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A B S T R A C T

Remarkable progress has been made in the improvement of rear-emitter silicon heterojunction (RE-SHJ) solar
cells with the use of very thin n-type front contact layers. However, further reducing the thickness of the front
window layers while maintaining high conductivity for mitigating the parasitic absorption and carrier collection
loss has proven challenging. In this study, we implement controlling a seed layer for achieving ultra-thin, high
crystalline and conductivity of n-type hydrogenated microcrystalline silicon oxide (n-µc-SiOx:H) front window
layer in RE-SHJ solar cells. By using a seed layer, the crystallinity confirmed by Raman and TEM measurements,
and the conductivity of the n-µc-SiOx:H front layers are significantly enhanced compared with that without using
the seed layer. This leads to a remarkable increase in the open-circuit voltage (Voc) by 6mV and fill factor (FF) by
4.11% while maintaining a high short-circuit current density (Jsc) in range of 38mA/cm2. A high cell perfor-
mance of 21.1% is obtained with the use of an optimised seed layer.

1. Introduction

Silicon heterojunction (SHJ) solar cells have received a lot of at-
tention owing to their advantages such as high efficiencies with the use
of a simple and cost-effective production process [1,2]. The excellent
surface passivation of SHJs is one of the important advancements made,
which can lead to very high open-circuit voltages (Voc) and a sig-
nificantly simple fabrication process without requiring any additionally
complex patterning steps [3]. For competitive cost-effective photo-
voltaic applications, persistent efforts have mainly focused on further
improving cell performance [4,5]. The main performance limitation of
SHJ cell type compared with their counterpart solar cells such as the
interdigitated back contact (IBC) or passivated emitter rear contact
(PERC) cells has been attributed to the parasitic absorption of the front
layers that are stacked together, such as passivation, doping front
contact, and transparent conductive oxide (TCO) layers [6,7]. Conse-
quently, efforts have been made to optimize the front-layer stack,
mainly focusing on sufficient doping and achieving thinner layers [6,8].

Traditionally, p-type emitter layers have been used at the front side
to efficiently collect minority charge carriers owing to the shortest

carrier diffusion paths [3]. However, because of the inherent poor
conductivity compared with its n-type counterpart, a higher doping
and/or a thicker p-type layer may be required to maintain an internal
electrical field for sufficient hole-collection [6,9]. A thicker and/or a
higher doped p-type layer can result in both more significant parasitic
absorption and junction recombination which can lead to impair Voc,
short-circuit current density (Jsc) and fill factor (FF). Moreover, a
Schottky barrier can be formed between the window layer (p-type) and
n-type front TCOs in case of insufficient doping and/or thinner p-layers
[10,11]. To overcome these limitations, RE-SHJ cells that use the p-type
emitter at the rear side of the cell are proposed as a potential config-
uration [12–14]. The long minority carrier lifetime (several milli-
seconds) in the current high-quality n-type silicon wafers offers pro-
mising potential for the utility of p-type emitters at the back side
without significant collection losses. In addition, the use of the RE-SHJ
structure leads to fewer restrictions in choosing TCO materials and
particularly enhances more transparent front stacks because an n-type
front contact layer can be made thinner than its p-type counterpart
without significant conductivity losses [15,16].

Phosphorous doped hydrogenated microcrystalline silicon-oxide (n-
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µc-SiOx:H) material has been suggested as a promising front widow
layer for RE-SHJ cells [17,18]. It is known as a two-phase material
including a columnar nanocrystalline silicon phase embedded in a
matrix of amorphous silicon oxide (a-SiOx:H) phase. In such a material,
the crystalline phase can provide highly vertical conductivity while the
a-SiOx:H phase can enhance transparency [19,20]. Using n-µc-SiOx:H
front window layer in RE-SHJ solar cells, an impressively higher effi-
ciency compared with an n-type hydrogenated microcrystalline silicon
(n-µc-Si:H) and amorphous silicon (n-a-Si:H) is reported [17,18]. The
challenge in using n-µc-SiOx:H at the front side in RE-SHJ structure is
the deposition of a thin and high-crystalline n-type layer, i.e. high
conductivity, on top of the very thin amorphous passivation (a-Si:H)
membrane, without harming the under a-Si:H layer and/or passivation
quality [16]. A potential solution is to boost fast the initial nucleation
formation during the crystal-growth period of n-µc-SiOx:H layer [16].

