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Abstract Electrodeposited SiO, electrodes were shown to
be photoactive and exhibit n- and p-type effects for elec-
trodes placed in aqueous and organic solutions, respec-
tively. As seen by Fourier transform infrared
(FTIR) spectroscopy and X-ray photoelectron (XPS)
spectroscopy, the mechanism of the electrodeposition
included reactions with the used electrolyte as well as with
traces of water as sources of oxygen and hydrogen. The
lowest band gap energy (E;) of the films of approximately
1.6 eV was observed for the film electrodeposited at
—2.5 V in comparison to 1.9 eV for the films obtained at
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—2.25 and —2.75 V. The depth profiles of Si and O in the
films were registered by XPS, secondary ion mass spec-
trometry (SIMS), and glow discharge optical emission
spectroscopy (GD-OES), which showed that Si and O were
relatively uniformly distributed across the entire layer of
the film. The n-type photoactivity was associated with the
evolution of oxygen from the aqueous solution, and the
p-type was attributed to the reductive deterioration of the
amorphous SiO, deposit and simultaneous photodecom-
position of the electrolyte.
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Graphical Abstract

Si0, — based photoelectrode electrodeposited onto Cu surface
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1 Introduction

The search for cost-effective semiconductive layers suit-
able for photovoltaic and photogalvanic energy conversion
has led to the proliferation of film production techniques.
Silicon (Si) films are one of the most favorable substrates
for photovoltaic applications due to silicon’s properties and
abundance [1-5]. Photogalvanic solar Si cells (wet solar
cells) should be considered as an alternative to photovoltaic
solar Si devices (dry solar cells). Their advantage is the
possibility of generating not only electrical but also
chemical energy in the form of hydrogen and oxygen in the
water splitting process. The application of Si for this pur-
pose has been known for several years [6—10]. The Si band
gap (E,) of approximately 1.1 eV ensures a high level of
absorption of the solar spectrum, but elemental Si corrodes
in aqueous solution, particularly in an anodic potential
range. Si tends to form different types of oxides, from
Si,0, through SiO and Si,03, to SiO, [11, 12]. These
compounds exhibit E, values in the range from 1.4 to
8.9 eV, which increase with the oxidation state of Si
[13-17]. The oxides with E, in the range of 1.4-2.5 eV
(Si,0, SiO, and Si,03) should be considered as materials
with a perfect band gap for the construction of photogal-
vanic cells. Due to their higher E,, values, they should also
be much more resistant to photocorrosion in aqueous
solutions than silicon itself.

Due to their properties, films containing SiO, systems
have already been gathering increasing interest over the
last few years as candidates for light absorbing or emitting
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materials, e.g., in form of amorphous silicon oxide,
a-SiO:H [18-20], Si nanoparticles embedded in a SiO,
matrix [21, 22], SiO,/SiN, multilayers [23], doped SiO,/
SiO, multilayers [24], silicon oxycarbide, and SiC,O,
[25, 26].

Among the different methods of fabrication of Si-based
materials, electrodeposition (ED) might be considered to be
a low-energy consumption and low-cost alternative method
to the standard industrial high-temperature methods. The
ED of Si-based films started from attempts performed in
water in 1854 [27]; however, the major observed problem
was related to the often low or missed photoactivity of the
fabricated Si films [2, 28]. While ED from organic solu-
tions using an oxygen- and water-free regime is leading to
Si deposits with purities as high as 98% [29], the addition
of water to the system leads to a mixture of silicon oxides
(Si0,), and recently such SiO, films instead of pure Si were
proposed to face the issues coupled with the missing
photoactivity of the electrodeposited Si films [13, 30].

In our previous work, we have observed n-type pho-
toactivity in films formed from a mixture of SiO, elec-
trodeposited onto an Au surface both in aqueous [13] and
organic [30] solutions. It was shown that the dependence of
the photocurrent on the electrodeposition potential was
volcano-like, with the strong maximum of the photocurrent
observed for the film deposited at the middle potential
value of the SiHCl; reduction wave [13, 30].

In this work, we present our results on the electrode-
position of amorphous SiO,-based films onto a copper (Cu)
surface and the investigation of their stoichiometry and
photoactive properties using XPS, FTIR, SIMS, and GD-
OES. Due to the much broader abundancy of Cu; its pos-
itive potential in the electrochemical series, like those of
the noble metals; and its full recyclability, we believed that
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Cu would be an interesting alternative to the scarce and
costly noble substrates. In the long term, it could also open
the possibility of using a CuO,/SiO, oxide-based p-n
junction for tandem photogalvanic cells, where the CuO,
species could be used as the p-type component [31].

2 Experimental
2.1 Film preparation

A three-electrode system in a Teflon cell equipped with a
quartz window was used for the ED of SiO, films. The
working electrode was polycrystalline 4 N Cu foil with a
thickness of 0.125 mm. The working area was of circular
shape with a 3 mm diameter if not stated otherwise. Plat-
inum (Pt) and silver wire (Ag) were the counter and guasi
reference electrodes, respectively. All potential values are
given with respect to Ag. To improve the adhesion of the
deposit to the substrate’s surface and increase the working
area of the Cu electrodes, a low-grained abrasive disc was
used (CarbiMet S 600 [P1200], Buehler, USA). We
expected that some amount of film would be deposited
within the roughened surface while improving the adhesive
properties of the lower parts of the films to the electrode.

