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Abstract
The concentrations of etchant solution substituents in metal assisted chemical etching (MACE)
processes control the morphology and reflectivity of subsequently etched wafers. In particular, the
concentration of hydrogen peroxide (H2O2) plays a vital role in the MACE process. Unfortunately, the H2O2
concentration is not stable when prolonging the etching process at higher temperatures. As a result, the
commercialization of MACE processes for the production of IP texturization has appeared industrially
unattractive. Herein, we proposed an innovative method to monitor hydrogen peroxide during the MACE
process with an electrochemical method. Reduced graphene oxide (RGO) prepared through an
environmentally benign electrochemical method was used to modify a screen-printed electrode (SPE).
Under an optimized condition, the RGO/SPE was used to test etching solutions. The MACE process was
conducted and the hydrogen peroxide concentration within the etching solution was checked by the
RGO/SPE. The RGO/SPE demonstrated excellent electrochemical performance and could record changes
to H2O2 concentrations with cyclic voltammetry (CV). Interestingly, the presence of copper (Cu) in the
etching solution catalyzed not only the etching process, but also the electrochemical reduction of H2O2.
After etching, the reflectivity and structural morphology of the etched wafers were checked. The described
modified electrode is disposable, and the fabrication process is rapid and inexpensive, allowing for real
time application in, and control of, MACE processes.

1. Introduction
Texturization of silicon is a crucial step in solar cells fabrication processes that ultimately enhances
conversion efficiencies by improving light trapping ability [1, 2]. There are currently a variety of techniques
that can used for the texturization of single- and multi-crystalline silicon wafers. Anisotropic etching and
isotropic etching are the two main techniques used to create upright and inverted pyramid textures on
single-crystalline silicon (sc-Si) wafer surfaces [3-5]. Notably, alkaline etching techniques exhibit
anisotropic behavior, and are therefore not suitable for the etching of multi- crystalline Si wafers [6]. Metal
assisted chemical etching (MACE) processes have received enormous attention for its potential use in
texturizing silicon wafers. So far, a variety of textures such as nanopores [7], nanowires [8], and inverted
pyramid (IP) structures has been produced on the surfaces of sc-Si wafers using the MACE process [9].
Among them, the IP structure has the lowest specific surface area and has demonstrated excellent light
trapping ability. As such, wafers etched in this way have low surface carrier recombination rates and
produce highly efficiency solar cells [10]. In the MACE process, reaction parameters, such as reaction
temperature, concentration of etchant, and reaction time, play key roles in the formation of IP textures on
sc-Si surfaces [11]. Generally, copper (Cu) or silver (Ag) metal is used in the MACE process in combination
with hydrofluoric acid (HF) and hydrogen peroxide (H2O2) [12]. However, evaporation of H2O2 readily
occurs during the etching process, especially at high temperatures [13]. Our recent study reveals that the
subsequent changes to H2O2 concentration incurs variations in surface morphology and reflectivity of the
etched wafers [14]. Hence, it is necessary to monitor the changes in the H2O2 concentration of the etching
solution during the throughout process in order to maintain constant concentrations.
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Several analytical methods including electrochemical [15], titrimetry [16], spectrophotometry [17],
chemiluminiscene [18], and fluorimetry [19] have been used for the detection of H2O2 [20]. Of these, the
electrochemical method is relatively simple, cost-effective, rapid, and sensitive when compared to the
other listed detection methods [21]. However, unmodified electrodes are unsuitable for the detection of
analytes due to their high electron transfer impedance and poor catalytic activity [22]. Therefore, electrode
modification with suitable electrode materials is crucial. Graphene as two-dimensional honeycomb sp2hybridized nano sheets with single atom thickness is a potential candidate [23, 24]. To date, graphene
has been used for the fabrication of bio and electrochemical sensors due to its high electrical
conductivity, specific surface area (2600 m2/g), charge carrier mobility, flexibility, and mechanical
strength; all of which are more ideal than the properties other carbon nanomaterials [25, 26]. Thus,
electrochemically reduced graphene oxide (RGO) was used for the fabrication of various modified
electrodes. The preparation of RGO with an electrochemical method is eco-friendly, rapid, and more
conducting than chemical reduction [27]. To date, H2O2 detection methods have only been demonstrated
only in biological based samples with no reports for the detection of H2O2 in a harsh environment, such
as etching solution [28, 29].
In this work, the concentration changes of H2O2 during the MACE process were detected with an
electrochemical method. Initially, the copper MACE method was conducted to produce the IP textured
wafers. The morphology and reflectivity of the etched wafers were investigated. Then, the stability of
spent etching solution was monitored by electrochemical detection using an RGO-modified disposable
screen-printed electrode. Finally, the solution concentration difference determined by peak current
response changes of the electrodes was remade with the introduction of new H2O2. After makeup, the
etching process was conducted again using the same procedure. The morphology and reflectivity
changes were recorded and compared with the results of fresh solution.

