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P-type silicon heterojunction (SHJ) solar cells with a-SiC:H(n) emitters were studied by numerical computer sim-
ulation in this paper. The influence of interface states, conduction band offset, and front contact on the performance of
a-SiC:H(n)/c-Si(p) SHJ solar cells was investigated systematically. It is shown that the open circuit voltage (Vi) and fill
factor (F'F) are very sensitive to these parameters. In addition, by analyzing equilibrium energy band diagram and electric
field distribution, the influence mechanisms that interface states, conduction band offset, and front contact impact on the
carrier transport, interface recombination and cell performance were studied in detail. Finally, the optimum parameters for
the a-SiC:H(n)/c-Si(p) SHJ solar cells were provided. By employing these optimum parameters, the efficiency of SHJ solar

cell based on p-type c-Si was significantly improved.
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1. Introduction

The silicon heterojunction (SHJ) solar cell is one of the
most promising candidates for photovoltaic applications due
to high performance, high reliability and low cost. This type
of cell features ultra-thin intrinsic and doped hydrogenated
amorphous silicon (a-Si:H) layers on an n- or a p-type c-
Si wafer.[! Panasonic has achieved a record conversion effi-
ciency of 25.6% in an SHJ structure based on n-type solar-
grade c-Si.?! It has been reported that the n-type SHJ solar
cell can produce a higher efficiency because it has an inher-
ent advantage over the p-type SHJ solar cell, due to a higher
minority carrier band offset at the interface, which can result
in a higher open circuit voltage."’ In spite of this fact, the p-
type c-Si wafer still dominates current industrial photovoltaics
production. Moreover, the minority carrier diffusion length in
p-type c-Si is higher than that in n-type material.'*¥! So the ex-
ploitation of SHJ solar cells on p-type c-Si is of great practical
interest. In recent years, many research groups have conducted
the investigation on developing high performance SHJ solar
cells on p-type substrates. >~ So far the best efficiency of the
p-type SHJ solar cell has been reached at 21.4%.15] However,
efforts are still needed to further improve the performance of
the p-type SHJ solar cell.

It is well known that a very important loss mechanism of
the p-type SHJ solar cells is parasitic absorption of photons in
the n-type a-Si:H layer. Thus one promising way is to use a
silicon-based material with wide bandgap as the window layer
of the SHJ solar cell. Hydrogenated amorphous silicon car-
bide (a-SiC:H) with wide optical bandgap (1.8 eV-2.3 eV),
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low absorption in visible wavelength region, and good ther-
mal stability is an appealing alternative for the window layer.
In addition, a good interface passivation can be obtained by a
high-quality a-SiC:H(n) layer.[8! Despite encouraging results
having been obtained by incorporating a-SiC:H into p-type
SHIJ solar cells, the V. and FF are relatively low. More-
over, S-shaped I-V curves are often observed.!**-!!l The phe-
nomena mentioned above are closely linked to the interface
states, increased heterojunction band offset and TCO/a-SiC:H
front contact. A poor interface with high interface states den-
sity (Dj;) can lead to high interface recombination. This will
sharply increase dark tunneling leakage current and deterio-
rate V. dramatically. Considering minority carrier electrons
transport across the a-SiC:H(n)/c-Si(p) heterojunction to the
front contact, the minority carrier band offset (AE.) and the
work function of transparent conductive oxide (Wrco) are of
clear importance. They play crucial roles in determining the
minority carriers transfer property. However, it is still a matter
of debate how the Dj;, AE., and Wrco control the performance
of a-SiC:H(n)/c-Si(p) SHJ solar cells. Thus we addressed this
question by means of numerical computer simulation method
in order to improve the performance of p-type SHJ solar cells.
The purpose of this work is to systematically study the influ-
ence mechanisms of these parameters.

