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Abstract

Heterojunction with intrinsic thin layer (HIT) solar cells fabricated on p-type silicon substrates usually demonstrate inferior

performance than those formed on n-type substrates. The influence of various structure parameters on the performance of the c-Si(p)-

based bifacial HIT solar cell, i.e., the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p+)/TCO solar cell, was investigated in detail by

computer simulation using the AFORS-HET software. The work function of the transparent conductive oxide was found to be a key

factor to affect the solar cell performance. Detailed influence mechanisms were analysed. Accordingly, the design optimization of the

bifacial HIT solar cells on c-Si(p) substrates was provided.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Based on an n-type Czochralski silicon textured absorber,
SANYO Ltd. has developed a silicon heterojunction solar
cell called heterojunction with intrinsic thin layer (HIT) with
an efficiency over 20% [1]. Fabrication of HIT involves
depositing thin hydrogenated amorphous silicon (a-Si:H)
layers on both sides of a high-quality crystalline silicon
(c-Si) wafer by plasma-enhanced chemical vapour deposi-
tion. This process can realize excellent surface passivation
and p–n junction formation simultaneously. The low
processing temperature (o200 1C) prevents the bulk pro-
perty degradation of the substrate that is usually observed in
high-temperature processes. Further, compared with the
conventional diffused solar cells, HIT solar cells have a
better temperature coefficient and a higher open-circuit
voltage (VOC) [2–4]. For these reasons, HIT solar cells have
been extensively investigated.

Although SANYO’s original design used an n-type
substrate as the absorber for the HIT solar cell, current
researches concentrate on developing the HIT solar cell on
e front matter r 2008 Elsevier B.V. All rights reserved.
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a p-type substrate, because of its popularity in the
photovoltaic industry [5–7]. However, inferior performance
was observed for devices fabricated on c-Si(p) as compared
with those on c-Si(n). This was once attributed to the poor
back surface field (BSF) effect at the c-Si(p)/a-Si:H(p+)
interface due to the large valence band offset there [8,9].
Recently, NREL obtained a decent HIT performance on
c-Si(p) utilizing the a-Si:H(p+) BSF [10], which suggests
that a further investigation is necessary to fully understand
the factors that affect the performance of the c-Si(p)-based
HIT solar cell, although such work has been carried out to
some extent [11,12].
Owing to the large number of processing variables, such as

the doping concentration of the amorphous emitter, the
thickness of the intrinsic amorphous layer, the band
alignment of amorphous/crystalline Si heterojunction, etc.;
it is a formidable task to scrutinize the effect of each variable
on the performance of the solar cell experimentally.
Numerical simulation using AMPS or AFORS-HET soft-
ware provides a convenient way to accurately evaluate the
role of various parameters [12–14]. Here, the performance of
the c-Si(p)-based bifacial HIT solar cell, i.e., the TCO/a-Si:
H(n)/a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p+)/TCO solar cell,
was investigated by utilizing the AFORS-HET software as
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the numerical simulation tool. The influence of various
parameters for the front and the back structures was studied
particularly. It was found that the work function of the
transparent conductive oxide (WTCO) was a key factor to
affect the solar cell performance. Detailed influence mechan-
isms were analysed. Accordingly, the design optimization of
the bifacial HIT solar cells on c-Si(p) substrates was provided.
2. Simulation

AFORS-HET solves the one-dimensional semiconductor
equations based on Shockley–Read–Hall recombination
statistics [11,12]. Here, the gap state densities of all kinds of
the a-Si:H layers and the c-Si(p) base were set as the default
values in AFORS-HET. The corresponding distributions
were depicted in Fig. 1. The interface state density of the
a-Si:H/c-Si interface was fixed as 1.2� 1011 cm�2 eV�1,
which can be obtained by the conventional HF treatment
(HF-dip) [15]. The surface recombination velocities of both
electrons and holes were set as 1.0� 107 cm s�1. The solar
AM1.5 radiation was adopted as the illuminating source
with a power density of 100mWcm�2. The light reflection
of the front and the back contacts was set to be 0.1 and 1,
respectively. The other simulating parameters were given
Fig. 1. The gap state distribution of different types

