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A B S T R A C T

Ruthenium oxide (RuO2) has received significant attention in recent years for its photocatalytic properties and
photoelectrochemical (PEC) performance. In the present research, RuO2 nanolayers were grown on n-type
porous silicon (PSi) by metal organic chemical vapor deposition (MOCVD) and atomic layer deposition (ALD).
The morphology, mechanical and optical properties of produced nanostructures were studied by means of
scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spec-
troscopy (EDX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), micro-Raman spectroscopy,
diffuse reflectance and photoluminescence (PL) spectroscopy. It was shown that that MOCVD gives non-uniform
distribution of RuO2 along the pore and it is deposited mainly in the near-surface of PSi, while distribution of
ruthenium obtained by ALD looks conformal over the entire pore. The mean size of RuO2 nanocrystallites and
mechanical stresses were determined by TEM, XRD and Raman spectroscopy. It was demonstrated that samples
obtained by ALD demonstrate a good crystallinity, while crystalline phase for samples produced by MOCVD
improve with RuO2 layer thickness increasing. It was established the formation of hydrated RuO2 during ALD
and MOCVD. It was shown that the samples produced by MOCVD have slightly higher electrical conductivity
than ALD samples. The average value of energy gap (Eg) for samples prepared by MOCVD depended on the
number of injections. RuO2 nanolayers quenched intrinsic PL from the PSi matrix. The correlation between
structural, optical, and mechanical properties of samples produced by MOCVD and ALD was discussed.

1. Introduction

Porous silicon (PSi) – metal oxide (MOx) nanostructures and na-
nocomposites have a great potential in various applications, such as in
photocatalysis [1,2], (bio)sensors [3,4], Li-ion batteries [5], etc. It is
possible to tailor physical properties of nanocomposites by coupling PSi
with different MOx (e.g. TiO2, ZnO, Al2O3 etc.) [6]. In our previous
works, we have shown that some optical parameters, as band gap en-
ergy (Eg), refractive index (n) and extinction coefficient (k) could be
tuned by varying the thickness of TiO2 in nanocomposites based on
TiO2/PSi [7], and TiO2/Si nanopillars [8,9]. This is critically important
for development of novel nanocomposites which could be used as ef-
fective photoelectrodes in photoelectrochemical (PEC) water splitting
or optical sensors [8–10]. Therefore, the improvement of PEC proper-
ties of PSi-MOx nanocomposites, which can be achieved by choosing

the appropriate MOx, is an important research topic.
Ruthenium oxide (RuO2) with a rutile phase has received significant

attention in recent years for its photocatalytic properties and PEC
performance [11–13]. It was shown that incorporation of RuO2 on
NaTaO3 films allowed to achieve a maximum photoelectrochemical
hydrogen production of 15.7 mmol h−1 g−1 with a solar-to-hydrogen
(STH) conversion efficiency of 4.29% because of enhanced PEC activity
of RuO2 in the visible region [14]. Authors demonstrated the good
photoconversion properties of RuO2 and it seems that combination of
RuO2 with highly porous materials as PSi enables to develop high-
quality material for solar water splitting. Thus, a nanocomposite based
on the combination of PSi substrate with RuO2 seems to be prospective
photocatalytic material and requires a systematic investigation of its
structural, optical and electrical properties.

Many deposition techniques have been used to fabricate RuO2 films
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such as a rf-reactive sputtering [15], molecular beam epitaxy (MBE)
[16], atomic layer deposition (ALD) [17,18], chemical vapor deposition
(CVD) [19], metal organic chemical vapor deposition (MOCVD) [20],
and electrochemical deposition [21]. Among all of these techniques,
ALD and MOCVD are considered to be the most suitable to deposit thin
layers of RuO2 onto the PSi substrate. Both methods demonstrate good
thickness control and conformality of the deposited layer. MOCVD in-
volves the deposition of thin MOx films on a heated substrate using a
mixture of gas precursors: a metal organic and an oxidant. This method
has the advantages of good conformality and high film uniformity even
for non-planar structures. However, the introduction of precursors in
ALD occurs in a repeated cycle what allows controlling the thickness of
fabricated nanolayers and this method operates at much lower tem-
peratures comparing to MOCVD. To our knowledge, there are no re-
searches comparing physical properties of RuO2 nanolayers deposited
on PSi substrate using these two deposition techniques.