2. Experimental
2.1 Materials and methods
Graphene oxide, copper sulfate (Cu(SO4).5H2O, 99.99%), sodium phosphate mono basic (NaH2PO4) and
sodium phosphate di basic (Na2HPO4) were received from Echo Chemical Co. Hydrofluoric acid (HF, 49%),
hydrogen peroxide (H2O2, 30%), nitric acid (HNO3, 70%) were purchased from Renew Chemical Materials
Co. The supporting electrolyte, 0.05 M phosphate buffer, was prepared by dissolving Na2HPO4 and
NaH2PO4 in DI water. All reagents were used without further purification. The screen printed electrodes
(SPE) were purchased from Zensor R&D Co.. The surface morphologies of the etched wafers and
modified electrodes were investigated using an FEI Nova nano scanning electron microscope (SEM) 230
equipped with an EDAX Apollo silicon drift detector energy dispersive X-ray spectroscopy system. A Laser
Raman spectrometer (Jasco NRS-5100) was used to examine the defects and disorders of the electrode
materials. The electrochemical studies were performed using a CHI1211C instrument. The CHI
instruments worked based on a conventional three electrode system using SPE consist of the graphite as
Page 3/20

a working electrode, saturated Ag/AgCl (saturated KCl) as a reference electrode, and graphite wire as a
counter electrode.
2.2 Cu assisted chemical etching of sc-Si
Boron doped p-type as-cut sc-Si wafers with thickness of 165 µm, (100)-oriented surface, and resistivity
0.5- 1.5 Ω.cm, sliced into 100 mm × 50 mm sheets were used in this study. Prior to etching, the wafers
were cleaned using 10% HF for 10 min to remove any native oxides. Thereafter, wafers were immersed in
a 0.06M Cu(SO4).5H2O/2M HF/1M H2O2 etching solution in a bubbling bath environment for 7 min to
produce the desired IP texturizations. After etching, the wafers were immersed in a H2O: HNO3 (1:1)
solution under sonication for 30 min. Finally, the etched silicon wafers were thoroughly rinsed with DI
water, dried, and characterized. Additional wafers were further etched in the same solution after 30 and
60 min to check the stability of the etchant.
2.3 Fabrication of RGO modified electrodes
The GO was prepared by a modified Hummer’s method based on previous reports [30]. Initially, about 7 µL
of the GO (0.15 mg/mL) solution was drop cast on the pre-cleaned SPEs and dried using a hot plate.
Finally, the GO was reduced electrochemically in the phosphate buffer solution (pH-5) at a 50 mV/s scan
rate for 5 cycles in the potential window of 0 to -1.6V. Then, the modified electrode was dried and used for
the real time detection of H2O2 in the etching solution. Fig. 1 shows the schematic of electrode fabrication
and measurement.