All parts of the Teflon cell supposed to have contact
with the electrolyte were cleaned with concentrated aque-
ous KOH (Chempur, pure p.a.) solution to remove the SiO,
residue from the previous experiments. Then, they were
thoroughly rinsed with water and dried under an air
atmosphere. The electrodeposition was performed in 0.1 M
tetrabutylammonium bromide (Fluka, puriss >99%,
TBAB) dissolved in propylene carbonate (PC) (Sigma-
Aldrich, anhydrous 99.7%). SiHCl; (Aldrich Chemistry,
98%) was used as the silicon source at a 0.5 M concen-
tration. TBAB was dried under atmospheric pressure at
85 °C prior to use, and PC and SiHCl; were used as
received. The water content of the prepared electrolyte was
920 £ 20 ppm. The choice of the chemicals used for the
ED was justified in Reference [30]. Electrochemical
experiments were carried out at an ambient temperature of
22 £ 2 °C under a constant argon (Ar) flow through the
solution using either a pAutolab III potentiostat or an
EG&G 263A potentiostat/galvanostat.

2.2 Photoelectrochemical measurements

After ED, the deposits were studied for their photoactivity
either in 0.1 TBAB/PC or in 0.1 M HCIO,4 aqueous solu-
tion. The 0.1 M HCIO, was prepared by mixing the
appropriate amounts of water (Milli-Q) and HClO, acid
(Aldrich, 70%, A.C.S. Reagent). For illumination, a 1 kW
ozone-free xenon lamp placed in a lamp housing (LSH 521,

LOT ORIEL, Germany) was used. The intensity of the
white light at the electrode’s surface position measured
with an IL 1700 light meter (International Light) equipped
with a SEL0O33/F/W detector was 345 mW cm™ 2. To filter
out the long-wavelength radiation and to avoid excessive
heating of the solution, a 10-cm-long water filter was
placed between the cell and the light source. Prior to all
other observations, the samples were rinsed with PC and
dried under a weak Ar stream.

2.3 Morphology studies

The morphology of the deposits was monitored with sec-
ondary electron microscopy (SEM). The images were
registered with a 5 keV electron beam energy and a low
sample current value with a Hitachi S-4800 microscope.

2.4 Spectroscopy studies

Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), glow discharge optical
emission spectroscopy (GD-OES), and secondary ion mass
spectrometry (SIMS) were used to determine the chemical
compositions of the deposits at the surface and at
increasing depths.

FTIR spectra were recorded with an ALPHA Platinum
ATR FTIR spectrometer equipped with a diamond crystal
with a 2.4 refractive index (area approximately 2 mm?) and
OPUS/Mentor software (version 6.5).

XPS measurements were performed using a VG
ESCALAB 210 system equipped with a monochromatized
Al Ko (hv = 1486.6 eV) radiation source, with a pass
energy of 20 eV used for all narrow scan measurements.
The photoemission spectra were recorded at normal emis-
sion with an overall resolution of approximately 0.6 eV.
The energy positions of the spectra were calibrated with
reference to the 4f;, level of a clean gold sample at a
binding energy value of 84.0 eV. To avoid analysis of the
native SiO, formed on the deposits after transporting them
in air, the surfaces of the deposits were sputtered off with
2.5 keV Ar* for 90 min prior to measurements. Approxi-
mately 3 nm of the surface was sputtered as calculated
using the ion current density measured with a Faraday cup
(area 2 mmz, measured ion current density 1.5 x 102!
A nm~?), which was placed at the sample position. The
procedure is described in Reference [32]. XPS measure-
ments were performed for three different sputtering times
(0, 90, and 180 min), and after the first 90 min, the con-
centrations of Si and O did not depend on the sputtering
time, indicating that the studied depth of the film exhibited
elemental uniformity.

The spectra were charge corrected by shifting all of the
energy values in a way that the second component of the
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Cls signal appears at the literature value of 284.8 eV for
the amorphous carbon [33] present in all of the deposits.
Fitting of the data was performed using Doniach—Sunjic
functions [34] after a Shirley background subtraction [35]
with the help of UNIFIT 2011 software [36].

The band gap energies were determined based on nar-
row scan energy measurements between —2 and 5 eV,
which allow probing of the valence electrons. Fitting of the
Fermi edge was performed with the UNIFIT 2013 soft-
ware. The detailed description of the procedure is given in
Reference [30]. A convolution of Lorentzian and Gaussian
line shapes was used to fit the individual peaks. After this,
the intensities were estimated by calculating the integral of
each peak. The atomic concentrations were then derived
using Scofield sensitivity factors [37]. The total relative
error on each concentration value was assumed to be 15%
according to previous literature reports [38].