In this paper, the SHJ solar cells with the structure of
TCO/a-SiC:H(n)/c-Si(p) (textured)/a-Si:H(i)/a-Si:H(p+)/TCO
were modeled by using AFORS-HET software. We discussed
in detail the influence of the interface states density, conduc-
tion band offset and front contact work function on the pho-
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tovoltaic properties of solar cells. The influence mechanisms
that interface states, conduction band offset, and front contact
impact on the carrier transport, interface recombination and
cell performance were studied in detail. Finally, by optimizing
Dy, AE., and Wrco, the p-type a-SiC:H(n)/c-Si(p) SHIJ solar
cell with efficiency of 23.06% was achieved.

2. Modeling
2.1. Physical model

The SHJ solar cell structure TCO/a-SiC:H(n)/c-
Si(p)(textured)/a-Si:H(i)/a-Si:H(p)/TCO was modeled by
AFORS-HET. Within the bulk of each layer, AFORS-HET
solves one-dimensional Poisson equation and the electron and
hole continuity equations for a given defect state distribution
using Shockley—Read—Hall recombination statistics,!'>!3]

€& 2¢(x,1)
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where @, g, pr, and n/p are the electric potential, electron
charge, defect density of charged defects, and electron/hole
density, respectively. j,/, and Np /s denote the electron/hole
current and the donor/acceptor concentration. Gy, and Ry,
represent the electron/hole optical generation rate and recom-
bination rate, respectively.

For amorphous layers, it has been assumed that there are
both exponential band tail states and Gaussian mid-gap states
(associated to silicon dangling bonds) in the bandgap. The
valence and conduction band tail states are usually given as
follows
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where Gao(E) and Gpo(E) are the densities per energy range
for tail states at the band edge energies Ey and Ec. Ea and
Ep stand for characteristic parameters for the conduction and
valence band tail states, respectively.

The mid-gap states are described by Gaussian distribu-
tions of acceptor-like states and donor-like states,i.e.

7 1 [(E—EP)?
gA(E)—NAGeXP{—2 [GE\}}7 (6)

- 1 [(E—EY)?
gD(E>GDGeXP{2 {6]%]}’ @)

where Egb and Egb are the peak energy position. Nag and Npg
denote the effective density of states. 65 and op represent the
standard energy deviation of the Gaussian acceptor and donor
levels, respectively.

Furthermore, the voltaged controlled boundary condition
is selected, and the potential at the front contact (x = 0) is fixed
at zero. Then at the front contact (x = 0), the boundary condi-
tion is

®(0) =0, 8)
Jn(o) =q- SL(”(O) Neq (O)), )
Jo(0) = —q- S5 (p(0) — peq(0)) (10)

Accordingly, the boundary condition at the back contact(x =
L)is

o(L) =gt — P +V, (11)
Jo(L) = —q-Sp(n(L) — neq (L)), (12)
Jo(L) = +q-Sp(p(L) — peq(L)), (13)

where ¢ and S are the metal work function and surface recom-
bination velocity, respectively.

Table 1. Basic parameters adopted for layers used in the simulation.

Parameters n-a-SiC:H i-a-Si:H p-c-Si p-a-Si:H
Layer thickness/nm 10 5 3x 103 5
Dielectric constant 9.7 11.9 11.9 11.9
Electron affinity/eV variable 3.9 4.05 39
Optical band gap/eV 1.96 1.72 1.12 1.72
Effective conduction band density/cm~3 1x10% 1x10% 2.8x10" 1x10%
Effective valence band density/cm~3 1x10% 11020 1.04x10" 1x10%0
Electron mobility/cm?-V~1.s~1 10 20 1046 15

Hole mobility/cm?.V~1.s~! 1 5 413.8 5
Doping concentration of acceptors/cm 3 0 0 1.46x10'° 9x10°
Doping concentration of donors/cm ™3 variable 0 0 0

Tail defect density/cm™3-eV~! 2% 107! 2x 102! 2x10%!
Gaussian defect density/cm 3 6.9%10" 5x10'3 1x10M 6.9%10"
Layer density/g-cm? 2.328 2.328 2.328 2.328
Auger recombination coefficient for electron/cm®-s~! 0 0 2.2x1073! 0

Auger recombination coefficient for hole/cm®.s~! 0 0 9.9x107% 0
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2.2. Input parameters for simulation

