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KEYWORDS Abstract In this study, nanostructured pyramidal black silicon is prepared by metal assisted chem-
Black silicon; ical etching method, in which the silver nitrate (AgNOs3) is used as the metal catalyst. Effects of the
Passivation; concentration of AgNOj5 on passivation and optical properties of the black silicon are investigated.
Reflectance: The experimental results show that at the AgNOj3 concentration of 0.03 M, the nanostructure length
Solar cell; is about 300 nm, and the reflectance of the black silicon with a stack of silicon nitride (SiNy) and
Metal assisted chemical aluminum oxide (Al,O3) is 0.8%, which is comparable to that of the conventional black silicon with
etching micrometer-long nanowires. In addition, an acceptably low surface recombination rate of 42 cm/s

can be obtained. Plasma chemical vapor deposited SiN, is deposited well on the top of nanostruc-
tures of black silicon, but shows poor coverage at the bottom region. Spatial atomic layer deposited
Al,O3 can conformally cover the nanostructures with high passivation quality. Simulation result
indicates an improvement of 5.5% of conversion efficiency for the nanostructured pyramidal black
silicon solar cell compared to industrial silicon solar cell. The short nanostructured pyramidal sur-
face with low reflectance and high passivation is expected to be helpful for black silicon technology
applied to photovoltaic applications.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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for single-crystalline silicon (c-Si) solar cells to create pyrami-
dal surfaces, reducing the reflectance of c-Si to about 13-15%.
Numerous studies have reported that black silicon has much
lower reflection losses than conventionally flat or textured c-
Si with simple antireflective coatings (Kroll et al., 2012; Hsu
et al., 2014; Liu et al., 2014; Lv et al., 2018; Tan et al., 2019;
Toor et al., 2016a, 2016b). The best results of black silicon uti-
lize expensive approaches such as femtosecond laser, leading to
challenges to scale up (Sarnet et al., 2008). Scaling is essential
for photovoltaic applications as large area of solar cells are
needed to generate power for sustainable global energy supply
(Pearce, 2002). Among different techniques for fabrication of
black silicon nanostructures (Cichoszewski et al., 2013),
metal-assisted chemical etching (MACE) is one of the most sig-
nificant methods owing to its simplicity, low cost and large-
area capability (Oh et al., 2012; Chen et al., 2019; Noor
et al., 2019; Rahman et al., 2017; Toor et al., 2016b;
Chartier et al., 2008). In MACE process, noble metals are pre-
viously deposited on silicon to inject holes to the valence band
of the silicon substrate, catalyzing oxidation of silicon (Huang
et al., 2011; Es et al., 2016). The usually used noble metals are
silver, platinum, gold and copper, deposited by sputtering
(Huang et al., 2011; Li and Bohn, 2000), evaporation
(Koynov et al., 20006), electroless or electrochemical displace-
ment (Bastide et al., 2009; Yae et al., 2003). Gold and platinum
are relatively expensive, whereas the etching rate of copper-
catalyzed MACE process is low. Silver nitrate (AgNO;) is
the most widely used catalyst for black silicon synthesis. The
metal can be a continuous layer or separated particles depend-
ing on the deposition method. After metal deposition, a hydro-
gen fluoride (HF)-contained solution is used for silicon
dissolution, leading to randomly distributed nanostructures.
It has been reported that regular nanowire arrays can be
achieved by using a mask (Han et al., 2014; Li et al., 2016).
Although a theoretical model of MACE etching has been
established for both spatially distributed (Rahman and
Boden, 2017) and continuous (Geyer et al., 2012) metal catal-
ysis on silicon, the existing works are mostly based on flat sil-
icon substrates. The required length of the nanostructures is in
micrometer level in order to have a very low reflectance of 1%
or less (Ma et al., 2018; Repo et al., 2013; Abdulkadir et al.,
2019; Vinzons et al., 2017). However, long nanowires in turn
mean a high surface area and a large amount of dangling
bonds, which increases the difficulties of passivation of silicon.
Moreover, sharp and long nanowires are unfavorable for pho-
tovoltaic device fabrication especially for doping and thin film
deposition. These problems are one of the reasons limiting the
conversion efficiency of black silicon solar cells, although the
low reflectance is reached. To our best knowledge, black sili-
con with nanostructures shorter than 400 nm with very low
reflectance and satisfactorily high passivation is rarely
reported.

