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Abstract

HIT silicon hetero-junction TCO/n-a-Si:H/i-a-Si:H/p-c-Si/p+-a-Si:H/BSF solar cells attract special interest due to
their suitability and high efficiencies, in this study, we present a numerical simulation of the influence of
emitter layer on the performance of silicon proposed heterojunction solar cells . The basic parameters of
heterojunction solar cells, such as layer thickness, doping concentration, interface defect density, back surface
field (BSF) layer, are important factors that influence the carrier transport properties and the performance of
the solar cells.. Thickness and doping concentration of the emitter layer are optimized here. With optimal
parameters, high simulated solar cell characteristics can be achieved in terms of conversion efficiency
(N=25.62%), open circuit potential (Voc= 744 mV), short circuit current density (Jsc= 42.43 mA/cm?) and fill
factor (FF=83.7%).The Automat for Simulation of Heterostructures (AFORS-HET) program is used.

Key-words: Afors-HET; Heterojunction solar cells; Emitter layer; Doping concentration.

Résumé

Les cellules solaires a hétéro-jonction a base de silicium : TCO / n-a-Si: H / ia-Si: H / p-c-Si / p* -a-Si: H / BSF
attirent un intérét particulier en raison de leur adéquation et de leur efficacité élevée, dans cette étude, nous
présentons une simulation numérique de l'influence de la couche d'émetteur sur les performances des
cellules solaires a hétérojonction a base de silicium proposées. Les parametres de base des cellules solaires a
hétérojonction tels que I'épaisseur de couche, la concentration de dopage, la densité des défauts d'interface,
le champ de surface arriere (BSF), sont des facteurs importants qui influencent sur les propriétés de transport
des porteurs de charges et les performances des cellules solaires. L'épaisseur et la concentration de dopage
de la couche émettrice y sont optimisées. Avec des parametres optimaux, les caractéristiques des cellules
solaires simulées peuvent étre obtenues en termes d'efficacité de conversion (n=25,62%), tension en circuit
ouvert (Vco=744 mV), densité de courant de court-circuit (Jo=42,43 mA / cm?) et facteur de forme (FF=
83,7%). Le programme Automat for Simulation of Heterostructures (AFORS-HET) est utilisé.

Mots-clés : Afors-HET; Cellules solaires a hétérojonction; Couche d'émetteur; Concentration de dopage;
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1. Introduction

Solar cells based on thin film silicon/crystalline silicon
hetero-junctions attract interest. They combine advantages
of high stability, high conversion efficiency of c¢-Si[1],
ambient temperature, low cost, ease to control thickness
and doping of thin silicon film. The a-Si:H/c-Si hetero-
junctions were first studied in early1980s[2]. Twenty years
later, Sanyo invented HIT solar cell using plasma enhanced
chemical vapour deposition (PECVD) deposited onto n-type
CZ wafer. The new cell showed high conversion efficiency
(20.7%) when using multi layers. Intrinsic buffer layer, back
side face (BSF) layer and TCO transparent conductor oxide all
resulted in improved properties for the hetero-junction solar
cell [3]. Other parameters involved in HIT solar cells, such as
thickness, doping concentration, different re-combinations
(Radiative, Auger, SRH) at interface due to surface states and
defects distribution type [4-6] also affect solar cell
performance. Cell performance depends on quality and type
of the thin film silicon material used and on optimisation of
device design, such as layer properties (thickness, doping)
and numbers. The quality of interfaces between the
different layers is another important factor. Amorphous
emitter layer, and their concentrations doping, and
thickness, should also be considered.

The thickness and doping concentration of emitter layer are
also  important parameters to improve solar cell
performance [7-9].

By numerical simulation, a prospective TCO/n-a-Si:H/i-a-
Si:H/p-c-Si/p+a-Si:H BSF solar cell is proposed here with high
performance. Photovoltaic characteristics such as the
conversion efficiency (n), fill factor (FF), open-circuit
potential (Voc) and the short circuit current density (Jsc),
have all been assessed. Simulation helps exploration of solar
cells with special characteristics and low cost, and facilitates
the understanding of different phenomena that occur in
heterojunction solar cells. Automat for Simulation of
Heterostructures (AFORS-HET) software is used to optimize
parameters, such as thickness, doping concentration and
work function to obtain high performance solar cells[3,7,10-
15]. This work is focused on effects on the emitter layer (n-a-
Si) doping concentration. The effects of such parameters on
performance of TCO/n -a-Si:H/i-a-Si:H/p- c-Si/p+ a-Si:H BSF
solar cells are investigated.

