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In this article we study the spectral responses of thin films solar cells based on CulnSe, This is particularly
important for the characterization of photoconductive layers. The objective is to compare the performances of the
homojunction based on CulnSe, with a medium band gap window layer based on CulnS, according to the model
CulnS;(p+)/CulnSe;(p)/CulnSey(n), of the homojunction type CulnSe,(p)/CulnSe,(n) and the homojunction deposited
on substrate type CulnSex(p)/CulnSe;(n)/CulnSe,(n*). Calculation models of the internal quantum efficiency have been
proposed for each structure. The comparison of these different results allows firstly to examine the influences of the
window layer and the substrate, and secondly to optimize the photoelectrical parameters to enhance the global
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Introduction

The CulnSe, in its chalcopyrite form is a direct band gap
semiconductor in the order of 1.04 eV [1-3] with a high photon
absorption coefficient (a> 10° cm™) [4-6], and present a great
interest in solar applications [7,8]. With its high absorption
coefficient, the photocarriers are created on a shallow thickness (1
to 2 pm). It results from this that the surface recombination
velocity (a parameter which characterizes the surface of the
semiconductor) and the junction depth effects are very
importantDue to the disparity of the periodicity of the crystal
lattice and of the adsorption of foreign atoms; the surface of the
semiconductor is the seat of recombination [9]. The carriers
lifetime in surface is therefore always less than to their lifetime in
volume [9], this effect is characterized by a high surface
recombination velocity. In order to reduce the losses of carriers on
the surface, a window layer having a more elevated band gap and
a neighbouring cell parameters to the active layer is often
deposited on the surface of the latter [10]. The deposit of a
substrate to the back surface also permits to reduce the losses of
carriers on the back face and confine minority photocarriers in the
base in order to increase their collections at the junction. However
the window layer in case of high energies (energies values greater
than the energy band gap of the window layer) and the substrate in
case of low energies (depth absorption) can also have an important
role in enhancing the efficiency of the solar cell in comparison
with the homojunction.

In this work the models of cell used are the homojunction type
CulnSe;(p)/CulnSe,(n), the homojunction with window layer type
CulnS,(p*)/CulnSe,(p)/CulnSe,(n) and the homojunction deposited
on a substrate type CulnSe,(p)/CulnSe,(n)/CulnSey(n*). The
CulnS, having a more wide band gap (in order of 1.57 eV) [11]
than CulnSe,, can be used as a window layer for a limited range
energy (1.04 eV to 1.57 eV), since these two materials belong to
the same family (Cu-111-VI1, group) [12] and have fairly similar

lattice parameters (see Table 1). The substrate doped n* and the
base doped n are the same nature, the interface phenomena are
neglected because there is a continuity of layers, then® doping
allows to maintain photocarriers in the base (creating of a low
barrier potential).

Experimental

For each proposed structure, the theoretical model used for the
determination of the spectral response is based on the effects of the
absorption coefficients of the different materials and the
geometrical and electrical parameters modeling the solar cell
(diffusion length, recombination velocity at the front and the back
surface and at the interface between different layers, thicknesses of
the layers, etc.).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. Moreover, in this same region, recombination
phenomena are neglected.

The following Table 1 lists the different physical parameters
used in this work for each structure [11, 13 —18]:

Table 1: Lists the different physical parameters used in this work for each

structure
Material Eq(gap) a c X (electron  Type (p,n)
affinity)
CulnSe,(p,n) 0,96 — 578A  1162A  458eV 10™-10%cm™
1,04 eV
CulnS; (p) 1,438- 551A  11A 4,04 eV 10%-10% cm®
1,57 eV

The absorption coefficients of the different materials (CulnSe,
andCulnsS;) used in this work is shown on figure 1. We used the
values of the absorption coefficients given by Subba Ramaiah
Kodigala [11] for photon energies ranging from 1 to 2 eV. We
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have approximately completed these values for photon energies
greater than 2 eV.
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Figure 1: Absorption coefficient versus photon energy

Three layers model type p*/p/n:homojunction with window layer
type CulnS,(p*)/CulnSe,(p)/ CulnSe,(n)

