Front contact optimization for rear-junction SHJ solar

cells with ultra-thin n-type nanocrystalline silicon oxide

Depeng Qiu, Weiyuan Duan®*, Andreas Lambertz, Karsten Bittkau, Paul Steuter, Yong
Liu, Alaaeldin Gad, Manuel Pomaska, Uwe Rau, Kaining Ding
IEK-5 Photovoltaik, Forschungszentrum Jiilich, 52425 Jiilich, Germany
Abstract

In this work, ultra-thin n-type hydrogenated nanocrystalline silicon oxide ((n) nc-SiOx:H)
film was used to replace amorphous silicon ((n) a-Si:H) as electron transport layer (ETL) in
rear-junction silicon heterojunction (SHJ) solar cell to reduce front parasitic absorption. The
contact resistivity between the transparent conductive oxide (TCO) and ultra-thin ETL
interface plays an important role on the cell performance. A nanocrystalline silicon (nc-Si:H)
contact or seed layer was introduced in solar cell with ultra-thin nc-SiOx:H and the impact of
the nc-Si:H thickness on the cell performance was investigated. Lower front contact resistivity
can be obtained by replacing nc-SiOx:H layer with nc-Si:H/nc-SiOx:H double layer or
increasing the thickness of ETL, which is caused by the lower energy barrier for electrons,
according to the band diagram calculated by the AFORS-HET simulator. For solar cell with
10 nm double layer, an increase of 0.4 mA/cm? of short-circuit current density (Jsc) and 0.3 %aps
of fill factor (FF) is demonstrated, compared with solar cell with 20 nm nc-SiOx:H single layer.
A solar cell with 5Snm nc-SiOx:H and 5nm nc-Si:H contact layer exhibits open-circuit voltage
(Voe) of 726 mV, FF of 78.6%, Jsc of 39.6 mA/cm? and power conversion efficiency (#) of 22.6%
with an aperture area of 19X 19 mm?. To demonstrate scalability, bifacial solar cells were
fabricated on the M2 (244 cm?) wafer and # of 23.1% is achieved, the optical and electrical
losses of which were analyzed by the Quokka 3 simulator. The simulation shows much lower
electrical transport losses for solar cells with double layer and a bit higher optical losses,
compared with the one with nc-SiOx:H single layer.
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1. Introduction

The silicon heterojunction (SHJ) solar cells draw extensive attention and have progressed
rapidly over the past few years due to their high efficiencies, low temperature processes and
better temperature coefficient compared to conventional crystalline solar cells [1-12]. The SHJ
solar cells with two side contact have demonstrated a record conversion efficiency of 25.11%
for M2 (244 cm?) size device by Hanergy [3]. For standard SHJ solar cells, the hydrogenated
doped amorphous silicon (a-Si:H) is usually used for carrier-selective layers and transparent
conductive oxide (TCO) are placed upon the doped a-Si:H layer as front contact and anti-
reflective layers on both sides.

Although the doped a-Si:H window layer is only a few nanometers thick (5 - 10 nm), it still
absorbs a significant amount of incoming light parasitically, which leads to a reduction of the
short-circuit current density (Jsc) of 1.6 mA/cm? for the solar cells [13, 14]. Besides, the
reflection at the TCO (refractive index at 632 nm, n~2.0) / silicon (n~3.8) interface is increased
by the a-Si:H stacks (n~4.0) [15, 16]. To reduce the parasitic absorption and the reflection,
hydrogenated nanocrystalline silicon oxide (nc-SiOx:H) has been proved to be a highly
promising alternative to the commonly used doped a-Si:H [16-23]. The nc-SiOx:H is a two-
phase material with nanocrystalline silicon (nc-Si) that has higher doping efficiency than
a-Si:H, embedded in a highly transparent amorphous silicon oxide (a-SiOx) matrix [23-25].
Compared with a-Si:H films, the nc-SiOx:H films have following advantages: i) higher optical
transparency, meantime with similar electrical conductivity and ii1) lower refractive index [16,
26]. Therefore, replacing a-Si:H with nc-SiOx:H as window layer in solar cells is a promising
candidate to achieve higher Jsc [26].

