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ABSTRACT

In this paper we propose to study the performances of thin films solar cells based on CulnSe,. The following models
are studied : p/n ; p*/p/n; p/n/n*; p*/p/n/n*. The objective of this work is to study the performance of the homojunction
based on CulnSe,, with a medium band gap window layer based on CulnS,, deposited on a substrate, according to the
model CulnS;(p*)/CulnSez(p)/CulnSez(n)/CulnSez(n*) (p*/p/n/n*). We compare this structure (p*/p/n/n*) with the
following models: the homojunction CulnSez(p)/CulnSez(n) (p/n), the homojonction with window layer
CulnSz(p*)/CulnSez(p)/CulnSez(n) (p/n/n*) and the homojunction deposited on substrate CulnSez(p)/CulnSez(n)/
CulnSez(n*) (p/n/n*). Calculation models for determining the density of the minority carriers, the density of the
photocurrent, and the internal quantum efficiency were established for the different structures. These theoretical results
are used to compare their performance. In order to test the validity of our calculations models, We compare our results
with some experimental results published in the literature.

KEYWORDS: Thin films, CulnSez, CulnS,, Two - three and four layers models, Internal quantum efficiency, short-
circuit photocurrent.

INTRODUCTION

Homojunction based on CulnSe(p)/CulnSex(n) is often characterized by the losses of carriers by recombination
phenomenon at the front layer surface (illuminated face). To reduce the recombination velocity at the surface, a
window layer having a lattice matched to the absorbent layer [1] is often deposited on the front surface. In the range
of low energies corresponding to lower absorption cofficients, the photons reach the rear area (depth absorption), the
effects of the base and the back surface become important. The deposition of a substrate on the back surface allows to
reduce the losses of carriers on the back side and confine minority photocarriers in the base (creating a low potential
barrier) in order to increase their collect at the junction.

In this work the models of cell used are the homojunction model CulnSe,(p)/CulnSe,(n), the homojunction with
window layer model CulnSy(p*)/CulnSez(p)/CulnSe,(n), the homojunction deposited on a substrate model
CulnSez(p)/CulnSez(n)/CulnSe2(n*) and the homojunction with window layer deposited on a substrate model
CulnS,(p*)/CulnSez(p)/CulnSez(n)/ CulnSez(n™).

The CulnSe; has a direct band gap in order to 1.04 eV [2-5] and a lattice matched to the CulnS; (see Table 1). The
band gap of the CulnS; is in the order of 1.57 eV [6], this material can be used as a window layer for photons energies
ranging from 1.04 eV to 1.57 eV.

The substrate doped n* and the base doped n are the same family, the interface effects are neglected because there is
a continuity of layers. The n* doping allows to maintain photocarriers in the base (creating a low potential barrier).
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To represent the real structure of our solar cell, a theoretical study, based on solving a system of differential equations
formed by the continuity equations, is developed. The solution of these equations depends on the boundary conditions
used in the different regions of the structure. However, the literal solution of this problem allows to have precious
information for the characterization and the optimization of geometrical and electrical parameters of the different
layers. It also allows to choose the best structure in order to enhance the cell performance.

MATERIALS AND METHODS
For each structure, a theoretical model is proposed for determining the quantum internal efficiency and the short-
circuit photocurrent. It is assumed that the optical reflection coefficient is neglected at each interface in the spectral
range used. It is also considered that the space charge region is located only between the p and n regions of each
structure and there is no electric field outside this region. We neglect recombination phenomena in the space charge
region.

The Table 1 lists the different physical parameters used in this work for each structure [6 - 12].

Table 1. physical parameters used in this work [6 - 12]

Material Eg (gap) a c X (electron affinity) Type (p,n)
CulnSez (p,n) 0.96-104eV |578A 1162 A 458 eV 10%4- 1020 ¢m3
CulnS: (p) 1.438—-157eV | 551 A 11A 4.04 eV 10%- 102 cm?

The absorption coefficients of the different materials (CulnSe; and CulnS;) used in this work are shown on figure 1.
We used the values of the absorption coefficients given by Subba Ramaiah Kodigala [6] for photon energies ranging
from 1 to 2 eV. We have approximately completed these values for photon energies greater than 2 eV.
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Figure 1. Absorption coefficient versus photon energy

First, we propose to study the structure p*/p/n/n* (4 layers model). The results obtained with this model allow to deduce
easily those which correspond to the other structures : p/n (2 layers model), p*/p/n et p/n/n* (3 layers model).

The energy band diagram is based on the Anderson model [13], it depends of the electronic properties as the electron
affinity, the width of the band gap and the doping level (see Table 1).

