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In order to obtain higher conversion efficiency and to reduce production cost for hydrogenated amorphous sili-
con/crystalline silicon (a-Si:H/c-Si) based heterojunction solar cells, an a-Si:H/c-Si heterojunction with localized p—n struc-
ture (HACL) is designed. A numerical simulation is performed with the ATLAS program. The effect of the a-Si:H layer
on the performance of the HIT (heterojunction with intrinsic thin film) solar cell is investigated. The performance im-
provement mechanism for the HACL cell is explored. The potential performance of the HACL solar cell is compared with
those of the HIT and HACD (heterojunction of amorphous silicon and crystalline silicon with diffused junction) solar cells.
The simulated results indicate that the a-Si:H layer can bring about much absorption loss. The conversion efficiency and
the short-circuit current density of the HACL cell can reach 28.18% and 43.06 mA/cm?, respectively, and are higher than
those of the HIT and HACD solar cells. The great improvement are attributed to (1) decrease of optical absorption loss of
a-Si:H and (2) decrease of photocarrier recombination for the HACL cell. The double-side local junction is very suitable
for the bifacial solar cells. For an HACL cell with n-type or p-type c-Si base, all n-type or p-type c-Si passivating layers are
feasible for convenience of the double-side diffusion process. Moreover, the HACL structure can reduce the consumption
of rare materials since the transparent conductive oxide (TCO) can be free in this structure. It is concluded that the HACL

solar cell is a promising structure for high efficiency and low cost.

Keywords: silicon solar cell, a-Si:H/c-Si heterojunction, short-circuit current, local junction
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1. Introduction

In the past few decades, hydrogenated amorphous sili-
con/crystalline silicon (a-Si:H/c-Si) based heterojunction solar
cells have been attractive since they possess high open-circuit
voltage (Voc), low-cost fabrication process and low tempera-

[1-101 Tn 1992, Panasonic company developed

ture coefficient.
an a-Si:H/c-Si heterojunction structure called the HIT (hetero-
junction with intrinsic thin-layer) solar cell.!'l Up to now, the
conversion efficiency of the typical HIT solar cell has reached
24.7%.1%1 For the HIT solar cell, the doped a-Si:H layer at the
illumined front of the cell acts as the emitter, and the intrin-
sic a-Si:H layer plays a role of passivating defects. However,
the a-Si:H material can bring about large optical absorption
because it possesses a very high absorption coefficient. Hol-
man et al.!'!l showed theoretically that a relative efficiency
increase of over 5% is possible for the heterojunction solar
cell by mitigating parasitic absorption. In order to minimize
the absorption loss of the a-Si:H, some researchers attempted
to develop high-quality wide-gap alloys, such as a-SiC:H,[?!
a-Si0:H, "3 ue-Sio :H'" and uc-3C-SiC,!"! to replace a-
Si:H as an emitter of the heterojunction solar cell. However,

DOI: 10.1088/1674-1056/ab5212

so far, the performance improvement of the solar cell is lim-
ited. The reason may be that the property of alternative ma-
terials is not good enough and big band offset deteriorates
cell performance.!!%16] Several groups!!’~?!l reported that the
emitter of the a-Si:H layer can be placed at the back side of the
cell for avoiding the absorption of the doped a-Si:H layer, i.e.,
interdigitated back contact (IBC) technology has been used for
the silicon heterojunction solar cell. The solar cell with the
combination of the HIT and IBC technologies has achieved a

[20.21] However, the struc-

world-record efficiency of over 26%.
ture with the HIT and IBC technologies is very complicated,
and it is not convenient to fabricate for mass production. In

our previous work, 2]

we employed an n-type c-Si layer as the
emitter, in other words, the doped and intrinsic a-Si:H layers
are replaced by n-type c-Si for reducing the optical absorp-
tion loss. This device is called the HACD (heterojunction of
amorphous silicon and crystalline silicon with diffused junc-
tion) cell. However, the c-Si emitter in this structure, which is
heavy doped, can make more recombination since the surface
of the silicon wafer is also the region where the photocarriers

are most generated. In order to overcome the above issues,
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we propose a bifacial heterojunction of amorphous/crystalline
silicon with localized p-n structure (HACL cell).[?>?* The
HACL cell structure can minimize the absorption loss of the
a-Si:H and reduce recombination of photocarriers in the emit-
ter. All of p—n junctions are local for the HACL cell. The local
p—n-junction can make the cell keep high open-circuit voltage,
and also take full advantage of sunlight and reduce photocar-
rier recombination. In addition, the TCO layer, in which it
contains rare and expensive indium, can be free for the HACL
cell so that the cost will be reduced.