The basic parameters for the modeled structure TCO/a-
SiC:H(n)/c-Si(p)  (textured)/a-Si:H(i)/a-Si:H(p)/TCO are
listed in Table 1. The gap state densities of all kinds of
amorphous layers were taken from Refs. [14] and [15]. Fig-
ure 1 shows the gap state distribution in the a-SiC:H(n) and
a-Si:H(p) layers. The energy difference between the donor-
type and acceptor-type defect is 0.3 eV. As for the a-Si:H(i)
layer, the acceptor-like and donor-like defect are symmetri-
cally positioned 0.15 eV from the midgap with a much lower
density(not shown). The interface defects density at the front
a-SiC:H(n)/c-Si(p) interface was modeled by an additional
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defect rich layer 5-nm thick. Then the volume defect density
range of 2x 10! cm™3-eV~1-2x10!” cm™3-eV~! in the 5-nm
thick layer corresponds to the surface defect density range of
1x10° em™3-eV~1-1x10'3 cm™3.eV~!. The recombination
velocities at the front and back contact were both fixed at
1x 107 cm/s. The operation temperature was set at 300 K, and
the solar illumination was set at AM 1.5 (a power density of
100 mW/cm?). The light reflection of the front and the back
contacts was set at 0.1 and 1, respectively. Moreover, in Sub-
sections 3.1 and 3.2, the influence of TCO/a-SiC:H(n) front
contact was ignored by setting the front contact as an ohmic
contact.
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Fig. 1. The gap state distribution in the (a) a-SiC:H(n) and (b) a-Si:H(p) layers in the simulations.

3. Results and discussion

3.1. Influence of interface states

Figure 2 shows the calculated J-V characteristics of the
a-SiC:H(n)/c-Si(p) cells with different interface state densities.
It can be seen that the increase of Dy leads directly to a loss
in V.. When the Dy, is above 1x 10! ecm=2-eV~L, Vi, drops
sharply. This result is in agreement with the Refs. [14], [16]-
[18]. The influence of the interface states on V. can be de-

scribed by the following formula proposed by Jensen et al.!!!

| NS
Ve = — {cpc — AkTIn (qt> } 7
q Jsc

where @. and Sj; denote the effective barrier height in c-Si

(14)

and interface recombination velocity, respectively. Obviously,
a high Dj;; means a high Sj; at the a-SiC:H(n)/c-Si(p) interface.
It can be seen from Eq. (14) that the increase of Sj; leads to a

logarithmic decrease in V.
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Fig. 2. The calculated J-V characteristics of the a-SiC:H(n)/c-Si(p) SHJ
solar cells with different interface states’ densities.

To further understand the sensitivity of V, to the inter-
face states, we calculated the electric field distribution in the a-
SiC:H(n)/c-Si(p) heterojunction for the two cases of low Dj; =
1 x 109 cm™2.eV~! and high Dy = 5 x 10> ecm2.eV~!, as
shown in Fig. 3(a). It can be seen that the interface with
high Dj; has a very strong electric field at the a-SiC:H(n)/c-
Si(p) interface but a weak field on the c-Si(p) side. This can
be attributed to the high density of interface states that can

trap most of the electrons during the p-n junction formation.

068802-3



Chin. Phys. B  Vol. 26, No. 6 (2017) 068802

When an n-type a-SiC:H layer is in contact with a p-type c-
Si wafer, electrons will flow from the n-side to the p-side to
equilibrate their Fermi levels. In the high interface state den-
sity case, most electrons will be trapped in the states. These
occupied acceptor-like interface states will become a high den-
sity of negative space charges on the c-Si(p) surface, lead-
ing to a localized space charge region on the c-Si(p) side.
As a result, a very high electric field at the interface and a
collapsed one on the c-Si(p) side come into being. Further-
more, figure 3(b) indicates that for the high Dj; case, the band
bending on the c-Si(p) wafer side is flattened. This increases
the interface recombination velocity, giving rise to a strik-
ing fall in V,.. Therefore, in order to obtain high V., it is
very critical to ensure a good surface passivation for SHJ solar
cells. The interface states’ density should be controlled below
1x10" cm=2-eV~L.
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Fig. 3. The (a) electric field and (b) equilibrium energy band of
the a-SiC:H(n)/c-Si(p) SHJ solar cells for the cases with Dy = 1 X
1019 cm=2.eV~! and Dj; =5 x 1012 cm2.eV~L.

