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ABSTRACT: Silicon nanowires (SiNWs) are becoming a
popular choice to develop a new generation of radial junction
solar cells. We here explore a bismuth- (Bi-) catalyzed growth
and doping of SiNWs, via vapor—liquid—solid (VLS) mode, to
fabricate amorphous Si radial n—i—p junction solar cells in a
one-pump-down and low-temperature process in a single
chamber plasma deposition system. We provide the first
evidence that catalyst doping in the SINW cores, caused by
incorporating Bi catalyst atoms as n-type dopant, can be
utilized to fabricate radial junction solar cells, with a record
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open circuit voltage of V. = 0.76 V and an enhanced light trapping effect that boosts the short circuit current to J,. = 11.23 mA/
cm’. More importantly, this bi-catalyzed SINW growth and doping strategy exempts the use of extremely toxic phosphine gas,
leading to significant procedure simplification and cost reduction for building radial junction thin film solar cells.
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PECVD thin film deposition

B uilding radial junction thin film solar cells on top of silicon
nanowires (SiNWs) allows to decouple light absorption
path from photocarrier collection distance, making it possible
to reduce the absorber thickness to improve carrier collection,
while still achieving enhanced light trapping among SiNWs.'
Amorphous and microcrystalline Si thin film technologies are
industrially proven, environmentally friendly and capable of
delivering Terawatt scale solar energy without fundamental
limitation in material supply.*” Marrying the advanced radial
junction design to this mature Si thin film technology has thus
the potential to build up a high performance and cost-effective
thin film photovoltaics (PV). Particularly, by adopting a thinner
absorber layer in a radial junction configuration, a stronger
built-in field can help to minimize the Staebler-Wronski
degradation in hydrogenated amorphous Si (a-Si:H) cells. To
this end, a first and primary concern is to establish a SINWs
growth strategy compatible with the industrial-mainstream
plasma deposition process, ideally achieving it on top of cost-
effective substrates and at low temperature. The vapor—liquid—
solid (VLS) mechanism represents a high-throughput and cost-
effective way to produce well-defined SiNWs on top of various
low-cost substrates.®'! However, since the VLS growth has to
be catalyzed by metal nanoparticles, the remnant of metal
catalysts on/in SiNWs imposes usually a threat to building
effective photovoltaics, where clean surface/interfaces and
minimum recombination centers are of utmost importance.
Widely used gold (Au) is known to introduce midgap defects in
c-Si, ~ acting as recombination centers for photocarriers. As a
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consequence, prototype SINW solar cells built on top of
untreated Au-catalyzed SiINWs show usually a low open circuit
voltage (V,.) < 0.3 V and poor fill factors (FF) < 30%.>"*~"
High temperature (>900 °C) oxidation and chemical wet
etching are therefore required to alleviate/suppress this
impact.” Fortunately, VLS growth allows for a vast choice of
alternative catalysts."® We have been working on a group of
low-melting-point metals such as indium (In), tin (Sn), and
gallium to achieve a low-temperature SINW growth (down to
240 °C) in a plasma enhanced chemical vapor deposition
(PECVD) environment.'”~>* An additional advantage lies in
the fact that these catalysts can be eventually removed from the
SiNWs by a simple H, plasma etching, while the incorporation
of catalyst atoms into c-Si introduces only shallow or neutral
levels in the Si bandgap. These features make them attractive to
fabricate SINW-based radial junction solar cells in an all-in situ
or one-pump-down CVD process.

