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ABSTRACT: Polycrystalline Si (poly-Si) thin-film, due to its
low Si consumption, low substrate cost, and good stability, is an
attractive candidate for cost-effective solar cells, but the as-
deposited poly-Si typically has a columnar structure with grain
boundaries in between, severely limiting the efficiency of the
poly-Si. Here, we report a micropillar poly-Si solar cell that
utilizes the columnar structure of the as-deposited poly-Si
grains. We first formed submicrometer diameter poly-Si pillars,
smaller than the initial grain sizes, and used these pillars as the
seeds for the subsequent epitaxial growth of Si, which
effectively reduces grain boundary density in the final poly-Si
crystal. In addition, the vertically aligned micropillar arrays form
radial p—n junctions that further mitigate the grain boundary
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recombination losses by improving the light absorption and charge-carrier collection efficiencies. Consequently, the maximum
efficiency of micropillar poly-Si thin-film solar cells is 6.4%, that is, ~1.5 times higher than that of the planar cells.
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P oly-Si thin-film solar cells (TFSCs) fabricated on
inexpensive substrates carry a promise both to lower the
cost per watt compared to bulk Si wafer-based solar cells owing
to significant reductions in Si consumption and substrate costs,
and to have better light soaking stability than amorphous Si (a-
Si)."™® Poly-Si TESCs are typically deposited on foreign
substrates by two deposition methods: direct deposition of
poly-Si,”~* and first deposition of a-Si followed by recrystalliza-
tion techniques to form poly-$i®~'° Both deposition methods
have the advantages of high throughput and scalability,"”* but
the formed poly-Si thin-film typically has a columnar grain
structure that acts as charge-carrier recombination sites, leading
to large leakage current.””'® Here, we take advantage of the
columnar structure of the as-deposited poly-Si thin-film and
report a poly-Si micropillar-seeded growth of TESCs that have
(1) enlarged effective grain sizes by reducing grain boundary
density, (2) reduced charge-carrier collection distance, and (3)
enhanced light absorption. All of the three features of our poly-
Si TESCs reduce the charge-carrier recombinations occurring at
the boundaries between columnar grains. The efficiency of
micropillar poly-Si TESCs exhibits up to 6.4%, that is, about 1.5
times higher than that of the control planar poly-Si solar cells.

The design and fabrication of our micropillar poly-Si TFSCs
are illustrated in Figure 1. First, a heavily doped p** poly-Si
thin-film (about 18 ym thick, grain size of 3.9 + 0.5 ym) with
columnar grain structures was deposited on a 600 nm thick
thermal oxide layer on top of a S00 um thick Si wafer (Figure
1a, left), which was used for the purpose of resembling foreign
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substrates and can be replaced by other cheaper substrates (e.g.,
alumina).®> The p™* Si layer serves as a bottom surface
passivation layer by forming the back surface field to the active
p-type Si layer. Second, micrometer-size Si pillar arrays (3 ym
diameter) were patterned by photolithography and formed by
deep reactive ion etching. The Si micropillars were further
shrunk by isotropic dry etching to smaller diameter pillars with
diameters about 0.8—0.9 ym (Figure 1a, center, and Figure 1b,
left), which is much smaller than the average grain size of 3.9
um of the as-deposited Si (Figure 1b, left). As such, the
resulting Si micropillars are either poly-crystalline Si with a few
vertical grains or even single-crystalline Si, depending on where
the micropillars were formed relative to the grain boundaries.
Third, the p** Si micropillars were used as the seeds for the
subsequent epitaxial growth of a p-type Si thin-film for which
the top layer was further doped to be n-type by dopant
diffusion process to form a p—n junction (Figure la, right).
Fourth, a 80 nm thick hydrogenated amorphous silicon nitride
(a-SiN:H) was deposited as an antireflective and surface
passivation layer by the plasma-enhanced chemical vapor
deposition method (PECVD). Finally, Ti/Pd/Ag (5/300/700
nm) and Al (700 nm) layers were metalized as the top and
bottom contact (mesa structure), respectively, by using an
electron beam evaporator. The final vertical Si micropillar
arrays have an average diameter of 6 pm, center-to-center
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Figure 1. Micropillar poly-Si thin-film solar cells (TFSCs). (a) Schematics of the fabrication process of the micropillar poly-Si TFSCs. The p** Si
micropillars are formed by using dry etching of the p™ poly-Si thin-film deposited on foreign substrate. The patterned p** micropillars are used as
seeds for the subsequent growth of p-type poly-Si absorber, followed by the dopant diffusion process to form the radial p—n junction, and the
deposition of the outermost a-SiN:H layer. (b) Scanning electron microscopy (SEM) images of the micropillar poly-Si TFSCs. (Left) The diameter
of the p** micropillars is smaller than the average grain size of the as-deposited poly-Si so that the micropillars are either single- or polycrystalline Si
with a few vertical grains, depending on where the micropillars were formed relative to the grain boundaries (yellow dot). (Middle) Top view and