In this study, nanostructured pyramidal surfaces of black sil-
icon are prepared by MACE process and passivated by a stack
of silicon nitride (SiN,) and aluminum oxide (Al,O3). The
MACE process is performed on previously textured pyramidal
silicon, instead of planar silicon. Effects of the concentration
of the metal catalyst on optical and passivation properties of sil-
icon surface are investigated. Finally, performance of the nanos-
tructured pyramidal black silicon solar cells is evaluated, and
compared to that with the industrial standard texture structures.
The preparation of black silicon on the pyramidal silicon sur-

faces mainly has two advantages. The first is that the size of
the nanostructures for reaching a very low reflectance is shorter
than that prepared on planar silicon surfaces. Secondly, the
short nanostructures are easier to be passivated as compared
to the long nanostructures, which often suffer from the poor
coverage of passivation layers. Although an additional wet-
etching process is needed, the two-step wet-etching process still
demonstrates high potential in the applications where the ultra-
low reflectance and high passivation are both required.

2. Material and methods

P-type (1 0 0) Czochralski c-Si polished silicon wafers with a
resistivity of 1-10 Q-cm and a thickness of 200 = 20 pm were
used as a starting substrate. The wafers were cleaned sequen-
tially with acetone, alcohol, and deionized water at room tem-
perature in an ultrasonic cleaning bath. Unlike the
conventional MACE process starting with a planar silicon
wafer, the cleaned wafers were immersed in acid solution con-
taining 20 wt% KOH and 3 wt% isopropyl alcohol (IPA) at
80 °C for 40 min to remove saw damage, and to create
micrometer-sized pyramids on the wafer surface. The black sil-
icon was fabricated by using MACE process, in which the
pyramidal wafers were etched in a solution consisting of
AgNOj3; and 3 M HF at 50 °C for 3 min, followed by a dip
in HNO; to remove the silver particles. The concentration of
the AgNO; was varied from 0.015 to 0.075 M to investigate
its effect on properties of the black silicon. The black silicon
wafers after the MACE process were cleaned by standard
Radio Corporation America process (Kern and Puotinen,
1970), followed by a dip in HF. To passivate the black silicon,
a 15 nm-thick Al,O; layer was deposited by using spatial
atomic layer deposition (s-ALD) with trimethylaluminum
(TMA) and H,O as metal source and oxidant, respectively.
The s-ALD system consisted of a H,O/TMA/H,O injector
and a substrate holder moving back and forth with a speed
of 150 mmy/s under the injector. The gap between the substrate
and injector was 1 mm. The nitrogen gas was used as the car-
rier gas, and also as the curtain to separate the TMA and H,O
to avoid gas phase chemical vapor deposition reaction. The
bubbler temperature was 17.5 °C for TMA and 25 °C for
H,0O. The substrate temperature was kept to 135 °C. The

growth rate of the s-ALD Al,O3 was 1.7 A/cycle. The SiNy
antireflective layer with a thickness of 50 nm was deposited
using 13.56 MHz inductively-coupled plasma chemical vapor
deposition (ICPCVD) with a gas mixture of tetramethylsilane
(TMS) and ammonia (NHj3). The substrate temperature was
120 °C, and the deposition pressure was 5 mTorr. After SiN,/
Al,O3 deposition, the samples were annealed in air at 450 °C to
activate passivation. Detailed parameters for the wet etching,
s-ALD Al,O3 and ICPCVD SiN, are summarized in Table 1.
For the characterization, the reflectance spectra of the black
silicon were measured using a spectrometer in the spectral
region from 380 to 1000 nm. The thickness of the films was
measured by an alpha-step profilometer (D-500, KLA-
Tencor, USA). The minority carrier lifetime of the samples
was obtained by a lifetime tester (WCT-120, Sinton, CO,
USA). The cross-sectional images of the samples were
observed by a scanning electron microscopy (SEM, JSM-
7800F, JEOL, Tokyo, Japan) and a transmission electron
microscopy (TEM, JEM2100, JEOL, Tokyo, Japan).
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Table 1 Parameters for wet etching processes and passivation
layer deposition.