In this work, we explore the use of bismuth (Bi) as catalyst to
mediate the VLS growth of SiNWs, and provide the first
evidence that Bi-catalyst incorporation in the c-SiNW cores can
be utilized to achieve simultaneously effective n-type doping for
building radial n—i—p junction solar cells. Bi has been known to
introduce a shallow donor level in ¢-Si, lying 69 meV below the
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Figure 1. (a) Binary phase diagram of Si—Bi alloy, according to ref 24., while the center inset illustrates the doping level position of Bi dopant in the
bandgap of c-Si, which is 0.069 eV below the conduction band bottom. (b) Schematic illustration of the radial junction thin film solar cell multilayer
structure built over bi-catalyzed SiNWs on top of ZnO-coated glass substrate.

conduction band edge, indicated in the inset of Figure la,lz’lé

with an eutectic point with Si at 271.4 °C and relatively low Si
solubility (see the phase diagram in Figure 1a**). But Bi has
been scarcely explored to catalyze the growth of SiNWs, owing
partially to the Nebol’sin criterion,* saying that low-surface-
tension (LST) catalysts (Bi features a low surface tension of
0.37 N/m)*® pose a fundamental difficulty for a unidirectional
growth of SINWs. Somewhat in contrast to this belief, our
recent research on similar LST metals such as Sn or In for
catalyzing VLS growth of SiNWs, has revealed a new growth
stability mechanism for the LST catalysts.”> We demonstrate
here a Bi-catalyzed growth of SiNWs via VLS mechanism in a
conventional PECVD system, where the incorporation of Bi
catalyst atoms causes effective n-type doping in the as-grown
SiNWs. This has enabled us to complete a n-type SINW-core/
intrinsic a-Si:H/p-type a-Si:H radial junction cell in a one-
pump-down plasma deposition process, without the use of toxic
phosphine gas. Using this approach we have been able to
achieve simultaneously a record open circuit voltage of V. =
0.76 V (among all the reported radial n—i—p junction thin film
solar cells) and an strongly enhanced light trapping to boost the
short-circuit current. This Bi-catalyzed growth and doping
strategy exempts the use of extremely hazardous phosphine gas
and avoids the cross-contamination from using two dopants,
leading to significant procedure simplification and cost
reduction for building radial junction thin film solar cells.

Moreover, as illustrated in Figure 1b, when shedding incident
light through the top emitter layer, a high concentration of
photocarriers will be generated close to the outer emitter/
absorber interface. Considering that the hole mobility is much
lower than that of electrons in the a-Si:H absorber, a p-type
emitter is always preferable in order to facilitate carrier
separation and minimize recombination in the intrinsic
layer.%*” In view of this, a bi-catalyzed n-type SINW core
represents a favorable choice for building n-core/i-absorber/p-
emitter radial junction thin film solar cells.

SiNWs were grown on top of Al-doped ZnO (~2 pum)/glass
substrates, coated with a thin layer of Bi of 0.3 - 18.5 nm
(nominal thickness determined by a quartz microbalance). The
substrates were loaded into a capacitively coupled PECVD
chamber and exposed to a H, plasma at 300 °C for 90 s, with
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H, flow rate, chamber pressure and RF power density of 100
scem, 380 mTorr, and 53 mW/cm?, respectively. During the H,
plasma treatment, nanoscale Bi droplets were formed as a result
of surface diffusion and coalescence of Bi atoms on the ZnO
surface (as illustrated schematically in Figure 2a). Without
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Figure 2. (a—c) Respectively, in situ Bi catalyst formation, SINW
growth, and catalyst etching processes in a PECVD system; (d, e) side-
view SEM images of the bi-catalyzed SINW growth via a typical VLS
mode. Top-view SEM images of SiNWs grown with a Bi layer
thickness of tz; = 18.6, 6.6, and 1.4 nm are shown in parts f—h,
respectively. (i) SEM image of the SINWS after being treated by in situ
H, etching to remove the bi-catalyst drops on top.