Ar plasma was used for GD-OES measurements, and
spectra were recorded using the Imperial College vacuum
UV Fourier transform spectrometer (FTS) and a free-
standing Grimm-type GD source. The studied surface was
4 mm in diameter. The SIMS analysis was performed using
a FIB/SEM-SIMS spectrometer (model C-TOF, TOF-
WERK AG, Switzerland) using Ga ions as the sputtering
source. In the case of the SIMS depth profiles, positive and
negative measurements have been carried out under the
same measurement conditions on two spots nearby each
other on the Si layer to overlap the obtained depth profiles.
The studied sample area was approximately 10 x 10 pm?.
For the needs of SIMS and GD-OES measurements, the
diameter of the electrode’s working area was increased to
7 mm. Due to application of the same electrodeposition
procedure, the thickness of the deposits was significantly
decreased.

3 Results and discussion
3.1 Electrodeposition of SiO, films

In Fig. 1, the current—potential (i—E) dependencies for Cu
electrodes placed in the basic electrolyte solution (a) and
with the addition of SiHCI; as a silicon precursor (b) are
presented. In the basic electrolyte, the current started to
increase to approximately —2 V due to the reduction of
H,O traces present in the solution, and at approximately
—2.6 V, the current increase could be identified with basic
electrolyte and solvent decomposition [39].

When the Si precursor was added, in the range between
approximately —1.2 and —2.2 V the observed current
increased due to the reduction of hydrogen from HCI,
which was the product of the reaction between the water
traces present in the electrolyte and SiHCl3 [30, 40]. The
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Fig. 1 i—E dependencies of the Cu electrode in 0.1 M TBAB/PC
before (a) and after the addition of 0.5 M SiHCl; () registered at a
scan rate of 50 mV/s. The chosen deposition potentials of —2.25,
—2.5, and —2.75 V are marked with dashed lines

reduction of SiHCl; could be identified with the current
wave appearing between —2.2 and —2.9 V [30, 40].

The electrodeposition potentials were chosen within this
reduction wave and are marked in Fig. 1 by dashed lines
(—2.25, —2.5, and —2.75 V). In Fig. 2, plots showing the
current—-time (i—f) dependencies for electrodeposition at
these potentials are presented. For the curves registered at
—2.25, —2.5, and —2.75 V, the calculated charge densities
were 4.6, 8.1, and 10.7 C/cmz, respectively. The linear
increase in charge density with the deposition potential
moving towards more cathodic values within the studied
range implied a larger amount of deposit obtained. On the
other hand, due to the electrolyte decomposition intensi-
fying with the increase in the cathodic potential, the visible
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Fig. 2 i—t dependencies registered during the electrodeposition of
silicon-based films on Cu at —2.25 (a), —2.5 (b), and —2.75 V (c¢) in
0.5 M SiHCl; in 0.1 M TBAB/PC
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fluctuations observed in the curves were identified with gas
bubble formation or desorption and in some cases also with
the breaking of the film at more cathodic potentials, and
thus, the calculated charge values should be treated with
care.

3.2 Photoactivity of the SiO, films

The results of the photoactivity tests obtained for the
deposits both in organic (0.1 M TBAB/PC at —2 V) and
aqueous (0.1 M HC1O,4 at —0.3 V) solutions are presented
in Fig. 3. The potential values for the photocurrent mea-
surements were chosen within the stability ranges of both
of the electrolytes used (organic and aqueous), deposits and
Cu electrode in the case of its contact with the solution. For
the ease of direct comparison of the influence of the sub-
strate on the properties of the deposits, the potentials were
the same as for the photoactive SiO, deposits obtained on
Au [13, 30].

Figure 3a shows an example of the i— dependency
registered under illumination in the aqueous solution.
Based on this curve, the photocurrent was calculated as the
difference between the current measured when the light
was on and the dark current. The study of the photoactivity
shows p- and n-type effects for electrodes placed in organic
and water solutions, respectively (Fig. 3b, c). After the
initial time (approximately 350 s), the photocurrent—time
dependency (ip,—1) in the organic electrolyte showed a two-
fold increase in the photocurrent absolute value in case of
the films obtained at —2.25 and —2.5 V. The p-type pho-
tocurrent observed in the organic solvent arose either from
the reductive photodeterioration of the deposit or pho-
todecomposition of the organic electrolyte (PC or TBAB).

At this point, it should be mentioned that the p-type pho-
tocurrent could have also been enhanced by the presence of
oxidized copper, which was due to the cracks in the deposit
that could have been exposed to the electrolyte (this will be
discussed in Sect. 3.4).

