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ABSTRACT

In this paper, we study in the case of monochromatic and polychromatic illuminations, the behavior of the structure
ZnO(n+)/CdS(n)/CulnSex(p)/ CulnSy(p+) where CulnSe; represent the base and CulnS, the substrate. ZnO and
CdS are used as window layers. We propose the study of the internal quantum efficiency, the generation rate
profiles, the photogenerated minority carrier densities and the resulting photocurrent densities, represented versus
the junction depth. We consider photon energy ranging between 1.04 eV (A= 1.192 um) and 3.1 eV (A= 0.4 um).
The study of the profiles of these parameters allows to visualize the behavior of the photocreated carriers in the
different regions of the structure, to identify the influence of the electrical and geometric parameters on the
collection efficiency, shows the transport direction of the carriers and the effects of the interfaces and surfaces on
their collection [1].

KEYWORDS: Thin films, CulnSe,, CulnS,, internal quantum efficiency, photoelectrical parameters.

1. INTRODUCTION

CulnS; and CulnSe; have similar electrical and lattice parameters but have different energy band gaps. The
CulnSe; has a direct band gap in order to 1.04 eV [2-4] and a lattice matched to the CulnS, [5-12]. The band gap
of the CulnS; is in the order of 1.57 eV [6]. In this work we propose to study theoretically under polychromatic
and monochromatic illuminations the behavior of the heterostructure with increasing energy band gap materials
defined by the model ZnO(n+)/CdS(n)/CulnSe»(p)/CulnS,(p+) where the layers ZnO and CdS respectively doped
n + and n, are used as large gap window layers. CulnSe; is used as a base and CulnS; as a substrate. The substrate
doped pt+ and the base doped p are the same family (chalcopyrite semiconductor). The p+ doping allows to
maintain photocarriers in the base (creating a low potential barrier). It involves studying the intrinsic parameters
such as the generation rate, the photogenerated minority carrier densities and the photocurrent densities, which
are at the origin of the spectral response. The study of these parameters allows to see and to identify the influence
of the electrical and geometrical parameters on the collection efficiency, it shows the transport direction
(diffusion) of the carriers and the influence of the interfaces on their collection.

2. MATERIALS AND METHOD

For the structure n'npp, the theoretical model used for the determination of the spectral response and the intrinsic
parameters (generation rate, photogenerated minority carrier densities and resulting photocurrent densities) 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.

(1]
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Figure 1. (a) Absorption coefficient of CdS, CulnS:, CulnSe: materials versus photon energy [1, 5, 6] ; (b) Absorption
coefficient and reflection coefficient of ZnO material versus photon energy [13]

Hzno Hcas Weds/cuinse, HCulnSez Hcuns,
ion1 | Region2 + . .
F Region Madon- = E || Region3 Region 4
> (Window) LT (Base) (Substate)
‘ Buffer)
. # ScR - P P’
i n : Cds jcuinse:
FR Zn0 CdS +| Weas (Weunse, |- CulnSe; CuinS;
o « >
0 Xy Xz Xntw X3 H x

Figure 2 : Diagram of the structure ZnO(n*)/CdS(n)CulnSez(p)/CulnS:(p”)

H
X3 :
: ‘E
: X2 ¢
e w
: H
Xy : :
Y S Eﬂc-.ms.z E,
P :E,
Egzno E CulnSe; :
F
—_— n'
4 E ZnO
t AE01 = - Region Region
i Region : Region : ¢ 3 4
: ' 2 fc
: :(Window-: g
© Window) e | (Base) (Substate)
SessscsscscsancsbecsdessssdavesssssrsssnssssshesssnssasesnsassssSene -
0 X
Hzno Heas  Wessomse,  Houmse, Hewns, N

Figure 3 : Energy band diagram of the structure ZnO(n*)/CdS(n) CulnSex(p)/CulnSx(p*) [14]
The theoretical study, based on solving a system of differential equations formed by the continuity equations with
the optica,l electrical and geometrical parameters of the various materials of the structure, 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 by visualizing carrier behaviors in
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solar cell performance. On figures 1 we represent the optical absorption coefficients of the different materials and
the ZnO reflection coefficient [1, 5, 6, 13]. The diagram of the structure is shown on figure 2 and the energy band

diagram is represented on figure 3 [14].
Calculation of the photocurrent of holes in ZnO layer

In ZnO layer, the photocurrent is essentially due to the holes, the continuity equation is written :

d*Apzno  APzno _ —®znoF (1-Rzng)e” *Zn0*
2 2 = @)
ax Lpzno Dpzno
. 2

With : LpZnO = DpZnOTpZnO (2)

The expression of the generation rate is given by :
Gzno(X) = zoF (1 — Rypg)e™%mo* 3

Boundary conditions are given by [1, 5, 15] :
AAPzno _ _

Dy, (BL22) =5, Apse for x=0 4
Apzno =0 for X = Hyypo (5)

The solution of equation (1) gives the expression of the density of holes in ZnO layer, it is written :

@zn0 Lp 40> F(1~Rzno)

DPZno(aZ"OZLPZnoz _1)

