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Abstract: In this research, simulations were performed to investigate the effects of carrier selective
front contact (CSFC) layer and defect state of hydrogenated amorphous silicon passivation layer/n-type
crystalline silicon interface in silicon heterojunction (SHJ) solar cells employing the Automat for
Simulation of hetero-structure (AFORS-HET) simulation program. The results demonstrated the
effects of band offset determined by band bending at the interface of the CSFC layer/passivation
layer. In addition, the nc-SiOx: H CSFC layer not only reduces parasitic absorption loss but also has a
tunneling effect and field effect passivation. Furthermore, it increased the selectivity of contact. In the
experimental cell, nc-SiOx:H was used as the CSFC layer, where efficiency of the SHJ solar cell was
22.77%. Our investigation shows that if a SiOx layer passivation layer is used, the device can achieve
efficiency up to 25.26%. This improvement in the cell is mainly due to the enhancement in open circuit
voltage (V) because of lower interface defect density resulting from the SiOy passivation layer.

Keywords: carrier selective contact; rear emitter heterojunction; passivation

1. Introduction

Crystalline silicon (c-5i) solar cells dominate the global photovoltaic market, accounting for more
than 90% of production [1,2]. Persistent efforts have been undertaken to achieve their theoretical
efficiency threshold of 29.4% by improving the fundamental limiting factors. Recently, an efficiency
level of 26.7% for a silicon heterojunction (SHJ) cell was reported by Kaneka corporation using the
integrated back contact technique [3]. This result shows the potential of SHJ cell technology to achieve
extremely high efficiency. Hence, this technology is expected to not only improve cell efficiency but
also reduce manufacturing cost. The performance improvement of SHJ solar cells is dependent on
reduction in the following: 1) carrier collection losses using thin wafer [4]; 2) surface recombination
losses by surface passivation [5,6]; and 3) parasitic absorption loss of carrier selective front contact
(CSFC) layers by controlling their thickness and using wide band-gap materials [7,8]. Interface defects
and the optical parasitic absorption loss of the CSFC layers remain the key restrictions on the efficiency
of SHJ solar cells.

Conventional SH] solar cells are generally configured with front p-type hydrogenated amorphous
silicon (p-a-Si:H) contact layers to collect better minority carriers [9]. However, due to high activation
energy and the low band-gap of such front layers, a Schottky barrier is formed between the transparent
conductive oxide (TCO) and p-a-Si:H layers [10,11]. Heavily doped p-layers can be used to reduce
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the Schottky barrier, but this causes parasitic absorption and increased carrier recombination. Hence,
a rear emitter SHJ solar cell (RE-SHJ) with a p-layer located on the rear side has been analyzed [12].
Conventional RE-SH]J solar cells use doped a-Si:H material as both the front and back carrier selective
contact layers. The internal electric field is formed according to the doping concentration of these doped
layers and, as a result, the carriers are separated and collected. As the doping concentration increases,
doping-induced defects also increase, which limits the efficiency of the device. Additionally, the a-Si:H
materials reduce transmittance owing to the inherent low band-gap. A wide-gap hydrogenated
nanocrystalline silicon oxide (nc-SiOx:H) layer, which compensates for the disadvantages of a-Si:H [13],
is a suitable alternative for the efficiency improvement of RE-SHJ devices. Compared with a-Si:H,
nc-SiOx:H has a low absorption coefficient in the short wavelength region, as well as excellent conduction
properties owing to the crystalline phase and quantum confinement effects [14]. In this paper, we present
the numerical simulation of RE-SH]J cells using Automat for simulation hetero-structures (AFORS-HET)
software. The influence of a-5i:H and silicon oxide materials functionalized as passivation and CSFC
layers for the RE-SH]J cells is discussed under experimental and simulation results. The simulation
is performed to identify the essential factors for enhancing the efficiency of the device. A numerical
simulation is performed in conjunction with experimental data (absorption coefficient, extinction
coefficient and optical band gap for each layer) to evaluate the conditions required to increase the
efficiency of the solar cells.

