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Abstract. In this work, the influence of the technological process for metal-assisted
chemical etching on surface morphology and electrophysical properties of obtained
nanostructures has been investigated. It has been demonstrated that the obtained structures
with a high aspect ratio could be used both in sensors and solar cells. It has been shown that
application of the metal-assisted chemical etching (MACE) process enables to significantly
improve the short-circuit current density in silicon solar cells (up to 29 mA/cm?). Also, the
possibility of detection of hydrogen peroxide and glucose (via enzymatic reaction) by
resistor-like sensors with nanostructured silicon as the sensitive area has been demonstrated

with the sensitivity up to 2.5...2.75 mA/V-%.
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1. Introduction

Silicon nanostructures, in particular nanowires (NWSs)
with high aspect ratio, attract great interest during recent
decades due to unique properties and a wide range of
large possibilities to be applied in modern devices [1-5].
In each case of using the Si NWSs, certain nanostructure
properties are required, i.e., a large surface area for better
light trapping in actuators or an increase in surface
sensitive properties in sensors.

Nanostructures can be fabricated using bottom-up
or top-down approaches. The second one is simpler and
more suitable for industrial applications [6]. In the case
of Si nanostructures, two different technologies are
commonly used: dry and wet etching [7, 8]. The metal-
assisted chemical etching (MACE), as a kind of wet
chemical etching, is very promising for obtaining Si
nanowires (Si NWs) with a high aspect ratio [9, 10]. The
mechanism of synthesis of Si NWs by using this method
consists of two stages [11, 12]. At the first stage, metal
nanoparticles (NPs), e.g., Ag NPs precipitate on Si
surface, and then chemical etching of Si material occurs
with metal NPs acting as a catalyst. The etching rate of Si
wafer increases significantly in the vicinity of metal NPs.
The depth of etched grooves is determined by the
chemical composition of solutions and the duration of
both stages in MACE. So, the advantages of the MACE
technique are simplicity of implementation, low cost and

formation of nanostructures with a high aspect ratio, such
as arrays of NWs and nanoholes [13, 14]. A lot of reports
on Si NWs obtained using MACE are aimed at the
structural investigation without device application [15-
20], however, the understanding of correlation between
the structural and optical properties and the real device
characteristics is crucial to promote further development
of NW-based actuators and sensors.

In this work, we synthesize Si NWs by means of
MACE for further application in solar cells and chemical
sensors. To reach the best results in ascertaining the
influence of etching process parameters on device
characteristics, we carried out preparation of various sets
of samples. The photovoltaic (PV) characteristics were
measured using the MACE Si solar cells and chemical
sensors aimed at H,O- detection.

2. Experimental details
2.1. MACE technique

Monocrystalline Si(100) wafers of p-type conductivity
with a resistivity close to 1 Q-cm were used for sample
preparation. The wafer cleaning process consisted of
three standard RCA steps — cleanup in piranha solution,
RCA-1, and RCA-2. To remove contamination,
the piranha solution (H2S04:3H,0) was used at 100 °C
for 15 min. Then the wafer cleaning was carried out
using RCA-1 (H.0,:NHsOH:3H,0) at 80 °C for 10 min.
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Table 1. Samples series.

Sample Metal t, S Nitrate nanopowder, mg tz, min H202, ml
Agl 30
Ag2 90 0.4
Ag3 150
20 68
Ag4d 30
Ag5 90 0.8
Agb 150
Ag7 10
Ag8 20
Ag9 A 40 08
g g 30 0.8
Ag10 60
Agll 20
34
Agl2 60
Ag13 40
Agl4 10 50
Agl5 68 90 0.8
Agl6 40
15
Agl7 50
Cul 30
Cu2 Cu 375 40 2
Cu3 50
Aul Au 40...50 nm 50 0.8

The next step was metal contamination removal in RCA-2
(H202:HCI:3H20) at 80 °C for 10 min. Each step was
finished by rinsing in a three-cascading bath of deionized
water at different temperatures (60, 40 and 20 °C). Then
the wafers were dried in a centrifuge and subjected to
MACE technique immediately. In this work, three tech-
niques of MACE were used: (1) the two-stage process
with Ag NPs, (2) the one-stage process with Cu NPs, and
(3) etching with previously synthesized Au NPs.

