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In a given paper, the simulation program SCAPS-10 is used to study the
structure of the n-ZnO/p-Si heterojunction solar cell. This program is de-
signed basically for the simulation and studying the properties of photonic
devices. We explored such important controllable design parameters affect-
ing the performance of the p—n-junction solar cells as operating temperature,
as we notice increasing in J—V characteristics with T increasing, the effect of
thickness of each layer on the performance of a cell is studied, as well as an
increasing of J—V characteristics with increasing of p-layer thickness. In the
numerical example, 3 um p-layer and 3 um n-layer work to the best advantage
for a given doping density. If we change the optimum value, the efficiency
can reach n=5.83% with V_ =0.589V, J,=12.451mA at 300K,
Na=Nd =10"; in this case, we have come out the optimum parameters to
achieve the best performance of this type of a cell, and we made comparison
with a practical ZnO/Si cell.

Y mawmiit poboti mporpama mozentoBaHHa SCAPS-10 BUKOPHCTOBYETHCA IJIA
BUBUEHHSA CTPYKTypu n-ZnQ/p-Si-reTeponepexony COHAUYHUX ejieMeHTiB. 1la
mporpamMa Ipu3HaYeHa B OCHOBHOMY [JIS MOJEJIOBAHHS Ta BUBUEHHS BJIACTU-
BocTel (hoTOHHUX IMpUCTPOiB. Mu gocaiiKyBanm Ba:KJINBI KOHTPOJIbOBaHI ma-
paMeTpu Au3aiiHy, II0 BILJIMBAIOTh HA MiAJBHICTH p—Nn-IepPexony COHIUHUX
eJIeMeHTiB, TaKi AK poboua TeMIlepaTypa, TOMY IO MU TO0AUYMUJIN ITi ABUIIIEHHA
XapaxkTepucTuku J—V 3a paxyHOK 30iabirenHa T, a TaKOK BUBUNUIMN BILIUB
TOBIIMHHN KOMKHOTO IINapy Ha e()eKTUBHICTh COHAUYHOTO €JIeMEeHTY i IIOMiTHIN
migBuinieHHA J—V-xapaKTepUCTUKM 31 30iJbIIeHHAM TOBIUHU p-IIapy. ¥
MIPUKJIAAL 3 ONTUMAJbHUMHU ITapaMeTPaMu TOBIIWHY HIAPy p = 3 MM, 1 = 3 MM,
Na=Nd = 10" npu 300 K ogepsxanu Taki pesyabratu: N =5.83%, V,.= 0,589
B, Joc= 12,451 MkA/cM?; B JaHOMY BUIIAAKY MU HiZi6pasy onTrMaibHi napa-
MEeTPHU OJsI HOCATHEHHS MaKCHUMAJIbHOI IPOAYKTHUBHOCTU I[HOI'0 THUIIY I'e€Tepo-
IIepexoAiB i 3po0umIn NOPiBHAHHA 3 TPAKTUYHOIO n-Zn0/p-Si-KOMipKO0 COHA-
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YHOI'O €JIEMEHTY.

B maunnoii pabore nporpamma mogenupoBanua SCAPS-10 ucooabsyercsa mjis
U3yYeHUs: CTPYKTYphl n-ZnO/p-Si-reTepormepexoga CONHEUHBIX 3JIEMEHTOB.
Jra mporpaMMa npegHasHaueHa B OCHOBHOM JJIA MOJEeJIUPOBAHUA U U3YUEHU S
CBOMCTB (DOTOHHBIX YCTPOMCTB. MBI MCCIEIOBATN BaKHbIe KOHTPOJIUPYEMbIe
ImapaMeTphl qu3aiiHa, BIUAMOINNE HAa paboTy p—n-lepexona COMHEUHBIX dJle-
MEHTOB, TaKVe Kak pabouas TeMmepaTypa, IOCKOJIbKY MBI OOHADPY KUJIU IIO-
BBIIIIEHE XapaKTepucTuku J—V 3a cuér yBeamueHud 1T, UYUUIU BIUSHIE
TOJIIIIMHBI KayKI0T0 CJI0sA Ha 9)(eKTUBHOCTh COTHEYHOTO 3JIeMeHTa 1 YBUIEIN
MOBBIIIIeHNE J—V-XapaKTepUCTUKHU C YBeJIUUYEHUEeM TOJIIUHBI p-cjaod. B mpu-
Mepe € ONTHMMAJbHBIMU IIapaMeTpaMM TOJIIUHBI CJI0A p =3 MM, I =3 MM,
Na=Nd=10" npum 800K MBI moiyumaym Takme pesyibTaTel: 1 =5,83%,
V,.=0,589V, Jg=12,451 MxA/cM?; B JaHHOM caydae MBI IOZOOPAIL OITH-
MaJIbHbIE ITapaMeTPhI AJS JOCTUKEHUA MaKCUMAaJbHON IPON3BOLUTEIbHOCTH
9TOTO TUIIA FeTEePOIIEPEeXO0I0B U CAealu CpaBHEHNUe ¢ IpaKTudecKoi n-Zn0/p-
Si-sAuyeiiKoil COTHEYHOTO 9JIeMeHTa.