Spy oL x—H Spy oL
<7p1"0 pz"0+az,,oLpzno>.sh<J> —e~%Zno HZnO[ P10 Pzno -sh<L X >+ch< X )

X [e—@zno x 4

Apzno (x) =

Ppzno Lvzno Pzno Pzno Lvzno (6)
SPzno“Pzno h< Hzno >+Ch< Hzno )
D L L
Pzno PZno PZno
The expression of the photocurrent density of holes in ZnO layer, is given by :
_ dApz.o
]pZnO (X) - _quzm) dx ()

Calculation of the photocurrent of holes in CdS layer
In CdS layer, the photocurrent is also a hole current. The interface effects are characterized by a recombination velocity at the

interface ZnO/CdS noted S. The continuity equation is given by :

Pzno/cds’
d*APeas  ADeas _ —Ocas F(1=Ryznp)e” %m0 Hzno = @cas(*~Hzno) )
2 2 T
dx LpCdS DpCdS
With : LpCdS = DpCdSTpCdS ©)
The expression of the generation rate is given by :
_ —zn0 Hzno p—0cas(X—Hgy
Geas(X) = acasF (1 — Rypg)e™mo Mzno g cas(X=Hzno) (10)
Boundary conditions are given by [1, 5, 16, 17] :
dApcas AdAPzno —
Pcas  qx  “Pzno/cas Apcas + DpZnO dx for X = Hzyp (11)
Apcas =0 for X = Hegs + Hzpo (12)
The solution of equation (8) gives the density of holes in CdS layer, it is given by :
Apcas(x) = Apy(x) + Apy (%) (13)
_ acas Lpggs® F(1=Rzno) e~ %Zn0 Hzno —acas(X—Hzno)
Ap,(x) = — . > e no)
Dpcas(acasLcas® ~1)
s L s L
< sz;)/c.is PCAS | oo LPCdS) Sh<x (ano +HCdS)> o—cds Hms[ sz;)/cds Pcds _Sh<xL H1n0>+ch<x Hno)
Pcds Pcds Pcds Pcds Lvcas (13-a)
SPzno/cdsPcds h<HCd5>+Ch<HCdS>
Dpcas Lvcas Lvcas
Hzno + H,
A Sh<x ( {;st Cd5)> “azn0 F(1=Rzno) Lpz,0Lpcgs
xX) =—
P1(x) D (aZnOZL —1){ *Pano/cas "Peds h< HCdS>+ch< Heds )}
peds Pzno Dpcas Lpcas Lpcas
s L L
< le;:o pz"0+a2nol~pz,,o>—€_“l"0 HZ,,O[ PZno pZnOLh<HZnO +sh :Zno
Pzno Pzno Lpzno Pzno/1 _ a L e ~%zno Hzno (13_b)
SpznolPzno h< Hzno >+Ch< ZnO) Zn0~pzno®
D L L
Pzno PZno PZno

The expression of the resulting photocurrent density of holes in CdS layer is given by :
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Calculation of the photocurrent in the space charge region
In the space charge region, the recombinations of carriers are neglected. It is formed by two areas : the first area is formed by
CdS layer, the thickness is fixed at w4, the continuity equation for the photo-created holes is written as :

1d] B ~ -
- E% + aCdsF(l — RZnO) e~ %zmo HZnOe ®cas(X—Hzno) — 0 (15)
With : Jwegs(X) =0 for x = Hegs + Hyno (16)
The photocurrent density of holes in this first area (CdS), is given by the solution of equation (15), it is written as :
Jweas (x) = —=qF (1 = Rypp)e ™ %zn0 Hano [e_aCdS(x_HZ"") — e~ %aus HCdS] a7

The second area is formed by CulnSe: layer, the thickness is fixed at Wy, 562, the continuity equation for the photo-created
holes is written as :

1 Yweutnse 000 Hzno o —cas (Heas+W. —a x—(Hzpp + Heas+W,
_ETZ + aCuInSezF(l — RZnO)e zno zno o cas(Heas cds)e CuInSez[ (Hzno castWeas)] — 0 (18)

With : ]Wm"sg2 (x) =0 forx = Hzpo + Hegs + Weas (19)
The photocurrent density of holes in this second area (CulnSez), is given by the solution of equation (18), it is written as :
‘]WCuInSez ( ) = —qF(l — RZno)e ~Qzn0 Hzno e —cas(HeastWeas) [e ~®curnse, [x—(Hzno + HeastWeas)] 1] (20)

Calculation of the photocurrent in CulnS: layer
In CulnS: layer, the photocurrent is due to the photo-created electrons, the continuity equation is given by :
d2Mncuins, _ Ancuns,

2 2
ax LnCuInSZ DnCuInSZ

e ~%Culns; [x—(H H CuInSz)] (21)
The expression of the generation rate is given by :

—QCulns: -
— ulns2 F(l _ Rzno)e—azno Hzno x e_aCdS(HCdS+WCdS)e aCuInSez(HCuInSeZ+WCuInSeZ) X