(1) MACE with Ag NPs. The first stage of MACE
process consists in the deposition of Ag NPs from
AgNOs-based solution on the Si surface. To prepare this
solution, a certain amount of AgNO3 nanopowder (34, 68
or 136 mg) was dissolved in 10 ml of H,O, and 40% HF
solution (4.42 ml) was added. Then H,O was added to
the mixture to obtain 20 ml of solution. Si wafers were
immersed in the prepared solutions at room temperature
for 10, 40 or 60 s (duration of the first stage of MACE).
The second stage of MACE consists of the etching of Si
surface in the vicinity of Ag NPs in H,O»-based solution.
To prepare the solution, 30 ml of H,O was mixed with a
certain amount of H,0 (0.4, 0.8 or 1.6 ml), and 11 ml of
40% HF solution was added. Then H,O was added to the
mixture to obtain 50 ml. The etching process was carried
out at room temperature for 30, 90 or 150 min (duration
of the second stage of MACE). Then Si substrates were
cleaned in deionized water and dried in a centrifuge.

(2) MACE with Cu NPs. A solution was prepared
as being based on Cu(NOs); nanopowder by dissolving
375 mg in 2 ml of H,O2 and 40% HF (25 ml). Then H,O
was added to the mixture to obtain 100 ml of solution. Si
wafers were immersed in the prepared solution at room
temperature from 30 to 50 min, then cleaned in deionized
water and dried in a centrifuge.

(3) MACE with Au NPs. Au NPs of the size 40 to
60 nm were previously prepared by chemical synthesis
from Au citrate. The solution with Au NPs spread by
drop deposition on the Si surface and air-dried. At the
second stage of the etching of Si surface, a solution was
prepared by mixing 0.81 ml of H,0O, and 20.8 ml of 40%
HF, then H,O was added to obtain 100 ml of solution.
The etching time varied from 30 to 60 min at room
temperature. Then the wafers were cleaned and dried.

2.2. Samples

In this work, the series of 20 samples with different
preparation conditions were used (Table 1).

2.3. Fabrication of solar cells

Fabrication of solar cells on the base of MACE-modified
Si substrates started with the removal of Ag NPs residues
from the surface. At the next stage, formation of p-n
junction was performed using a diffusion of phosphorus
dopant. This technological operation was carried out in
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the diffusion furnace SMDS 3M from a liquid source.
The rear contact was deposited using RF magnetron
sputtering of an Al target using a Cathode 1. To form the
front point contacts, a two-layered Ti/Ni metal layer was
acquired by electron-beam evaporation, employing the E-
beam evaporator UVD-74P-3. Then transparent
conductive 1TO thin film was deposited on the front side
of the solar cell by RF magnetron sputtering. The
structure of the solar cell based on the MACE-modified
Si substrate is shown in Fig. 1.

2.4. Sensor structures fabrication

Sensor structures were formed in a standard resistor-like
configuration. Ti-Ni contact grid was deposited by
electron-beam evaporation through a foil mask, using the
E-beam evaporator UVD-74P-3. To evaluate the metal
NPs contribution to device sensitivity, half of the
samples were subjected to the removal of metal NP
residues from the surface. For this purpose, the samples
with Ag NPs were submerged in concentrated HNOs for
8 hours and then washed and dried. For the samples with
Cu NPs, two removal techniques were used: fast cleaning
(2 min in concentrated HNO3) and long-term cleaning
(one hour in HNO3). Au NPs were not removed because
of toxicity of the process.

