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The silicon HIT (heterojunction with intrinsic thin layer) solar cell has great potential to improve pho-
tovoltaic efficiency and reduce costs because of the low temperature deposition technology of hydrogenated
amorphous silicon a-Si:H combined with the high stable efficiency of crystalline silicon ¢-Si. To gain insight
into the general functioning of the HIT solar cell, we have studied in this article the semiconductor-metal
junction at the back contact of HIT p-type c¢-Si solar cell: (indium tin oxide (ITO)/hydrogenated n-doped
amorphous silicon (r-a-Si:H)/hydrogenated intrinsic polymorphous silicon (i-pm-Si:H)/p-doped crystalline
silicon (p-c-Si)/aluminum (Al)). Using computer modeling, we have found that unlike the junction on ITO/
n-a-Si:H on the front HIT solar cells which does not depend on the front contact barrier height ¢, an in-
crease in the back contact barrier height ¢z leads to an upward band bending in the valence band in this
type of cell which eliminates the barrier for holes and makes more photogenerated holes able to pass from
the active layer (p-doped crystalline silicon p-c-Si) to the metal (aluminium). The increase in the electric
field by changing the surface band bending at the junction p-c-Si/Al causes an increase in Voc which leads
to an increase in the solar cell efficiency from 17.21 % to 17.38 %. Choosing metal with high work function
like palladium, chrome or ruthenium, could be the best choice as a back contact for this type of solar cell.
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1. INTRODUCTION

To make photovoltaic systems economically viable
for large applications, high efficiency and inexpensive
solar cells are required. The silicon Heterojunction with
Intrinsic Thin layer (HIT) solar cells are an active field
of research for photovoltaic applications due to the low
cost and low temperature (200 °C) process of a-Si:H
deposition coupled with the high efficiency and stability
of ¢-Si [1]. An important progress on HIT has led to
solar cells with efficiencies up to 26 % [2]. To further
improve the conversion efficiency of such solar cells, the
main objective is to analyze and refine our understand-
ing of the various factors limiting the performance of
these cells. This can be best achieved with the help of a
model capable of analyzing the transport properties in
the devices applied to such disordered materials.

In this article, the device used is a HIT p-type c¢-Si
solar cell: indium tin oxide (ITO)/hydrogenated n-doped
amorphous silicon (p-a-Si:H)/hydrogenated intrinsic
polymorphous silicon (@i-pm-Si:H)/p-doped crystalline
silicon (p-c-Si)/aluminum (Al) (Fig. 1).

The choice of work function at the interface between
the active layer (p-c-Si) and the metal (Al) is a crucial
point for improving the efficiency of this type of solar cell.
Indeed, Fig. 2 which represents the energy diagram at the
p-c-Si/Al interface shows band bending in the valence
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and conduction bands (low work function of aluminum
Eg¢a = 3.9 eV compared to p-c-Si layer Edp.c.si = 4.91 eV)
[3, 4]. This band bending will create a potential barrier
at this interface and will impede the transmission of
photogenerated holes towards the metal.
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Fig. 1 - Schematic diagram of a HIT p-type c-Si ITO/n-a-Si:H/
i-pm-Si:H/p-¢-Si/Al) solar cell

In order to reduce the effect of this barrier between
the active p-layer and the metal (p-c-Si/Al), we have
varied the surface band bending Es»» by changing the
back contact barrier height (¢r). Experimentally we
can change ¢z by choosing different metals with differ-
ent work functions [4].
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Fig. 2 — Contact p-c-Si/Al at thermodynamic equilibrium

Here in Fig. 2, y is the electron affinity of the p-c-Si,
#m is the work function of aluminum, ¢ is the work
function of p-c-Si, ¢wo is the back contact barrier height,
Egp is the surface band banding due to the barrier at
p-c-Si/Al interface, Eqc is the activation energy of p-c-Si.

2. SIMULATION MODEL

All calculations in this article have been done with
Amorphous Semiconductor Device Modeling Program
(ASDMP) [5-7], which was conceived to model amor-
phous silicon based devices and extended to HIT cells.
ASDMP is a one-dimensional program. In the electrical
part of the model, three coupled differential equations
(the Poisson’s equation and the two carrier continuity
equations) are solved simultaneously under non-
equilibrium steady-state conditions. The equations
used are [8]:

d dy (x

cbc[g(x)v(;a(c)J =p(x), (2.1)
1dJd,
. dggx)mapt (x)- Ry, (x) =0 2.2)
1 de x
4 daf )+G0pt(x)—Rnet(x)=O (2.3)

where ¢ is the dielectric constant, w(x) represents the
potential energy of an electron at the vacuum level, x is
the position in the device, p and n are the valence-band
hole density and the conduction band electron density,
q is the electronic charge, R is the recombination rate.