(right) side view of the final micropillar poly-Si TFSCs.
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Figure 2. Enlarged grain size effects of the micropillar poly-Si TFSCs. (a) Schematics of the reduction of grain boundary density within the
micropillars, compared to the planar thin-film: top views of planar p** poly-Si thin-film (left), the p™* micropillar formation (middle), and the
epitaxial growth of the p-type poly-Si (right). The p-type poly-Si grain growth mostly follows the grains of the p** Si micropillars. (b) SEM images of
the Secco-etched planar TFSCs (left) and the Secco-etched micropillar TESCs (right).

spacing of 7 ym, and height of 15 ym (Figure 1b, middle and
right) with a cell area of 1 cm® The detailed fabrication
procedures and device configurations are described in the
Methods section. Control planar poly-Si TESCs were fabricated
with identical processes except that the dry etching step for
forming the Si micropillars was not carried out.

The micropillar solar cells have distinct advantages compared
to the control planar cells in terms of material quality, charge-
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carrier collection, and light absorption efficiencies. First, since
the p*™* Si micropillars are shrunk to be much smaller than the
initial grain size, they possess a few or even no grain boundaries
(Figure 2a). The subsequent epitaxial deposition of p-type
poly-Si absorber layer follows the grains of the p** Si
micropillars. Accordingly, the final micropillars have about
half grain boundary density (i.e., grain boundary density = total
grain boundary length/top projection area, ~0.22 + 0.05 ym™")
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Figure 3. Optimization of the planar poly-Si TFSCs. (a) SEM images of the grain size enlargement from (left) to (right) of poly-Si thin-film by using
the nucleation density control method (yellow dot: grain boundaries). (b) The photovoltaic properties of the planar poly-Si TFSCs are steadily
improved by grain size enlargement (black dash and black dot), the inclusion of the top a-SiN:H layer (blue dash-dot), and the hydrogenation

process (red solid).

than the planar one (~0.42 + 0.02 ym™). The reduction in
grain boundary densities within the micropillars is clearly seen
in the SEM images in Figure 2b, where the grain boundaries
were made more visible by using the Secco etching. The
reduction of grain boundary density within the micropillars
decreases the deleterious grain boundary recombination'""
and hence improves the photovoltaic properties of solar cells.
Second, the radial junction structure of the micropillars has the
recognized potential of achieving high solar power conversion
efficiency by decoupling the direction of light absorption and
charge-carrier collection to the long axial and short radial
directions, respectively.'">'* To date, such radial junction
structures have been mainly applied to high-quality single-
crystalline materials where it has limited benefits for improving
charge-carrier collection.'*~1¢ Low-grade materials, such as
poly-Si, can benefit more from the improved charge-carrier
collection process due to their shorter minority carrier diffusion
lengths. Finally, vertically aligned wire arrays have been
extensively demonstrated to have enhanced light absorption
due to the combined antireflection and increased scattering
effects.">"” Our poly-Si micropillar arrays also have faceted tips
(Figure 1b) that further enhance the antireflection effect due to
the graded refractive index.'®