Table 1

Some initial parameter values adopted for the bifacial HIT solar cells in the s

Parameters a-Si:H (p

Layer thickness (nm) 10

Dielectric constant 11.9

Electron affinity (eV) 3.9

Band gap (eV) 1.74

Optical band gap (eV) 1.74

Effective conduction band density (cm�3) 1� 1020

Effective valence band density (cm�3) 1� 1020

Electron mobility (cm2V�1 s�1) 5

Hole mobility (cm2V�1 s�1) 1

Doping concentration of acceptors (cm�3) 1� 1020

Doping concentration of donators (cm�3) 0

Thermal velocity of electrons (cm s�3) 1� 107

Thermal velocity of hole (cm s�1) 1� 107

Layer density (g cm�3) 2.328

Auger recombination coefficient for electron (cm6 s�1) 0

Auger recombination coefficient for hole (cm6 s�1) 0

Direct band-to-band recombination coefficient (cm3 s�1) 0
the initial values as shown in Table 1. During the
simulations, all the parameters were adopted as the above
setting values except for the specific declared ones.
3. Results and discussion

3.1. Optimization of the front structure

3.1.1. Influence of the doping concentration of the a-

Si:H(n) emitter (Ne)

Fig. 2 gives the performance of the TCO/a-Si:H(n)/
c-Si(p) solar cell as a function of Ne with the assumption
that the TCO/a-Si:H(n) contact is a flatband one. The
results indicate that Ne is required to be higher than
1� 1020 cm�3, preferably higher than 2� 1020 cm�3, to
obtain a good performance. The requirement for such a
high doping concentration is due to the small conduction
band offset between a-Si:H and c-Si, as well as the
distribution of the gap states in a-Si:H and the interface
states of a-Si:H/c-Si. Such defect states have a pinning
effect to limit the movement of Fermi level (Ef) in the a-
Si:H(n) emitter. When Ne is 2� 1020 cm�3, AFORS-HET
shows Ef of the a-Si:H(n) emitter is already only 0.04 eV
away from the edge of the conduction band. This means
of a-Si:H layers and c-Si(p) in the simulations.

imulations
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Fig. 2. The simulated performance of the TCO/a-Si:H(n)/c-Si(p) solar cell as a function of the a-Si:H(n) doping concentration (Ne) with the TCO/

a-Si:H(n) contact as a flatband one, where Z is the efficiency, FF the fill factor, JSC the short-circuit current density, and VOC the open-circuit voltage.

Fig. 3. The simulated efficiency of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)

solar cell versus the thickness of the inserted a-Si:H(i) layer with the TCO/

a-Si:H(n) contact as a flatband one, where the a-Si:H(n) doping

concentration (Ne) is 2� 1020 cm�3.

L. Zhao et al. / Solar Energy Materials & Solar Cells 92 (2008) 673–681 675
the activation energy of electrons is 0.04 eV, which is too
low and can hardly decrease further even if Ne becomes
much higher. So, when Ne is up to 2� 1020 cm�3, the solar
cell performance is almost unchanged as Ne increases,
which can be obviously seen in Fig. 2. Furthermore, a very
high Ne is unacceptable because of the inferior optoelec-
tronic properties of the heavy doped a-Si:H emitter. Hence,
it can be considered that Ne of 2� 1020 cm�3 can be
essentially representative of the acceptable high doping
concentration.

