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ABSTRACT: In this study, efficient nanotextured black silicon (NBSi) solar cells
composed of silicon nanowire arrays and an Al2O3/TiO2 dual-layer passivation
stack on the n+ emitter were fabricated. The highly conformal Al2O3 and TiO2
surface passivation layers were deposited on the high-aspect-ratio surface of the
NBSi wafers using atomic layer deposition. Instead of the single Al2O3 passivation
layer with a negative oxide charge density, the Al2O3/TiO2 dual-layer passivation
stack treated with forming gas annealing provides a high positive oxide charge
density and a low interfacial state density, which are essential for the effective field-
effect and chemical passivation of the n+ emitter. In addition, the Al2O3/TiO2 dual-
layer passivation stack suppresses the total reflectance over a broad range of
wavelengths (400−1000 nm). Therefore, with the Al2O3/TiO2 dual-layer
passivation stack, the short-circuit current density and efficiency of the NBSi
solar cell were increased by 11% and 20%, respectively. In conclusion, a high
efficiency of 18.5% was achieved with the NBSi solar cells by using the n+-emitter/
p-base structure passivated with the Al2O3/TiO2 stack.

KEYWORDS: nanotextured black silicon, solar cell, silicon nanowire, atomic layer deposition, surface passivation,
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■ INTRODUCTION

In recent years, nanostructured silicon (Si) surfaces have
attracted much attention because of their low reflectance over a
wide range of wavelengths,1−6 which causes them to appear
black, and therefore they are called “black silicon”. These
nanotextured black silicon (NBSi) wafers also have good
antireflection (AR) properties over a broad range of incident
angles.7−13 These AR characteristics are mainly attributed to
the omnidirectional scattering of light, which is caused by the
subwavelength structures and refractive index gradient from the
substrate to air.7−13 Therefore, NBSi has been rapidly applied
to a variety of solar cells,12,14−16 including thin-film cells,17−19

photoelectrochemical cells,20,21 diffused pn junction cells,22−24

and solid-state hybrid heterojunction cells.25 Many NBSi
fabrication processes have been developed,26 such as stain
etching,27 electrochemical etching,28 reactive-ion etching,29,30

laser treatments,31,32 metal-assisted wet chemical etch-
ing,3,6,22,33−36 and the Fray−Farthing−Chen Cambridge
process,37,38 all of which have been comprehensively and
clearly reviewed by Liu et al.26 Of these methods, metal-assisted
wet chemical etching benefits from a simple hardware
requirement as well as being a cost-effective, fast, and applicable
process for the fabrication of such nanostructures. In addition,
this technique can be implemented not only on crystalline,
multicrystalline, and amorphous Si36,39 but also on other

materials.40 Hence, silver-catalyzed wet chemical etching was
used to fabricate NBSi in this study.
Although NBSi offers superior optical performance, the

efficiency of NBSi solar cells is not as high as that of
conventional Si solar cells.41−43 The difficulties in achieving
efficient NBSi solar cells are mainly attributed to the enlarged
surface area and associated surface defects created by the NBSi
fabrication process. The resulting surface recombination
deteriorates the efficiency of NBSi solar cells, and therefore
suppression of the surface recombination is a critical
factor.26,41−44 Applying a dielectric passivation coating is the
conventional method for reducing the surface recombination
rate, which works via two mechanisms: (1) chemical
passivation, caused by a decrease of the interfacial state density
(Dit); (2) field-effect passivation, in which the built-in electric
field reduces the minority-carrier concentration near the
interface. This built-in electric field can be established by an
equivalent oxide charge density (Qox) with the appropriate
polarity in the passivation layer, which then suppresses the
surface recombination rate by repelling the minority carriers
away from the surface.44,45 Various dielectric passivation layers
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have been extensively studied, including silicon oxide
(SiO2),

41,46 SiNx,
47,48 and aluminum oxide (Al2O3).