We pose :

AEc) = —(Xcumsez — Xculns2), OF : AEq = —0.54 eV

AEg = EgCuInSeZ — Lgculns2s or: AEg = —0.53¢eV
AE,y = AE;y — AEg, or 1 AE,, = —0.01 eV
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The diagrams of the structure and the energy band are respectively shown in Figures 2 and 3.
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Figure 2. diagram of the structure

Er

Figure 3. Energy band diagram of the structure
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2-1. Calculation of the photocurrent in region 1 (window layer)
In region 1 (window layer), 0 < x < x;, the photocurrent is essentially due to the electrons, the continuity equation
is:

d2A7211 _ Ailz _ —a;F(1-R)e™%1% 2-1)
dx Ln, Dn,
With Ly % = Dy Ty, (2-2)
We have the following boundary conditions [14] :
Dy, (dizl) =Sy, Any for x =0 (2-3)
Any =0 for x=xq (2-4)

The expression of the electrons density photocreated in region 1 (window layer) can be written by :
Snglng h(X=%1) _—aqxq [Smalng o ( x X
( Doy +a1Ln1) sh( In: ) e~ %1 1[ Doy sh(Ln1)+ch(Ln1)]] 25)

SniL
Ll nlsh(x—1)+ch(x—1)
Dn,

Any(x) =

2
_ a1 Ly, “F(1-R) x |e—ax 4+
Dy, (@1%Lp,* —1)

Lny Ln,

The expression of the electrons photocurrent density is given by:

S+ g Jon (1) - emerns [Pmen e Jesn ()]
+aq,Lly, |ch —e 11 |————=ch|—|+sh|—
_ qa;F(1-R)Ly, {( Dny 15 Lnq Dnq Lnq Lnq

— X -
(afLn,*~1) Msh(g)ﬁh(x_l) ayLn,e } (2-6)

Dn1
2-2. Calculation of the photocurrent in Region 2
In region 2, x; < x < x5, the photocurrent is also an electron current, it results from the contribution of the regions 1
and 2, taking into account the interface effects characterized by a recombination velocity at the interface noted S,,, .
The continuity equation is given by:

]nl (x) =

Lnq Ln,

dzArzlz _ Anz2 _ —a,F(1-R)e~¥1%1¢~a2(x=x1) 2-7)
dx Ln, Dnp,
With Ly, =Dy 1y, (2-8)
The boundary conditions are given by [15, 16] :
dA da
n, dzz = Sp,Any + Dy, =M for x = x; (2-9)
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An, =0 for x = x, (2-10)
The solution of equation (2-7) is given by :

Snalny ) (X xz) —az(xz—xl)[snanz (X Xl) (X—X1)]
A . m Ln22F(1—R) e~ @1¥1 —ay(x-xy) ( D, +azLn, |'sh In, D, sh Ly +ch Ly
n; (.X') - 2 2 _ Xle + SnyLln, Xp—X1 Xp—x1 +
D, (@2%Ln,* =1) h( )+ h( )
Dn, Ln, Ln,
h(22) -y )
4Dny(Snpln, h(xz x1)+ h(xz-x1)} (2-11)
Lny | Dn, Ln, Ln,
The expression of the electrons photocurrent density in region 2, is :
Snyln, X=%2\_ g—az(xa—x1) Snanz x—x1 x—x1
qazF(l_R)ane_alxl ( Dn, +a2Ln2)Ch( n2) Zre Ch( Ln, )+Sh( an)
]TL (x) = - 2 2_ X SnoLn Xo—% Xo—X -
2 (az2Lp,%-1) 2lny h( 2= 1)+ch( 2= 1)
Dnz an an
@ (rmxy) Ch(x x2> ]nl(x1)
—Qx(x—xq -
aanze + Salng h("2 x1)+ h("z xl) (2-12)
Dn, Ln, Ln,

2-3. Calculation of the photocurrent in the space charge region (x, < x < x, + w)
In the space charge region, we neglect the recombination of photocarriers. We distinguish two areas in this region :
- For x, < x < x, + wy, the continuity equation of the photocreated electrons, is given by :

dJny, _
; M1 4 @pF(1 — R)e™¥e=®2(-%1) = (2-13)
with Jn, (x,)=0 (2-14)
The solution of equation (2-13) is :
]nWl (x) = qF(l — R)e_al'xl [e—“z(x—x1) — e %2 (xz—x1)] (2-15)
- For x, + w; < x < x, + w; + w,, the continuity equation of the photocreated electrons, is given by :
; ];WZ + 31:'(1 — R)e—alxle—az[(x2+w1)—x1]e—a3[x—(x2+wl)] =0 (2-16)
With /nwz (x, +wy) =0 (2-17)
The solution of equation (2-16) is :
]nwz (x) — qF(l — R)e—a’1x1e—“2[(x2+w1)—x1] [e—as[X—(xz"'Wl)] — 1] (2-18)