In the present research, a comprehensive study of PSi substrates
combined with RuO2 nanolayer formed by MOCVD and ALD, are pre-
sented and discussed in detail. The morphology, phase structure and
composition depending on the deposition method were detected by the
scanning and transmission electron microscopy (SEM, TEM), XRD, en-
ergy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. We revealed that the crys-
tallinity of RuO2 layers and mechanical stresses at Si-RuO2 interface
depend on the deposition technique. This finding provides a compre-
hension of morphology evolution during MOCVD and ALD of porous
substrates. Optical properties have been also analyzed by means of
diffuse reflectance and photoluminescence (PL) spectroscopy. An ana-
lysis of the PL spectra revealed the PL quenching due to photogenerated
charge carriers separation at the PSi/RuO2 heterojunction. The results
obtained are very promising for the improved use of PSi-RuO2 struc-
tures in photocatalysts, photovoltaic and sensor application.

2. Experimental section

2.1. Preparation of PSi

Initial PSi structures were fabricated by typical metal assisted-che-
mical etching process (MACE) applied to n-type (1 0 0) 1–10Ω·cm si-
licon wafer [22,23]. The wafer was cut into samples with a size of
1.5× 1.5 cm2. In the order of removing various contaminations from
the surface a standard RCA procedure was performed. After ultra-
sonication in acetone, water and ethanol for 15min at each step and
degreasing in Piranha solution (98% H2SO4/30% H2O2= 3:1, v/v) at
room temperature for 30min the native oxide layer was removed in 5%
HF for 10min. The catalyst in the etching process, represented by Ag
layer of thickness 60 nm was deposited on Si pieces via magnetron
sputtering. The etching process was conducted in HF/H2O2/H2O=20/
30/80 for 15min at room temperature. In order to remove the residual
Ag inclusions, samples were dipped into HNO3:H2O=1:1 solution for
30min. At the final step silicon pieces were thoroughly rinsed by
deionized water and dried in N2 flow.

2.2. MOCVD and ALD deposition

RuO2 films with thickness of 6–28 nm were prepared by using
metal-organic chemical vapor deposition (MOCVD) technology in a
low-pressure hot-wall quartz reactor and by atomic layer deposition
(ALD) technique. For transport of metal-organic precursor to the reactor
chamber, the liquid injections of the precursor, dissolved in an appro-
priate solvent, were employed. This liquid source delivery technology is
termed as liquid injection metal-organic chemical vapor deposition (LI
MOCVD). Metal-organic precursor bis(2,2,6,6-tetramethyl-3,5-hepta-
nedionato)(1,5-cyclooctadiene) ruthenium, Ru(thd)2(cod), dissolved in
a solvent was introduced into the evaporation chamber using electro-
magnetic micro-valve.

Alternatively, the liquid injection MOCVD can be transformed to
ALD. The ALD deposition cycle consisted of four steps: (I) multiple in-
jections of the precursor, (II) purge of the reactor by Ar, (III) O2 in-
troduction, (IV) purge of the reactor by Ar. Deposition conditions for
both MOCVD and ALD techniques are given in the Table 1 [18].

All of the indicated parameters were kept constant during both
deposition processes. The variations were done only in number of in-
jections (from 60 to 150) for MOCVD and in number ALD cycles (from
50 to 130). Therefore, the only expected difference in sample para-
meters was the thickness variation due to change of total time of de-
position process. Therefore, samples were titled in the following
manner: M_N, where M – the deposition method and N – the number of
ALD or MOCVD cycles/injections (e.g. ALD_90, MOCVD_150).

The set of three samples was used for each deposition round, which
included PSi sample, flat (1 0 0) n-type Si sample with 2 nm native
surface SiO2 layer for X-ray reflectivity (XRR) and resistivity measure-
ments and quartz sample for transmittance measurements.