_ _ - H +
GCumsz (x) = a’Cumst(l — Rynp)e %m0 Hzno x ¢ acas(Heds+weds) g “CulnSez( CulnSe; WC"“'Sez) X

e ~%Culns; [x—(H —H CuInSz)] (22)
Boundary conditions are given by [1, 5, 15] :
dAncuyins.
— 2 =
D,,LC“I"S2 pr SnCuInSZ Ancyrns, for x =H (23)
Ancyps, = 0 for X =H — Heunsz (24)
The density of photo-created electrons in CulnS: is solution of equation (21), It is given by :
AnCuInSz (x) =
_ - H H - H-H
Ccutns, anumszz F(1=Rzng) el(@cds ~azn0)Hznol ol(ecuimse, ~ @cas)(Hzno + Heastweas)| ,|(¢cuins, = @cutnse, )(H-Heurns, )|
— X
2 2 _
Ducutns, (“5"1"52 Lncurns, 1)
“ L _ Sncuins, ncurns, o cumnsy H x~(H-Hcurns, )
CulnSz “Neylns, Dncuins Lnculns
e_aCuInSZx + unsz umns2 —
Sncuins, "Meuins, h < H CuInSz H CuInSz
Prncurmns, anmnsz anmnsz
s L
o~ @Culns(H-Hculns, )| "Culnsy "M cuinsy sh< H-x >+ch
Dncumns, Lncutns, nCuInSZ 25)
Sncuins, "Meuins, h< Hculns, >+C R < H CuInSz
Pncurmns, Lncutns, anmnsz
The resulting photocurrent density of electrons in CulnS: layer is given by :
AN ypns
— 2
] Ncuins, (X) - anCuInSZ dx (26)

Calculation of the photocurrent in CulnSe: layer
In CulnSe: layer, the photocurrent is also due to the photo-created electrons, the continuity equation is given by :

d?An An -
CulnSe;  “CulnSey _ —“CulnSey F(1 — Rypp)e~n0 Hzno g —acds(Hcds+weds) p ~%Culnsey [x~(Hzno + Hedstweas))] 27)

2 2
dx LCuInSez DnCuInSez
The expression of the generation rate is given by :
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e N o E1—P. Ve ~ 7m0 Hzno p—acas(Heas+weds) p—Ocuinse, (X —~(Hzno + Heastweas)] ()
GCuInSez (x) - aCuInSezF(l - RZnO)e Zn0 "Zn0 e cas(Heas Cds)e wnsez " (28)
The interface effects are characterized by a recombination velocity at the interface CulnSe2/CulnS: noted SnCume —
2 2
Boundary conditions can be written as [14] :
Ancymnse, =0 for  x = Hyzyo + Heas + Weas + Weunsez (29)
dAncuinse, dAncuins,
NCulnSe, dx - nCuInSez/CuInSzAnC“InseZ +D NCulns, dx for x = H — Heurns2 (30)
The density of photo-created electrons in CulnSe: layer, is solution of equation (27), It is given by :
Ancutnse, (x) = Anz(x) + Any(x) (31)
- a, -a H +H, +w
CCutnse, LnCuInSezz F(1=Rynp) el(#cds ~azn0)Hzno] o|(ecummse, — @cas)(Hzno + Heastweas)] » .
AnS(x) = > 3 X | e ~%Culnsey +
DncmnSez(“C"’"Sez Incunse, _1)
_ Scuinse, /culnsy M cuinse, o~ Culnse (H-Hcuins,) x=(Hzno + HedstWcds+Wculnse, )
AcunSezLncypnse, ~ D z 2/-sh L
2 'CulnSe, 'CulnSe,
SnCuInSez/CuInSzLnCuInSezah Hcunse, +eh Hculnse,
DnCuInSez LnCuInSez LnCuInSez
Sn, L _ - - -
o~ %Cuinse,(Hzno + Heds*Weds+Weulnse, ) |~ "CulnSep /Culnsy T'CulnSe, h<(H Heulns,) x)+ch<(H Heulns,) x)
DnCuInSez LnCuInSez LnCuInSez (31 a)
Sncunse, /Culnsy “cuinse, - Hcunse, +eh HculnSe,
DnCuInSez LnCuInSez LnCuInSez
Any(x) =

x_(HZnO + Hcds+chs+WCu1n5ez)

_ Qs —Azno)H AcuinSe, ~ ®cds)(Hzno + HcdstWcds)
sh ] aC“I"SZLnCuInSZLnCuInSeZ F(1 RZnO)e[( cds Zno) ZnO]g[( 2 ) ]

LnCuInSez

Sncuinse, /Culns, LnCuInSez

HCuInSez ] [ CulnSey ]}

Dy, (acmns Ly, 2 —1)
CulnSe; 2 CulnS, LnCuInSez nCuInSez

DnCuInSez

Sncuins, Lncuins, ) o= Culns, H

Dncummns,
Snculns, “Mcumns, [ Hculns, Hculns,
n s ren( )
CulnS,
Snculns, “Meuins, h< Culns, >+sh< Hculns, )]
Dncurmns, Lncutns, Lncutns,
Sncuins, "Meuins, h < Hculns, >+C h< Hculns, ) ~ Qcunsybncums,
Pncurns, Lncutns, Lncutns,
The expression of the photocurrent density of electrons in CulnSe: layer is given by :

dAncurnse
In (x) = qD, z
CulnSe; CulnSe; dx

Qculnsylncyps, ~

e[(acmnsz - aCuInSez)(H _HCuInSZ)] X <

Lncutns, Lncutns,

e ~%Cuins, (H-H CuInSz)