Ist wet etching process

Parameter Value
Solution temperature (°C) 80
Time (min) 40
KOH concentration (wt.%) 20
2nd wet etching process

Parameter Value
Solution temperature (°C) 50
Time (min) 3
AgNO; concentration (M) 0.015-0.075
ALD-AL,Oj thin film deposition

Parameter Value
Substrate temperature (°C) 135
H,O carry gas flow rate (sccm) 400
H,O dilute gas flow rate (sccm) 4000
TMA carry gas flow rate (sccm) 200
TMA dilute gas flow rate (sccm) 2000
Thickness (nm) 15
ICPCVD-SiNj thin film deposition

Parameter Value
Substrate temperature (°C) 120
Power (W) 1200
Pressure (mTorr) 5
TMS flow rate (sccm) 35
NH; flow rate (sccm) 25
Thickness (nm) 50

3. Results and discussion

Fig. 1 shows a schematic diagram of the passivated black sili-
con at different stages. As shown in Fig. 1a, the pyramidal sur-
face is formed after KOH/IPA etching process. The silicon
etching reaction can be expressed by

Si + 20H™ + 2H,0 — Si(OH), + 2H, (1)

The addition of the IPA to KOH lowers the {1 0 0}:{1 1 1}
etching-rate ratio, but reduces convex-corner undercutting and
smooths the etched surface. Fig. 1b shows the black silicon
structure after the MACE process, involving the following
chemical reactions

(a) KOH+IPA

Fig. 1

(b) AgNOs+HF+H20

Si + H,0 — SiO, + 4H' + 4e™ 2)
Agh + e7 — A¢ 3)

When the Ag* ions are contact to silicon surface, they
reduce to Ag’ with injecting a hole to silicon. The oxidation
of silicon occurs, and then dissolved by HF in the form of SiFZ
~, leading to the Ag particles down into the wafer. The nanos-
tructures are thus produced on the sidewalls of the pyramids.
The MACE etching rate is about half compared to that of
the planar silicon. Fig. 1c shows the SiN,/Al,O3 passivation
layer deposited on the nanostructured pyramids. The deposi-
tion quality at the bottom and tip of the high aspect ratio
structures is important for achieving low surface recombina-
tion rate as the films generally hardly well-cover on those sites.
As it will be shown later, the required length of the nanostruc-
tures on pyramids for reaching 1% reflectance is much shorter
than starting MACE on a planar wafer.

Fig. 2 shows the SEM images of the black silicon with var-
ious AgNO; concentrations. As shown in Fig. 2a, a typical
pyramidal surface is observed for the sample with KOH etch-
ing alone. The size and uniformity of the pyramids are ran-
domly distributed and can affect the reflectance. Usually, the
average pyramidal size ranges from 1 to 9 pm with correspond-
ing reflectance varied between 13 and 15% (Barrio et al., 2012;
Manea et al., 2005; Xi et al., 2003). During the wet anisotropic
etching process of (1 0 0) silicon, four (I 1 1) sidewalls are
exposed to form square-based pyramids with a facet tilt angle
of 54° in an ideal process (Hamel and Chibani, 2010; Xi et al.,
2014). The tilt angle in this study is slightly smaller. For a prac-
tical, non-ideal wet etching process, a slightly smaller tilt angle
is normally observed (Baker-Finch and MclIntosh, 2013). In
Fig. 2b, the AgNO; concentration of 0.015 M roughens the
pyramidal surface, but does not lead to a spiked surface. This
is due to the insufficient Ag concentration. As the concentra-
tion increases to 0.03 M shown in Fig. 2¢, slice-like nanostruc-
tures are tremendously developed on the sidewalls of
pyramids. A similar nanostructured surface except for the less
density of the slices is observed at the concentration of 0.045 M
(Fig. 2d). A transition from slice-like to spike-like nanostruc-
tures occurs at the concentration of 0.06 M as shown in
Fig. 2e. The spike-like structure is presumably regarded as a
degeneration of the slice-like structures as a consequence of
the increasing AgNO; concentration. A higher AgNO; concen-
tration results in an enhancement of Ag nucleation, which
enlarges the size of the Ag particles and thus shortens the space
between two neighboring Ag particles. In addition, the HF is