In this work, we perform a numerical simulation using the
ATLAS program. > The effect of the doped a-Si:H layer on
the performance of the HIT cell is studied. The structure of
the HACL solar cell is designed. The performance improve-
ment mechanism for the HACL cell is explored. The potential
performances of the HIT, HACD and HACL cells are eval-
uated. The HACL cell with single-side planar junction and
single-side local junction are analyzed. All n-type or p-type
c-Si passivating layers for the HACL cells are discussed.

2. Device model and simulation parameters

Figure 1 illustrates the schematic structure of the HIT,
HACD and HACL solar cells used in this study. Figure 1(a)
shows the typical HIT solar cell structure, and figure 1(b)
shows the HACD solar cell structure which can be used to find
detailed information in our previous work.??! For the HACL
solar cell structure, the optical absorber can be n-type c-Si or
p-type c-Si, and n-type c-Si is adopted in this work as shown
in Fig. 1(c). Each side of the optical absorber is constituted
by emitter region and passivating region. Figure 1(d) shows
the top view of several units of the HACL cell. Each emitter
region comprises of doped and intrinsic a-Si:H layers, whose
width is set to about 50 wm, and the electrodes cover on the
doped a-Si:H layers. Each passivating region includes heavy
doped c-Si (a few tens of nanometers) and SiN, layers, whose
width is set to about 1500 um. Sunlight is incident from the
passivating region into cell. The area of the emitter region cov-
ers about 3% of the area of the wafer surface, and the rest of
the area of the wafer surface is covered by passivating region.

The ATLAS program is used in this study. The simulation
method is based on the Poisson equation, and the electron and

hole continuity equations, >

div(eVy) = —p, ()

where y is the electrostatic potential, € is the local permittiv-
ity, and p is the local space charge density. Here p is the sum
of contribution from all mobile and fixed charges, including
electrons, holes and ionized impurities.

on

1
9N _ L divJ,+ Gy — Ry, @)
Jdt g

aip 1
a—f = AT+ Gy~ Ry,

3
where n and p are the electron and hole concentrations, J,
and J,, are the electron and hole current densities, G, and G,
are the generation rates for electrons and holes, R, and R, are
the recombination rates for electrons and holes, and ¢ is the

magnitude of the charge on an electron.
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Fig. 1. Schematic of silicon heterojunction solar cells with different
structures: (a) HIT, (b) HACD, (c) HACL, and (d) top view of several

units of the HACL cell.
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For an a-Si:H material, the density of states in the
bandgap is assumed to be both acceptor-like states and donor-
like states modeled by Gaussian mid-gap states (associated
with silicon dangling bonds) and exponential band tails. The
conduction and valence band tail states can be described as

follows:
E—E
gA(E) = GAOCXP( 3 C>7 4
A
Eyv—E
gp(E) = Gpoexp <VE >, )
D

where Gao(E) and Gpo(E) are the states per volume per en-
ergy for tail states at Ey and Ec, and Ex and Ep are the char-
acteristic energies that determine the slopes of their respective
tails.

The Gaussian mid-gap states of acceptor-like states and

donor-like states are given by

1 | (E—Eax)*

E) = 2 [ABETEAR)
gA(E) = Nag > 2 ; (6)

1 | (E - Epk)*

E) = 2 |ABTEDK)
gp(E) = Npc > = ; @)

where Nag and Npg are the states per volume per energy for
acceptors and donors, Eax and Epk are the peak energy posi-
tion of Gaussian, and 6 and op are the standard deviation of
Gaussian acceptors and donors.

The band tail states and Gaussian mid-gap states of doped
and intrinsic a-Si:H layers are shown in Fig. 2.

The main material parameters?>2627] ysed in this simu-
lation are listed in Table 1. The simulated condition is under
AM 1.5 G, 100 mW/cm? and at 300 K.

Table 1. Main parameters used for the simulation of HIT, HACD and HACL solar cells.