—@Culns, (H —-H Culnsz) (31-b)

(32)

Calculation of the total photocurrent
Carriers which reach the space charge region are assumed to be collected. The total photocurrent collected is the sum of the
photocurrents of the different layers, that pass through the space charge region, it is given by the following equation :

]Ph _]ZnO cds +]WCdS ]wc,‘,m,2 +]CuInSez—CuInSZ (33)
L _ dApcgs . _ . _
By noting :  Jzno-cas = =Dy, .. p s Jweas —]deS(HZno + Hegs + Wegs) TWeunse, =
* Ix=Hcas+Hzmo 2
dAncyinse,
]wc,‘,m,2 (Hzno + Heas + Weas + Weamnsez) 5 CulnSe,—CulnS, — anCuInSez I

X=Hzno+HcastWeastWeunsez

We obtain :
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SPZno/cdsLPcds a L

J _ qacas F(1=Rzno) Lp ge~ *Zn0 Hzno y T Dpegs | ccdstvcas
Zno-cds = 2 5 7 -

(amsszCds —1) pln%/CdS Pcds h<:ms>+ch<:ms>

. Pcds Pcds Pcds
e~%cds Heds [ pln%/CdS Pcds h< Hc¢s>+sh< HCdS)]

Pcds Lpcas Lvcas —apgsH
— Ayl e~%casHcas } 4
Spzno/cds Pcds h< Hcds>+ch< Hcds> Cds“pcas
Pocas Lpcas Lpcas
SpznolPznoe
qazn0 F(1=Rzno) Lp,, o < Dpsno  Zn0LPzno

X

S L

P Pcds H H S L H

(“Z"OZLPznoz _1)[ Zn0/CdS h<L Cds>+ch< CdS)] Pzn0~Pzno oy ( Hzno ), . Hzno

Dpcas Pcds Lvcas Ppzno Lvzno Lvzno
e=%zn0 Hzno [ PznoPzno h< Hzno )+sh< Hzno
Pzno PZno Lpzno e~%zno Hzno
s L H H aanLPz o " " (3 4)
PZno"PZno sh| 2Zn0 \, .p( Hzno
Ppzno Lvzno Lvzno
—azno Hzno p—%cds Hcds —Qcds Weds —
]WCdS CIF(l RZnO)e " nte X [e 1] (35)
= — — —®zno Hzno p—cas(Heas+Weas) ~®cumnse;Weuinse, —
]WCM"Se2 = —qF(1 — R;,p)e %motlmoe X [~ Fcutnse;Weumnse — 1] (36)
Jcumse,—cuins, =J3 +Ja (37
_ H AcuinSe, — @ (Hzno + HcastWcds)
q Aculnse, LnCuInSeZF(l—Rzno)g[(aCdS azn0)zno) o|(“cutnse, = acas)(Hzno + Heas+weas)|
] x
Js a 2L, 21
CulnSey nCuInSez
s L
L _ ZMCulnSey/CulnSy MCulnSey \ ~acyinse, (H-Hculns,)
*CulnSep “neyrnse D
2 'CulnSe, +
SnCuInSez/CuInSZLnCuInSez HCuInSez CuInSez
DnCuInSez LnCuInSez nCuInSez
o~ %Cuinse,(Hzno + Heds+Weds+Wculnse, ) nCuInSez/CuInSZ Lncunse, Lh< Hculnse, >+sh< Hcuinse, )
nCuInSez nCuInSez LnCuInSez
SnCuInSez/CuInSZLnCuInSez HCuInSez CuInSez
DnCuInSez nCuInSez nCuInSez
—QculnSe (HZnO + HedstwWcedstWculnse )
aCuInSeanCulnsez 2 2 (37_3)
Ja =
[(2cds ~2zn0)Hzno) o|(FCuinse, = %cas)(Hzno + Heas+Wcas)] ,|(¥cuns, = Fcutnsey )(H-Hcurns, )|
q aCuInSanCuInst(l—RZnO) e n0/%zn0! e e
— X
2 2 SnCuInSez/CuInSZLnCuInSez HCuInSez CuInSez
Qculnsy “Ingypps,” 1 D N
2 CulnSe, nCuInSez nCuInSez
<aCuInS Ly _SnCuInSanCuInSz> o=CCulns, H  ,~Gcuins, (H- Heulns, )| *Tculnsy “eutns, h< Culns, >+sh< HCuInSZ>
27" Culns, Dncumms, + Dncummns, Lncutns, Lncutns,
Sncuins, "Meuins, h< Hculns, >+Ch< Hculns, ) Sncuins, "Meuins, Sh< Hculns, >+Ch< Hculns, )
Pncummns, Lncutns, Lncutns, Pncurmns, Lncutns, Lncutns,
—Qculns:; (H —Hculns )
aCuInSZ LnCuInSZ e 2 2 (37_b)
The internal quantum efficiency (or spectral response) IQE is given by [1, 5, 18] :
IQE _ ]ZnO—CdS+]de5 +]wCu,"Sez +]CuInSez—CuInSZ (38)

qF(1-R)
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3. RESULTS AND DISCUSSION