2.5. Characterization techniques

Surface morphology of the MACE-modified Si substrates
was investigated by atomic force microscopy (AFM) in
contact mode and scanning electron microscopy (SEM).
The chemical analysis of Si substrate after MACE was
carried out by means of energy-dispersive X-ray (EDX)
spectroscopy. Optical reflectance spectra for the MACE
Si substrates were recorded using a spectrophotometer.
PV characteristics were measured under irradiation with
simulated sunlight spectrum AML1.5.

3. Results and discussion
3.1. Chemistry of MACE of Si

According to the general MACE model [21], the oxidant
is mainly reduced at the surface of metal NPs, and holes
are injected from metal into Si, or electrons are
transferred from Si into metal. In this way, Si surface
around metal NPs has the maximum hole concentration,
and dissolution of Si occurs mainly under NPs in (100)
direction [22-24].

The chemistry of the two-stage Ag-MACE process
can be described as two simultaneous microscopic
electrochemical reactions. At the first stage, Ag* cations
reduced on the surface act as an oxidizer for Si, while F~
ions act as complexing agents for Si products [25]:

cathode reaction: Ag * + e — Ag,
anode reaction: Si + 6F — SiF¢® + 4e-,
overall reaction: 4Ag* + Si + 6F — 4Ag + SiFe>".

At the second stage, the Si dissolution process may
occur in two possible ways, depending on the number of
holes per dissolved Si atom [22, 26]:

front contact

TCO

p-n-junction

Si- NW

ack contact

Fig. 1. Scheme of the solar cell based on MACE Si substrate: Al
back contact / p-Si NWs / n-Si layer / ITO / Ti-Ni front contact.

1) oxidation of Si, followed by dissolution of the
oxide (isotropic etching):

Si + 2H,0 — SiO; + 4H* + 4e” and SiO; + 6HF —
H.SiFes + 2H,0;

2) direct dissolution of Si to H.SiFs, with H;
evolution (anisotropic etching):

Si+4HF* — SiF? 6 + 2HF + Hy 1 +2¢ .

At this stage, H-O. plays the role of an oxidizing
agent, which increases hole injection into Si in the
vicinity of metal catalysts [23, 26]:

H,0O, + 2H" — 2H,0 + 2h*.

In the case of Cu NPs, reactions are almost the
same, but Cu provides two holes [27].
For Cu redox process:

Cu?* +2e” — Cu,
Cu + H,0, + 2H" — 2H,0 + Cu?*,

The Si etching in the Cu-MACE process occurs in
the same way as for the Ag-MACE process described
above.

As MACE is a multiple-stage process, it can be
controlled in wide limits by the stage duration and
concentration of solution components. In this work, some
interrelations between the MACE conditions and
resulting structure properties for PV and sensor
applications were analyzed.

3.2. Influence of metal NP deposition conditions

The surface density of metal NPs can be controlled by
both the metal nitrate concentration and the first stage
duration of two-stage MACE process. The second stage
of MACE (Si etching) was carried out under the same
conditions (H202 volume of 0.8 ml, etching time 90 min).
The increase in Ag NPs deposition time from 20 to 60 s
at the same content of AgNO3 (68 mg) led to changes in
surface morphology (Fig. 2).
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Fig 2. AFM images of Si surface with NWs MACE-prepared at
different durations of Ag NPs deposition: (a) 10 s (Ag7),
(b) 40 s (Ag9), (c) 60 s (Agl0). The concentration of AgNO3
in solution was the same (68 mg). MACE etching conditions
were as follows: H202— 0.8 ml, etching time — 90 min.

From the AFM image in Fig. 2a, it can be seen that
Ag deposition for 20 s results in appearance of well-
pronounced nanostructures with the average height of
794 nm and the RMS value of roughness of 230 nm. The
increase in Ag deposition time twice, up to 40 s, leads to
formation of a larger amount of Si nanostructures merged
in groups, as well as the appearance of second-phase

inclusions (bright elongated spots in Fig. 2b). The average
height is 1470 nm, and RMS value of roughness is
442 nm. The significant increase in structural parameters
is apparently due to the appearance of second-phase
inclusions. A further increase in Ag deposition time leads
to formation of compactly located Si nanostructures, as
well as to the growth of dendrites over Si NWs (Fig. 2c).
In this case, the average height of nanostructures is
1812 nm, and RMS value of roughness is 915 nm.