However, the crystalline growth of the nc-SiOx:H layer is substrate selective and starts after
a certain amorphous incubation layer with an intrinsic a-Si:H ((i) a-Si:H) layer underneath
[27-30]. Therefore, the preparation of ultra-thin nc-SiOx:H layers with a sufficient crystalline
volume fraction on top of the (1) a-Si:H layer and without a deterioration of the passivation is
a big challenge for SHJ solar cells. Depositing the nc-SiOx:H on a nc-Si:H seed layer has been

suggested to induce a fast nucleation of crystallites, thereby resulting in an ultra-thin nc-SiOx:H



layers with a higher crystalline volume fraction in SHJ solar cells [21, 31-33]. Besides,
S. Kirner et al found that the contact property of TCO and p-type nc-SiOx:H has a big influence
on solar cell performance and can be improved by inserting a p-type nc-Si:H contact layer
between TCO and p-type nc-SiOx:H layers [15]. L. Mazzarella et al applied n-type nc-Si:H
contact or seed layer in solar cell with nc-SiOx:H of varied thickness, but the impacts of the
n-type nc-Si:H seed and contact layer thickness on the cell performance was not mentioned
[21].

In this paper, ultra-thin n-type nc-SiOx:H layers were prepared in a low-pressure-low-power
plasma enhanced chemical vapor deposition (PECVD) system and applied as ETL in rear-
junction SHJ solar cells. The nc-Si:H contact and seed layer of different thicknesses were used
to optimize the front contact properties. To investigate the principle of introducing contact or
seed layer, the energy band diagrams of the solar cells were simulated by the device simulator,
AFORS-HET [34, 35]. Additionally, the process was transferred to M2 size solar cells with
smart wire to demonstrate the feasibility on larger area. The main loss mechanisms of device
on M2 size wafer was identified and simulated by the commercial device simulator, Quokka 3

[36-38].
2. Experiment method

The nc-Si:H and nc-SiOx:H films described in this study were deposited by PECVD at
13.56 MHz plasma excitation frequency, 80 mW/cm? power density, 2.5 mbar deposition
pressure and a heater temperature of 200°C. For (n) nc-Si:H film the precursor gases we used
are SiHs, H> and PH3, while CO» was additionally added and the gas flow of SiH4, H> and PH3
was same as (n) nc-Si:H film during the deposition of n-type nc-SiOx:H. For material
development, the silicon films with thicknesses of 40-50 nm were deposited on glasses

(Corning Eagle 2000).
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Fig. 1. Schematic cross-section of rear-junction SHJ solar cell structures with three different electron transport
layer (ETL) stacks: Cell A with nc-SiOx:H single layer, cell B with contact layer and 5nm nc-SiO:H, and cell C
with seed layer and Snm nc-SiOy:H. Both contact and seed layer are n-type nc-Si:H films.

The structures of the devices in this paper are shown in Fig. 1. Cell A has an ETL consisting
of an n-type nc-SiOx:H single layer, thickness of which was varied from 5 to 20 nm. Cell B and
C has an ETL stack consisting of a double layer (n-type nc-SiOx:H and nc-Si:H contact or seed
layer), where the nc-SiOx:H film was fixed at 5 nm and the nc-Si:H thickness was varied from
0 to 10 nm.

The rear-junction SHJ solar cells have a designated area of four 19 X 19 mm? cells
distributed on a 78 x 78 mm? wafer. We used textured n-type Czochralski silicon wafers with
thickness of 170 um, size of 78 X 78 mm? and resistivity of 2-5Q cm. Before PECVD
depositions, the wafers were cleaned by an Ozone cleaning procedure and dipped in 1% HF.
Afterwards, the front and rear side silicon stacks were grown separately in two chambers.
Quasi-steady-state photo-conductance (QSSPC) lifetime measurement was followed
immediately, from which the implied Voc (iVoc) can be extracted. Subsequently, 70 nm indium
tin oxide (ITO) layers were deposited through a shadow mask on each side at a substrate
temperature of 200°C by direct current sputtering. A full area Ag layer for the individual cells
on the rear side and an Ag grid on the illuminated side were screen printed, afterwards the
samples were annealed at 190°C for 40 minutes.