3.1.2. Influence of the intrinsic a-Si:H layer thickness

In order to passivate the amorphous/crystalline inter-
face, an a-Si:H(i) layer is inserted between the emitter and
the base to construct the HIT structure. The a-Si:H(i) layer
insertion also has another advantage. Since the diffusion
length of free carriers is short in the a-Si:H layer, the carrier
transport has a higher efficiency by electric field drift than
by diffusion. The thin a-Si:H(i) layer insertion can enhance
the width of the depletion region in the two a-Si:H layers to
increase the contribution of the drift current at the cost
of a little decreased electric field strength. Fig. 3 gives the
simulated efficiency (Z) of the TCO/a-Si:H(n)/a-Si:H(i)/
c-Si(p) solar cell versus the thickness of the inserted
a-Si:H(i) layer with the TCO/a-Si:H(n) contact as a
flatband one and Ne ¼ 2� 1020 cm�3. Although the best
efficiency is obtained with 1 nm a-Si:H(i) layer insertion,
the solar cell efficiency only decreases slightly while the a-
Si:H(i) layer thickness increases, but is not over 5 nm. So
3 nm a-Si:H(i) thickness is preferred in accordance with the
actual fabrication process [10].

3.1.3. Influence of the front TCO/a-Si:H(n) contact

Fig. 4 shows the dependence of the TCO/a-Si:H(n)/
a-Si:H(i)/c-Si(p) solar cell performance on the emitter
thickness with the variation of WTCO and Ne. The inserted
a-Si:H(i) layer is 3 nm. It can be seen obviously that along
with the increase of the emitter thickness, the solar cell
efficiency will increase firstly and then decrease gradually.
There is an optimized thickness (wth) of the emitter to
obtain the best solar cell efficiency. As WTCO lowers and/or
Ne increases, wth will decrease.
To understand this, it needs to take into account the

energy band alignment of such solar cell, as typically
depicted in Fig. 5. The TCO/a-Si:H(n) Schottky contact
and the a-Si:H(n)/c-Si(p) junction locate on each side of the
emitter, respectively. When WTCO is low, Ef of TCO is
higher than that of a-Si:H(n) and thus the built-in potential
(VD) of the TCO/a-Si:H(n) Schottky contact has the same
direction to that of the a-Si:H(n)/c-Si(p) junction, as shown
in the lower part of Fig. 5. However, while WTCO is high,
VD of the TCO/a-Si:H(n) Schottky contact will have an
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Fig. 4. The simulated performance of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) solar cell as a function of the emitter thickness with various WTCO and Ne,

where, the inserted a-Si:H(i) layer is 3 nm. Z is the efficiency, FF the fill factor, JSC the short-circuit current density, and VOC the open-circuit voltage.

Fig. 5. The diagrammatic energy band alignment of the TCO/a-Si:H(n)/

a-Si:H(i)/c-Si(p) structure with a low or a high WTCO. The very thin

a-Si:H(i) layer is not labelled out. Ec is the edge of conduction band, Ef the

Fermi level, and Ev the edge of the valence band.
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inverted direction to that of the a-Si:H(n)/c-Si(p) junction,
as shown in the upper part of Fig. 5. With the increase of
WTCO, VD of the TCO/a-Si:H(n) Schottky contact
increases and the corresponding depletion region in the
emitter widens, eventually resulting in the overlapping
between the TCO/a-Si:H(n) contact region and the
a-Si:H(n)/c-Si(p) junction region if the emitter is not thick
enough. Thus, the inverted TCO/a-Si:H(n) contact will
reduce VD of the a-Si:H(n)/c-Si(p) junction. In turn, VOC

and the fill factor (FF) of the solar cell will decrease.
Although it can be found in Fig. 4 that VOC increases

contrarily in some case with a high WTCO and a low emitter
thickness, this appearance is not contradictory to the above
discussion. It can be clearly understood with the solar cell
J–V curves shown in Fig. 6. Herein, the TCO/a-Si:H(n)
Schottky contact has become the dominant one, and the
a-Si:H(n)/c-Si(p) contact has a little effect, or even only
plays an inserted layer role in the TCO/c-Si(p) structure.
This makes the solar cell J–V curve present an obvious
S-shape. The severer such an effect is, the lower the
inflection voltage will be. As a result, once the inflection
occurs ahead of VOC, VOC will increase, but FF will
decrease greatly. The solar cell obtained by this has a very
inferior performance and is unacceptable.
Hence, the thickness of the emitter should be equal to or