(c) Passviation

— AlO3
= SiNx

Schematic diagrams of the wet etching processes (a) step 1: KOH etching forming pyramids and (b) step 2: MACE etching

forming nanostructures. (c) SiN,/AlL,O3 passivation stacked layer on nanostructured pyramidal surface.
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Fig. 2 SEM images of black silicon with the AgNOj concentration of (a) 0 (original), (b) 0.015, (c) 0.03, (d) 0.045, (e) 0.06, and (f)

0.075 M.

harder to diffuse through the Ag/Si interface to remove the sil-
icon oxide compared to the case of a low AgNO; concentra-
tion. This leads to a lower etching rate and a reduced height
of the nanostructures at the concentrations of 0.045 and
0.06 M. No nanostructures can be observed at 0.075 M as
shown in Fig. 2f, indicating the excessive AgNO;
concentration.

Fig. 3 shows the SEM images of the black silicon with a
SiN,/Al,O5 passivation stacked layer. The passivation stack
can be well-deposited on the sample without MACE process
as shown in Fig. 3a. The SiN,/Al,O5 stack has been demon-
strated to be one of the best candidates to passivate silicon
mainly due to chemical passivation from strong Si—O coordi-
nation and hydrogenation at the Si/Al,O; interface
(Dingemans et al., 2010; Naumann, et al., 2012). In addition,
field-effect passivation resulting from fixed negative charge
inside Al,O3 improves passivation of p-type silicon by repelling
minority carriers from surfaces (Hoex et al., 2008). For black
silicon, the coverage of the passivation layer on the nanostruc-
tures is critical especially at the bottom and top regions. From
Fig. 3b—e, it can be seen that the top of the nanostructures is
round, indicating that the passivation stack can be deposited
regardless on spike- or slice-like structures.

Fig. 4a shows the reflectance spectra of the pyramidal sili-
con and the black silicon with different AgNO; concentration.
The reflectance curve of the pyramidal silicon is the highest,
which ranges from 15 to 29%. The curves is the lowest when
the AgNOs; concentration is 0.03 M, and then increases when
the concentration further increases. Fig. 4b shows the reflec-
tance spectra of the black silicon with SiN,/Al,O3 passivation.
The reflectance decreases for all the samples compared to
before passivation as the intermediate refractive indices of
the SiN, and Al,O3 between air and silicon leads to antireflec-
tion. The sample with pyramidal silicon demonstrates a typical
curve with a minimum at a specific wavelength. There is still
about 15-20% reflectance at 400 nm and 5-10% at 1000 nm.
All the passivated black silicon samples show a reduction of
reflectance in the whole investigated wavelength region. The
lowest reflectance is at 0.045 M. The average reflectance values
over 400—-1000 um are shown in Fig. 4c. The minimum average
reflectance is 5.14% at 0.045 M before passivation deposition,
and is 0.8% at 0.03 M after the deposition. The AgNOj3; con-
centration of 0.075 M leads to the highest reflectance. This is
due to that the nanostructures are removed from the surface,
and the pyramidal structure is also damaged as shown in the
SEM image.
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100 nm

100 nm

Fig. 3 SEM images of SiN,/Al,Os-passivated black silicon with the AgNO; concentration of (a) 0 (original), (b) 0.015, (c) 0.03, (d)

0.045, (e) 0.06, and (f) 0.075 M.