Parameters and units a-Si:H(p™) a-Si:H(i) a-Si:H(n™) ¢-Si(n) ¢-Si(n*/pT) for HACL  ¢-Si(n™) for HACD
Thickness/nm 10 10 10 1.5x 10 20 5x 10°
Electron affinity/eV 3.80 3.80 3.80 4.05 4.05 4.05
Band gap/eV 1.72 1.72 1.72 1.12 1.12 1.12
Relative dielectric constant 11.90 11.90 11.90 11.90 11.90 11.90
Effective conduction band density/ecm™>  2.50 x 1020 2.50x 10 2,50 x 10 2.80 x 10'° 2.80 x 101 2.80 x 1010
Effective valence band density/cm ™3 250x 1020 2.50%x10%°  2.50x10%  1.04 x 10" 1.04 x 101 1.04 x 101
Electron mobility/cm?-V~!.s! 10 20 10 1350 1350 1350
Hole mobility/cm?-V~!.s~1 2 5 2 450 450 450
Donor concentration/cm 3 0 0 1x 10" 3% 1019 1x10'8 1x10'8
Acceptor concentration/cm > 6x10'8 0 0 0 0 0

. By Egq Ey Ec By Ee

! . —s—band tail acceptor-like states ! 2 —— i i § | 21 —=—band tail acceptor-like states

% 10% [ (a) —O—Ga;lllllsstig::l Zzgzgtg;-lzkg Z:Ztgz >o 102 K(b) _._l();f.ﬂdsstliﬂ Zﬁﬁﬁgggﬁ_ﬂlﬁﬁ izggg: % 102§(¢) —O—Fau(:lssw}ri gonor-}!}:e states

- 2 —— band tail donor-like states o 10f ——band tail donor-like states o 1niof _“_é‘“n tai Omtw--ll']? stt,att.et‘;

IE 1019 —v— Gaussion donor-like states ‘E 107§ —v— Gaussion donor-like states, I 107 7 jaussion acceptor-like states

< 10v7f S0} S107f

§ { E sF § 15[

S 10%5f 51017} 5105

% F I ; & 13

= 1013r = 1013 « 1013

] r > 3 1

£ 101 Z101} 210"

5 mgr L L 5 109r N N q:) 109 L L L

A o 0.5 1.0 15 Ao 0.5 1.0 15 A0 0.5 1.0 L5

Energy/eV Energy/eV Energy/eV

Fig. 2. Gap defect state distribution of (a) a-Si:H(p™), (b) a-Si:H(i), and (c) a-Si:H(n™) layer.

3. Results and discussion

3.1. Effect of the doped a-Si:H layer on the performance
of the HIT cells

For an HIT solar cell, the planar junctions are assembled
at top and bottom sides of the device. The emitter of the a-
Si:H layer entirely covers the surface of the c-Si base. The
large absorption coefficient of the a-Si:H material can bring
about absorption losses. In order to assess the loss, the per-
formance of the HIT cell is calculated in dependence of vari-
able thicknesses of the top doped a-Si:H layer. Figure 3 shows
the photovoltaic parameters of the HIT cells with the emit-

ters of different thicknesses. It is found that the thickness
of the doped a-Si:H layer has important impact on the short-
circuit current density Jy. and efficiency. When the thickness
of the doped a-Si:H layer is 2 nm, the Js. and efficiency are
40.21 mA/cm? and 25.44%, respectively. If the thickness of
the emitter increases to 20 nm, the Jy. and efficiency will de-
crease to 37.32 mA/cm? and 23.57%, respectively. The emitter
thickness has slight effect on the V. and fill fact (FF). In order
to further clarify the absorption losses, the internal quantum
efficiency (IQE) curves are plotted for the HIT cells with the
emitters of different thicknesses. It is seen from Fig. 4 that
the a-Si:H layer mainly reduces short-wavelength quantum ef-
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ficiency, and the cell IQE in the waveband of 300-600 nm de-
creases with increasing the thickness of the doped a-Si:H layer.
Of course, the intrinsic a-Si:H layer will also make absorption
loss, but its absorption loss is less than that made by the doped
a-Si:H since the doped a-Si:H has more defects. These results
indicate that the a-Si:H material can result in the IQE deterio-
ration and thus Jy. loss.

