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Optical and Recombination Losses in
Cu,ZnSn(S,Se),-Based Thin-Film Solar
Cells with CdS, ZnSe, ZnS Window and
ITO, ZnO Charge-Collecting Layers

O. A. Dobrozhan*, P. S. Danylchenko, A. I. Novgorodtsev, and A. S. Opanasyuk

We report the investigation on the optical and recombination losses in the solar cells based on
n-CdS(ZnSe, ZnS)/p-Cu,ZnSn(S,Se), heterojunctions with n-ITO(ZnO) frontal charge-collecting contacts. The
calculation of the optical losses was carried out taking into account the light reflection from the interfaces of
the contacted layers and absorption of the window and frontal charge-collecting layers. The recombination
losses of the photogenerated charge carriers at the interface between the window and absorber layer, in the
space charge and in the quasineutral regions of the semiconductor films was determined using the solution
of the continuity equation. We investigated the effect of the optical and recombination losses on the internal
(Qp), external (Q.,) quantum yields, short-circuit current density (J,.) and maximum efficiency (n) of solar
cells.

Keywords: Cu,ZnSn(S,Se), Solar Cells, Optical Losses, Recombination Losses, Quantum Yield, Short-Circuit Current,
Efficiency.

1. INTRODUCTION

The future forecast for the renewable energy demonstrates

possesses the controlled band gap for the solar light
absorption (Eg”™% = 1.0-1.5 eV), p-type conductivity and

that the solar power will become the dominant energy
source from the middle of the 21st century.! One of the
most perspective routes to utilize the solar energy is its
conversion into electricity by using the solar cells (SCs).
Even though silicon-based SCs are the most commer-
cialized and widespread technology, thin-film SCs based
on n-CdS/p-CdTe heterojunction (HJ) with n-ITO frontal
charge-collecting contact have also been widely spread
on the photovoltaic market.>* However, the shortcomings,
such as toxicity of Cd, high price and low abundance of
In and Te, give rise to the search for the alternative mate-
rials to the functional layers in the photovoltaic devices.
Nowadays, the compound Cu,ZnSn(S,Se), (CZTSSe) is
regarded as a promising substitute for the traditional
Si, CdTe, Cu(In,Ga)(S,Se), absorber layers. CZTSSe
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high absorption coefficients (a ~ 10*~10° ¢m™').>:® The
promising alternatives for the well-known SCs are consid-
ered the structure with ZnSe or ZnS window layers and
ZnO charge collecting contact.”” These structures con-
tain only the abundant and non-toxic elements. ZnS, ZnO,
ZnSe (EfnS =3.68 eV, Ef“o =3.37¢eV, Ef“se =2.67 eV)
are the wide-band gap semiconductors allowing to increase
the number of the photons incoming to CZTSSe absorber
layer.

According to Shockley-Queisser analysis, the maximum
theoretical efficiency of the thin-film SCs with CZTSSe
absorber layer is about (32-34)%.>'° However, the exper-
imental efficiency of CZTSSe SCs is only 12.6%.!"-!> The
difference between the theoretical and experimental values
of the efficiency can be explained by the optical, electri-
cal and recombination losses which take place during the
conversion of the solar energy into electricity. The major
irreversible losses of the energy during SC operation are
associated with:

—reflection of the solar radiation both at the surface and
HJs of SC;
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—transmission of the solar radiation through SC without
absorption;

—solar radiation absorption by the auxiliary layers of SC;
—scattering of the photon energy excess by the thermal
lattice vibrations;

—recombination of the electron-hole pairs generated by
the photon energy at the interfaces and in the bulk of
absorber layer;

—internal series resistance;

—other physical processes.

The enhancement of the SC efficiency might be
achieved by the minimization of the described losses by
using the optimized structures based on the functional lay-
ers with the improved characteristics.

Up to now, the optical and recombination losses in
the SCs based on n-CdS/p-Cu(In,Ga)Se,,'*" n-CdS/
p-CdTe,!* 1625 5-7ZnS/p-CdTe,'®1*-2* HIs and perovskite
layers?® were investigated. However, except the work,?
there is a lack of research devoted to the study of
such losses in the SCs based on CZTS absorber. Gorji
et al. in Ref. [27] carried out the comparison of the SC
efficiency for the following structures: FTO/CdS/CZTS,
FTO/TiO,/In,S;/CZTS and FTO/In,S;/CZTS. It was iden-
tified that the SC with 16% theoretical efficiency could
be achieved by using TiO, as a charge-collecting contact
and In,S; as a window layer. The further evaluation of the
effect of the recombination losses on the device efficiency
was not performed. To the best of our knowledge, the
attempts to apply ZnO as an alternative charge-collecting
contact and ZnSe, ZnS as Cd-free window layers were
not fully investigated. The foregoing discussions identi-
fied the main goal of this work—to determine and com-
pare the optical and recombination losses in the SCs based
on n-CdS(ZnSe, ZnS)/p-CZTSSe HJs with n-ITO(ZnO)
frontal charge-collecting contacts.