3. Results And Discussion
The surface morphology of the MACE processed wafers were checked by SEM with corresponding
images shown in Fig. 2. The raw wafer had grooves and the saw marks on the surface before etching
(Fig. 2(a)). After etching at 60 °C for 7 min in fresh etching solution, random IPs were observed on the
surface (Fig. 2(b)). The surface morphology of the subsequent etched wafers in spent etching solution
after 30 min and 60 min were irregular and collapsed, as shown in Figs. 2(c) and 2(d), respectively, due to
the evaporation of H2O2. During the etching process, Cu2+ ions were reduced as nanoparticles (NP) by
electrons donated from the silicon substrate which allowed the Cu-NPs to deposit onto the silicon wafer
surface [8]. Then, the Cu-NPs enticing the Cu2+ ions in the etching solution led to the aggregation of Cu
NPs [31]. Hence, the silicon surface was oxidized and dissolved in the etching solution upon reacting with
HF.
IP structures formed on the Si wafer surface after the acidic environment reacted with the holes injected
by H2O2 via the copper NPs into the silicon [32]. At lower concentrations of H2O2, the rate of hole
injection and the rate of etching in silicon beneath the Cu-NPs simultaneously decreases. The reflectance
spectra of the etched wafers were checked and are correspondingly shown in Fig. 3. Due to poor light
trapping, the raw wafers exhibited a high reflectivity of about 32.1%. After etching, the reflectivity
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decreased due to the formation of IP textures on the surface. The formation of IP structures could
increase the light travelling path with a triple bounce on the adjoining (111) side walls of IP [33]. However,
the reflectivity of the wafers etched after 30 and 60 min increased due to the significant changes in the
adjoining facet planes of IP. This indicated that the reflectivity and morphology deteriorated when the
etching was prolonged for longer periods of time.
3.1 Surface morphology and Raman spectra of the modified and unmodified electrodes
The surface morphologies of the bare, modified, and unmodified electrodes are shown in Figs. 4(a)-4(c).
Flake-like structures were observed for the unmodified SPE. The observation of a crumbly thin layer on
the electrode confirmed surface modification with GO. Further, wrinkles and a shrunken sheet-like
structure were attributed the electrochemical reduction of the GO.
Raman spectroscopy is an important tool used to characterize carbon-based nanomaterials, such that the
presence of conjugated and double carbon−carbon bonds increases Raman intensities [34, 35]. Fig. 5
depicts the Raman spectra of bare SPE, GO/SPE and RGO/SPE. The Raman spectra of the modified
electrode shows two major peaks assigned for D (disorder) and G (graphitic) bands. The D band (1359
cm-1) is associated with the defects and disorder of the sp2 carbon lattice, and the G band (1587 cm-1) is
due to the graphitic nature and highly ordered arrangement and of sp2 carbon [36].
As shown in Fig. 5, owing to the graphitic nature, the intensity of the G band (1587 cm-1) is higher than
the D band (1359 cm-1). When the electrode was modified with GO, the intensity of the D band increased
due to the disorder in the SP2 carbon by the formation of oxygen functional groups. The intensity of the D
band was further increased past the G band due to the formation of defects and disorders during
electrochemical reduction. Moreover, the intensity ratios (ID/IG) of the bare SPE, GO/SPE, RGO/SPE were
calculated to be about 0.26, 0.43, and 1.43, respectively. Significantly, the higher intensity ratio of RGO
indicated that the reduction process changed the structure of GO by creating more structural defects [37].
3.2 Electrochemical performance of the modified and unmodified electrodes
The electrochemical performances of the electrodes were checked in a 0.05 M phosphate buffer (pH-3)
solution at a scan rate of 50 mV/s. Initially, the etching solution was prepared by mixing 0.06 M CuSO4,
2M HF, and 1M H2O2 in 200 mL of water (solution-a). Then, the prepared solution was diluted 10 times