2. Materials and Methods

2.1. Experimental Methods

In the device fabrication, a Czochralski (CZ)-grown n-type silicon wafer (148 um thickness and
1.5 Qcm resistivity) was used. The surface texturing was performed using sodium hydroxide (8%
NaOH) solution. Radio Corporation of America (RCA) standard cleaning was used to remove the
surface impurities from the texture wafers and was applied in two stages: standard cleaning 1 and
2. Subsequently, a thin a-Si:H passivation layer was prepared on both interfaces of the Si-wafer.
The doped n-type layer was deposited at the front side, and the p-type layer was deposited at the rear.
These layers were deposited by employing a standard plasma-enhanced chemical vapor deposition
system. The front and back TCO layers were deposited using the radio frequency (RF) sputtering
system, which requires Ar feed gas and approximately 200 °C substrate heating during deposition.
Additionally, screen printing with Ag paste was used for the front metal grid and back contact
electrodes. The RE-SHJ cell structure consisted of front electrode/TCO/n-type CSFC layer/a-Si:H
passivation layer/c-Si wafer/a-Si:H passivation layer/p-layer emitter/TCO/back electrode, as shown in
Figure 1.

Figure 1. Schematic structure of a heterojunction solar cell.
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For the wafer surface passivation with SiOy layers, the SiOy passivation layer was formed by
varying the pressure of CO; plasma post-treatment from 1600 to 2200 mTorr on the a-Si/Si-wafer interface.
The minority carrier lifetime (7.4) was examined using quasi-steady-state photo conductance (QSSPC,
WCT-120). For measuring spectroscopic ellipsometry (SE) and X-ray photoelectron spectroscopy,
a <100> n-type CZ Si wafer (1-10 Qdcm) with one-side polished was used. The thickness, refractive
index, absorption coefficient and optical bandgap were measured by SE (VASE, J. A. Woollam) in
the 240 to 1700 nm wavelength range. An X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Scientific) system was utilized to estimate the chemical composition using Al K« radiation.

2.2. Modeling of HIT Solar Cells

The recombination in the semiconductor was calculated using Shockley—Read-Hall statistics [15].
The defect state was investigated at the passivation layer/Si-wafer interface by varying the defect
density in the range of 1 x 10!° to 1 x 10'* cm~2eV~!. The illuminated current-voltage characteristics
were measured at AM 1.5G (100 mW/cm?). The Gaussian defect distribution was utilized to describe the
band tail states of a-S5i:H and nc-SiOx:H layers in both valence and conduction band. Due to the n-type
c-Si substrate, oxide energy levels with an average defect density of 1 x 10!! cm~2eV~! were settled at
0.53 eV from the conduction band. The simulated parameters are listed in Table 1 for all layers. The RE-
SH]J solar cell with n-a-Si:H CSFC layer (Figure 2a) consisted of front electrode/TCO/n-a-5i:H CSFC
layer/i-a-Si:H passivation layer/n-type c-Si wafer/i-a-Si:H passivation layer/p-a-Si:H layer/TCO/back
electrode. The RE-SHJ solar cell with nc-a-SiOx:H CSFC layer (Figure 2b) consisted of front
electrode/TCO/n-a-Si:-H CSFC layer/i-a-Si:H passivation layer/n-type c-Si wafer/i-a-Si:H passivation
layer/p-nc-SiOx:H layer/TCO/back electrode.

Table 1. Material parameter values for SHJ solar cell simulation.

