Journal of Ovonic Research Vol. 11, No. 5, September - October 2015, p. 249 - 256

MODELING OF PHOTOGENERATED CURRENT IN CIGS GRADED
SOLAR CELLS
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In this paper, an analytical model for the simulation of the photocurrent generated in
graded CIGS based solar cells has been developed. The electron-hole pair generation rate
and the photo-generated current J_ were determined analytically and then modulated as
function of thickness, gap energy and graded acceptor concentration Na. Based on the
simulation results, an optimal graded band-gap structure for the CIGS solar cell has been
proposed. The optimum thickness of graded CIGS absorber layer determined by numerical
simulation is found to be around 3 pm and the highest J, is arround 34.84 mA/cm?. The
simulation presented shows how cell parameters can be varied to improve the cell
performances.
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1. Introduction

Chalcopyrite semiconductors are nowadays the most promising absorber materials in
second generation thin film solar cells as they have exhibited conversion efficiencies higher than
all their counterpart using silicon, or CdTe. The best Cu(In,Ga)Se2 (CIGS) laboratory solar cell
has reached higher conversion efficiency values, during the last years: the conversion efficiency
record was improved by 1.8% from 19.9 in 2008 [1], to 21.7 % in 2014 [2]; 20.3 % in 2010 [3],
20.4% in 2013 [4] and 20.8% in 2014 [5]. Such performances were achieved via the well known
co-evaporation process. This is due particularly to their band gap value that can be tailored and
adjusted by addition of column Il chemical elements to match the solar spectrum. More, further
improvements in the CIGS based solar cells are expected. One way to increase the performances
of the solar cell relay in the reduction of the recombination of photo-generated electron-hole pairs
at the interface between the absorber and the window layers and to facilitate the diffusion of
minority carriers in the back contact of the cell. This might be reached by using absorbers with
high gap energy near the window layer. The use of tandem CIGS cell or adequate choice of band
gap profile of the absorber could fit this request and then improve the performance of solar cell
parameters. Indeed, grading or double grading the band gap value of CIGS by addition of Ga
element is found to increase the open circuit voltage VVoc, photon absorption and carrier diffusion
[6-9]. Many profiles of CIGS band gap have been theoretically and numerically studied [10,11].

In CIGS based solar cells the absorber layer is p-type. p-CIGS doping is due to the
presence of crystal defects generating acceptor states (intrinsic doping). Indeed, the acceptor level
are mainly due to the deficiencies of copper (V¢,) and indium (Vy,), as well as to the substitutions
of copper by indium (Cuy,).The beneficial effects of Na on CIGS properties are such that its
presence is now considered essential for reaching high efficiencies. The primary improvements are
in the open-circuit voltage (Voc) and often in fill factor (FF) with little or no change in collected
current [12,13].
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Soda lime glass (SLG) substrate, widely used in CIGS cells, contains Na as an oxide
(Na,0O). This oxide could be a source of Na. Indeed, molybdenum (Mo) back contacts serve as
transport gates for Na diffusion from the SLG into the CIGS absorber layer during high
temperature processing [14]. The main effect of Na is that it can limit the formation of donor
defects compensatory [15,16]. This can lead to increasing the net density of acceptors N and
therefore the p-doping [17-19].

In this paper, we report on the analytical calculation of generated photocurrent density J,
in double linearly graded CIGS based solar cells. We have simulated the carrier generation rate as
function of thickness and gap energy to prove that it is possible to design a lower band gap and
linear doping for current improvement in the same device by appropriate band gap grading.

2. Analytical methodology

2.1. Theoretical model
CIGSe are materials with direct band-gap absorption characterized by an absorption
coefficient given by the eq. (1) [20]:

a(hv,m:{A/hv—EgU) hv>E,(x) M

0 hv <E, (X)

Where E4(x) is the band-gap of the material varies with the depth x, hv is the photon energy of the
incident radiation and A=5.10*cm™eV™ is a constant which depends upon on the effective masses
of electrons and holes in the conduction and valence bands, respectively.

