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We present zinc oxide (ZnO) particles obtained inside a porous silicon matrix in the same electrolytic process using a p-type silicon
wafer in a hydrofluoric acid (HF) solution containing formaldehyde (CH2O) and hydrated zinc sulfate as additives. The X-ray
diffraction pattern of the sample confirmed the presence of ZnO with a hexagonal-type wurtzite structure. Photoluminescence
(PL) spectra of the samples, before and after the functionalization process, were measured to observe the effect of ZnO inside
the porous silicon. The PL measurements of porous silicon functionalized with ZnO (ZnO/PS) revealed infrared, red, blue, and
ultraviolet emission bands. The ultraviolet region corresponds to the band-band emission of ZnO, and the visible emission is
attributed to defects. The results of the nitrogen adsorption/desorption isotherms of the PS and ZnO/PS samples revealed larger
BET surface areas and pore diameters for the ZnO/PS sample. We conclude that ZnO/PS can be obtained in a one-step
electrolytic process. These types of samples can be used in gas sensors and photocatalysis.

1. Introduction

In recent years, zinc oxide (ZnO) has been investigated as a
functional material for electronic and optoelectronic devices
such as gas sensors [1, 2], photodetectors [3], solar cells [4],
and laser diodes [5]. Nanostructures of ZnO have been
observed with a variety of forms: nanorods, nanowires, nano-
belts, and nanosheets [6, 7]. The advantages of nanostruc-
tures include their high surface/volume ratio and good
chemical and thermal stability. These nanostructures typi-
cally exhibit photoluminescence (PL) spectra of ZnO com-
posed of a visible blue, green, and red bands related to a

level defect emission and ultraviolet band-band emission
[8]. At room temperature, ZnO is an important semiconduc-
tor with a wide band gap of 3.36 eV. Additionally, the discov-
ery of PL at room temperature (RT) in the visible spectral
region from porous silicon (PS) has resulted in a great deal
of research [9]. In recent years, much effort has been focused
on nanocomposites based on PS due to its potential applica-
tions in silicon-based optoelectronic devices. The high surfa-
ce/volume ratio of PS renders it favorable as a possible matrix
for a variety of nanoparticles for various applications [10].
We believe that the functionalization of PS with ZnO paves
the way for integrating ZnO into integrated circuits based
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on silicon [11]. To deposit ZnO particles on PS, different
methods have been proposed such as radio frequency (RF)
magnetron sputtering [12], sol-gel [13], plasma-assisted
molecular beam epitaxy (PA-MBE) [14], and electrochemical
deposition [15].

ZnO films on silicon substrates result in a large stress
between the ZnO and silicon due to the significant mismatch
in the thermal expansion coefficients and lattice constants of
these materials [16]. On the other hand, the sponge-like open
structure and large specific surface area make PS a conve-
nient material for depositing ZnO and therefore establishing
a nucleation site that is essential for ZnO deposition.

In this study, PS and ZnO/PS were obtained via electro-
chemical anodization. The PS was characterized by PL, nitro-
gen adsorption/desorption isotherm, and gravimetry. The
ZnO/PS was characterized by X-ray measurements (XRD),
PL, nitrogen adsorption/desorption isotherm, and gravime-
try. The ZnO/PS was made without a catalyzer.

2. Materials and Methods

The PS was obtained using wafers of p-type crystalline silicon
with an orientation of <100> and an electrical resistivity of
0.01–0.02Ω·cm in a teflon reactor in which the cathode
was a tungsten wire. We used a mixture of hydrofluoric
acid (HF) (J.T.Baker 48%; J.T.Baker Chemical Company,
Mexico) and CH2O formaldehyde (37%, Merck KGaA;
Merck Company, Mexico) in a ratio 1 : 1 as an electrolyte.
We used a current density of 33.50mA/cm2, and the anodiza-
tion process took 16.66 minutes. The porosity and thickness
of PS were 50% and 50μm, respectively. The porosity and
thickness were calculated using the equations of the gravi-
metric method characterization [17, 18]. To obtain ZnO/PS,
we first prepared the ZnO using hydrated zinc sulfate
(Zn(SO4)⋅7H2O) in a solution (1mM) (MEYER 97%; Quí-
mica Suastes, Mexico) and sodium hydroxide (NaOH)