Behavior of the structure under monochromatic illumination

In this part, we particularly study the profiles of the generation rate, the minority carrier densities and photocurrent
densities versus the depth of the junction, under monochromatic illumination. We consider radiation energies
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ranging between 1.04 eV (A=1.192 uym) and 3.1 eV (A= 0.4 um). We consider the parameters of table 1.

Table 1: physical parameters considered

Layer Thicknes diffusion recombination Mobility Diffusion
(Region 1) H; length velocity Sp,, Sp, coefficient coefficient
(1m) Ly, Ly, (cm.s™1) Hppr M, Dy,, Dy,
(um) (cm?/V.s) (cm?.s™H
-
Zn0 - ()| g5 0.3 2% 107 20 0.51
(Region 1)
CdS (n) 4
(Region 2) 0.1 0.4 2x10 25 0.64
CulnSe2 (p)
(Region 3: 1 3 2x 103 400 10.27
Base)
CulnS2 (p*)
(Region 4: 98.5 1 2 x 107 200 5.13
Substrate)
w; = 0.02pm ; w, = 0.08um ; H = 100pum
Hcyinse, = 1 pm
Hzno Hcas Weas  Weunse,  Hcurnse, Hcuns, Snp o =2%10% cm.s™!
=03pm =01pm =002pm =008um =7 pm =985 um Culnsez
-« — e L T
e ’
Region1 | Region2 * E | Region3 Region 4 -g 0.8k /
F_|zom) | cds(n) Y —— | culnse,(p) | CulnS, (p) £ /
HZrLD HCds + SCR HCulnSez HC"’"SZ 5 0.6[ "
LpZuO LPC(!S : CdS jCulnSe; i L"CuluS&z LnCulnSz § 0.4 ¢
FR DPZnO DpCrlS +| Weds jWcuinse, D"CuInSez DnC“’"SZ S 3 ‘ 'J
Wpzno /4 Hpcas + ¥ Uncumse, \ Hncumns, Mculns, : 0.2k i
s |y
Spre 0 0.3 0.4 0.42 0.5 1.5 100 x (um) = e b fhs RO
S s”c InSez/Culns; ; : . i
Pzno/cds ulnsez/Citinsz Photon energy (eV)
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Figure 4 : diagram of the structure and the geometrical parameters -
- Region 1(Zn0)
Region 2 (CdS)

Space Charge Region (CdS / CulnSe,)
Region 3 :Base (CulnSe,)
Region 4 : Substrate (CulnS,)

Figure 5. Internal quantum efficiency
vs. photon energy

Figure 5 shows for the considered parameters, the global internal efficiency (red curve) versus photon energy and
the contribution of the different regions of the structure to the efficiency. We note substrate contribution (CulnS,)
does not appear on the graph and a high contribution of the space charge region to the spectral response compared
to the other regions. We also note the absorption of the frontal regions (CdS and ZnO) causes a decrease of the
global efficiency.

Generation rate profile
On Figures 6-a ad 6-b, we represent the generation rate profiles versus the thickness of the structure for different
radiation energies. On Figure 6-b, the peak observed between x = 0.3 ymand x =0.4 ym for E=3.1eV (A=04
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um) corresponds to the absorption of photons by the CdS layer (peak G¢gs). On Figures 6-a and 6-b, the peaks
obtained between x = 0.4 um and x = 0.6 um for photon energy ranging between 1.55 eV and 2.54 eV correspond
to absorption of photons by CulnSe; layer (peak Geyinse,)-
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Figure 6. (a) and (b) Generation rate vs. junction depth (x) under monochromatic illumination, (c) Three-dimensional
representation of Generation rate vs. photon energy and junction depth (x) under monochromatic illumination

Figure 6-c shows in three-dimensional representation the profile of the generation rate versus the radiation energy
and the junction depth. The generation rate presents three peaks modeling the absorption of photons by ZnO layer
(peak Gz,0), CdS layer (peak Gcqs) and CulnSe; layer (base and region 2 of space charge region) (peak Geyinse, )-
However, the absorption of photons by CulnS; layer (substrate : x> 1.5 um) is not visible on the graphs because
photons are absorbed by the base (CulnSe; layer) and do not reach the substrate. The energy band gap of CulnSe;
layer is smaller than the energy band gap of CulnSe; layer.

Minority carrier densities

Figure 7-a describes the profile of hole density in ZnO layer and CdS layer. The hole density is zero in the non
absorption range of ZnO and CdS layers (E <2.5 eV). For an absorption of these regions, we note losses of carries
at the ZnO surface (part Hzno(1) ). The losses of carriers at the ZnO surface and at the ZnO-CdS interface reduce
the density of holes in CdS layer and explains the decrease of the global efficiency in the absorption range of these
regions.