To evaluate the performance of cells, the current-voltage characteristics under standard test
conditions (1.5 AM, 25°C and 100 mW/cm?) and the external quantum efficiency (EQE) were
measured by the LOANA solar cell analysis system from pv-tools with a Wavelabs Sinus 220
light sources. To calculate the pseudo-FF (pFF) of the solar cell, the Jsc-Voc curve was also

measured by the LOANA solar cell analysis system. To determine the contact resistance of the



cells, the transfer-length-method (TLM) contact pad arrays were used, which were made by
sputtering ITO and screen-printing Ag through a shadow mask on the same wafer beside the

cells.

3. Result and discussion

The opto-electrical properties of the nc-SiOx:H were varied and optimized by the gas flow
during PECVD process. The nc-SiOx:H material was optimized with respect to a high band gap
and a sufficient conductivity for solar cell applications and has the following properties at
thicknesses of 40-50 nm on glass: a co-planar conductivity (¢) of 0.02 S/cm, a crystalline
volume fraction (F¢) of 23% determined by Raman spectroscopy, a refractive index (n) of 2.82
at 632nm determined by Ellipsometry measurement and an optical band gap (Eos) of 2.24 eV
determined by using a UV-VIS spectrophotometer. For nc-Si:H layers, the o, F¢, n and Eos are
23.1 S/cm, 46%, 3.81 and 1.98 eV, respectively.

3.1 Solar cell results
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Fig. 2. External quantum efficiency (EQE) and 1-reflection (1-R) spectra as a function of wavelength for the

cells with various thickness of (n) nc-SiOx:H film.

Fig. 2 shows the external quantum efficiency (EQE) and absorptance (4) as a function of
wavelength for the cells with 7nm (n)a-Si:H and (n) nc-SiOx:H layers with different
thicknesses. Solar cells with nc-SiOx:H show a higher EQFE in the wavelength range from
300 nm to 600 nm as solar cells with n-type a-Si:H. The EQE for solar cells with thinner

nc-SiOx:H layers increase as expected due to a reduced parasitic absorption. Additionally, the



absorptance decreases for thinner nc-SiOx:H layers as a consequence of the increase in
reflection, this is an additional chance to further increase the Js. by tuning the anti-reflection

coating thickness in further investigations.
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Fig. 3. Box plot of (a) open-circuit voltage (V) and implied Vi (iVoc), (b) short-circuit current density (Jsc),

(¢) pseudo fill factor and fill factor (pFE, FF), and (d) power conversion efficiency () versus the thickness of

the nc-SiOx:H layer (dhe-siox:n) for cells with (n) nc-SiOyx:H single layer (cell A). The box plots summarize the

statistic of 8-10 cells per group. The inner box is the area between the upper, lower quartiles and includes the
median. The cell with (n) a-Si:H film is used as reference on the left side.

The IV - parameters of the solar cells with different thicknesses of nc-SiOx:H single layer
(dhe-siox:) are shown in Fig. 3. The box plot summarizes the statistic of 8-10 cells per group.
The cell with 7nm (n) a-Si:H ETL is used as reference for this series. When decreasing dne-siox:t
from 20 to 10 nm the V. of the cells is unaffected, but it decreases for (n) nc-SiOx:H layers
below 10 nm. The iV, of the cells with nc-SiOx:H layer of different thicknesses are on the same
level as reference cell. Fig. 3(b) shows that Ji. increases with decreasing dnc-sioxH
by -0.058 mA-cm™/nm and the gain of Ji is 0.4 — 1.4 mA/cm? compared with the reference cell.
Fig. 3(c) shows that F'F" decreases with reducing dnc-siox:n and is more sensitive to dnc-sioxn When
itis below 10 nm. Furthermore, there is an increase of the difference between pFF and FF which

indicates an increase of the series resistance (Rs) when reducing the dicsioxn. Although the



power conversion efficiency # of the solar cell with 5 nm nc-SiOx:H layer is lower than others
(Fig. 3(d)), a high Jsc of 39.9 mA/cm? and similar iV, as the reference cell can be obtained,

which indicates a potential to reach high efficiency assuming a low series resistance.
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Fig. 4. J-V curve of the cells with different thickness of nc-SiO4:H film on the front side.