We present one dimensional model for calculating the limiting photocurrent density of the
graded band gap solar cell. As shown in Fig.1, We have considered the band gap energy of CIGS
with a linear variation of the band-gap from Egfront t0 Egmin in first region, and uniform band-gap
Eg.min In the second region, and in the third region it increases linearly from Eg mint0 Eg pack.
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Fig. 1. Energy diagram for a variable-gap CIGS

Graded band gap depends on the depth X, Eq is given as a function of x by eq. (2):

Eg,front_ﬂX 0<x <d1
E, ()= Eq min d, <x<d, 2
E'ymin TOX d,<x <d

S and o are the front grading and back grading parameters given by

E - Eg,min

g, front
B = 3
dl (32)
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E -E,
S = g,ba;k - g,min (3b)
— Y2
E, . .d-—E d
E'g,minz g,min d dg,back 2 (3C)
Y2

A photon with energy hv between Eg¢ and Egmin (Egmin< N0 <Egpack) Will be absorbed by
band to band absorption from the coordinate d. ¢ is given by expression:

E,¢ —ho
doy = =———=— | (4)
Eot —Egm

For photon energies (Eqmin< 0 <Egpack) Will be absorbed by band to band absorption up to the
critical distance d., is given by Eq. (5).

hv-E, , E,p—ho
d., = n gy oo g, ®
E,o —Egm E.o —Egm

2.2. Determination of the carrier generation rate

The electron-hole photogenerated rate in the cell as function of photon energy and the
depth from cell surface is given by the relation (6) [21], where N(x,hv) is the number of photons
determined by the absorption coefficient «(x,hv) at wavelength A relative to the number of
photons at that wavelength entering the device and x is the position from the semiconductor
surface.

g(X,hU)Z—WZQ(X,hU)N(X,hU) (6)

Andso d_, <Xx<d,,the flux N(x,hv) solution of Eq. (6) is:

c,f —

Nl(x,hv)=Noexp{—§2[(hu—Eg,f +pxf? - (ho-E, ’Z]} ™

Where Ny is the photon flux density at x=0 and where we have neglected the surface reflection.
The spectrum used in these calculations is an AM 1.5 spectrum.
The hole-electron pair generation rate g, (x,hv) at depth x (x>d.s) given by Eq. (8), and from x=0

todcrisg, =0.

g,(x.hv) =N, A(o—-E, , + S x)"2 exp{—;—’;[(hu—Eg’f + AxJ'? ~(ho-E, ’2]} (8)

For d, <X <d,, the useful photon flux incident on region 2 is given by
N, (x,hv) =N2(d1,hu).exp{— Atho — Eg’m)“z(x—dl) } 9)

Where for our model cell, g, (X,hv)is given by Eq. (11) and the boundary conditions are
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N, (x,hv) = N,(x,hv) at x=d, (10a)

2A /2 12
Nz(dl,hu):No.exp{—gﬁ (ho—E, , + B4, f”* ~(hv-E, ]} (10)
9, (hv) =N, (d,,hv). Atv—E, . )* ep{— Athv—E, . )" (x—d,) | (11)

For d, <x<d,, the flux at a depth x is given by

N, (%, hv) =N,(d,, hu).exp{ég[(hu—E'gvm—é' X' — (ho- E'g,m—5d2)3’2]} (12)

The boundary conditions are

N, (x,ho) = N, (x, ho) atx=d, (13a)

Ns(dz,hu)=N0.exp{—§2[(hu—Egyf+/3d1)3’2—(hu—Eg'f ’2]—[A(hu—Eg,m)1’2(d2—dl)]} (13b)
The term g is the generation rate of carriers in region 3, given by:
, 12 2A . 3/2 . 3/2
g,(hv) =N, (d,, hv). A(ho—E', , ~5X) em{%[(hu-Eg,m—a‘x) ~(ho-E',,~5d, ) ]} (14)
The carrier collection can be significantly improved with the additional electrical field

obtained from Ga-grading and doping grading. The collection probability defined in Eq. (15) [22].

cosh[W —x)/L' ]+ (S, L',/D,)sinh[(W —x)/L", ]

(15)
cosh(W /L") +(S', L', /D,)sinh(W/L",)

£.(X) =ep(£X/2) x

Where S, =S, +D, /2 and L' =L,/1+(&,/2)?
where L', the effective minority carrier diffusion length, S' the effective recombination velocity

at the back contact, W the width of the region considered, D, the diffusion constant and d the
CIGS layer thickness.