Parameters n-a-Si:H S?(-;;C;_I i-a-Si:H p-a-Si:H SFS)I(C;-I n-c-Si
Thickness (nm) 5 20 3 5 5 1.5 x 10°
Dielectric constant 11.9 11.9 11.9 119 11.9 11.9
Electron affinity (eV) 39 3.95 3.9 3.9 39 4.05
Bandgap (eV) 1.72 2.1 1.70 1.72 2.05 1.124
Effective conduction band density (cm™2) 1x 102 1 x 102 1 x 1020 1x 1020 1 x 1020 2.8 x 1019
Effective valence band density (cm™3) 1x 102 1 x 1020 1 x 1020 1 x 1020 1 x 1020 2.2 x 109
Effective electron mobility (cm?/Vs) 5 50 5 5 20 858
Effective hole mobility (cm?/Vs) 1 5 1 1 5 355
Doping concentration acceptors (cm™2) 0 0 0 1x 1018 1x 108 0
Doping concentration donators (cm™3) 1x 108 1.42 x 10" 0 0 0 5.63 x 1016
Electron thermal velocity (cm/s) 1x 107 1x 107 1x 107 1x 107 1x 107 1x 107
Hole thermal velocity (cm/s) 1 x 107 1x 107 1 x 107 1x 107 1x 107 1x107
Parameters a-Sni.:H S:‘(-)I;C;_I i-a-Si:H a-Spi:H p-nc-SiOx:H
Defect density at conduction band (CB) edge (cm—3eV~") 1x 102 2 x 10Y 1x 104 1x 102 1x10%
Defect density at valence band (VB) edge (cm—3eV~1) 1x 102 2 x 101 1x 102! 1x 102 1x 102!
Urbach energy for CB tail (eV) 0.025 0.025 0.025 0.035 0.035
Urbach energy for VB tail (eV) 0.03 0.03 0.025 0.025 0.025
-16 -17 -16 -16 -16
0c(ay) for CB tail (cm™?) (; i 18-16) (} >X< }8-15) (;: }8—16) (; : }8-16) (;i }8-16)
7 x 10716 1x10715 7 x 10716 7 x 10716 7 x 10716

oc(ay) for VB tail (cm™?) (7x1071%)  (1x1077) (7x10°6)  (7x10716)  (7x10716)

-17
Donor (Acceptor) like 2'5(;512 1x 107 25x 107V 25x%x 1071 1.1 x 10717
Gaussian density of states (cm~3eV~1) 10‘_17) 1x1077)  @25x107Y7) (25x107Y7) (1.1x10717)
Gaussian peak energy for donor (eV) 0.45 0.46 0.7 1.02 1.02
Gaussian peak energy for acceptor (eV) 0.65 0.65 1 12 12
) . Y 3x10715  3x10715 3x10715 3x10715 3x10715
0¢(0y) for acceptor like Gaussian states (cm™) Bx1074)  (3x10-14) (3 x 10714 (3% 10-14) (3 x 10714
3x107%  3x1074 3x 1071 3x 1071 3x 10714

(o) for donor like Gaussian states (cm™2) Bx10-15)  (3x10°15) 3 x 10-15) 3 x10-15) 3 x10-15)
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Figure 2. J-V curve characteristics of rear emitter silicon heterojunction (SHJ) solar cells with different
carrier selective front contact (CSFC) layers: (a) a-Si:H; (b) a-5iOx:H. Experimental results are indicated
by the continuous line, while the simulation results are indicated by the symbol.

3. Results and Discussion

3.1. Numerical Simulation of HIT Solar Cell

The SHJ solar cells use a-Si:H materials as the passivation and carrier selective contact layers at
both sides for separate electron-hole pairs. The conventional SHJ solar cell uses the p-a-Si:H layer as a
CSEC layer. This layer absorbs light in the short wavelength region and has low conductivity, which
leads to parasitic absorption losses. The simulation of the rear emitter with various CSFC layers and
interface defect states was investigated. The simulations were performed using optical parameters
of layers, including extinction coefficient (k), refractive index (1), and optical bandgap (E) obtained
via ellipsometry, as well as electrical parameter measurements. The J-V curve characteristics of the
RE-SH]J cells with different CSFC layers were compared to that of real cells, as shown in Figure 3.
It can be observed that the characteristics of the simulated results are very similar to that of the real
cell; for example, while fill factor (FF) depicted a higher deviation, the other parameters were very
close to those of the real cells. The nc-SiOx:H CSFC layer achieved a conversion efficiency of 24.04%.
The decrease in parasitic absorption of the wide-gap nc-SiOx:H CSFC layer assisted the increase in
short circuit current density (Jsc). The increase in efficiency of the RE-SH]J cell using the nc-SiOx:H
CSEC layer is explained through the band diagram, electric field and generation/recombination rate.