XRR patterns of the RuO2 films grown by MOCVD and ALD were
measured on flat Si samples. RuO2 layers were characterized by low-
angle X-ray reflectivity measurement between 0.5 and 10 degrees with
Bruker D8 DISCOVER diffractometer equipped with an X-ray tube with
a rotating Cu anode. The reflectivity curves were analyzed using the
software LEPTOS 3.04 provided by Bruker Company (SI, Fig. S1).
Theoretical curves were calculated for a simple model comprising the
substrate, thin interlayer (∼2 nm thick) and RuO2 layer. Density of
both layers changed linearly with depth. Fitting parameters were the
thicknesses, the densities of both layers as well as the roughness (root
mean square) of the two interfaces and of the surface. Genetic algo-
rithm was used for simultaneous optimization of the variable para-
meters [24]. Layer densities, layer thickness, and interface roughness
were varied in order to obtain the best agreement between the ex-
perimental and calculated dependencies. MOCVD grown films showed
thickness of 6 nm after 60 precursor injections, 10 nm after 80 pre-
cursor injections and 23 nm after 150 precursor injections and surface
roughness for these samples was respectively 1 nm, 1.8 nm and 2.4 nm,
while ALD grown films appeared to be 18 nm after 50 cycles, 20 nm
after 90 cycles and 28 nm thick after 130 cycles with surface roughness
respectively 2.8 nm, 4 nm and 2.5 nm (SI, Fig. S1, Table S1). Lower
surface roughness of the MOCVD grown films was also observed on
SEM images.

2.3. Material characterization and optical measurements

Structural properties of PSi and ALD/MOCVD RuO2 thin films were
investigated by X-ray diffraction (XRD) (PANalytical, X’pert3 pro-MRD
diffractometer) working with a Cu lamp (λ=1.5418 Å), scanning
electron microscopy (SEM) (JEOL, JSM7001F) with an energy dis-
persive X-ray (EDX) analyzer, transmission electron microscopy (TEM)
(JEOL ARM 200F high-resolution transmission electron microscope
(200 kV) with EDX analyzer), and Raman scattering (Renishaw

Table 1
MOCVD and ALD parameters of RuO2 deposition.

Deposition parameter MOCVD ALD

Solvent Isooctane ethylcyclohexane
Deposition temperature [°C] 290 250 ± 20
Evaporation temperature

[°C]
200 160

Pressure [Pa] 266 not constant (depends on the
step)

Argon flow rate [sccm] 20 45 (I, II, IV steps)
Oxygen flow rate [sccm] 170 200 (III step)
Oxygen pulse time [s] Continuously 80 (III step)
Purge time [s] _ 30 (II step), 50 (IV step)
Pressure Ru(thd)2(cod) – 24 Pa
Pressure O2 – 105 Pa
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microRaman spectrometer equipped with a confocal microscope (Leica)
and laser (λexcitation= 514 nm). The cross sections and lamellas for TEM
investigations were prepared by Focused Ion Beam (JEOL, JIB-4000). X-
ray reflectometry (XRR) measurements were performed Bruker D8
DISCOVER diffractometer equipped with an X-ray tube with a rotating
Cu anode. Optical properties of nanocomposites have been studied with
UV− vis transmittance (UV− vis spectrophotometer lambda 950 UV/
vis/NIR range 300–1100 nm, 1 nm step), reflectance and photo-
luminescence spectroscopy (OceanOptics spectrometer).

3. Results and discussion

3.1. Morphology and structural properties

Fig. 1a and b display SEM images of PSi surface obtained by MACE.
PSi samples show highly textured surface, the irregular columnar
structure with shallow micropores (Fig. 1a and b). The average size of
macropores is about 1–2 μm and the thickness of of porous layer is
approximately 21 μm (Fig. 1c). All samples obtained by both deposition
methods have shown conformal coverage of the surface by RuO2

(Fig. 1d–f, SI Fig. S2). It is clearly seen that the RuO2 layer has a
granular morphology with average grain sizes of 18 nm for ALD sam-
ples (Fig. 1d) and 25 nm for MOCVD layers (SI Fig. S2). Cross-sectional
SEM images show the infiltration of RuO2 inside pores (Fig. 1f). In order
to estimate the depth of RuO2 we have also performed TEM/EDX
measurements.