The form and chemical composition of dendrites
were studied using SEM and EDX spectroscopy.
Dendritic formations on Si surface look like separate
sticks and agglomerates of them (Ag branches). EDX
spectroscopy of the MACE surface showed that Si
surface contains Ag. The quantitative chemical analysis
was made for two points of the surface (in the vicinity of
Ag branches and without them). It was found that there
are 99.46 at.% Si and 0.54 at.% Ag at the point 1 and
87.9 at.% Si and 12.1 at.% Ag at the point 2. It follows
that the branched formations, observed on the SEM
image, are indeed Ag dendrites.

Besides, the influence of AgNOs3 content in the first
solution (34, 68, and 136 mg) on the surface morphology
of Si after the MACE process was studied. For this study,
the second stage of MACE was carried out under the
same conditions (H20, amount 0.8 ml, etching time
90 min). It was found that in the case of low AgNO;
content in solution (34 mg), Ag deposition even for 60 s
did not lead to precipitation of the Ag phase. For the first
solution with a higher content of AgNOs; (68 mg),
deposition time of 40 s caused the growth of Ag “sticks”
on Si surface (Fig. 2b). Duration of deposition 60 s
provided formation of branched Ag dendrites (Fig. 2c).
With the excess of AgNOs in the first solution (136 mg),
the appearance of Ag inclusions in the form of “sticks”
was observed even for Ag deposition time of 20 s, while
deposition for 40s led to more developed dendritic
structure in the form of “twigs”.

The metal type also influences on surface
morphology (Fig. 3). In the case of the same Si etching
time (second stage) the most developed and rough
surface was obtained with Cu NPs (Fig 3c), while with
Au NPs (Fig. 3a) surface remained almost smooth. This
can be explained both by metal chemical properties (Au
is more inert than Ag or Cu, and Cu is more active than
Ag because of two valent electrons) and by the lower
density of Au NPs on the surface, which can be observed
using SEM.

3.3. Influence of Si etching conditions

While the surface pattern is determined rather by metal
NPs density and their type, the depth (or height) depends
on Si etching parameters (etching time and solution
composition).

From SEM images in Fig. 4, it can be seen that
etching time increase from 30 to 90 min leads to more
developed surface morphology of Si. The structure
shown in Fig. 4 was obtained not only with etching in
depth of Si plate but also with lateral etching of Si NWs.

Dusheiko M.G., Koval V.M., Obukhova T. Yu. Silicon nanowire arrays synthesized using the modified MACE ...

061



SPQEO, 2022. V.

25, No 1. P. 058-067.

20006V 5.0k 10

(@)

20.00kV  x2.50k 20um

©

Fig. 3. SEM of the MACE Si surface after 50 min etching with different NPs (a) Au (NPs 40...50 nm, drop deposition, sample
Aul), (b) Ag (10 s NPs deposition, sample Ag14), (c) Cu (sample Cu3).

It was found that the average height of obtained
nanostructures was 888 nm (for 30 min) and 708 nm (for
90 min). Thus, shorter etching time results in higher
NWs with an elongated shape.

The content of H,O- in the second solution also had
significant effect on the morphology of the etched Si
surface. It was found that the smaller amount of the
component (0.4 ml) leads to formation of a less etched
surface as compared with the larger one (0.8 or 1.6 ml).
The etched surface looks like those shown in Figs 4a and
4b, respectively.
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Fig. 4. SEM images of the MACE Si surface for different
duration of the second stage: a) 30 min (Ag4), b) 90 min (Ag5).
The content of H202 in solution was the same (0.8 ml). Ag NP
deposition conditions:AgNOs — 68 mg, deposition time — 20 s.