2-4. Calculation of the photocurrent in Region 3 and 4
The continuity equations in region 4 (substrate) and Region 3 (base) are respectively given by following equations

(2-19) and (2-21):

d?A A - _ _ _ _ _ _
7’;4 — Lzﬂ — D;%F(l — R)e a1X1 o az[(xz+wy)—x4] X e az[x; (x2+W1)]e“4xse Ay X (2-19)
P4 P4
. 2
V\ilth Lp4 = Dp4Tp4 (2-20)
d“A A - _ _ _ _
77273 — Lzﬁ — D;“?’F(l — R)e a1X1 o az[(xz+wy)—x4] X eas(x2+W1)e azx (2-21)
’ ) pP3 p3
With Ly, = Dy, 7y, (2-22)

The holes density photocreated in the substrate is given by the solution of equation (2-19), it is written as:
Apy(x) = A'ye*/'Ps 4+ B e */1Pa 4 K'p,e™%% (2-23)

—a,l3, F(1-R)el(@2—a1)x1] gllag—az)(xz+wi)lp[(@s-a3)x3]

- ! _ -
With K'p, = Dy (@5, 1) (2-24)
The solution of the equation (2-21) give the holes density photocreated in the base, it is written as:
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Apz(x) = A'ze*/tPs 4 B'ye/lps 4 K'p,e™%% (2-25)
) ;L —a3L§3 F(1-R)ellaz—a1)x1] glag—az)(xz+w1)]
With K'p, = Dy (@) (2-26)
The constants A';, B'; , A’, and B’, are determined by using the following boundary conditions [17, 18]:
Ap;(x) =0 for x=x,+w (2-27)
Ap3(x) = Apy(x) for x = x;3 (2-28)
dAps dAp, _
Dp3 2 - PUra gy for x = X3 (2-29)
da
ps o = —Sp,Apsy forx =H (2-30)
From equations (2-23), (2-25) and the boundary conditions, we obtain the following matrix system :
X1 X120 0 1[4's ] [Xll]
X X X X B’ X'
21 422 423 A4 3| _ |X'2] (2-31)

X31 X3 X33 X3 |A'4|_|X'3|
0 0 Xiz Xyg lB'4 [X'4,J

With
Xotw _X2tw X3 _*3 X3 - X3
— , Lp, - _ Lp, - _ ,Llp, . —, Lp, . — _,Lp, - — .
Xiu=e™ [ Xip=e P Xpp=ePs) Xpp=e "3 Xpg=—ePs] Xpp=—e P
-t b X3 b X3 b -
X31 — _ b3 eLp3 : X32 — _P3 e Lp3 : X33 — P4 eLP4 : X34_ — _ P4 e LP4 :
Lpy Lpsy Lp, Lp,
H H
= -2 2 - - +
— _olp, (Pra . _ Lp, (Pps _ . r_ slps F(1-R)el(®2-avx1] g=a2 Catwa)
Xy3 = —e"Pa +5p,); Xyqg =€ “Pa Sp, | Xy = > ;
Lp, Lp, DP3(a3LP3_1)
azL? a,L?
X, =F(1- R)e[(az—aﬂxﬂ el(@z—az)(x2+w1)] p—a3 x3 - 1”23 — - ?;4 :
Dps(a3Lps=1)  Dp,(ailp,—1)

22 2
a3LP3 _ a4L%,4
22 22 ’
(a313,-1)  (afL3,-1)
—aul3, F(1-R)ell@z—a1)x1] gllag—az)(xz2+w)lgl(@s—az)x3l g -y H[s,,~Dp, 4]
212
Dy, (@513, =1)

We propose a simple method for the determination of these constants. However, their expressions are too long, we will note them
always A';, B'; , A’y and B',.
The equation (2-31) can be written as [19] :

X'y = F(1 — R)el@-anml gllas=a)Cetwo)]l g=as xs [

X,4 =

1 0 0 O0J[Un Uz 0 017[45 [Xlll
L21 1 0 0 0 UZZ U23 U24 B’3 — X’Z (2-32)
Lyn Ly, 1 0[]0 0 Uss Uslla, KsJ

0 0 Ly 1llo o o uullps, s

With :
Ui = X115 Upp = X123

p'¢

Lo :UL;; Uzz = Xpz = La1 " Uiz 3 Uz = Xo3 3 Upa = Xoa

_ X31 | _ X32-L31'Us2 . _ .
L = Uil ! Ls, = - u,, Usz = X33 — L3y " Uys;
11 22

X.
Usy = X34 — L3z Upy ; Lus :UL; v Uss = Xag — Lyz - Usy

The resolution of Equation (2-32) is done in two steps. At first time, we solve the system:
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1 0 0 0][Z [X’l
Ly 1 0 0||z]|_ ’2] ) . . o _
Ly, Ly, 1 o||z|= |X’3| (2-33), the solution of this problem is given by:
0 0 Ly tllzl [x,]