(MEYER 97%) in an solution (1mM). Next, we mixed
the solutions for 4 hours and stored them at 100°C; this
solution was labeled “ZnO.” This solution was then mixed
with HF and CH2O to obtain HF :CH2O :ZnO in a pro-
portion of 1 : 1 : 1/2. The current density and duration of
the process were 29.81mA/cm2 and 26.40minutes, respec-
tively. The porosity was 50% and the thickness was 50μm.
The XRD pattern of ZnO/PS was obtained using a Bruker
D8 ADVANCE diffractometer (Bruker Corporation, http://
www.bruker.com) with Cu Kα (λ=1.546Å). The pattern
was obtained over an interval of 30–80° in steps of 0.02°.
The PL measurements were obtained using a Cary Eclipse
(Fluorescence-Spectrophotometer; Agilent Technologies,
http://www.agilent.com) with an Xe lamp as the excitation
source (λ=325nm). The porous characteristics were deter-
mined using a Quantachrome AS-1C equipment that enabled
measurements of the isotherm adsorption-desorption of
nitrogen over the adsorbent materials. Macroscopic charac-
teristics such as porosity and thickness were calculated using
the gravimetric method. The gravimetric technique was car-
ried out using mass measurements: the wafer was weighed
before anodization, just after anodization and after a rapid
dissolution of the whole porous layer in a 2%NaOH solution.
Each sample was tested at least two times, and the average
value was recorded. Furthermore, a current density between
20 and 60mA/cm2 was applied over an exposed area of
1.762 cm2 over 60 minutes. We used a Keithley power source
model 2400C (Keithley Instruments Inc., http://www
.keithley.com) in constant-current mode.

3. Results and Discussion

3.1. Structural Characterization.We used XRD to investigate
the crystal phase of the samples. Figure 1(a) shows that the
ZnO was electrodeposited over the PS. The ZnO obtained
was polycrystalline, the diffraction planes were (110), (103),
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Figure 1: (a) XRD patterns of ZnO/PS. The inset shows the expanded view of the (110), (103), and (200) diffraction peaks corresponding to
the ZnO planes. (b) Multi-Gaussian fitting of the XRD patterns between 67° and 72°. The green dotted line corresponds to the experimental
data, and the red line is the sum of the two contributions, which consist of the crystalline silicon substrate peak (C-Si) and the PS layer.
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and (200), and the sample exhibited a wurtzite-type hexago-
nal crystalline structure with spatial group P63mc (JCPDS
No. 36-1451). The inset figure in Figure 1(a) shows the
enlargement of the diffraction peaks of ZnO. The pattern
region between 67° and 72°was fit with two Gaussian compo-
nents (Figure 1(b)) related to the crystal phase of substrate
(observed at 2θ=69.17° (JCPDS 00-027-1402)) and the PS
at 2θ=69.02°, respectively.

3.2. Optical Properties

3.2.1. Photoluminescence. The black line in Figure 2(a) indi-
cates the PL spectrum of the PS layer exhibiting PL emission
bands at 444, 548, and 684 nm. The band of luminescence

centered at 444nm has been reported in electrochemically
etched PS followed by an oxidation process; the emission
from silicon oxide model, widely accepted, suggests that
different types of defects in silicon oxide may be responsible
for PL. This idea has gained support based on the correlation
between the intensity of the blue PL band and the intensity of
peak, obtained by Fourier-transform infrared spectroscopy
(FTIR), corresponding to the Si-O bond [19, 20]. We suggest
that the blue PL is due to SiOX defects. The band of lumines-
cence centered at 548nmmay be associated with the complex
nature of the surface states present on the large internal sur-
face of the PS [21]. The PL emission band from 620–800nm
originates from the quantum confinement of electrons in the
nanocrystals of silicon in PS [22].
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Figure 2: (a) Room temperature PL of PS and ZnO/PS. (b) Multi-Gaussian fitting of PL spectra from the PS sample: the red line is the sum of
the three contributions (blue, green, and pink lines), and the black line corresponds to the experimental data. (c) Multi-Gaussian fitting of PL
spectra from the ZnO/PS sample: the red line is the sum of the tree contributions (blue, green, and pink lines), and the black line corresponds
to the experimental data.
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In order to explain our results, in this oxygen-rich condi-
tion, the amount of oxygen that diffuses into the sample
increases. Therefore, the types of defects most frequently
found in ZnO grown under O-rich conditions are intrinsic
defects such as interstitial oxygen (Oi), zinc vacancies
(VZn), and antisite oxygen (OZn).