a little larger than the width sum of the depletion regions of
the TCO/a-Si:H(n) contact and the a-Si:H(n)/c-Si(p)
junction inside the emitter. Otherwise, the thick emitter
will be an optical dead layer for the solar cell due to its
inferior properties compared with c-Si. Such an optical
dead layer effect will result in the decreased short-circuit
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Fig. 6. J–V curve of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) solar cell versus the thickness of the emitter, where Ne ¼ 1� 1020 cm�3 and WTCO ¼ 4.5 eV. J is

the current density and V the applied voltage.

Fig. 7. (a) The possible architecture of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) solar cell with the direct TCO/c-Si(p) contact in practice (the layer thickness is

not to scale). (b) The comparative energy band alignments of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) and the TCO/c-Si(p) structures with a high WTCO, where

the very thin a-Si:H(i) layer is not labelled out.
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current density (JSC). So the thickness of the emitter should
also be not too large. Accordingly, it can be deduced that
for any given WTCO and Ne, there is a minimal thickness of
the emitter to obtain the optimized solar cell performance
based on the compromise between the above two effects.
Such an appropriate thickness of the emitter is just the
above wth.

The depicted results of Fig. 4 show that the best
performance for the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) solar
cell can only be obtained under the following conditions:
Ne should be equal to or higher than 2� 1020 cm�3, WTCO

should be at least lower than 4.5 eV, and the corresponding
wth is about 2 nm. If the obtained Ne can only reach to
1� 1020 cm�3 or less, both of the solar cell performance
and wth will be affected by WTCO greatly. The solar cell
efficiency will be much inferior to the highest one and wth

has to be several dozen nanometres unless WTCO is low
enough.
In fact, WTCO of the conventional TCO, such as indium-

tin-oxide (ITO), ZnO and so on, is usually high, generally
in the range of 4.5–5.2 eV [16,17]. This will make it difficult
to fabricate the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) solar cell
with a high performance. Furthermore, if the thin a-Si:H
layers are deposited nonuniformly in practice, TCO will
contact with the c-Si(p) substrate directly in some positions
as indicated by the arrow in Fig. 7(a). In this case, if WTCO
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Fig. 9. The mechanism of the a-Si:H(p+) back surface field for HIT solar

cells on p-type substrates.
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is so high that Ef of TCO is lower than that of c-Si(p), VD

of the TCO/c-Si(p) contact will also have an inverted
direction to that of the a-Si:H(n)/c-Si(p) junction, as shown
in Fig. 7(b). The inverted TCO/c-Si(p) Schottky contact
will thus induce the short-circuit current channels for the
current generating from the a-Si:H(n)/c-Si(p) junction,
resulting in the reduction of Jsc and VOC. Ef of the utilized
c-Si(p) substrate here is �4.99 eV. If WTCO is higher than
4.99 eV, the above problem must be considered carefully in
the fabrication of the TCO/a-Si:H(n)/c-Si(p) solar cell.

The similar simulation was further carried out for the
TCO/a-Si:H(p)/a-Si:H(i)/c-Si(n) solar cell. The results
show that although Ne and WTCO are both needed to be
high for obtaining a high solar cell performance, Ne of
1� 1020 cm�3 and WTCO of 5.1–5.2 eV are enough to meet
this requirement. In this case, wth is about 2 nm. Such
conditions can be obtained easily in practice. Furthermore,
the utilized c-Si(n) base is usually with the resistivity of
about 1.0O cm, and its corresponding Ef is about �4.27 eV.
The factual WTCO is always higher than 4.27 eV in any
case. Thus, even if TCO contacts with the c-Si(n) base
directly, just like that occurs in Fig. 7(a), VD of the TCO/
c-Si(n) contact is at most less than that of the a-Si:H(p)/
c-Si(n) junction, but they still have the same direction.
So the short-circuit current channels like that generate in
the HIT solar cell on c-Si(p) do not exist.