Moreover, the difference in morphological features
of surfaces etched at different H.O, content, gradually
decreases with etching time increasing from 30 to
150 min. In the case of one-stage MACE with Cu nitrate,
the etching time increase provides visibly deeper relief.

3.4. Sensor application of Si nanostructures

Si nanostructures have been widely used in sensing
applications for the recent 20 years. Special interest to
MACE structures is induced by a simple, cheap and well-
controlled technical process as well as by possible
participation of metal NPs in the detection process.

In this work, sensitivity of Si nanostructures to
hydrogen peroxide and glucose (via glucose oxidase
reaction) was evaluated.

For sensor properties measurements, 0.5 ml solution
drop was placed between contacts by using hydrophobic
properties of Si as shown in Fig. 5. For glucose
measurements, 0.1 ml of glucose water solution was
added to 0.5 ml glucose oxidase solution (>10 1U/ml).

The current-voltage (I-V) curves of resistor structure
were measured from 1 to 20 V. |-V curves for all the
samples are linear with a slope changing with analyte
concentration changes (Fig. 6).

Initially, Cu and Ag had been chosen because of
their catalyst properties towards glucose (Cu) and
hydrogen peroxide (Ag) decomposition. However, in this
work the best results for both Cu and Ag were obtained
for the samples with removed NPs. It was shown that the
removal of Ag NPs increases structures sensitivity to
H>0; from 0.25 mA/V-% [28] to more than 2.5 mA/V-%
(Table 2).

solution drop

Ti-Ni contacts

RS

4 i
s o
B A e M 3]

por-Si + Ag

Fig. 5. Sensor measurement scheme. 0.5 ml solution drop is
deposited between contacts using hydrophobic properties of
melanin.
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Fig. 6. 1-V curves of the best samples for H.02 detection (left) — sample Ag16 (15 s first stage, 50 min second stage), and glucose
detection (right) Cu3 (one-stage 50 min, fast cleaning) — right) with tilt dependence on concentration in the inset.

Comparing to other porous silicon based sensors
[29, 30], our samples demonstrate almost the same limit
of detection (LOD) and range (Table 3). On the other
hand, they benefit simplicity of production and low-cost
technology.

Nonetheless, sensing selectivity depends on
material of NPs. Samples prepared with Ag NPs are more
sensitive to hydrogen peroxide, and |-V slope increases
with concentration growth (Fig. 6a). Samples prepared
with Cu NPs are more sensitive to glucose, and 1-V slope
decreases with the concentration growth (Fig. 6b).
Samples with Au NPs are sensitive to both analytes.
These phenomena need further investigation, but one
could suggest that it can be related to small amounts of
metal residue in caves of nanopores either with different
pores shape or dimensions.

The increase of duration of both stages of MACE
enhances the sensitivity of sensors. It may happen due to

reflection from a structured surface strongly depends on
the conditions of the MACE process: the duration of both
stages (Fig. 7a) and the chemical composition of both
solutions (Fig. 7b). For the most of etching modes, the
reflection coefficient of Si surface is much lower than that
for flat Si substrate and lies between 11 and 20% at the
wavelength 600 nm.

As one can see from Fig. 7a, the deposition time of
Ag NPs has a significant influence on the reflection
spectra of the MACE Si surface (at the same duration of
the second stage). It was shown that for both etching dura-
tions (90 or 150 min), the reflection coefficient increases,
as the duration of Ag-deposition changes from 10 to 60 s.