On the other hand, we believe that the n-type pho-
tocurrent registered in the HClO, aqueous solution was
associated with the light-driven splitting of water mole-
cules present in the electrolyte on the SiO, surface, as
previously observed for the films obtained on Au [13]
(discussed later in detail). We have noticed that for the
highest cathodic deposition potential studied here
(—2.75 V), the photoactivity was not observed either in
aqueous or organic solution. Additionally, the maximum
value of the photocurrent was measured for the deposit
obtained at a potential in the middle of the SiHCI; reduc-
tion wave (—2.5 V, Fig. 3b, ¢) with the same trend that was
observed for SiO, films electrodeposited onto Au surfaces
at the same potential value [13, 30]. Similarly, the i,,—
t dependency for the deposits obtained on Cu placed in
HC1O,4 aqueous electrolyte showed a slow but steady
decrease in the photocurrent value with time (Fig. 3c). On
the contrary, the i,,—t dependency for the deposits in
TBAB/PC solution showed a slight increase until reaching
a plateau, implying both of the photoactive films underwent
a photoinduced modification upon being illuminated in an
organic solution.

Compared to the deposits obtained on Au and tested for
their photoactivity in the same conditions, the maximum
photocurrent density of approximately 34 pAcm 2 was
almost three-fold lower than the reported value (approxi-
mately 100 pAcm_2 [13]). On the other hand, while the
photocurrent density in the organic solution remained at the
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Fig. 3 a An example of the i~ dependency registered for the SiO,
deposit obtained on Cu at —2.5 V in 0.5 M SiHCI5/0.1 M TBAB/PC
under illumination in 0.1 M HCIO,4 at —0.3 V. The descriptions “on”
and “off” mean turning the illumination on and off. b p-type
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photocurrent values calculated for films at —2.25 (a) and —2.5 V
(b) registered at —2 V in a 0.1 M TBAB/PC solution. ¢ n-type
photocurrent for films on Cu obtained at —2.25 (¢) and —2.5V
(d) registered at —0.3 V in a 0.1 M aqueous HCIO, solution
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same level (approximately 20 pAcm™2), it was of the
p-type, meaning that in this case we observed the pho-
toreduction reaction. The origin of this negative p-type
photocurrent will be discussed in Sect. 3.7.

3.3 SEM imaging of electrodeposited SiO, films

The morphology of the films was investigated before and
after the photoelectrochemical measurements (Fig. 4). In
the case of the film obtained at —2.25 V (Fig. 4a), the
surface was not uniform with random microscale patterns
visible on top, but the film seemed to be dense and com-
pact. Since the intentionally made scratches were not
revealed, we concluded that the electrode was covered
uniformly over the area exposed to the electrodeposition.
The surface of the deposit obtained at —2.5 V (Fig. 4b)
showed a similarly patterned morphology, but some breaks
in the film were observed. Their dimensions reached up to
approximately 10 pm, and they were most likely caused by
the simultaneously occurring decomposition of electrolyte
during the ED process. As observed in the i—F dependency
(Fig. 1), at —2.5 V the cathodic current registered for Cu in
0.1 M TBAB/PC was approximately 30% higher than that

at —2.25 V, meaning that the decomposition of the elec-
trolyte was more intense, which would explain the slight
differences in the morphology of both of the deposits.

Further decreasing the ED potential led to a highly
damaged surface with numerous cracks and holes (Fig. 4c,
dark areas). Since at the highest cathodic ED potential the
decomposition of the electrolyte was the most intense, it
additionally confirmed the earlier conclusion. Figure 4d
shows the surface of the deposit obtained at —2.5 V after
photovoltaic measurements performed in 0.1 M HCIO4
aqueous solution. In comparison to the surface before being
exposed to the illumination (Fig. 4b), it was damaged with
numerous breaks (dark areas). Taking into account the
decrease in the photocurrent value (Fig. 3c, curve d), we
can conclude that the photodeterioration of the deposit
occurred while working under illumination in aqueous
solution.

This behavior was different than that observed for the
SiO, films electrodeposited onto the Au surface [13, 30],
where the highest photoactivity was correlated to the most
uniform film morphology. Here, we observed non-zero
photocurrent for the most uniform morphology, but the
highest photocurrent was still registered for the deposit

Fig. 4 Top view SEM images of the deposits obtained potentiostat-
ically on a Cu electrode from 0.5 M SiHCl; at —2.25 (a), —2.5 (b),
and —2.75 V (c¢) with 1 h of deposition time and of the deposit

@ Springer

obtained at —2.5 V (d) after photoelectrochemical measurements in
aqueous 0.1 M HCIO,



J Appl Electrochem (2017) 47:917-930

923

obtained at the potential value located in the middle of
SiHCl; reduction wave (—2.5 V).

3.4 Spectroscopic characterization
of electrodeposited SiO, films

The FTIR spectra of the films deposited at —2.25, —2.5,
and —2.75 V (Fig. 5) were of similar structure and con-
tained bands corresponding to Si—H stretching modes in the
range between 2100 and 2300 cm ! [41-43], Si—O-Si
stretching modes between 1000 and 1200 cm”! [44-46],
and Si—H rocking modes between 650 and 800 cm™! [47].
While the intensity of the signals arising from the Si—H
bond was independent of the deposition potential, the Si—O
band intensity was slightly higher for the film obtained at
—2.5V, ie., the most photoactive film. The weak bands
between 945 and 990 cm ™' corresponded to the stretching
mode of the Si—O-C bond [41]. Its asymmetric stretching
mode occurred in the same range as the band arising from
the Si—~O-Si bond stretching (1000-1200 cmfl) [44].