Figure 4 shows the dependence of Jy. and V. on the inter-
face states density for the a-SiC:H(n) emitter and a-Si:H emit-
ter, respectively. It can be seen that both Jy. and V. show
the same varying trend with the increase of Dj; for the two
emitters. What is more, much higher Js. was obtained in the a-
SiC:H(n)/c-Si(p) structures. We attributed this to the larger
bandgap of a-SiC:H(n), which decreases optical absorption
losses in the layer. Figure 5 shows the IQE curves for the
a-SiC:H(n)/c-Si(p) and a-Si:H(n)/c-Si(p) structures. It clearly
shows that the a-SiC:H(n)/c-Si(p) structure has a higher blue
response than the a-Si:H(n)/c-Si(p) structure. This means that

there are more holes generated in the a-SiC:H(n) layer that are

able to pass the junction and then to enhance the short circuit
current density.
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Fig. 4. The (a) Jyc and (b) Vi, of SHJ solar cells with different interface
state densities for the a-SiC:H(n) emitter and a-Si:H(n) emitter.
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Fig. 5. Internal quantum efficiency (IQE) of the a-SiC:H(n)/c-Si(p) and
the a-Si:H(n)/c-Si(p) SHJ solar cells.

3.2. Influence of the conduction band offset

Compared to a-Si:H(n), the a-SiC:H(n) emitter with a
larger bandgap may give rise to a higher conduction band off-
set (AE.) at the a-SiC:H/c-Si interface. Considering the AE,
can vary with the deposition conditions, it is essential to care-
fully inspect the impacts of AE. on the performance of solar
cells.[20:21]

Figure 6 shows the simulated dependence of the solar cell
performance on the conduction band offset. Here, two cases
of the interface defect density, Dj; = 5 X 10" cm™2.eV~! and
Dy =1 x 102 cm 2.eV~!, were assumed. Simulation reveals
that the open circuit voltage and fill factor are very sensi-
tive to AE.. Moreover, V. is relatively high when AE, falls
in the range of 0.15 eV~0.2 eV. On the other hand, FF is

in a low level when AE. is above 0.15 eV. It can be clearly
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understood through the equilibrium energy band diagram for
the a-SiC:H(n)/c-Si(p) heterojunction with different conduc-
tion band offsets, as shown in Fig. 7(a). It can be seen that
with the increase of AE,, the band bending in the c-Si ab-
sorber is enhanced. As shown in Fig. 7(a), the built-in volt-
age is enhanced from 530 mV to 700 mV as AE. increases
from 0.05 eV to 0.25 eV. This leads to a strong inversion layer
forming at the a-SiC:H(n)/c-Si(p) interface. Then the inter-
face recombination is suppressed due to fewer majority carrier
holes available there for recombination.
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Fig. 6. The simulated performance of the a-SiC:H(n)/c-Si(p) solar cell
as a function of AE,, for the cases with Dy = 5 x 10'! cm~2.eV~! and
Diy=1x102 cm2.eV~L.

Figure 7(b) illustrates the simulated electric field distri-
bution at the a-SiC:H(n)/c-Si(p) heterojunction. As can be
seen from Fig. 7(b), the higher AE, results in a stronger elec-
tric field at both the a-SiC:H(n) and c-Si(p) sides. This fur-
ther suppresses the interface recombination, leading to an in-
crease in the V.. However, when AE; is above 0.2 eV, the
enhanced band offset gives rise to a transport barrier for elec-
trons. Hence, electrons will accumulate at the a-SiC:H(n)/c-
Si(p) interface. This not only causes electrons trapped in
the acceptor interface states, but also encourages the holes in
the absorber c-Si(p) to back diffuse and recombine with elec-
trons. All this offsets the suppressing effect of the inversion
layer on the interface recombination. The net result is that
Voc and FF strongly decrease when AE. is in the range of
0.20 eV~0.25 eV. Therefore, higher efficiency can be obtained
in the a-SiC:H/c-Si SHJ solar cells with AE, in the range of

0.10eV~0.15 eV.

