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By inserting a thin highly doped crystalline silicon layer between the base region and amorphous silicon layer in an
interdigitated back-contact (IBC) silicon solar cell, a new passivation layer is investigated. The passivation layer perfor-
mance is characterized by numerical simulations. Moreover, the dependence of the output parameters of the solar cell on
the additional layer parameters (doping concentration and thickness) is studied. By optimizing the additional passivation
layer in terms of doping concentration and thickness, the power conversion efficiency could be improved by a factor of
2.5%, open circuit voltage is increased by 30 mV and the fill factor of the solar cell by 7.4%. The performance enhance-
ment is achieved due to the decrease of recombination rate, a decrease in solar cell resistivity and improvement of field
effect passivation at heterojunction interface. The above-mentioned results are compared with reported results of the same
conventional interdigitated back-contact silicon solar cell structure. Furthermore, the effect of a-Si:H/c-Si interface defect
density on IBC silicon solar cell parameters with a new passivation layer is studied. The additional passivation layer also
reduces the sensitivity of output parameter of solar cell to interface defect density.
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1. Introduction

Interdigitated back-contact (IBC) silicon solar cells were
introduced to maximize the open circuit voltage (Vi) of the
solar cell, by eliminating the shadow effect of electrodes at the
front surface while reducing the series resistance.!!! An im-
provement in IBC silicon solar cell performance is achieved
when a thin layer of a-Si:H was used as a passivation layer
and interdigitated back-contact silicon heterojunction (IBC-
SHJ) solar cells were investigated.!?! IBC-SHJ solar cells are
able to produce high V. and low recombination rate at the
surface due to heterojunction contacts. Deposition of a-Si:H
layer on the crystalline silicon substrate is a low-temperature
process (less than 200 °C) which possesses many advantages
such as a better control to define p-type and n-type regions,
preventing the wafer from wrapping and cracking and efficient
passivation of c-Si wafer surface.’l By the use of plasma-
enhanced chemical vapor deposition (PECVD), a high-quality
a-Si:H layer on the crystalline silicon wafer with an effective
surface recombination velocity (SRV) of less than 6.2 cm/s
was reported.l’] In recent years, many research studies were
conducted to improve the electrical characteristics and achieve
the maximum efficiency of IBC-SHJ solar cells.[*°! A thin
layer of intrinsic a-Si:H was added to the back surface of the
solar cell, and increases in V. and short circuit current (Jyc)
were observed.*>! It was also concluded that by reducing the
buffer layer thickness, reducing the buffer layer bandgap and
increasing the conductivity of buffer layer, a better fill fac-
tor was achieved.!*>! Padilla e al. used a photoluminescence
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images-based technique to characterize recombination rate at
the surface of IBC-SHIJ solar cells.!®) Interface defects were
identified as one of the most important factors limiting the het-
erojunction solar cell performance. High-quality passivation
layer was used to solve the interface defect problem.!”=") In
their study a thin (< 10 nm) layer of (n™) c-Si:H was deposited
on p-type c-Si substrate by PECVD. The layer was used as
an interlayer emitter in back-contact heterojunction structure.
The high electric field provided by (n™) c-Si:H reduces the re-
combination rate of minority carriers at emitter surface, and
0.7% increase in efficiency compared with the efficiency of
conventional HIT was reported. The reduction in recombi-
nation rate by producing a high electric field is named field
effect passivation.'%) Moreover, by combining two types of
homojunction and heterojunction, homo-heterojunction (HHJ)
concept was proposed.!!!l With this combination, higher fill
factor (FF) than that of conventional HIT was obtained due
to a reduction in series resistance, also the sensitivity of out-
put parameters to the density of states (DOS) was reduced
due to field effect passivation.!!!l Recently an HIT structure
was reported to improve back-contacted silicon solar cell per-
formance with a focus on the reduction of recombination
at heterointerfaces. It was shown that by depositing a thin
(n™) buffer layer on the p-type substrate and preserving (i) a-
Si:H layer V. increases and the sensitivity of output parameter
to DOS decreases.!!?! Figure 1 shows the HET cell with buffer
layers at the front and back surfaces. In this study, the field ef-
fect passivation of interface defect density through using the
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electric field effect provided by thin highly doped buffer layer
in IBC-SHI solar cell is proposed. Also the reduction of sur-
face recombination at IBC-SHJ solar cell interfaces, by us-
ing the buffer layer and HHJ concept in IBC-SHIJ structure is
studied. Starting from standard n-type IBC-SHIJ architecture
reported in Ref. [13] and reproducing the experimental result
by numerical simulations, HHJ-IBC-SHJ architecture is inves-
tigated by inserting the highly doped c-Si layer. In Section 2
the theory of recombination at heterojunction interfaces is es-
tablished, while in Section 3, the numerical modeling of the
proposed structure is presented. In Section 4 the simulation
results and discussion are presented.
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Fig. 1. (color online) Cross sections of HET cells, cross sections having
HHJ architectures with (a) the inserted (p*p) c-Si or/and (b) (n*p) c-Si
layers.