Hence, the conventional TCO with a high WTCO is only
suitable for the emitter of HIT solar cells on c-Si(n)
substrates. An alternative TCO with a low WTCO should be
exploited to promote the performance of the HIT solar
cells on c-Si(p) substrates. Cesium-incorporated ITO film
may be one candidate to meet this requirement. It was
found that cesium incorporation could reduce the work
function of ITO 0.3–0.4 eV [18].
Fig. 8. The simulated performance of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/a

Si:H(p+) layer (Nb) with the back contact as a flatband one, where the optimiz

short-circuit current density, and VOC the open-circuit voltage.
3.2. Optimization of the back structure

3.2.1. Influence of the a-Si:H(p+) doping concentration

(Nb)

Fig. 8 gives the performance of the TCO/a-Si:H(n)/
a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p+) solar cell as a func-
tion of Nb with the assumption that the back contact is a
flatband one, where WTCO for the front contact is 4.3 eV,
Ne is 2� 1020 cm�3, the thickness of the a-Si:H(n) and a-
Si:H(i) layers is 2 and 3 nm, respectively. The results
indicate that Nb is required to be higher than 1� 1020 cm�3

in order to obtain a good performance. Such a high Nb

mainly improves FF and VOC, and thus the efficiency of the
solar cell. As shown in Fig. 9, the conduction band offset
-Si:H(i)/a-Si:H(p+) solar cell versus the doping concentration of the a-

ed front structure is adopted. Z is the efficiency, FF the fill factor, JSC the
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between a-Si:H and c-Si is about 0.15 eV, the valence band
offset is yet about 0.45 eV. The essentially unchanged JSC
in Fig. 8 indicates that such a conduction band offset can
play a good role to reflect the minority carriers, electrons
here. But the large valence band offset makes a barrier
for the tunnelling of the majority carriers, holes here. In
order to enhance the tunnelling opportunity, a high Nb is
needed to reduce the barrier width, and thus to improve FF
and VOC.

3.2.2. Influence of the back a-Si:H(p+)/TCO contact

Fig. 10 shows the dependence of the TCO/a-Si:H(n)/
a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p+)/TCO solar cell per-
formance on the a-Si:H(p+) BSF thickness with the
variation of the back TCO work function (Wb), where Nb

of 1� 1020 cm�3 was further adopted. The results demon-
strate that a low Wb can make the solar cell performance
inferior. The mechanism is the same as the former
described for the front contact. A thick a-Si:H(p+) layer
can overcome the negative effect of the back a-Si:H(p+)/
TCO contact. For example, when Wb is 5.2 eV, 5 nm
a-Si:H(p+) layer is needed to obtain the best solar cell
performance. A thicker a-Si:H(p+) layer will not lead to
Fig. 10. The simulated performance of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/a

thickness with various work function of the back TCO contact (Wb), where N

efficiency, FF the fill factor, JSC the short-circuit current density, and VOC the
the performance decrease, because the sunlight is supposed
to illuminate on the front surface only and thus no optical
dead layer effect occurs for the a-Si:H(p+) layer. So, if the
solar cell is not for the bifacial application, the a-Si:H(p+)
layer can have a relative large thickness in accordance with
some process requirements as long as it is conductive
enough.
Furthermore, when Wb is higher than 5.6 eV, Fermi level

of TCO will be lower than the edge of the valence band of
the a-Si:H(p+) layer. As a result, VD of the c-Si(p)/TCO
Schottky contact is essentially higher than that of the
c-Si(p)/a-Si:H(p+) junction. The c-Si(p)/TCO contact may
have a better BSF effect than the c-Si(p)/a-Si:H(p+)
junction does. Hence, it is possible to omit the a-Si:H(p+)
layer. However, in this case, for the factual solar cell,
the interface quality of the c-Si(p)/TCO contact will
become another crucial factor, which should be considered
carefully.
In the above simulations, the light reflection of the front

and the back contacts was set to be 0.1 and 1, respectively.
For the real solar cell, such reflection can be controlled by
adjusting the thickness of TCO and/or adopting some
texture structures on the surfaces. The front reflection
-Si:H(i)/a-Si:H(p+)/TCO solar cell as a function of the a-Si:H(p+) BSF

b ¼ 1� 1020 cm�3 and the optimized front structure is adopted. Z is the

open-circuit voltage.
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Table 2