Zy=X'11Z, =X —Lp1 211 Z3=X'3— L3y Zy — L3y Zp, Zy = X'y — Lag " Z3
Secondly, we solve the following system:

U; U, 0 074 7,
Cl = 2-34), the solution is given by:
0 0 Uy Us|la,|™|z| @39 given by
0 0 0 Uy lB'4J Z,
B — Za . g1 _ Z37Uss By . B, = Z2—Up3 - Ar4—Uzq " Bly Al = Z1-Uiz B3
4 Usa ' % Uss o3 Uz2 ’ 8 U11
The expression of the holes photocurrent density is given by :
Al By _ _
Jp,(x) = —qD,, L—3ex/LP3 G ey — aK'p e “3"] (2-35)
P3 P3

2-5. calculation of result photocurrent
The result photocurrent is constant. His expression results from the contribution of the different regions of the
structure, it can be written as [20]:

]ph = ]n2 (XZ) +]nW1 (xz + Wl) +]nW2 (xz + W) +]p3 (xz + W) (2-36)
The internal quantum efficiency is given by :

J .
n= |]L0h| (2-37), with J, = qF(1 — R) [21]

2-6. Two and three layers model : p/n ; p*/p/n ; p/n/n*

The results which are appropriate for the other models (2 and 3 layers model) can be deduced easily from previous
calculations:

- in the case of the model p*/p/n, it is just sufficient to take a, = a5 and to remove the substrate (region 4) on Figures
2and 3;

- for the model p/n/n*, it is just sufficient to establish «; = 0 ; x; = 0 and to remove the window layer (region 1) on
Figures 2 and 3;

- for the structure p/n, we take ¢; = 0; x; = 0; a, = a3 and remove the window layer (region 1) and the substrate
(region 4) on Figures 2 and 3.
These different conditions of passage are shown on Figure 4.

Region Space Region Region

Reglo Regio
2 Charge 3 1 " Space "
Region 2 charge 3
(Window) Region
w
- Hz - .l 28 . o, Ha W Hy
= = . = = S
CulnSez - — ~ CulnSe;z CulnS; CuinSe; * CulnSe;
. + 3 - +
S P S (N A IR O
- + - - + >
- wey W = B—L’ . Wi w2 +
- L = +
o Xz X + w H o Xy X2 Xz +w H
(a). Wetake a; = 0; x; = 0; a, = a; and remove the (b). Wetake a4 = az and remove the substrate (region 4)

window layer (region 1) and the substrate (region 4)
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Reglon
Region Space Region - Figure 4. diagrams of the structure for the other models :
2 Charge 3
Region {Substrate)
= o e - (@) : CulnSez(p)/CulnSez(n)
St B ea i (b) : CulnSz(p*)/ CulnSez(p)/CulnSez(n)
P ) 3 * n n*
. ‘_,-I;]_‘-' x (C) : CulnSex(p)/CulnSez(n)/CulnSez(n*)
i e e A1

o Xz Xy 4+ W X3 H x
(c). Wetake a; =0 ;x; = 0andremove the window layer
(region 1)

RESULTS AND DISCUSSION

In this part we present a simulation of the theoretical models developed. We study the effects of geometrical
parameters on the performance of each model. We compare the different results and evaluate the best short-circuit
photocurrent. We note H; as the thickness of the region i.

3-1. Comparative study of the internal quantum efficiency

On Figure 5 a) we compare the internal quantum efficiency of the homojunction with window layer deposited on
substrate (CulnSy(p*)/CulnSez(p)/CulnSez(n)/CulnSe,(n*)) to the internal quantum efficiency of the other models :
the homojunction with window layer (CulnSx(p*)/CulnSez(p)/CulnSez(n)), the homojunction deposited on substrate
(CulnSez(p)/CulnSez(n)/CulnSex(n*)) and the homojonction (CulnSex(p)/CulnSez(n)). To study the effects of the
substrate and the base, we fixed the thickness of the region 2 at 0.1 um. However, we note the effect of the substrate
in the range of low energies (1.04 eV < E <1.4 eV). In this range (1.04 eV < E <1.4 eV), the 4 layers model (p*/p/n/n*)
gives the best internal quantum efficiency followed by the models with 3 layers (p/n/n* and p*/p/n). The signal given
by the model p/n/n* is greater than that given by the model p*/p/n only for photon energies lower than 1.2 eV. The
model with 2 layers (p/n) gives the lowest performance. For higher energies (E> 1.57 eV) the spectral responses given
by the models p*/p/n/n* and p*/p/n are identical. We observe the same phenomenon for the models p/n/n* and p/n.