Figure 3. Construction of an effective tunnel barrier by considering the potential drop through the
passivation layer.
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Figure 3 can be represented by the following equation:

AV
PBeff = PB+ —- D

where ¢p o is the effective barrier height and AV is the electrostatic potential drop [15]. ¢p e is 0.038 eV
and 0.073 eV with a-Si:H CSFC and nc-SiOx:H CSFC layer, respectively.

Figure 4 shows the band diagram in the equilibrium condition for different CSFC layers. To observe
the comparative change in the band structure, the band offsets at the valence (AE;) and conduction
(AE.) bands of the RE-SHJ with various CSFC layers are depicted in Figure 4b,c, respectively. The values
of AE. are 0.082 eV and 0.046 eV for Figure 4b,c, respectively. The smaller value of AE, yielded higher
electron collection. It can be observed that the nc-SiOx:H CSFC layer created a barrier for tunneling
the electrons between the CSFC layer and n-type c-Si wafer. When using the nc-SiOy:H CSFC layer,
the barrier is considered triangular, as shown in Figure 4.
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_5.0 -t 4 "
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/
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0 10 20 30 40 50

Figure 4. Band diagram of the rear emitter SHJ solar cell: (a) band diagram; (b) conduction band;
(c) valence band with different CSFC layers.

The increase in AE, acts as a hole reflector at the interface. The nc-SiOx:H CSFC layer acts
as an effective hole reflector. This leads to reduction in interface recombination. As a result, the
nc-SiOx:H CSEC layer-enhanced V. and s are approximately 0.733 V and 40.03 mA/cm?, respectively.
To assess the effect of the nc-SiOx:H CSFC layer, the electric field and generation/recombination rate
were investigated using the numerical simulation as depicted in Figure 5. The electric field was
7.69 x 108 V/cm for the cell using the a-Si:H as passivation and the CSFC layer. For the cell using the
nc-SiOy:H CSFC layer, the electric field was increased to 2.78 x 10? V/cm between the passivation and
the nc-SiOx:H CSFC layers. The high electric field with nc-5iOx CSFC layer is due to high band bending,
as depicted in Figure 4 [16]. The nc-SiOx:H CSFC layer can increase V. as well as lead to field effect
passivation. As shown in Figure 5, the interface recombination rate increased over 1 x 10*! m=3S~1 at
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Figure 5. Influence of the CSFC layer on electric field, generation rate and recombination rate.

The field effect passivation causes decrease of recombination rate at the interface. The influence of
the interface defect state of the RE-SHJ solar cell was investigated by simulation. Figure 6a shows the
cell parameters as a function of the interface defect density (D;;) for different CSFC layers of RE-SHJ
cells. When D; was increased from 5 X 108 cm™2 to 1 x 1013 cm™2, the cell efficiency and J;. decreased
slightly at first, and then became almost zero. These results indicate that D;; is required to be lower than
2% 10! cm=2 and 8 x 10! cm ™2 in case of using a-Si:H and nc-SiOx:H layers, respectively, to obtain a
Ve over 700 mV. The V. is affected by interface recombination of the SHJ solar cell as follows [17]:

gNvS;t
sc

VOC = $ (PC — AkTIn (2)
where g is the elementary charge, ¢ is the effective barrier height in crystalline silicon, A is the ideality
factor, k is the Boltzmann constant, T is the temperature, Sj; is the interface recombination velocity,
and Ny, is the effective valence band density. The interface defect state affects surface recombination.
The high Dj leads to increase of Sj;, and therefore decreased V.. The interface defect state affects the
quasi Fermi level and band bending. In Figure 6b, the band diagram of a SHJ solar cell using a-Si:H
CSEC layer is shown with different D;;. When Dj; increases, the hole quasi-Fermi energy (Er,) shifts to
a high energy level, which can result in a decrease of V. Ep, can be described by the-one dimensional
continuity equation as [18]:

p(x,t)
Ny(x)

p(x,t)
Ny(x)