Figure 7-b shows the electron density profile versus thicknesses in CulnSe; layer (part Heyjnse, ) and CulnS; layer
( part Heyms,). There is no electron density in CulnS; layer (x> 1.5 um : part Heypg,) for the different
illuminations (1.1 eV <E <3.1 eV); there is no generation of carriers in this area, the photons are all absorbed by
the base (CulnSe; layer) placed before the substrate (CulnS; layer).

In CulnSe; layer (part Hcynse, ), the electron density increases when radiation energy decreases, so low energy
photons are absorbed in volume with the junction depth. For photons having an energy belonging to the range 1.1
eV <E <1.55 eV largely absorbed by the base, the electron density increases with the thickness of the base and
models the diffusion of carriers only towards the space charge region where they will be collected. This diffusion
of the electrons only towards the space charge region means that there are not many losses of carriers by
recombination at the base-substrate interface. There is no a spike effect at this interface and the low potential
barrier between the base and the substrate allows to confine the carriers in the base. The recombination velocity

at the base-substrate interface is assumed to be low and fixed at S, CulnSeq/CulnSy = 2 %103 cm.st.
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- Three-dimensional modeling of minority carrier densities
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Figure 7. Density of minority carriers photocreated vs. junction
depth (x) under monochromatic illumination: a) density of holes
in regions 1 and 2 (ZnO-CdS) ; b) density of electrons in regions
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Figure 8-b shows the electron density in the
rear area (CulnSe; and CulnS; layers : base and
substrate) versus thickness and energy of
incident photons. The part Hcypse, represents
the profile of the electron density in CulnSe;
layer (base). The part Hcypg,where the
electron density is zero represents the CulnS;
layer (substrate). This figure summarizes in

three-dimensional representation the figure 7-
b.
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Photon energy

Figure 8. Three-dimensional representation of minority carrier density vs. photon energy and junction depth (x) under
monochromatic illumination : (a) hole density in ZnO and CdS layers , (b) electron density in CulnSe: and CulnS: layers
3-1-3. photocurrent densities of minority carriers

Figure 9-a shows the hole photocurrent density versus thickness in ZnO layer (parts Hz,0_(1) and Hzpo_(2)) and
CdS layer (part Hegs) for different radiation energies. The negative part in the ZnO layer (part Hz,o_(1)) shows

the photocurrent losses on the frontal surface. The presence of the interface is modeled by the discontinuity of the
photocurrent for x = 0.3 um (peak Iz,0/cqs )-

Figure 9-b shows the hole photocurrent density versus thickness in the space charge region (part W¢q4g and part
Weuinse,) For different radiation energies. The photons absorbed by the CulnSe; layer in the space charge region
(part Weyinse,) generate a photocurrent of holes which increases simultaneously with the thickness of this region
and the energy of radiation. Above 2.5 eV, the front layers (ZnO and CdS) begin to absorb incident photons and
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reduce the number of photons that reaches the space charge region, causing a drop of the photocurrent of holes in
this area. For example, for E = 3.1 eV (A= 0.4 um), the hole photocurrent decreases widely and remains constant.
It means that the photons having energy greater than 3.1 eV do not reach the space charge region and are all
absorbed by the front layers (ZnO and CdS) on a thin thickness lower than 0.4 pm.
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Figure 9. Photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic
illumination :a) holes in regions 1 and 2 (ZnO-CdS) ; b) holes in the space charge region (CdS/CulnS3) ; c) electrons in
regions 3 and 4 (base and substrate : CulnSe: — CulnS3)
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Figure 10. Three-dimensional representation Photocurrent density of minority carriers vs. photon energy and junction
depth (x) under monochromatic illumination : a) holes in regions 1 and 2 (ZnO-CdS) ) ; b) holes in the space charge
region (CdS/ CulnS>) ; ¢) electrons in regions 3 and 4 (base and substrate : CulnS: — CulnSe;)

Figure 9-c represents the electron photocurrent density versus the thickness in CulnSe; layer (base : part Heynse, )
and Culn$; layer (substrate : part Heyins, ). For each given energy, the electron photocurrent decreases with the
thickness of the base and thus models the diffusion of carriers (electrons) only towards the collection area (space
charge region) where they will be collected. We also note, in the base (part Heyipse, )> the photocurrent of electrons
increases with decreasing radiation energy because only photons of low energy (1.04 eV <E <1.55 eV) reach the
rear area. In the substrate (part Heyng, ) there is no electron photocurrent density because the photons do not reach
this region beyond E = 1.57 eV (energy band gap of CulnS; layer), they are all absorbed by the base and the space
charge region (CulnSe; layer) on a thin thickness lower than 1 um. However, we also note that there are no
photocurrent losses (no negative electron photocurrent), it means the electrons do not diffuse towards the back
surface. Indeed they are blocked by the electrical potential barrier that exists between the base and the substrate,
and also the absence of spike effect at the base-substrate interface reduces carrier losses by recombination

— 3 -1
(SnCuInSez/CuInSZ =2X10° cm.s™).
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- Three-dimensional modeling of photocurrent densities of minority carriers
Figures 10-a, 10-b and 10-c show the evolution of photocurrent of minority carriers versus junction thickness and
photon energy (three-dimensional representation) respectively in the front area (ZnO and CdS layers : regions 1
and 2), in the space charge region (CdS / CulnSe; layers) and in the rear area (CulnSe; and CulnS; layers : base
and substrate).