To fully examine the merits of our micropillar poly-Si TESCs
over the control planar cells, we first optimized the fabrication
process for the planar poly-Si TFSCs by using the established
technologies, including enlarging the as-deposited poly-Si grain
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sizes, depositing an a-SiN:H antireflective layer, and carrying
out hydrogenation. First, the as-deposited grain size can be
increased by using the nucleation density control method, for
which the hydrogen chloride (HCI) gas was introduced during
the deposition of poly-Si to reduce the nucleation density of Si
by etching the Si nuclei** so that the remaining nuclei had
more room to grow larger before colliding with each other to
form a grain boundary. It should be noted that the grain size of
as-deposited poly-Si can also be increased by metal-induced
crystallization.” Figure 3a shows that the average Si grain size is
increased from 2.1 to 3.9 um as the partial pressure of HCI gas
is increased during the deposition of poly-Si. Accordingly, the
efficiency (77) of the planar poly-Si thin-film solar cells increases
from 0.7% to 1.1% (Figure 3b). Furthermore, the efficiency of
the planar cells is more than doubled to 2.4% by the inclusion
of the top a-SiN:H layer that provides combined antireflection,
surface passivation, and defect passivation by atomic hydrogen
during the PECVD process."” Finally, the efficiency of the
planar cells is further improved to 4.0% by carrying out the
hydrogenation process that effectively passivates defects with
atomic hydrogen (see the Methods section)***" and improves
mainly the open circuit voltage (V,.) and fill factor (FF)
(Figure 3b). Our optimized fabrication process yields
comparable photovoltaic performance to the state-of-the-art
poly-Si TESCs with similar configurations.” The photovoltaic
performance of the planar poly-Si TESCs can be further
improved by using back surface reflector, heterojunction
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Figure 4. Comparisons of the micropillar to the planar poly-Si TFSCs. (a) Optical image of both TFSCs. (b) Light absorption (red), reflection
(blue), and transmission (black) percentages of the micropillar (solid) and the planar (dash) poly-Si TFSCs as functions of wavelengths. (c) Light
J—V curves of the micropillar (red solid) and the planar poly-Si TFSCs (black dash) without the hydrogenation process. The micropillar solar cell
exhibits the efficiency of 4.6% (V. of 0.392 V, J,. of 20.8 mA/cm? and FF of 0.570), and the control planar cell has an efficiency of 2.4% (V. of
0.331 V, J,. of 13.0 mA/cm?, and FF of 0.557). (d) Light J—V curves of the micropillar and the planar poly-Si TESCs after the hydrogenation
process. The micropillar solar cell (red solid) exhibits a maximum efficiency of 6.4% (V. of 0.475 V, J,. of 20.4 mA/cm? and FF of 0.655), which is
1.5 times higher than that of the control planar solar cell (black dash, a maximum 7 of 4.2%: V,. of 0.470 V, J,. of 13.1 mA/cm? and FF of 0.677). (e)
Internal quantum efficiency (IQE) as functions of the wavelength for the micropillar (red solid) and the planar solar cells (black dash) after the

hydrogenation process.

structure, and interdigitated metal electrodes.” We did not carry
out these additional optimization steps since we want to focus
on the comparisons between planar and micropillar poly-Si
TESCs.