Erp(x,t) = Ev(x) —kTlIn = —qx(x) —qe(x,t) — Eg —kTin ©)]
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where E, is the valence band energy, x is the electron affinity, ¢(x,t) is the local electric potential in the
semiconductor layers and Eg is the bandgap. The value of Ep, is increased due to the decrease in electric
potential and an increase in N,. The high D leads to a decrease in band bending and hence a decrease
in electric potential. Additionally, it causes an improvement in the majority carrier concentration.
The nc-5iOx:H CSEC layer also follows the same trend as shown in Figure 6b. In contrast, the nc-SiOx:H
CSFC layer shows lower performance degradation even with 8 X 10'% cm~2 due to the tunneling effect
and field effect passivation of the CSFC layer/a-Si:H passivation layer at the interface.

a) 25F o —o—a-Si:H
~ 20 S = 0= ne-SiOx:H
X 15} ©
N—
= 10}
5 L

500 :......I s assssal

10° 10 10" 10" 10"
Interface defect density (cm_z)
b) Open circuit
2.5 —— 1t 1 2
[ a-Si:H nc-Sio :H D, (cm™)
3.0F 5x10°
[ 9
35F ] 1x109
F 1 1x10
40\ ___— 1x10"
45 : : 1x10"
B p— 1x10"
5.0 jJ 1x10"
5.5 f
-6.0 :- L L JL L L J L L JL L L
0 10 20 147,840 147,9600 10 20 30 40 147,840147,960
Position (nm) Position (nm)

Figure 6. Schemes of rear emitter SHJ solar cells including: (a) The Vi, Jsc, FF and 1) cell parameters as
a function of interface defect density and (b) band diagrams with different interface defect density of
a-Si:H CSFC (left) and nc-SiOx:H CSFC (right) layer.
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3.2. Hydrogenated Silicon Oxide Passivation Layer

The results in the previous section suggest that a low D;; can enhance V. and thus efficiency of the
SH] solar cell. A low Dj can lead to high band bending at the a-Si:H/c-5i interface, which increases the
Voc of the cell. A further low Dj; can result from a hydrogenated silicon oxide (a-SiOx:H) passivation
layer formed through CO, plasma post-treatment. The Figure 7 shows the structural and optical
properties of the a-5iOx:H layers under CO; plasma post-treatment.
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30 800 1600 1800 2000 2200
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N
254 CO, treatment S
I~ - = -1600mTorr %600 -
S0 - 1800mTorr o 16 ,:G
) —-=-2000mTorr E +
— S’
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z = ~
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510 3 163
= ~ ~
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Figure 7. Structural and optical properties of a-SiOx:H layers under different CO, plasma post-treatment
including: (a) Si 2p core-level XPS spectra of a-Si:H and a-5iOx:H different CO, plasma post-treatment
pressure, (b) I il 1% +1g;3*) ratio derived from the XPS spectra as a function of plasma post-treatment
pressure and optical band gap of the a-Si:H and a-SiOx:H plotted as a function of photon energy,
(¢) iVoe with respect to the Is;!*/AIs;**+I5;>") ratio, and (d) effective carrier lifetime measured by
quasi-steady-state photo conductance (QSSPC) as a function of the treatment pressure.