In recent reports, simulation study showed that extremely
low thicknesses and high doping concentrations may yield
higher performance Si:H solar cells[3,5,6]. Energy band
structure, quantum efficiency, current density and
generation/recombination phenomena were analyzed to
achieve higher performance. In the present study, a closer
look at the influence of emitter layer thicknesses, on the
performance of the proposed solar cell, is described.
Parameter optimizations will also be described. Conversion
efficiency 25.62%, Voc 744 mV, Jsc 42.43 mA/cm2 and FF
83.7%, can be obtained through simulation for TCO/n-a-
Si:H/i-a-Si:H/p- c-Si/p+a-Si:H/BSF solar cells.

2. Methods and simulation details:

AFORS-HET, based on solving the one-dimensional Poisson
and the continuity equations using Shockley—Read—Hall
recombination statistics, is widely used for studying
heterojunction solar cells[3, 7, 10-12].The simulated HIT
solar cells have the structure ZnO/ a-Si:H/n a-Si:H/i-c-Si/p /Al
BSF /Al, where the absorber layer is pc-Si, n a-si is the
emitter layer, i a-Si it is the passivation layer of intrinsic type,
TCO is the transparent conductive oxide (ZnO in this
study).Figure 1 schematically describes the solar cell used
here. In the present simulation, AM 1.5 radiation was used
as the illumination source with a power density of 100
mW/cm?. For the p-c-Si substrate, oxygen defects with a
density of 1x10* cm™3 eV located at 0.55 eV above EV (EV +
0.55) are assumed. The defect states involve a single
distribution for electrons (1x10**) and holes (1x104).

Photons

Al Al

Transparent conductor oxide(ZnO) 80nm

Emitter a-Si :H(n)(5-10nm)

Buffer Intrinsic a-Si (3-5nm)

Absorber C-Si(p) (300um)

BSF (Back surface field ) a-Si :H(P™)

Figure 1. Schematic diagram of a n-a-Si:H/i-a-Si:H/p-c-Si/p+-a-
Si:H/BSF solar cell.
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The defect density (Dif) at the i-a-Si:H/c-Si interface is
1x10° - 1x10%cm2.eVlwith continuous distribution [13].
The main simulated parameters of the different layers are
listed in Table 1 [7, 14-16]. The surface recombination rates
of electrons and holes are both set as 1x10’cm/s. The ZnO
layer is used as a TCO. The light reflection of front contact is
set to be at the extreme standard values for such devices
(0.1 and 1.0).The AFORS-HIT software environment, which is
one dimensional solar cell device simulator, is employed
here. The important characteristics to be extracted are Voc,
JSC, and n. The integration of the ZnO layer in the
heterojunction cell clearly affects its performance.

Table 1: Main simulation parameters used for different layers in
the hetero-junction solar cell

a-Si a-Si c-SiH(p) Al-BSF (P*)
H(n) H(i)
Layer thickness | 10 5 3x10° 5x103
(nm)
Dielectric constant | 11.9 11.9 11.9 11.9
(dk)
Band gap Eg(eV) 1.74 1.72 1.12 1.72
Electron affinity(eV) | 3.9 3.9 4.05 4.05
Effective 1x1020 | 1x10%2 | 2.8x10%° 2.8x1019
conduction band 0
density(cm3)
Effective  valence | 5x1018 | 1x10? 1.04x10%9 | 1.04x10%°
band density(cm-3) - 0
1x1020
Electron 20 20 1040 20
mobility(cm?2V-1s1)
Hole mobility(cm2V- | 5 5 412 5
15—1)
Doping 1x1020 | O 0 0
concentration of
donators (cm3)
Doping 0 0 1.5x10%° 1x1020
concentration of
acceptors (cm-3)
Thermal velocity of | 1x107 | 1x107 | 1x107 1x107
electron (cm3s3)
Thermal velocity of | 1x107 | 1x107 | 1x107 1x107
holes (cm-3 s3)
Auger 0 0 2.2x1031 2.2x1031
recombination
coefficient for
electrons(cm®s?)
Auger 0 0 9.9x10-32 9.9x10-32
recombination
coefficient for holes
(cmé®s1)

