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Abstract
ZnO films were electrodeposited on porous silicon templates with different
porosities. The photoluminescence (PL) spectra of the samples before and
after deposition of ZnO were measured to study the effect of template
porosity on the luminescence properties of ZnO/porous Si composites.
As-prepared porous Si (PS) templates emit strong red light. The red PL peak
of porous Si after deposition of ZnO shows an obvious blueshift, and the
trend of blueshift increases with an increase in template porosity. A green
emission at about 550 nm was also observed when the porosity of template
increases, which is ascribed to the deep-level emission band of ZnO. A
model-based band diagram of the ZnO/porous Si composite is suggested to
interpret the properties of the composite.

1. Introduction

The study of ZnO has been an area of strong interest in
recent years since ZnO has various potential applications
in low-voltage and short-wavelength opto-electronic devices
such as light emitting diodes and laser diodes. Usually, the
photoluminescence (PL) spectrum of ZnO is composed of a
visible blue-green band related to deep-level defect emission
and ultraviolet emission from free excitons [1]. ZnO has
been widely investigated on various substrates [2, 3], or porous
templates [4, 5], while ZnO films grown on porous Si templates
have been little studied. Porous Si is one of the most important
Si-based luminescence materials since Canham presented the
first observation of efficient photoluminescence from porous
Si at room temperature [6]. Its open structure and large surface
area, combined with unique optical and electrical properties,
make it a good option for templates [7, 8]. In general, the
emission energy of porous Si layers increases with decreasing
size, covering the entire visible spectrum from red to blue
[9, 10] and the red-emitting PS can be obtained easily. If the
red emission from porous Si layers could be combined with a
blue-green emission from a ZnO film, it would be possible to
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obtain white light. This offers a cheap route for a white LED,
which is significant for display technology.

In this paper, ZnO polycrystalline thin films have
been electrodeposited on porous Si templates with different
porosities. High-quality ZnO films electrodeposited on c-Si
have been reported in our previous paper [11], which reports
the possibility of growing ZnO films on porous Si. The
photoluminescence properties of the porous Si before and after
deposition of ZnO were studied. When the ZnO/porous Si
composite is excited by the 488 nm line of an Ar+ laser, the
emission in the red region from porous Si shows an obvious
blueshift compared with as-prepared porous Si templates.
The blueshift increases with an increase in template porosity.
Accompanying with the blueshift, a new emission on the high-
energy side, about 550 nm, related to the deep-level emission
of ZnO is observed. In order to explain these experimental
results, a model has been proposed to describe the emission
mechanism.

2. Experiment

The preparation of the samples involved two steps:
first, the preparation of PS templates with strong visible
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photoluminescence by anodic etching and second, cathodic
electrodeposition of ZnO on the PS templates. PS templates
were obtained by electrochemical etching of (001)-oriented
n-type Si with resistivity 4–6 �cm. The Si wafers were
irradiated using a 500 W white light from a distance of 20 cm
above the electrochemical cell. The etching was carried out
in an HF and C2H5OH mixture (HF : C2H5OH = 1 : 1) at
a constant current of 40 mA cm−2 for 10, 20, and 30 min.
The as-made PS samples were cut into two pieces. One
series was labelled as A, B, and C. The other was used
to deposit ZnO films immediately. Deposition was carried
out in a dimethylsulfoxide solution containing 0.03 M ZnCl2.
0.1 M KCl was introduced to ensure good conductivity of
the solution. Electrodeposition was carried out at a constant
current of 0.1 mA cm−2 for 1 h at room temperature. ZnO film
was also grown on crystal Si under the same conditions for
comparison. The samples of ZnO films grown on A, B, and C
templates were labelled as A1, B1, and C1, respectively.

Cross sectional views of the samples were obtained using
a scanning electron microscope (SEM). X-ray diffraction
(XRD) spectra of the films were taken on a Siemens D500
diffractometer operating in the θ–2θ Bragg configuration using
CuKα radiation of 1.5418 Å. Raman and PL spectra were
measured using a micro-laser Raman spectrometer, and the
488 nm line of an Ar+ laser was used as an excitation source.

3. Results and discussion

Figure 1 illustrates a typical SEM image of the cross sectional
view of the porous Si templates. The pore with a straight
parallel channel was perpendicular to the substrate. The
average pore diameter is about 500 nm, and the length is about
4 µm. The SEM photographs of the as-prepared porous Si
samples show that an increase in etching time leads to creation
of more cracks and voids, as well as increases the porosity of
the templates.

When ZnO is grown on the porous templates, energy
dispersive x-ray spectroscopy shows that the film consists of
Zn and O. The diffraction peaks of (100), (002), and (101)
have been observed in the XRD patterns, which demonstrates

Figure 1. Cross sectional SEM image of sample A.

the formation of polycrystalline ZnO films with no preferred
orientation on the PS templates.