Fig. 5a and b shows the injection-level dependent minority
carrier lifetime for the black silicon with various AgNO; con-
centrations before and after SiN,/Al,O; passivation, respec-
tively. The lifetime values at 1 x 10" cm™ are shown in
Fig. 5c. Without passivation, the lifetime values are around
8-20 ps. The black silicon samples have lower lifetimes than
pyramidal one due to generation of the defects during MACE
process. With passivation, the pyramidal silicon has the high-
est lifetime of 250 ps, corresponding to a surface recombina-
tion rate of 34 cm/s. The lifetime decreases from 217 to
195 pus when the AgNOj3 concentration increases from 0.015
to 0.045 M. A drop in lifetime is observed at 0.06 M. The
spike-like structures have a higher aspect ratio than sliced-
like structures, and thus are more difficult to be passivated.
The passivation on the sample with the AgNO; concentration
of 0.075 M leads to the lowest lifetime of 106 ps.

The black silicon with 0.03 M AgNOj; concentration and
SiN,/Al,O3 passivation stack has the lowest reflectance, and
its cross-sectional SEM images are shown in Fig. 6a. A higher
resolution image is shown in Fig. 6b. The nanostructures on
the sidewalls of the pyramid are clearly seen. The height of
the nanostructures is estimated to be 300 nm or less. It is wor-

thy to point out that in the traditional MACE process, which
starts on planar wafers, the required height of the nanowires is
twice or even more compared to that in this work to reach a
reflectance around 1% (Ma et al., 2018; Repo et al., 2013).
However, the passivation quality is compromised as the films
are hardly coated well on the sharp and long nanostructures.
This problem leads to the black silicon solar cells without con-
version efficiency improvement although the absorption of
light is enhanced. Reduction in the nanostructure height can
improve the passivation layer deposition. Another advantage
of the shorter nanostructures is in the aspect of the diffusion
process for fabricating a p-n junction. It is known that the
junction depth is around 0.5-1 pm for c-Si solar cells (Cheon
et al., 2018; Lee et al., 2017; Shen et al., 2014). However, long
nanostructures result in a deep junction depth. The emitter is
usually regarded as a dead layer as the carriers generated in
this region will almost recombine before reaching to the junc-
tion (Christesen et al., 2012). In particular, compared to a flat
surface, the long spikes of black silicon lead to a higher doping
concentration at the surface (Pasanen et al., 2018), which
increases the surface recombination rate. A low blue spectral
response is expected for c-Si solar cells with a deep and high
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Fig. 4 Reflectance spectra of black silicon (a) before and (b)
after SiNy/Al,O3 passivation. (c) Average reflectance over 400—
1000 nm for black silicon before and after passivation.

recombination emitter. Black silicon with short nanostructures
could be helpful to diminish these adverse effects.

To further investigate the coverage of the passivation layer,
cross-sectional images of the black silicon with 0.03 M AgNO;
concentration and SiN,/Al,O3 passivation layer are shown in
Fig. 7. It can be seen from Fig. 7a that the thicknesses of SiNy
and Al,O; layer are around 50 and 20 nm, respectively. It can
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Minority carrier lifetime at the carrier concentration of 10'° cm™3
for black silicon before and after passivation.

be seen that SiNy covers well on the sidewalls of pyramids.
However, some light grey-color regions appear between the
nanostructures, indicating that the films are not filled.
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Fig. 6 Cross-sectional SEM images of black silicon with the
AgNO; concentration of 0.03 M.

Fig. 7b shows a higher resolution TEM image of the top region
of a black silicon nanostructure. It can be seen that both Al,O3
and SiN, can deposit well on the tip. Fig. 7c shows the bottom
between two nanostructures. The labels 1, 2 and 3 correspond
to black silicon structures, Al,O; and SiN,, respectively.
Highly conformal deposition of s-ALD Al,Oj3 is observed. In
contrast, an apparent thickness variation along the black sili-
con structure is observed. The SiN, thickness is less than
10 nm at the bottom of the nanostructure. The SiN, does
not present in the region between two nanostructures. This
result suggests that the s-ALD is helpful for passivation of
black silicon, while the traditional PECVD technique alone
might not be adequate to obtain high passivation quality due
to the poor coverage.