0.77 - 41 ¢

(2)  (b)
40 F *
I T
z E © 39F AN
S 0.T6F e—e < oF .
£ o =
S: | £ ~.
F ~3TE
075l e b1 [S7;) IR NI I A
0 5 10 15 20 0 5 10 15 20
Doped a-Si:H thickness/nm Doped a-Si:H thickness/nm
83.5 26.0¢
F(©) s 25.55 (D)
83.4F ’ —
. g — | 5 250F \.
£ 83.3F — £ 245F A
3 s3.0F — S 24.0F '\
— S
TE 3 23.5EF °
SR J [ I I A N 23 0B b by byl
0 5 10 15 20 0 5 10 15 20
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Fig. 3. Photovoltaic parameters of the HIT cells with the emitters of differ-
ent thicknesses.
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0
300 400 500 600 700 800 900 10001100 1200
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Fig. 4. IQE curves of the HIT cells with the emitters of different thicknesses.

3.2. Performance improvement mechanism for HACL

cells

In order to minimize the absorption loss of a-Si:H, the
local p—n junctions are designed for the HACL cells. The pho-
togeneration rate and the recombination rate are calculated as
shown in Fig. 5. Figures 5(a) and 5(c) show the photogenera-
tion rate and the recombination rate made in the region that is
perpendicular to the emitter region surface (assuming that the
electrode is transparent). Figures 5(b) and 5(d) show the ones
made in the region that is perpendicular to the passivating re-
gion surface. It is observed that the photogeneration rate in the
a-Si:H layer is greater than that in the c-Si layer. The reason is
that the optical absorption coefficient of a-Si:H is larger than
that of c-Si. However, most of the photocarriers generated in
a-Si:H cannot be attributed to photocurrent since the a-Si:H

material possesses high defect density and very low mobility.
It can be seen from Figs. 5(c) and 5(d) that the recombination
rate in the a-Si:H layer is 2-3 orders of magnitude larger than
that in the c-Si layer. Thus, fewer area of of a-Si:H layer that
used for the emitter should be favorable. In the HACL cell, the
area of the a-Si:H layer just accounts for about 3% of the sur-
face of the c-Si base. It can significantly reduce the absorption
loss of a-Si:H so that more photons can be entered into the cell
absorber to generate photocarriers. This is demonstrated by
Figs. 3 and 4. Noted that a-Si:H acting as the emitter of local
junction can keep high V. for solar cells.

Compared to the HACD cell, the HACL structure can re-
duce the photocarrier recombination in the emitter. For the
HACL cell, most of the surface area is covered by the c-Si
passivating layer. The c-Si passivating layer is very thin (about
dozens of nanometers), so the recombination quantity is little.
Moreover, the recombination rate in the c-Si passivating layer
is not large. We can see from Fig. 5(d) that the recombination
rate in the c-Si passivating layer (close to the SizNy layer) is
even less than that in the c-Si base. The role of the c-Si passi-
vating layer is to suppress the carrier recombination via n™—n
high-low junction. As a result, the HACL structure can reduce
photocarrier recombination and make a high Jg.

For the HACL cell, its structure can help photocarriers to
be better transported and collected. In order to illustrate the ar-
gument, the vector of electric field for the top side of the part
HACL cell is plotted as shown in Fig. 6. It is observed that
the main electric field direction in the emitter region is from
n"-a-Si:H to the i-a-Si:H layer, then to the n-c-Si absorber,
and that in the passivating region is from n*-c-Si to the n-c-
Si layer. Thus, a large number of minority carriers (here is
hole) generated at the c-Si wafer surface are driven into cell
inside, and then they are transported to local p—n junction and
collected by electrodes (on the local p—n junction). This pro-
cess can avoid lateral transport for minority carriers so that it
can improve collection efficiency of minority carriers. For tra-
ditional planar junction, lateral transport of minority carriers
generated at the surface of the c-Si base can result in more re-
combination since there is heavy doping in the emitter layer.
Therefore, the local p—n junction can make high Jy since the
collection efficiency of photocarriers can be improved.