——
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l . pin
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Figure 5. Internal quantum efficiency vs. Photon energy :Comparative Study of the different models
(5n,=2 X 107 cm.s'l; Hy=0.1pum; L, =05um; H, =0.1um (a;c:p/nand p/n/n+) and 0.5um(b;c: p+/p/n and
p+/p/n/n+); Lp,=3um ; s,,=2 X 103cm.s’l; 5p,=2 X 107cm.s™ (p/n) ; Lp,= 3 um (p/n/n+ and p+/p/n/n+) and 0.5 pm (p/n and
p+/p/n ); Hz3=5um; sp,,=2 X 107cm.s™ yLp,=05um ;; W;=0.05um ; W,=0.05 um ; W=0.1um ; H=100 um)

On Figure 5 b) we increased the thickness of the region 2 at 0.5 um. The structure p*/p/n/n* always gives the best
spectral response. Its signal is slightly higher than the signal given by the model p*/p/n in a more limited energy range
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(1.04 eV< E <1.3 eV). For radiation energies greater than 1.3 eV (E > 1.3 eV), the spectral response is identical for
these two models (p*/p/n/n* and p*/p/n) and remains practically high compared to the models p/n/n* and p/n. We note
that, the increase of the thickness of the region 2, enhances the internal quantum efficiency in the case of the
homojunction with window layer deposited on substrate (p*/p/n/n*) and the homojunction with window layer (p*/p/n).
A drop of the internal quantum efficiency is observed in the case of the homojunction deposited on substrate (p/n/n*)
and the homojunction (p/n). These results show the effects of the losses of carriers by recombination on the front
surface. In the case of the models with 4 layers and 3 layers with window layer, the window layer (region 1) reduces
losses of carriers at the interface region 1 — region 2 (S,, = 2 x 10° cm.s™) and allows the majority of carriers to
diffuse towards the collecting area (space charge region). For the homojunction deposited on substrate and the
homojunction, the losses of carriers on the front surface (region 2) are important (S,,, = 2 x 107 cm.s™"). Some carriers
diffuse towards the surface and cause the decrease of the internal quantum efficiency.

On figure 5 c) we reduced the thickness of the region 2 at 0.1 pum for the structures p/n/n* and p/n. We note an
enhancement of the internal quantum efficiency for these two models by reducing the contribution of region 2.

However, the internal quantum efficiency is dominated by the homojunction with window layer deposited on
substrate (CulnSy(p*)/CulnSez(p)/CulnSez(n)/CulnSez(n*)) followed by the homojunction with window layer
(CulnSz(p*)/CulnSez(p)/CulnSes(n)). the lowest signal is given by the homojunction (CulnSez(p)/CulnSez(n)).

The decrease of the signal observed in the range of elevated energies (E > 1.57 eV) on each graph is due by the losses
of carriers by recombination on the front surface (illuminated surface).

3-2. Study of the structure p*/p/n/n* (Region 1 / Region 2 / Region 3 / Region 4) under monochromatic
illumination

In this part, we consider the structure p*/p/n/n*. We study, in the case of a monochromatic illumination, the graphs of
the generation rate, of the densities of minority carriers and result photocurrent versus junction depht (x). We maintain
the values used on Figure 5 c). We consider radiation energies ranging from 1.04 eV (A =1.192 um) to 3.1 eV (A =
0.4 um).

3-2-a. generation rate under monochromatic illumination
Figures 6 show the generation rate versus junction depht (x) for different monochromatic illumination.
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Figure 6. generation rate vs. junction depth (x) under monochromatic illumination

In the range of low energies (1.04 < E < 1.3 eV), the photons reach the back regions (base and substrate: X > 0.7 um)
(Figure 6 a). The effect of the substrate is important in this energy range.

In the range of elevated energies (E > 1.3 eV), the photons are absorbed on a thin thickness. The frontal regions
(window layer, region 2 and space charge region : X < 0.7 um) absorb the majority of these photons (Figures 6b and
6¢) and the effect of the window layer (X< 0.1 um) becomes significant.

For radiation energies more elevatead than the energy band gap of the window layer, most of photons are absorbed
by the front layer (Figure 6d).
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3-2-b. densities of minority carriers under monochromatic illumination
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Figure 7. density of minority carriers photocreated vs. junction depth (x) under monochromatic illumination: a) density of
electrons in region 1 (window) ; b) density of electrons in region 2; c) density of holes in regions 3 and 4 (base and substrate)
On figure 7 a), we represent, for different illuminations, the density of electrons photocreated in the window layer
(0 um < X < 0.1 um). Only radiation energies greater than the energy band gap of the window layer (E> 1.57 eV) are

absorbed by this region. Each graph is characterized by two steps.