Homojunction type CulnSe,(p)/CulnSe,(n) is often characterized
by losses of carriers by recombination at the front layer surface. To
reduce surface phenomena, it is often deposited a window layer on
the front surface, allowing to move away the surface to the active
area. Therefore the surface of the front absorbent layer is replaced by
the interface CulnS,(p*)/CulnSe,(n) having an enhanced quality
because these two materials have some similar lattice parameters.
The diagram of the structure is shown in Figure 2.
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Figure 2: Diagram of the structure CulnSy(p*)/CulnSe,(p)/CulnSex(n)
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Figure 3: Energy band diagram of the structure
CulnS,(p*)/CulnSex(p)/CulnSe,(n)

The energy band diagram (Figure 3) is based on the Anderson
model [19], it depend of electronic properties as the electron
affinity, the width of the band gap and the doping level (see Table
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:

d’Any,  Any _ —a F(1-R)e”%1*

dx?  Ly,? Dy, @1)
With L, > = Dy, 1, (2.2)
We have the following boundary conditions [20]:
Dy, (dﬁz) =S, An, for  x=0 2.3)
An, =0 for X =x (2.4)

The expression of the photocurrent is given by:

qa F(1-R)Ly,

]nl(xl) == (aanlz—l)
Snq L Snq L
( ng n1+a1Ln1) e—a1x1[_"1 nlch<£)+sh<x—1)]
Dny _ Dny Lny Lny —a. L., e~®X1
Snylng X1 X1 Snylng X1 X1 15,
———=sh|——|+ch|— ———=sh|—|+ch|—
Dny Lny Lny Dny Lny Lny

(2.5)

Calculation of the photocurrent in Region 2

In region 2, x; < x < x,, the photocurrent is also an electron
current, it results from the contribution of the regions 1 and 2,
taking into account the interface effect characterized by a
recombination velocity at the interface noted S,,,. The continuity

equation is given by:

d’An,  An, _ —a,F(1-R)e”%1¥1¢~a2(x~x1)
dx? Ln,” - Dy, (2.6)
With Ly,? = Dy, Ty, @.7)

The boundary conditions can be written by [21, 22]:

dA dA
Dy, dzz = Sp,Any + Dy, d;“ for x=x (2.8)
An, =0 for X=X, (2.9)
The photocurrent expression is:
STl LTl
P B e B
2) — _ _
" (wttn?=1) | Fsn(o) ven (3122
- - Snyln xp—x Xp—X
el
SnyLn, Xp—X. Xp—X- - aan e "zl +
2 25h< 2 1)+Ch( 2 1) 2
Dn, ( )an Ln,
Jny (X1
Snanzsh<x2—x1)+Ch<x2—x1) (210)
Dn, Ln, Ln,

The first term of this expression corresponds to the photocurrent
contributed by the region 2 itself and the second term is the
contribution of region 1.

Calculation of the photocurrent in Region 3

In this region, x, +w < x < H,the photocurrent is a hole
current, the continuity equation is:
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d®Ap; _ Aps —
dx? L2
P3
;_‘131:(1 _ R)e_alxl = e—az[(xz+w1)—xl]ea3(x2+w1)e—a3x (2.11)
P3

With L3, = Dy, 1p, (2.12)
The boundary conditions are given by[20]:
dA
by 0t = ~Sp,Aps  for x=H (2.13)

Ap; =0 for x=x,+w (2.14)
The holes photocurrent expression is:
qasLp F(1— R)e[(az—al)xlle[(a3—az)(xz+w1)]
3

]p3(x2+W)= (a§L§,3—l)

X

Sp4l
_2P3*P3) —azH
(0(3Lp3 Dy )e
5P3LP3oh[H—(X2+W)]+Ch[“—(X2+W)]
Dpy i Lpy Lpy

e—a3(xz+w) ‘SP3LP3bh[H_(xz+W)]+Sh[H_(X2+W)]}
Dp3 P Lpg
Sp3zlps [H—(x2+w)] [H—(x2+w)]
sh +ch
Dpy | Lpg e Lpy

— azLp e~ (2t | (2.15)

Neglecting the recombination of photocarriers, the photocurrent
of electrons from the depletion regions is given by:

Jn,, = QF (L= R)e™ @ 1e™%(2=x) x [¢=@2Ws — 1] (2.16)

Ty, = QF(L = R)e™ %1 x g=allertwa)=xil x [g=aaw: — 1](2.17)

Two layers model type p/n:
CulnSey(p)/CulnSe,(n)

To find results which are appropriate in the case of the
homojunction, it is just sufficient to remove the window layer on
Figures 1 and 2, and to establish x; =0 et a; =0 in the
expressions (2.10), (2.15), (2.16) and (2.17).

homojunction  type

Three layers model type p/n/n+: homojunction deposited on
substrate type CulnSe,(p)/CulnSe,(n)/CulnSe,(n*)
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Figure 4: Diagram of the structure CulnSe2(p)/CulnSe2(n)/CulnSe2(n+)

The diagrams of the structure and the energy band are
respectively shown in Figures 4 and 5.