2. THE CALCULATIONS OF THE OPTICAL
LOSSES IN THE SCS DUE TO THE
REFLECTION AND ABSORPTION OF
SOLAR RADIATION

2.1. The Optical Losses in the SCs Due to the

Reflection of Solar Radiation

In this work, the thin film SCs with a multilayer struc-

ture composed of the absorber (CZTSSe), window (CdS,

ZnSe, ZnS) layers, charge-collecting contacts (ITO, ZnO)

were examined. The light flow, before reaching CZTSSe

absorber layer in which the generation of the electron—
hole pairs is occurred, passes through the ITO(ZnO)
and CdS(ZnSe, ZnS) layers of the SCs. Herewith, the
optical losses of energy as a consequence of the light
reflection from the air/ITO(ZnO), ITO(ZnO)/CdS(ZnSe,

ZnS), CdS(ZnSe, ZnS)/CZTSSe interfaces and the

light absorption of ITO(ZnO), CdS(ZnSe, ZnS) are

observed.

The reflection coefficients at the interfaces of the
contacted layers can be determined by using Fresnel

equation:?% 28
2
n,—n;
n;+n J
where n;, n;—refractive indices of the first and second
contacted materials, respectively.
In the case of the electrically conductive material, the

reflection coefficients might be calculated by using the fol-
lowing expression: !4 24

_ |”,*_"j| . (ni_nj)2+(ki_kj)2
Y |”,*+”j| (ni+n;)*+ (ki +kj)*

@)

where n}, n;f—the complex refractive indices; k;, k j—the
extinction coefficients.

The spectral dependencies of the refractive indices and
extinction coefficients for each considered layer are shown
in Figure 1.

The spectral dependencies of n and k were taken from
the literature data on the refractive and extinction coeffi-
cients of ITO, ZnO, CdS, ZnSe, ZnS, CZTS.> 273! It was
assumed that the air has » =1 and k = 0. The calcu-
lated spectral dependencies of the reflection coefficients
of the SC layers in direct contact with air are shown in
Figure 2.

The results showed that the lowest values of the reflec-
tion coefficients were observed at the interfaces between
air and ZnO, R = (0.12-0.14) at A < 350 nm, and between
air and ITO, R = (0.01-0.10) at A = (350-1250) nm. The
lowest values of R = (0.15-0.21) among the investigated
window layers were obtained at air/ZnS interface in the
wavelength range of (350-1250) nm. The values of R
for the interfaces air/CZTS were (0.22-0.27). The calcu-
lated spectral dependencies of the reflection coefficients
for pairs of the contacted layers in the SCs are shown in
Figure 3.

The values of the reflection coefficients of ZnO/(window
layer) interface were lowest for ZnO/ZnS pair (Fig. 3(a)),
R = (0.002-0.007) at A = (385-1250) nm, but still,
ZnO/CdS pair shows better values at A < 385 nm. In the
case of ITO/(window layer) interface (Fig. 3(b)), the
lowest values of R (0.008-0.100) were demonstrated by
ITO/ZnS in the almost overall spectral range (except a
small interval in UV region). At the same time, these val-
ues were higher than those for ZnO/ZnS contact. In gen-
eral, the values of R of the contacted layers are low due
to the small difference between the optical constants of
the materials. For comparison, the calculation results of
the reflection from the interfaces in contact with air gave
us much higher values (Fig. 2). Moreover, the reflection
coefficients were low for the interfaces between CZTS
absorber layer and window materials, such as CdS, ZnSe,
ZnS (Fig. 3(c)). It indicates that all investigated lay-
ers, having the low reflection coefficients, are perspective

2
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Fig. 1. Spectral dependencies of the refractive indices (n) and extinction coefficients (k) of (ITO, ZnO) (a), (CdS, ZnSe, ZnS) (b) and CZTS (c).

for the SCs design. Nonetheless, as can be seen from
Figure 3(c), ZnSe layer provided the minimum reflection
coefficients, R = (0.003-0.007), at the window-absorber
interface in the wavelength range of A = (540-1250) nm
and CdS layer at A < 540 nm. Noteworthy, as indicated

Fig. 2. Spectral dependencies of the reflection coefficients (R) at the
interfaces: air/ITO (1), air/ZnO (2), air/ZnS (3), air/CdS (4), air/ZnSe (5)
and air/CZTS (6).

in Ref. [31], zinc selenide possesses junction close to the
ideal with CZTS due to the good agreement of the lattice
constants.