The photovoltaic performance such as open-circuit voltage
(Voo), short-circuit current density (Jg), fill factor (FF) and
conversion efficiency (1) of the black silicon solar cells with
different AgNO; concentration and with SiN,/Al,O; passiva-
tion are simulated by PC1D (version 6.2). The minimum set
of input parameters is summarized in Table 2. The cell struc-
ture is a typical passivated emitter and rear contact cell, and
the texturing in this work affects the front surface reflectance
and front surface recombination rate. The metal contacts

Fig. 7 Cross-sectional TEM images of black silicon with the
AgNO; concentration of 0.03 M.

and interfaces are assumed to be ideal. The simulation result
is shown in Table 3. For comparison, the industrial standard
texturization and passivation are shown as a reference, in
which a SiNj single layer is used for passivating the pyramidal
silicon. The simulation result indicates that V. of the reference
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Table 2 Minimum set of PCID simulation parameters for
black silicon solar cells with different AgNO; concentration.

Parameter Value
Exterior front reflectance (%) Variable
Exterior rear reflectance (%) 0
Internal optical reflectance (%) 90
Wafer thickness (pum) 170
P-type background doping (cm ™) 10'¢
N-type doping (cm>) 10"
Front surface recombination (cm/s) Variable
Rear surface recombination (cm/s) 20

Bulk recombination lifetime (s) 250

Table 3 Performance of the simulated black silicon solar cells
with different AgNO; concentration.

Concentration (M) Vo, (mV) J (mAjem?) FF n (%)
Industry 664.3 39.3 0.83 217
Original 678.3 39.4 0.83 222
0.015 676.8 39.9 083 224
0.03 675.7 40.8 0.83 229
0.045 674.1 40.6 0.83 227
0.06 671.9 40.4 0.83 225
0.075 670.4 38.9 0.83  21.6

cell is 664.3 mV. The pyramidal silicon with the SiN,/Al,O;
passivation shows the highest V.. of 678.3 mV. The V.
decreases from 676.8 to 670.4 mV when the AgNOj; concentra-
tion increases from 0.015 to 0.075 M. For the J, due to the
lowest reflectance, the cell with the AgNOj; concentration of
0.03 M shows the best J,. of 40.4 mA/cmz, which is signifi-
cantly higher than the reference cell is 39.3 mA/cm?> The FF
is around 0.83 for all the cells. Overall, compared to industrial
standard configuration, the best conversion efficiency is
22.9%, which is higher than 21.7% of the reference cell.

4. Conclusions

Low reflectance and high passivation can be achieved by fab-
ricating nanostructured pyramids on silicon surfaces by
MACE process and a stack of s-ALD Al,O; and ICPCVD
SiNy. Varying the AgNO; concentration leads to a transforma-
tion from slice to spike-like nanostructures, which are removed
at the concentration of 0.075 M. The nanostructured pyrami-
dal black silicon at 0.03 M with a SiN,/Al,O5 stack demon-
strates the ultra-low reflectance of 0.8%, which is
comparable to that of the black silicon with micrometer-level
nanowires. Moreover, an acceptably low surface recombina-
tion of 42 cm/s is obtained. The ALD shows a high conformal
deposition on black silicon. The ICPCVD SiN, covers well on
the top of the nanostructures, but has a poor coverage at the
bottom and between two nanostructures. The simulation
shows a conversion efficiency improvement by 5.5% can be
reached as compared to that with current industrial texturiza-
tion. In addition to the low reflectance and high passivation,
the short-nanostructured black silicon proposed in this work
should be easier to be applied to subsequent solar cell fabrica-
tion processes due to the surface morphology.
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