The red line in Figure 2(a) indicates the PL spectrum of
the ZnO/PS layer that exhibits ultraviolet blue, red, and infra-
red regions. The emission around 388nm corresponds to the
band-band emission of ZnO [23]. Furthermore, there is the
emission band at 445–490nm that has been observed in
ZnO regardless of morphology. The mechanism suggested
to explain this luminescence is associated with zinc vacancies
VZn, which are usually attributed to transitions from the con-
duction band to zinc vacancies VZn [24]. We observed the
following characteristics from 650–800 nm (Figure 2(a)): a
broad band and an asymmetric shape. According to these
characteristics, the spectral region was fit with three Gaussian
components to determine the predominant mechanism
responsible for the optical emission. We expect that the mea-
sured spectrum is the result of the superposition of one or
more luminescence bands. We can accordingly explain, in a
qualitative way, the PL spectra and their dependence on the
growth conditions of the sample. Finally, our use of Gaussian
fitting allowed us to compare our results with those in the
literature. The results of this fitting procedure are shown
in Figure 2(b) for PS. We noted the presence of two
well-determined luminescence bands: a band of lumines-
cence centered at 700 nm and another band of luminescence
centered at 727 nm. As discussed above, the origin of these
bands is due to quantum confinement in PS [22]. Similarly,
for the ZnO/PS shown in Figure 2(c), the presence of three
well-determined luminescence bands was observed: two at
698nm and 712nm corresponding to the quantum confine-
ment of electrons in the nanocrystals of silicon in PS [22]
and another centered at 774nm that has been related to
oxygen defects such as Oi and OZn [25–27]. These defects
Oi and OZn are formed during the growth process due to
the oxygen-rich conditions [26].

When the PS is functionalized with ZnO, the PL inten-
sity in the ultraviolet and red-infrared regions increases
(Figure 2(a)). The increase in the ultraviolet region is due to
the ZnO deposited into the PS. In the red-infrared region,
the increase can indicate that PS nanocrystallites are chang-
ing in structure given the ZnO deposition [22]. Therefore,
we believe that the deposition of ZnO onto PS stabilizes the
nonradiative states or free bonds. Radiative recombination
of photoexcited carriers should occur via relaxed electronic
states, possibly oxygen-related defect states at the interface
between PS and ZnO. Therefore, we suggest that the non-
radiative states on the PS surface can be replaced during
oxidation due to the electrodeposition of ZnO. This process
results in an increase in PL intensity in the ultraviolet and
red-infrared regions. On the other hand, oxygen vacancies
are unlikely to form during the electrodeposition of ZnO
under the conditions noted above. In addition to disappear-
ing complex states, the luminescence (green-orange) caused
by this defect consequently decreases.

3.3. Isotherms. The PS and ZnO/PS samples were texturally
characterized by nitrogen physisorption. Figures 3(a) and
3(b) show the adsorption/desorption isotherms measured
at the boiling temperature of liquid nitrogen (77K), which
represent the volume of nitrogen adsorbed under STP condi-
tions as a function of relative pressure. According the IUPAC
classification, the adsorption isotherms are type IV and char-
acteristic of mesoporous solids [28].

In addition, the adsorption/desorption isotherms exhibit
a type H1 hysteresis cycle that is associated with materials
with pores with homogeneous shapes and sizes and narrow
pore size distributions. The pore size distribution was evalu-
ated using the Barret-Joyner-Halenda (BJH) and density
functional (DFT) methods. This work confirmed the pres-
ence of mesoporosity in the PS and ZnO/PS materials.
Considering that multilayer adsorption results in capillary
condensation on a cylindrical mesopore at a given relative
pressure, the pore size can be determined applying the
Kelvin equation [28]:
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Figure 3: Nitrogen adsorption/desorption (ads./des.) isotherms at 77K, (a) PS and (b) ZnO/PS.
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ln
P
P0

=
2σνm cos θ

rκRT
, 1

where P/P0 is the relative pressure of nitrogen, rκ is the
Kelvin radius, σ is the surface tension, and νm is the molar
volume of liquid nitrogen (34.7 cm3/mol). R (8.314× 107
erg/mol∗K and T=77K have their usual definitions.