The photovoltaic properties of the micropillar poly-Si TESCs
are compared with those of control planar solar cells in Figure
4. The optical images (Figure 4a) show that the control planar
solar cell is bluish while the micropillar solar cell colors black,
indicating the micropillar solar cell has reduced light reflection.
The light absorption measurement confirms that the micropillar
absorbs about 90% light of air mass 1.5 global (AM 1.5G)
spectrum above the band gap of Si due to the suppressed
reflection and transmission, compared to about 80% for the
planar cell (Figure 4b). It should be noted that the planar cell
used for the light absorption measurement does not have the
18 pm thick p™ poly-Si layer so that we only accounted for the
light absorption by the active layer, but the light absorption
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measurement of the micropillar included the 3 pm thick planar
p™" poly-Si layer and 15 um long p* poly-Si micropillars that
cannot be removed for the fabrication of micropillar solar cell.
In other words, the total amount of light absorption of our
micropillars by the active p-type poly-Si layers can be smaller
than 90% that leaves room for further improvement by
optimizing the geometry of the Si micropillar arrays.'” The
electrical characterization shows that the micropillar poly-Si
TFSCs have apparent superior photovoltaic properties over the
control planar cells (Figure 4c and d). The micropillar solar cell
exhibits a maximum efficiency of 6.4% (V. of 0475V, J. of
20.4 mA/cm?, and FF of 0.655), which is 1.5 times higher than
that of the control planar solar cell (a maximum 7 of 4.2%: V.
of 0.470 V, J. of 13.1 mA/cm? and FF of 0.677). Importantly,
both solar cells exhibit consistent photovoltaic performance
summarized over 20 samples (Supporting Information, Table
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S1), which shows the uniform, scalable, and repeatable
fabrication of our approach.

The superior photovoltaic properties of the micropillar solar
cells are closely related to the better material quality associated
with the reduced grain boundary densities within the
micropillars (Figure 2). The micropillar solar cells have higher
internal quantum efficiency (IQE) than that of the control
planar solar cells over the entire wavelength regime (Figure 4e).
For the shorter wavelength regime (<390 nm), the IQE is
affected by the surface passivation and emitter layer quality. For
the longer wavelength regime (>700 nm), the IQE can be
affected by the light trapping effect. Nevertheless, the higher
IQE values in the intermediate wavelength regime (390—700
nm or less) are mainly attributed to better material quality of
the micropillar cell due to the larger effective grain sizes
resulting from the reduced grain boundary densities within the
micropillars, rather than from the charge-carrier collection
process because photogenerated charge-carriers for both cells
only need to travel a short distance to reach the p—n junction
due to the short absorption depths of the short wavelength
light. The enhanced material quality in micropillars can be
further tested by comparing the photovoltaic properties of
micropillar and planar solar cells without defect passivation by
hydrogenation, for which the values of V, reflect the intrinsic
quality of the poly-Si. As shown in Figure 4c (Supporting
Information, Table S1), the micropillar solar cells have about
57 mV higher V. than that of planar cells, in contrast to the
comparable V. values after hydrogenation (Figure 4d). The
dark current density (J,) of the micropillar solar cells, calculated
by using the projection area, is about 1.7 times smaller than that
of planar cells. Both higher V. and lower ], are caused by the
larger grain size, not by the radial junction structure since radial
junction structures typically result in higher ], and hence
smaller V. than glanar cells due to their larger surface and
junction areas.'®** Notably, microstructured radial junction
solar cells exhibit much higher V. and lower ], than the control
planar cells, albeit their 6—7 times larger surface and junction
area. To further verify that the micropillar solar cells have better
material quality, we compared the dependence of the
photovoltaic characteristics of the micropillar and planar solar
cells (without a-SiN:H and hydrogenation) on the horizontal
grain sizes of as-deposited p** poly-Si (Supporting Information,
Figure S1). The benefits of the micropillar TFSCs are
pronounced when the poly-Si thin-film has smaller grain sizes
(2.1 + 0.3 um), in that they have about 100 mV higher V. and
4.2 times higher efficiency than the planar cells, which shows
the effective material quality enhancement of the micropillar
solar cells. Moreover, as we increased the horizontal grain sizes
of the as-deposited p** poly-Si from 2.1 + 0.3 ym to 5.1 + 0.4
um by increasing the flow rate of HCI, the photovoltaic
properties of micropillar solar cells are improved at a less
degree than those of planar cells in terms of #, V,, FF, and J,
which supports that the grain size of micropillars is less
sensitive to the initial grain size since the shrinking and
subsequent epitaxial growth effectively reduce the grain
boundary densities within the micropillars. On the other
hand, the higher IQE values in the long wavelength regime
(800—1100 nm) for the micropillar solar cells cannot be
exclusively explained by the better material quality, since the
reduction of the defect density in solar cells typically increases
IQE values uniformly,”*** unlike the hump shape observed
here. Hence, we believe that effective charge-carrier collection
process in the radial junction structure of the micropillar solar
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cells also contributes to the higher IQE values in the long
wavelength regime.

