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Theoretical analysis of the effect of doping and minority
charge carrier life time in CIGS solar cells
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In this work the optical and recombination losses for CulnGaSe (CIGS) thin-film solar cells have been theoretically studied.
The optical losses have been studied on the basis of the thickness of frontal charge-collecting layer (ZnO:Al) effect. The
recombination losses have been studied as a function of CIGS doping (Na) and electron lifetime (1n). The optical and
recombination losses effect on short circuit current density, (Jsc), the open circuit voltage (Voc), the fill factor (FF) and
conversion efficiency (n) of thin-film solar cells based on n-CdS/p-CIGS has been investigated. It was found that the film
with the transparent conducting layer 100 nm thickness is suitable to give the highest Jsc value of about 29.5 mA/cm?® and
the lowest value of optical losses of about 26%. The CIGS doping has a significant effect on the values and behavior of the
internal efficiency. There is a weak effect of the relaxation time on the efficiency of this solar cell as it increases from 18.7%

to 19.1% with increase the lifetime from the value of 10 nS to 80 nS, respectively.
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1. Introduction

Cu(In, Ga)Se, (CIGS) is considered one of the most
promising second generation solar cells based on thin- film
technologies with highest efficiencies which confirmed in
the world. Tiwari group (EMPA Switzerland) reported
recently a record efficiency of 20.4% on flexible polymer
foil (23% in glass) [1]. The value 21.7% is the most recent
record efficiency obtained in a laboratory environment [2-
4]. There are large- area terrestrial applications of CIGS
potential advantages, in addition CIGS photovoltaic can be
made very lightweight and flexible which is desirable for
building integrated and portable applications and have also
shown high radiation resistance, compared to crystalline
silicon and I11-V cells so they are also promising for space
applications [5, 6]. Many studied have concerned the
optical, electrical and structural properties of each layer of
thin-film solar cell such as the transparent conducting
layer, n-type layer and the absorber layer [7-9]. Along
with the experimental works, the solar cell modelling [10-
15] has become indispensable tool used to analyse the
performance and optimizing the design of any kind of
efficient solar cells.

In this work, Mohamed model [16-19] have been
used to study the effect of doping and electron lifetime on
the CIGS solar cell performance. In this article the optical
and recombination losses have been considered in CIGS
devices, as it is important causes of low solar to electric
energy conversion. The quantitative estimation of the
optical losses has been carried out based on the optical
constants of the used materials. On the other hand, the
recombination losses at the front and the back surface of
the absorber layer have been determined by using the
continuity equation taking into account the drift and
diffusion components of the photocurrent.

2. The simulation details

In this model, the absorber CIGS is a p- type, with
different doping, the junction is made between the CIGS
and n-type CdS which has a gap of 2.45 eV. The window
layer is formed from ZnO:Al ceramic (ZnO 98 wt%,
Al,O; 2 wt%) with a gap equals to 3.3 eV [20]. The data
of CIGS were taken from Refs. [14, 21], where CIGS
films were deposited by simultaneous thermal evaporation
of elemental copper, indium, gallium and selenium. In this
study, the spectrum was set to the global AM 1.5 standard
and the operation temperature was maintained at 300 K.
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 is carried out passed on the
refractive index, extinction coefficient and the optical band
gap of the used materials. The recombination losses
determined by employ the continuity equation that taking
into account the drift and diffusion components of the
photocurrent. The quantitative determination of the
recombination losses is carried out based on the physical
properties of the absorber layer (CIGS) such as; the
absorption coefficient, energy band gap, thickness, carrier
lifetime, mobility, etc. This study concerns on the effect of
CIGS doping (N,) and carrier life time (z,) on the solar cell
efficiency.

2.1. CIGS solar cells structure
The schematic structure of substrate thin- film solar

cell based on CIGS is shown in Fig. 1. The configuration
of the CIGS layer can differ between different CIGS solar
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cells, but they basically consist of front contact, a
substrate, absorber, buffer layer and back contact. Soda
lime glass is a common substrate. The soda lime glass
used as a source of sodium that later is incorporated in the
CIGS layer and increasing the conversion efficiency,
allegedly by rare the defects at the CIGS/CdS junction or
in the CIGS material [22, 23].