Key words: simulation program SCAPS-10, n-ZnO/p-Si heterojunction, solar
cell, operating temperature, thickness, doping density.
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1.INTRODUCTION

The solar cell n-ZnO/p-Si heterojunction are used in this paper. They
are basically constructed from zinc oxide (n-ZnO), which used as a
window, and silicon (p-Si), used as an absorber layer for the incoming
light[1].

Heterojunction solar cell have the potential to achieve the goals of
higher efficiency, reliability, and lower cost, necessary for the large
scale applications, for solar cell application and photodetector, using
other semiconductors than silicon, which have an energy gap between
1.1and 1.6 eV [2].

Among many different low-cost solar cell structures, one interest-
ing heterojunction solar cell is the transparent conducting oxide (TCO)
semiconductor heterojunction. The conducting oxides, including oxide
semiconductors such as indium oxide (In,0;), tin oxide (SnQ,), and zinc
oxide (Zn0), thin film ZnO, have attracted much attention because of
its lower material cost and good electrical /optical properties compared
to other oxides [3, 4]. Zinc oxide (Zn0O) film with a large band gap of
about 3.3 eV is one of the most potential materials for being used as a
TCO because of its good electrical and optical properties, abundance in
nature, absence of toxicity [5], and the ability to deposit these films at
relatively low temperatures [4].

The oxygen vacancies and/or zinc interstitials correspond to the n-
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type conductivity of the ZnO films.

2. DEVICE SIMULATION

Simulation program SCAPS-10 is used to study the structure of n-
ZnQ/p-Si as a solar cell. SCAPS-10 is Windows application program
developed at the University of Gent with Lab Windows/CVI of Nation-
al Instruments under Marc Burgelman. The program organized in a
number of panels in which the user can set parameters or in which re-
sults are presented [5]. It has been developed to simulate realistically
the electrical characteristics (dc and ac) of thin film heterojunction so-
lar cells. It has been tested extensively for thin film CdTe and
Cu(In,Ga)Se, solar cells [6].

3. RESULTS AND DISCUSSION

In energy band diagram of the n-ZnO/p-Si structure under equilibrium
condition, the Fermi level will be constant through the band diagram
as shown in Fig. 1.

4. EFFECT OF OPERATING TEMPERATURE

In a solar cell, the operating temperature plays a vital role in the per-
formance. The impact of increasing temperature on light J—V curve of
the n-ZnO/p-Si solar cell is shown in Fig. 2; the temperature varied as
280—-380 K.

V,. decreases with the increased temperature because of the temper-
ature dependence of the reverse saturation current. The band gap en-
ergy has been slightly narrowed, and this may accelerate the recombi-
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Fig. 1. Energy band diagram of n-ZnO/p-Si heterojunction solar cell under
equilibrium condition.



822 A.D. POGREBNYAK, N. Y. JAMIL, and A. K. M. MUHAMMED

1.0E+1+

75E+0

5.0E+0

25E+0

0.0E+0

-25E+0
-5.0E+0

J, mA/em?®

Increase T(a,b,c,d,g,
%5 ( f)

-75E+0
-1.0E+1

-1.26+41

LR N AR LA L AR RAAAN RS LARES LALL

AR FRERA FERR FEARE FERRa SRRnl FEEE AEyws SEywl Fynn

-1.5E+1-; !
01 0.1 02 03 04 05 06

Voltage, V

=)
=)

Fig. 2. J-V parameters of n-ZnO/p-Si solar cell at various temperatures:
a=280K,b=300K,c=320K,d=340K,e=360K, f=380K.

nation of the EHP between the conduction band and the valance band.
Although more free electrons are produced into the conduction band,
the band gap energy at high temperature is unstable that may lead to
recombination of electrons and holes, while travelling across the re-
gions. So, J, is slightly decreased. The dependence of (FF% ) on the op-
erating temperature can be derived from the V_, dependent on the tem-
perature. The reduction in J, and V_, with temperature leads to reduc-
tion in the efficiency with the temperature. The dependence of the out-
put parameters on the operating temperature is listed in Table 1.

TABLE 1. J-V parameters of n-ZnO/p-Si solar cell at various temperatures.

