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Abstract

Effect of sputtered silver (Ag) thin film thickness towards morphological and optical properties
of black silicon (b-Si) fabricated by two-step silver-assisted wet chemical etching for solar cells
applications is investigated. The method involves low temperature annealing of crystalline
silicon (c-Si) coated with Ag thin films of 10 nm, 15 nm, and 25 nm. This is followed by an
etching in a solution of HF:H,0,:DI H>O (1:5:10 volume ratio) at room temperature for 70 s.
Dense and spherical Ag NPs with an average diameter of 203 + 17.8 nm and surface coverage
of about 72.5% are achieved on a sample with Ag film thickness of 15 nm prior to the annealing
process. After the etching, the average nanopores’ height of ~420 nm with an average diameter
of ~200 nm owing to denser Ag NPs on the c-Si surface before the etching are obtained. Optical
absorption enhancement due to low weight average reflection (WAR) within wavelength region
of 300-1100 nm is observed on the b-Si wafers. Sample with 15 nm of Ag thin film prior to
annealing, demonstrates WAR of 7.7% compared 40.0% of the reference planar c-Si. The low
WAR is due to the efficient light coupling effect of the b-Si nanopores. The fabricated b-Si
nanopores can be used in b-Si solar cells for enhanced optical absorption and high photocurrent
in the future.
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of air and c-Si [1-3]. Surface modification of c¢-Si via nano

I. INTRODUCTION texturing (b-Si) is a promising method that can overcome the
problem of high surface reflection in c-Si. B-Si nano textured
which leads to low light absorption in c-Si solar cells. surfaces are achieved through etching process [4]. Due to .the
Also, the c-Si has high surface reflection, which results in ~Presence of the nano-textures resulted from the etching
about ~40% of the incident light to be reflected at the interface Process, surface reflection of the c-Si is reduced in a

rystalline silicon (c-Si) possess low absorption coefficient
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broadband range of 300-1100 nm [4-5]. Reduced surface
reflection result in an enhanced optical absorption of the solar
cells [4-5]. The enhanced light absorption in b-Si is attributed
to an enhanced light trapping and coupling by the nano-
textures [6].

Numerous techniques have been investigated for the
fabrication of b-Si nano-textures [4, 7]. The methods include
reactive ion etching (RIE) which was erroneously discovered
in 1990s, plasma immersion ion implantation (PII), and laser
irradiation (LI) [8, 9]. The afore mentioned techniques involve
the requirement of high-tech equipment and more timely
processing procedures, which may lead to b-Si solar cells at a
high cost per unit watt ($/W). Recently, metal-assisted
chemical etching (MACE) has been widely studied. MACE of
¢-Si is a much more straightforward, promising, and low-cost
approach to produce the b-Si [2, 10]. Besides, MACE process
does not require high-tech equipment or lengthy processing
procedures. MACE process comprises two process steps;
surface nucleation of metal catalyst and anisotropic etching
which can be classified as electroless and non-electroless
MACE. In electroless MACE liquid metal catalysts sources
like AgNO; or CuSOy are used as the source of metal catalyst.
Also, MACE is categorized into one and two-step methods
[7]. One-step MACE category utilizes the metal catalyst in
HF:H,0,:DI H,O aqueous solution and the etching process
steps take place simultaneously [8-10]. Nano-textures
fabricated by one-step MACE are usually with 2-10 um
height, which lead to low broadband reflection but
demonstrate high surface recombination in the b-Si solar cells
[10]. In two-step MACE category, the metal catalysts are
deposited either in aqueous solution (electroless) or via
thermal evaporation or sputtering (non-electroless), followed
by subsequent etching in HF:H»O, solution [11, 12].