In the case of the ignoring of the absorption pro-
cesses, the transmission coefficients of the light through
the auxiliary layers (ITO(ZnO), CdS(ZnSe, ZnS)) can be
determined by the formula 7= 1 — R. Thus, the trans-
mission coefficients of the multilayer SC structure can be
expressed as:!%-20-21

T()\) = (1 - Rlz)(l - R23)(1 _R34) (3)

where R,,, Ry, Rs,—the reflection coefficients from
the interfaces: air/ITO(ZnQO), ITO(ZnO)/CdS(ZnSe, ZnS),
CdS(ZnSe, ZnS)/CZTS.

Noteworthy, the Eq. (3) does not account the multiple
light reflections from the layers (ITO(ZnO), CdS(ZnSe,
ZnS)), which is acceptable in the case of the low reflec-
tion coefficients at the material interfaces (Fig. 3). Besides,
the low reflection coefficients allow to ignore the inter-
ference effects in the thin films. The calculation results
of the spectral dependencies of the transmission coeffi-
cients in the SCs based on n-CdS(ZnSe, ZnS)/p-CZTS
HJs with ITO and ZnO frontal contacts are presented in
Figure 4.

J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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Fig. 3. Spectral dependencies of the reflection coefficients (R) of the contacted interfaces of the SCs: ZnO/(window layer) (a), ITO/(window layer) (b),

(window layer)/CZTS (c).

Unfortunately, it is difficult to determine the optimal
combination of the auxiliary layers of the SCs from
Figure 4. For this purpose, we calculated the coefficients
of the optical losses (A):

T (A) — (/) 35, Ti(A)

A=
Tmax (A)

4)

Since T, =1, the Eq. (4) can be simplified to the
following one:

A=1-13 10 )
o

The calculated coefficients of the optical losses for
each investigated SC structure are presented in Table I.

Fig. 4. Spectral dependencies of the transmission coefficients of the SCs with the structures ZnO/(window layer)/CZTS (a) and ITO/(window

layer)/CZTS (b) taking into account the light reflection from the interfaces.

4
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Table I. The coefficients of the optical losses (A) in the SCs with the
different structures.

Thin film Loss coefficients, Light transmission
No. SC structure A (%) coefficients, T (%)
1 ZnO/CdS/CZTS 7.7 92.3
2 ZnO/ZnS/CZTS 7.8 922
3 Zn0O/ZnSe/CZTS 8.1 91.9
4 ITO/ZnS/CZTS 8.6 91.4
5 ITO/CdS/CZTS 8.8 91.2
6 ITO/ZnSe/CZTS 9.4 90.6

As can be seen, the minimum optical losses were showed
by SC with ZnO/CdS/CZTS structure (T =92.3%), and
maximum optical losses—by ITO/ZnSe/CZTS structure
(T'=90.6%). The traditional SC with ITO, CdS layers
demonstrated the high light transmission rate before reach-
ing CZTS absorber layer (91.2%). The difference of the
light losses in the auxiliary layers of SCs between the
best (7.7%) and worst (9.4%) structures was not exceeded
1.7%. Hence, the optimization of SC structures should be

carried out by the evaluation of other parameters, such as
optical losses due to the light absorption of the auxiliary
layers, recombination of free carriers, and quality of crys-
tal lattice coupling in the materials.

2.2. The Optical Losses in the SCs Due to the
Light Absorption

In general case, in addition to the reflection losses,
we must consider the light absorption losses in the aux-
iliary layers of SCs. The transmission coefficients taking
into account both the light reflection and absorption of
the charge-collecting and window layers can be calculated
using the expression:'6-20-2!

T(/\) = (1 - Rlz)(l - Rz3)(1 _R34)(1 - R45)
x exp(—a,d,) exp(—a,d,) (6)

where «;, a,—the absorption coefficients of the charge-
collecting and window layers; d;, d,—the charge-
collecting and window layer thicknesses.

Fig. 5. Spectral dependencies of the transmission coefficients of the SCs with the structures ITO/CdS/CZTS (1), ITO/ZnSe/CZTS (2), ITO/ZnS/CZTS
(3) (a, ¢); ZnO/CAS/CZTS (1), ZnO/ZnSe/CZTS (2), ZnO/ZnS/CZTS (3) (b, d) with the different thicknesses of the window and charge-collecting
layers. The light reflection from the interfaces and absorption of the auxiliary layers were taken into account.

J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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The absorption coefficients of the materials a(A), con-
sidering the extinction coefficient k(A), can be calculated
by using the following equation:2%2!

a(d) = 47”1( (7

The modeling of the light reflection and absorption pro-
cesses in the multilayer structures was carried out by using
the different thicknesses of the window, dcyszase, zns) =
(25-100) nm, and frontal charge-collecting, dyro(zq0) =
(100-200) nm, layers. These thickness values of the layers
are typical for the practical SCs.

The spectral dependencies of the transmission coeffi-
cients of the SCs with ITO(ZnO), CdS(ZnSe, ZnS) layers,
considering the absorption of the auxiliary layers with the
different thicknesses, are depicted in Figure 5.