No. T,K Ve, Volt | J,mA/em®* | FF,% | n,%
a 280 0.5252 11.69 78.95 4.85
b 300 0.525 11.67 78.52 4.81
¢ 320 0.524 11.66 78.01 4.77
d 340 0.52 11.64 77.11 4.67
e 360 0.5 11.62 76.21 4.49
f 380 0.48 11.6 74.77 4.18

5. EFFECT OF THICKNESS
5.1. Effect of p-Si Thickness

The effect of the Si absorber layer thickness on the light J—V curves is
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Fig. 3. J-V parameters of n-ZnO/p-Si solar cell at various Si absorber layer
thickness: a=0.1 um, b=0.5um, c=1um, d=1.5um, e=2 um, f=2.5 um,
g=3um; n-layer = 3 um; Na=Nd = 10%.
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Fig. 4. J-V parameters of n-ZnO/p-Si solar cell at various ZnO absorber layer
thickness:a=0.1um,b=0.3um,c=0.5um,d=075um, e=1um, f=2um.

shown in Figs. 3, 4.

The thickness of Si layer has been varied from 0.1 um to 3 um. It is
clearly shown that both V_, and J, have been increased as the thickness
of the p-Si absorber layer increased. When the thickness of p-Si in-
creases, this will allow the longer wavelength of the illumination to be
absorbed, which, in turn, contributes in EHP generation. If the ab-
sorber layer thickness reduced, the high-recombination back-contact
region will be very close to the depletion region. Thus, electrons will be
captured easily by the back contact for the recombination process;
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therefore, fewer electrons will contribute in EHP generation. The in-
crement in V. and J, will increase both FF% and n% . The effect of the
thickness of the p-Si absorber layer on the output parameters is listed
in Table 2.

TABLE 2. J-V parameters of n-ZnO/p-Si solar cell at various Si absorber layer
thickness.

No. | ThicknessofSi,um | V,,Volt | J,mA/ecm® | FF,% [n,%

a 0.1 0.438 3.639 76.44 1.2
b 0.5 0.477 6.32 78.43 2.3
c 1 0.495 8.336 79.26 3.2
d 1.5 0.506 9.765 79.74 3.9
e 2 0.514 10.882 79.96 4.4
f 2.5 0.52 11.799 80.21 4.9
g 3 0.525 12.578 80.35 5.3

The effect of the thickness of p-Si absorber layer on quantum effi-
ciency is shown in Figs. 5, 6.

As we said, the longer-wavelengths photon will be absorbed deeper
within the p-Si layer, so the effect of the thickness of p-Si layer on the
quantum efficiency has been occurred in the region extended to
A =380-1200 nm.

When the thickness of p-Si absorber layer increases, this will allow a
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Fig. 5. Quantum efficiency of n-Zn0/p-Si solar cell at various Si absorber lay-
er thickness:a=0.1um,b=0.5um,c=1um,d=1.5um,e=2um, f=2.5um,
g=3um,; n-layer = 3 um; Na=Nd = 10%°.
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Fig. 6. Quantum efficiency of n-ZnO/p-Si solar cell at various ZnO absorber
layer thicknesses: a=0.1 um, ¥ =0.3 um, ¢c=0.5 um, d=0.75 um, e=1 um,
f=2um; p-layer = 3 um; Na = Nd = 10,

larger number of photons to be absorbed and contribute into the EHP
generation. In addition, the generation process will occur far from the
high-recombination back-contact region and near the SCR, so that the
quantum efficiency has been increased with the thickness of p-Si ab-
sorber layer in the range of A = 380—1200 nm.

5.2. Effect of n-ZnO Thickness

The effect of the thickness variation of the n-ZnO layer on the light J—
V curves of the n-ZnO/p-Si solar cell is shown in Fig. 4, where the
thickness of n-ZnO layer has been varied from 0.5 to 3 um.

As shown in Fig. 4, both V. and J, values have been decreased, when
the thickness of n-ZnO layer increased, and as the thickness of n-ZnO
layer increased, more photons, which carry the energy (hv = E ,;,,), are
being absorbed by the layer. Therefore, it will lead to decrease in the
number of photons, which could reach the absorber layer. Therefore,
both V. and J,, have been decreased.

The reduction in V. and J, will cause reduction in (% ).The effect
of the thickness of the ZnO layer on the O/P parameters of the cell is
listed in Table 3.

The reduction in the number of photons in the absorber layer, which
have energy greater than the energy band gap of the ZnO layer, will de-
crease the quantum efficiency in the region between A = 20—-380 nm, as
shown in Fig. 6.
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TABLE 3. J-V parameters of n-ZnO/p-Si solar cell at various ZnO absorber
layer thickness.