The expressions of the electrons photocurrent in Region 2 and in
the space charge region are identical to those established for the
homojunction.
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Figure 5: Energy bang diagram of the structureCulnSe,(p)/CulnSe,(n)/
CulnSey(n*)

Calculation of the holes photocurrent in regions 3 and 4

The continuity equations in region 4 (substrate) and Region 3
(base) are respectively given by following equations (2-18) and (2-
20) :

d*Ap, _Aps _
dx? Lz, -

;—%F(l _ R)e—az[(x2+w1)] x e—a3[x3—(x2+w1)]ea4x3e—a4x (2.18)
P4

With L2

2 =D (2.19)

Da TPA

d?Aps _ Aps _ __(131:'(1 — R)e—az[(xz+W1)] x ea3(x2+wl)e—a3x

2 2
dx LP3 DP3

(2.20)
With L§,3 =D

22y)

The variation of the holes density in the substrate is given by the
solution of equation (2-18), it is written as :

Apy(x) = A'ye*/Lps + B/ e~ */Lrs + K'p e™%* (2.22)

L12a4F(1—R)9 [(az—az)(xz2+w1)] g [(as—a3)x3]

Dy, (a?L3,-1)

With p, =

(2.23)

The solution of the equation (2-20) gives the variation of the
holes density in the base, it is written as:

Aps(x) = A'se*/tPs + B'ye~*/lrs + K'pe™®%  (2.24)

—a3L§,3 F(1-R)el(@z—az2)(xz+w1)]

Dps (a§L§,3 - 1)

With K'p, =

(2.25)

The constants A5, B'; ,A’, et B',can be determined by
establishing the following boundary conditions [23, 24]:

Aps;(x)=0 for x=x,+w (2.26)
Ap;(x) = Apy(x) for  x = x4 (2.27)
dAps __ dAp, _
Dy, dx3 =Dy, for x=x; (2.28)
dAp,

D =—=Sp,0p, for x=H (2.29)

From equations (2.22), (2.24) and the boundary conditions, we
obtain the following matrix system:
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X1 X2 O 0 1143 X'y
X21 XZZ X23 X24- B’3 - X’Z (2 30)
X31 Xzz Xz Xau||Al X'
0 0 Xu3 XullB' X'y
with :
X2+wW _xotw X3 _ X3
Xji=e's [ Xj;=e '3 ) Xy =e'Ps Xy =e 'P3
X3 _x3
Xoz = —e'Pa; Xpy = —e 'Ps
X3 b, -3 b X2
X31 = B3 plp; : X32 = P3, Lpg : X33 = P4 plp, : X34 -
LP3 LP3 LP4
_x3
_%e LP4;
Lp,
Ao o
— _plp, (P2 - — o Lp,(2Pa _ .
X43 elPs <LP4 + SIM) 1 X4y =€ 'Pa <LP4 Sm) ;
¥ = asL3,F(1-R)e~%2(2tw1)
1= Dy, (a2L3 —1) ’
p3\"3%p3 2
X’2 = F(]_ — R)e[(a3_az)(xz+w1)]e—a3x3 x [azil‘p: —
. Dy, (a3L?, —1)
a4LP4 ] .
Dp,(a?12,-1)] "’ .,
272
X’3 = F(]_ — R)e[(a3_az)(xz+w1)]e—a3x3 x [ (21321‘1’3 _ (21421‘174 :
(a3r2,-1) (afL3,-1)

_ —a4L§,4F(1 — R)ellaz—az)(xz+wi)l pl(as—asz)xs]

X'
' DP4 (“:L%u - l)

x e_a4H [SP4 - DP4 C(4]

