimated and
plotted in Fig. 12. This figure shows the efficiency of
CIGS of the composition x= 0.3 for different thicknesses
of the absorber under influenced by optical losses and
optical and recombination losses. It is clear that, with
increasing the thickness of the absorber layer from 250 nm
to 800 nm, the efficiency increases and reaching about
14.74% under the influence of optical and reflection
losses. This can be explained in the terms of increasing of
Jsc with thickness. With further increase on the thickness
from 800 nm to 1000 nm, more increase in the efficiency
can be observed where the efficiency reaches about 16.2%
under the influence of both optical and recombination
losses. This increase of efficiency can be attributed
directly to the increase of V¢ with the increase in film
thickness from 800 nm to 1000 nm.
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Fig. 11. Spectral internal quantum efficiency (a) external

quantum efficiency (b) of CIGS solar cell at Ga- ratio =

0.3 at different thicknesses of CIGS considering
the recombination losses (color online)

21
-‘ 1] (Optical and recombination losses)
—_ Optical losses
n (Op ) >
18 -
S I5F
[l L
12 |-
9 -
1 M 1 M 1 1 1 i 1

200 400 600 800 1000
d (nm)

Fig. 12. The efficiency of CIGS solar of the composition
x=0.3 for different thickness of the absorber considering
the optical and recombination losses (color online)

Further improvements can be achieved by increasing
some other parameters such as the electron lifetime, the
mobility of electrons and holes, the absorber thickness, the
width of space- charge region and by decreasing the
velocity of recombination. As can be seen all these
parameters are related to the absorbing material or to the
junction. Besides, there are other methods can be
employed to improve the efficiency of these cells such as
coating an antireflection layer between the air and
transparent conducting layer (ZnO:Al) and considering the
reflection process from the back contact of the cell (Mo).

The effect of thickness of antireflection coating layer,
dare, ON Jsc Values under the influence of optical losses is
shown in Fig. 13. The results of this figure are carried out
at thickness of 1 um of CIGS. It can be observed that Jsc
increases from 29 mA/cm? for d,.= 0 and reaches its
maximum value of 30.84 mA/cm? at d,.=100:120 nm.
With further increase in the thickness of the antireflection
layer, a slight decrease in Jsc can be observed. That
indicates the optimum value of thickness of the
antireflection layer is in the range 100 nm to 120 nm. The
corresponding efficiency of Cu Ing; Gags Se, with
thickness 1 um is also shown in Fig. 13. The behaviour of
n for Cu Iny; Gags Se, with thickness 1 um has similar
behaviour of Jsc. Where, the efficiency attains its
maximum value of more than 21 % at d,. 100:120 nm. It
can be concluded that the thickness of 100 nm of the
antireflection coating layer increases the efficiency of
CIGS solar cells by a ratio of about 7 %.
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Fig. 13. Plot of short-circuit current density and the
efficiency verses the thickness of antireflection coating
applied on the ZnO:Al surface for Cu Iny; Gag 3 Se, with

thickness 1 um (color online)

Fig. 14- a depicts the dependence of spectral internal
guantum efficiency on the ratio of reflectivity from
metallic back contact. The obtained results are carried out
using Eq.20 at x = 0.3, dcigs= 1 pum and the other
parameters as listed in Table 2. As shown in this figure,
the internal quantum efficiency is increased by increasing
the ratio of reflectivity from the metallic back contact.
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The dependence of short-circuit current density and
the corresponding efficiency of CIGS solar cells on the
reflectivity from back contact is shown in Fig. 14- b.
These results are carried out on the basis of the optical and
recombination losses as well as the effect of antireflection
coating layer (with d,.= 100 nm). It can be seen that the
increasing of reflectivity from back contact from 0% to
100% leads to increase in Jsc by about 3%. Besides, when
the antireflection coating layer with thickness of 100 nm
plus 100% reflectivity from back contact are taken into
account, Jsc increases by a ratio of about 10.5%. Under
these considerations, the efficiency of CIGS solar cell is
increased from 16.2% to 18.12%.
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3 Optical and recombination losses L
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R (%)
Fig. 14. Internal spectral quantum efficiency at different
ratios of reflectivity (R%) from the back contact
CIGS/Mo (a) and the short-circuit current density and
the corresponding efficiency of CIGS solar cells verses
the reflectivity from back contact CIGS/Mo (b) under the
influence of optical and recombination losses as well as
the antireflection coating layer (color online)