The most used catalysts for MACE include silver (Ag), gold
(Au) and copper (Cu). B-Si solar cells fabricated with b-Si
produced using Au and Cu-based metal catalysts suffer from
high electron and hole charge carrier recombination losses
[13-16]. The high charge carrier recombination originates
from the Au or Cu metal traces which acts as recombination
sites in the b-Si solar cells [15, 16]. In this paper, Ag metal is
chosen as a catalyst for the consideration of lower
recombination losses in the future b-Si solar cells. Reference
[17] investigated the fabrication of nano-textures on c-Si and
nano-hole array by non-electroless two step MACE method
using Ag catalyst, where a thin layer of Ag was thermally
evaporated on silicon wafers and then annealed at low
temperature for 10 min. The samples were then etched for 5-
20 min duration, and nano-textures with lengths range of 0.5—
2 um were obtained. However, no optical results presented.
Reference [18] studied the effects of Ag NPs’ diameter and
percentage coverage on b-Si formation in electroless two-step
MACE process. This was done by alternating the Ag NPs
deposition time prior to etching. In their work, it was observed
that the density of b-Si nanowire arrays decreases with the
increase in Ag NPs deposition. Recently, [19] investigated the
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role of Ag NPs morphology and AgNO3; molarity on the size
of b-Si nanowires produced by electroless two-step MACE.
From their findings, it was demonstrated that the Ag NPs
diameter and surface density increased with deposition time
and larger Ag NPs were formed with longer deposition time,
which adversely affect the morphology of the b-Si nanowires.
To best of our knowledge, there has been no reported work
addressing the effects of Ag NPs catalysts morphology
towards morphological and optical properties of b-Si nano-
textures produced by non-electroless two-step MACE process.
In our previous study, we investigated the effects of Ag
nanoparticles (NPs) layer thickness towards optical and
morphological properties of b-Si fabricated by electroless
two-step MACE for photovoltaics [20]. It is equally important
to investigate the effects of Ag NPs morphology resulted from
Ag thin film of different thickness towards properties of b-Si
nano-textures produced by non-electroless Ag-based two-step
MACE process.

This paper investigates the effect of Ag catalyst surface
morphology on fabrication of b-Si via a non-electroless two-
step MACE method. The process utilizes Ag NPs produced
from deposition of Ag thin films with different thicknesses;
10, 15, and 25 nm by RF sputtering. A low temperature
annealing of 240 °C for 40 min follows the Ag thin film
deposition step to form Ag NPs. The annealed c-Si wafers
with the formed Ag NPs are then etched in aqueous solution
of HF:H,O,:DI H,O (1:5:10 volume ratio) at room
temperature for 70 s to form b-Si nano-textures. The effects
of the Ag NPs catalysts morphology towards surface
morphological and optical properties of the b-Si are then
investigated and analyzed.

II. MATERIALS AND METHODS

A. Fabrication of b-Si nano-textures

Fabrication of b-Si utilizes substrates of p-type mono-
crystalline silicon (250 pm-thick) wafers with 1-10 Q cm
resistivity. The wafers are cleaned using Radio Corporation of
America (RCA) technique to remove contaminations [18].
Native oxide is removed by a short dip in HF:H,O solution.
For fabrication of b-Si surfaces, 10, 15, and 25 nm of Ag thin
films are deposited on c-Si wafers by RF sputtering at base
pressure of 4 X 1075 Torr. The wafers are then annealed at
240 °C in a furnace for 40 min under N> ambient at flow rate
of 2 L/min [21]. After the annealing process, Ag NPs are
formed on the wafers. The wafers are then etched in an
aqueous solution of HF (50%):H>0, (30%): DI H20 (1:5:10
volume ratio) [21] at room temperature for 70 s. After the
etching process, residual Ag NPs are removed using
concentrated HNO3 (60%) in a sonification bath for few
minutes. The etched c-Si wafers are then dipped again in HF
solution for a brief duration to remove native oxide.