Figures 11-a and 11-b respectively represent hole and electron photocurrents versus the thickness of the structure
for different radiation energies. The parts R1-R2, SCR-Base, substrate represent the photocurrent of holes (figure
11-a) or electrons (figure 11-b) respectively in regions 1 and 2 (ZnO and CdS layers), in the space charge region
(CdS and CulnSe; layers) and the base (CulnSe; layer), in the substrate (CulnS; layer).
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Figure 11. Photocurrent density of minority carriers photocreated vs. junction depth (x) under monochromatic
illumination throughout the structure : a) photocurrent density of holes ; b) photocurrent density of electrons, c) total
Pphotocourrent

The total photocurrent resulting from the sum of electron photocurrent and hole photocurrent is constant and is
shown on Figure 11-c versus thickness of the structure. We note that all carriers generated by photons having
energy ranging between 1.3 eV and 2.5 eV, are collected and generate the largest photocurrent (part J3). Photons
having low energy ranging between 1.04 eV and 1.3 eV provoke a decrease of the photocurrent (part J2). Indeed
they are absorbed in a depth thickness and are not all absorbed by the CulnSe; layer. The thickness of the CulnSe;
layer is fixed at 1.08 um located between the space charge region and the base (0.42 pm <x <1.5 um). Above 3
eV, the absorption of photons by frontal layers (ZnO and CdS layers) strongly reduces the photocurrent (part J1)
due to the losses of carriers by recombination phenomenon observed at the ZnO surface and at the ZnO / CdS
interface.

Polychromatic illumination under solar spectra AM0, AM1, AM1.5

Generation rate profile under AM0, AM1, AM1.5 solar spectra
On figure 12 we represent three solar spectra of reference versus photon energy [1, 19], allowing to evaluate the
theoretical short-circuit photocurrent.

On Figure 13-a, we represent the profile of the generation rate versus junction thickness of the structure for a
polychromatic illumination (AMO, AM1 and AM1.5 spectra). The generation rate shows two peaks. A low peak
is observed between x = 0.3 um and x = 0.42 um (peak Gegs) modeling a weak absorption of photons by the CdS
layer. A second peak more elevated is observed between x = 0.42 pm and x = 0.8 pm (peak Gcumse2), it models
the absorption of photons by CulnSe2 layer. The low absorption of photons by the CdS layer is due to the low
flux of incident photons above 2.5 eV for the different solar spectra (AMO0, AM1 and AM1.5). ZnO and CulnS;
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absorptions are not visible on the graph. For ZnO layer, it absorbs photons above 3.1 eV and in this energy range
(E> 3.1 eV) the flux of incident photons is too weak for the different solar spectra (see Figure 12). For the

= 5 -absorption of CulnS; the photons do not reach the
2> — substrate, they are all absorbed by the front layers above
T A 1 1.57eV (CulnS;energy band gap). Figure 13-b represents
o ) s AL the resulting photocurrent density versus photon energy
E 3 i& ANO 4 for the different solar spectra.  The short-circuit
~ | M\t photocurrent noted Jsc is shown on Figure 13-¢ for the
S 2 H | A | different solar spectra (AMO, AMI, AML.5). It is
x LI calculated by using a numerical integration method. For
3 1 il R IRT¥ I \ this calculation, we use the Newton quadrature. we note:
- B y 5 1 3 SE
g ! N Jsc = Iy Jon (EYAE % - [Jpn (Bx) + Jypn (Eynsa) +
S .
2 lL . sl 220 ()] (39)
ith: JEy=1; Epyy =3;0E =m0
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Figure 13. Under polychromatic illumination (AM0, AM1, AM1.5 solar spectra) : (a) Generation rate vs. junction depth
(x), (b) total photocurrent density vs. photon energy, (c) short-circuit photocurrent density vs. junction depth (x)

For this calculation, we pose m = 100 and obtain theoretical short-circuit photocurrents represented on figure 13-

¢ and established in table 2 :

Table 2. Theoretical short-circuit photocurrents
AM 0 AM 1 AM 1,5

47 mA.cm?  34mA.cm? 31 mA.cm?

A relation similar to the expression (39) allows to obtain, the graphs of the generation rate, of the densities of
minority carriers and the densities of photocurrent versus junction depth under AM0O, AM1 and AMI1.5 solar
spectra. We always maintain the values used in Table 1.