The constants are determined using the Gauss algorithm [25].
The expression of the holes photocurrent is given by :

Al Bj
+w) = — Az S(p+w)/Lpy, _ Bz ,—(xp+w)/Lp, _
Jp, (o +w) qDy, [Lp3 e 3 I e 3

a3K'p3e_“3(x2+W)] (2.31)

Calculation of result photocurrent

The photocurrent results from the contribution of the different
areas of the structure. The recombinations of the photocarriers in
the space charge region are neglected, then it can be written as [9]:

]ph :]nz (XZ) +]nW1 +]nW2 +]p3 (xz + W) (232)

The internal quantum efficiency is given by :
J
n= |2 (2.33)

y/
with J, = gF(1 — R)[26]. It is Zln arbitrary unit.

Results and Discussion

In this part we present a result of different theoretical models
developed by studying the effects of different geometrical
parameters on the internal quantum efficiency. We compare the
different results for each structure. We use H; as the thickness of
the region i.

Homojunction:CulnSe,(p)/CulnSe,(n) (Region 2/Region 3)
Study of the effect of front parameters

The figures 6 a), b), ¢) respectively show the effects of the
thickness of the front layer, of the diffusion length and of the space
charge region. The figure 6 d) gives the contribution of the
different regions in the case of a thin thickness of the front layer.
The surface recombination velocity is estimated at S,, =2 %
107cm.s™ for including the effects of the losses of carriers by
recombination at the surface of the front layer. It is noted that in

Figure 6 a) the internal quantum efficiency decreases when the
thickness of the front increases. This can be explained partly by the
fact that when the thickness of the front increases the majority of
the photons are absorbed by the front layer. Few photons arrive in
the rear areas. The recombination velocity at the front surface
being high, which causes many losses carriers on the front surface
by recombination phenomenon.

(Ln2=3um)(a) (H; = 1um) (b)
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Figure 6: Internal quantum efficiency vs. Photon energy: a) effect of the
front thickness; b) Effect of the diffusion length in the front; c) Effect of the
thickness of the space charge region; d) contribution of the different
regions. (s,,=2 x 107 cm.s‘l;sp3=2 x 107cm.s?;L ,=0.5um; W=0.1pum
(a; band d))

On Figure 6 b) we study the effect of the diffusion length and
fixed the front thickness at 1 um, allowing it to absorb most of the
photons. The diffusion length varying from 0.3 to 10 um (doping
level type p in range [10%; 10?° cm™®]). For the diffusion lengths
less than the thickness of the front (L,,, < H,) the internal quantum
efficiency falls down, for those which are superior (L,, > H,) it
always remains low, his maximum value is less than 45 %. The
elevated losses of carriers on the front surface affect the influence
of the diffusion length. Figure 6 c) we show the effect of the back
areas (space charge region, base) by varying the thickness of the
space charge region from 0.1 to 0.7 um, we evaluated the diffusion
length in the base Lp, at 2.5 um, the front thickness being fixed
at 0.1 pm. We observe a significant enhancement of the internal
quantum efficiency, his maximum value passes above 80% in the
range of low energies (1.04 < E < 1.2 eV). We also note that a
variation of the thickness of the depletion region involves a weak
variation of the signal; this effect can be explained by the
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significant contribution of the base. For energies values greater
than 1.4 eV the internal quantum efficiency gradually decreases
and modeling a considerable absorption of the photons by the front
layer. This phenomenon is illustrated in Figure 6 d) where the
contribution of each region is highlighted.

Homojunction with window layer:CulnS,(p*)/CulnSe,(p)/CulnSe,(n)
(Region 1/ Region 2 / Region 3)

Study of the effect of region 2 parameters

On Figure 7 a) we study the effect of the thickness of the second
region. The diffusion length L, is fixed at 3 um, the
recombination velocity at the interface S, is estimated at 2 x

103cm.s™. We note a good enhancement of the internal quantum
efficiency. For the radiation energies lower than the CulnS, energy
band gap but greater than the CulnSe, energy band gap, the
internal quantum efficiency varies from 80 to 100%for a range of
thicknesses values from 0.1 to 1 um, from 80 to 60% for
thicknesses values in range from 2 to 3 pum, and less than 60% for
thicknesses values greater than the diffusion length.
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Figure 7: Internal quantum efficiency vs. Photon energy: a) effect of the
region 2 thickness; b and c) effect of the diffusion length in region 2; d)
effect of the recombination velocity at the interface window layer — region
2. (s,,=2 % 10° cm.s™ (a; b and d) and 2 x 107 cm.s™ (c) ;H; = 0.1 pm;
L,,=0.2 um (a; band c) and 0.5 um (d) ; s,,=2 % 10° cm.s? (a; b and