B. Characterization of b-Si

Field Emission Scanning Electron Microscopy (FESEM)
(Model: FEI Nova NanoSEM 450) was used to characterize
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the surface morphologies of the annealed Ag NPs resulted
from different film thicknesses of Ag and b-Si wafers. FESEM
was also used to characterize the top view of the annealed c-
Si wafers with deposited Ag NPs of different morphologies,
top view, and cross section of the b-Si nano-textures. The top
view FESEM images are then analyzed by Image J software.
Atomic Force Microscopy (AFM) (Model: Dimension Edge,
Bruker) was further used to characterize the surface
morphologies of the b-Si wafers. The height and root mean
square (RMS) surface roughness of the b-Si wafers are
obtained from the AFM analysis. Scan range of 10 ym X
10 pm and resolution of 512 pixels were used during the
analysis. For optical characterizations, reflection (R) and
transmission (T) curves of the b-Si wafers are measured by
Agilent Cary 5000 UV-Vis—NIR spectrophotometer

(equipped with an integrating sphere) within 300-1100 nm
spectral region. From the reflection results, average weighted
reflection (WAR) is calculated within the same wavelength
region using Equation (1). From the reflection and
transmission curves, absorption (A) is then calculated as A =
(100-R-T) % [20, 21]. Slight hysteresis in some of the
reflection and absorption curves at 800 nm is due to detector
switching during taking measurements from the UV—Vis—NIR
spectrophotometer.
1100 nmR(A)S(A)dl

/S
WAR — 2300nm
Fiogmm S

(M

III. RESULTS AND DISCUSSIONS

Fig. 1 illustrates the images of c-Si wafers decorated with
Ag NPs produced after the annealing process.

Fig. 1 30° tilt top view FESEM images of wafers with Ag NPs formed after annealing c-Si with Ag thin films of different
thicknesses at 240°C for 40 min under N»; (a) 10 nm (b) 15 nm and (c) 25 nm. The scale bar represents 500 nm.

The wafers with Ag thin film thicknesses of 10, 15, and 25
nm were subjected to a moderate temperature annealing at
240°C for 40 min under 2 L/min of N> gas. From the images,
it is evident that the c-Si wafers appear to have Ag NPs of
different sizes and morphology owing to possession of Ag thin
film with different thicknesses prior to the annealing process.
The c-Si wafer with 10 nm (Fig. 1 (a)) of Ag thin film appears
to have Ag NPs with smaller diameters. The diameter sizes of
the Ag NPs range between 50-70 nm with a surface coverage
of about 80% as revealed by the image J software. For a
selected area, an average diameter size of 55 £ 3 nm was
obtained. Besides, some bigger Ag NPs appears on the
sample’s surface. This may arise due to conjunction of near-
by Ag NPs to form bigger Ag NPs. Conjunction of Ag NPs
occurs due to smaller feature sizes of the NPs produced from
a lower Ag thin film of 10 nm [21, 22]. The c-Si wafer with
15 nm (Fig. 1 (b)) of Ag thin film prior to the annealing
appears to have dense, spherical, and slightly bigger Ag NPs
with sizes of around 70-200 nm and surface coverage of about
72.5% after the annealing process. The image J software
analysis revealed an average diameter size of 203 + 17.8 nm.
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Conjunction of near-by Ag NPs is precisely negligible for this
sample. For the sample with Ag thin film of 25 nm before the
annealing process, bigger Ag NPs with diameter range of 100-
370 nm were obtained after the annealing. The image J
software shows an average diameter size of 350 = 7.9 nm. For
this sample, Ag+ migrates to energetically favored sites (sites
with already grown nuclei of Ag NPs instead on bare c-Si) and
Ag NPs appear slightly as bigger dendrites with average
diameter of ~350 nm. This is the reason of the observed slight
decrease in Ag NPs density, surface coverage (to about 60%)
and increased inter-particle distances between Ag NPs as
reported by similar findings [21-23].