The calculated coefficients of the optical losses for each
considered SC structure with different thicknesses of the
window (CdS, ZnSe, ZnS) and charge-collecting (ITO,
ZnO) layers are presented in Table II.

As it was expected, the replacement of the traditional
window material (CdS) with wide band gap materials
(ZnSe, ZnS) led to the increase in the transmission coef-
ficients of the multilayer structures, primarily, in the short
wave region at dcgs(zase, zasy) = (25-100) nm. This tendency
was valid for applying ITO and ZnO layers as the charge-
collecting contacts with dyrq 7,0y = (100-200) nm.

ZnO layer is more attractive than ITO because
it improves the light transmission coefficients toward
CZTS absorber layer regardless of the considered win-
dow materials. As it was predicted, the increase of the
thicknesses of the charge-collecting contact resulted in
the deterioration of the transmission coefficients, and, as
a consequence, to the decrease of SCs efficiencies. The
similar effect was observed during the increasing of the
thicknesses of the window layers. Thus, these auxiliary

Table II. The coefficients of the optical losses in the SCs with the dif-
ferent structures (considering the light absorption of the auxiliary layers).

Thin film solar Loss
No. cell structure coefficient, A (%)

dirozno) = 100 nm

layers of the SCs should have the minimum technologi-
cally achievable thicknesses.

The analysis of the results presented in Figure 5 and
Table II shows that the most appealing SC structure at the
investigated thicknesses was ZnO/ZnS/CZTS. The worst
structure in terms of the optical losses in the auxiliary
layers was the traditional ITO/CdS/CZTS SC. It can be
explained by the inferior characteristics of CdS window
layer in the short wave region of the solar spectrum. The
SCs containing ZnSe window layer exhibited the interme-
diate behavior between these structures. However, it should
be noted that the values of T for the best and worst struc-
tures differed only in (5.2-13.5)%.

3. THE DETERMINATION OF THE
RECOMBINATION LOSSES IN THE SCS
3.1. The Width of the Space Charge Region (SCR)
and Quantum Yield of the SCs

The important parameter for the determination of the SC
efficiency is the internal quantum yield (Q,,). It is equal to
the ratio between the photogenerated electron-hole pairs
and the total amount of the photons, reached the absorber
layer and created the drift (Qg;,) and diffusion (Qy;) com-
ponents of the photocurrent (J;). The internal quantum
yield (Q,,,) of the SC depends on the recombination losses,
taking place at the interface of n-CdS(ZnSe, ZnS)/p-CZTS
HIJs, in the space charge and quasineutral regions of the
heteropairs, and on the back surface of CZTS layer. Due to
the optical losses owing to the light reflection and absorp-
tion of the auxiliary layers, the determination of the exter-
nal quantum yields (Q.,,) is crucial for the evaluation of
the device performance.*34

The important parameter for the analysis of the recom-
bination losses in the SCs is the width of space charge
region (w), in other words, the depletion region, occur-
ring at the interface between the heteropairs, where the
electrical field is acting as a separator for the photogen-
erated electron—hole pairs. This width mainly depends on
the concentration of uncompensated acceptors (N, — N,)
(i.e., the difference between the acceptor and donor con-
centrations), locating in the semiconductor materials, and
the contact barrier height. However, the latter value for

dasznse, zns)> M 25 50 75 100
1 ZnO/ZnS/CZTS 14.8 15.0 15.1 15.2
g UIEIZaiHCZ S o o [ L Table III. The physical parameters of the materials used for the con-
3 ZnO/ZnSe/CZTS 16.7 18.3 19.5 20.4 g . . .
struction of the energy band diagrams and calculation of the contact
4 I1TO/ZnSe/CZTS 18.0 21.0 22.9 24.3 barrier helght at the HJS.5'30A35,38'39‘4|
5 ZnO/CdS/CZTS 18.5 21.2 232 24.7
6 ITO/CdS/CZTS 20.0 24.1 26.9 28.7 Parameter n-CdS n-ZnSe n-ZnS p-CZTS
drro(zno) = 200 nm Bang gap E,, eV 242 267  3.68 1.13
1 ZnO/ZnS/CZTS 16.1 16.4 16.7 17.0 Electron affinity x, eV 4.50 4.09 3.90 4.30
2 ZnO/ZnSe/CZTS 17.6 18.9 19.9 20.7 Fermi level position E,, eV 0.04 0.10 0.22 0.04
3 ZnO/CdS/CZTS 19.3 21.7 235 24.9 Electron work function W, eV 4.54 4.19 4.12 5.26
4 ITO/ZnS/CZTS 20.4 21.1 21.6 22.0 Permittivity & 10.20 8.60 8.30 11.20
5 ITO/ZnSe/CZTS 232 25.8 27.7 29.0 N,, cm™? - - - 10"
6 ITO/CdS/CZTS 25.0 27.4 27.5 27.5 N,, cm™3 10" 10'¢ 10' -
6 J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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Table IV. Some calculated parameters of n-CdS(ZnSe, ZnS)/p-CZTS
His.