A first step where the photocarriers density increases with the thickness. In this step the minority carriers diffuse
toward the front surface of the window layer where they disappear by recombination phenomenon.

A second step where the photocarriers density decreases with the thickness. They diffuse toward the region 2, their

collect depends on the interface effects between regions 1 and 2.
Figure 7 b) shows the density of electrons photocreated in region 2 (0.1 pm < X < 0.6 pum). In this region the density

of electrons results from the contribution of the regions 1 (E > 1.57 eV) and 2 (1.04 eV < E <2 eV). For each radiation,
the density of photocarriers decreases towards the collecting region (space charge region : 0.6 um < X < 0.7 um). This
phenomenon means that the losses of carriers at the interface are reduced by the window layer (S,, = 2 x 103cm.s™)
and the majority of photocarriers (electrons) diffuses towards the space charge region where they will be collected.
Figure 7 c) shows the density of holes photocreated in the rear area (base and substrate : X > 0.7 um). These regions
absorb photons of low energies (1.04 eV <E <1.3 eV). The photons of high and medium energies (E> 1.3 eV) are
mostly absorbed by the frontal layers (window layer, region 2 and space charge region). The graph of the holes density
presents two steps.
A first step where the holes density increases with the thickness. In this step they diffuse toward the space charge
region where they will be collected.
A second step where the holes density decreases with the thickness. The photocarriers (holes) diffuse toward the back
surface, they will be lost by recombination phenomenon.

3-2-c. photocurrent densities of minority carriers under monochromatic illumination
On Figure 8 a) we represent, for each radiation, the densities of electrons photocurrent versus junction depht in the

frontal layers (window layer, region 2 and space charge region : X < 0.7 um). For radiation energies greater than the
energy band gap of the window layer (E >1.57 eV), the graph of the electrons photocurrent presents a negative small
portion (X < 0.02 um) modelling the losses of carriers at the front surface (S,, = 2 x 107 cm.s™). We obtain the best
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densities of electrons photocurrent for radiation energies less than the energy band gap of the window layer (E < 1.57
ev).
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Figure 8. photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic illumination :
a) photocurrent density of electrons (window - Région 2 — space charge region); b) photocurrent density of holes (base —
substrate) ; c) result photocurrent density

Figure 8 b) shows the densities of holes photocurrent in the rear regions (base and substrate : X > 0.7 um). The
photocurrent of holes is essentially due by the photons of low energies (1.04 < E < 1.3 eV) wich reach the base or the
substrate. The photons of elevated energies (E > 1.3 eV) being absorbed by the frontal regions (window layer, region
2 and space charge region : X < 0.7 um). However we note that the density of the hole photocurrent for the energy
radiation E = 1.1 eV (A= 1.127 um) presents two parts. A positive part (0.7 um < X < 1.8 um) due to the diffusion of
minority carriers towards the collecting region (space charge region : 0.6 um < X < 0.7 um). A negative part (X >
1.8 um) modelling the losses of the minority carriers; it is due to their diffusion towards the back surface.

Figure 8 c¢) shows the total density of photocurrent versus junction depth, it results from the contribution of the
electrons and holes photocurrent. His expression is given by the equation (2-36). The photons absorbed mostly by the
region 2 and the space charge region (1.3 eV < E < 1.57 eV) give the best response. The losses of carriers by
recombination are reduced in these regions (see the parameters used in Figure 5 c) for the model p*/p/n/n*. The photons
of low energies (1.04 eV <E<1.3 eV), absorbed mostly by the rear regions (base and substrate) give an important
photocurrent. The presence of the substrate allows to reduce the impurities in the base by reducing the doping level
(increase of the diffusion length) and then the losses of carriers are reduced in the base. The photons absorbed by the
window layer (E>1.57 eV) give a photocurrent affected by the losses of carriers due to the dislocation of the surface
at the front layer.

3-3. Theoretical calculation of the short-circuit photocurrent under solar spectra AM 0, AM 1.5, AM 1

On figure 9 a) we represent three solar spectra of reference versus photon wave length [22], allowing to evaluate the
theoretical short-circuit photocurrent. Figure 9 b) represents the three solar spectra of reference versus photon energy,
it is obtained using the equation (3-1).

F(m™2.sLeV ™) =0 (em™2st.um™?) x % (3-1)

F and @ represent photon flux.
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Figure 9. a) photon flux vs. photon wave length [22] ; b) photon flux vs. photon energy

Figures 10 a) and 10 b) respectively represent the photocurrent densities (see equation 2-36) versus photon energy
for the solar spectra AM 0 and AM 1.5 of the different models (p*/p/n/n*; p*/p/n; p/n/n*; p/n) studied on figure 5 c).
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Figure 10. Result photocurrent density vs. photon energy: a) AM 0 ; b) AM 1.5

Calculation of the short-circuit photocurrent J;. on the solar spectral ranging from 1 eV to 3 eV is given by

ff —Jpn (E)dE. For this calculation, we propose a numerical integration method. We use the Newton quadrature.