To understand the impact of Ag NPs with different
morphology on surface morphology of the b-Si wafers due to
the presence of different Ag thin film thickness prior to the
annealing process, subsequent etching in an aqueous solution
of HF:H>O, was employed. Images of the fabricated b-Si
samples are shown in Fig. 2. When subsequent immersion of
c-Si wafers deposited with Ag NPs into an aqueous etching
solution of HF:H,0,:DI H,O (1:5:10) is employed for 70 s,
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uniform H;0-aided HF etching results from continuous
galvanic displacement of c-Si via the formation of many local
nano-electrochemical cells having reactions at cathode and
anode, with Ag NPs acting as the catalyst. Details on the
etching mechanism can be found in related literatures [12, 24].
Briefly, the b-Si formation mechanism is based on dual role of
Ag NPs (i.e., surface protection and etching catalytic role).
Electron exchange between c-Si and Ag NPs is responsible for
Ag NPs sinking into the c-Si bulk when an Ag NPs deposited
c-Si wafer was immersed in the etching solution [12, 24]. Fig.
2 illustrates the images of b-Si wafers formed after etching the
c-Si decorated with Ag NPs of different morphology resulted
from Ag thin films of different thicknesses. In accordance with
Fig. 1, the etched wafers appear to possess nano-pores of
different average diameters 60 nm, 200 nm, and 350 nm for
the etched wafers with 10 nm (Fig. 2 (a)), 15 nm (Fig. 2 (b)),
and 25 nm (Fig. 2 (¢)) of Ag thin film prior to the annealing
process. Image J analysis reveals that the diameters of the
etched b-Si samples are clear projection of the Ag NPs

diameters observed in Fig. 1. This is because the nano-pores
diameters are outline of the Ag NPs [23-25].

Electron exchange between c-Si and Ag NPs is responsible
for Ag NPs sinking into the c-Si bulk when an Ag NPs
deposited c-Si wafer was immersed in the etching solution [12,
24, 25]. Fig. 2 illustrates the images of b-Si wafers formed
after etching the c-Si decorated with Ag NPs of different
morphology resulted from Ag thin films of different
thicknesses. In accordance with Fig. 1, the etched wafers
appear to possess nano-pores of different average diameters
60 nm, 200 nm, and 350 nm for the etched wafers with 10 nm
(Fig. 2 (a)), 15 nm (Fig. 2 (b)), and 25 nm (Fig. 2 (c)) of Ag
thin film prior to the annealing process. Image J analysis
reveals that the diameters of the etched b-Si samples are clear
projection of the Ag NPs diameters observed in Fig. 1. This is
because the nano-pores diameters are outline of the Ag NPs
[21-26].

Fig. 2 30° tilt top view FESEM images of b-Si wafers formed after etching c-Si with Ag NPs of different morphology
resulted from Ag thin films of different thicknesses; (a) 10 nm (b) 15 nm and (c) 25 nm. The scale bar represents 500 nm.

Fig. 3 Cross section FESEM images of b-Si wafers formed after etching c-Si with Ag NPs of different morphology resulted
from Ag thin films of different thicknesses; (a) 10 nm (b) 15 nm and (c) 25 nm. The scale bar represents 400 nm.
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To get better understanding of the surface morphology of the
b-Si nano-pores, cross-sectional FESEM images are
illustrated in Fig. 3. The nano-pores possess height of 300-420
nm and diameter of 100-300 nm which agree with the average
diameter extracted from ImageJ analysis presented earlier.
When the wafer with 10 nm Ag thin film prior to annealing is
etched for 70 s (Fig. 3(a)), nano-pores with varying heights
between 323-450 nm and an averaged diameter of ~105 nm is
evident. When the sample with 15 nm Ag thin film prior to
annealing is etched (Fig. 3 (b)), the height of the nano-pores
maintain a precise and uniform increase to an average value of
420 nm. Slight increase in the average diameter to about ~200
nm is observed. This is in accordance with the observation
presented in Fig 2 (b) earlier. When the wafer sample with Ag
thin film of 25 nm prior to the annealing is etched (Fig 3 (c)),
the nano-pores heights slightly reduced to a varying value of
around 350-410 nm with an average diameter of about ~320
nm. For this sample, majority of the base diameters appear to
be square-like. This is believed to be due to enhanced lateral
etching process due to bigger Ag NPs with larger diameters.
Lateral etching prefers to occur along the direction of Si-Si
bonding due to possession of higher free energy. Thus, for