In summary, this work takes advantages of the columnar
grain structure of the as-deposited p*™* poly-Si by first forming
the p™ Si micropillars and then epitaxially growing p-type Si on
top, which leads to the fabrication of poly-Si TESCs on foreign
substrates with improved material quality. The resulting
micropillar poly-Si TFSCs, compared to the control planar
solar cells, have three advantages: (1) enlarged grain size effects
due to the Si micropillar seeded epitaxial growth and the
corresponding grain boundary density reduction within the
micropillars, (2) efficient charge-carrier collection from the
radial junction structure, and (3) enhanced light absorption due
to reduced light reflection and increased light scattering. As a
result, the maximum efficiency of micropillar poly-Si TFSCs
(~6.4%) is about 1.5 times higher than that of the control
planar ones. The present micropillar poly-Si TESCs, in
comparison to the well-designed and optimized state-of-the-
art planar poly-Si TFSCs (17 ~ 8.0%: V,_ of 0.534 V, J. of 20.7
mA/cm?, and FF of 0.730),” need to be optimized in terms of
the poly-Si deposition conditions, the hydrogenation process™
and the top and bottom electrode design (e.g, interdigitated
electrodes)*® for larger V,. and FF, and the geometric
optimization of the micropillar arrays'’ and the employment
of the back surface reflector (e.g., alumina substrate)® for higher
J.. In addition, efforts are needed to lower the cost from the
additional p™ growing and etching fabrication steps. Never-
theless, we believe that the shrinking and growing approach can
lead to improved grain quality not only for TESCs, but for
many applications involving polycrystalline films, such as thin-
film transistors.

Methods. Fabrication of the Micropillar Poly-Si TFSCs.
First, the planar 18 ym thick p*™* poly-Si thin-film was deposited
on a SiO, (600 nm)/Si (500 um) wafer in two consecutive
processes: nucleation and growth of poly-Si. The p™ poly-Si
thin film was nucleated at 1050 °C and 40 Torr with 110 sccm
HC], 100 sccm dichrolosilane (DCS), and 20 slm H, gases for 3
min, and grown subsequently at 1050 °C and 60 Torr with 90
sccm HCI, 370 scem DCS, 110 sccm B,Hg (1% diluted in H,),
and 20 slm H, gases, which produced a growth rate of about 1
um/min. The resistivity of the as-deposited p** poly-Si thin-
film was about 0.003 Q-cm. Second, the p** poly-Si thin film was
photolithography patterned and etched to form p*™* poly-Si
micropillar array (3 pm diameter) by the deep reactive ion etch.
The micropillar array was further shrunk to smaller diameter
micropillars (0.8 — 0.9 ym) by the isotropic dry etch (130 sccm
of SF¢ only with a 600 W plasma power). Third, the p-type
poly-Si absorber layer was grown over the p™* poly-Si
micropillar arrays at 1050 °C and 60 Torr with 90 sccm HCI,
370 sccm DCS, 110 sccm p-type dopant gas (a mixing ratio of
20% of B,Hy (1% diluted in H,) and 80% of H,), and 20 slm
H, gases for 5 min after thermal annealing at 1050 °C and 60
Torr in H, environment for 10 min. The resistivity of the as-
deposited p-type poly-Si absorber layer was about 0.1 Q-cm.
Fourth, the p-n junction was formed using n-type dopant
diffusion at 950 °C in N, and O, environment for 1 min 25 s by
flowing N, gas through a bubbler filled with POCIl;. The
resistivity of the n-type poly-Si emitter was about 0.001 €-cm.
Finally, control planar poly-Si thin-film solar cells were
fabricated with identical processes without the dry etching
step that formed the Si micropillars. Although we grew the p-
type poly-Si absorber of the planar and the micropillar array
solar cells under identical growth condition and time, the
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thickness of the p-type poly-Si of the micropillar solar cells (2.5
pum thickness at the sidewall and 4—5 pm thickness at the top
of micropillars) was not identical to that of the planar solar cells
(5 um thickness), due to the limited spacing between
micropillars.

