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ZnO nanocones were grown on porous silicon (PS) by vapor
transport at different temperatures and O, flow rates without
metal nanocatalysts. The ZnO/PS heterostructures were studied
by electron microscopy, and by photoluminescence and electron
resonance (EPR) spectroscopies. Samples emitted strong white PL,
opening potential application for white light illumination. The
photoluminescence spectra were found to include five main com-
ponents centered at 1.84, 2.06, 2.30, 2.48 and 3.31 eV. The compo-
nents at 2.48 and 2.06 eV were related to oxygen vacancies in ZnO,
that at 2.3 eV to Zn vacancies and the one at 1.84 eV to the PS
substrate. The low excitonic emission intensity at 3.31eV and
the observed rough ZnO nanocone morphology suggest the pres-
ence of surface trap states. EPR shows a g ~ 2.006 line attributed
to Zn divacancies. The absence of the g=1.96 line, attributed to
conduction band electrons, suggests strong carrier depletion.
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1. Introduction

Porous silicon (PS) and ZnO are widely studied semiconducting materials due to their potential
applications in optoelectronics [1,2], biotechnology [3,4], solar cells [5,6], sensing [7,8], and others.
The great interest on these materials is partly due to their low production cost and interesting
chemical and physical properties. Specifically, ZnO is a wide direct band gap (3.37 eV) with large
exciton binding energy (60 meV) [9,10], high chemical stability, and offers the possibility of obtain-
ing a myriad of nanoscale morphologies such as nanowires (NWSs), nanocones, hierarchical
nanostructures, nanorods and nanoflowers [9,11,12]. There are several techniques for ZnO nano-
structure growth, including electrophoretic deposition [13], hydrothermal synthesis [8] and carbo-
thermal reduction with vapor transport (VT) [14], the latter being the most used and studied
technique. In particular, to obtain ZnO NWs using the VT technique the use of Au nanoclusters,
which act as catalysts and nucleation centers on the growth substrates, is often necessary [14].
In order to avoid the use of gold, several research groups have tried various types of substrates,
finding promising results with PS [15-17]. In addition to the possibility of avoiding the use of
Au nanoclusters, the deposition of ZnO on PS is an attractive way of integrating the ZnO with
the silicon-based electronics technology [18]. For instance, ZnO/PS could be used for the develop-
ment of bi-luminescent or white light emitting devices. The emission properties of both ZnO and
PS have been studied thoroughly and they have been found to strongly depend on the nanostruc-
ture morphology. White light emission has been reported for ZnO/PS nanocomposites grown by
sol-gel routes [19,20].

In this paper, ZnO/PS structures grown by VT and electrochemical anodization at different fabrica-
tion conditions are studied using scanning electron microscopy (SEM), photoluminescence (PL) and
electron paramagnetic resonance (EPR) spectroscopies. The conditions for ZnO cone-like NW growth
without the need of metallic nanocatalysts are found. The ZnO/PS samples are found to emit white
light. The distinct components of the PL and corresponding EPR spectra are identified and their origin
elucidated.

2. Experimental method

The PS substrates were prepared by electrochemical anodization of crystalline n-type (phosphorus
doped) silicon, with resistivities between 1-10 Q cm and (100) orientation. The crystalline silicon
wafers were anodized in a 1:2 solution of HF (50%):ethanol for 15 min under constant current density
(20 mA/cm?) and illumination (halogen lamp with 300 W of power placed at 14 cm of the sample). The
samples were rinsed with ethanol and dried with a N, flow. The PS substrates obtained were kept in
darkness to avoid photo-oxidation processes.