3. Results and discussion
3.1. The role of i-a-Si:H (buffer layer) and p*-a-Si:H (BSFlayer)

The performance of a given solar cell is influenced by
addition of each layer. The integration of i-a-Si:H buffer layer
and BSF layer was thus investigated here. Photo-current
density vs. applied potential(J-V) characteristics are shown in
Figure 2.The J-V plots change by insertion of i-a-Si: H layer
and BSF layer, as compared to the reference a-n —=Si/c-p-Si
solar cell. The efficiency changes from 13.5%(with no buffer
layer) to 17.78% with the intrinsic layer. When the BSF layer
is included, the efficiency increases to more than 20%.It is
well known that a high quality i-a-Si:H buffer layer acts as
the passivation for the a-Si:H/c-Si interface in HIT solar cells.
The middle band diagram in Figure 3 shows that the i-a-Si:H
buffer layer can hinder the photon-generated carrier
recombination from the n-a-Si:H emitter layer to the p-c-Si
base layer. Thus the short-circuit current density of the solar
cell is improved by inserting an i-a-Si:H buffer layer.
Moreover, the absorber (band gap Eg=1.12eV) is connected
to i-a-Si:H buffer (Eg=1.72eV) which is in turn connected
with the emitter layer n-a-Si that forms contact for electrons
(bandgap Egi=1.74eV) and another contact in the other side
for holes with a band gap Eg,=1.72 eV. So the p-c-Si
absorber layer has a band gap different from the gaps of the
two hetero-interfaces Egi=1.74eV for the emitter layer and
Eg,=1.72eV for i-a-Si:H buffer layer. On the left hand side of
the structure, generated mobile electrons are collected in
the n-a-Si layer whereas the holes are reflected. On the right
hand side of the structure, the mobile holes are collected in
the p*™a-Si:H BSF-contact whereas the electrons are
reflected,

n-a-Si/p-c-Si/
30+ e 11-a-Siifi-a-Si/p-c-Si .
—@—n-a-Sifi-a-Si/p-c-Si/p+-a-Si BSF
25
3
g 20+
=
£
= 151
10 1
5 4
o} T T T T T T T T T T T T T T 1
0,0 0.1 0,2 03 0.4 0,5 0,6 07 0.8

Voltage(V)
Figure 2: J-V plots for the HIT solar cell with and without i-a-Si:H
buffer And p*-a-Si:H BSF layers.



RSSI, Vol. 09, N° 02, Décembre 2020, 01-08

Figure 3 shows the band diagram of an a-Si:H/c-Si solar cell
after integration of the i-a-Si:H buffer layer or p+-a-Si:H BSF
layer. The band discontinuities
AE - for the conduction band and AE}: for the valence band
(quantum deep) at both interfaces are caused by the
different band gap of c¢-Si. The front n-a-Si:H/p-c-Si contact is
similar to a p-n homo-junction. It also forms a selective n-
contact because the band offset in the valence band hinders
holes from entering into the a-Si:H emitter. The p+-a-Si:H
back contact forms a BSF, wherethe electric field forces the
electrons away from the interface and attracts the holes.
Moreover, the band offset in the conduction band
AE- hinders the electrons from diffusing into the p+ a-Si:H
layer, which leads to limit the Voc from the back contact
compared to those without BSF layer. To improve the
performance of the present solar cell, TCO (ZnO) was
integrated. With a wide band gap (~3.4eV) ZnO increases the
probability of absorption of the photons with different
wavelengths, and decreases the number of reflected
photons. The p-c-Si layer will thus absorb more incident
photons, yielding more electron-hole pair formation. The Jsc
will thus increase. Other characteristics, FF, Vco, Jscand n will
also be enhanced with the insertion of the ZnO layer.
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Figure 3:.The corresponding band diagram for the HIT solar cell
with and without i-a-Si:H buffer and p+-a-Si:H BSF layers

Table 2: Performance of HIT solar cell with and without i-a-Si:H
buffer and p*-a-Si:H BSF layers.

Solar cell Jsc Voc( FF n%
(mA /cm?) mV)

n-a-Si/p-c-Si 36.14 663.7 72 13.5

n-a-Si/i-a-Si/p-c-Si 37.65 699.4 74.24 16.78

n-a-Si/i-a-Si/p-c- 38.23 738.2 78 19 .42

Si/P*-a-Si BSF

3.2. The influence of thickness emitter layer

The performance of the solar cell is influenced by the
variation of the thickness of each layer in the hetero-
junction. In this work, we interest by the Al-doped ZnO(TCO)
and emitter layer thicknesses, The Figure 4(a,b) shows that
when the thickness of the emitter layer varies from 5 to15
nm, the values of FFVc, Jsc and n change. Maximum
efficiency of 24% can be observed for 5nm thickness. Value
of FF slightly increases by increasing the layer thickness from
5 to 15 nm, while values of Jsc and Vo steadily decrease.