42,49 Oh
et al.41 used thermally grown SiO2 to passivate NBSi solar cells
and achieved a high efficiency of 18.2%. Yue et al.48 reported
large-area NBSi solar cells with efficiencies of over 18% that
used SiNx passivation layers prepared by plasma-enhanced
chemical vapor deposition. A high efficiency of 18.45% was
achieved by Ye et al.50 in pseudopyramid-nanotextured,
multicrystalline Si solar cells with SiNx as both the passivation
and AR layers. Recently, the Al2O3 surface passivation layers
deposited by atomic layer deposition (ALD) upon the surface
of the NBSi have attracted much interest because of the
excellent conformality and step coverage of the thin films
prepared by ALD.4,26,49,51,52 Other benefits of ALD include
facile and precise thickness control, high uniformity over a wide
area, low defect density, and low deposition temperatures,
which are the result of the self-limiting layer-by-layer deposition
of this technique. In addition, in our previous study,53 we
demonstrated that the chemical inertness, high step coverage,
and pinhole-free structure of the conformal Al2O3 layer provide
effective anticorrosion protection for the nanostructures against
harmful environments. It has been reported that ALD-Al2O3
surface passivation layers work well on the front surface of the
p+-emitter/n-base and on the rear surface of the n+-emitter/p-
base of Si solar cells.25,26 Repo et al.42 reported the highly
efficient (18.7%) p+-emitter/n-base NBSi solar cells passivated
with an ALD-Al2O3 layer, which had significantly improved
surface passivation and light absorption properties. However,
ALD-Al2O3 is inappropriate as the surface passivation layer on
the front surface of the n+-emitter/p-base structure because of
its negative Qox, which is unfavorable for field-effect
passivation.26,45 However, because the n+-emitter/p-base
structure is the most popular solar-cell structure currently
used, a surface passivation layer with low Dit, positive Qox, and
high conformality is highly desired for NBSi solar cells with the
n+-emitter/p-base structure.
In this study, ALD was used to prepare Al2O3/titanium

dioxide (TiO2) dual-layer passivation stacks on the n+ emitter
of efficient NBSi solar cells. The multiple-pulse fabrication
scheme was used to deposit highly conformal passivation layers
upon the NBSi surface. A TiO2 layer with highly positive Qox
was deposited on the negatively charged Al2O3 passivation
layer, resulting in positive Qox in the Al2O3/TiO2 dual-layer
passivation stack. Low Dit was achieved by performing forming
gas annealing (FGA) on the Al2O3/Si interface. In addition, the
total reflectance of NBSi was further reduced by the Al2O3/
TiO2 dual-layer passivation stack. Accordingly, an efficiency of
up to 18.5% was achieved with the NBSi solar cells that had the
Al2O3/TiO2 dual-layer passivation stack because of its low Dit,
positive Qox, and high conformality.

■ EXPERIMENTAL SECTION
NBSi was fabricated on p-type Si(100) wafers (Czochralski-grown,
0.5−3 Ω·cm, thickness ≈180 μm) with the silver-catalyzed wet
chemical etching method. To fabricate the nanostructures, the Si
wafers were immersed in a 0.1 M solution of AgNO3
(AgNO3:HF:H2O2:deionized water = 0.2:4:1.6:8) at room temper-
ature.54 The wafers were then rinsed with a silver (Ag)-etchant
solution (NH3OH:H2O2 = 3:1) to remove the Ag clusters.54 A
schematic of the structure of the NBSi solar cell is shown in Figure 1.
The n+ emitter was doped with phosphorus oxychloride (POCl3) at
825 °C. The diffused junction depth was approximately 0.4 μm, and
the surface dopant concentration was approximately 5 × 1020 cm−3.
After the diffusion process, the phosphosilicate glass layer was etched

away with a diluted HF solution. The back contact was then screen-
printed and fired at 850 °C to form the back surface field. The front
nickel/Ag contact was subsequently deposited by thermal evaporation
through a shadow mask. The Al2O3 and TiO2 layers (each of which
was approximately 10 nm thick) were then deposited at 200 °C with
the ALD system (Fiji, Ultratech). Trimethylaluminum [TMA,
Al(CH3)3] and H2O vapor were used as the precursors of Al and O
for the Al2O3 deposition process, and tetrakis(dimethylamino)titanium
[TDMAT, Ti(N(CH3)2)4] and remote O2 plasma were the precursors
of Ti and O for the TiO2 deposition process. The precursors were
delivered into the reaction chamber by an argon carrier gas. The
deposition rates of Al2O3 and TiO2 were approximately 0.1 and 0.05
nm per ALD cycle, respectively. Because of the high-aspect-ratio
surface of NBSi, a multiple-pulse ALD scheme was applied to improve
the penetration depth of the precursors in the deep NBSi structures.
For example, one ALD cycle for Al2O3 deposition consisted of four
pulses of TMA followed by four pulses of H2O, as shown schematically
in Figure 2. During the ALD process, the first TMA pulse yields a

methyl-terminated NBSi surface to a depth determined by the amount
of precursor deposited. The following TMA pulse is unable to react
with the methyl-terminated surface near the top of nanostructures and
is only chemisorbed onto the deeper surfaces of NBSi. Thus, by
utilization of the multiple-pulse scheme, the precursors can penetrate
far into the NBSi layer. The multiple H2O pulses then react with TMA
chemisorbed on the surface of NBSi to finish one complete ALD cycle
for Al2O3.