breaking the vacuum, the substrate temperature was raised to
450 °C and a mixture of 100 sccm H, and 10 sccm SiH, gas
was introduced to trigger the growth of SiNWs, as depicted by
Figure 2b, with typical chamber pressure, REF power density and
deposition time of 600 mTorr, 22 mW/ cm? and 20 min,
respectively. As seen in the scanning electron microscopy
(SEM) images in Figure 2d,e, bright Bi droplets can be found at
the tip of SiNWs, indicating a bimediated VLS growth process.
In this study, the Bi layer thickness has been used as a major
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Figure 3. (a and b) Radial junction structures fabricated on top of the SINWs grown from an initial Bi layer thickness of t5; = 1.4 nm and 5 = 6.6
nm, respectively. A close side-view SEM image of a single SiNW radial junction (grown with t5; = 6.6 nm) is presented in part c, with the final SINW
cell with top ITO contact shown in part d. The coaxial multilayer structure in the radial junction can be seen in a cross-section SEM image of a

truncated SiINW-cell shown in part e.
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Figure 4. (a) EDS spectra measured on Bi-catalyzed SINW radial junction at two probing energies (E, = 4.3 keV and E, = 12 keV), positioned at the
tips of radial junction unit (without ITO coating) as indicated by the green cross in the top-left inset SEM image. (b) Schematic illustration of the
different effective probing regions and depths (L,) of the EDS analysis under different probing energies.

parameter to control the size and distribution of the catalyst
droplets (and thus the SiNWs grown from them). Top view
SEM images of the SiNWs grown from initial Bi layer thickness
of ty; = 185, 6.6, and 1.4 nm are presented respectively in
Figure 2, parts f—h. With a decreasing initial Bi thickness, the
produced SiNWs become smaller but with a higher density.
As seen in Figure 2h, in case of a Bi layer thickness of t; =
1.4 nm, there are basically no Bi catalyst droplets that could be
found on top of the SINWs after 20 min of plasma deposition.
This could result from i) the evaporation of Bi during growth
(at 450 °C); ii) the incorporation of Bi atoms into the SINWs,
or iii) the formation of a volatile compound of Bi in H, plasma
environment. Considering the extremely low solubility of Bi in
¢-Si (<1075 at 800 °C),** the incorporation of Bi into SINWs
cannot be a major reason for the disappearance of Bi catalyst
drops. Actually, Bi is known to have a relatively higher vapor
pressure than Sn and In, and could form volatile trihydride
compound in a H, plasma environment.”® To verify this
hypothesis, we chose a sample with an initial Bi layer thickness
of 18.5 nm and grew SiNWs with clearly large Bi catalyst drops
resting on top, as seen for example in Figure 2f. Then, a H,
plasma treatment (immediately after the VLS growth) was
applied for 30 min, as illustrated in Figure 2c. We found that
even the large Bi catalyst drops of several hundreds of
nanometers can be completely removed, as witnessed in Figure
2i. This proves that Bi catalyst drops can be completely
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removed by an in situ H, plasma treatment, indicating a critical
ability to integrate the VLS-grown SiNWs into standard Si thin
film solar cell fabrication process.

Choosing SINW growth conditions with initial thickness of
tg; = 6.6 nm and tz; = 1.4 nm, we proceeded to the fabrication of
radial junction n—i—p solar cells on top of the SiNWs, which
involves the following: (i) first, the deposition of an intrinsic a-
Si:H layer (~100 nm) at 180 °C, with 100 sccm SiH, 120
mTorr, and RF power density of 12 mW/cm?; followed by (ii)
the deposition of p-type a-Si:H emitter layer (~10 nm) by
adding 1 sccm Trimethylboron (TMB) dopant gas. In parts a
and b of Figure 3, we show the radial junction structures
fabricated on top of the SINWs, grown from an initial Bi layer
thickness of t; = 1.4 nm and t; = 6.6 nm, respectively. A close
side-view SEM image of a single SINW radial junction with a
total diameter of ~260 nm is presented in Figure 3c. To verify
the catalyst removal and evaluate the remnant Bi catalyst
presence among the final radial junction structures, energy
dispersion spectroscopy (EDS) measurement were performed
to analyze the chemical composition in the long SINW sample
(with tg; = 6.6 nm). The probing points were positioned at the
tips of the radial junction cells in the region without ITO
coating (as indicated, for example, by the green cross in the
top-left inset in Figure 4a). Two different probing electron
energies of E, = 43 keV and E, 12 keV were used,
corresponding to a penetration depth of ~400 nm and ~2 um