4. Conclusions

The suggested theoretical model consists of ZnO:Al
(100 nm) as conductive transparent layer, CdS (60 nm) as
n- type layer, CIGS (250, 800 and 1000 nm) as absorber
layer, Mo as metal back contact and the substrate of soda
lime glass. Using the measured values of n,k, a for CIGS

films (x = 0.1, 0.2, 0.3, 0.4 and 0.6) for 250 nm and (x =
0.3) for 800 and 1000 nm, The J- V characteristics can be
obtained and plotted to determine the values of short
circuit current (Js.), open circuit voltage (V,), fill factor
(FF), the maximum current (J,) and voltage (V) on the
(J- V) plot, Py and the corresponding efficiency (n%)
after considering only the optical losses (reflection and
absorption losses due to CdS and ZnO layers) and also the
efficiency (n%) after accounting the optical and
recombination losses. The analysis reveals that:

i- The highest efficiency (10.14%) was recorded for x
= 0.3 having the highest Jsc and VVoc compared to other
compositions of low thickness (250 nm).

ii- Comparing the thicknesses 250, 800 and 1000 nm
for x = 0.3 shows that the highest n ~16.20% is belonging
to the film of 2000 nm thick.

iii- Thinner film of 800 nm thick has n ~14.74%
comparable with that of the film of 1000 nm thick, which
may be considered as a good result.

iv- Enhancement of the solar cell of CIGS absorber of
1000 nm model could be achieved using an antireflection
layer (100 nm), taking into consideration the reflectivity
from the back contact and increasing the space charge
region to 500 nm. This has led to the efficiency enhancing
to (17.62%), (18.12%) and finally to (19.82%)
respectively. Finally, CIGS film thickness of about 800 nm
may be sufficient to absorb the most useful optical
radiation and can be employed for CIGS solar cell if other
affecting parameters are optimized.

References

[1] 2010 Solar Technologies Market Report, US
Department of Energy, NREL, 1-136 (2011).

[2] A. Benmir, M. S. Aida, Superlattices and
Microstructures 91, 70 (2016).

[3] P. Jackson, D. Hariskos, R. Wuerz, W. Wischmann,
M. Powalla, Physica Status Solidi - Rapid Research
Letters 8, 219 (2014).

[4] M. Moradi, R. Teimouri, M. Saadat, M. Zahedifar,
Optik 136, 222 (2017).

[5] T. M. FriedImeier, P. Jackson, A. Bauer, D. Hariskos,
O. Kiowski, R. Wuerz, M. Powalla, IEEE J.
Photovoltaics 5, 1487 (2015).

[6] Mamta, Kamlesh Kumar Maurya, Vidya Nand Singh,
Coatings 12, 405 (2022).

[7]1 M. A. Green, Y. Hishikawa, E. D. Dunlop, D. H.
Levi, J. Hohl-Ebinger, A. W. Y. Ho- Baillie, Progress
in Photovoltaics 26, 3 (2018).

[8] X. Fang, S. Ren, C. Li, C. Li, G. Chen, H. Lai, J.
Zhang, L. Wu, Solar Energy Materials and Solar
Cells 188, 93 (2018).

[9] Y. S. Lee, T. Gershon, O. Gunawan, T. K. Todorov,
T. Gokmen, Y. Virgus, S. Guha, Adv. Energy
Mater. 5, 7 (2015).

[10] D. B. Mitzi, O. Gunawan, T. K. Todorov, K. Wang,
S. Guha, Sol. Energy Mater. Sol. Cells 95, 1421
(2011).