€)15p,=2 % 107 cm.s*;L,, = 0.5 um; W= 0.1 pm ; H= 100 pm)

Figure 7 b) shows the effects of the diffusion length L,, , for the
thickness of region 2 fixed at H, =1um. We observe a
considerable influence of the diffusion length on the internal
quantum efficiency. This is due to the fact that losses carriers at the
interface are minimized by the presence of the window layer(S,,, =
2 x 10%cm.s™?).

For this thickness (H, = 1 um), a diffusion length L, greater
than 3 pm is sufficient to obtain the best response. For values of
L,, much lower than H, the internal quantum efficiency is low.
The figure 7 c) shows the effects of losses carriers in the window
layer (S,, =2 % 107cm.s™) causing a low signal of the internal
quantum efficiency for the energies values greater than the energy
band gap of the window layer (E > 1.57 eV). On Figure 7 d) we
study the effect of the recombination velocity at the interface, we
fixed H,=1um and L,,= 6 pm, losses of carriers by
recombination at the interface remain low for recombination
velocity S, lower than 2 x 103 cm.s™. For Sn,values ranging
from 2x10% to 2x10° cm.s’the losses of carriers by
recombination become significant and affect the internal quantum
efficiency. For those that are greater than 2 x 10® cm.s™ the
effects of the losses of carriers by recombination at the interface
are important and the internal quantum efficiency decreases despite
of the high value of the diffusion length (L,, = 6 um).

Effect of the Window layer

(Ln1=0.5 um) (a) (H, = 0.5 um)(b)

1= = T T 1 -~ T
08lt A 4 & 08p 3
g H 5|
3 | i s | -
£ 067 1 1% 0 R
@ A e |
£ 1 2 i
2 04r P 1§ o4f R
3 | [ =l i
= | 1. [ |
2 oa2r R i B
g | = |
'Tgv I [ i e z 0 ] 1 1
S Y s 2 25 32 115 2 2503
- Photon energy (eV) Photon energy (eV)
—— Window: H, =0.1 um —— Window: L, =0.1pm
- Window : H, =0.3um - Window: L, =0.3 pm
Window : H, = 0.5 pm window : L, =0.5 pm
Window : H, =1pm Window : L, =1 pm
window : H; =2 pm Window : L, =5 um
- Window : H, =3 um - window: L, =10 pm
(H,=0.1pm)(c) (H=0.1pm)(d)
1 T T T 1 T T T
o —— Window
; ’ ... Region2
Z0e- K —_l g L ]
= 0.8 ; S 08 AN SCR
@ k G : 5
§ K % K “ Base
CI Y I 4 R
£ 0.6 ; £ 0.6 B Total
=2 . —— Window 2 N
g | T
g 0.4 .'I ---- Region 2 —{ g 04l - \ -
= - = o
= ke SCR g ¥
8 ool 4 =z [ i
£ 0.2 v Base £ 02 o )
Eo Total (N =
0 —_ 0 _LLL S
1 L5 2 25 3 1 15 2 25 3
Photon energy (eV) Photon energy (eV)

Figure 8: Internal quantum efficiency vs. Photon energy: a) effect of the
window thickness; b) Effect of the diffusion length in the window; ¢ and d)
contribution of the different regions (s, =2 x 105cm.s™ (a; band c) and
2x107cm.s* (d); H; =0.1um(candd) ; L, =02um(candd);H, =1
um (aandb) and 0.1 um (cand d); L,,= 6 um (aand b) and 1 pm (c and
d); 5,72 x 10%cm.s;s,, =2 % 107cm.s™;L,,.= 0.5 um ; W= 0.1 pm ; H =
100um)
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Figure 8 a) shows the effect of the thickness of the window
layer. The interest is to decrease the thickness of the window layer
to increase the photon number that reach the region 2 and enhance
the signal at the photon energies greater than the CulnS, energy
band gap. Figure 8 b) shows the effect of the diffusion length in the
window layer. The contribution of the window layer to the
quantum internal efficiency depend of the diffusion length. His
contribution is more important if the diffusion length increases. We
also note that despite of a high value of the diffusion length
(Ln, > 5 pm) a thin thickness of the window layer is sufficient.
The Figures 8 c) and 8 d) show the effects of these losses of
carriers for radiation energies greater than the energy band gap of
the window layer (E > 1.57 eV). The Figure 8 c) we fixed S, =
2 x 10%cm.s™ and we observe a shallow decrease of the internal
quantum efficiency. On Figure 8 d) the recombination velocity at
the surface is more elevated, we fixed S, =2 % 107cm.s™ and we
observe an important decrease of the signal.