Fig. 4 shows the current density as a function of the voltage (J-V curve) of the solar cells
with 7nm n) a-Si:H and (n) nc-SiOx:H layers with different thicknesses. The solar cell with
5 nm (n) nc-SiOx:H has a s-shaped J-V curve resulting in a low FF and a low Ve, which cannot
be observed for the solar cells with thicker (n) nc-SiOx:H layers. The s-shaped J-V curve for
solar cell with 5 nm (n) nc-SiOx:H layer might be related to an electrical transport barrier on
the front side, which suggests that the contact resistance of ITO / (n) nc-SiOx:H interface plays
a big role on the cell performance for solar cells with ultra-thin ETL. In order to increase FF'
but keep high Js, the cell B structure with nc-Si:H contact layer was introduced to optimize
the electrical properties of ITO / ETL interface. The box plot of cell performance of cell B

versus the thickness of nc-Si:H contact layer (dcontact) can be seen in Fig. 5.
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Fig. 5. Box plot of (a) open circuit voltage (Vo) and implied Voe (iVc), (b) short circuit current density (Js), (¢)
pseudo fill factor and fill factor (pFF, FF), and (d) power conversion efficiency (#) versus the thickness of the
contact layer (dconwact) for cell structure with contact layer (cell B). The nc-SiOy:H film was fixed at 5 nm and the
nc-Si:H thickness was varied from 0 to 10 nm. The box plots summarize the statistic of 8-10 cells per group. The
inner box is the area between the upper, lower quartiles and includes the median. The cell with (n) a-Si:H film is
used as reference on the left side.

Fig. 5(a) indicates that the iV, of the solar cells is similar as reference cell and unaffected
by dcontact- As shown in Fig. 5(b), the Jsc of the solar cell decreases with increasing dcontact by
0.089 mA-cm?/nm. Fig. 5(c) shows that the dcontact has a big influence on FF when it is below
3 nm. The solar cells with more than 5 nm contact layer have a similar fill factor as reference
cell. The solar cell with 5 nm contact layer shows the highest power conversion efficiency in
this series and exhibits # of 22.6%, Voc of 726 mV, FF of 78.6% and Js of 39.6 mA/cm?,

meantime 0.8 mA/cm? gain of Ji. compared with the reference cell with n-type a-Si:H layer.
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Fig. 6. Box plot of (a) Open circuit voltage (Voc) and implied Voc (iVoc), (b) short circuit current density (Jsc), (¢)
pseudo fill factor and fill factor (pFF, FF), and (d) power conversion efficiency (#) versus the thickness of the
seed layer (dsceq) for cell structure with seed layer (cell C). The nc-SiOx:H film was fixed at 5 nm and the nc-
Si:H thickness was varied from 0 to 10 nm. The box plots summarize the statistic of 8-10 cells per group. The
inner box is the area between the upper, lower quartiles and includes the median. The cell with (n) a-Si:H film is
used as reference on the left side.

During the deposition process of nc-SiOx:H layer, a certain amorphous phase appears firstly
as the nucleation of crystalline phase, then the epitaxial growth is followed [28-31]. Therefore,
another way to increase the crystalline volume fraction at the nc-SiOx:H / ITO interface is use
of a nc-Si:H seed layer between (i) a-Si:H and nc-SiOx:H layer to induce fast nucleation of
crystalline phase. In the cell C structure, a nc-Si:H seed layer was used to support the crystalline
growth of the nc-SiOx:H layer. The cell performance as a function of seed layer thickness (dseeq)
is shown in Fig. 6. Solar cells with seed layers show similar Vo and iVoc as the reference cell
with (n) a-Si:H layer and the Ji. decreases as increasing dseed by 0.083 mA-cm?/nm. Fig. 6(c)
demonstrates that the F/F of the solar cell is more sensitive to dseeda When it is below 3 nm. The
solar cell with 5 nm seed layer achieves best cell performance in this series and reached 21.5%
power conversion efficiency, with a 0.7 mA/cm? gain of Ji. compared with reference cell. Due

to cleaning problem, thicker ITO (80nm) layer and worse wafer quality, this batch shows a



worse performance which can be seen from reference cell compared with cell B series.
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Fig. 7. The crystalline volume fraction (£.) of the ETL determined by UV-Raman spectroscopy and contact
resistivity extracted from transfer-length-method (TLM) measurement as a function of the thickness of electron
transport layer (ETL) for cell structure with nc-SiOx:H single layer (cell A), with contact layer and 5 nm
nc-SiOx:H (cell B, varying nc-Si:H contact layer thickness), and with seed layer and 5 nm nc-SiOx:H (cell C,
varying nc-Si:H seed layer thickness). The cell structure is depicted in Fig. 1.