52,55 Finally, FGA (H2:N2 = 5:95) treatment was performed
at 400 °C to reduce Dit and, hence, improve the efficiency.

Scanning electron microscopy (SEM; Nova NanoSEM 450) and
high-resolution transmission electron microscopy with energy-
dispersive X-ray spectroscopy (HR-TEM with EDS; JEM-2100F
electron microscope, JEOL Co., 200 kV) were used to characterize the
morphology of NBSi. The total reflectance spectra of the NBSi wafers
were measured with a spectrophotometer equipped with integrating

Figure 1. Schematic diagram of the NBSi solar cell with the n+-
emitter/p-base structure, along with a photograph of the device.

Figure 2. Schematic diagram of the multiple-pulse scheme used in the
(a) Al2O3 and (b) TiO2 ALD processes.
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spheres (AVANTES Avalight-HAL-S and AvaSpec-2048L). To
determine the Dit and Qox values of the surface passivation layers, all
samples were electrically probed with an Agilent B1500A semi-
conductor device analyzer to measure the high-frequency (100 kHz)
capacitance−voltage (C−V) curves of the metal-oxide-semiconductor
(MOS) capacitors at room temperature in an electrically shielded,
light-proof probe station. Platinum (Pt) and polished p-type Si(100)
wafers with resistivities of 1−10 Ω·cm were used as the gate metal and
substrate of the MOS capacitors, respectively. The effective minority-
carrier lifetime of the samples was measured with the quasi-steady-
state photoconductance (QSSPC) technique (Sinton WCT-120
lifetime tester). The efficiency of the NBSi solar cells was examined
with an active area of 0.92 cm2 exposed to AM 1.5 (100 mW cm−2 at
25 °C) illumination from a solar simulator, which was calibrated with a
standard Si solar cell before the measurements. The external quantum
efficiency (EQE) measurements were performed with a QEX7 solar-
cell spectral response measurement system at room temperature.

■ RESULTS AND DISCUSSION
Top-view and cross-sectional SEM images of NBSi are shown
in parts a and b of Figure 3, respectively, and they reveal the
densely packed, vertically aligned Si nanowires. The height of
the nanowires is between 0.5 and 1 μm, and their diameter
ranges from 50 to 150 nm. Therefore, the spatial separation and
dimensions of the Si nanowires are smaller than the

wavelengths that comprise sunlight. The subwavelength
structures can effectively suppress the reflectance because of
the strong optical scattering and thus enhance the optical
absorption of the NBSi wafers.7−13

Figure 4a shows the total reflectance of the polished Si,
textured Si, and NBSi for wavelengths ranging from 400 to

1000 nm. Compared to the polished and textured Si wafers, the
NBSi wafer exhibits a much lower total reflectance over the
entire spectral range tested. The total reflectance of the NBSi
wafer is approximately 3.5% in the broad-wavelength region
from 400 to 800 nm and slightly increases for wavelengths
greater than 800 nm. This low reflectance is caused by the
nanotextured morphology of the NBSi surface. The sub-
wavelength nanostructures create a refractive index gradient
from the top to the bottom of the Si nanowires,10−13 which
means the Si nanowire arrays can act like a multilayer AR
coating with the ability to suppress the total reflectance over a
wide range of wavelengths. Figure 4b shows the total
reflectance for the NBSi samples covered with Al2O3, TiO2,
and the Al2O3/TiO2 dual-layer passivation stack. Compared to
the pristine NBSi wafer, it can be seen that the total reflectance
is reduced by the individual Al2O3 and TiO2 passivation layers.
The Al2O3/TiO2 dual-layer passivation stack causes a further

Figure 3. (a) Top-view and (b) cross-sectional SEM images of the
surface morphology of NBSi.