Fig. 2a and c show the TEM image of the PSi after the 150 injections
of MOCVD and 130 cycles of ALD, respectively. One can observe the
thin layer consisting of RuO2 nanocrystallites, which cover PSi. It is
clearly seen that the MOCVD gives non-uniform distribution of ruthe-
nium along the pore and it is deposited mainly in the near-surface of PSi
(Fig. 2a), while distribution of ruthenium obtained by ALD looks con-
formal over the entire pore (Fig. 2c). We may assume that MOCVD
processes mainly occur in a thin top-layer of PSi while during the ALD
process molecules of precursors penetrate into the pore forming the
layer of RuO2 inside the PSi matrix. This fact is also confirmed by TEM-
EDX analysis. Fig. 2b and d indicate the distribution of Ru atoms in PSi.
We can notice that Ru atoms are distributed in a thin layer (∼2µm) for
samples obtained by MOCVD and the full pore coverage for ALD

Fig. 1. SEM of PSi surface (a, b) and cross-section (c) before oxide deposition and after RuO2 layer formation by 130 ALD cycles (d, e, f).

Fig. 2. TEM and EDX images of as-prepared MOCVD (a, b) and ALD (c, d) PSi/
RuO2 nanostructures; (e) the high-resolution TEM of ALD_90 and (f) the FFT
image.

I. Brytavskyi et al. Applied Surface Science 471 (2019) 686–693

688



samples.
In order to investigate the crystallinity of obtained PSi/RuO2 na-

nostructures the high-resolution TEM (HR-TEM) measurements were
performed. HR-TEM image of the PSi/RuO2 nanostructure produced by
ALD is shown in Fig. 2e. We can observe of polycrystalline structure of
RuO2 (Fig. 2f). Lattice fringes, which are clearly visible in the HR-TEM
image indicates the forming of RuO2 nanocrystallites in the PSi matrix.
We estimated the interplane distance of 0.32 nm, 0.26 nm, 0.25 nm, and
0.17 nm for RuO2 and 0.27 nm, 0.16 nm and 0.13 nm for silicon, re-
spectively. They correspond to the lattice distance of (1 1 0), (1 0 1) and
(2 0 0) planes of the rutile RuO2 and (3 1 1) and (2 0 0) planes of silicon.
The average size of RuO2 nanocrystallites varied from 10 ± 2 nm to
7 ± 4 nm for samples produced by ALD and MOCVD, respectively.

Fig. 3 shows XRD patterns of PSi/RuO2 nanostructures fabricated by
MOCVD and ALD. Measured XRD spectra represent the set of sharp and
broad peaks assigned to (1 1 0), (1 0 1), (2 0 0), (2 1 1), (2 2 0), (0 0 2),
(3 1 0) and (1 1 2) crystallographic directions corresponding to tetra-
gonal phase of RuO2 (JCPDS 43-1027). We can observe the improve-
ment of crystalline phase for samples produced by MOCVD with in-
creasing a number of injections, and as a consequence the thickness of
RuO2. However, it is still highly polycrystalline for the sample with the
minimum number of MOCVD injections (corresponding to approxi-
mately 6 nm). Samples obtained by ALD demonstrate a good crystal-
linity for all samples.

In order to estimate the average size of nanocrystallites and de-
formations in PSi/RuO2 nanostructures the Debye – Scherrer and
Williamson – Hall calculations were performed [25]. The average size
of RuO2 nanocrystallites (D) was calculated as: [25]

=D kλ
β θcos

,
(1)

where k is a constant equal to 0.9 (for spherical crystallites approx-
imation), λ is a wavelength of X-ray irradiation of Cu Kα, β is the line
broadening at half maximum intensity and θ is the Bragg angle. The
Williamson – Hall approach was applied to estimate the relative de-
formations (ε) in the PSi/RuO2 nanocomposite through the diffraction
line broadening, which takes place due to crystallite size, and strain
contribution. A typical equation is:[25]

= +β θ kλ
D

ε θcos 4 sin , (2)