The ZnO depositions were carried out by carbothermal reaction with VT in a quartz tube placed
in a horizontal tubular furnace under constant Ar and O, flow rates. An alumina boat with mixed
ZnO and C (graphite) powders in 1:1 mass proportion was placed at 1.5 cm from the center of the
furnace, while the as-prepared PS substrates (without Au nanoclusters) were placed at 19.5, 21.5
and 23.5cm from the center of the furnace downstream. The ZnO:C mixture was heated to
1100 °C with a rate of 27 °C/min and then kept at 1100 °C for 20 min. The temperatures reached
at the positions where the PS substrates had been placed were 950, 890 and 840 °C, respectively.
In order to study the effect of the O, flow on the ZnO structure and PL, samples with two different
0, flow rates were grown (8 and 40 sccm), while the Ar flow rate was kept constant at 125 sccm
for all samples.

PL spectra were recorded by illuminating the samples with a He-Cd laser at a wavelength of
325 nm with 15 mW power. The experiments were carried out in a backscattering arrangement.
The emitted light was focalized on a CCD spectrometer with two biconvex lenses. A filter was placed
before the spectrometer to eliminate scattered laser radiation. The morphology of samples was
characterized with SEM. The EPR experiments were carried out on a Bruker EMX-Plus EPR Spectrom-
eter in the X band.
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3. Results and discussion

Fig. 1 shows SEM micrographs of PS substrate and ZnO nanostructures grown on PS for different
temperatures and O, flow rates. As observed, ZnO nanostructures could be grown on PS substrates
without the presence of metallic nanocatalysts. The PS samples studied had a mean pore size of
2 pum and a porosity of ~60%. As seen in Fig. 1(a), in the PS samples some adjacent pores collapsed
to form channels with irregular orientation. In other regions, individual pores were preserved. This
morphology was common for all samples. All samples studied (Fig. 1(b)-(f)) showed ZnO NWs exhib-
iting cone-like morphology, i.e. the NW cross sectional area decreases along the NW axis from bottom
to the top. The growth of ZnO nanocones has been reported previously [9,21-23], but the growth
mechanism is still unknown. Various cone-like ZnO NWs grew from certain common preferential

—
1000 nm

Fig. 1. SEM micrographs of PS and ZnO nanocones grown on PS. (a) PS substrate held at 950 °C with an O, flow of 8 sccm. (b)-
(d) ZnO nanocones grown at 950, 890 and 840 °C, respectively with an O, flow rate of 8 sccm. (e) and (f) ZnO nanocones grown
at 950 and 840 °C, respectively with an O, flow rate of 40 sccm.
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spots at the PS network in different directions. The nanocones surface is rough, indicating faceted
growth along the NW walls (most clearly seen in Fig. 1(d)). The ZnO nanocones grown with an O, flow
rate of 8 sccm (Fig. 1(b)-(d)) showed an average length of about 4 pm with a diameter at the bottom of
about 200 nm and at the top of about 10 nm, while for an O, flow rate of 40 sccm the average length
was 2 pum (Fig. 1(e) and (f)) with diameters similar to those for 8 sccm. The density of ZnO nanocones
obtained with an O, flow rate of 40 sccm was lower and this is consistent with an incomplete reaction
of the ZnO:C mixture observed in this case. The incomplete reaction at large O, flow rate could be due
to increased oxidation of ZnOx (x < 1) species that competes with the intentional carbothermal reduc-
tion of the ZnO powder.

Fig. 2 shows the PL intensity of ZnO/PS structures. Typically, ZnO exhibits a PL spectrum with both
UV (at about 375 nm) and visible emissions [10,24,25]. The origin of UV emission is related to
excitonic recombination, while the visible emission is related to transitions of excited carriers (both
electrons and holes) involving lattice defect or surface states [10,25,26].

In our case, the ZnO/PS structures exhibit white light emission with low intensity contribution in
the UV (~375 nm). As observed in Fig. 2, the contribution in the green (~520 nm) dominates the PL
spectra for most of the samples, this dominance being markedly more pronounced for an O, flow rate
of 40 sccm at the higher temperatures.