Figure 4. Total reflectance spectra of (a) polished Si, textured Si, and
NBSi and (b) NBSi covered with the Al2O3, TiO2, and Al2O3/TiO2
passivation layers.
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decrease in the total reflectance, with the reflectance ranging
from 1.5 to 2.5% between 400 and 700 nm. This enhanced
reduction in the total reflectance could be attributed to the
refractive index gradient caused by the insertion of a low
refractive index layer between NBSi and air.
Parts a and b of Figure 5 show low- and high-magnification

HR-TEM images of the Si nanowires covered with the Al2O3/

TiO2 dual-layer passivation stack. The HR-TEM images clearly
show that the Si nanowires are encased in the dual Al2O3/TiO2
layers, demonstrating the high conformality and excellent step
coverage of the multiple-pulse ALD scheme. The thickness of
each Al2O3 and TiO2 layer is approximately 10 nm, which is
consistent with the thicknesses estimated for the 100 and 200
cycles of the Al2O3 and TiO2 ALD processes, respectively. The
EDS mapping results shown in Figure 6, along with an image of
the scanned region, reveal the elemental distributions of the Si
nanowire coated with the dual Al2O3/TiO2 layers. The
distribution profiles of O, Si, Al, and Ti further confirm that
the Si nanowires are surrounded by the Al2O3/TiO2 dual-layer
passivation stack.
Figure 7 shows the normalized C−V curves of the Si/Al2O3/

Pt, Si/TiO2/Pt, and Si/(Al2O3/TiO2 stack)/Pt MOS capaci-
tors, where the capacitance was normalized to the maximum
capacitance of each sample. It should be noted that the terms
“FGA-treated” and “as-deposited” represent the dielectric layer

with and without the FGA treatment, respectively. For the
capacitors with the Al2O3/TiO2 dual-layer stack, the FGA
treatment was carried out before or after the TiO2 deposition,
which are denoted as the Al2O3/FGA/TiO2 and Al2O3/TiO2/
FGA samples in Figure 7 and Table 1, respectively. The flat-
band voltage Vfb was extracted from the flat-band capacitance
Cfb in the C−V curves, and Qox was calculated from the shift in
Vfb with respect to the ideal Vfb, which can be determined from
the differences between the work functions of Pt (5.22 eV for
Pt on Al2O3

56 and 5.5 eV for Pt on TiO2
57,58) and Si (4.875

eV). Dit at the midgap was calculated from the C−V curves with
the Terman method.59 Figure 7b shows an obvious shoulder in
the C−V curve of the as-deposited TiO2 sample, which
indicates that many interfacial states exist at the TiO2/Si
interface. Hence, as shown in Table 1, Dit of the as-deposited
TiO2 capacitor is much higher than that of the as-deposited
Al2O3 capacitor. After the FGA treatment, Dit has been reduced
by 1 order of magnitude not only in the Al2O3 and TiO2
capacitors but also in the capacitors with the Al2O3/TiO2 dual-
layer stack (the Al2O3/FGA/TiO2 and Al2O3/TiO2/FGA
samples). This is further evidenced by the shoulder nearly
vanishing in the C−V curve of the FGA-treated TiO2 capacitor.
The reduction in Dit can be ascribed to the interfacial states
being passivated by H2 in the forming gas.59,60 It should be
noted that, as shown in Figure 7b, the capacitance of both the
as-deposited and FGA-treated TiO2 capacitors sharply
decreases in the accumulation region (negative gate voltages
greater than approximately −1.5 V). This can be attributed to
the high leakage current due to the low band gap (3.5 eV) of
TiO2.

61

Although the FGA treatment improves chemical passivation
(decreases Dit), it hinders field-effect passivation. Figure 7a
shows that the FGA treatment causes the normalized C−V
curve of the Si/Al2O3/Pt capacitor to shift considerably in the
positive voltage direction, indicating that the polarity of Qox has
changed from positive to negative (Table 1). This result is in
good agreement with the literature.52,62,63 The detailed
investigations and discussions of the negative Qox of ALD-
Al2O3 can be found in the literature.64−66 This negative Qox is
detrimental to field-effect passivation on the front surface of the
n+-emitter/p-base solar cell structure. Unlike Al2O3, Table 1

Figure 5. (a) Low- and (b) high-magnification TEM images of the Si
nanowires encased in the Al2O3/TiO2 dual-layer passivation stack.