2. Heterojunction interface recombination mod-
eling

It was suggested that the recombination model used in
amphoteric structures can be extended to modelling the re-
combination at c-Si/a-Si:H interface.!'*!3] Although the men-
tioned model can be used in solar cells in specific operating
conditions, the recombination at c-Si/a-Si:H interface can be
modeled by considering a hypothetical thin layer of defect
state at c-Si/a-Si:H interface where the amorphous layer spec-
ification is applied.!'®! This layer has two mid-gap dangling
bands: donor-like and acceptor-like, with two Gaussian distri-
bution functions, a conduction band tail, and a valance band
tail that is shown in Fig. 2. In this study, an extended for-
malism of Shockley—Read—Hall (SRH) theory!!718) is used for
recombination calculation at heterojunction interface. The net
recombination rates for electrons and holes in steady state con-
dition are given by![!"!

R, = Rp
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where Ey and Ec are the valance and conduction band en-

+

ergy levels respectively, v, and v, are the electron and hole
surface recombination velocity, O and Oy are the band tail
acceptor-like and donor-like capture cross section respectively,
Ogae and O,y are the mid-gap Gaussian state acceptor-like
and donor-like capture cross section respectively, g, (E) and
8ga (E) are the tail and Gaussian defect DOS respectively.
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Fig. 2. (color online) DOS distributions in a-Si and interface defect layers.

3. Simulation models

Figure 3 shows a schematic diagram of IBC-SHJ solar
cell studied in Ref. [13]. The device consists of 150-um n-
type float zone (FZ) c-Si substrate with a phosphorous doping
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Fig. 3. (color online) The schematic and band diagrams of IBC-SHJ solar
cell simulation model.
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concentration of 2 x 10> ¢cm™3, a 5-nm (i) a-Si:H layer as
a front surface passivation layer, 60-nm a-SiN,:H layer anti-
reflection coating. Moreover, on the back side of the cell, a
thin layer of (i) a-Si:H layer with a thickness of 5 nm is de-
posited as a passivation layer. A 20-nm thick (p) a-Si:H layer
as emitter contact and a 20-nm thick (n) a-Si:H layer as base
contacts are the next layers to be deposited on the back sur-
face (i) a-Si:H layer. The lateral dimensions of each pair of
emitter and base contacts and also the gap between them are
240 pwm and 125 pum, and 25 wm respectively. The device

modeling is performed with a commercial device simulator(2°!

under a standard beam intensity of 1000 W/cm™2.

The ray
tracing method is used to analyze the optical paths through
the device. To describe the carrier transport through c-Si and
all amorphous layers, the conventional drift-diffusion model
is used. The SRH and Auger model is coupled to the simu-
lator to describe the recombination. To describe carrier trans-
port at heterojunction interface, Fowler—Nordheim, thermionic
tunnel, and trap assisted tunnel model are used. Moreover, to
describe mobility across region with a high doping concentra-
tion, the concentration mobility-dependent model is utilized.
Defect state at a-Si:H/c-Si heterojunction, is modeled with a

thin (dip¢ = 1 nm) defect layer that should be defined at a-
Si:H/c-Si heterojunction.!'! In this layer, both the donor- and
acceptor-like defects with Gaussian distribution are placed in
the band gap.m] Interface-defect density Dj; (cm™2. eV’l) is
determined according to

Dy = 8it X dint, 2)

where g;, is the density of state (DOS) and djy, is the thickness
of defective layer.?1-??! For the IBC-SHIJ solar cell simulation,
the physical parameters that are listed in Table 2 according to
Ref. [13] are used. Minority carrier lifetime in the c-Si is con-
sidered as 1 ms. For all a-Si:H layers the electron and hole
surface recombination velocity is Vyrfy = Vsurfp = 80 cm/s, and
the carrier mobility values are considered to be 10 cm?-s/V and
1 cm?-s/V for electrons and holes respectively.[!?!

Table 1. Recombination parameters at heterojunction interfaces.

Table 2. DOS distributions for a-Si:H layers.