Chemical composition of the a-5i:H and a-SiOx:H layers was confirmed by employing XPS analysis,
as shown in Figure 7a. After CO, plasma post-treatment, the pure Si peak decreased and the SiO;
peak increased with the increase of treatment pressure. Increasing the treatment pressure led to the
formation of oxygen-rich silicon oxide states. The absorption coefficient of the a-SiO4:H layer with
different CO, plasma treatment pressures were investigated using SE analysis, as shown in Figure 7b.
The optical band gaps were determined through absorption coefficients. At higher CO, plasma
treatment pressure, the a-5iOx:H layer exhibited a high optical band gap, owing to the oxygen-rich
components. The XPS spectrum demonstrated the increase in the formation of Sil*, Si2*, Si3*, and Si*t
peaks. The XPS spectra were deconvoluted into six doublets, Si 2p3/, (93.90 eV), Si 2P/, (99.90 eV), Si,O
(100.15 eV), SiO (101.05 eV), SipO3 (101.80 eV) and SiO; (103 eV), as shown in Figure 8. In Figure 7b,
the oxide state ratio (Is;!*/AIs;2* +I5>")) is presented for the different working pressures during CO,
plasma post-treatment. The oxide state ratio increased to a treatment pressure of 1800 mTorr and
decreased above 1800 mTorr. The oxygen-rich components (Si?* and Si**) further increased at a higher
treatment pressure. To determine the optimal oxide state for high V., as shown in Figure 7c, the effect
of the oxide state ratio on iV, was investigated. The optimum value of iV,. was 742 mV when the
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oxide state ratio was 2.5. The surface passivation properties of the a-SiOy:H layer on textured n-type
c-Si wafer was investigated. As a function of excess carrier density, the plot of 7,4 with a variation of
plasma treatment pressure is shown in Figure 7d. After CO, plasma treatment, 7. increased with the
increase in treatment pressure. At low injection levels of carrier density, the improvement of 7,4 can
be explained through field effect passivation. It can be observed that a-5iOx:H increased AE; at the
a-S5iOx:H/c-Si interface. This phenomenon leads to enhancement of the reflection of minority carriers
(hole) at the interface, which helps in low interface recombination.

Pure Si (Si“};._.
3.0 2

25
2.0
1.5}
1.0}
0.5]
0.0 -

9

Si 2p peak

106

Figure 8. Peak fit for an a-SiOx:H layer XPS spectra, showing the different oxidation states.

To confirm the cell results, we simulated the RE-SHJ solar cells using a-SiOx:H passivation layer.
In Figure 9, the J-V parameters are presented as a function of the various working pressures for
the CO, plasma post-treatment. As depicted in Figure 9, the efficiency increases with CO, plasma
post-treatment. The optical band gap of the a-5iOx:H layer increased with CO, plasma treatment.
This optical band gap created a higher AE, at the a-5iO4:H/c-5i interface, which may have assisted in
hole reflection and decreased recombination. We investigated the effect of using a-SiOx:H passivation
layer. This is because the a-SiOx:H has a wider band gap and good passivation properties. The result
shows that such an increase of the V) is feasible by employing an appropriate a-SiOx:H as the
passivation layer.

FF (%)
ER

sc

J_ (mA/cm’)
ey
<>

V. (mV)
| 3 2
N n
[—] <>
7

30 I 1 1 1 1
W/O 1600 1800 2000 2200
Pressure (mTorr)

Figure 9. Estimated J-V parameters of rear emitter HIT cells as a function of CO, plasma post-treatment.
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4. Conclusions

In this paper, the impact of various CSFC layers and interface defect densities on the efficiency of
RE-SH]J solar cells was discussed through simulations and experiments. To compare the effect of the
various CSFC layers, simulations were performed using a-Si:H and nc-S5iOx:H CSFC materials. Using a
nc-SiOy:H CSFC layer results in the decreased parasitic absorption and recombination loss through
field effect passivation, thus enhancing RE-SH]J cell efficiency. The output parameters of RE-SHJ solar
cell, such as Vi, = 733 mV, Jsc = 40.03 mA/cm?, FF = 81.97% and 1 = 24.04%, were obtained using a
nc-SiOy:H CSFC layer. The increase in interface defect states resulted in a decrease in band bending
and a shift in Ep, to high energy and hence a reduction in V. Finally, the nc-SiOx:H CSFC layer has
better performance in the same interface defect state than the a-Si:H CSFC layer. This improvement is
attributed to the tunneling effect and field effect passivation when using the nc-SiOx:H CSFC layer.
To improve the surface passivation quality of the RE-SH]J cell, the a-SiOx:H layer was used as the
passivation layer. The V. increased due to the decrease of the recombination rate at the interface.
This investigation suggests that a suitable a-SiOx:H passivation layer can significantly improve the V.
and efficiency of SHJ solar cells.
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