Homojunction deposited on substrate:CulnSe,(p)/CulnSe,(n)/
CulnSe,(n*)(Region 2/Region 3/Region 4)

Base and Substrate effects

On figures 9 the effects of the base and substrate are studied. We
note their effects only in the range of low photons energies (E <
1.4 eV). For elevated energies (E > 1.5 eV), most of the photons
are absorbed in the front areas (region 2 and the space charge
region). We also assume that the presence of the substrate will
permit to increase the purity of the base by reducing the level of
doping in this region (n <10 cm™) in order to increase the
diffusion length (L, >3 um) compared to the homojunction or
the homojunction with window layer (L,, < 0.5 um). The level of
doping in the substrate being higher (n >10" cm®).

(Lp,=3 pm; Ly, = 0.5 pm) (a) (H3=10 pm; L,,= 0.5 um) (b)
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Figure 9 : Internal quantum efficiency vs. Photon energy: a) effect of the
base thickness; b) Effect of the diffusion length in the base; c) Effect of the
diffusion length in the substrate (H, = 0.1 um; L,,,= 3 um; s,,,=2 x 107
em.sts,, =2 x 107 em.s™; W= 0.1 um ; H=100pm ) ; Homojunction :
Ly,=05pm; s, =2 x 107cm.s™)

Figure 9 a) shows the influence of the thickness of the base on
the internal quantum efficiency. We fixed the diffusion length L,
=3 um. For thicknesses values less than L, the spectral response
increases with the thickness. For those which are greater or equal
at L, the internal quantum efficiency is identical. Figure 9 b)
confirms this report by studying the effect of the diffusion length,
the thickness of the base is fixed at H;= 10 um, the internal
quantum efficiency increases with the diffusion length, L,, varying
from 1 to 6 um. On figure 9 ¢), we study the contribution of the
substrate to the internal quantum efficiency. For this, we have
reduced the thickness of the base at 1 um allowing the photons to
reach the substrate. The substrate contributes to the enhancement
of the internal quantum efficiency as well as the base. An increase
diffusion length L, in the substrate causes an increase of the
spectral response.

Comparative study of homojunction deposited on substrate (p/n/n*)
to homojunction (p/n) and homojunction with window layer
(p*/p/n)

(a) (b)
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Figure 10: Internal quantum efficiency vs. Photon energy: Comparative
Study of the different models. (s,, =2 x 107 cm.s™; H; = 0.1 ym; L, =0.5
um; H, =0.1 um (a; ¢ : homojunction and homojunction with substrate)

and 0.5 um (b) ; L,,,= 3 um; s,,,=2 % 103cm.s™ (homojunction with
window) and 2 x 10”cm.s™ (homojunction and homojunction with
substrate) ; s, =2 % 107cm.s™ (homojunction) ;L ,=3 umand 0.5 um