dx.doi.org/10.1021/nl3017187 | Nano Lett. 2012, 12, 4153—4158
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Figure S. (a) J—V characteristics of the Bi-catalyzed SINW radial junction solar cells and the reference flat junction devices (with or without Bi-
doping). The corresponding solar cell parameters are summarized in the bottom-right insight. (b and c) Absorption and external quantum efficiency

characterizations of the corresponding samples.

respectively. The effective EDS probing volume (into the radial
junction structure) under different probing energies are
illustrated in Figure 4b. With a penetration depth of L, ~
400 nm at E, = 4.3 keV, the EDS signal (seen as the red curve
in Figure 4a) reveals basically the composition of the upper
segment of the radial n—i—p junction (since L, < Lgyy ~ 1.5
um), which includes the a-Si:H coating layers of p-type emitter,
intrinsic absorber and the tip/core of the SINW. Among several
sampling tests, no Bi catalyst remnant signal could be detected
in the radial junction (putting an up-bound concentration
<0.1% by the detector resolution). By increasing the probing
energy to E,= 12 keV, the probing zone extends to L, ~2 um >
Lgnw and thus covers effectively the whole radial junction, as
depicted in Figure 4b, as well as the surface thin film and the
under beneath ZnO/glass substrate. In this case, the EDS curve
of E, = 12 keV in Figure 4a reveals a trace of Bi catalyst,
accompanied with a strong Zn signal arising from the ZnO
layer. This suggests that a small portion of Bi catalyst drops,
that were not activated to mediate SINW growth, might be
buried by a codeposited a-Si:H layer at the bottom surface
during the plasma enhanced deposition. These EDS measure-
ments confirm again that the Bi catalyst drops can be indeed
completely removed from the SiNWs structure, leaving a clean
3D framework to build up a radial junction thin film solar cell.

Finally, transparent top electrodes (of 0.126 cm*) were made
by sputtering 80 nm ITO layer through a shadow mask, to
allow the incident light shedding from top. The SEM image in
Figure 3d shows an ITO-coated radial p-i-n junction, while
Figure 3e provides a detailed cross-section SEM image of the
coaxial multilayers in a truncated SINW-cell. Current density
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(J) — voltage (V) curves of the bi-catalyzed SiNW radial
junction solar cells were then measured under standard
AM1.5G illumination (Newport’s Oriel Sol3A Solar Simulator)
at 25 °C and shown in Figure 5a. Two reference samples were
also fabricated following the same deposition procedure, except
that in the Ref 1 sample there was no Bi catalyst layer on the
ZnO/Cg substrate (hereby, named as flat i—i—p), while in the
Ref_2 sample the Bi layer is only ~0.3 nm, which leads to no
SiNWs growth but introduces Bi diffusion into the a-Si:H layer
(named as flat n—i—p). The characteristics of the solar cells are
summarized in the right-inset table in Figure Sa. We see that
the doping effect of Bi on both the SiNWs and the flat a-Si:H
samples is significant: comparing reference samples Ref 1 and
Ref 2 in Figure Sa, even a 6-doping-like Bi layer of 0.3 nm can
lead to a 2-fold (or S-fold) increase in the V. (or J,.), providing
a first proof for the n-type doping effect of Bi. In the sample
with a Bi layer of 1.4 nm, Bi-catalyzed SINWs start to grow into
~500 nm long and 35—50 nm wide in diameter, as seen for
example in the SEM image in Figure 2h. Bi-doping of the c-Si
cores leads to a further increase of open circuit voltage up to
V,. =0.76 V, while increasing the short circuit current to ],
7.36 mA/cm” The increased V. could arise from a higher
concentration of Bi dopants in the SiNWs, or/and a more
effective ionization/activation rate of the Bi dopants in the
crystalline SINW cores, compared to the doping effect of Bi in
a-Si:H matrix, where a higher defect density and a wider
bandgap (~1.7 eV for a-Si:H) will limit the ionization rate of
the dissolved Bi atoms. Further on, in the radial junction solar
cells constructed on top of longer (~1.5 ym) and thicker (with
diameter of 60—100 nm) SiNWs, grown from a 6.6 nm Bi layer,