The Voc can be simply expressed as .

Vog=—In(Z=+1

KT  Jse )
q Jo

(1)

So, leakage current (jo)in the cell lowers Voc [17]. Voc does
not directly depend on thickness of the n-type emitter [18]
in the thickness range 5-15 nm, since the thickness 6nm
exhibits maximum Vocvalue. Based on Figure 4, Jsc increases
with lower emitter layer thickness. This is due to lowered
recombination rate as discussed above. Over all, the 5nm
thickness shows optimal value for cell performance taking
into consideration values of FF, Voc, Jsc and n together. With
higher thickness, the generated carriers recombine before
reaching the Ohmic contacts (electrodes) at the surface.
Excessive minority carriers are prone to undergo the un-
wanted recombination. This is because the higher thickness
increases the probability that the carriers recombine in the
emitter layer before reaching the surface. Moreover, the
diffusion length is related to the lifetime, which is defined as
“the average time between the creation of the carrier and
its recombination in a material, without electrical contact”.
Life time is related to diffusion length (L) by:

L= N'JDT. Smaller thickness of n-a-Si emitter increases the
lifetime of hole and electron minority carriers. Longer
lifetimes are desirable to give electron-hole pairs higher
chance to reach the surface, and to yield higher photo-
current. Moreover, the emitter layer helps create the p-n
junction effect, within the charge separating region,
essential to produce photo-current in solar cells. Therefore,
the n-a-Si:H emitter layer should be as thin as possible to
inhibit recombination, and to allow absorbed photons to
pass to the c-p-Si absorber layer. Most electrons are thus
generated in the absorber layer, which leads to higher solar
cell performance.
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3.3.Effect of emitter layer doping density

The n-a-Si emitter layer doping density may affect the
performance of the solar cell. Figure 5 (a,b) shows that as
doping concentrations decreases below (2x10* cm?, the
Voc value sharply decreases. The Jsc also decreases when
decreasing doping concentration below 2x10%° cm?®. At
lower doping concentrations, the electric field leads to
accumulation of electron and hole carriers at the band offset
of the valence and conduction band interface. These results
from the different band gap values of the materials involved
in the hetero-junctions. Recombinations (Radiative, Auger
and SRH) are encouraged along the n-a-Si emitter and the
depletion region which affects efficiency.

Figure 5 (a,b) shows that with higher doping concentrations
(> 2x10%cm?) in the n-a-Si layer, both Voc and Jsc values
increase. The depletion region builds up a higher barrier
with higher electric field that facilitates minority carrier
(electrons) diffusion from the c-p-Si absorber layer to n-a-Si
and to reach the front contact. Same thing occurs for the
holes in the other side. This minority carrier diffusion results
from the direction of electric field build-up caused by
positive charges created in the n-a-Si and negative charges

created in the c-p-Si absorber layer. The electric field favours
the displacement of the electrons while moving in the
direction opposite to it. Same logic applies to the hole
motions.
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Figure 5: Effect of n-a-Si:H layer doping concentration on a) j(v)
plots HIT solar cell b) on HIT solar cell parameters Voc, Jsc, FFand n).,

Therefore, in a weak electric field, charge accumulation
occurs leading to increased recombinations. In case of
strong electric field, recombination rate is lowered as holes
are driven away from the interface. Electrons, that reach
the space charge region, are accelerated by this electric field
towards the front contact. Figure5 (a,b)shows that at doping
density 2x10*cm3or higher, in the n-a-Si emitter layer, the
Jsc reaches higher than 43 mA/cm?,n reaches ~25.54%, and
FF slightly increases from 78.5% to 83.5%. The results are in
congruence with earlier reports [3].

In the absorber layer, the majority carriers are the holes and
the minority carriers are the electrons, while in the emitter
layer the electrons are the majority carriers and the holes
electrons are the minority carriers. Fig.6 a shows the
simulated current density vs. distance across the four layers,
n-a-Si/i-a-Si/p-c-Si/P*-a-Si BSF.  In the n-a-Si emitter the
current density is n-type (electrons are majority charges
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carriers).In the c-p-Si holes are also majority carriers as the
current in the junction due to the minority electrons results
by electric field. The absorber layer exhibits p-type (holes are
majority carriers). The total current density involves both n
and p-type carriers as: J=J,+J, where each has two
components (drift and diffusion). Fig.6 b shows the charge
carrier concentration in each layer. The electron carrier
concentration in the a-n-Si layer is estimated to be 102°cm?®,
and the minority carrier (hole) density is estimated to be
10 ecm3. In the a-i-Si buffer, the electron density
concentration varies from 10%to 10’cm?3, and the hole
concentration varies from 108 to 102 cm3[13]. In the c-p-Si
absorber layer the concentration of the majority carriers
(holes) is 10 ¢m-3, and the electron minority concentration
is ~10* cm?3. The current density is also distributed along
the interfaces. In the BSF layer the holes accumulate at the
contact withc-p-Si absorber due to the valence band offset.
This creates deep potential and discontinuity in the
conduction  bands leading to  Shockley-Read-Hall
recombination (SRH). In SRH, also called trap-assisted
recombination, the electron in transition between bands
passes through a new energy state (localized state) created
within the band gap by a dopant or by a defect in the crystal.
Such energy states behave as traps. Non-radiative
recombination occurs primarily at such sites. The energy is
exchanged in the form of lattice vibrations (phonons).