Fig. 7 shows the crystalline volume fraction (F¢) of ETL and the front contact resistivity
versus the total ETL thickness (detL) of the solar cells with three different ETLs. The F. of ETL
increases with increasing the thickness and more crystalline ETL can be obtained at the same
thickness for the ETL with nc-Si:H contact or seed layer compared with nc-SiOx:H single layer.
The front contact of the solar cells with 5 nm ETL (5 nm nc-SiOx:H single layer) is non-ohmic,
the contact resistivity (pc) of which is too high to extract accurate value by TLM. The p. of
cell A increase when decreasing the thickness of nc-SiOx:H from 20 nm to 8 nm, consistent
with the FF result shown in Fig. 3. By increasing the ETL thickness of cell B and C, lower p.
can be obtained. For the cells with same thickness of ETL, the contact resistivity of cell A is
higher than cell B and cell C, which reveals that electrical properties of ITO / ETL interface
can be improved by inserting nc-Si:H contact or seed layer. The contact resistivity of cell B
and cell C are lower than reference cell when detr of cell B and C is above 12 nm and 10 nm,
respectively. Therefore, for cells with only 5 nm nc-SiOx:H, similar electrical properties as
reference cell can be achieved by inserting 7 nm nc-Si:H contact layer or 5 nm nc-Si:H seed

layer on the front side. But for cell A with 20 nm nc-SiOx:H, it still shows slightly higher



contact resistivity than reference cell.

To demonstrate scalability, we prepared bifacial cells on M2 wafer with three different cell
types: 1) cell A with 10 nm nc-SiOx:H single layer, ii) cell B with double layer (5 nm nc-SiOx:H
and 5 nm nc-Si:H contact layer), and iii) cell C with double layer (5 nm nc-SiOx:H and 5 nm
nc-Si:H seed layer) as ETL. Table 2 shows that, for full-size cells with double layers (cell B
and C), an increase of more than 3%abs of FF and 0.5%abs of 77 is demonstrated, compared with
cell A. The best full-size cell, with introducing 5 nm contact layer, shows Ve of 739 mV, FF
of 80.7%, Js of 38.7 mA/cm? and efficiency of 23.1%.

Table 1

I-V parameters of full-size rear-junction SHJ solar cells with three different cell types: i) cell A with 10 nm
nc-SiOx:H single layer, ii) cell B with double layer (5 nm nc-SiOx:H and 5 nm nc-Si:H contact layer), and
iii) cell C with double layer (5 nm nc-SiOx:H and 5 nm nc-Si:H seed layer) as electron transport layer (ETL).

The cell structure is depicted in Fig. 1.

Jse Voe FF pFF n
Cllopre maem)  mv) ) (%)
Cell A 39.2 740 77.2 84.7 22.4
Cell B 38.7 739 80.7 84.1 23.1
Cell C 38.6 738 80.3 84.6 22.9
3.2 Simulation results
@) ) €)
Cell Avs Reférencei : Cell A vs Cell B : : Cell Avs Cell C ‘: :
i | ! \ o ' i — |
Em: (n)nC_SioX;HE i E,. :(n)nc-SlOX.Hi i - ! (n)nc-Sle.Hi E
E, ! I Es. ; I Eu3§ % EC
Ll : : - : N -. (n-)f;C'SiilH : - : N -_ (n)nc-SiO,:H : o : a -_ Ef
- I (n)a-Si:H ! {n)c—s| : (n).nc—SiOIX3H (n)c-Si : (n)nc-Si:H gn)c-Sl
o | mo; . ITO | i b ITO ! | Lo
) | (Ha-Si:H | | (i)a-Si:i : | ()a-Si:H
jan ! I ! ! ! | ! | E,
w i | : i i ! | !
i ; o |
' '
0 5 10 15 0 5 10 15 0 5 10 15

Distance from ITO r [nm] Distance from ITO r [nm] Distance from ITO r [nm]

Fig. 8. Band diagram at equilibrium of 10 nm electron transport layer (ETL) of different SHJ solar cells, (a)
cell A vs reference, (b) cell A vs cell B and (c) cell A vs cell C, calculated by simulator AFORS-HET. Cell A has

an ETL consisting of nc-SiOx:H single layer. Cell B is the cell type with nc-Si:H contact and nc-SiOy:H layer.