No. | ThicknessZnO,um | V,,Volt | J,,mA/ecm® | FF,% [n,%
a 0.1 0.4639 13.058 77.04 4.6
b 0.3 0.4638 12.765 77.18 4.5
c 0.5 0.4638 12.675 77.22 4.5
d 0.75 0.463 12.623 77.21 4.5
e 1 0.463 12.59 77.2 4.5
f 2 0.4 12.5 80.35 4.5

5.3. Effect of Doping Density

The effect of the doping density of the p-Si absorber layer for both 0.5
um and 3 um absorber thicknesses is listed in Tables 4, 5.

TABLE 4. Effect of the doping density of the p-Si absorber layer (0.5 um),

Nd =10%.
Doping density, Na | V.., Volt | J.» mA/cm? | FF, % | n, %
1E+16 0.252 6.657 62.82 1.06
1E+17 0.346 6.461 72.05 1.61
1E+18 0.414 6.364 76.55 2.02
1E+19 0.477 6.328 78.43 2.37
1E+20 0.543 6.06 71.89 2.37

TABLE 5. Effect of the doping density of the p-Si absorber layer (3 um),
Nd =10%.

Doping density, Na V.., Volt J.., mA/cm? ‘ FF, % | n, %
1E+16 0.33 12.893 72.16 3.06
1E+17 0.401 12.69 76.28 3.88
1E+18 0.464 12.609 78.98 4.62
1E+19 0.525 12.578 80.35 5.31
1E+20 0.587 12.451 79.66 5.83

The impact of the doping density of the Si layer on the light J-V
curves is shown in Fig. 7 for absorber thickness of 0.5 um and in Fig. 8
for absorber thickness of 3 um. Increasing of the doping density of the
Si decreases the space charge region width, so, the electric field in the
depletion layer will increase .This will result in an increasing in V, for
3 um and 0.5 um absorber layer thickness.

When the electric field in the SCR increases, the diffusion length of
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Fig. 7. Effect of the doping density of the p-Si absorber layer for both (0.5 um)
absorber thickness.
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Fig. 8. Effect of the doping density of the p-Si absorber layer for both (3 um)
absorber thicknesses.

the generated carriers also increases. Therefore, the photogenerated
carriers will approach from the high-recombination back-contact re-
gion. This will lead to reduction in ¢/, as shown in Fig. 9, for the p-Si
absorber layer of 0.5 um, n-ZnO layer thickness of 3 um, and this re-
duction will become more pronounced for very thin absorber, as shown
in Fig. 10 for p-Si absorber layer of 3 um n-ZnO layer thickness of 3
um.
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Fig. 10. Effect of the increased doping density on the QF of the p-Si absorber
layer (3 um), n-ZnO layer thickness (3 um), Nd = 10'°, Na = 10'6-102°.

For thin Si absorber layer of 0.5 um, the n% will increase with in-
creasing in the doping density due to the reduction in J,, and for
thickness of 3 um, the n% will increase with the doping density due to
the increment in V..

The generated EHP will reach the high-recombined back-contact re-
gion; for high electric field, due to the doping density, this will reduce
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quantum efficiency of the device, when the doping is increased. The
effect of the increased doping density on the QE is shown in Fig. 10.

6. PRACTICAL RESULTS

Let us compare our simulation results with the practical results ob-
tained in[7], as shown in Tables 6 and 7.

TABLE 6. Output of practical illumination result for n-ZnO/p-Si solar cell [ 7].

Type V.., Volt J, mA/cm? FF, % n, %
n-ZnO/p-Si 0.35 19 50 4.33

TABLE. 7. Simulation result for n-ZnO/p-Si solar cell in light at room tem-
perature and n-, p-layer thickness equal (1.3 um).

Type V.., Volt J, mA/cm? FF, % n, %
n-Zn0O/p-Si 0.525 11.675 78.52 4.81

The light J—V curve obtained from the simulation study is shown in
Fig. 11.

The difference between the simulation and the practical study was
caused by interface state and surface recombination included in a real
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Fig. 11. J-V simulation curve of n-ZnO/p-Si heterojunction solar cell on light,
at room temperature and n-, p-layer thickness equal (1, 3), respectively;
Na=10", Nd = 10'¢.
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device. The parameters resulting from the simulation study are listed
in Table 7.

7. CONCLUSION

Intrinsic material properties, including band gap, working tempera-
ture, layers thickness, and doping percentage, are important factors
influencing J—V characteristics of the n-ZnO/p-Si heterojunction solar
cell. The comparison results for practice and simulation illustrate
nearly same results. Then, we obtained the best results of 5.83% with
V.,.=0.589V,J, =12.451 mA at 300 K, Na=Nd = 10"°.
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