with water (solution-b). About 250 µL of the etching solution (solution-b) was scanned with final
concentrations of 5 mM H2O2 and 300 µM CuSO4. For comparison, etching solutions were prepared
separately without CuSO4 (solution-c) and H2O2 (solution-d). As shown in Fig. 6(a), the RGO/SPE showed
cathodic peaks at -0.4 V (small) and -0.8 V, and an anodic peak at -0.11 V. A well-defined cathodic peak
with a high peak current response at -0.8 V was attributed to the electro reduction of H2O2. The peaks at
-0.4 V and -0.8 V were due to the redox behavior of Cu2+ ions in the etching solution [38]. To confirm the
redox behavior of Cu2+ ions, the etching solutions (c and d) were checked separately. When adding
solution-c without CuSO4, the cathodic peak was observed at -0.69 V which corresponded to the reduction
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of H2O2 and no redox peaks were found in the applied potential window (Fig. 6(b)). The RGO/SPE had
redox peaks during the addition of solution-d without H2O2 (Fig. 6(c)). This result confirmed the redox
behavior of Cu present in the etching solution. The electrochemical response was poor with the separate
addition of 5 mM H2O2. However, the RGO/SPE exhibited a well-defined irreversible cathodic peak with
high peak current response with the addition of 5 mM H2O2 with 300 µM CuSO4 ((Fig. 6(d)).
Previously, Cu based nanocomposites were used as an electrode modifier for the detection of H2O2 due to
their excellent electrocatalytic properties [39, 40]. For instance, Cheng et al. [41] reported the use of the
RGO/Cu2O composite for the electrochemical detection of H2O2. In such, similar redox peak patterns were
observed due to the presence of Cu2O in the composite material. Similarly, the CuSO4 from within the
etching solution enhanced the electrocatalytic reduction of the H2O2 on RGO/SPE.
The electrocatalytic properties of the modified electrodes were checked in the 0.05 M phosphate buffer at
pH 3. Fig. 7(a) shows the CV response of the bare SPE, GO/SPE, and RGO/SPE for the addition of 5 mM
H2O2 from the etching solution. The RGO/SPE displayed better electrochemical performance than the
bare and GO modified electrodes. Hence, the RGO/SPE was then used for real time monitoring when
investigating the stability of the etchant in the MCCE process.
Furthermore, the RGO modified electrodes were prepared by CV electrochemically using different cycles
such as 5 (RGO/SPE-5) and 10 (Fig. 7(b)). In comparison, the RGO/SPE-5 showed slightly higher
responses than the RGO/SPE-10 cycles. Therefore, 5 cycles were used for the electrochemical reduction
of GO in the fabrication process of the modified electrode. The electrochemical behavior of the RGO/SPE
towards the detection of H2O2 was checked using different pHs values for the electrolyte. Fig. 7(c) shows
the electrochemical responses of RGO/SPE at different pH values such as 3, 5, 6 and 7 for the electro
reduction of 5 mM H2O2. Inferior electrochemical response and higher reduction potentials were observed
when using pH 6 and 7. Conversely, the RGO/SPE exhibited a higher peak current response and a lower
reduction potential. In particular, a well-defined and sharp cathodic peak was obtained in pH 3 rather than
pH 5. Notably, the pH of the etching solution was acidic due to the etching solution containing 2 M HF.
Hence, pH-3 was used for the entirety of electrochemical experiments. In order to investigate the
electrocatalytic property of the RGO/SPE, different concentrations of H2O2 were added from the etching
solution (solution-a) in the 0.05 M phosphate buffer pH 3. As shown in Fig. 7(d), the peak current
responses increased gradually for each addition of H2O2 from 50 to 300 mM. The results indicated that
the modified electrode had desirable electrocatalytic properties and was successful in the detection of the
H2O2 in the etching solution without dilution.
3.3 Real time monitoring of RGO/SPE for etching solution stability
The etchant for IP texturization was prepared by mixing to concentrations of 0.06 M CuSO4, 2 M HF, and