Radiation

Air
ZnO:Al

CdSs

CiGS

Substrate

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

A layer of molybdenum was sputtered onto the glass
to form a back contact. Molybdenum is a good conductor
and can allow sodium diffusion. A thick layer (2 um) of
CIGS is deposited on the molybdenum layer to act as the
absorber. A thin (~ 60 nm) buffer layer of n- type CdS is
usually deposited on the absorber to create a hetero
junction. The required properties of CdS such as:, not too
thick to reduce the absorption in the CIGS absorber layer,
not too thin to avoid the short circuiting, relatively large
conductivity to reduce the electrical solar cells losses,
relatively high transparency and higher photoconductivity
to not alter the solar cell spectral response [22]. The final
layer is a TCO front contact; for example ZnO:Al (AZO) or
In,03:5n0, (ITO). This layer must be having some
required properties such as: highly transparent (more than
85% in visible region), highly conducting at room
temperature (sheet resistance less than 10 Q/sq), and good
adhesion to glass substrate [16]. The other parameters
shown in Table 1.

Table 1. The parameters used in the model

parameter | ¢o-qV (eV) Np (cm™) €

St (cmls)

Sy (cm/s) | W, (cmVs) | y, (cm Vs)

value 0.7 10 13.6

10’ 107 20 30

2.2. Reflection and absorption losses

The optical transmission T(A) that will reach the
absorber layer, which is determined for CIGS cell by
reflections from the interfaces air/ ZnO:AL, ZnO:AL/CdS,
CdS/CIGS and absorption in the ZnO:AL and CdS layers
needs to know in the calculations of short-circuit current
density (Jsc) of solar cells. The reflectivity R at the
interface between two contacting layers 1 and 2 can be
determined based on the well- known Fresnel equation
[16]:

Ry, = (w)z 1)

nq{+n,

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

In the case of electrically conductive materials, the
refractive index, n contains an imaginary part and is
written as:

n=n-—ik (2)

where n is the refractive index and k is the extinction
coefficient. Therefore, the reflection coefficient R is
written as:

ni-n312 _ (ng—-nz)%+(kq1—ky)?
> =
|n}+n3 (n1+n2)?+(k1+k2)?

Ri,(1) = (3)

The values of n and k of ZnO:Al, CdS and CIGS were
taken from the literature data [24,25,14].

The transmittance can be determined using the optical
calculation of the materials refractive indices and
extinction coefficients. The transmission in this state is
given by:

T(A) = (1 —Ri3)(1 — Ry3)(1 — R3y) (4)

where Ri,, Ry and Rgy are the reflectivity at the interfaces
between air/ZnO:AL, ZnO:AL/CdS and CdS/CIGS,
respectively.

The absorption process that takes place in ZnO:Al and
CdS would considered in this part of the study. The losses
due to reflection and absorption as mentioned previously,
are called the optical losses. In this case, Eq.(4) takes the
form:
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T(A) = (1 —Ri2)(1 — Ry3)(1 — R34)e—a1dle—a2((;

where, a; and a, are the absorption coefficient of ZnO:Al
and CdS and d; and d, their thickness, respectively.

The transmission of a transparent film of thickness d
with refractive index n at normal incidence taking into
account the interference is given by the Airy formula for
multiple beam interference in a system of two parallel
plane reflecting surfaces for the case of no absorption [26]

T(1) = @R ___ (6)

(1—R)2+ 4R sin? (T)

where R is the reflection coefficient of the film surface.

In Eq.(6), it is assumed that the film is in contact with
identical materials at both sides. From our point of view,
interference effects appear weaker if the film is in contact
with materials having refractive index higher than that of
air.

2.3. Recombination losses

The other important parameter that affects Jsc is the
internal quantum vyield (7). It is defined as the ratio
between the photo generated electron— hole pairs and the
total amount of the absorbed photons by the absorber
layer. The optimal value of #;, =1. The variation of this
unity is due to the recombination losses. The internal

aLy Dn

quantum efficiency of the solar cells is the summation of
the drift and diffusion components, which are obliged to
photogenerate of 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 (narir) 1S given from the solution of the continuity
equation in the form [27, 28]:

1+(;—£) a+

si\[(&)@o-av)
1+<W) n kpT

() @o=av)

P exp—aw) ()

Narift =

where, S;is the recombination velocity at the front surface
of CIGS, Dy is the diffusion coefficient of the holes related
to the mobility i, by the Einstein relation qDy/ kzT= {,, a
is the absorption coefficient of CIGS, W is the width of
space-charge region, V is the voltage, and ¢, 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 (54¢) is also given from the solution of the
continuity equation [29]. The solution of the continuity
equation was simplified with sufficient accuracy and can
be written in the form [30],

(P522) [cosh((t~W) /La)—exp(~a(t=W))|+Sinh((t=W)/Ly)+aLypexp(-a(t-W))

Nair = 2z exp(—aW) {al'n -

where, « is the absorption coefficient of the absorber layer,
D, is the diffusion coefficient of the electrons related to
the mobility u, by the Einstein relation gD/kgT= H,, (L,
= 1, D) is diffusion length of minority carriers, z, is the
electron lifetime, t is the thickness of the absorber layer
and S, is the velocity of recombination at the back surface
of CIGS. Equation (8) 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 vyield (#;,) is easy to
determine as the sum of all quantum yields.