Material c-Si

Doping concentration/cm ™3
Electron affinity y/eV 4.05
Bandgap E; /eV 1.12

NTA/cm—3 -
ETA/eV -
oy /cm? -

Conduction tail states

oc/cm? -
NTD/cm™3 -
ETD/eV -
O'N/sz -

Valance tail states

oc /em? -
NGD/cm ™3 -
EGD/eV -
WGD/eV -
CF/\]/Cm2 -

Donor-like Dangling bond-states

oc/cm? -
NGA/cm™3 -
EGA/eV -
WGA /eV -
oy /cm? -

Acceptor-like Dangling bond-states

Gc/sz -

2 % 10'3 (phosphorus)

Interface Diy/em2eV~l g, /cm? o),/cm?
(i) a-Si:H/c-Si (p-type) 3.1 x 10" 8x 10718 2x 10713
(i) a-Si:H/c-Si (gap) 1.7 x 10" 5x10716 5% 10716
(i) a-Si:H/c-Si (n-type) 1.6 x 10! 1x10718  3x10710
(i) a-Si:H/c-Si (front) 4.4 %100 3x10718  6x10°17
(i) a-Si:H (n) a-Si:H (p) a-Si:H
2.2 x 10" (phosphorus) 1.2 x 10" (phosphorus) 2 x 10" (boron)
3.9 3.9 3.9
front layer 1.8 1.72 1.65
back layer 1.7
1x10'8 1x10% 1x10%!
0.04 0.07 0.07
7x1077 1x 10716 1x 10716
7x1071 1x 10710 1x 10710
1x10'8 1 x 10?! 1 x 10%!
0.06 0.12 0.12
7x10717 1x 10710 1x 10710
7% 10713 1x 10716 1x 10716
1x 10 1.5x 10" 1.5% 10"
0.9 0.45 1.1
0.15 0.2 0.2
2x 10713 5%x10713 5% 10713
2% 1074 5% 10714 5%x10714
1x10' cm™3 1.5 x 10" 1.5 % 10"
l.leV 0.7 1.3
0.15eV 0.2 0.2
2x 10713 5% 10713 5% 1071
2x 10714 5% 10714 5% 10714

4. Results and discussion
4.1. Comparison of solar cell performance

To evaluate the accuracy of the simulation, current—
voltage (JV) curve of the IBC-SHI solar cell is simulated and
compared with the baseline experimental devices fabricated in

Ref. [13], as shown in Fig. 4(a). It can be seen that Jy, Vi,
FF, and efficiency are well matched. Also in Fig. 4(b), the
IBC-SHIJ solar cell efficiency as a function of Dj; value at the
gap region heterojunction interface is simulated and compared

with the simulation result in Ref. [13]. The comparison of effi-
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ciency changing with Dy, shows that the simulation results and
the current simulation results in Ref. [13] are in good agree-

ment.
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Fig. 4. (color online) (a) JV curve of IBC-SHI solar cells and (b) effect
of Dj; at (i) a-Si:H/c-Si interface close to gap region on IBC-SHIJ solar
cell parameters.

4.2. Highly doped crystalline layer at front surface and
back surface

In this section, the effect of heterojunction interface de-
fects on the IBC-SHIJ solar cell performance in the presence
of a thin and highly doped buffer layer is studied. The ef-
fect of the (p™) c-Si buffer layer on each surface is studied
independently. In Figs. 5(a) and 5(b), the IBC-SHI solar cells
with HHIJ structure at the front surface and the back surface are
shown respectively. In the first structure (front surface HHJ-
IBC), the doping concentration of (p™) c-Si buffer layer is as-
sumed to be 5 x 10'® cm~3 and the layer thickness is assumed
to be 20 nm.
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Fig. 5. (color online) Cross sections of (a) front surface HHJ-IBC and
(b) back surface HHJ-IBC.

In the simulation model, all physical parameters listed in
Tables 1 and 2 are used. Doping concentration of thin inter-
face layer (1 nm) that is used to describe the defects existing