Table 3. Comparison of different sensors based on porous
silicon.

increasing pore density and depth, i.e., surface area and Sensor type LOD, mg/dl | Range, mg/dl
surface states quantity. Optical porous silicon 5 18,540
3.5. Photovoltaic application of Si nanostructures based sensor [29]
. . . Amperometric porous
Si MACE nanostructures are used in solar cells to im- siIicF())n Sensor [20] 0.36 3.6...9000
prove the current characteristics of the devices through Resistor-like porous silicon 20 100...240
more efficient light trapping. However, the value of optical sensor (this study)
Table 2. Dependence of sensor sensitivity on sample preparation conditions.
Sample preparation conditions Sensitivity, mA/V-%
Hydrogen peroxide Glucose
Aul Au (40...50 nm) 50 2.56 1.23
Ag13 10 40 0.36 -
Agl4 50 0.92 -
Ag (cleaned)
Agl6 5 40 1.02 -
Agl7 50 2.62 -
Cu2 cu (el d 40 - -2.25
cu3 u (cleaned) 50 - 73
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This growth is characterized by non-gradual behavior: the
reflection coefficient increases by 2-3% at the transition
from 10 to 40 s, while Ag deposition for 60 s results in
much more sharp increase (by 7%). The obtained results
can be explained by structural studies shown in Fig. 2.
The minimum reflection value (11% at the wavelength
600 nm) is observed for the first stage duration of 10 s,
when a pure Si MACE surface is synthesized. With the
increase in Ag NPs deposition time to 40 s, there is
precipitation of another phase (Ag) at the Si surface, so
the minimum reflection value increases up to 13% (at the
wavelength 600 nm). The highest reflectance values
(20% at the same wavelength) were obtained for Ag
deposition duration close to 60 s, which is explained by
the presence of Ag dendrites on the MACE Si surface. At
the same duration of the first stage, the increase of
second-stage duration from 90 to 150 min leads to
enlarging optical reflection (Fig. 7a).

This is explained by the fact that lateral branching,
which appeared during the longer etching process, results
in a significant increase of distance between Si
nanostructures and in the change of direct-standing shape
of gaps between them (Fig.4). So, this MACE
modification of Si causes less efficient light trapping. It
should be noted that for Ag deposition time close to 10 s
the difference in reflective properties for 90 min- and
150 min-etched Si is maximum (influence of pure Si
surface), and for 60 s the reflection value for
these samples is almost the same (influence of Ag
dendrites).

The influence of chemical composition of both
MACE solutions is presented in Fig. 7b. As can be seen
from the reflectance spectra, the optimal content of
AgNO:s in the first solution (H202 content in the second
solution was constant and equal to 0.8 ml) is 68 mg,
since there is a minimum reflection under these
conditions (approximately 16% at the wavelength
600 nm). The decrease in AgNOs content twice (34 mg)
provides only slightly more light reflection at the same
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wavelength 600 nm (about 17%), while in the long-wave
range the opposite ratio is observed. Taking into account
the integral reflection over a wide spectrum, both
concentrations of AgNO3 can be used for the synthesis of
solar cells. This can be explained by appearance of Ag
inclusions even during the first stage of 20s, as
explained in the previous section.

The influence of H,O, content in the second
solution on the reflective properties of the MACE Si
surface was revealed (AgNO3; content in the first solution
was constant — 68 mg) (Fig. 7b). In particular, it was
shown that a more concentrated etching solution provides
a gradual increase in the reflection coefficient from 13 up
to 17% at the wavelength 600 nm. Being based on
structural studies mentioned above, this dependence is
associated with a larger amount of etched-off Si and
formation of NWs separated by large gaps of indirect
shape. This MACE modification of the Si substrate leads
to an increase in light reflection. Hence, the content of
hydrogen peroxide at the level of 0.4 ml is optimal for
PV application, because it provides the minimum optical
reflectance (13% at the wavelength 600 nm).