The electrostatic field and the net charge density
are given by the equations (2.4) and (2.5):

p(x) = [ px) () + Py () ~np () + Ny | @24

o o¥(x) ’
ox

(2.5)

where pr and ny are the trapped hole and electron pop-
ulation densities, respectively, Nner is the net doping
density, if any.

To simulate the dangling bond states, the gap-state
distributions used combine the U-shaped model and
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two Gaussian distribution functions. The generation
term in the continuity equations has been calculated
using a semi-empirical model [9] that has been inte-
grated into the modelling program. The calculation of
the net charge density, discrete localized state model
and the continuous localized state model are available
in the literature [10].

3. RESULTS AND DISCUSSION

The schematic diagram of a n-HIT (ITO/n-a-Si:H/
1-pm-Si:H/p-c-Si/Al) solar cell used in the present work
is illustrated in Fig. 1. In this cell, the parameters of
each layer are summarized in Table 1 [11].

Table 1 - Input parameters extracted by modeling that char-
acterize an n-HIT (ITO/n-a-Si:H/i-pm-Si:H/p-c-Si/Al) solar cell

Parameters n-a-Si:H|i-pm-Si:H |p-c-Si

d (A) 80 30 300104
x (eV) 4.00 3.95 4.22
E.(eV) 1.80 1.96 1.12
Eac (eV) 021 |0.92 0.06
Npror, Naror (cm —3)|9.0-1018 |1.0-10¢ |4.0-1018
Ep (eV) 0.050  10.050 0.005
Ea (eV) 0.030  10.030 0.003
Gpo, Gao (cm—3eV~1)|4.0-10%! |4.0-10%21 |4.0-1020
tin (cm?/V s) 20 30 1000
Hp (cm?/V g) 4 12 450

o (eV) 0.12

oL, (eV) 1.06-1.22

The front contact barrier height ¢o between ITO/
n-a-Si:H at x =0 is given by: ¢ro = Eac(n) = Estp and at
the back contact, the barrier height #r between p-c-
Si/Al is given by ¢ = Eg — Eac(p) = Esvb [8]. A previous
study has shown that the performances of solar cells
remain unchanged when the front contact barrier height
o increases (indium tin oxide (ITO)/hydrogenated
n-doped amorphous silicon (p-a-Si:H)) [11].

In Fig. 3, which represents the energy band dia-
gram for ¢z =1.06 eV and ¢z =1.22 eV, we notice a
band bending in the valence and conduction bands
between the junction p-type semiconductor and the
metal (p-c-Si/Al) when the back contact barrier height
L increases. The upward band bending in the valence
band will allow the photo-generated holes able to pass
from the active p-layer (p-c-Si) to the contact.

Fig. 4 represents the electric field under illumina-
tion for ¢rz=1.06 eV and ¢L=1.22 eV. We can notice
in this graph an increase in the electric field when the
value of ¢ increases. Because of the absence of the
barrier for holes between p-c-Si/Al (Fig. 3), the increase
in this electric field allows more photogenerated holes
able to pass from the p-c-Si to the aluminum.

Fig. 5 shows the short-circuit current density Jsc,
open-circuit voltage Voc, fill factor FF, and cell efficien-
cy 1 as functions of the back contact barrier height ¢L.
The current-voltage J(V) depends on the back contact
barrier height. Indeed, we can see in Fig. 5 that the Voc
increases when ¢z increases. The increase in the elec-
tric field causes an increase in Voc which leads to an
increase in the solar cell efficiency from 17.21 % to
17.38 %. No major change is observed in Jsc and FF.
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Fig. 3 - The schematic interface region band diagram under
illumination for ¢z = 1.06 eV and ¢ = 1.22 eV
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Fig. 4 — Plots of the electric field under illumination for
¢z =1.06 eV and ¢ = 1.22 eV
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4. CONCLUSIONS