1.0F (2) E.
%
~
2
g —05 E,
= L -—-AE.=0.05 eV
~1.0 — AE.=0.15 eV
s ---AE.=0.25 eV

E L Il L Il L Il L Il L Il L
0 0.1 0.2 0.3 0.4 0.5 0.6
Distance from the front contact/pm

—_
o

oo
P

7
g
S
=
<
2 6
= !
<, - AE.=0.05 6V
< —— AE.=0.15 eV
,5 N - AE.=0.25 ¢V
& S
, | , | N 2
0 0.1 0.2 0.3 0.4

Distance from the front contact/pm

Fig. 7. The (a) simulated equilibrium energy band diagram and (b) elec-
tric field distribution of the front a-SiC:H(n)/c-Si(p) heterojunction with
different conduction band offsets.

3.3. Influence of TCO/a-SiC:H(n) front contact

The work function of transparent conductive oxide
(Wrco) is usually higher than that of a-SiC:H(n) layer. There-
fore, when TCO and a-SiC:H(n) are brought into contact, a
Schottky barrier develops at the TCO/a-SiC:H(n) interface,
which significantly influences the performance of SHJ solar

cells.
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Fig. 8. The calculated J-V characteristics of the a-SiC:H(n)/c-Si(p)
cells with different work functions of transparent conductive ox-
ide (Wrco), where Dy = 1 x 10! cm™2.eV~!, AE. = 0.15 eV, and

NgiSiC:H(") =7.09 x 10! cm~3 were assumed.

Figure 8 shows the J-V characteristics of the a-
SiC:H(n)/c-Si(p) cells with different values of Wrco. The

doping concentration of a-SiC:H(n) (N;‘_SiC:H(n

) ) was set as
7.09 x10' em™3, corresponding to the Wa_sic:Hm) = 4.2 eV.
The values of Dy and AE, were fixed at 1 x 101! cm2.eV~!
and 0.15 eV, respectively. It can be seen that V. and FF are

strongly influenced by the Wrco. When the Wrco is higher
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than 4.3 eV, V. and FF decrease considerably. What is
more, the S-shaped J-V curves can be clearly observed when
Wrco > 4.5 eV. Similar results were also reported by Zhao et
al. and Dao et al.'®!7]

Figure 9 shows the equilibrium energy band diagram
of the a-SiC:H(n)/c-Si(p) cells for the two cases of Wrco =
4.2 eV and Wrco = 4.6 eV. As shown in Fig. 9, when Wrcq is
4.2 eV, the TCO/a-SiC:H(n) front contact is in flat band con-
dition. However, when Wrco is high, the conduction band
near the TCO/a-SiC:H(n) interface distinctly bends upward,
forming an inverted junction to the a-SiC:H(n)/c-Si(p) junc-
tion. Consequently, the Schottky front contact with high Wrco
severely hinders the electron transport by forming a resistive
bed. This induces the generation of S-shaped J-V curves. Fur-
thermore, for the case of Wycog = 4.6 eV, the Fermi level has
an obvious shift towards the valence band, and meanwhile a
strongly flattened band bending occurs on the absorber side.
This is mainly because when Wrcg is 4.6 eV, the built-in po-
tential Vp in the TCO/a-SiC:H(n) Schottky contact is as high
as 0.4 eV. The high Vp not only drives the thin a-SiC:H(n)
emitter layer into depletion but also, more importantly, addi-
tional electrons in the absorber have to be used to shield the
electric field. As a result, the width of the space charge re-
gion and the band bending on the absorber side are drastically

reduced.
>
]
2
%
g
=]
<)

—1.0r et WTCO:4~2 eV

— Wrco =4.6 eV

—-15p
0 10 50 100 150 200 250 300
Distance from the front contact/nm
Fig. 9. The band diagram of the a-SiC:H(n)/c-Si(p) cell for the

cases with Wrco = 4.2 eV and Wpco = 4.6 eV, where the Dy = 1 x
10" em=2.eV~!, AE. = 0.15 eV, and N S“H = 7,09 x 10!% cm 3
were assumed.