Si solar cells were fabricated on the obtained
MACE Si substrates. The influence of technological
parameters of the first and second MACE stages on
photovoltaic properties was studied (Fig. 8). As one can
see from 1-V curves of solar cells, the MACE process
mainly affects the short-circuit current density (Jsc could
be changed by the factor of 5 at the first stage, and by the
factor of 2.5 at the second one) and causes only slight
changes of the open-circuit voltage (the variation of V.
value for both stages is about 10%). It is known that
photovoltaic current in PV devices is defined by the
number of absorbed photons and the number of charge
carriers that have overcome the p-n junction. In this
work, the clear correlation between short-circuit current
and reflection coefficients for various MACE processes
was observed. Thus, the PV characteristics of Si solar
cells were investigated in terms of the reflective
properties of MACE Si surface.

30 -

/— 68mgAgNO3-

s —F4— > 4 0,4mIH202
0 4-/ / L 34mgAgNO3-
i~ 0,.8mIH202
& 15 R R s oy 136mgAgNO3-
& 0,8mIH202
10 BN —— 68mgAgNO3-
08mIH?02
H
—— 68mgAgNO3-
1,6mIH202
0
400 00 600 700 200 200 1000 1100
2, M

Fig. 7. Reflectance spectra of MACE Si surface for different durations of first/second stages in MACE process: 10 s/90 min,
40 s/90 min, 60 s/90 min, 10 s/150 min, 40 s/150 min, 60 s/150 min (a) and for different content of solutions at the first/second stages
in MACE process: 68 mg AgNO3/0.4 ml H202, 34 mg AgNO3/0.8 ml H202, 68 mg AgNO3/0.8 ml H202, 136 mg AgNO3/0.8 ml H20x,

68 mg AgNO3/1.6 ml H202(b).
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Fig. 8. I-V characteristics of MACE solar cells for various technological conditions of the first stage in MACE process: 10 s/68 mg
AgNO3, 20 s/68 mg AgNOs, 40 s/68 mg AgNOs, 60 s/68 mg AgNOs, 20 s/34 mg AgNOs, 60 s/34 mg AgNOs (a) and the second stage
in MACE process: 30 min/0.8 ml H202, 90 min/0.8 ml H202,150 min/0.8 ml H202, 30 min/0.4 ml H202, 90 min/0.4 ml H20z,

150 min/0.4 ml H20; (b).

During the first stage of MACE process for
photovoltaic application, the technological parameters of
the second stage were not changed (etching 30 min,
hydrogen peroxide amount 0.8 ml). For any content of
AgNOs;, the following dependence of PV parameters on
the deposition time of Ag NPs is observed: the short-
circuit current density is greater for regimes when
dendrites appear (40...60s) than for regimes without
them (10...20 s). Thus, increasing the deposition time of
Ag NPs from 10..20 up to 40...60 s allowed us to
increase the short-circuit current density from 16...21 up
to 25...26 mA/cm? for AgNOs content equal to 68 mg. It
should be noticed that with the longer duration of the first
stage, the optical reflection increases (Fig. 7a), because
large branched Ag dendrites appear at the surface
(Fig. 2c). However, the process of PV-manufacturing is
preceded by operation to remove the Ag residues from
the MACE Si surface. The observed improvement in the
PV characteristics is apparently due to formation of a
specific Si nanostructure beneath the dendrites, which
significantly reduces the reflective properties of the
MACE surface. For both regimes at the first stage of
MACE process (with and without dendrites), lowering
the Ag nitrate content from 68 down to 34 mg results in
deterioration of solar cell current characteristics by
several times.

Comparison of the obtained results with optical
reflection spectra (Fig. 7b) revealed that the reflectance
properties of MACE surface for both contents of AgNOs3
slightly differ. It means that a lower concentration of
nanoparticle catalysts on Si surface in MACE process
results in a fewer number of NWs, thereby reducing the
amount of free current carriers.