Nine = Narife + Naif 9)

The external quantum efficiency 7.y Of the solar cells
determined in the account of the optical losses owing to
the reflection at different interfaces and absorption in
ZnO:Al and CdS:

Next = T(A) Nint (10)

where T(Z) is given by Eq.(5), which takes into account the
optical losses.

(Sgin)sinh[%] +cosh[%] }

2.4. Short- circuit current density

The spectral distribution of the photons can be found
as the spectral power (¢;) versus the photon energy (hv).
The short-circuit current density (Jsc) can be calculated
according to this formula [31]:

@
Jse = AR TWE 00 DA (D)

where AM is the interval between neighbouring value of the
wavelength, T(X) is given by Eq. (5) and #i.(}) is given by
Eqg. (9).

According to the standard diode equation, the
characteristic of J(V) for 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 (32) -1 - 1 (12)
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where J, is the reverse saturation current, J_ is the
photogenerated current, g 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
[32].

We can determine the losses (optical, recombination
or both) using Eq.(11) and using the flowing expression:

Losses (%) = (1 - ]{,fgx) x 100 (13)
where J2* js the maximum value of short- circuit current
density, which can be obtained at T(A) = 1 or #iw(A)= 1.
The summation in Eq. (11) should be made over the
spectral range from A= 300 nm to A= A4= hc/Eg, where Eg is
the optical band gap of the absorber layer.

The CIGS solar cell efficiency can be expressed by:

— FFXJscXVy (14)
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 = Jm>xVm (15)
JscXVo

2.5. Space charge width

The width of the space- charge region in the
CdS/CIGS heterojunction can be expressed similarly to an
asymmetric abrupt p-n junction [33]:

_e& (po—qV)\2
g2 (Na- ND))2 (16)

where ¢ is the CIGS relative permittivity, g, is the
electrical constant, g,=qVy; is the barrier height at the
CIGS side (Vy; is the built-in potential), q is the electron
charge, V is the applied voltage, and Na—Np is the
concentration of noncompensated donors in the CdS layer.

3. Results and discussion

Fig. 2 shows the transmission spectra of transparent
conducting ZnO:Al layer and different thicknesses. The
results are carried out using Eq.(6), which represents the
interference effect. It is obvious that the interference
increases with increasing the thickness of ZnO:Al from 50
nm to 200 nm. On other hand, the straight line in this
figure represents the calculated transmission without
interference (see Eq.(5)). It can be seen that there is no big
difference in the average of the transmission between the
two methods, however the using of interference equation
is more accurate and realistic.

The short circuit current density (Js.) of CIGS solar
cell and the calculated optical losses shown in Fig. 3 with
different values of ZnO:Al thicknesses. The highest value

of J,. of about 29.5 mA/cm® and the lowest value of
optical losses of about 26% has been recorded for CIGS
solar cell with ZnO:Al =100 nm. This indicates that the
100 nm thickness of the transparent conducting layer is
suitable to obtain short- circuit current density of CIGS
cells.

1.0 i
poc[1oaml
- L mfee e
08 e i ]
0.6 'withoutintcrfcrcncc_
—_ :
<
=
1.
100 ,
[ /’
0.8 .".I‘, Ly
I‘1' \.r' Aot
r
os}l
\
250 500 750 1000 250 500 750 1000
A(nm)
Fig. 2. The transmittance spectra of ZnO:Al layer with
different thickness (50 — 200 nm) (color online)
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Fig. 3. The short circuit current (Jsc) and optical losses of
CIGS solar cell with the different thickness of ZnO:Al layer
(color online)