1 M H2O2 in 2 L water. Then, the etching solution was sonicated and stirred for 5 and 10 min, respectively.
About 1725 mL of etching solution was poured into a plastic container and transferred to a pre-heated
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water bath at 65 °C. Before heating the etching solution, a 1 mL of sample was pipetted out to check the
solution’s electrochemical response of H2O2 by CV.
The etching solution was heated until reaching 60 °C, then pre-cleaned sc-Si wafers (100 mm x 50 mm)
were etched in the bath with nitrogen bubbles for 7 min. After etching, the wafers were transferred into a
sonication bath containing a cleaning solution (HNO3: H2O (1:1)) to remove Cu NPs. Meanwhile, about 1
mL of the spent etching solution was pipetted out to check for changes in the electrochemical response.
The solution was kept in the water bath and maintained at 60 °C. After 30 and 60 min time intervals, new
silicon wafers were etched and solution samples were collected after etching for electrochemical
analyses. Based on the changes in the peak current responses, the evaporated amount of H2O2 was
calculated from the recovery results and the corresponding difference was added into the etching
solution. After makeup with new H2O2, a sample was collected for analyses and etching was conducted
to compare the results with those from the fresh solution. The etched wafers were dried and checked for
reflectivity and morphology. Fig. 8(a) shows the electrochemical responses of the etching solution
samples collected at different time intervals. The collected etching samples were analyzed by CV without
further dilution. About 50 µL of (100 mM H2O2) from the collected samples were added into the 0.05 M
phosphate buffer pH 3. The RGO/SPE exhibited a higher peak current response at about 302 µA. After
etching, the peak current response decreased to 261 µA due to the evaporation of H2O2. The peak current
responses were decreased to 207 and 161 µA for the samples collected at 30 and 60 min time intervals.
These results confirmed the evaporation of H2O2 during the etching process. From the peak current
responses, the change in H2O2 was calculated to be about 0.47 M. Hence, new H2O2 was introduced to
increase the etching solution’s concentration by 0.47 M. After which, the peak current response increased
to appear similar to the one from the fresh solution. The changes in the reflectivity of the etched wafers
were recorded and shown in Fig. 8(b). The raw wafer showed the highest reflectivity due to poor light
trapping ability. After etching, the reflectivity decreased to 5.99 % which confirming the formation of welldefined IP structures on the silicon wafers surface.
Nevertheless, the reflectivity increased to 7.30 and 8.60 % for after 30 and 60 min due to structural
changes on the etched wafers. Conversely, a low reflectivity of about 5.99 % was obtained again after
etching in the solution with the makeup of 0.47 M H2O2. The structural morphology of the etched wafers
was checked by SEM where the corresponding images are shown in Figs. 9(a)-9(d). Here, IP structures
were clearly observed after etching for 7 min, but became irregular and merged with each other after the
30 and 60 min time intervals. The vigorous interaction of Cu2+ ions with the silicon wafers surfaces at
low concentrations of H2O2 caused low inclination angles and poor anisotropy [42]. As a result, the IP
structures were not clear in the prolonged solutions. Interestingly, the IP structures became clear after
makeup of the solution with H2O2. The etching rates of the experiment were calculated using the
following formulas [43],
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Here, Δm is total mass loss, ΔS is thickness loss, t is time, ⍴ is mass density, and S is surface area of the
silicon wafers, respectively. The thickness lost and etching rate calculated from Eqs. (1) and (2) are
tabulated in Table-1.
Table 1 Thickness loss and etching rate obtained from Eqs. (1) and (2) for different cases.
Wafer name