The Raman spectra of samples A, B, and C were compared
with crystal Si, as shown in figure 2. The Raman line at
520 cm−1 from crystal Si, which is sharp and symmetric, is
attributed to scattering of the first-order phonon. While for
porous Si, with an increase in etching time the Raman peak
shifts to a lower frequency, which is 515 cm−1, 508 cm−1, and
505 cm−1 for samples A, B, and C, respectively, the line width
broadens, and the asymmetry of the scatter line strengthens.
These changes are attributed to the confinement of the Si
nanocrystal. For crystal Si, only a k = 0 momentum selection
rule of the first-order Raman spectrum can be satisfied, so only
one peak at 520 cm−1 is observed in the Raman spectrum.
As the crystalline size is reduced to nanometres, the k = 0
momentum selection rule will be relaxed. The phonon
scattering will not be limited to the centre of the Brillouin
zone, and phonon dispersion near the zone centre needs to be
considered. As a result, the frequency-shift, broadening, and
asymmetry of the first-order Raman scattering are observed.
The average diameter of Si crystallite spheres, L, can be
evaluated from the Raman spectra using a spatial model. In
this model, the diameter of nano-Si can be calculated from
formula (1) [12]:

L = 1

2

exp(−π2)

(�L − �0)2 + (�0/2)
(1)

where �L is the frequency of the crystalline-like mode for a
microcrystal size L. �0 and �0 are 520 cm−1 and 4 cm−1,
respectively, for crystalline Si. Kanemitsu et al [13] have
demonstrated that the particle size, L, of various porous Si
samples determined from Raman spectra is in good agreement
with those sizes experimentally determined using transmission
electron microscopy. The average size of nano-Si calculated
from formula (1) is 8.9 nm, 1.7 nm, and 1.1 nm for samples A,
B, and C, respectively. With an increase in etching time, the
size of the Si nanocrystal decreases.

Figure 3 gives the PL spectra of porous Si with
different porosities, which also shows the effects of quantum
confinement. Two clear trends can be observed from
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Figure 2. Raman spectra of samples A, B, and C and c-Si.
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figure 3: a shift towards a shorter wavelength and an increase
in the integrated intensity. The peak at the high-energy side
shifts from around 747 nm for sample A to 736 nm for sample
C, which is due to the quantum confinement. The band gap
of the Si nanocrystal is widened, induced from the quantum
effect, which makes the PL spectra move to the visible range.
Other peaks at 760, 795, and 879 nm have also been observed
in all the three spectra, which are independent on the PS layers.
These may be attributed to the surface state emission of the Si
nanocrystal.

Figure 4 gives the PL spectra of the porous Si composites
after deposition of ZnO. The emission spectrum of sample
A1 shows a near-perfect Gauss line with an emission peak
at 679 nm. The PL spectrum of sample B1 has a red peak at
644 nm with a weak shoulder at the higher-energy side of about
550 nm. For sample C1, two obvious emission bands can be
observed, the red emission band located at 620 nm and another
band in the green region, with a maximum at ∼550 nm. After
deposition of ZnO, a blueshift of the red emission band occurs
compared with the as-prepared porous Si templates. A similar
blueshift of porous Si has also been reported after deposition of
ZnO by Elhouichet et al [14]. A blueshift of porous Si has also
been reported for oxidized porous Si in air ambient [10, 15, 16].
The blueshift after deposition of ZnO is 71 nm, 103 nm, and
117 nm, for samples A1, B1, and C1, respectively. The larger
the porosity of the template, the greater is the blueshift of the
red emission. The red emission band is ascribed to emission
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Figure 3. PL spectra of samples A, B, and C, excited by the 488 nm
line of an Ar+ laser.
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Figure 4. PL spectra of samples A1, B1, and C1, excited by the
488 nm line of an Ar+ laser.

from porous Si whose surface was passivated by oxygen due to
deposition of ZnO, as will be discussed later. Another feature
is evident from the PL spectra: as the porosity of the template
increases, the intensity of the red emission decreases while a
green band emission at ∼550 nm appears for sample B1 and
C1, which may be associated with the deep-level emission
of ZnO.