sample with bigger Ag NPs, lateral etching is also favored
instead of etching underneath Ag NPs alone [20, 27]. The
cross-sectional FESEM images indicate that the height of the
b-Si nano-pores and diameters are both tunable by adjusting
the Ag thin film thickness prior to the annealing process.

Fig. 4 shows 3D AFM images of b-Si nano-pores produced
after etching c-Si wafers with Ag NPs of different morphology
resulted from Ag thin films of different thicknesses; (a) 10 nm
(b) 15 nm and (c) 25 nm. It is evident that the textured c-Si
surfaces are characterized by random and dense nano-pores as
previously illustrated in the FESEM images of Fig. 3. The
height and lateral width of the nano-pores increase with
increasing Ag thin film thickness between 10-15 nm. Besides,
RMS roughness of the b-Si nano-pores exhibits an increasing
trend for c-Si wafers with 10 nm and 15 nm of Ag thin film.
The RMS roughness slightly decrease in consistence with the
FESEM observations (Fig. 3 (¢)) after increasing the Ag thin
film to 25 nm. The root mean square (RMS) roughness values
are 15.0 nm, 31.0 nm, and 23.8 nm for samples with Ag thin
film of 10 nm, 15 nm, and 25 nm prior to the annealing process
respectively.

10 pm

Fig. 4 3D AFM images of b-Si wafers formed after etching c-Si with Ag NPs of different morphology resulted from Ag thin
films of different thicknesses; (a) 10 nm (b) 15 nm and (c) 25 nm.
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Fig. 5 (a) Total reflection and (b) Absorption of b-Si wafers formed after etching c-Si with Ag NPs of different morphology
resulted from Ag thin films of different thicknesses; 10 nm, 15 nm, and 25 nm.

Fig. 5 (a) and (b) reveal the reflection and absorption curves
of b-Si nano-pores within wavelength range of
300- 1100 nm resulted from different Ag thin thicknesses.
Reflection and absorption curves for reference c-Si are shown
for comparison. C-Si reference demonstrates high reflection
throughout the 300-1100nm spectral region (WAR
of ~40.0 %). The reflection is39.8% at wavelength
of 600 nm. The value of reflection at wavelength of 600 nm
is of interest since it represents the peak power of the AM1.5
solar spectrum [21, 27 and 28]. From the figure, a significant
reduction of reflection for b-Si across all annealing
temperatures is evident. This is due to refractive index (1)
grading effect which results in an enhanced light coupling by
the b-Si nano-pores [21, 23]. The reflection of the b-Si formed
with Ag film thickness of 10 nm drops from 39.8 % to about
8.0% at 600 nm. This leads to absorption of about 92.0% at
the same wavelength. This Ag film thickness presents a WAR
of 9.7%. Sample with Ag film thickness of 15 nm prior to
annealing, shows a reduced broadband (300-1100nm
wavelength region) reflection. The WAR reduces to 7.7 %.
This is attributed to efficient light coupling by the nano-pores
with precise uniform average height of 420 nm and average
diameter of ~200 nm. For sample with Ag film thickness of 25
nm, the reflection slightly increases to 8.9% at 600 nm. The
WAR of 9.8% was obtained for this sample. The b-Si sample
with Ag film thickness of 15 nm shows the highest optical
absorption throughout the whole spectral range. This owes to
the presence of precise and uniform b-Si nano-pores on the c-
Si surface which is contributed by the size of Ag NPs of ~200
nm before the etching process. Optimum absorption of
~92.0% has been recorded for the sample. The enhanced light
absorption is because of the n grading effect at the air-c-Si
interface, owing to the presence of the nanowires [29-31].
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When the light is incident on the surface with b-Si nano-pores,
the surface appears as a homogenous medium
whose ) changes gradually from the refractive index of
air (n = 1) to refractive index of the bulk c-Si (n = 3.8). This
reduces broadband reflection from the surface [31]. The
realized enhanced absorption is applicable in the fabrication
of b-Si solar cells where it is translated to high short-circuit
current density (Jsc(max)) of the solar cells.