Figure 10 indicates that the flattened band bending in the
case of high Wrco = 4.6 eV results in a significantly weak-
ened electric field on the c-Si(p) side. This enhances the in-
terface recombination, leading to a sharp decrease in both Vi,
and FF. So it is necessary to carefully tune the value of Wrco
to obtain high efficiency a-SiC:H(n)/c-Si(p) solar cells. Also,
our simulation results show that the influence of the TCO/a-
SiC:H(n) front contact is negligible when the Vp in the front
contact TCO/a-SiC:H(n) is no higher than 0.2 eV. This means
that Wrco should be as low as possible for the p-type SHIJ solar
cells.

Finally, according to the analyses and optimum parame-
ters provided above, we modeled the J-V characteristics for
the a-SiC:H(n)/ c-Si(p) SHIJ solar cell by choosing Wrco as
42 eV, Dy as 1x10° cm2.eV~! and AE, as 0.15 eV. As
we expected, high performance with V. = 721.5 mV, Js. =
39.26 mA-cm 2, FF = 0.814, and N = 23.06% was achieved.
For p-type SHIJ solar cell the improved efficiency is 1.7 points
over the record efficiency by experiment. However, it is still
lower than the best efficiency achieved on n-type SHJ solar
cell. This is mainly due to the different energy band structure
between the p-type and n-type SHJ solar cells. N-type SHJ
solar cell has the higher minority carrier band offset at the in-
terface, which can suppress the interface recombination effec-
tively. On the other hand, the efficiency of p-type SHJ solar
cell can be further improved by optimizing its back c-Si(p)/a-
Si:H(p+)/TCO structure.??) The related research is right going

on.
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Fig. 10. The electric field of the a-SiC:H(n)/c-Si(p) cell for the

cases Wrco = 4.2 eV and Wyrco = 4.6 _eV, where the Dy = 1 X
10" cm~2.eV1, AE. = 0.15 eV, and N2 S “H® — 7,09 % 1019 cm 3
were assumed.

4. Conclusions

In summary, by numerical computer modeling we
have simulated the p-type SHJ solar cells with the
structure of TCO/a-SiC:H(n)/c-Si(p) (textured)/a-Si:H(i)/a-
Si:H(p+)/TCO. The influence of interface states, conduction
band offset, and front contact on the performance of the p-type
SHJ solar cells was studied in detail. It is shown that by using
wide bandgap a-SiC:H(n) instead of a-Si:H(n) as the window
layer, the short-circuit current can be remarkably increased.
What is more, the open circuit voltage and fill factor are very
sensitive to the interface states, conduction band offset and
work function of TCO. Firstly, a poor a-SiC:H(n)/c-Si(p) in-
terface with high Dj; can result in a striking fall in the open
circuit voltage due to a flattened band bending on the c-Si(p)
wafer side. In order to achieve high V. the interface state den-
sity should be lower than 1x10'! cm™2.eV~!. Secondly, the
increase of conduction band offset may induce a strong inver-
sion layer forming at the a-SiC:H(n)/c-Si(p) interface, which
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suppresses the surface recombination. On the other hand, it
gives rise to a transport barrier for electrons, which enhances
carrier recombination due to electrons accumulation at the in-
terface. The trade-off between the inversion layer and trans-
port barrier leads to the AE, in the range of 0.1 eV-0.15 eV.
Thirdly, the Wrco should be as low as possible. It is shown
that when the Wrcq is high, it can drive the J-V curves into
an S-shape, owing to an inverted junction forming at the front
contact. Meanwhile, high Wrco can also reduce V. and FF
drastically due to the enhanced interface recombination. Fi-
nally, by employing the optimum parameters for Dj;, Wrco,
and AE,, the p-type a-SiC:H(n)/c-Si(p) SHJ solar cell with the
high efficiency of 23.06% was achieved.
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