The XPS analysis showed the presence of Si, O, and C
for all of the films and Cu for the films deposited at —2.25
and —2.5 V. Si2p, Cls, and Cu2ps,, core level spectra
registered for the films obtained on Cu at —2.25, —2.5, and
—2.75 V are presented in Fig. 6. After the deconvolution,
the Si2p spectra of the films obtained at —2.5 and —2.75 V
showed two different components corresponding to SiO (at
101.3 eV) [48-50] and Si,O3 (at 103.5 and 103.6 eV)
[48-50]. No elemental Si was detected.

Taking into account only the Si and O concentrations, it
was possible to determine the overall stoichiometry of the
SiO, species in films. The calculated atomic concentrations
for Si and O were approximately 40 and 60 at.% for the

) 2I25V' | | | | - S
a)-2. . .
SiC
b)-25V SO, >
¢)-2.75V b ESiCH
] | AR
< . . | "
> SIHX SICHX: L
e | \ |
3 | : | | |
S a) N\ I I !
E | : | ] ; |
< | | | | |
b) el : : e
T ™ | !
o L i w
2500 2000 1500 1000 500

wavenumbers / cm-1

Fig. 5 FTIR spectra of Si-based films obtained potentiostatically on
Cu electrodes from 0.5 M SiHCl; at —2.25 (a), —2.5 (b), and
—2.75 V (c) with 1 h of deposition time. The spectra are presented in
vertical shift

films deposited at —2.5 and —2.75 V, respectively,
resulting in a total Si:O ratio of 0.7 (Table 1).

In the spectrum of the film obtained at —2.25 V, the
presence of SiO was observed as well (at 101.4 eV, 13.7
at.%), and in addition to this, the Si,O5; and Si,O species
were also deconvoluted (1029 eV, 23.7 at.% and at
99.8 eV, 9.6 at.%, respectively) [48-50]. The calculated
total Si:O ratio for this film was 0.9 and was the highest out
of the three values.

The signal from Si,O disappeared with a decrease of the
electrodeposition potential and simultaneous increase of
the SiO, concentration.

The deconvolution of the Cls core level spectra
(Fig. 6) showed two components, one corresponding to
amorphous carbon at 248.8 eV, present due to the
decomposition of the electrolyte during the deposition. Due
to the overlaying of the binding energy ranges for Si—C and
Si—O bonds in the Si2p spectrum and the low concentration
of Si atoms bonded to C in comparison to those bonded to
O, it was not possible to deconvolute this signal in the Si2p
spectrum. On the other hand, in the Cls spectrum, the
signal corresponding to Si—C species was deconvoluted at
282.3 eV [51, 52], similar as for the SiO, films on Au
reported already in our previous paper [30]. The deter-
mined concentration of C for both deposits was approxi-
mately 4 at.%.

For ED potentials of —2.25 and —2.5 V, the trace
amounts of Cu atoms were detected (Fig. 6). For the first
film, the BE value was 934.2 eV and corresponded to CuO
[50] (<0.5 at.%). For the latter deposit, the peak was
assigned to Cu,O [50] (933 eV, 1.6 at.%). An explanation
for the presence of a Cu signal could be the breaking of the
films after drying. Taking into account the low content of
water in the electrolyte, the kinetics of Cu corrosion caused
by water, and the thermodynamic stability of Cu in the
conditions of the experiments performed [53-55], the
presence of oxidized copper species could only be due to
the growth of the native copper oxide in air. On the other
hand, due to the low growth rate of the native CuO, (ap-
proximately 3.3 nm in 48 h, mixed Cu,0O and CuO oxide
forms [56]), the resulting thickness of the oxide (after a
max of approximately 3 min before placement in the
electrolyte) would not be enough to form p-n CuO,/SiO,
junctions or to contribute to the photoactivity of the system
and could be neglected in further discussion.

The E, values determined by XPS were 1.9, 1.6, and
1.9 eV for films deposited at —2.25, —2.5, and —2.75 V,
respectively. All three E, values were within the range of
E, values corresponding to either lower SiO, (for
0.8 <x <1 [16, 57]) or SiO,C, species, the band gap of
which would depend on the C content, from 1.21 to
1.75 eV in a SiO,-rich structure [58], to approximately
1.9 eV in SiO, containing 6-8 at.% C [25, 59-62]. In this
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Fig. 6 XPS Si2p, Cls, and Cu2p core level spectra of the of SiO,
films deposited potentiostatically on Cu from 0.5 M SiHCI; at —2.25,
—2.5,and —2.75 V with 1 h deposition time. The presence of Cu was

Table 1 Dependence of the Si and O concentration ratio on the
deposition potential of the Si-based films on Cu from 0.5 M SiHCl;
with 1 h of deposition time determined by XPS; the concentrations
were determined after 90 min of Ar" sputtering