Figure 6. EDS mapping results showing the elemental distributions of
the Si nanowires encased in the Al2O3/TiO2 dual-layer passivation
stack. The red, green, blue, and purple lines represent the distributions
of O, Si, Al, and Ti, respectively.
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shows that Qox of as-deposited and FGA-treated TiO2 is
positive, which is consistent with the results reported by
others.67,68 However, Dit of FGA-treated TiO2 is much higher
than that of FGA-treated Al2O3. Therefore, a stacked structure
was proposed for this study, with TiO2 deposited on the Al2O3
layer and subjected to FGA, to achieve a surface passivation
with a positive Qox and low Dit, which are provided by the TiO2
and Al2O3 layers, respectively. Figure 7c and Table 1 show that
the as-deposited Al2O3/TiO2 stack exhibits a highly positive Qox
of 5.48 × 1012 cm−2. Again, the FGA treatment results in the
normalized C−V curves of the Al2O3/FGA/TiO2 and Al2O3/
TiO2/FGA samples to shift in the positive voltage direction,
indicating a decrease in the overall positive Qox value of the

Al2O3/TiO2 stacks (Table 1). This decrease in the overall
positive Qox value, which is caused by the FGA treatment, can
be understood by the presence of a negative Qox in the Al2O3
layer.
The evolution of Qox and Dit in the various Al2O3/TiO2

stacks is displayed in Figure 8. As shown in Figure 8a, the FGA

treatment of the as-deposited Al2O3 layer results in a negative
Qox and a significant decrease in Dit. Depositing TiO2 on FGA-
treated Al2O3 changes Qox from negative to positive. As for the
Al2O3/TiO2/FGA sample shown in Figure 8b, deposition of
TiO2 on the as-deposited Al2O3 gives rise to an increase of
positive Qox, and the subsequent FGA treatment causes a
considerable decrease in Dit. Table 1 shows that the Al2O3/

Figure 7. Normalized C−V curves of the (a) as-deposited and FGA-
treated Al2O3 MOS capacitors, (b) as-deposited and FGA-treated
TiO2 MOS capacitors, and (c) as-deposited Al2O3/TiO2, Al2O3/FGA/
TiO2, and Al2O3/TiO2/FGA MOS capacitors. Pt and polished p-type
Si(100) wafers were used as the gate metal and substrate of the MOS
capacitors, respectively.

Table 1. Equivalent Oxide Charge Density (Qox) and
Interfacial State Density (Dit) of the Al2O3, TiO2, and Al2O3/
TiO2 Passivation Layers, Which Were Extracted from the C−
V Curves Shown in Figure 7

Qox/q (cm−2) Dit (cm
−2 eV−1)

as-deposited Al2O3 (cell 2) 1.27 × 1012 3.94 × 1012

Al2O3/FGA (cell 3) −3.10 × 1011 2.61 × 1011

as-deposited TiO2 (cell 4) 7.36 × 1012 1.15 × 1013

TiO2/FGA (cell 5) 6.28 × 1012 1.79 × 1012

as-deposited Al2O3/TiO2 (cell 6) 5.48 × 1012 7.59 × 1012

Al2O3/FGA/TiO2 (cell 7) 4.10 × 1012 5.33 × 1011

Al2O3/TiO2/FGA (Cell 8) 4.66 × 1012 3.91 × 1011

Figure 8. Evolution of Qox and Dit with different surface passivation
layers: (a) Al2O3, Al2O3/FGA, and Al2O3/FGA/TiO2 (b) Al2O3,
Al2O3/TiO2, and Al2O3/TiO2/FGA. The values were determined from
the C−V curves shown in Figure 7.
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TiO2 dual-layer stack combined with the FGA treatment
achieves a highly positive Qox (on the order of 1012 cm−2) and
low Dit (on the order of 1011 cm−2 eV−1) for both the Al2O3/
FGA/TiO2 and Al2O3/TiO2/FGA samples.
Table 2 shows the open-circuit voltage (Voc), short-circuit

current density (Jsc), fill-factor (FF), and efficiency (η) of the
NBSi solar cells, where cell 1 represents the NBSi solar cell
without any passivation layer. The surface passivation layers in
cells 2−8 correspond to those shown in Table 1. From Tables 1
and 2, it can be seen that high Dit of the as-deposited Al2O3, as-
deposited TiO2, TiO2/FGA, and as-deposited Al2O3/TiO2
surface passivation layers (cells 2, 4, 5, and 6, respectively)
results in solar cells with low values of η. However, the surface
passivation layers with low Dit (on the order of 1011 cm−2