Cell C is the cell type with nc-SiOx:H and nc-Si:H seed layer. The cell with 10 nm (n) a-Si:H film was used as
reference cell. Ec (Ey) and Er are conduction (valence) band energy level and Quasi-Fermi level, respectively.
The cell structures are depicted in Fig. 1.

Fig. 8 shows the band diagrams of three different kinds of SHJ solar cells (cell A, B and C)
with 10 nm ETL at thermal equilibrium, simulated by AFORS-HET simulator. The input
parameters of layers are listed in Table 2 [15,39,41]. The patterned areas in conduction band
denote the energy barriers for electrons. They are defined by band offset at hetero-interface and
inner band bending in doped layers. Fig. 8(a) shows a band offset on the heterointerface of
(n) nc-SiOx:H and (i) a-Si:H layers in cell A, which can’t be found in reference cell.
Furthermore, the band offset on the interface of ITO and n layer in cell A is higher than
reference cell. These differences of the conduction band bending could be responsible to the
lower FF and higher contact resistivity of the cells with 10 nm nc-SiOx:H single layer,

compared with reference cell (Fig. 3, Fig. 7).

Table 2

Input parameters of the layers for AFORS-HET simulator.

Parameter ITO  nc-SiOx:H (n) nc-Si:H (n) a-Si:H (n) a-Si:H (i) ¢-Si (n) a-Si:H (p)
Thickness (nm) 70 10 10 10 5 170 x 103 8
Electron affinity (eV) 4.2 3.9-3.75 4.0 3.9 3.9 4.05 3.9
Mobility gap (eV) 2.8 1.8-2.1 1.4 1.72 1.72 1.12 1.72
Doping density (cm™®) 1x 10%2° 8x 10 8x10 8x10'° - 1.6 X 10*>  5x 10

Electron (hole)
mobility (cm?/V:s)
Effective conduction 1 x 102° 1 x 1020 1x10%° 1x10%° 1x10%° 285x10'° 1 x102°
(valence) band density (1 x 1029) (1 x 102%) (1 x 102%) (1 x 102°%) (1 x 1029)(2.69 x 10*°) (1 x 1029)
Layer density 2.328 2.328 2.328 2.328 2.328 2.328 2.328

40 (20) 20 (5) 40 (10) 20 (5) 20(5)  1335(463)  20(5)

The nc-SiOx:H is a two-phase material with nanocrystalline silicon phase that has higher
doping efficiency than a-Si:H, embedded in a highly transparent amorphous silicon oxide
matrix [24-26]. During the deposition process of nc-SiOx:H layer, a certain amorphous phase
appears firstly as the nucleation of crystalline phase, then the epitaxial growth is followed
[28-31]. Decreasing the thickness of nc-SiOx:H layer leads to a layer with lower crystalline
volume fraction, as shown in Fig. 7(a), and higher percentage of amorphous silicon oxide phase.

When more oxygen incorporation in silicon film, higher average Si-Si bond energy in lattice



can be achieved [39]. The energy level of valence band edge may move down and conduction
band edge come up in energy, giving rise to lower electron affinities (y) of thinner nc-SiOx:H
[40]. Therefore, for cells with 5 nm nc-SiOx:H layer the conduction band offset at
ITO / nc-SiOx:H interface might be higher than the cells with thicker nc-SiOx:H layer and act
as a Schottky barrier for the electrons, resulting in a lower FF and higher contact resistivity.
Compared with nc-SiOx:H film, the electron affinity of nc-Si:H is higher [39, 41]. Fig. 8(b)
shows the band diagrams of cell A with 10 nm nc-SiOx:H single layer and cell B with 5 nm nc-
Si:H contact layer and 5 nm nc-SiOx:H layer. There is a band offset at nc-Si:H / nc-SiOx:H
interface in cell B, but it is lower than the band offset at ITO / nc-SiOx:H interface in cell A.
Furthermore, the band offset at ITO / ETL interface is reduced significantly by using ultra-thin
nc-Si:H film as contact layer in cell B, consistent with the result in Fig. 7(b). Fig. 8(c) shows
that the energy barrier can be reduced by using nc-Si:H underneath nc-SiOx:H as a seed layer.
The nc-SiOx:H layer with higher crystalline volume fraction can be obtained at the same
thickness of ETL when putting nc-Si:H underneath, as shown in Fig. 7(b) and Ref [33].
Therefore, the electron affinity of nc-SiOx:H in cell C could be higher than it in cell A, which
contributes to lower band offset at ITO / ETL interface as well as the energy barriers to the