—225V -25V —275V

Si:H (at.%) - - -

Si,0 (at.%) 9.6 - -

SiO (at.%) 13.7 7.4 10.3
Si,05 (at.%) 23.7 32.7 30.5
SiO, (at.%) - -

> Si (at.%) 47 40.1 40.8

>~ 0 (at.%) 53 59.9 59.2
Total Si/O ratio 0.9 0.7 0.7

case, the difference of 2 at.% would be negligible, taking
into account the standard error of the measurement. The
value calculated for the two latter deposits could also
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not observed for the film deposited at —2.75 V; the colored lines are
the different components; the open circles are the measurement
points; and the solid black line is the fit sum of the components

correspond to CuO, [62, 63]. However, as already
explained, the thickness of the CuO, was not enough to
form a semiconductive layer.

3.5 Mechanism of the electrodeposition

As already reported previously [13, 30], the SiO, species
could be produced via the electrochemical reduction of
SiHCI; in TBAB/PC solution with a low H,O content
according to the following reaction:

SiHCl; 4+ xH,0 + xe™ — SiO, + (x + 0.5)H, T + 3C1~
(1)

which would also be the case for the films synthesized in
this work. The Si:O ratio measured by XPS (Fig. 6,
Table 1) showed that with a decrease of the ED potential,
the concentration of oxygen-containing species increased.
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This increase in the oxygen concentration occurred with a
decrease in the deposition potential from —2.25 to —2.5 V;
thus, the higher concentration of the more oxidized SiO,
species can be explained by the simultaneous cathodic
decomposition of PC via carbonate radicals, which would
act as a source of oxygen species [13, 30, 64]. This would
cause the oxidation of the SiO, already produced according
to Reaction 1 and an overall increase in the oxygen con-

centration in the films according to the following
processes:
PC + le” — (C3H6)CO3_ (2)

followed by
-(C3Hg) CO5 + Si0%*P — C3Hg 1 + CO, T + SiO, 05
(3)

Since the further decrease of the deposition potential did
not lead to an increase of the oxygen concentration, we
could state that the decomposition of PC was occurring
steadily in this potential range and would not further affect
the stoichiometry of the films.

Similarly as for the deposits obtained on Au in our
previous work, the supporting electrolyte, TBAB, was
decomposing throughout the entire potential range studied
here. The decomposition of TBAB typically occurs through
radicals, and since radicals are not stable and very reactive,
they were the source of Si—C bonds, which would explain
the presence of the low amount of carbon incorporated into
the films. In addition to this, another source of the carbon
content could be the low amount of silanols formed in the
reaction between SiHCl; and the H,O content present in
the electrolyte [30, 40]:

R;SiCl + H,O — R3SiOH + HCI. (4)

The silanols formed due to their typical tendency to
condense, and the formation of the Si—O-Si linkages [65]
could form the bonds to the deposits and be the source of
O-Si—C photoactive centers contributing to the photoac-
tivity of the films [25].

3.6 SIMS and GD-OES depth profiles

The results of the SIMS profiling are presented in Fig. 7.
Figure 7a shows the surface of the deposit with the bright
square-shaped area of 10 x 10 pum?, for which the SIMS
measurements were performed. Figure 7b shows the sur-
face distribution of Si (upper image) and its distribution
throughout the depth of the deposit (bottom image). It
could be observed that although the Si distribution was
relatively uniform, brighter areas with higher concentra-
tions of Si appeared. Comparing the top view SEM picture
with the distribution of Si, it could also be observed that the

areas of higher Si concentration were in the places where
the surface exhibited some non-uniformities, which indi-
cated the topography effect. In Fig. 7c, a similar trend was
observed as well. The cleavage-shaped brighter areas of
higher O concentration also appeared under the non-uni-
formities visible on top of the deposit, meaning that Si and
O were present throughout all of the studied layers with a
relatively uniform distribution. In comparison, the oxygen
was present across the entire layer, but its concentration
was higher close to the surface, which was identified with
the native SiO, on top of the deposit (the XPS measure-
ments were performed after sputtering off this native
layer).

The GD-OES depth profile of the layer deposited on
Cu from 0.5 M SiHCl; at —2.5 V was registered after
calibration of the spectrometer on crystalline Si (c-Si) to
estimate its thickness (Fig. 8a). Since the surface of the
electrode prior to deposition was intentionally roughened
to improve the adhesive properties of the film and enlarge
the working area of the electrode for the ED process, we
expected that a high amount of the film would be
deposited in the scratches as well. Figure 8b is the
zoomed-in image of Fig. 8a, and it shows the estimated
thickness range where the lines corresponding to Si and
Cu signals crossed.

The concentration of Si within the first 10 nm was
constant (Fig. 8d), and such behavior was observed by
SIMS as well (Fig. 8b). After approximately 10 nm, the
line corresponding to Si dropped while the Cu signal fol-
lowed a fast increase. We assumed that this was the bottom
of the bulk SiO, deposit on Cu, and furthermore, the
observed Si was within the roughened thickness of Cu.
From approximately 20 nm onward, the line arising from
Si followed a slow decay, which is characteristic for the
films obtained on rough substrates, until approximately
0.35 pum, where it reached O at.%.