We note:

3 SE
]sc =- fl ]ph (E)dE ~ Y []ph(El) +]ph(Em+1) +2 Z?iszh(Ei)] (3'2)
With: E € [1eV,3eV]; By = 1eV; Epyy =36V, 8E = 2 oy
Eiy1=(E; +i-6E)eV ;i:1..m
For this calculation, we pose m = 100 and obtain the following theoretical short-circuit photocurrent :

http: // www.ijesrt.com

p*/p/n/n* p*/p/n p/n/n* p/n
AMO 32mA.cm? 31mAcm? 21 mA.cm? 19 mA.cm
AM 15 21 mA.cm? 21 mA.cm™ 14 mA.cm? 13 mA.cm
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3-4. Study of the structure p*/p/n/n* (Region 1 / Region 2 / Region 3 / Region 4) under polychromatic
illumination (AM 0, AM 1.5, AM 1)

A relation similar to the expression (3-2) allows to obtain, the graphs of the generation rate, of the densities of minority
carriers and the short-circuit photocurrent versus junction depth under AM 0, AM 1 and AM 1.5 solar spectra. We
always consider the structure p*/p/n/n* and maintain the values used on Figure 5 c).

3-4-a. generation rate under polychromatic illumination (AM 0, AM 1.5, AM 1)
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Figure 11 shows the generation rate under AM 0, AM 1 and AM 1.5 solar spectra. Photons are absorbed mostly by
the front layers (window layer for X< 0.1 um, region 2 and space charge region for 0.1 pm < X < 0.7 pm ). This low
penetration depth of the photons is due to the high photonic absorption coefficients of the used materials (CulnSe; and
Culnsy).

The considerable absorption of the photons by the window layer (X< 0.1 um) reduces the short-circuit photocurrent.
This is due by the losses of carriers by recombination at the front surface of this region.

3-4-b. densities of minority carriers under polychromatic illumination (AM 0, AM 1.5, AM 1)
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Figure 12. density of minority carriers photocreated vs. junction depth (x) under polychromatic illumination: a) density of
electrons in region 1 (window) ; b) density of electrons in region 2 ; c) density of holes in regions 3 and 4 (base and

crithetratal

Figure 12 a) shows the total density of electrons photocreated in the window layer (X< 0.1 um) versus junction depth
under AM 0, AM 1 and AM 1.5 solar spectra. As noted in the case of monochromatic illumination, each curve presents
a first step modeling losses of carriers at the front surface (the density of electrons increases with the thickness) and a
second step modeling the diffusion of minority carriers towards the region 2 (the density of electrons decreases with
the thickness).
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Figure 12 b) shows the total density of electrons photocreated in region 2 (0.1 pm < X < 0.6 pm) versus junction
depth under AM 0, AM 1 and AM 1.5 solar spectra. Each curve presents only one step where the density of electrons
decreases with the thickness. Losses at the interface region 1 —region 2 are reduced by the window layer (S, = 2 X
103 cm.st). The photocreated electrons diffuse mainly towards the space charge region (0.6 um < X < 0.7 um). Their
collect depends to their diffusion length, it must be greater than the thickness of the region 2 (L,,, > H, ) [23].

Figure 12 c¢) shows the total density of holes photocreated in the base (0.7 um < X < 5.7 um) and the substrate (X
> 5.7um) versus junction depth under AM 0, AM 1 and AM 1.5 solar spectra. The portion of the holes photogenerated
near the space charge region (0.6 pm < X < 0.7 um) and having a sufficient diffusion length is collected. This
phenomenon explains the gradient of concentration observed near the space charge region (0.7 um < X <2 pum). The
step where the photocarriers density decrease with the thickness (X > 2 um) is due to the diffusion of the holes toward
the back surface. These carries are lost by recombination phenomenon.

3-4-c. photocurrent densities of minority carriers under polychromatic illumination (AM 0, AM 1.5, AM 1)
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Figure 13. photocurrent density of minority carriers photocreated vs. junction depth(x) under polychromatic illumination:
a) photocurrent density of electrons (window - Région 2 — space charge region); b) photocurrent density of holes (base —
substrate) ; c) : result photocurrent density

Figures 13 a) and 13 b) represent respectively the photocurrent density of the electrons at the frontal regions (window,
region 2 and the space charge region : X < 0.7 um) and the holes at the rear regions (base and substrate : X > 0.7um).
The negative portion observed on each graph shows the losses of photocurrent. The diffusion of the photocarriers
towards the depletion region is modelled by the positive portion observed on each graph. The photocurrent increases
near the space charge region modeling a high collect of minority carriers. The short-circuit photocurrent resulting
from the contribtion of electrons and holes photocurrent is shown in Figure 13 c).