eV−1), such as the Al2O3/FGA, Al2O3/FGA/TiO2, and Al2O3/
TiO2/FGA layers, result in solar cells with high values of η
(greater than 18% in cells 3, 7, and 8, respectively). On the
other hand, even though the positive and large values of Qox in
cells 4, 5, and 6 enhance field-effect passivation, the efficiency of
these solar cells is still low because of their high Dit values.
These results clearly indicate that low Dit is essential for a high
efficiency. It should be noted that the efficiency of cell 7
(positive and large Qox) is greater than that of cell 3 (negative
Qox), even though Dit of cell 3 is lower than that of cell 7. This
clearly demonstrates the effect of field-effect passivation caused
by Qox with appropriate polarity. Compared to cell 7, the
increased positive Qox and decreased Dit values of cell 8 result in
a further enhancement of η.
In addition, we have fabricated the NBSi solar cells passivated

with as-deposited and FGA-treated TiO2/Al2O3 dual-layer
stacks, and their performance is also shown in Table 2. It could
be clearly seen that the efficiency of cell R1 (as-deposited
TiO2/Al2O3) is lower than that of cell 6 (as-deposited Al2O3/
TiO2), and the performance of cell R2 (TiO2/Al2O3/FGA) is
also inferior to that of cell 8 (Al2O3/TiO2/FGA). Because Dit of
as-deposited and FGA-treated TiO2 is approximately 1 order of
magnitude greater than that of as-deposited and FGA-treated
Al2O3, as shown in Table 1, the efficiency of the NBSi solar
cells passivated with TiO2/Al2O3 is not superior to those with
the Al2O3/TiO2 dual-layer passivation stack. The result
indicates that the interface quality between the surface

passivation layer and Si is a key point in the selection of
materials for the passivation layers.
Table 2 also show that the Voc values of the NBSi solar cells

are lower than those of commercial Si-based solar cells, which
can be attributed to three mechanisms: (1) the enlarged surface
area of NBSi increases the number of surface recombination
centers; (2) the nonuniform and heavy doping concentration in
the emitter, which is due to the high-aspect-ratio surface of
NBSi, results in severe Auger recombination; (3) localized
shunting paths are formed because of the poor metal contact
with the NBSi surface.22,26

On the other hand, we also used the standard surface
texturing and the same pn junction diffusion processes to
fabricate conventionally textured Si solar cells, which were
passivated with the as-deposited and FGA-treated Al2O3/TiO2
dual-layer stacks. Their performance is presented in Table 3. A
comparison of cells T1 and T3 shows that Jsc and η increase by
9.2% and 12.6%, respectively, and Voc is also slightly increased
by the Al2O3/TiO2/FGA dual-layer passivation stack. However,
compared with cell T2, the FGA treatment does not induce a
significant increase in the efficiency of cell T3. This may be
because the amount of surface recombination centers of
textured Si is not as much as that of NBSi. Thus, the effect
of the FGA treatment on the textured Si is not obvious
compared with that on the NBSi solar cells. In addition, one
can find that cell T1 (textured Si without passivation) exhibited
a relatively higher efficiency than cell 1 (NBSi without
passivation), which may be caused by a large amount of
surface defects even though NBSi exhibited significantly low
reflectance. However, after surface passivation by the Al2O3/
TiO2 dual-layer stack and FGA treatment, the efficiency of cell
8 (NBSi with Al2O3/TiO2/FGA) is higher than that of cell T3
(textured Si with Al2O3/TiO2/FGA). The result indicates that
surface recombination of NBSi is effectively suppressed by the
Al2O3/TiO2/FGA dual-layer passivation stack, and so we can
see the benefit of low reflectance of NBSi. Hence, the advantage
of NBSi is mainly low reflectance over a broad range of
wavelengths and incident angles. However, the efficiency of
NBSi solar cells is limited by significant carrier recombination
caused by the enlarged and damaged surface. Thus, suppression
of the surface recombination is critical to NBSi solar cells.