Minority carrier density and resulting photocurrent profiles under AM0, AM1, AM1.5 solar spectra
Figure 14-a shows the hole density in ZnO (part Hz.0) and CdS (part Hcas) layers and Figure 15-a shows the
resulting hole photocurrent in the same regions.
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Figure 14-b shows the density of electrons versus thickness of the rear area (base and substrate) for a
polychromatic illumination (AMO, AM1 and AM1.5 solar spectra). As noted in the case of monochromatic
illuminations, in the base (part Hcumse2), the electron density decreases towards the space charge region (0.4
um=x<0.5 pm) where they diffuse before being collected. The increase of electron density towards the base-
substrate interface (x = 1.5 um) is due to the low recombination velocity assumed at the interface (S,,, = 2 x 10°
cm.s!) and the confinement of electrons in the base due to the low potential barrier between the base and the
substrate. There is no electron density in the substrate (part Hcums2) because incident photons do not reach this
region (see generation rate profile). Figure 15-b shows the photocurrent of electrons in the base and the substrate.
In the base (part Hcumse2), as also noted in the case of monochromatic illuminations, the electron photocurrent
increases near the space charge region. This increase results from the electron diffusion only towards this
collection area. In the substrate (part Hcums2) there is no electron photocurrent because all photons are absorbed
by the frontal layers.
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Figure 14. Density of minority carriers photocreated vs. junction depth (x)  ihe different solar spectra (AMO, AM1
under polychromatic illumination (AM0, AM1, AM1.5 solar spectra) : a) ’

density of holes in regions 1 and 2 (ZnO-CdS) ; b) density of electrons in and AML5).
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Figure 15. Photocurrent density of minority carriers photocreated vs. junction depth (x) under polychromatic
illumination (AM0, AM1, AM1.5 solar spectra) :a) photocurrent density of holes in regions 1 and 2 (ZnO-CdS) ; b)
Pphotocurrent density of electrons in regions 3 and 4 (base and substrate : CulnS: — CulnSez) ; c¢) photocurrent density
of holes in the space charge region (CdS/ CulnS3)
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On Figure 16-c, we represent the electron and hole photocurrents and the short-circuit photocurrent versus the
junction depth in the same graph for an AM 1.5 solar spectrum. We show the same representation on Figure 16-d
for an AM 0 spectrum.

The parts R1-R2, SCR-Base, Substrate represent respectively the considered photocurrent (of electrons, holes or
short-circuit) in regions 1 and 2 (ZnO and CdS), in the space charge region and the base (CdS and CulnSe2), in
the substrate (CulnSe2).
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Figure 16. Photocurrent density of minority carriers photocreated vs. junction depth (x) under polychromatic
illumination (AM0, AM1, AM1.5 solar spectra) throughout the structure : a) photocurrent density of holes ; b)
photocurrent density of electrons; c) electron, hole and short-circuit photocurrents vs. junction depth (x) under
polychromatic illumination throughout the structure for AM1.5 solar spectrum ; d) electron, hole and short-circuit
Photocurrents vs. junction depth (x) under polychromatic illumination throughout the structure for AM0 solar spectrum

4. CONCLUSION

In this work we considered a 4-layer model with a double wide-gap window layer (ZnO and CdS) leading to a
n'/n/p/p* model of structure. The substrate and the base of the structure are different nature materials and impose
boundary conditions that take into account interface effects. For the considered structure ZnO (n +) / CdS (n) /
CulnSe; (p +) / CulnS; (p), materials are not settled with a decreasing energy band gap. The base (CulnSe,) has
the lower energy band gap and a higher photon absorption coefficient, it reacts first and thus reduces substrate
contribution. However at the base-substrate interface the energy band diagram constructed according to the
Anderson model [20], shows a lack of discontinuity of the valence and conduction bands (no spike effect). This
no spike effect, the electrical and lattice parameters fairly close, allow to assume to reduce the recombination rate
of the carriers at the base - substrate interface (reduction of the recombination centers). The purpose is to study
the behavior of the structure under illumination and optimize performance theoretically.

In this approach, the internal quantum efficiency has been represented and the results obtained show that the
spectral response essentially depends on geometrical and electrical parameters (base thickness, diffusion length,
recombination rate at the interface, etc.) and their optimization is important for a better performance of the
structure.

The studies of the profiles of the generation rate, the minority carrier density and the photocurrent density have
been done under monochromatic and polychromatic illumination and shown in three dimensional-representation,
to study the intrinsic behavior of the structure originally of the spectral response curves. These studies allow to
visualize the behavior of the different areas of the structure, and the effect of the geometrical and electrical
parameters on the collection of carriers. Thus, they help to determine the right parameters to enhance the efficiency
of the solar cell.

Nomenclature
B : n (electrons) or p (holes) ;i : region (1 : ZnO ;2 : CdS ; 3 : CulnSe; ; 4 : CulnS,)
a; : Absorption coefficient of region i (cm™1)

(14]
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F : Incident photons flux (cm™2.s571)
R : Reflection coefficient
Tp, : 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)
J m(x) . Photocurrent density of free electrons or holes photocreated in region i at the point of x coordinate
(A.cm™2)
Jpn : Total density of photocurrent (A.cm™?2)
Dg, : Diffusion coefficient of free electrons or holes photocreated in region i (cm?.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 (em.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 10719¢)
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