In summary, we have found that the cell performance
depends on the back contact barrier height in p-doped
crystalline silicon/aluminum heterojunction solar cells.
Indeed, an increase in the front contact barrier height
¢vo does not give any change in J(V) characteristics, but
an increase in the back contact barrier height ¢z cre-
ates a band bending in the valence band. This band
bending eliminates the barrier for holes which will make
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Fig. 5 — Plot of current-voltage J(V) characteristics (short-circuit
current density Jsc (a), open-circuit voltage Voc (b), fill factor
FF (c), and cell efficiency 7(d)) as functions of the back contact
barrier height ¢

more photogenerated holes able to pass from p-doped
crystalline silicon to the metal. The increase in the
electric field causes an increase in Voc which leads to
an increase in the solar cell output parameters. These
results show that the choice of metal work function at
the back contact of a HIT p-type c-Si solar cell is deci-
sive to improve the efficiency of this type of cell. So, to
improve J(V) characteristics of this type of solar cells, it
is preferable to use as back contact, metals with high
work function like palladium, chrome or ruthenium.
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ImiTamiiine mocnimske HHI THJIOBOTO KOHTAKTY METAJI-HAIIIBOPOBigHUK p-c-Si/Al
KPEMHi€eBUX COHAYHHUX €JIEMEHTIB 3 reTepornepexogamu
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Kpewmuiesuit comstunmii enement 3 HIT (rerepomepexis 3 BIACHMM TOHKHM IAPOM) MA€ BEJUKHI
TOTEHIa [JIs HOJIIIIIEeHHs (DOTOEJIeKTPIUYIHOI ed)eKTUBHOCTI Ta 3MEHIIEHHS BUTPAT 3aBASKUA TEXHOJIOTI
HHU3BKOTEMIIEPATYPHOI'0 0CAYKeHHS T1POreHi30BaHoro amopguoro kpemuino a-Si:H y noegsansi 3 BUCOKOIO
CTablIbHO0 e(EeKTUBHICTIO KpHcTamivyaoro kpemuino c-Si. I[[o6 orpumary yiTke ysBiIeHHS HpPO 3arajbHe
dyrrmionyBanHasa corsyHoro exemenTta 3 HIT, mu gocminnin mepexis HamiBIPOBIIHUK-METATI HA TUJIOBOMY
KOHTAKTI COHAYHOro ejemenTta c-Si p-tuny 3 HIT: oxcupn immito ta omoa (ITO)/rigporenizoBanuii n-
jeroBaHui aMopdHuM KpemHiin (n-a-Si:H)/rigporeHizoBaHuiti ImoiMOpHMI KpPEeMHIM 3 BJIACHOKO
mposiguicTio (i-pm-Si:H)/p-iteropannii xpucramivamii KpeMmHii (p-c-Si)/amominiin (Al). Burxopmcrosyouu
KOMIT'IOTepHE MOEJIIOBAHHA, MU BHUSABWJIM, IO Ha Biaminy Big mepexoay ITO/n-a-Si:H ma dponTambamx
coussunmnx esjementax 3 HIT, saxuit He 3ameskuth Bin BucOTH Oap'epy (POHTAIBHOTO KOHTAKTY  ¢ho,
301IIBIIIEHHS BUCOTH 0ap'epy THUIJIOBOTO KOHTAKTY ¢ IPU3BOJUTH JI0 BUTUHY BrOPY BAJIEHTHOL CMYTH B I[HOMY
THUIIl eJIEeMEHTIB, IO ycyBae Oap'ep /A MIpoK 1 poOuUTh Oliabire ¢OTOTeHEPOBAHUX iPOK 3IATHUMU
MEepexoJUTH BiJ AKTUBHOIO IIapy (p-JIerOBAHMM KPHCTAMIYHUNA KPeMHIN p-c-Si) mo merany (QIIOMIiHIN).
30L/IbIIeHHS eJIEKTPUYHOIO MOJIS 34 PAXyHOK 3MIHM BUTHUHY ITIOBEPXHEBOI CMyrW Ha Imepexomi p-c-Si/Al
CIIpUYMHSE 30LIBIIEHHA Voc, 10 TPU3BOAUTD 10 30L/IBbIIEeHHA epeKTUBHOCTI COHAYHUX eJIeMeHTIB 3 17,21 %
mo 17,38 %. Bubip Merasy 3 BHCOKOK PO0OOTOI0 BHUXOAY, AK MAJAMiNA, XpoM abo pyTeHiil, Mowe OyTh
HAMKpaImM BUOOPOM SIK TUJIOBOTO KOHTAKTY JIJISI I[bOI0O THUILY COHSIYHUX eJIeMEeHTIB.

Knrouoeri ciosa: Cousiuni erementu 3 HIT, Ilotenmisauit 6ap'ep, Bonbr-amnepni xapakrepucturu J(V),
Kpucramiuunit kpemuit, AMopHUI KpeMHIH.
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