In this work, therefore, we report crystalline-seed layer (CSL) opti-
misation for the ultra-thin front contact n-µc-SiOx:H layer. The CSL is
prepared between the a-Si:H passivation and n-µc-SiOx:H layers in high
hydrogen content dilution without CO2 content dilution to faster nu-
cleation. Plasma source power density of the seed layer is varied in a
large range of 42–214mW/cm2 to determine the optimized point. The
characteristics of RE-SHJ solar cells implemented under various seed
layers are discussed.

2. Experiment

The RE-SHJ cells were carried out on n-type pyramid-textured
Czochralski wafers (with thickness of 140 µm, size of 4 cm×4 cm and
4.3 Ω·cm of resistivity) using a cluster multi-chamber plasma-enhanced
chemical vapor deposition (PECVD) system (SNTEK). Beforehand, the
wafers were chemically textured at both surfaces in a dilute alkaline
solution to obtain random pyramid-shapes with average heights of
around 10 µm. Prior the PECVD depositions, the wafers were cleaned
using a standard RCA procedure and then dipped in hydrofluoric acid
(1%) to remove the chemical silicon-oxide film. The PECVD deposition
began with a 5 nm thick a-Si:H passivation layer on both sides of the
wafer surface. A 3 nm thick CSL and a 10 nm thick n-µc-SiOx:H layer
were then deposited in the front side. The deposition condition of these
layers is shown in Table 1. Boron doped hydrogenated amorphous si-
licon (p-a-Si:H) was subsequently deposited in the rear side. Indium-
doped tin oxide (ITO) layers at both sides were then deposited using
sputtering method. Prior to the ITO deposition, a rectangular-shaped
metal mask was attached to the surface of the cell to calibrate the cell
are of 10.24 cm2. Ag-grid electrodes were screen-printed on the front
side and entirely covered at the back side of the cell. The cross-section
of cell structures is illustrated in Fig. 1. Four cells were implemented in
same deposition condition for each variation. All cells were character-
ized using a standard one-sun illumination (100mW/cm2, AM 1.5G, at
25 °C).

The n-µc-SiOx:H single-layers with and without CSLs were prepared
on Eagle glass substrates and bare polished wafers. The deposition
conditions of these layers are listed in Table 1. The crystalline phase of

these films was detected by Raman measurement (Dongwoo Optron
system) with a 514.5-nm-wavelength of Ar+-ion laser source. From
Raman data, the crystalline volume fractions (Xc) were calculated as
following: Xc= I518/(I518+ I480) where I symbol denotes the integrated
area of a peak and the subscript numbers denote the wavenumber of
peak. In addition, the transmission electron microscopy (TEM – JEM
2100F) system was used to identify the crystallinity of films on the
polished wafer. Electrical property measurement such as conductivity
using the programmable Keithley 617 electrometer was implemented
using two evaporated Al coplanar electrodes on the film-surface. The
activation energy (Ea) was calculated based on the temperature-de-
pendent dark-conductivity measurement following the Arrhenius re-
lationship [21]. The film thickness measurement was conducted from
fitting of the spectroscopic ellipsometry measurement using the J. A.
Woollam VASE system.

3. Result and discussion

The CSLs were prepared by varying the plasma source power den-
sity from 42 to 214mW/cm2 as shown in Table 1. The seed- and front
window-layer thicknesses were maintained at 3 and 10 nm, respec-
tively. The seed layers were implemented in higher hydrogen dilution
than the front window layers without CO2 gas content to strongly en-
hance the crystalline growth [22]. Fig. 2 shows the structural property
detected by Raman spectra of the front window n-μc-SiOx:H single-
layers. The Xc and conductivity of these films are summarized in
Table 2. It is apparent that a thin n-µc-SiOx:H layer without a CSL
(sample A) has a weak crystalline phase with low Xc of 5%, char-
acterised by a low intensity peak at 518 cm−1 and a prevalent amor-
phous phase represented by the high broad peak centred at 480 cm−1.
Raman characteristic of sample B with the onset of a CSL at 42mW/cm2