dx.doi.org/10.1021/nl3017187 | Nano Lett. 2012, 12, 4153—4158
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Figure 6. (a and b) Different potential profile and built-in field distribution in a planar or a radial n—i—p junction. (c) Plots of the ratio between the
built-in field intensity at the outer p—i interface in a radial n—i—p junction (E, J,_,.) and that in a planar junction (Eplm,a, J_,»), as a function of a
geometrical factor f = t,_g;/rgnw- The corresponding situations for the thinner (rgy ~ 40 nm) or thicker (rgyyy ~ 80 nm) SiNWs in this study are

marked respectively by the red and green lines/circles.

a significant gain in the short circuit current has been obtained,
bringing J,. to 11.23 mA/cm? while the open circuit voltage V.
remains basically the same. This behavior highlights the benefits
of a strong light trapping effect achieved among a longer SiNWs
matrix. This is also consistent with the trend observed in their
absorption spectra (A) shown in Figure Sb, which were
obtained by subtracting corresponding transmission (T) and
reflection (R) spectra (A = 1 — T — R), measured at normal
incidence with a UV/vis/NIR Lambda-950 spectrophotometer
with an integrating sphere (PerkinElmer-150 mm InGaAs). In
general, the SINWs radial junction cells demonstrate a stronger
absorption over a broad spectrum of incident light. We note
that the open circuit voltage of 0.76 V has been achieved with
only a single dopant gas (TMB gas for p-emitter), and it has
been close to the record V. = 0.81 V among all the radial
junction solar cells (reported in our previous studies® ' in a
radial p—i—n configuration with both phosphine and TMB
dopants for p- and n-doping layers, respectively.) This
emphasizes again the effective n-type doping of Bi catalyst,
during the VLS growth of ¢c-SiNW, and opens a new dimension
for implementing the VLS-grown SiNWs for photovoltaics and
other electronic applications.

The ideality factors n of the radial junction diode, extracted
from the dark J—V curves, J; ~ €'/ (*D) under forward bias
condition in the range of V = 0.3—0.5 V, are found to be
respectively 1.95, 2.01, and 2.14 for the flat Ref 2 sample (with
Bi:0.3 nm), the SiNW-Bi:1.4 nm and the SiNW-Bi:6.6 nm
samples. This indicates that the carrier transport in the radial
junction diodes is dominated by carrier recombination, which is
typical for thin film solar cells with a-Si:H as absorber, where
the carrier diffusion length is short and carrier recombination
accounts for the major transport mechanism across the n-i-p
junction. According to the external quantum efficiency (EQE)
spectra, measured with a calibrated silicon detector (Newport
70356 module) and shown in Figure Sc, the spectral response is
that of a typical a-Si:H cell, indicating that only the intrinsic a-
Si:H layer is photon-active, while the Bi-doped crystalline
SiNW core (under current growth condition) is inactive or has
negligible contribution to photocurrent generation. Comparing
the EQE spectra shown in Figure Sc, the red-shifting of the
long-wavelength edge reflects the contribution of an enhanced

4157

light trapping among a 3D radial junction architecture.
However, the EQE response registers also an obvious
enhancement in the short-wavelength region (<550 nm),
which cannot be simply assigned to the light trapping effects
since high energy photons are usually absorbed during their
first pass through the n—i—p junction. Moreover, in the range
of high photon energy (350 to 550 nm), the absorption spectra
of the longer and shorter SINW cells differ only by <5% on
average, as seen in Figure Sb, which by itself could not explain a
much larger response difference of ~20% to 30% in the same
wavelength range, as witnessed in Figure Sc. Given a similar
absorber and p-type emitter layer thickness, the underlying
reason for the different internal quantum efficiency (defined as
IQE = EQE/absorption) must be related to the carrier
collection and separation in the radial n—i—p junction
structure.