However the short-circuit photocurrent can be enhanced by reducing losses at the front surface of the window layer,
this is possible by depositing a second window layer. So for the model p*/p/n shown in Figure 5 c), by fixing the
recombination velocity S, =2x10° cm.s, the short-circuit photocurrent increases from 31 mA.cm? to
39 mA.cm for AM 0 spectrum and from 21 mA.cm2 to 27 mA.cm for AM 1.5 spectrum. Figures 14 represent the
graphs of the corresponding photocurrent densities. Figures 14 a) and b) show respectively the density of photocurrent
versus photon energy and the short-circuit photocurrent versus junction depth for AM 0, AM 1 and AM 1.5 solar
spectra. Figure 14 c) shows the short-circuit photocurrent and the density of electrons and holes photocurrent versus
junction depth for AM 1.5 solar spectrum.
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Figure 14 : photocurrent density of minority carriers photocreated under polychromatic illumination : a) result photocurrent
density vs. photon energy; b) Short-circuit photocurrent vs. junction depth (x) ; c) electrons, holes and short-circuit
photocurrent vs. junction depth (x)

CONCLUSION

In this work we have compared the performances of solar cells based on CulnSe, by studying the following models:
homojunction (CulnSez(p)/CulnSez(n)), homojunction deposited on substrate (CulnSez(p)/CulnSez(n)/CulnSe;(n*)),
homojunction with window layer (CulnSz(p*)/CulnSez(p)/CulnSe,(n)), homojunction with window layer deposited
on substrate (CulnS;(p*)/CulnSez(p)/CulnSez(n)/ CulnSez(n*)) . The window layer allows to enhance significantly the
spectral response for radiation energies lower than his energy band gap (1.04 < E <1.57 eV) for the structures
p*/p/n/n* and p*/p/n. The presence of the substrate enhances the internal quantum efficiency in the range of low
energies (1.04 < E <1.4 eV). The structure p*/p/n/n* gives the best signal. His internal quantum efficiency varies from
85 to 100% for photons energies less than the energy band gap of the window layer (1.04 < E <1.57 eV). This
efficiency decreases for photons energies higher than the energy band gap of the window layer (E > 1.57 eV), it is due
by the losses of carriers caused by the absorption of the front layer (window).

We have studied, in the case of the structure p*/p/n/n*, the generation rate, the densities of photocarriers and
photocurrent for a monochromatic and polychromatic illumination (AM 0, AM 1 and AM 1.5 spectrum). It allowed
to analyze in detail the effects of the different layers and the geometrical and electrical parameters on the photocurrent,
and explains the signal of the internal quantum efficiency.

The theoretical short circuit photocurrent calculated in this work (21 — 27 mA.cm under AM 1.5 spectrum for the
models p*/p/n/n* and p*/p/n), remains in the range of the values reported in the literature. This current can be enhanced
by using a wide band gap window layer or reducing losses in the window.

NOMENCLATURE

B : n (electrons) or p (holes) ; i : region (1, 2, 3 or 4)

a; : Absorption coefficient of region i (cm™1)

F : Incident photons flux (cm™2.s71.eV™1) (or (cm™2.571))

® : Incident photons flux (cm™2.s~t. um™) (or (cm™2.s71))

R : Reflection coefficient (R = 0.2)

7, - Lifetime of free electrons or holes photocreated in region i (s )

AB;(x): Density of free electrons or holes photocreated in region i at the point of x coordinate (cm™3.eV™1) (or
(em™))

Jp;(x) : Photocurrent density of free electrons or holes photocreated in region i at the point of x coordinate
(A.cm™2eV™1) (or (4.cm™2))
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Jpn : Total density of photocurrent (A.cm™%.eV ™)

Jsc : short circuit current(4. cm™2)

Dﬁi:D

iffusion coefficient of free electrons or holes photocreated in region i (cm?.s™') (D, = Dy, =

1541 cm?.s~' and D, = D, = 1.28 cm?.s™1)
Lg, : Diffusion length of free electrons or holes photocreated in region i (um)
Sp, - Recombination velocity on the surface (or to the interface) of region i (em.s™1)

H:Thi
H;:Th

ckness of the structure (um)
ickness of the region i (um)

w; : Thickness of the region i of the space charge region (SCR) (um)
q : Elementary charge (1.602 x 10719¢C)

XCulnSe

5 . Electron affinity of CulnSe;

Xcumnsz - Electron affinity of CulnS;

E
E

gcuinsez - ENergy band gap of CulnSe;
gcumnsz - Energy band gap of CulnS;
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