power density shows a sharp high-intensity peak at 518 cm−1 with high
Xc of 60% which characterizes a strong crystalline phase. However, the
crystalline phase tended to gradually decrease with the power density,
as shown in Raman spectra of samples C–E in Fig. 2 and the Xc values
listed in Table 2. We can reasonably assume that high-crystalline-phase
formation (sample B) can cause the conductivity three orders of mag-
nitude higher than that of sample A. The conductivity tended to sig-
nificantly decrease with the higher source power density of the seed
layers. This evidence points to the likelihood that the crystalline quality
or conductivity of the front window n-µc-SiOx:H layer can be sub-
stantially enhanced by a CSL which was prepared at low power density.
For corresponding with the conductivity (Table 2) and crystalline
(Fig. 2) characteristics of the n-µc-SiOx:H single-layers on polished
surfaces of glass substrates, we chose identical flat surfaces of polished
wafers to identify the crystallinity of these single-layers via TEM mea-
surement although we used the textured surface of wafers for device
fabrication. A cross-section TEM image of samples on the polished
wafer are illustrated in Fig. 3. It shows clearly that columnar large
crystalline grains (red lines) are detected densely at sample B and less at
sample C including a few small crystalline grains. It seems to be difficult
to detect the crystalline grains at sample A and D. In addition, in sample
B, the crystalline grains seem to stem from nucleation which is de-
posited at low power density of 42mW/cm2. The crystal grains were
absent from sample A possibly due to the thin thickness of 10 nm of n-
μc-SiOx:H front layer. Generally, with a high [H2]/[SiH4] gas ratio
(hydrogen dilution) maintained stably throughout n-µc-SiOx deposition
process, the microcrystalline phase will form after an initial incubation
(amorphous phase) process [23]. Thus, a thin layer of 10 nm with the
constant hydrogen dilution condition in sample A was possibly in-
sufficient to overcome the incubation process. In the literature, to
prompt fast nucleation process, different process parameter adjust-
ments during deposition are proposed. For example, Yue et al. [24]

Table 1
Deposition parameters of seed and n-µc-SiOx:H front layers.

Parameters Seed layer n-µc-SiOx:H front

[H2]/[SiH4] flow ratio 160 125
[PH3]/[SiH4] flow ratio 1.0 2
[CO2]/[SiH4] flow ratio 0 0.5
Power density (mW/cm2) 42–214 42
Working Pressure (Torr) 1.5 1.5
Deposition temperature (°C) 110 110
Thickness (nm) 3 10
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proposed a two-step method to grow microcrystalline silicon including
an ultrathin Si film first followed by hydrogen plasma treatment and
deposition of μc-Si:H last. Chung et al. [25] suggested a HCl gas addi-
tion during initial growth stage of μc-Si:H film to reduce the amorphous
incubation layer. Herein, as shown in Table 1, we prepared the seed
layers at the [H2]/[SiH4] flow ratio as high as 160 with CO2 gas absence
and controlled the crystallinity of these layers by varying the power

densities. As seen in Fig. 3, the nucleation process at sample B can be
enhanced in low power density condition of 42mW/cm2; as a result,
the strongly crystalline-phase growth. However, as seen in TEM images
of sample C and D, the increase in power density over 42mW/cm2 can
impair the nucleation process and as a result weak crystallinity growth
of n-μc-SiOx:H layer. The disrupted crystal nucleation formation when
the power density is increased can be due to the bombardment of high
energy ions on film surface during the growth. Kondo et al. [26] showed
the significant decrease in Raman crystallinity (Xc) with the bom-
barding ion energy on surface of growing film. In addition, Matsuda
[27] indicated the significant decrease in crystal size and Xc when RF
power density increased. Furthermore, it is important to notice that the
bombarding ion energy would affect not only the nucleation of the front
window layer but also the passivation quality of the a-Si:H passivation
layer underneath.