The normalized dependency of the atomic concentra-
tions of the elements of interest on the sputtering time is
shown in Fig. 8c, and the same zoomed-in area where the
Si and Cu signals crossed is presented in Fig. 8d. The
calculated Si-to-H atomic concentration ratio in the depth
of the deposits was determined as being close to 1. This
was not in agreement with the XPS results, where no Si:H
was observed on the sputtered photoactive surface.

3.7 Discussion

The observed photocurrent, p-type for the SiO,-based film
placed in organic solution (Fig. 3b) and n-type for the
SiO,-based film placed in the aqueous solution (Fig. 2c¢),
corresponded to the photoreduction and photooxidation
reactions, respectively.

@ Springer
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Fig. 7 A. SEM top view of the deposit obtained on Cu at —2.5 V

from 0.5 M SiHCl;. a The brighter area with a size of 10 x 10 pm?
was analyzed by SIMS for the distribution of silicon; b surface;

Figure 9 shows the FTIR spectra registered for the film
synthesized at —2.25 V before (curve a) and after photo-
galvanic measurements performed in organic (b) and
aqueous solutions (c).

The illumination of the deposits in the organic solution
yielded p-type photocurrent ranging from ca 20 to 35 pA/
cm? for the deposits obtained at —2.25 and —2.5V,
respectively. In both cases, the current followed the same
steady increase until reaching a plateau, implying a light-
induced change in the films. In comparison to the spectrum
of the film from before the illumination, its spectrum after
the illumination in the organic solution contained new
bands arising from the C=0O species and Si—-CH, species
(approximately 1800 cm™"' [30, 41]) appearing due to the
photodecomposition of the electrolyte and incorporation of
its product into the films. Since hydrogen was the product
of this photodecomposition as well, it was presumably
reduced at the potential of the experiment (—2 V) and was
built into the films, which could be confirmed by the
increase in the intensity of the bands correlated to the Si—H
species (Fig. 9, range 2250-2500 cm™'). All of these
photoinduced changes were of the reductive type, and thus,

@ Springer

B silicon top view

D oxygen top view

um 10

um 10

pm 10 0
¢ cross section and distribution of oxygen; d surface; e cross section

with the brighter places indicating a higher concentration of the
element of interest

they slightly increased the photocurrent value registered in
time (Fig. 3b) by increasing the concentration of the pho-
toactive species and reducing the Si oxidation state.

After the illumination in HC1O, solution, the intensity of
the bands corresponding to Si—H significantly decreased
(Fig. 9, line c), meaning that the low amount of the
H-containing Si species present underwent photodecom-
position. As the intensities of the bands corresponding to
Si—O species did not change, it could be stated that SiO,
did not photodecompose and was acting as the photoactive
material. On the other hand, through the incorporation of
carbon within the SiO, deposit, a low percentage of pho-
toactive O-Si—C centers was created, which could have
stabilized the photocurrent.

SiO, species are well-known for their n-type behavior in
[66], and we can assume the same photoactive nature of
SiO, reported here. The results on the photoactivity of our
SiO, films in aqueous solution (Fig. 3c) showed the highest
n-type photoactivity of the films for the —2.5 V deposition
potential, indicating that at this potential value deposits
contained the highest concentration of SiO, species. In
aqueous solution, the slow photocurrent decrease was



J Appl Electrochem (2017) 47:917-930

927

deposit in the scratches

Cu

TN
o
1 "

[\
e
-

Si

atomic concentration / %

(e
M

200 300 400

thickness / nm

100

(==

500

@)

—

S

(e
1

Cu

o0
(e
1

N
(e
1

]
e
1

atomic concentration / %
N
(e}
1

(e
|

time /s

Fig. 8 a Dependency of the Si concentration of the deposit obtained
on Cu from 0.5 M SiHCl; at —2.5 V obtained by GD-OES after
calibration of the sputtering rate on crystalline Si. b Zoomed-in image

a) -2.25 V no illumination SiCHx
b) -2.25 V illumination (TBAB/PC at -2 V) SiH,
¢)-2.25 V illumination (HCIO,4 at -0.3 V) .

SlHX
1 SiO_ 1+ 1SiCh
5 Lo
B _ O sicw 0
: SHG Ty
8 I A I AR
3 : N | I W/ \J
< |b) : L N ARNAY
y S M
\ 1 | | | | I |

©) R R ;/’/\\4/\\;\
: : T 1 1 | [ |
T : T T T T T

2500 2000 1500 1000

wavenumbers / cm-1

Fig. 9 FTIR spectra of the deposit obtained at —2.25 V before
(a) and after illumination in 0.1 M TBAB/PC at —2 V (b) and in
aqueous 0.1 M HCIO,4 at —0.3 V (¢)