To verify the advantage of the HACL structure, potential
performances of the HIT, HACD and HACL cells are calcu-
lated. Figure 7 shows the simulation results of the potential
performances of the HIT, HACD and HACL cells. It is found
that the HACL cell has the highest conversion efficiency. If
sunlight is incident from the top side of the cell, a conversion
efficiency of 27.84% for the HACL cell can be achieved, while
for the HACD and HIT cells, their conversion efficiencies
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Fig. 5. The photogeneration rate and the recombination rate of different regions for the HACL cell: (a) and (c) for the region that is
perpendicular to the emitter region surface, (b) and (d) for the region that is perpendicular to the passivating region surface.
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optical absorption loss. For the HACL cell, its high Jy may
be attributed to two aspects. One is that the area of the a-Si:H
layer is minimized to reduce absorption loss. The other is that
the local junction can improve the collection efficiency of pho-
tocarriers.

Here it should be noted that in our previous work?? a
conversion efficiency of 28.55% can be achieved for an opti-
mized HAC cell (i.e. the HACD cell in this paper), while the
conversion efficiency of the HACL cell can just reach 28.12%
in this work. The main reason is that in our previous work we
assumed that the light trapping in the cell was idealized and
the surface passivation of the wafer was perfect. In this work,
in order to obtain more “real” results, the set parameters of
surface recombination velocity and surface reflectance for the
HACL cell are somewhat strict. Hence, the calculated conver-
sion efficiency of the HACL cell is even slightly lower than

that of the HACD cell reported in Ref. [22]. In this work, we
set the same parameters about surface recombination velocity
and surface reflectance for the HACD and HACL cells. Fig-
ure 7 proves that the performance of the HACL cell is better
than that of the HACD cell. Moreover, it should be stressed
that the production cost of the HACL cell would be markedly
reduced since it is a TCO-free structure. We will talk about
this point in Section 3.5.

In Table 2, the photovoltaic performances of the recent a-
Si:H/c-Si based heterojunction solar cells are compared with
that of the HACL solar cell. It is found that the conversion
efficiency of the HACL cell is higher than that of the HIT or
HIT+IBC cells. Though the conversion efficiency of 28.18%
for the HACL cell is a calculated value, its efficiency goal
is encouraging. Moreover, there is a cost advantage for the
HACL cell.

Table 2. Performance comparison of recent a-Si:H/c-Si based cells with the HACL cell.

Cell type Voc!V Jee/mA-cm 2 FF/% efficiency/% References Remark

HIT 0.750 39.50 83.2 24.70 [4] experimental data
HIT 0.738 40.80 83.5 25.10 [28] experimental data
HIT + IBC 0.740 41.80 82.7 25.60 [29] experimental data
HIT + IBC 0.738 42.65 84.9 26.70 [9], [20] experimental data
HIT 0.769 41.71 84.24 27.02 [30] simulation results
HIT 0.763 39.28 85.98 25.75 [31] simulation results
HACL 0.766 43.06 85.41 28.18 This work simulation results

3.3. HACL cell with single-side planar junction and single-
side local junction

In order to further probe the role of the local junction,
a planar junction is used to replace the local junction at top
or bottom side of the above HACL cell. Thus, one side of
the designed HACL cell is planar junction, and the other side
of the HACL cell is local junction. If the planar junction is
placed at top or bottom side, the cell is named as HACL cell-I
or HACL cell-II. The current-voltage curves of two kinds of
cells are plotted as shown in Fig. 8. It is found that the Jy
and conversion efficiency of the HACL cell-II are higher than
that of the HACL cell-I. This should be attributed to the local
junction at top side of the HACL cell-1I, which can make more
photons into cell and reduce photocarrier recombination. For
the HACL cell-, its top side is planar junction, in which the a-
Si:H layer and the lateral transport of photocarriers at the cell
surface can bring about more recombination. Moreover, it is
found that the performance of the HACL cell-1I is almost same
as that of the above HACL cell. This result indicates that the
local junction at the bottom of the cell has negligible impact
on the cell performance since few photocarriers can be gener-
ated at the bottom of the cell. The result agrees with the above
analysis about local junction. However, if the designed cell

is bifacial (double-side), the advantage of the local junction at

the bottom of the cell will be well presented.
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Fig. 8. Current-voltage curves of the HACL cell-I and cell-II.