To clearly illustrate this point, we deposited the seed layers without
the bulk n-µc-SiOx:H layer on one side of symmetrically passivated
textured wafers. We used the minority-carrier lifetime measurement as
initially rough parameters to estimate the passivation quality of the
resulting wafer surface. Fig. 4a shows the effective minority carrier
lifetime data of the initial passivated wafer (PW) without seed layer and
wafers with various seeds. Fig. 4b shows the lifetime and implied Voc
values calculated at one-sun illumination. We found that the lifetime
value as compared with that of PW enhanced significantly after seed
layer deposition at 42mW/cm2 of power density but deteriorated at
higher power density up to 214mW/cm2. The trend of implied Voc
values as a function of power densities are analogous to that of lifetime
values. In agreement with our previous intuitive assumption, the life-
time degradation at a power density of as high as 214mW/cm2 could be
due to the strong bombardment of the passivated wafer surface, which
leads to the deterioration of the cell parameters such as Voc and FF [28].
However, the increased lifetime at the power density of as low as
42mW/cm2 can be akin to a plasma post-treatment in hydrogen en-
vironment. Recently, it was argued that the growth of µc-Si:H material
in special high hydrogen dilution can play a similar role as a hydrogen
plasma post-treatment [16,17] which is often used to further enhance
the surface passivation quality of the wafer [24].

The RE-SHJ designs were implemented, as shown in Fig. 1, to de-
monstrate the effect of the seed layers on the cell parameters. Fig. 5a
shows the light J-V curve characteristics of cells. In addition, the cell
parameters, including Voc, Jsc, FF, and efficiency (Eff), extracted from

Fig. 1. The rear-emitter SHJ solar cell structure with various seed layer conditions.

Fig. 2. Raman spectroscopies of n-µc-SiOx:H front layers on various seed layer
conditions.

Table 2
Conductivity, activation energy and crystalline volume factor of n-µc-SiOx:H
front layers on various seed layers.

Samples Deposition power
density of seed
layer (mW/cm2)

Conductivity
(S/cm)

Activation
energy (eV)

Crystalline
volume fraction
(%)

A Without seed 8.1×10−5 0.29 5
B 42 6.2×10−2 0.08 60
C 71 1.0×10−3 0.15 10
D 142 8.8×10−6 0.31 0.3
E 214 1.8×10−6 0.34 0.1
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the light I–V curve results are shown in Fig. 5b. Whereas the Jsc values
were nearly similar, the Voc and FF of cell B with a seed layer deposited
at 42mW/cm2 were 6mV and 4.11%, respectively, higher than those of
cell A without the seed layer, which resulted in high cell performance of
21.1%. However, these values gradually decreased with the power
density of the seed layers. The remarkable increase in the Voc of cell B
was most probably due to the seed-layer-specific PECVD condition, i.e.
under a very high hydrogen dilution, which may have acted as a hy-
drogen-plasma treatment that better enhanced the surface-passivation
quality [16,29,30]. The gradual decrease in Voc with higher power
density can be explained by the surface bombardment, as previously
mentioned. In particular, it was attributed to the significant enhance-
ment in the crystalline phase as well as the conductivity of the n-µc-

SiOx:H front contact layer of cell B compared with those of cell A, as
shown in Fig. 2 and Table 2, which may have played an important role
in the FF improvement. Fig. 5b clearly shows that the series resistance
(Rs) of cell B was reduced to 64% compared with that of cell A. These
resistances increased with the power densities. The results emphasised
that the high-crystalline form of the front contact layers played an
important role in the carrier extraction and possibly reduced the series
resistance, resulting in high FF.

4. Conclusion

In conclusion, we have investigated the effects of using various 3 nm
seed layers on the crystallinity and conductivity of 10 nm n-µc-SiOx:H

Fig. 3. Cross-sectional TEM images of n-µc-SiOx:H front layers (sample A–D) deposited on polished wafers. The yellow lines highlight the boundaries of layers
including wafer substrate, crystalline nucleation, and n-µc-SiOx:H front layer; and the red lines show crystalline phase. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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front contact layers for rear-emitter SHJ solar cells. Using an optimised
seed layer, we demonstrated the significant enhancement in the crys-
talline phase and conductivity of the front window layer. The applica-
tion of the seed/front window layer stack, with the seed layer prepared
at power density of 42mW/cm2, in the rear-emitter SHJ solar cells
resulted in enhancement of 6mV and 4.11% in Voc and FF, respectively.
The improvement in Voc can be attributed to the seed-layer-specific
PECVD condition under high hydrogen dilution, which may have acted
as a post-hydrogen treatment for achieving a higher passivation wafer-
surface quality. In addition, the enhancement in FF was attributed to
the high-crystalline phase and conductivity of the n-µc-SiOx:H front
layer, which resulted in better carrier extraction and lower device series
resistance. A high cell performance of 21.1% was obtained.
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