(Homojunction) ; Hy =5 pm ; s, =2 % 107cm.s™; L, = 0.5 um ;W=0.1

pm ; H=100um)
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On Figure 10 a) we compare the three models studied. The
thickness of the region 2 is fixed at 0.1 um. For the homojunction
deposited on substrate (CulnSe,(p)/CulnSe,(n)/CulnSe,(n*))we
note the effect of the substrate for the energy values less than 1.4
eV. For energy values greater than 1.4 eV, the internal quantum
efficiency is identical to the homojunction
(CulnSe,(p)/CulnSe,(n)) response. So the photons do not access
the substrate for this energy range. We also note that the
homojunction deposited on substrate dominates the spectral
response on a very small range of photon energies (E <1.2 eV),
otherwise the model of the homojunction with window layer
(CulnSy(p+)/CulnSey(p)/CulnSey(n)) gives the best signal. On
Figure 10 b), we increased the thickness of the second region at 0.5
pm. We observe an enhancement of the internal quantum
efficiency for the model type CulnS,(p+)/CulnSe,(p)/CulnSe,(n)
caused by the effect of the window layer. The losses of
recombination carriers at the interface between the window layer
and the second region are reduced (S,,, = 2 % 103cm.s™). We also
note a decrease of the internal quantum efficiency in the case of the
structures  types  CulnSe,(p)/CulnSe,(n)/  CulnSe,(n*) and
CulnSey(p)/CulnSey(n) caused by the heavy losses of
recombination carriers observed on the front surface (no window
layer: S,, =2x 107cm.s™). On Figure 10 c) we compare the
spectral responses obtained on Figure 10-a) and that obtained on
Figure 10 b) for the model CulnS,(p+)/CulnSey(p)/CulnSey(n). It
shows the importance of the window layer, the homojunction with
window layer (CulnS,(p+)/CulnSe,(p)/CulnSe,(n)) gives the best
signal followed by the homojunction deposited on substrate
(CulnSe,(p)/CulnSex(n)/  CulnSey(n™)).  The  homojunction
(CulnSe,(p)/CulnSe,(n)) gives the low signal. 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 caused
by the dislocation of the surface in the front layer (illuminated
surface).

Conclusions

In this work we have studied the internal quantum efficiency of
solar cells based on CulnSe,. We have developed a theoretical
models for three layers. We have done a theoretical simulation on
all spectral responses studied by variation of physical parameters
(Lny Ly, Sy, Sp, ...) in order to enhance performances of the
device. For the two layers model (p/n) we considered the
homojunction type CulnSe,(p)/CulnSe,(n), we took into account
the losses of recombination carriers on the front surface. These
losses carriers affect the influence of the diffusion length and
provoke a considerable decrease of the internal quantum
efficiency. The effects of these losses carriers can be minimized by
reducing the contribution of the front layer. This is possible by
realizing the junction near the surface (shallow junction) or
replacing the front layer by a wide gap window layer (structure n/P
type: CdS(n)/CulnSe,(p), ZnO(n)/Cds(n)/CulnSey(p)). The deposit
of a window layer based on CulnS, on the front layer
(CulnS,(p*)/CulnSe,(p)/CulnSe,(n)) can reduce the recombination
of the carriers at the front surface observed in the case of the
homojunction. It provokes a considerable increase of the internal
quantum efficiency for photon energies lower than the energy band
gap of the CuInS, window layer (1.04 <E <1.57 eV).For the
homojunction model, the presence of a wide substrate enhances the
internal quantum efficiency for the radiation of low energies range
[1.04 ; 1.4 eV] corresponding to a low absorption coefficients of
the different layers. Our best theoretical internal quantum
efficiency is obtained with the model
CulnSe,(p*)/CulnSe,(p)/CulnSe,(n) (homojunction with window
layer).

The presence of the window layer allows to reduce considerably
the recombination velocity of the surface. This effect allows to
increase considerably the internal quantum efficiency for photon
energies lower than the gap of the CulnS, (1.57 eV). We note that,
for photon energies greater than the gap of the CulnS; (1.57 eV),
the signal disappears for a thickness of the window layer greater
than 2 pm.

Nomenclature :

S n (electrons) or p (holes) ; i : region (1, 2 ou 3)

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

F : Incident photons flux(cm™2.s71)

R : Reflection coefficient

g, . Lifetime of free electrons or holes photocreated in region
i(us)

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

Jp,(x) © Photocurrent density of free electrons or holes
photocreated in region i at the point of x coordinate(4.cm=2)
Jpn - Total density of photocurrent(4.cm™=2)

Dg, : Diffusion coefficient of free electrons or holes photocreated
inregion i (cm?.s™") (D,, = D,, = 15.41 cm?® s~'and D,,, =
D,, =1.28cm?*s71)

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(cm.s™1)

H : Thickness of the structure(um)

H; : Thickness of the region i(um)

w; : Thickness of the region i of the space charge zone (SCZ)(um)
q : Elementary charge(1.6 x 1071°C)
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