3.4. HACL cell with all n-type c-Si passivating region

It can be seen from Fig. 1(c) that the passivating regions
are covered by the n-type (top side) or p-type c-Si layers (bot-
tom side) for the HACL cell. This design will bring about
more steps for the production process. If the p-type c-Si pas-
sivating layer (bottom side) is replaced by the n-type passivat-
ing one, i.e., the passivating layers are all n-type c-Si, it will
be convenient to the double-side diffusion process for forming
double-side n-type c-Si passivating layers. In order to prove

its feasibility, the photovoltaic performances of two kinds of
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HACL cells are calculated. The cell with n-type (for top side)
and p-type (for bottom side) c-Si passivating layers is named
as HACL cell-III, and that with all n-type c-Si passivating lay-
ers is named as HACL cell-IV. The calculated results are listed
in Table 3. It is found that the photovoltaic performances of
the HACL cell-Il and HACL cell-1IV are very close. Therefore,
we can infer that the HACL cell with all n-type c-Si passivat-
ing layers can work well. However, it should be noticed that
the n-type c-Si passivating region at the bottom must be not
connected with i-a-Si:H and p™-a-Si:H layers in the emitter re-
gion. The gap between the passivating region and the emitter
region can help to more effectively cut off the lateral transport
of photocarriers. Moreover, the lateral p—n junction at the bot-
tom can be avoided to form due to the existence of the gap. In
the fabrication process, the gap can be filled by insulator, such
as SiN,.

Similarly, it can be inferred that if the optical absorber of
an HACL solar cell is p-type c-Si base, the passivating layers
can be all p-type c-Si.

Table 3. Calculated photovoltaic performance of the HACL cell-Ill and
cell-IV.

Cell types Je/mA-cm 2 Voe!V FF/% Eff/%
i} 42.55 0.766 85.43 27.84
v 4221 0.766 85.28 27.58

3.5. TCO-free analysis for HACL cells

For the planar junction, a TCO layer must be deposited
on the whole a-Si:H layer to effectively collect the current of
solar cells since the lateral conductive property of a-Si:H is
weak. However, the TCO layer can be free for our HACL cell.
The above simulation results prove that the TCO-free HACL
cell can obtain high conversion efficiency. The reason may be
that the emitter is local, and its width is small. According to
our design, the width of the c-Si passivating region is about
1500 pwm, and the width of the a-Si:H emitter is about 50 pm.
This small emitter width does not affect the collection of cur-
rent though the lateral conductive property of a-Si:H is weak.

It is well known that TCO materials contain rare and very
expensive metals, such as indium. This makes TCO materials
account for about 10% of the cost of the entire cell. TCO-free
cells also reduce the number of fabrication steps. Therefore,
the TCO-free HACL cell can achieve a reduction in produc-
tion cost. Moreover, the TCO-free cells can reduce the series
resistance loss caused by carrier transport in the TCO. Thus,
the HACL structure can also improve cell performance and
reduce cell cost by the TCO-free way.

4. Conclusions

A numerical simulation has been carried out using the
ATLAS program. The effect of the a-Si:H layer on the per-

formance of the HIT cell is studied. The performance im-
provement mechanism for the HACL cell is explored. The
potential performances of the HIT, HACD and HACL cells

are evaluated. It is found that the a-Si:H layer can re-

duce short-wavelength quantum efficiency and decrease short-
circuit current density. The HACL cell can reach a conver-
sion efficiency of 28.18% and a short-circuit current density
of 43.06 mA/cm?. The excellent performance for the HACL
cell originates from the unique structure design based on lo-
cal p—n junction. The advantage of the HACL structure is that
more photons can be entered into the cell absorber to generate
photocarriers since a-Si:H layers are free in the non-junction
regions and the collection efficiency of photocarriers can be
improved since a very thin passivating layer can reduce photo-
carrier recombination. The double-side local junction is very
suitable for the bifacial solar cells. Furthermore, for an HACL
cell with n-type or p-type c-Si base and double-side local junc-
tion, all n-type or p-type c-Si passivating layers are feasible for
convenience of the double-side diffusion process. Moreover,
the TCO materials, in which there is rare and valuable metal
element of indium, are free for the HACL structure so that
the production cost can be reduced. The results show that the
HACL solar cell may be a promising structure for high effi-

ciency and low cost in mass production.
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