During the second stage of MACE process for
photovoltaic application, the technological parameters of
the first stage were not changed (deposition duration 20 s,

AgNOs; amount 68 mg). For both concentrations of
hydrogen peroxide, the following dependence of PV
parameters on the deposition time of Ag NPs is observed:
the short-circuit current density decreases as the etching
time increases within the range 30...150 min (from 16 up
to 12 mA/cm? and from 29 to 14 mA/cm? for hydrogen
peroxide content 0.8 ml and 0.4, respectively). It should
be noted that the currently available solar cells obtained
in a similar way (MACE and diffusion process), show the
short-circuit current at the level of 22...25 mA/cm? [29].
The observed tendency is fully consistent with the results
of structural and reflective properties of the MACE
surface (Figs 4 and 7). Indeed, the increase of etching
time and concentration of the etchant leads to a clear
increase in optical reflectance, which is due to the
specific surface morphology of the MACE Si. So, we can
conclude that the non-excessively etched MACE surface
is preferred for PV-applications. The MACE synthesis of
tightly packed NWs with small gaps of direct shape
contributes to a more efficient light trapping.

4, Conclusions

In this work, the MACE process has been investigated in
terms of its efficiency in PV and sensor applications.
Results of studying surface morphology and roughness
analysis show that nanostructure morphology may be
controlled in a wide limits by the etching time, amount of
components in solution and NPs material. Resistor-like
sensors with nanostructured Si fabricated in this work
demonstrate sensitivity up to 2.5..2.75 mA/V-% to
hydrogen peroxide and glucose. Removal of metal NPs
results in better sensitivity, although the type of metal
could provide selectivity between hydrogen peroxide and
glucose. The influence of technological parameters
(duration and content of solutions) in two-stage MACE
process on the photovoltaic characteristics has been
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studied in terms of structural and reflective properties of
MACE surface. It has been shown that application of the
MACE process improves the short-circuit current density
in Si solar cells (up to 29 mA/cm?).
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MeTan-cTuMYJIbOBaHMIl XiMiYHMII CHHTe3 MacHBiB KPeMHi€BUX HAHOHMTOK: BUKOPHCTAHHS Y XiMiYHHMX ceHcOpax Ta
COHSTYHHUX eJIeMeHTaX

ML.I. dymeiiko, B.M. Kopaus, T.}O. O0yxoBa

AnoTanif. Y po0OOoTi DOCHIIKEHO BIUIMB TEXHOJOTIYHOTO MPOIECY METal-CTHMYIbOBAHOTO XIMIYHOTO TPABICHHS Ha
MopdosIorito MOBEpXHi Ta eIeKTpOo]i3W4Hi BIACTUBOCTI OTPHMAHUX HAHOPO3MIPHHUX CTPYKTYp. Bymo moxasano, 1mo
OTPUMaHi CTPYKTYPH MAalOTh BHCOKY ILTOIIY IIOBEPXHI Ta MOXXYTh BHKOPHCTOBYBATHCS SIK y CEHCOpAX, TaK i y COHSYHMX
esleMeHTax. Byno NmpoaeMOHCTPOBAaHO IMOKPAILICHHS XapaKTEPUCTUK COHSYHHUX CNIEMEHTIB y Pe3yibTaTi BHKOPUCTaHHS
TIPOLECY METAN-CTUMYITEOBAHOTO TPABJIEHHS, 30KPEMA 3HAYHE ITiIBUIIEHHS CTPYMy KOPOTKOTO 3aMHUKaHHS (10 29 MA/cM?).
Takox Oyna JioBelleHa MOMJIMBICTh JETEKTYyBaHHS MEPEKUCY BOJTHIO Ta MIOKO3U ((PEPMEHTHUM METOJIOM) 32 JOTIOMOTOI0
PE3UCTUBHUX CEHCOPIB 3 HAHOCTPYKTYPOBAHUM KPEMHIEM SIK aKTUBHOTO LIAPY 3 YYTIUBICTIO 10 2.5...2.75 MA/B-%.

KaouoBi ciioBa: MeTan-cCTUMYIIbOBaHE XIMIUHE TPABJICHHS, KDEMHIE€BI HAHOHUTKH, CEHCOP, COHSIUHHI CIIEMEHT.
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