Table 2. Voc, Jsc, FF, and η of the NBSi Solar Cells with Different Surface Passivation Layers

Voc (mV) Jsc (mA cm−2) FF (%) η (%)

cell 1 (without passivation) 572 ± 4.3 35.37 ± 0.14 76.47 ± 0.03 15.4 ± 0.06
cell 2 (as-deposited Al2O3) 580 ± 0.002 36.84 ± 0.26 77.80 ± 0.45 16.6 ± 0.02
cell 3 (Al2O3/FGA) 595 ± 5.02 38.3 ± 0.62 78.91 ± 0.89 18.1 ± 0.03
cell 4 (as-deposited TiO2) 580 ± 0.001 35.71 ± 0.21 76.34 ± 0.33 15.8 ± 0.16
cell 5 (TiO2/FGA) 585 ± 5.0 37.32 ± 0.07 78.01 ± 0.43 17.1 ± 0.03
cell 6 (as-deposited Al2O3/TiO2) 590 ± 0.001 37.13 ± 0.31 76.57 ± 0.52 16.7 ± 0.03
cell 7 (Al2O3/FGA/TiO2) 590 ± 0.01 40.38 ± 0.10 76.84 ± 0.08 18.3 ± 0.03
cell 8 (Al2O3/TiO2/FGA) 590 ± 0.002 39.26 ± 0.20 79.87 ± 0.32 18.5 ± 0.02
cell R1 (as-deposited TiO2/Al2O3) 593 ± 4.73 34.97 ± 0.66 76.2 ± 0.85 16.0 ± 0.18
cell R2 (TiO2/Al2O3/FGA) 590 ± 0.003 38.94 ± 0.02 75.88 ± 0.11 17.4 ± 0.02

Table 3. Voc, Jsc, FF, and η of Conventionally Textured Si Solar Cells Passivated with the As-Deposited and FGA-Treated TiO2/
Al2O3 Dual-Layer Stacks, Where Cell T1 Is the Textured Si Solar Cell without Any Passivation Layer

Voc (mV) Jsc (mA cm−2) FF (%) η (%)

cell T1 (without passivation) 593 ± 0.005 36.19 ± 0.05 74.17 ± 0.42 15.9 ± 0.05
cell T2 (as-deposited Al2O3/TiO2) 603 ± 0.007 39.39 ± 0.63 74.56 ± 0.71 17.7 ± 0.15
cell T3 (Al2O3/TiO2/FGA) 597 ± 0.01 39.53 ± 0.12 75.76 ± 0.04 17.9 ± 0.03
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Because of the high-aspect-ratio surface of NBSi, it is
appropriate to use the ALD technique for preparing a surface
passivation layer with high conformality and step coverage on
the Si nanowires.
The illuminated current−voltage (I−V) curves of cells 1, 2, 3,

and 7 are shown in Figure 9a. Comparing cells 1 and 2 shows

that Jsc and η increase by 4.2% and 7.8%, respectively, and Voc is
also slightly increased by the as-deposited Al2O3 layer. The
enhanced efficiency can be attributed to the increased Jsc, which
is caused by the decreased surface recombination rate, and the
increased light absorption, which is due to the reduced total
reflectance by the Al2O3 passivation layer (Figure 4b). After the
FGA treatment, Voc, Jsc, FF, and η of cell 3 have increased,
which can mostly be ascribed to the significantly decreased Dit
due to the FGA treatment. The deposition of TiO2 on top of
the Al2O3 layer results in a further increase in Jsc and η of cell 7,
which could be attributed to the presence of positive Qox
(Table 1). Figure 9b shows the illuminated I−V curve of cell 8,
which has the Al2O3/TiO2/FGA surface passivation stack, and
it has a high efficiency of 18.5%. Compared to cell 1 (no surface
passivation), Jsc and η of cell 8 have increased by 11% and 20%,
respectively, which can be ascribed to the favorable character-
istics of a positive Qox and low Dit (Table 1). The experimental
errors in terms of “average ± standard deviation” are shown in
Tables 2 and 3. It can be seen that the overall trend of
experimental data is consistent, demonstrating the good
repeatability of the experiments.

The effects of surface passivation were further confirmed by
the QSSPC and EQE measurements. The effective minority-
carrier lifetimes (τ) and implied one-sun open-circuit voltages
(implied-Voc) at a minority-carrier density of 1 × 1015 cm−3 in
the NBSi solar cells were determined from the QSSPC
measurements, and the results are displayed in Table 4. Note

that QSSPC measures the average excess carrier concentration
with an assumption that the carrier concentration is constant
through the base, which gives the so-called “implied-Voc”. The
difference between the device-Voc (as shown in Table 2) and
implied-Voc could be mainly ascribed to the carrier recombi-
nation around the pn junction, which reduces the carrier
concentration and, in turn, lowers the device-Voc. However, the
QSSPC measurement depends on the average carrier
concentration, which is higher than that around the junction,
resulting in an overestimated implied-Voc. Hence, the higher
implied-Voc than the device-Voc is attributed to the carrier
recombination around the pn junction of the cells.69 Even
though the values of implied-Voc are different from those of
device-Voc, the variation trend of the implied-Voc and device-Voc
with the surface passivation layer (from cell 1 to 8) is quite
consistent.
Figure 10 shows the EQE of cells 1, 2, 3, 7, and 8 as a

function of the wavelength (300−1100 nm). It is clear that all

Figure 9. Illuminated I−V characteristics of (a) cells 1, 2, 3, and 7 and
(b) cell 8.