Both values of drift and diffusion component of
internal quantum efficiencies have been calculated and
plotted in Fig. 4. The results are achieved at different
values of absorption coefficient (a) of CIGS layer and
under the effect of different values of CIGS doping. It is
obvious from Fig. 4 that the CIGS doping has a significant
effect not only on the values of the internal efficiency but
also on its behavior. Besides, the values of absorption
coefficient have an obvious effect of drift component at
high values of Np, (see Fig. 4-a), while the invers behavior
of the diffusion component can be observed (see Fig. 4-b.
From Fig. 4-c, we can note that the value of o = 1.5 x 10°
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cm™ is sufficient to make CIGS absorbs most of the
incident photons and there is no justification for increasing
the absorption coefficient of the absorber layer to value
greater than this. The quantum efficiency is seen to
decrease with increasing the absorption coefficient. This
result reflects that the electrons flux emitted towards the
metal increase, which reduces the net photocurrent. As the
bulk doping increase, this effect become smaller; because
the strong doping lead to high electric field drives
electrons away from the interface [34].
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Fig. 4. (a) The drift component of internal quantum
efficiency (arire), (0) The diffusion component of internal
quantum efficiency (n4i) and (c) The total internal

quantum efficiency (nin) of CIGS solar cell as a function
of CIGS absorption coefficient (a) (color online)

With narrowing of the barrier region (increasing N4 or
Na-Np), the internal quantum efficiency value decreases in
the low-range of o because the larger portion of photons
are absorbed outside of the space-charge region [28]. At
long-range of a and for low Np or Na-Np (also low electric
field) the influence of surface recombination reveals itself
where 5 records low values. With increasing Np, the
electric field increases and the effect of surface
recombination becomes weaker. It can be noted that N, =
10": 10" cm™ is suitable to give the highest value of the
internal quantum efficiency.

Fig. 5a show the effect of N, concentration on the
drift, the diffusion and the short circuit current density.
The diffusion current increases with increasing the Na
concentration but the drift current increases in the low
concentration then decrease at higher concentration. This
behaviors can be explained in the terms of Fig. 4.

38
30} ]
|38
20} 4
g
:f {34
E 10! ]
H
132
0 i L L 1 L L 1 1 L L L 1 ]
0 200 400 600 800 1000
N, (10" em™)
38 T T T ¥ T
! ()

N
bl

[2e]

[-2]

(2]

(2/4,)S9s50'T UOnBUIqWIOII

o

0 200 400 600 800 1000

N (10" em™)

Fig. 5. (a) The current density of CIGS solar cell (with
lifetime=10 nS ) verses different values of CIGS doping
and (b) The short circuit current density and
recombination losses for CIGS solar cell with different
values of doping concentration (color online)
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In the low range of doping in (as shown in Fig. 5b),
the short circuit current and the recombination losses have
inverse behavior which is the logical result but at higher
values of doping the short circuit current and the
recombination losses decrease with doping increasing.
This is due to at high N,, the space-charge region width
becomes smaller and it is not sufficient to absorb all the
incident photons and hence Jsc decreases. However, the
strong electric field which can take place in this case
reduces the surface recombination. Most the values of
recombination losses are in the range 1:3%.

Fig. 6 show the J- V curve for CIGS solar cell with
different values of the lifetime from 10 ns to 80 ns. The
results are carried out at Ny = 10%" cm™. It can be seen that
with increasing the lifetime of minority carriers
(electrons), the curves slightly shifted downward. This
indicate the weak effect of lifetime from 10 ns to 80 ns in
the short circuit current density.
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Fig. 6. (J- V) curve for CIGS solar cell with different
values of the electron lifetimes (color online)

From Fig. 6, many factors such as the open circuit
voltage (Voc), fill factor (FF) and the cell efficiency (#)
can be determined. The obtained results are plotted in Fig.
7 As can be shown in this figure, both the open circuit
voltage and the efficiency of CIGS increase with
increasing the lifetime from 10 ns to 80 ns. The efficiency
reaches about 19.1% at lifetime of 80 ns. The fill factor
initially decreases at small lifetime (10 ns to 30 ns) and
then starts to slightly increase at long lifetime (from 30 ns
to 80 ns).
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voltage (Voc) of CIGS solar cell with different electron
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4, Conclusion

Thin-film solar cell with structure
ZnO:Al/CdS/CIGS/Mo has been studied as a function of
the thickness of ZnO:Al, the absorption coefficient, the
doping and electron lifetime of the absorber CIGS. The
optical and surface recombination losses have been
determined. The highest short-circuit current density has
been recorded for ZnO:Al thickness equal to 100 nm. The
absorption coefficient of 1.5x10° cm™ and CIGS doping of
1x10"" cm™ are the optimal values of the absorber layer.
By increase the lifetime from 10 ns to 80 ns, there are
weak change in the solar cell parameters as the open
circuit voltage increase from 0.836 volt to 0.839 volt, the
short circuit current from 27.5 to 27.8 mA/cm? and the
efficiency increase from 18.7% to 19.1%.
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