Since traps can absorb differences in momentum between
the carriers, SRH is the dominant recombination process in
silicon and other indirect bandgap materials. However, trap-
assisted recombination a may also dominate in direct
bandgap materials under conditions of very low carrier
densities or in materials with high density of traps such as
Perovskites.

Understanding the transport phenomena clarifies the
electric properties of simulated solar cells. Recombination
and generation phenomena shown in Fig. 6 c help
understand these properties. Generation of electron-hole
pairs in the n-a-Si emitter layer caused by high photon flux
absorbed by TCO, occurs at high particle rate (¥5x10%2cm’
3/s), (Fig.6 c),while the recombination is almost negligible.
This is assisted by the high doping density and the low
thickness of n-a-Si emitter layer. Electric field build-up
occurs and drives positively charged holes away from the
interface. On the other hand, space charge region electrons
are driven by the electric field towards the front contact
with no recombination losses.
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the HIT solar cell showing: a) Current density, b) Charge carrier
concentration and c) Generation and recombination.

Quantum Efficiency (QE) measurement explores the
performance of a solar cell at different incident wavelengths.
With ZnO front contact the cell exhibits higher response in
near UV-Visible and near IR(400-1100nm)than the cell
without ZnO layer, but there is lowering in QE response
caused by the low diffusion length compared with ideal
response. The forms of the spectra at wave lengths shorter
than 400nm and longer than 1100 nm are due to the rear
surface and other recombinations that happen at the front
and back contacts. At 1100nm wavelength, no absorption
occurs below the band gap, and the QE becomes zero at
longer wave lengths. Figure 7 indicates that the optimal
doping density for the emitter is 2x10*® cm™ or higher, the
optimal thickness is 5 nm and the optimal concentration is
2x10% cm3.
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Figure 7. Simulated QE characteristics for the HIT solar cell vs.
incident radiation wavelength, for n-a-Si emitter layer a) with
different thicknesses and b) with Nd=2x101° cm-3or higher doping
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Therefore, the performance of hetero-junction cell depends
on TCO front contact, and the on n-a-Si emitter layer. QE
measurement further confirms the possibility to improve the
performance of HIT solar cells by adding a ZnO layer in the
simulated structure. Figure 8 shows the optimized simulated
J-V characteristics, with n(25.62%),Voc (744 mV), Jsc (42.43
mA/cm?) and FF (83.7%). Therefore, Solar cell performance
can be optimized by better understanding of carrier
transport mechanism at the interface. The optimized
parameters are summarized in table 3.

Table 3. The optimized parameters for HIT solar cell

Layer Thickness(nm) | Doping concentration
(cm3)
Emitter layer 5 >2% 1019
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Figure 8 .A simulated J-V plot for the HIT solar cell with optimized
characteristics.

4, Conclusion

High performance hetero-junction a-Si:H/c-Si solar cells can
be constructed. Band discontinuities and different layer
parameters (emitter layer) affect solar cell performance as
confirmed here using AFORS-HET simulation program.
Thickness and doping density of the n-a-Si emitter layer, as
well affect HIT solar cell characteristics, and can be
optimized. The effect of adding a-i-Si buffer and P*-a-Si back
side face (BSF) layers is studied. Such addition enhances the
solar cell performance. Lower n-a-Si:H emitter layer
thickness (~5nm) and higher doping density (2x 10 cm-3or
higher) enhance the HIT solar cell performance. With
optimal conditions, high solar cell characteristics (n =
25.62%, Voc = 744 mV, Jsc = 42.43 mA/cm?, FF: 83.7%) can
be reached for the TCO/n-a-Si:H/i-a-Si:H/p- c-Si/p+a-Si:H/BSF
solar cell.
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