Parameter (eV)  n-CdS/p-CZTS  n-ZnSe/p-CZTS  n-ZnS/p-CZTS

AE, 0.20 —0.21 —0.40
AE, 1.22 1.46 2.28
Vo 0.72 1.07 1.14
Vegns 0.01 0.08 0.34
Veus 0.71 - -

Vis - - 0.80
VZnSc - 0.99 -

the investigated junctions, unfortunately, was not known.
This problem was solved by means of the construction of
the energy band diagrams of the HJs. The important con-
stants, used for the construction, are presented in Table III.
It was considered that the small amount of the surface
states exists at the interface between heteropairs. At the
same time, the charge transport mechanism was described
accordingly to Anderson model.

Then, the gaps between conduction (AE,) and valence
(AE,) bands in the materials of n-CdS(ZnSe, ZnS)/
p-CZTS HJs were determined using the equations pre-
sented in Refs. [42, 43].

It was assumed, that Fermi level positions in the con-
tacted materials coincide with the formation energies of
the intrinsic point defects.>3 44 The calculated values
of AE,, AE,, Vi, Vezrss Veds,znse.zns are presented in
Table IV. By using these values, we constructed the energy
band diagrams of the ideal n-CdS(ZnSe, ZnS)/p-CZTS
HJs (energy band diagram of n-ZnS/p-CZTS is shown in
Fig. 6). The values, used for the calculations of w and Q,
are presented in Tables III-V.

Unlike the fact that the charge transport processes at
n-CdS/p-CdTe HJ are analogous to those occurring in
the Schottky diodes,? the same charge transport mecha-
nisms for n-CdS(ZnSe, ZnS)/p-CZTS heterosystems are
not acceptable. It is due to the fact that the doping lev-
els in CZTS (N, = 10"-10'® cm=3%°) are higher than in
CdTe material (N, = 10'*-10" cm~33%) and even higher
than in the window materials (N, = 10'°~10'7 cm=330:4¢),
It means that SCR is located both in the window (w,) and

Fig. 6. Energy band diagrams of n-ZnS/p-CZTS HJ.

Table V. The values used for the calculation of w and Q.>3%3% 481

Parameter Value

Vo —qU, eV (0.72)cyss (1.07) 75505 (1.14) 7,5
S, S,, cm/s 107

T,p» DS 7.8

Tpns DS (10)cas» (2)znse> (10)z05
D,,, cm?/s 25

D,,, cm*/s (5)cass (Mznses (0)zas
D,,, cm’/s 2

T, K 300

absorber (w,) layers, and SCR width can be determined
by the equations:*’

w — 2e,8,80N,(Vp — qU)
" qZND(NA8p+ND8n) '

®)

w, =

zanapsoND(VD - qU)
g*N,(Nye, +ND8[))

2e,8,80(Vp—qU) 1 1
w= +
q2 8nND EpNA

where ¢,, £,—the relative permittivity of the window and
absorber materials; g,—the vacuum permittivity; V, =
qV ,—the contact barrier height (V,,—the built-in poten-
tial); U—the applied external voltage; g—the elemen-
tary charge; N,, N,—the concentration of uncompensated
acceptors and donors in the absorber and window layers.
Kosyachenko et al. showed that the solution of the con-
tinuity equation is effective for the determination of the
drift component of the internal quantum yield (Qgy;,) of the
SC, while taking into account the recombination at the HJ
interface and in SCR, by using the following equation:3:3*

Qusift p(n)

1+(S/D,, pun) @y + 2 (Vp—qU)) /wy ) kT)™!

T (/D) (@ (Vp = qU)) [y KT)
exp(= @y Wy

Tta,6) Loppn

)

where S —the recombination velocity of the charge car-
riers at the HJ interface and in SCR; D, ,(,,—the diffu-
sion coefficients of the holes (electrons) in the absorber
(window) layers; e, —the light absorption coefficients of
the absorber (window) layer; k—the Boltzmann constant;
T—the temperature; L, ,,,—the diffusion length of the
electrons (holes) in the absorber (window) layer (L, =
(Tugp) - Dugpy)'/?» where 7, —the lifetime of the electrons
(holes), D, ,—the diffusion coefficients of the electrons
(holes) in the relevant layers).