Table 2 shows calculated values for average nanocrystallites sizes
(D) and relative deformations (ε). The average nanocrystallite size is
about 11 ± 1 nm for samples obtained by ALD, correlating with TEM
results and not significantly depends on the number of ALD cycles. In
our previous works, we have shown that the size of nanocrystallites of
metal oxide inside the porous matrix is determined by the average size
of Si pores [22]. The relative deformations drastically decrease from
3.3×10−2 to 5× 10−3 for 50 and 130 ALD cycles, respectively. This
effect is probably relates to the relaxation processes of mechanical
stresses which occur at the interface of Si-RuO2 with increasing the
thickness of MOx layer inside PSi matrix. As was previously shown,
mechanical stresses accumulating at the interface inside pores depend
on the layer thickness and have higher values for thinner layers
[26,27]. If this value becomes equal to the threshold stress, the re-
laxation (deformation) of mechanical stresses occurs, and as a con-
sequence, we observe the decreasing of relative deformations.

Samples obtained by MOCVD method demonstrate other structural
and mechanical features. In opposite to ALD technique, the average
nanocrystallite size increase with the number of MOCVD injections. The
values of relative deformations remain almost the same for all samples
produced by MOCVD. These observations can be explained by the fact
that the MOCVD RuO2 layer is mostly distributed in the top of PSi.
Therefore, the thickness of the RuO2 layer are not restricted by the walls
of PSi pores, and mechanical stresses/deformations are not affected by
the interface effects, as in the case of ALD samples.

In order to confirm the phase of obtained nanocomposites and to
detect mechanical effects in the RuO2 nanocrystals, we have used
Raman spectroscopy, due to its high sensitivity to structural deforma-
tions [28]. Measured Raman spectra of fabricated MOCVD and ALD
nanostructures are shown in Fig. 4. There are the three major Raman
modes, Eg, A1g and B2g which are located at ∼520, 645 and 715 cm−1,
respectively. Last two modes located at 645 and 715 cm−1 are less in-
tensive than Eg and not discussed in our research. For samples obtained
by both methods, it is clearly seen a Raman peak at around 505 cm−1

corresponding to Eg RuO2 Raman mode. Besides, one can observe an
intensive Si mode at 520 cm−1 [28]. We can see that the main Eg
Raman peak is shifted and broadened in comparison with a single-
crystal RuO2 for samples obtained by MOCVD (Fig. 4a). However, the
peak position remains almost the same and do not depend on the
number of MOCVD injections. It might be explained by quantum-con-
finement effect which takes place in RuO2 layer [28,29]. On the other
hand, the Eg peak for samples obtained by ALD shows significant red-
shift. The possible mechanisms for the peak redshift may result from
accumulative effects of quantum confinement and disorder effects in-
duced by grain boundaries or/and by interface strains. Silicon Raman
peak located at 520 cm−1 also undergoes a certain shift due to me-
chanical stresses induced by growing of RuO2 layer inside the PSi ma-
trix. This conclusion is consistent with the XRD results where we have
shown that the value of deformations decrease with increasing of the
number of ALD cycles. Besides, as was shown in TEM/EDX (Fig. 2d),
RuO2 layer covers the whole area inside the PSi matrix, which induces
high values of mechanical stresses. Meanwhile, RuO2 layer produced by
MOCVD mainly deposits the thin top-layer of porous structure and do
not effect such significantly on the mechanical stresses.

Additional Raman peaks originated from RuO2 are located in the

Fig. 3. XRD spectra of MOCVD and ALD PSi/RuO2 nanostructures.

Table 2
Estimated values of crystalline size and deformations.

Sample D ± ΔD (nm) ε×10−3

MOCVD_150 12.6 ± 0.4 5.1
MOCVD_80 8.7 ± 0.9 14.2
MOCVD_60 7.2 ± 0.1 12.3
ALD_50 10 ± 1 33
ALD_90 12.2 ± 0.2 10.9
ALD_130 10.5 ± 0.2 5.6

I. Brytavskyi et al. Applied Surface Science 471 (2019) 686–693

689



range of 480–495 cm−1. According to other researches, this peak can be
assigned to the formation of RuO2·H2O [30,31]. Comparing this peak
for both methods, we can observe that the relative intensity for ALD
samples is much higher than for samples obtained by MOCVD. We may
assume that during ALD processes, the formation of hydrated RuO2

occurs more intensively because of high ALD precursor reactivity.
However, this is still an open question, which requires further in-
vestigations.