IV. CONCLUSION

In this work, b-Si nano-pores are fabricated by a two-step
MACE method which combines low temperature annealing of
¢-Si deposited with Ag thin films with different thicknesses.
The method adopts a short etching duration. The Ag NPs are
formed from RF sputtering of 10, 15, and 25 nm of Ag thin
film. The c-Si wafers with the Ag NPs are then etched in
aqueous solution of HF:H,0,:DI H;O at room temperature to
form b-Si nano-pores. The effects of Ag thin film thickness
prior to annealing towards surface morphological and optical
properties of the b-Si are then investigated. For Ag thin film
of 10 nm prior to annealing, Ag NPs with smaller diameters
were formed. The diameter sizes of the Ag NPs ranges
between 50-70 nm with a surface coverage of about 80% and
average value of 55 + 3 nm. After the etching, the nano-
pores follow the shape of the Ag NPs. Nano-pores with
varying heights of 323 — 450 nm and an averaged diameter
of ~105nm is evident. With Ag film thickness of 15 nm
prior to annealing, dense, spherical, and slightly bigger Ag
NPs with sizes of around 70 — 200 nm and surface coverage
of about 72.5 % are formed. Ag NPs with an average diameter
size of 203 + 17.8 nm is produced. After the etching, the
height of the nano-pores maintain a precise and uniform
increased height of about 420 nm. Slight increase in the
average diameter to about ~200 nm is also observed. This is

©DOP_KASU Publishing



PHYSICSAccess

Auwal et al.

due to the presence of denser Ag NPs on the surface before the
etching. For sample with Ag thin film thickness of 25nm
prior to annealing process, the Ag NPs are less dense on the
surface. With this, the nanopores show bigger diameter with
range of 100 — 370 nm. An average diameter size of 350 +
7.9 nmis recorded for the sample. For this sample, Ag+
migrates to energetically favored sites (sites with already
grown nuclei of Ag NPs instead on bare c-Si) and Ag NPs
appear slightly as bigger dendrites with average diameter
of ~350 nm. The surface coverage reduces to about 60% and
increased inter-particle distances between Ag NPs was
evident. A significant broadband reflection reduction within
wavelength region of 300- 1100 nm is observed on the b-Si
wafers with nanopores. Reduction in broadband reflection is
reflected as enhanced optical absorption. The reflection of the
b-Si with 10 nm of Ag thin film prior to annealing drops to
8.0 % at 600 nm with a corresponding WAR of 9.7 %. With
15 nm of A g thin film prior to annealing, the WAR reduces
to the lowest minimum level of 7.7 %, owing to the efficient
light coupling effect by the b-Si nano-pores with precisely
uniform average height. From the cross-sectional FESEM
result, the b-Si nano-pores are dense, precise, uniform, and
similar on the surface and have average height of
about 420 nm. For sample with 25 nm of Ag thin film prior
to annealing, the reflection reduces only to 8.9 % at 600 nm
due to the sparse formation of the Ag NPs and sparse b-Si
nanopores on the c-Si surface after the etching process. In this
work, the optimized Ag film thickness prior to annealing for
the two-step MACE process is 15 nm of Ag. This film
thickness can be used to fabricate b-Si nano-pores for
optimum optical absorption and application in b-Si solar cells
to achieve high photocurrent in the future.
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