It should be noted that the Eq. (9) does not consider the
recombination in the quasineutral regions of the window
and absorber materials and on the back surface of CZTS

J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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Fig. 7. Spectral dependencies of the internal quantum yields (Q;,) of the SCs based on n-CdS/p-CZTS (a, b), n-ZnSe/p-CZTS (c, d) and
n-ZnS/p-CZTS (e, f) HJs with the different concentrations of N, = (10"-10'®) cm™ and N, = (10'2-10"") cm~.

layer. To faclc;,ount these 10§sle:(1s, the giffusii)n (Qddilf) p(n)})l cc;n}- — W) +Sinh((d ) = Wpi0) /Loy pipny)
ponent of the quantum yield can be evaluated by the fol-
lowing equation:» + @ Loy EXPU(= @) () = W)

/((Sthp(pn)/an(p n)) Sinh((dp(n) - wp(n))/an(pn))

Qdifp(n)
_ I 2 L2 1 + COSh((dp(n) - wp(n))/an(pn))) (10)
= (@ Lo pip i/ (@ L pipmy = 1)) EXP(= ) W) here d he thick ¢ the absorb i wind
where —the thicknesses of the absorber and window
— p(n)
<@ Lnpipm = (SoLonppn/ Papipm) layers; S,—the recombination velocity in the quasineutral
x (cosh((d )y = W)/ Loy ppmy) — €XP(— () d iy regions and on the back surface of the absorber layer.

8 J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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Fig. 8. Spectral dependencies of the external quantum yield (Q,,) of the SCs based on n-CdS(ZnSe, ZnS)/p-CZTS HJs with ITO (a) and ZnO (b)
charge-collecting layers with: N, = 10" cm™, N, = 10"7 cm™, dyroz00) = 100 1M, degsznse.znsy = 25 1M, dezrg = 1 pm.

The total internal quantum yield of the SCs is easy to
determine as the sum of all quantum yields, considering
the directions of the drift and diffusion currents in the
space charge and quasineutral regions. The account of the
optical losses owing to the reflection and absorption of
the light by the auxiliary layers (ITO, CdS, ZnSe, ZnS)

of the SCs gives the opportunity to determine the external
quantum yield (Q,,,) of the device:'®

Qext = T()‘)Qint (1 1)

The spectral dependencies of the internal quantum
yields (Q,,) of the SCs with the different concentrations

Fig. 9. Dependencies of the short-circuit current density (J,,) on the window layer thicknesses of the SCs based on CdS/CZTS (1), ZnSe/CZTS (2),
ZnS/CZTS (3) HJs with the charge-collecting layer thicknesses: 100 nm (a, b) and 200 nm (c, d).

J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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of uncompensated acceptors (N,) and donors (N,)
in the absorber and window layers are depicted in
Figure 7. The calculations were performed for the
SCs with the thicknesses of 1 um of absorber layer
(A, = ~97%) and 25 nm of window layer (the mini-
mum technologically reachable thickness of the window
layer?).

It was established that the increase of the donor concen-
tration in the window material (Fig. 7(a)) at the constant
values of N, in the absorber layer led to the increase in
the quantum efficiency of the SC based on n-CdS/p-CZTS
HJ in the photosensitive region for both CZTS and CdS
materials. However, this increase had a weak influence on
the internal quantum yield in the photosensitive region of
the window materials in the SCs based on n-(ZnSe, ZnS)/
p-CZTS HJs (Figs. 7(c, d)). This is understandable since
ZnS and ZnSe absorb the solar spectrum weakly because
of the wide band gaps of the materials. For the investi-
gated HJs, the increase of the donor concentration caused
the increase of the quantum yields in both middle and long
wavelength regions, due to the extension of SCR in the
absorber layer, and, as a consequence, reduced the impact
of the diffusion component on the total photocurrent (J,,).

Then, we investigated the effect of the alteration of
the acceptor concentration on Q;, at the constants of the
donor concentration (Figs. 7(b, d, f)). As can be seen
from figures, the internal quantum yield is decreasing in
the photosensitive regions of the absorber layer material
that can be explained by the decreasing of the width
of SCR due to the increasing of the diffusion compo-
nent of the photocurrent. The optical losses described in
the previous subsections are important for the analysis
of the SC efficiency. As a consequence of its consid-
eration, we built the spectral dependencies of the exter-
nal quantum yield (Q,,) for the investigated SCs. The
calculations were carried out using the following physi-
cal values: N, = 10" cm™, N, = 10" em™, dyoz00) =
100 nm, dys(znse, zas) = 25 nm, dyzpg = 1 pm. The concen-
trations of uncompensated acceptors and donors coincide
with SCR widths which are close to the device thicknesses.
At the same time, the thicknesses of all functional layers
were taken close to those used in the practical SCs.> >

The analysis of the obtained dependencies (Fig. 8)
showed that the values of Q.,, of the SC based on n-ZnS/
p-CZTS HJ are slightly higher than those of the struc-
ture with CdS and ZnSe window layers regardless of the

Fig. 10. The effect of the optical and recombination losses on the efficiency of the SCs based on CdS/CZTS (1), ZnSe/CZTS (2), ZnS/CZTS (3) Hls
with the variable thicknesses of the window layers and two constant thicknesses of the charge-collecting contacts: 100 nm (a, b) and 200 nm (c, d).
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material of the charge-collecting contacts. Thus, as it was
expected, SCs with the window layers, which possess the
higher values of the band gap, demonstrate the higher
quantum Yyields.