In order to estimate the average size of RuO2 nanocrystallites, as-
suming their spherical shape, we have employed a simple confinement
model [29]. The dispersion relation for optical phonons in RuO2 na-
nocrystallites was taken from Ref. [29]. The calculated size of RuO2

nanocrystallites was approximately 4–6 nm, for samples produced by
both methods, and did not correspond to the XRD and TEM results
because of neglecting mechanical and structural effects in the con-
finement model.

3.2. XPS analysis

For thorough investigation of oxidation states and chemical com-
position of fabricated nanocomposites a comprehensive XPS analysis
was performed. Measured XPS survey spectra are displayed in Fig. 5a.
Both samples produced by ALD and MOCVD depict mainly Ru, O and Si
components but also C contaminations. The presence of carbon in
samples might be explained by contamination during deposition and
etching processes. The high-resolution valence band XPS spectra exhibit
two asymmetric features centered at about 2 eV and 7 eV below Fermi
Energy (EF) and attributed to Ru 4d and O 2p, respectively (Fig. 5b). It
is known that conductive properties of RuO2 correlate with the number
of free d-electrons [32]. RuO2 is considered to be metallic-like

conductors and electrical conductivity is explained by partially filled
metal-oxygen π* band [33]. The Ru 4d and the O 2p levels interact to
give metal-oxygen bands with different symmetry σ, π and π*. These
orbitals are polarized towards oxygen and lead to peaks σRu-O, πRu-O and
π*Ru-O (Fig. 5b). Taking into account that the partially filled π*Ru-O level
is responsible for conductive properties of RuO2, and comparing XPS
intensity at EF, we can conclude that the samples produced by MOCVD
(150 injections) have slightly higher electrical conductivity than ALD
(130 cycles) samples. This conclusion was also confirmed by resistance
measurements performed by Van der Pauw method for flat samples (SI,
Table S2).

The high-resolution XPS core-level spectra for Ru 3d, O 1s and Si 2p
and their deconvolution fitting are presented in Fig. 6. The Ru 3d is
characterized by two peaks corresponding to the 5/2 and 3/2 spin-or-
bital components (Fig. 6a and b). Since the C 1s peak coincides with the
Ru 3d3/2 any interpretation of Ru components required careful atten-
tion. It is clearly seen two spin-orbital components located at
281.5–285.6 eV and 283.3–287.5 eV, respectively. The value 4.1 eV
(285.6–281.5 eV) of spin-orbital splitting is typical for RuO2 [34].
Second Ru 3d doublet (287.5–283.3 eV), probably originate from hy-
drated RuO2·H2O. One can also observe C 1s core level peaks of carbon
contaminations.

Core-level O 1s spectra for ALD and MOCVD samples are shown in
Fig. 6c and d. After deconvolution, the O 1s spectra display three dis-
tinct peaks located at 530.0, 532.0 and 533.9 eV for the ALD sample
and 530.3, 532.3 and 534.1 eV for the MOCVD sample, which were
attributed to the lattice oxygen (O2−) in RuO2, surface hydroxyl groups
(eOH) and the chemisorbed atomic oxygen from hydrated RuO2, re-
spectively. The third peak at 534 eV could be also attributed to SiO2.

Fig. 4. Raman spectra of MOCVD (a) and ALD (b) PSi/RuO2 nanostructures. Fig. 5. (a) XPS survey spectra and (b) Valence band spectra of MOCVD and ALD
prepared PSi/RuO2 nanostructures.
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The analysis of Si 2p core-level XPS spectra indicates that there are
silicon in two states: neutral atoms (Si) with binding energy centered at
100.5 ± 0.2 eV and SieO bonds with a binding energy of
104.4 ± 0.2 eV (Fig. 5a) [26]. One can notice that the relative con-
centration of Si-O component for MOCVD sample is much higher than
ALD. It may be explained by the enhanced oxidation during MOCVD.