The mesa structure of our solar cells was patterned using
photolithography, followed by the deep reactive ion etch to
expose p'* poly-Si layer. The hydrogenation was carried out
using the remote H, plasma at 450 °C and 230 mTorr using
100 sccm H, and 30 sccm Ar with a 300W plasma power
(13.56 MHz plasma frequency) for 45 min. After the
hydrogenation, the 80 nm thick a-SiN:H layer was deposited
at 350 °C and 650 mTorr using 2000 sccm 2% SiH, balanced in
N, and 33 sccm NH; with mixed plasma frequencies of 13.56
MHz and 187.5 kHz (the power of both plasma was 20 W and
the cycle duration was S and 2 s, respectively; deposition rate
was about 9.5 nm/min). The refractive index of the deposited
a-SiN:H layer was 1.95. The top and bottom contacts were
metallized with Ti/Pd/Ag (5/300/700 nm) and Al (700 nm),
respectively, using electron beam evaporator after photo-
lithography patterning, followed by the removal of the a-
SiN:H and native oxides (soaking in 2% HF). The photoresists
were removed by soaking the samples in acetone after the top
and bottom contact metallization.

Optical Measurements. The wavelength-dependent light
reflection properties were obtained with an integrating sphere
using a xenon lamp coupled to a monochromator (model
QEX7, PV Measurements, Inc.). In the integrating sphere, a
photodetector collected the reflected light from the sample. For
the light transmission measurement, the 500 ym thick Si layer
underneath the SiO, on the original SiO,/Si growth wafer was
removed by KOH wet etch, and the light transmission
properties were obtained by comparing the transmission of
the samples with a calibrated Si reference photodiode. The light
absorption was calculated with the formula, absorption (%) =
100 — reflection (%) — transmission (%). The external
quantum efficiencies were first obtained with a xenon lamp
coupled to the monochromator (model QEX7, PV Measure-
ments, Inc.), after photocurrents were calibrated with Si
photodiodes. The internal quantum efficiencies were then
calculated by dividing the external quantum efficiencies by the
light absorption percentages.

Solar Cell Characterization. The photovoltaic properties of
the solar cells were characterized under AM 1.5G illumination
(Class AAA solar simulator, model 94063A, Oriel) after the
solar intensity was calibrated with a reference solar cell and a
readout meter for solar simulator irradiance (model 91150 V,
Newport). The dark and light J—V curves were measured by
contacting the top and bottom metal electrodes of the devices
with tungsten probes which were connected to a semi-
conductor analyzer (model 4200-SCS, Keithley). The solar
cell area was 1 cm?, and the J,. and # were calculated on the
basis of the active projected area of the solar cells for both the
planar and the micropillar solar cells.
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Dependence of the photovoltaic properties on the horizontal
grain sizes of as-deposited poly-Si thin-film for both the
micropillar and the planar poly-Si TESCs, and the averaged
photovoltaic properties of the micropillar and the planar poly-Si
TESCs without and with hydrogenation process. This material
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