The optimized parameters for the bifacial HIT solar cells on p-type

substrates

Layer Thickness (nm) The doping

concentration (cm�3)

Work function

(eV)

Front TCO 80 – o4.5

a-Si:H(n) �2 2� 1020 or above –

a-Si:H(i) 3 – –

c-Si(p) 300 1� 1016 –

a-Si:H(i) 3 – –

a-Si:H(p+) �5 1� 1020 or above –

Back TCO 80 – 45.2
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should be as low as possible, especially for the visible light.
And the back internal reflection should be high instead,
especially for the light with longer wavelength. In the
previous research, the thickness of TCO has been
optimized to be 80 nm for obtaining the lowest reflectance
at the wavelength of about 600 nm [3,8]. For the bifacial
application, such TCO thickness can be utilized for both
the front and the back surfaces. If the single-sided
application is considered, a high reflectance metal layer
can be deposited further on the back TCO.

In summary, the design optimization of the bifacial HIT
solar cells on the c-Si(p) substrates was provided. All the
optimized parameters are generalized in Table 2. Based on
this, the HIT solar cells with the higher performance can be
achieved on the c-Si(p) substrates by further improving the
quality of all the material layers and all the interfaces.

4. Conclusions

The performance of the TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/
a-Si:H(i)/a-Si:H(p+)/TCO solar cell was investigated in
detail by utilizing AFORS-HET software as a numerical
simulation tool. The influence of various parameters for
the front and the back structures was studied. And the
corresponding design optimization was provided.

The work function of transparent conductive oxide
(WTCO) can affect the HIT performance obviously. If
WTCO is not appropriate, the built-in potentials (VD) of the
TCO/a-Si:H contact and the a-Si:H/c-Si junction will have
the opposite directions to each other. In this case, the
depletion region overlapping between the two junctions
will result in the decrease of the solar cell performance.
Hence, the thickness of the a-Si:H layer should be equal to
or a little larger than the width sum of the depletion regions
of the above two junctions inside the said a-Si:H layer.
Further, there is an optimized thickness (wth) of the emitter
to obtain the best solar cell efficiency while the optical dead
layer effect of the a-Si:H layer is further involved.

For the front TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p) structure,
WTCO should be as low as possible. In order to obtain the
high solar cell performance, the doping concentration of
the a-Si:H(n) emitter (Ne) should be equal to or higher than
2� 1020 cm�3, WTCO should be at least lower than 4.5 eV
and the corresponding wth is about 2 nm. A 3nm a-Si:H(i)
layer is preferred to passivate the amorphous/crystalline
interface.
For the back c-Si(p)/a-Si:H(i)/a-Si:H(p+)/TCO struc-

ture, 3 nm a-Si:H(i) layer is also preferred. The work
function of the back TCO (Wb) should be as high as
possible. The optimized conditions are Wb is 5.2 eV or
above, the doping concentration of the a-Si:H(p+) layer
(Nb) is equal to or higher than 1� 1020 cm�3, and the
thickness of a-Si:H(p+) layer is about 5 nm. A thicker
a-Si:H(p+) layer can be adopted to meet some process
requirements as long as it is conductive enough. And if Wb

is especially high, it is possible to omit the a-Si:H(p+) layer.
The c-Si(p)/TCO Schottky contact can be utilized as the
BSF directly, but the c-Si(p)/TCO interface should be
controlled perfectly.
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