However, it should be noted that we neglected the
inequality state at the interfaces of the different HJs. How-
ever, in reality, the mismatch density of the dislocations at
the interfaces of the considered HJs is varied.

3.2. The Determination of the Short-Circuit Current
Density (J,.) of the SCs

The short-circuit current density (/) of the SCs was deter-
mined using the well-known formula:

;i (A)
hv;

Je=4q Z T(A) Oinc(A)AN; (12)
where ®,(\;)—the spectral power density of the solar radi-
ation; AA,—the interval between neighboring values of the
wavelength; hv,—the photon energy.

The calculation of J,, was carried out under AM
1.5G radiation conditions.”® Herewith, the maximum short-
circuit current density (J,,,,s) can be obtained by neglect-
ing the light losses owing to the absorption of the
auxiliary layers, i.e., T(A) = 1, and under the circumstance
that every photon generates the electron-hole pair which
reaches the charge-collecting contacts without recombi-
nation, i.e., Q..(A) = 1. It was established, that the
maximum value of the short-circuit current density of the
investigated SCs is equaled to J,,, .. = 34.82 mA/cm?. This
result correlates well with the obtained one in Ref. [5] for
SCs based on the materials with the close band gap to
the considered semiconductors. However, from the practi-
cal point of view, this result is not achievable due to the
losses occurring during the photoelectric conversion of the
solar energy.

The dependencies of the short-circuit current density
(J,.) of ITO(ZnO)/CdS(ZnSe, ZnS)/CZTS SCs on the
thicknesses of the window layer considering the optical
and recombination losses in the auxiliary layers are shown
in Figure 10. It was assumed that the thicknesses of ITO
(ZnO) charge-collecting layers were 100 nm and 200 nm.
The obtained values of J, are presented in Table VI.

It was found that, under the consideration of the losses
owing to the reflection and absorption of the auxiliary
layers, the values of J of the SCs with ZnO/ZnS/CZTS
(dzus = (25-100) nm, dyro(740) = 100 nm) structure were
higher in (3.06-3.27) mA/cm? than those obtained for
the devices with ITO/CdS/CZTS structure in the overall
interval of the thickness alteration. The increase of the
charge-collecting layer thickness up to 200 nm resulted
in the decrease of J. and the difference between the best
(ZnO/ZnS/CZTS) and worst (ITO/CAS/CZTS) structures
was found to be ~3.15 mA/cm?. It should be noted that
the optical and recombination losses led to the decrease of
J. by (21.5-37.4)%.

Table VI. The values of the short-circuit current density (J,., mA/cm?)
of the SCs with ITO(ZnO)/CdS(ZnSe, ZnS)/CZTS structures.

Thin film solar

No. cell structure Window layer thickness

dyro(zno) = 100 nm

dys(zne, zns)> NN 25 50 75 100
1 7Zn0/ZnS/CZTS 27.32 27.26 27.15 27.06
2 7Zn0/ZnSe/CZTS 26.95 26.75 26.64 26.59
3 ZnO/CdS/CZTS 25.48 25.28 25.12 24.99
4 ITO/ZnS/CZTS 25.79 25.68 25.57 25.46
5 ITO/ZnSe/CZTS 25.34 25.29 25.23 25.18
6 ITO/CdS/CZTS 24.26 24.07 23.92 23.79
dITO(ZnO) =200 nm
1 7Zn0/ZnS/CZTS 25.38 25.26 25.12 24.98
2 Zn0/ZnSe/CZTS 24.13 24.04 23.93 23.75
3 ZnO/CdS/CZTS 23.53 23.36 23.28 22.97
4 ITO/ZnS/CZTS 23.84 23.75 23.64 23.48
5 ITO/ZnSe/CZTS 23.07 22.98 22.86 22.75
6 ITO/CdS/CZTS 22.27 22.20 21.90 21.78

4. THE EFFECT OF RECOMBINATION AND
OPTICAL LOSSES ON THE MAXIMUM
EFFICIENCY OF THE SOLAR CELLS

The solar cell efficiency (n) is determined by the well-

known equation:!?-2%-38

Uy J FF
- P.

m

(13)

where U,—the open-circuit voltage; J,—the short-
circuit current density; FF—the fill factor; P,,—the input
power (100 mW/cm?, illumination AM 1.5G).