Table 4. Effective Minority-Carrier Lifetime (τ) and Implied
One-Sun Open-Circuit Voltage (Implied-Voc) of the NBSi
Solar Cells with Different Surface Passivation Layers

effective minority-carrier
lifetime (μs)

implied one-sun open-
circuit voltage (mV)

cell 1 (without
passivation)

7.32 575

cell 2 (as-deposited
Al2O3)

19.84 599

cell 3 (Al2O3/FGA) 23.91 604
cell 4 (as-deposited
TiO2)

17.02 594

cell 5 (TiO2/FGA) 23.54 603
cell 6 (as-deposited
Al2O3/TiO2)

23.42 603

cell 7
(Al2O3/FGA/TiO2)

34.17 616

cell 8
(Al2O3/TiO2/FGA)

34.25 619

Figure 10. EQE of cells 1, 2, 3, 7, and 8 as a function of the
wavelength.
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of the cells with surface passivation layers exhibited higher
EQEs than cell 1 across the entire spectral range tested. The
decreased surface recombination rate and total reflectance of
the cells with surface passivation layers, as shown in Table 4
and Figure 4b, are responsible for the increases in EQE.
Compared to the NBSi solar cell without a surface passivation
layer (cell 1), τ, implied-Voc, and EQE are significantly
enhanced by the as-deposited Al2O3 layer (cell 2). After the
FGA treatment, decreased Dit increases τ, implied-Voc, and EQE
of cell 3. Further increases in the τ, implied-Voc, and EQE occur
after the deposition of TiO2 on the FGA-treated Al2O3 layer
(cell 7), which are ascribed to the negative-to-positive
conversion of Qox (Table 1). Compared to cell 7, increased τ,
implied-Voc, and EQE of cell 8 can be attributed to a further
decrease in Dit and an increase in positive Qox, as shown in
Table 1. The low EQEs at short wavelengths (300−500 nm)
are the result of a high Auger recombination rate, which is
caused by the formation of a heavily doped “dead layer” in the
nanostructured Si because of the high-aspect-ratio nanostruc-
tures at the NBSi surface.41,50 The evolution of τ, implied-Voc,
and EQE with the various surface passivation layers is very
consistent with the Dit, Qox, and η values of the NBSi solar cells
that are shown in Tables 1 and 2. Therefore, it can be
concluded that the combination of the Al2O3/TiO2 dual-layer
passivation stack and FGA treatment could provide not only
the required chemical passivation (low Dit) but also an effective
field-effect passivation (highly positive Qox), both of which are
needed to achieve high-efficiency NBSi solar cells with the n+-
emitter/p-base structure.

■ CONCLUSIONS

The NBSi wafers were fabricated with silver-catalyzed wet
chemical etching, with the resulting subwavelength nanostruc-
tures producing omnidirectional and broad-band AR effects.
The multiple-pulse ALD scheme was exploited to deposit a
highly conformal Al2O3/TiO2 dual-layer passivation stack upon
the NBSi surface. Low Dit and highly positive Qox of the FGA-
treated Al2O3/TiO2 dual-layer passivation stack contribute to
the effective chemical and field-effect passivation on the n+

emitter, suppressing the surface recombination rate, which was
indicated by significant increases in the implied-Voc and τ. In
addition, the Al2O3/TiO2 dual-layer passivation stack not only
reduces the surface recombination rate but also further
suppresses the total reflectance over a broad spectral range.
Jsc and η of the solar cell with the FGA-treated Al2O3/TiO2

dual-layer passivation stack were increased by 11% and 20%,
respectively, compared to the NBSi solar cell without any
surface passivation. Hence, a high-efficiency (18.5%) NBSi solar
cell was achieved by application of the FGA-treated Al2O3/
TiO2 dual-layer passivation stack. Therefore, the ALD-
fabricated dual-layer passivation stack with high step coverage
is a very promising route for achieving efficient NBSi solar cells
with the n+-emitter/p-base structure.
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