Before interpreting the emission mechanism of the
composite system, we should study the emission of ZnO
first. ZnO has been known as a luminescent material for a
century. Usually two emission bands are found, a narrow
UV peak at around 380 nm, due to exciton emission, and a
broader emission band situated in the green part of the visible
spectrum. The nature of the green emission of ZnO has
been the subject of much research and is still controversial
and unclear. Copper impurities, chemisorbed oxygen, sulfur
impurities, and intrinsic defects such as interstitial zinc ions
or oxygen vacancies were assumed to be the recombination
centres. During the past years, oxygen vacancies have been
assumed to be the most likely candidates for the recombination
centres involved in the visible luminescence of ZnO. Recently,
Dijken et al [17] have demonstrated that the visible emission
is due to a transition of a photogenerated electron from a
shallow level close to the conduction band edge to a deeply
trapped hole (a V ∗∗

0 centre). The surface-trapped hole can
tunnel back into the particle, where it recombines with an
electron in an oxygen vacancy (V ∗

0 ), resulting in the creation of
a V ∗∗

0 centre, which is the recombination centre for the visible
emission.

Now we go back to the discussion of the PL mechanism
of the composite ZnO/porous Si system. ZnO introduced into
the PS surface should not influence the Si crystalline size but
should change the surface structure, and the interface between
ZnO and porous Si plays an important role in the emission
process of the composite system. In the light of the
observations in this work and previous studies, we explain the
experimental results in terms of a model described below and
presented by the band energy diagram in figure 5. Here χSi =
4.01 eV, χZnO = 4.35 eV denote the electron affinity of silicon
and ZnO. In this model, porous Si is considered as a material
that consists of nanocrystal Si with a band gap larger than

Figure 5. Schematic band diagram of the ZnO/porous Si composite,
describing the emission mechanism.

2707



Y L Liu et al

that of c-Si (1.12 eV) due to the quantum confinement effect.
The band gap of ZnO is EgZnO = 3.37 eV. When the 488 nm
line of an Ar+ laser was applied to the composite system,
only porous Si could be excited. The photoabsorption process
occurred from the band gap of Si nanocrystals, widened by
the quantum confinement effect. The red emission comes from
the porous Si surface, modified by the deposited ZnO. The
entire surface of the fresh porous Si is covered with hydrogen,
such as in SiHx species [9, 18], which are unstable when ZnO
is grown on the surface. Si−H bonds would break and Si=O
bonds form after ZnO deposition on the porous Si surface
[10]. This can also been observed in the Raman spectra of the
composite system. After deposition of ZnO, the Raman peak
of the crystalline Si shifts to a high wave number of 520 cm−1,
which might be stress-induced shifts because oxidation brings
compressive stress, which shifts the Raman peak to the high
wave number [19, 20]. Wu et al [10] have shown oxidation of
surface Si atoms will lead to a blueshift of the red emission
from porous Si due to the additional potential modulation with
the Si nanocrystallite by a long-range Coulomb interaction of
oxygen ions. If the oxygen passivation of surface Si atoms is
deeper, the surface Si atoms are attached by oxygen ions to
form a dilute shell of oxygen. Due to the negative charge of
this oxygen shell, the electrostatic potential of electrons in a Si
shell near the surface will increase. This reduces the effective
size of the Si nanocrystallites and enlarges the gap for the free
excitons. Therefore, a blueshift of Si nanocrystallites due to
the oxygen passivation becomes possible. With an increase in
etching time, the size of Si nanocrystalline decreases and this
leads to an increase in porous Si surface area. Therefore, more
nano-Si atoms are passivated by oxygen ions, enlarging the
blueshift of the red emission with the increase in porosity of
porous Si.

Simultaneously, because of the large surface-to-volume
ratio for nanocrystalline Si, a band bend is formed at the
ZnO/porous Si interface. With an increase in the surface-to-
volume ratio of porous Si, direct tunnel transfer of photoexcited
carriers across the energy barrier from porous Si to the
conduction of ZnO could be suggested due to narrowing of
the barrier. The photogenerated carriers tunnelling to the
ZnO conduction band then recombine with the V ∗∗

0 level
deep in the band gap, causing emission of the green light.
With the narrowing of the barrier caused by increasing the
surface-to-volume ratio, the number of carriers tunnelling
through the barrier increases, which results in enhancement
of the green band intensity with the increase in template
porosity. Therefore, the green emission of the composite
system becomes more and more obvious from samples A1
to C1. The reason why the green emission band and the
red emission band compete with each other can be easily
understood since more carriers tunnel through the barrier to
participate in the emission of the green band, and the carriers
involved in the recombination of the red band become less.
From the above discussion, this model is well consistent with
the experimental results.

4. Conclusions

In conclusion, we present a photoluminescence study of ZnO
grown on porous Si templates. A model was proposed to
interpret the emission mechanism. The photoabsorption is
from the band gap of Si nanocrystals, widened by the quantum
confinement effect. The red emission band corresponds to
the radiation of the oxygen-passivated porous Si surface after
deposition of ZnO and the green emission band is due to the
deep-level defect emission associated with the deep trap level
of V ∗∗

0 in the ZnO band gap.
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