in crystal and amorphous layer is the same as the (p*) ¢-Si
layer. Figure 6 shows the effects of the (p*) c-Si buffer layer
on front surface IBC-SHJ solar cell parameters when the in-
terface defect density at a-Si:H/(p™) c-Si layer increases from
110" cm3-.eV! to 3 x 10> cm3-eV~!. The simula-
tion results show that Dy, increasing to 1 x 10’2 cm™3.eV~!
does not show any significant effect on front surface IBC-SHJ
solar cell parameters while in conventional IBC for Dj; 1 x
102 ecm3.eV!, Jse» Voc, and efficiency, 8 mA, 150 mV, and
3.5% are reduced respectively and FF is increased by 1%.
Therefore, the sensitivity of the front surface HHJ-IBC solar
cell parameter is reduced to Dj; due to the reduction in recom-
bination rate. In the next step, the effect of Dj; on back surface
HHJ-IBC performance is studied and compared with the sce-
nario of conventional IBC solar cell. Doping concentration
and thickness of (p™) c-Si buffer layer as well as front surface
are considered to be 5 x 10'8 cm™3 and 20 nm respectively. It
is assumed that the values of Dj; at a-Si:H/(p™) c-Si interface
for p-region, and n-region are constant and only the value of
Dj; in the gap region is changed for the simulation simplicity.
The simulation results are plotted in Fig. 7, showing that by
adding (p™) the c-Si the sensitivity of back surface HHJ-IBC
parameters is reduced. The reduction in recombination rate
at a-Si:H/(p™) c-Si is the most important reason for justifying
this manner.
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Fig. 6. (color online) Effects of (p™) c-Si buffer layer on the performance
parameters of front surface HHJ-IBC.
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Fig. 7. (color online) Effects of (p™) c-Si buffer layer on output parameters
of back surface HHJ-IBC.
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4.3. Discussion

The simulation results show that the performance of the
IBC-SHIJ solar cells is limited by the a-Si:H/c-Si properties
(band offset, interface defect,...).
plays a critical role in the solar cell parameters, acting as the
recombination centers. Furthermore, defect states change the
charge neutrality at crystalline silicon interface with trapping
free charges (electrons or holes). Interface-defect can strongly
reduce the V., as the number of trapped carriers increases, the

Interface-defect density

band diagram of energy bends, and the value of ®g decreases,.
Hence finding a solution to overcome the interface-defects can
help to improve the solar cell performance. As seen in Figs. 6
and 7 in the case of the IBC-SHIJ solar cells with additional
layer, electrical current loss occurs at a slower rate than in the
case of conventional IBC-SHJ. This can be attributed to a re-
duction in recombination rate at the a-Si:H/c-Si interface.

Figure 8(a) shows the recombination rate at c-Si/(i)a-
Si:H/(p)a-Si:H interface and figure 8(b) shows the recombi-
nation rate at c-Si/(i)a-Si:H/(n)a-Si:H interface on the back
surface of IBC-SHIJ solar cell, which are plotted according
to Eq. (1) for both cases, i.e., with and without the (p*) c-
Si buffer layer. It is obvious that adding (p™) c-Si buffer layer
reduces the recombination rate at interface. By comparing the
voltage drops for the two cases of IBC-SHJ solar cells with
and without (p*) c¢-Si buffer layer in Figs. 6 and 7, it is ob-
served that as the number of defects at the interface increases
the voltage drop is less in the case of IBC-SHIJ solar cell with
the (p™) c-Si buffer layer. Any change in the recombination
rate at the c-Si /a-Si:H interface directly affects the open cir-
cuit voltage:?!

P kT (qNVUit>7 3)

Voe = — — =1
” q ! JscAn

where Uy is the total recombination rate at heterojunction in-
terface, ®p the potential barrier height, An the carrier con-
centration, g the electron charge, and Ny the effective density
of state in valance band energy. From Eq. (3) it follows that
by reducing the recombination rate and increasing the ®g, the
Voc increases. Interface defects change the electrical field at
the heterojunction interface and carrier inversion. Hence the
increase of interface defect number leads to further bending
energy bands, and reducing ®g. In addition, a thin (p™) c-Si
buffer layer modifies the band offset at the interface.

Figure 9 shows energy band diagrams on both emitter and
base side for IBC-SHJ solar cell with and without (p™) c-Si
buffer layer, adding (p™) c-Si buffer layer leads to Fermi level
shifting toward the valence band and field effect passivation
improvement at (p*) c-Si buffer layer where the negative ef-
fect of Dy, is suppressed. According to Eq. (3), the increase of
effective barrier height and the decrease of recombination at
interface can improve the open circuit voltage. Therefore V.
is less sensitive to Dj;. By comparing the obtained result for
FF in Figs. 6 and 7, it is observed that adding (p™) c-Si buffer

layer leads to a better result, because (p™) c-Si buffer layer en-
hances carrier transport at c-Si/(i)a-Si:H interface, which leads
to higher FF.
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Fig. 8. (color online) Recombination rates at (a) front surface and
(b) back surface each as a function of position at a-Si:H/c-Si interface
for conventional IBC-SHJ and IBC-SHJ with (p™) c-Si buffer layer.
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Fig. 9. (color online) Band diagrams of the conventional IBC-SHJ
and IBC-SHJ with (p™) c-Si buffer layer cells with the added layers
at (a) emitter side interface and (b) base side interface.
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4.4. Optimization of highly doped crystalline layer