The spectral region between 450 and 850 nm was fit in all cases with four Gaussian components,
three of which are related to emissions from ZnO and the other from PS. The results of this fitting
procedure are shown in Fig. 3 for T =890 °C. It is well known that the red PL in PS is quenched upon
UV illumination [27,28]. As can be seen in the insets of Fig 3, the peak at about 680 nm quenches with
increasing illumination. Hence, it is reasonable to relate this peak with the PS. As shown in Fig. 3, the
components related to ZnO emission are found to be around ~495, ~535 and 605 nm, which
correspond to 2.48, 2.30 and 2.06 eV, respectively. We note that measurements performed on bare
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Fig. 2. PL spectra from ZnO nanocones/PS structures.
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Fig. 3. Multi-Gaussian fitting of PL spectra from ZnO/PS samples for T =890 °C. (a) and (b) Correspond to 8 and 40 sccm of O,
flow respectively.

PS samples (not shown) showed very little luminescence in the spectral range assigned to ZnO
emission, and exhibited typical quenching at ~680 nm induced by laser irradiation. No quenching
was found for ZnO luminescence, as expected.

Although it is generally accepted that the visible emission from ZnO is due to defect or surface
states, there is considerable controversy on the specific type of defect or surface state that originates
each component. The yellow emission (~2.06 eV) has been related to excess oxygen and presence of O;
defects (interstitial oxygen), while the green emission at ~2.48 eV has been related to oxygen defi-
ciency and presence of Vo (oxygen vacancies) [26,29]. However, experimental evidence also suggests
that both green and yellow emissions may be due to transitions involving Vo with different charge
states [30]. without involving O; defects.

The simultaneous existence of green and yellow components observed in our samples favors the
idea of a common origin for both. If the yellow component was due to oxygen excess, then a higher
0, flow (40 sccm) should yield a larger O; concentration and higher yellow emission; so that the ratio
(I2.48ev/2.06ev) Would be lower than for a lower O, flow rate (8 sccm). However, the experimental
results do not show this general tendency, as shown in Fig. 4.

Hence, we can expect that these emission peaks have a common origin. According to Liao et al. and
Zhu et al. [30,31] both the green emission at ~2.48 eV and the yellow emission (~2.06 eV) can
originate from electronic transitions related to Vo in ZnO. Specifically, the yellow emission can be
attributed to the transitions between electrons in the bottom of the conduction band to doubly ionized
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Fig. 4. (a) Integrated intensity of green (2.48 eV) and yellow (2.06 eV) emissions for different growth conditions. (b) Ratio
15 48ev/2.06ev as a function of temperature. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Vo (Vo'™), while the green emission at ~2.48 eV can be attributed to transitions between electrons
from singly ionized Vo (Vo*) to the valence band [30-32].0n the other side, the green emission at
~2.3 eV has been associated with Zn vacancies (Vz,) [33]. Taking into account that Vz, concentration
in an oxygen rich atmosphere increases with the O, pressure (Vz,aPg*) [34], it is indeed reasonable to
relate the peak at ~2.3 eV to Vz, since, as noted in Fig 4(a), this emission is greater for samples grown
with 40 sccm of O,.

At this point, we do not know whether the defect states giving rise to the visible PL are located at
the core or at the surface of the ZnO nanostructures, or both. A large concentration of surface states
could be expected in the samples studied in this work given the rough morphology of the nanocones
surface (Fig. 1). This could explain the low intensity of UV emission from these samples, as the
anticorrelation between the UV emission and the surface states concentration has been invoked
several times in the literature [34-36]. Furthermore, recent studies of ZnO nanostructures grown on
crystalline Si using the same fabrication system and similar growth conditions as the ones used here,
have confirmed a correlation between the green emission at ~2.3 eV and surface states [12,37].