Using the constants for nitrogen, equation (1) reduces to

rκ =
4 15

log Po/P
2

The Kelvin radius is the radius of the meniscus of the
adsorbable condensed within the cylindrical pore at a relative
pressure P/P0. It is assumed that adsorption occurs via a
monolayer-multilayer mechanism until capillary condensa-
tion occurs in medium-sized pores. Prior to condensation,
some multilayer adsorption has taken place on the wall of
the pore. As a result, rκ does not represent the actual pore
radius. Conversely, during desorption an adsorbed multi-
layer remains on the walls when evaporation of the liquid
adsorbate occurs. The actual pore radius rp is given by rp =
rκ + t, where t is the thickness of the adsorbed multilayer.

From the adsorption data determined experimentally, we
also calculated the surface specific of the material using the
Brunauer-Emmett-Teller (BET) model [29]:

P
V 1 − P/P0

=
1

VmonC
+

C − 1
VmonC

P
P0

, 3

where Vmon is the volume of gas adsorbed per unit mass in
a monolayer, V is the volume of gas adsorbed per unit mass
of the sample, C is a parameter related to the enthalpy
molar of adsorption, and P0 is the saturated vapor pressure
of liquid nitrogen at 77K. Equation (3) has been used in
gas adsorption/desorption isotherms in porous matrices to
determine the Vmon and the constant BET (C) from the
slope and the intercept of the straight line obtained from a
plot of P/V 1 − P/P0 as a function of P/P0. The monolayer
capacity (Vmon) is used to calculate the specific surface area of
a material. The values of these textural properties, reported in
Table 1, suggest the possible application of these materials in
gas sensor devices and in photocatalysis [30].

3.4. Gravimetry. We used the gravimetric method to
obtain the porosity and etching rate of the PS samples
with and without ZnO [17]. In Figure 4, we can note a
similar porosity behavior for both electrolyte solutions
(HF :CH2O :ZnO and HF :CH2O). Figure 5 shows that the
etching rate decreases for the same electrical current condi-
tions with the HF :CH2O :ZnO solution; the etching rate
decreases can be attributed to the metal effect of Zn because
it acts as a catalyst. It has been reported that the presence of
a metal changes the etching rate from that of a silicon sub-
strate in an M/HF (M=metal) solution [31]. Metal-assisted
chemical etching was closely investigated by Li and Bond.
These authors found that given a tiny layer of metal particles
(e.g., Au and Pt) exposed over a silicon layer, the silicon

attack was catalyzed in a solution of HF-CH3CH2OH, yield-
ing long pores [31].

Hole injection is well documented for the oxidation and
dissolution of silicon in metal-assisted chemical etching of
Si [31–34]. In this process, the metal acts as a microscopic
cathode when the oxidation of silicon occurs. The metallic

Table 1: Data obtained from the adsorption/desorption isotherms.

Sample Pore diameter (nm) Porosity (%) Surface area (m2/g)

PS 5.86 50 237.90

ZnO/PS 8.19 50 294.00
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Figure 4: Porosity as a function of the applied current density for PS
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ions (Zn+2) are reduced, which yields electrons from the Si-Si
bond over the layer of silicon. In a Zn/HF solution, the charge
transfer necessary for the oxidation and dissolution of Si is
carried out, which is similar to the M/HF solution. In this
way, the etching rate changes between silicon and a solution
containing HF :CH2O; this effect can be seen in Figure 5.

A similar behavior can be observed for both electro-
lytes if increasing the current density increases the porosity
(Figure 4). This figure shows that for a certain fixed current
density, the porosity of PS and ZnO/PS is nearly identical.
Figure 5 shows that for a fixed current density, the etching
rate decreases when the HF :CH2O :ZnO solution is used;
this finding may be due to the effect of the Zn.

4. Conclusions

ZnO was deposited and pores were formed simultaneously
during the electrochemical anodization. The presence of
ZnO inside the PS matrix was confirmed by XRD. Ultraviolet
and red emissions of ZnO inside the PS were verified by PL.
We suggest that the optical properties of ZnO/PS were
enhanced by the functionalization process. Pore formation
was demonstrated for nitrogen adsorption/desorption iso-
therms, proving the formation of a mesoporous material.
Obtaining PS functionalized with ZnO was carried out at
RT in step one of the electrolytic process.
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