Initial weight
(g)

Weight
after

Thickness loss
(µm)

Etching rate
(µm/s)

Etching
(g)
After etching

1.844

1.667

7.59

1.11

Etching after 30 min

1.810

1.478

14.24

1.63

Etching after 60 min

1.822

1.362

19.75

2.01

Etching after makeup with 0.47
M H2O2

1.840

1.710

5.59

0.8

As shown in Table-1, the etching rate increased after 30 and 60 min due to the evaporation of H2O2.
These results indicated that H2O2 decreased the etching rate and increased the anisotropic etching of the
MACE process. At higher Cu or lower H2O2 concentrations, the etching rate of the reaction increased, and
a dense Cu layer formed due to the aggregation of Cu NPs on the silicon surfaces. As a result, the
morphology of the etched wafers changed when heating the etching solution at longer times and at high
temperatures. After makeup with H2O2, the reaction rate decreased because the H2O2 controlled the
aggregation by increasing oxidization rates of the Cu NPs. Hence, more well-defined IP structures were
formed on the silicon surface after makeup.

4. Conclusions
The stability of the etchant solution in the MACE process was monitored with an electrochemical sensor.
This simple, cost effective, and environmentally benign electrochemical method used an RGO/SPE for
real time analyses of H2O2 during the MACE process. The presence of Cu in the etching solution
facilitated the electroreduction of H2O2. Owing to variations in the H2O2 concentration, reflectivity and
morphology changes were observed when prolonging the etching experiment. The rate of the MACE
process and the anisotropic etching behavior was dependent on the concentration of H2O2. With the
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addition of fresh H2O2 to spent etching solution, up to 60 min post fresh etch, the desired etching rate,
reflectivity, and morphology of etched wafers could be observed. The amount of H2O2 lost due to
evaporation was calculated based on the electrochemical peak current response of the RGO/SPE. This
method was relatively rapid, inexpensive, simple and reliable when compared with other detection
methods. Moreover, the proposed method is suitable for monitoring the stability of the etching solution in
commercial production.
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Figures

Figure 1
The schematic representation of electrode fabrication and application.
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Figure 2
SEM images sc-Si wafer: (a) before etching; (b) after etching; (c) etching after 30 min; and (d) etching
after 60 min in the N2 bubbling bath containing 0.06M Cu(SO4)/2M HF/1M H2O2 at 60 °C.
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Figure 3
Reflectance spectra of IP textured wafers at different time intervals.

Figure 4
SEM images of (a) bare SPE, (b) GO/SPE and (c) RGO/SPE.
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Figure 5
Raman spectra of bare SPE, GO/SPE and RGO/SPE.
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Figure 6
The CV responses of RGO/SPE for the addition 250 µL etching solution (5 mM H2O2 + 300 µM CuSO4
(a), 5 mM H2O2 from solution-c without CuSO4 (b) and 300 µM CuSO4 from solution-d without H2O2 (c)
in 0.05 M phosphate buffer solution (pH 3) at a scan rate of 50 mV/S. Compassion of the
electrochemical response (d).
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Figure 7
(a) Electrochemical responses of different films towards the detection of 5 mM H2O2 from the etching
solution in 0.05 M phosphate buffer solution (pH 3) at a scan rate of 50 mV/S. (b) CV curves RGO/SPE
prepared at different cycles for the detection of 5 mM H2O2 from the etching solution. (c) CV responses
of RGO/SPE in phosphate buffer with different pH for the detection of 5 mM H2O2 from the etching
solution. (d) CV curves obtained for the different concentration additions of H2O2 from the etching
solution.
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Figure 8
(a) CV responses of RGO/SPE for the addition of samples collected during the etching at different time
interval in 0.05 M phosphate buffer solution (pH 3) at the scan rate of 50 mV/S. (b) Reflectance spectra
of IP textured wafers at different time intervals.

Figure 9
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SEM images sc-silicon wafer (a) after initial etching, (b) etching after 30 min, (c) etching after 60 min and
(d) after makeup with 0.47 M H2O2 in the N2 bubbling bath containing 0.06M Cu(SO4)/2M HF/1M H2O2
at 60 °C.
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