Si in the bulk deposit
B L

100

i
I
I
1
801 .
I
I

60 -

40

atomic concentration / %

20
O_
0 25 50 75 100
D thickness / nm
100+

atomic concentration / %

time /s

of the region with the highest concentration of Si. ¢ Depth profile of
the same deposit with other elements of interest taken into account.
d Zoomed-in image of the same range as in (b)

related to the decrease in the concentration of photoactive
species detected by FTIR studies (Fig. 9 curve c, the ranges
of 800-450 and 1200-1000 cm™"', respectively). Further-
more, it should be noted that although the intensity of the
band corresponding to the Si—H bonds decreased to zero,
the photocurrent value kept steadily decreasing until
reaching a plateau, meaning that the main species respon-
sible for the photoactivity was SiO,. The steady decrease of
the photoresponse could be associated with the slow oxi-
dation of the film (Fig. 9) occurring due to the evolution of
oxygen [30].

In comparison to the films previously obtained on Au, in
which the photoactivity in aqueous solution was based on
minimally oxidized SiO, and Si:H, the response of the
system while illuminated was fast and stable, although the
photocurrent value itself was approximately three times
smaller than the one reported for H,O oxidation [13]. Since
the SiO, deposited here was more oxidized than that on Au,
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it could be stated that the higher efficiency of H,O oxi-
dation was correlated to the lower Si oxidation state. We
concluded that the photocurrent was stabilized due to the
low carbon content, and we correlated it to the presence of
luminescent O-Si—C centers reported for the oxycarbides,
Si0,C,, having approximately 8-6 at.% of C [59, 60], with
the C content acting as a deep-embedded defect in the SiO,
matrix and affecting its photoactivity.

The observed surface morphology changes (Fig. 4b,
d) could be explained by the possible oxidation of the
film by evolving oxygen and the formation of a SiO,
layer [30]. The lowest observed band gap was deter-
mined for the film obtained at —2.5 V, and this value
actually corresponded to minimally carbon-doped silicon
oxides, for which E, was changing with the amount of C
[57-61]. With the low concentration of carbon in the
films, it can be concluded that although such species
were formed, the main component responsible for the
photoactivity of the films was still SiO, [57], with the O-
Si—C centers acting as the stabilizer of the photocurrent
[59, 60] in aqueous solution.

There were some inconsistencies between the presented
FTIR (Fig. 5) and XPS results (Fig. 6), which did not show
the presence of Si—H, species. This could be explained by
the probing depths of both techniques. In the FTIR, the
wavelength ranges of interest were 800-450 and
1200-1000 cm_l, and thus, the penetration of the probing
beam could be from 12 to 22 pm and 8.3 to 10 pm,
respectively, meaning that the whole film was probed. In
case of the XPS signal, the escape depth was much smaller,
and in the case of Si-based materials, it was approximately
1-2.2 nm for Si and approximately 2.1 nm for SiO,
[67, 68]. Thus, after sputtering off the native SiO, layer,
the XPS signal was collected from a much thinner layer,
within which the Si—H, species were not present or present
at a very low concentration and which was actually
working under illumination. Also, the illumination could
cause the Si—H bond breaking and moving of the H radicals
to the surface (Staebler—Wronski effect), followed by their
immediate oxidization there.

For the film obtained at —2.75 V, no photocurrent was
observed either in aqueous or organic solution, and the
reasons for this outcome could be either morphological
or chemical. For example, due to the non-uniform mor-
phology of the film (Fig. 4c), the well-developed deple-
tion layer could be not formed, similar to the deposits
obtained on Au [30]. On the other hand, a decrease of
the electrodeposition potential led to a thicker film
(higher deposition charge), i.e., an increase in the more
oxidized SiO,-containing film thickness was observed,
which increased the resistivity of the film and resulted in
the lack of contact of the copper substrate with the
solution.

@ Springer

4 Conclusion

To conclude, in this work, we described the electrosyn-
thesis of photoactive SiO, deposited on Cu. Its chemical
composition has been determined by FTIR and XPS tech-
niques and explained by the electrodeposition reaction,
including the contribution of the electrolyte and traces of
water, which were the sources of oxygen, a low content of
carbon and hydrogen. The morphologies of the films were
studied by SEM, and they were shown to be dependent on
the deposition potential. The registered SIMS and GD-OES
depth profiles have shown the Si, O, and H distributions in
the bulk of the synthesized film and that a significant
amount of the film was deposited in the non-uniformities of
the prepared Cu surface. The lowest band gap energy of the
fabricated films was approximately 1.55 eV, and it was
observed for the film deposited at —2.5 V. Since it did not
correspond to any of the species in the film, it was proposed
that a small amount carbon incorporated into the deposits
caused the formation of silicon oxycarbides, which acted as
a stabilizer of the photocurrent in the aqueous solution.
Although the registered photocurrent density value was
lower than those previously reported for the films on Au,
the use of Cu substrate would be an economic alternative to
the noble metal electrodes, and if accompanied by CuO,. of
a controlled thickness, it could open the possibility to apply
a p—n CuO,/SiOy junction for the construction of a cheap
and efficient photogalvanic solar cell.
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