In this subsection, the two (p™) c-Si buffer layers respec-
tively at the front surface and the back surface of IBC-SHIJ so-
lar cell substrate are optimized in two terms of layer thickness
and doping concentration to achieve the maximum conversion
efficiency. For this purpose, in the first step, the numerical
simulation is used for optimizing the front surface (p™) c-Si
buffer layer, and then the back surface (p*) c-Si buffer layer
is optimized. All material parameters listed in Table 1 and the
interface layer properties listed in Table 2 are used for sim-
ulation. To find the optimum thickness of (p™) c-Si buffer
layer, doping concentration of the layer is kept constantly at
1 x 10'® cm~3 and thickness changes from 1 nm to 100 nm.

Figure 10(a) shows IBC-SHJ solar cell parameter, i.e., ef-
ficiency as a function of the front surface (p™) c-Si buffer layer
thickness. It is clear that the best performance for the solar cell
can be achieved when the thickness of (p*) c-Si buffer layer is

higher than 10 nm.

10 nm thickness and 5 x 10%° cm™3 doping concentration is
considered, then with adding a 20-nm (p™) c-Si buffer layer
to the back surface of the IBC-SHJ solar cell, and varying
the doping concentration of the layer from 1 x 10'" cm™3 to
1 x 10?! cm 3, the optimum doping concentration of the layer
is calculated.

Figure 11(a) shows the overall conversion efficiency of
the cell versus back surface (p*) c-Si buffer layer thickness,
where the maximum efficiency is achieved when the thickness
is between 10 nm and 30 nm. Figure 11(b) shows the effect
of the layer doping concentration on the cell overall conver-
sion efficiency. As seen from the figure, the maximum effi-
ciency of the cell is obtained when doping concentration is
approximately 1 x 10'° cm=3. In the same way, the opti-
mum back surface (p™) c-Si buffer layer thickness is obtained,
when doping concentration of the layer is kept constantly at
1 % 10" cm~3 and then with varying the thickness of the layer

from 1 nm to 100 nm, the optimum thickness is obtained.
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Fig. 10. (color online) IBC-SHJ solar cell overall efficiencies versus
(a) front surface (p™) c-Si buffer layer thickness and (b) front surface
(p") c-Si buffer layer doping concentration respectively.

Figure 10(b) shows the solar cell parameter, i.e., effi-
ciency versus doping concentration of front surface (p™) c-
Si buffer, where the thickness of the layer is kept constantly
at 10 nm. The results show that the best performance of the
cell can be achieved when doping concentration of the layer
is 5% 10'® cm~3.

Si buffer layer, a front surface (p*) c-Si buffer layer with

For optimizing the back surface (p*) c-

Efficiency/%

0 1 1
10° 108 1019 1020

(p™) c-Si layer doping/cm™3

Fig. 11. (color online) IBC-SHJ solar cell overall efficiencies versus
(a) back surface (p*) c-Si buffer layer thickness and (b) back surface
(p™) c-Si buffer layer doping concentration, respectively.

Figure 12 shows the final structure of HHJ-IBC-SHI sil-
icon solar cell with two added (p™) c-Si buffer layers respec-
tively at the front surface and the back surface of substrate,
also a comparison with reported result in Ref. [13] is per-
formed. It can be found that about 2.5% increase in efficiency
is achievable with the investigated structure compared with

conventional IBC-SHI silicon solar cell.
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Fig. 12. (color online) Final structure of HHJ-IBC-SHJ silicon solar cell
with two added (p™) c-Si buffer layers respectively at the front surface and
the back surface of the substrate.

5. Conclusions

In this paper, an IBC-SHJ solar cell with a modified struc-
ture is presented. By inserting a thin and highly doped layer
of c-Si between the front and back surfaces of the solar cell
substrate, an HHJ-IBC-SHIJ structure is investigated. In the
new structure, the electrical field at heterojunction interface is
improved and a passivation layer is formed at the c-Si sub-
strate surface. The added layer reduces the recombination rate
at the heterojunction interface and the solar cell output pa-
rameter is improved. Furthermore, the sensitivity of the solar
cell parameter to interface defect density is reduced. Finally,
the optimization of the added layer is performed in terms of
doping concentration and thickness. Considering the doping
concentration of 5 x 10'® cm™3 and 100-nm thick for the up-

3 and

per layer and the doping concentration of 5 x 10'® cm™
25-nm thick for the lower layer, the maximum increase in the

IBC-SHIJ solar cell efficiency is achieved to be about 2.5%.
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