In the space charge region (regionl), all photons absorbed in the SCR must contribute to
the photocurrent as a result of high electrical field. So f.(x) in SCR can be expressed as [23]

f.(x)=1 d., <x<d, (16)

c,f —
The resultant electric field in the region 3 is given by [22]

%,

5 (17)

0 1

=—/|In(N (X)) [+ —

£=3 [In(N,, ()] T

Where k is the Boltzmann constant and T is the absolute temperature. The case that Na(X) is

uniform (J[IN(N ,(x))]/ ox=0), for the case that Na(x) is a parabolic function of x is given by
equation Eq. (18), for the case that Na(x) is a linear function of x expressed by Eq. (19), the
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acceptor concentration maximal Na max and minimal Na min in the region 3 were assumed to 10
and 10" cm™®, respectively.

NA,max _NA,min _ 2

NA(X) = NA,min +( (d _d2)2 J(X dz) (18)
NA,max - NA,min _

NA(X) = NA,min +( (d _dz) J(X dz) (19)

Every term of the illumination current density is calculated from this equation: [24,25]
i =aqfd()[g;(xhv)f,  (x)dx (20)

The total current density of the cell is:

Ji :Zsl‘]L,i (21)

i=1

3. Modulation results for graded CIGS solar cell

3.1. Effect of the thickness d,- d; and Egpack

Fig. 2 shows J. as function of thickness d>-d; and Egpsck. AS expected, J. decreased
steadily with increasing d,-d,. For example, J_ decreased from 33 to 30.75 mA/cm? for d,-d,= 0
and d,-d;=0.5um. However, as Eg ek CONtinued to increase, J, soon reached a maximum and then
started to decrease, reached a maximum for Egp.cx in the range 1.3 < E 1.55 and the highest

value is 33.22 for Egpack= 1.4€V. Band gap minimal (Eqmin) and the thickness of space charge
region (d;) were chosen to be 1.1eV and 0.3um, respectively.

In the following of this work, we have used as values of thickness dp-d; and Egp.cx are 0 and 1.4eV,
respectively.
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Fig. 2 Calculated photocurrent density J, as a function of thickness d,-d; and back
bandgap Eg pack, assuming Egsron=1.3eV, Eg min=1.1eV and L,=d;=0.3um.

3.2. Effect of the front bandgap Eg ront
As seen in Fig. 3 the light absorbed in the SCR layer improves the cell parameters
significantly only if the cell band-gap front is small. It can be seen that the improvement in J.
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decreases when the value of front bandgap is increased. The decrease in J_ is more significant in
the case of d = 1um, since the photocurrent density is more important for 3um thickness.

355

d=1pm
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35+
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E g, front ( EV}

Fig. 3. Variation of the J_ versus front bandgap, assuming Eg pac=1.4€eV,
Eg,min:1.leV and Ln=d1=0.3,um

3.3. Effect of the graded acceptor concentration N

In the following, we present the results of the calculation of the photocurrent density J, as
function of thickness (d) for uniform, parabolic and linear repartition of acceptor element N, (Fig.
4). As we can see, the photocurrent increases with thickness and it reaches a maximum value for
thickness upper than 3 um. The best photocurrent densities value (34.84 mA/cm?) is given by
linear distribution of acceptor concentration.
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Fig. 4. Variation of the photo-current J_ versus the solar cell thickness for different N
repartition, assuming Eg tron=Egmin=1.1eV and L,=d;=0.3um

To explain the rise of the photocurrent density, comparing with the other two doping
profiles, we consider in the region 3 (d, <x<d) the distribution of N in CIGS (Fig. 1) is

divided into N small zone and the length of each zone is (d-d,)/N, incremental numbered from left
to the right (Fig. 5).
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Fig. 5. Distribution of acceptor concentration N, in CIGS

The zone numbered i+1 is more heavily doped than the zone i for the linear profile than
the other ones, this leads to create a potential barrier. The potential barrier induced by the doping
level of the difference between the two zones tends to confine the minority carriers in i-zone, the
same process occurs between each adjacent two zones, so the electrons move toward the space
charge region. In most of the region 3, in particular the proximal portion of SCR, the doping level
difference between two adjacent zones is more important in case of linear doping compared to
uniform and parabolic profiles.

4. Conclusion

In this work, we have developed an analytical model to calculate the photocurrent of
linearly graded CIGS based solar cell. In this model, the absorber layer thickness is divided on
three regions. For each region, we formulate the photo-generated current which includes the
contribution of the generation rate. The total photocurrent density is assumed to be the sum of the
photocurrent density over the all regions. It is found that J, depends on the profile of the doping
layer.
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