[11] Y. H. Khattak, F. Baig, H. Toura, S. Ullah, B. Mari,


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gershon%2C+Talia
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gunawan%2C+Oki
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Todorov%2C+Teodor+K
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gokmen%2C+Tayfun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Virgus%2C+Yudistira
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Guha%2C+Supratik

Optical and recombination losses in CIGS thin-film solar cell and efficiency enhancement methods 219

S. Beg, H. Ullah, Current Applied Physics 18, 633
(2018).

[12] S. Mahajan, D. Sygkridou, E. Stathatos, N. Huse, A.
Kalarakis, R. Sharma, Superlattices and
Microstructures 109, 240 (2017).

[13] T. Wada, Y. Hashimoto, S. Nishiwaki, T. Satoh, S.
Hayashi, T. Negami, H. Miyakec, Sol.

Energy Mater. Sol. Cells 67, 305 (2001).

[14] A. Belghachi, N. Limam, Chinese Journal of Physics
55, 1127 (2017).

[15] M. Dhankhar, O. P. Singh, V. N. Singh, Renewable
and Sustainable Energy Reviews 40, 214 (2014).

[16] L. A. Kosyachenko, X. Mathew, P. D. Paulson, V.
Ya. Lytvynenko, O. L. Maslyanchuk, Solar Energy
Materials & Solar Cells 130, 291 (2014).

[17] N. M. A. Hadia, M. M. Wakkad, E. Kh. Shokr, Y. A.
Taya, J. Optoelectron. Adv. M. 22(1-2), 42 (2020).

[18] J.-H. Yoon, T.-Y. Seong, J. Jeong, Prog. Photovolt.
Res. Appl. 21, 58 (2013).

[19] A. Y. Jaber, S. N. Alamri, M. S. Aida, Thin Solid
Films 520, 3485 (2012).

[20] H. A. Mohamed, J. Appl. Phys. 113, 093105 (2013).

[21] Q. Xu, R. D Hong, H. L. Huang, Z. F. Zhang, M. K.
Zhang, X. P. Chen, Z. Y. Wu, Opt. Laser Technol.
45,513 (2013).

[22] S. Ninomiya, S. Adachi, J. Appl. Phys. 78, 1183
(1995).

[23] M. Born, E. Wolf, Principles of Optics, 7th ed.,
Cambridge University Press, Cambridge 65 (1999).

[24] L. A. Kosyachenko, T. Toyama, Sol. Energy Mater.
Sol. Cells 120, 512 (2014).

[25] L. A. Kosyachenko, Semiconductors 40, 710 (2006).

[26] S. M. Sze, K. K. Ng, Physics of Semiconductor
Devices, 3rd ed., Wiley- Interscience, New Jersey,
(2006).

[27] H. A. Mohamed, A. S. Mohamed, H. M. Ali, Mater.
Res. Express 5, 056411 (2018).

[28] W. Wang, M. T. Winkler, O. Gunawan, T. Gokmen,
T. K. Todorov, Y. Zhu, D. B. Mitzi, Adv. Energy
Mater. 4, 1301465 (2014).

[29] H. A. Mohamed, Philosophical Magazine 94, 3467
(2014).

[30] H. A. Mohamed, Thin Solid Films 589, 72 (2015).

[31] M. Houshmand, M. Hossein Zandi, Nim. E. Gorji,
Materials Letters 164, 493 (2016).

[32] Brown, V. Faifer, A. Pudov, S. Anikeev, E. Bykov,
M. Contreras, J. Wu, Appl. Phys. Lett. 96, 022104
(2010).

[33] Hsin-Hui Kuo Chien-Chen Diao, Wen-Cheng Tzou,
Yen-Lin Chen, Cheng- Fu Yang, Materials 7, 206
(2014).

“Corresponding author: yasmeen.taya@yahoo.com


https://www.sciencedirect.com/science/article/abs/pii/S0927024800002968#!