electron in cell C.
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Fig. 9. Optical (left) and electrical (right) loss analysis for the full-size cells with different cell structure, Cell A
(10nm nc-SiOx:H single layer), Cell B (5 nm nc-SiOx:H with 5 nm nc-Si:H contact layer), based on the 3D
Quokka simulation. Note that the power loss scale in mW/cm? is equivalent to an efficiency loss in Youbs.

Additionally, for full-size cells with 10 nm single layer and 10 nm double layer (5 nm



nc-SiOx:H with 5 nm nc-Si:H contact layer), we built a cell model in Quokka 3 to quantify the
optical and electrical losses [42]. Fig. 9 shows the optical (left) and electrical (right) loss
analysis for the full-size cells with Smartwire (3% shading) and reveals that the main optical
loss arise from the front imperfect light trapping for both solar cells, and the main electrical
loss come from front vertical transport for cell A and from recombination within ¢-Si bulk for
cell B. By replacing 10 nm nc-SiOx:H single layer with 10 nm double layer (5 nm nc-SiOx:H
with 5 nm contact layer), the electrical loss relating to front vertical transport can be strongly
reduced and the optical loss owing to front surface transmission increased slightly, which is

consistent with the result mentioned previously.

4. Conclusion

In this work, the nanocrystalline silicon (nc-Si:H) contact or seed layer was introduced in
solar cell with ultra-thin nc-SiOx:H and the impact of the nc-Si:H thickness on the cell
performance of rear-junction silicon heterojunction (SHJ) solar cells were investigated. For
solar cells with nc-SiOx:H layer, 20 nm nc-SiOx:H is needed to guarantee the FF. The contact
resistivity at ITO / n-layer interface plays an important role on the cell performance. For solar
cells with ultra-thin (5 nm) nc-SiOx:H layer, Jsc of 39.9 mA/cm? and similar iV, as reference
cell can be obtained, but the contact resistivity at ITO / ETL interface is very high.

By inserting nc-Si:H contact or seed layer upon or underneath the nc-SiOx:H layer and
increasing the ETL thickness, higher crystalline ETL and lower front contact resistivity can be
achieved. The best solar cell, with 5 nm nc-SiOx:H and 5 nm nc-Si:H contact layer, exhibits
Voo of 726 mV, FF of 78.6%, Js. of 39.6 mA/cm? and 7 of 22.6% at an aperture area of
19 x 19 mm?. To demonstrate scalability, bifacial SHJ solar cells, with 10 nm nc-SiOx:H single
layer and 10 nm nc-Si:H / nc-SiOx:H double layer, were fabricated on M2 size wafer. The cell
performance of the solar cell with seed layer is similar as the solar cell with contact layer. For
solar cells with 10 nm double layer, an increase of more than 3%aps of FF and 0.5%abs of 7 1s
demonstrated, compared with the solar cells with 10 nm nc-SiOx:H layer. The # of 23.1% was
obtained on M2 size by the solar cell with Snm nc-SiOx:H and 5nm nc-Si:H contact layer.

The front side energy band diagram of cells with three different 10 nm ETLs were simulated

by AFORS-HET simulator. The result indicates that the energy barrier for electrons at



ITO/ETL interface can be reduced by inserting nc-Si:H layer upon or underneath the
nc-SiOx:H layer. Additionally, the solar cell simulator Quokka 3 was used to analyze the optical
and electrical losses of those full-size cells. Compared with solar cells with 10nm nc-SiOx:H
single layer, we found a bit higher front surface transmission optical loss but much less front

vertical transport electrical loss in solar cells with 10nm nc-Si:H / nc-SiOx:H double layer.
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