3.3. Optical properties

Finally, to determine optical properties and estimate energy band
gap, the samples were investigated by diffusive reflectance and pho-
toluminescence spectroscopy. Fig. 7a shows the diffuse reflectance
spectra for MOCVD and ALD samples. It is clearly seen that after
MOCVD and/or ALD processes the reflectance in the range 400–800 nm
decreased significantly because of high absorption of deposited RuO2

layer. The average reflectance in the visible range is less than 7%. In-
creasing of RuO2 layer thickness leads to decreasing of the total re-
flectance from 15% (wavelength 700 nm) for MOCVD_60 to less than
10% for MOCVD_150, respectively. The same tendency is observed for
samples produced by ALD technique.

In order to estimate the optical band gap (Eg) of RuO2 in the PSi/
RuO2 nanostructures typical Tauc plots were plotted (Fig. 7b). The band
gap values were calculated through Kubelka-Monk formula (4) using
the measured diffuse reflectance spectra:[35]

=
−F R

R
(1 )

2
,

2

(3)

−Fhv hv E( ) ( ),g
1/2 (4)

where F, R, hv and Eg represent the Kubelka–Munk function, the diffuse
reflectance, photon energy and band gap, respectively. As it is depicted

Fig. 6. High-resolution XPS core-level spectra of MOCVD produced samples: (a) Ru 3d, (c) O 1s, (e) Si 2p and ALD produced samples: (b) Ru 3d, (d) O 1s, (f) Si 2p.
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in Fig. 7b, the band gap values E( )g were calculated by intersection of
curve’s liner parts with the photon energy axis. The average value of Eg
for ALD samples was around 2.4 ± 0.1 eV. The obtained Eg values for
MOCVD were 2.65 ± 0.3, 2.36 ± 0.2, and 2.30 ± 0.2 eV for 150, 80,
and 60 injections, respectively. We have also compared band gap values
for RuO2 layers grown on the flat and PSi surface. Fig. 7c shows esti-
mated band gap values for RuO2 layers onto glass substrate which were
calculated from transmittance spectra (SI, Fig. S3): 2,21 eV, 2,16 eV and
2 eV for 8, 12 and 16 nm respectively. It is clearly seen the gradual
decreasing of Egvalues with increasing the number of MOCVD injec-
tions and nonsignificant changes for ALD samples. We suggest that
samples with thinner layer (60, 80 MOCVD injections), and as a con-
sequence small size of RuO2 nanograins, showed higher values of the
band gap, which could be related to the quantum confinement effect.
The estimated Eg values can also be affected by defects and mechanical
stresses [7].

Fig. 7d shows photoluminescence spectra of PSi and RuO2/PSi na-
nostructures. Nanolayers of RuO2, which cover the PSi, may change the
surface structure and interface properties, and therefore will lead to
significant changes in optical properties of the nanocomposite. The PL
peak centered at 700 ± 5 nm (1.77 eV) was observed for PSi. After
RuO2 deposition, the PL peak was almost quenched what indicates that
the RuO2/PSi nanocomposite had a lower recombination rate. We have
previously shown that heterojunctions of PSi and metal oxides separate
the photogenerated charge carriers due to a difference in the energy
levels of their conduction (Ec) and valence (Ev) bands, which improves
the photocatalytic activity. The principal scheme of the quenching
process is depicted in Fig. 7d (inset).

4. Conclusions

In summary, RuO2 thin layers on PSi substrate were synthesized
using MOCVD and ALD techniques. The crystalline structures, chemical

compositions, physical properties of the prepared RuO2/PSi nanos-
tructures were established, and the main structural (crystalline phase,
grain size, layer thickness), optical (band gap energy), and mechanical
parameters (deformation) were calculated. Calculated values of de-
formations remained almost the same for all MOCVD samples, while for
ALD samples they drastically changed, showing the influence of layer
thickness and RuO2 distribution in Si pores. The significant Raman
spectroscopy peak confirms this conclusion for samples obtained by
ALD due to mechanical stresses induced by growing of RuO2 layer in-
side the PSi matrix. Mechanical and optical properties of RuO2/PSi
nanostructures are tailored by their structural parameters. The esti-
mated Eg values variations can be related to structural defects, me-
chanical stresses and to quantum confinement effect. We may conclude
that combining the large effective surface area of PSi and the fast
charge carrier separation at the RuO2/PSi heterojunction, provides an
opportunity for effective application of RuO2/PSi nanostructures in
photocatalysis and optoelectronics.
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