In a typical a-Si:H thin film solar cell, photocarrier separation
and collection rely heavily on the sweeping built-in field in the
intrinsic layer. Comparing a radial junction cell (Figure 6b) to a
planar counterpart (Figure 6a), an obvious difference comes
from the fact that the incident light (indicated by the green
arrows) can only be shed from the outer p-type emitter. Thus, a
high concentration of photocarriers will be first generated in the
region close to the outer p—i interface, which is particularly true
for the absorption of high energy photons. A strong built-in
field in the i-layer, particularly at the p-i interface, is critical to
minimize carrier recombination and facilitate carrier separation.
In contrast to a basically uniform built-in field in a planar n—i—
p junction, with Eplanu,(ti_sl.) =V, /t_g, as illustrated in the inset
of Figure 6a, the built-in field in a radial junction is established
by a pair of asymmetrical electrodes with different facing areas,
as depicted for instance in Figure 6b, and thus becomes
nonuniform over the i-layer. Specifically, when coating on top
of a SINW with radius of gy, the built-in field in a radial i-
layer is described as a function of the distance ¢, measured from
the n-i interface, as

dx.doi.org/10.1021/nl3017187 | Nano Lett. 2012, 12, 4153—4158
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As a consequence, E,;(t) in the radial junction will decreases
gradually from the maximum field intensity of EZgi, ,—; = Epjunar
at the inner n—i interface, to the minimum intensity of E, 5y ,—;

at the outer p—i interface. In particular, at the outer p—i
interface, the ratio of the radial junction building field over that
in a planar counterpart, with the same intrinsic layer thickness,
can be written as
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where f = t;_q/rgnw-

Figure 6¢c gives a plot of this ratio, as a function of the
geometrical factor f (defined as the ratio of the coating layer
thickness over the SINW radius), showing that E il p-i
decreases as the SiNW core becomes thinner (larger f)
Assuming a similar i-layer of t,_g; ~ 90 nm has been deposited
on top of the SINWs, a thicker SINW core has the advantage to
sustain a stronger built-in field at the outer p—i interface.
Corresponding situations for the thinner (30—50 nm) and
thicker (60—100) SiNW structures in this study are also
marked in Figure 6c¢, indicating that the p—i interface built-in
field in a thicker SINW cell (indicated by the green lines) could
be ~33% stronger than that in the thinner SINW cell (by the
red lines). As a stronger sweeping field at the p—i interface will
help to separate and collect the high concentration of
photocarriers generated close to the p—i interface (particularly
for those by the high energy photons), this could explain, from
a geometrical perspective, the enhanced EQE response of the
thicker SINW cells in the high energy photon regime (<550
nm) over the thinner ones.

In summary, we have demonstrated a bi-catalyzed growth
and doping of SiNWs via VLS mode, and apply them to
construct radial junction thin film solar cells in a one-pump-
down and low temperature deposition process in a conven-
tional PECVD system. The effective bi-doping in the c-SiNW
cores helps to achieve both a high open-circuit voltage and
enhanced light trapping effects, while exempting the use of
toxic phosphine gas and simplifying the fabrication for a radial
junction thin film solar cell. We have also demonstrated a
catalyst self-cleaning of the bi-catalyzed VLS growth, and
investigated systematically their absorption, external quantum
efficiency and carrier collection in the radial junction thin film
solar cell. These results lay a solid basis for establishing an in
situ SINW growth and catalyst-doping control aiming for a new
generation of high efficiency Si thin film photovoltaics.
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