We now turn our attention to the EPR measurements in our ZnO/PS samples. The room tempera-
ture EPR spectra applying the magnetic field parallel to the (100) PS direction and their respective
simulations are shown in Fig. 5(c) and (d). The EPR spectra from PS substrates treated with the same
conditions (temperature and Ar/O, flow) as those used for the ZnO growth are shown as a reference
Fig. 5(a) and (b). First, we note that the signal at g = 1.96, typically observed in ZnO in many morphol-
ogies [24,38-40], is absent from our spectra (it was not observed for any of the samples studied). The
g =1.96 resonance has been attributed to O vacancies [24,38-40], and hence associated with strong
luminescence in the visible from ZnO [40,41]. However, alternative interpretations have been also
proposed, such as defects related to Zn vacancies or free electrons in the conduction band
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Fig. 5. EPR spectra of PS substrates (a) and (b) and the ZnO/PS heterostructures (c) and (d) for 8 sccm of O, at 840 °C and
40 sccm of O, at 890 °C. The solid and dotted lines represents the EPR simulations.
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[39,42,43]. In our case, the PL data do show strong visible luminescence which we attribute to O and
Zn vacancies, but the g = 1.96 resonance is absent from our EPR spectra. Hence, our data suggest that
the g = 1.96 resonance originates from free electrons in the conduction band and not from Vz, or Vo.
Indeed, its absence from our spectra could be explained by the large number of surface states expected
in the ZnO nanocones. Such surface states are known to act as efficient electron traps that lead to
strong charge carrier depletion and to very low electron density in the conduction band [30,44-46].
Indeed, previous studies of single ZnO NWs grown on crystalline Si using the same fabrication system
and similar growth conditions as the ones used here have shown that the electrical resistance of the
NW is very large and that it is reduced by several orders of magnitude when surface states are passiv-
ated with a MgO shell [35,37].

The ZnO EPR line around g ~ 2 observed in Fig. 5 is somehow difficult to analyze precisely due to its
overlap with an electron resonance with similar g value coming from the PS substrate. We note that
the large difference observed in the EPR spectra from ZnO/PS samples grown at different conditions
mainly arises from changes in the PS substrates, which are sensitive to the different thermal treat-
ments they have been subjected to during growth. This can be deduced from the EPR data for the bare
substrates (Fig. 5(a) and (b)). Despite this, the simulations of the EPR spectra reveal that, in addition to
the PS-related resonances at g ~ 1.9997, g ~ 2.0035 and g ~ 2.0075, a new line at g ~ 2.006 due to the
ZnO nanocones is present. The g-factor values for PS around ~2.0035 and ~2.0075 have been attrib-
uted to the well known Py, and Py centers, respectively, while, to our knowledge, the signal from PS
around 1.9997 has not been previously reported. The g~ 2.006 related to ZnO nanocones that
dominates the EPR spectra for both ZnO/PS studied samples has been associated with a Zn divacancy
interacting with one hole [43]. According to the results of the simulations, the relative contributions of
the g ~ 2.006 resonance is 70% and 50% for the ZnO/PS samples grown with 8 sccm and 40 sccm of O,,
respectively. The signal associated with chemisorbed oxygen in ZnO (g ~ 2.003) [43] was not detected
because it is masked by the strong PS resonance at g ~ 2.0035.

4. Conclusions

Zn0 nanocones have been successfully deposited on PS by VT at different temperatures and O, flow
rates without the need of typically used metallic nanocatalysts. Upon UV excitation, the ZnO/PS
structures showed white light emission, potentially opening a venue for the development of white
light illumination devices. The PL spectra could be deconvoluted into five components centered at
about 1.84, 2.06, 2.30, 2.48 and 3.31 eV. The ZnO related emission components centered at 2.48 eV
and 2.06 eV were attributed to charge carrier transitions involving oxygen vacancy states, while the
emission at 2.3 eV was attributed to Zn vacancies. Luminescence centered at about 1.84 eV was attrib-
uted to the PS substrate. The relatively low excitonic emission in the UV and the observed rough ZnO
nanocone surfaces suggest the presence of nonradiative recombination channels associated with sur-
face trap states, which are known to cause strong carrier depletion in ZnO nanostructures. The absence
from the EPR spectra of the g = 1.96 resonance, which is attributed to free electrons in the conduction
band [42,43], supports the strong carrier depletion hypothesis, which in turn is consistent with a
previous study of ZnO NWs [35]. Finally, an EPR line at g~ 2.006, attributed to a Zn divacancy
interacting with a hole in ZnO [43], is observed.
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