To determine the effect of the optical and recombina-
tion losses on the maximum efficiencies of the SCs with
ITO(ZnO)/CdS(ZnSe, ZnS)/CZTS structures, the values
of open-circuit voltage were taken as those that coincid-
ing with the height of the contact potential differences
at the HJs: U,, = (0.72 V)ggs, (1.07 V)znser (1.14 V),
and the values of the fill factor that matching the max-
imum possible FF = 89%.° Accordingly, it was found
that the maximum efficiency of the single junction SC
was 33.5%.°

The dependencies of the SC efficiencies (1) on the
thicknesses of the window (CdS, ZnSe, ZnS) and charge-
collecting (ITO, ZnO) layers are presented in Figure 10.
As can be seen from Figure 10, the best devices, among
the investigated SC structures, contain ZnS window layer
(n =23.8-27.7%), and the highest values of the efficiency
were demonstrated by a device with ZnO/ZnS/CZTS struc-
ture (n ~ 28% with d, o = 100 nm, d g =25 nm).

It should be mentioned, that the efficiency of the
well-known SC with ITO/CdS/CZTS structure was about
(13.9-15.5)%. These values are well correlated with the
results obtained for the best SC with the analogous
structure (1 = 12.6%).'"!2 The SCs with ZnSe win-
dow layer showed the quite high efficiencies as well,
n=(21.7-25.7)%.

J. Nanoelectron. Optoelectron., 12, 1-13, 2017
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5. CONCLUSIONS

In this work, the optical and recombination losses in the
SCs based on n-CdS/p-CZTS, n-ZnSe/p-CZTS, n-ZnS/
p-CZTS HJs with ITO (ZnO) frontal charge-collecting
contacts were investigated. The effect of these losses on
the internal (Q,,,), external (Q.,,) quantum yields, short-
circuit current density (J,.) and maximum efficiency ()
of the SCs was studied.

The analysis of the optical losses owing the light reflec-
tion and absorption of the window and charge-collecting
layers showed that, as it was expected, the replacement of
the traditional window material (CdS) with wide band gap
materials (ZnSe, ZnS) caused the increase of the transmis-
sion coefficients of the multilayer structures, primarily, in
the short wave region with deyszuse, z0s) = (25-100) nm.
This tendency was valid for applying ITO and ZnO lay-
ers with dirgz,0) = (100-200) nm as the charge-collecting
contacts.

ZnO layer is more attractive than ITO because
it improves the light transmission coefficients toward
CZTS absorber layer regardless of the considered window
materials.

To determine the recombination losses in the SCs,
we have built the energy band diagrams of n-CdS(ZnSe,
ZnS)/p-CZTS HIs.

It was established that the increase of the donor con-
centration in the window material at the constant values
of N, in the absorber layer resulted in the increase of
the quantum efficiency of the SC based on n-CdS/p-CZTS
HJ in the photosensitive region for both CZTS and CdS
materials. However, this increase had a weak influence on
the internal quantum yield in the photosensitive region of
the window materials in the SCs based on n-(ZnSe, ZnS)/
p-CZTS HIs. For the investigated HJs, the increase of the
donor concentration caused the increase of the quantum
yields in both middle and long wavelength regions, due
to the extension of SCR in the absorber layer, and, as a
consequence, reduced impact of the diffusion component
on the total photocurrent (J,,).

The analysis of the obtained dependencies showed that
the values of Q,, of the SC based on n-ZnS/p-CZTS HJ
were slightly higher than those of the structure with CdS
and ZnSe window layers regardless of the material of the
charge-collecting contacts. Thus, as it was expected, SCs
with the window layers, which possess the higher values
of the band gap, demonstrated the higher quantum yields.

It was found that, under the consideration of the losses
owing to the reflection and absorption of the auxiliary
layers of devices, the values of J, of the SCs with the
ZnO/ZnS/CZTS (dy,s = (25-100) nm, dy1oz,0y = 100 nm)
structure were higher in (3.06-3.27) mA/cm? than those
obtained for devices with ITO/CdS/CZTS structure in the
overall interval of the thickness alteration. The increase
of the charge-collecting layer thickness up to 200 nm led
to the decrease of J, and the difference between the best

(ZnO/ZnS/CZTS) and worst (ITO/ZnSe/CZTS) structures
of the SCs was found to be ~3.15 mA/cm?. It should be
noted that the optical and recombination losses caused the
decrease of J, by (21.5-37.4)%.

The best devices, among the investigated SC struc-
tures, contain ZnS window layer (1 = 23.8-27.7%), and
the highest values of the efficiency were demonstrated by
the device with ZnO/ZnS/CZTS structure (1~28% with
dy.0 = 100 nm, d,,¢ =25 nm). The SCs with ZnSe win-
dow layer showed the quite high efficiency as well, n =
(21.7-25.7)%. 1t should be mentioned, that the efficiency
of the well-known SC with ITO/CdS/CZTS structure was
about (13.9-15.5)%. These values are well correlated with
the results obtained for the best SC with the analogous
structure (g = 12.6%).

The presented results show the maximum values of
the efficiencies of the SCs based on n-CdS(ZnSe, ZnSe)/
p-CZTS HJs and open the way for the optimization of the
practical thin film SCs.
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