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Abstract

We report the room temperature cathodoluminescence and photoluminescence
of swift ion irradiated (130 MeV Nickel ion) porous silicon zinc oxide nanocomposites.
The evolution of a broad and flat emission band from 1.5 to 3.5 eV is demonstrated.
Annealing effect of irradiation is found to result in a relative increase in the band edge
emission. Emission wavelength can be tuned in the complete visible range by changing

the substrate characteristics.
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Introduction

In the recent years, there has been a consistent effort to replace bulk materials to
thin films due to their capability to minimize the size of different devices and to integrate
themselves with the silicon technology. Due to the fact that zinc oxide is compatible with
silicon based IC processes [1], its ease of fabricating good quality thin films by
sputtering as well as its possible applications in gas sensors, UV resistive coating,
piezoelectric devices [2,3], varistors, transparent conductive oxide electrode and light
emitting devices, it has been widely investigated on various substrates [4,5], or porous

templates [6,7]. Motivated by its compatibility with silicon based IC technology, studies
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have been made on ZnO films grown on porous silicon (PS) templates as well [8—13].
PS has been considered as one of the important Si-based luminescent materials since
Canham presented the first observation of efficient photoluminescence from porous Si
at room temperature [14]. Its open structure and large surface area, combined with
unique optical and electrical properties, makes it a good option for templates [15,16]. In
general, the emission energy of porous Si layers increases with decreasing silicon
crystallite size, covering the entire visible spectrum from red to blue [17,18] 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 obtain
white light. This combination opens a possible route for a white LED, which is important
for display technology. In 2007 and 2009, our group [19-21] reported the white
luminescence from the nanocomposites of ZnO-PS deposited by solgel spin coating
technique. The origin of the luminescence was discussed by developing a flat band
energy diagram, suggesting the basis of electron tunneling between the interface of
ZnO and PS through the siloxene structure formed at the interface of zinc oxide and PS.
Recently, Kayahan [22] also reported the white luminescence from thin films of zinc
oxide deposited onto the n-type macroPS surface by rf-sputtering. The broadband PL
spectra were discussed using oxygen bonding model for the PS and the native defects
model for ZnO. Apart from that, many groups [23—-25] have reported the UV light
emission from modified PS. In particular, couple of works by Qin et al. group [23] have
reported UV emission from thermally oxidized PS with the peak wavelength of 340-370
nm and concluded that the luminescence centers in silicon oxide were responsible for

UV emission from oxidized PS and SiO2 powder. In another work, Mizuno et al. [24]
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reported UV emission due to post anodized treatment of PS in ethanoic HF solution.
Tomioka and Adachi [25] reported the PL emission at 3.3 eV with a FWHM of 0.1 eV
attributed to the surface oxide produced using photoetching method for the fabrication
of PS. In spite of all the above-mentioned works on white light and UV emission from
modified PS structures, there has been no work reporting a simultaneous observation of
UV and white light. As the swift heavy ion (SHI) irradiation is one of the techniques
which can be used for the modification of the optical and physical properties [26], in this
work, swift ions of 130 MeV Nickel ions were used for the modification of the optical
(photoluminescence/cathodoluminescence) and physical properties (morphology) of the
composite film. To the best of our knowledge, for the first time we report the room
temperature white light emission with a relatively similar intensity from band-edge, blue
and green emission components from the zinc oxide coated PS composite, through

cathodoluminescence (CL) spectroscopy.
Experimental details

PS samples were fabricated by wet electrochemical etching [27] of boron doped
(1 0 0), silicon wafers with resistivity in the range 0.8-1.2 ohm-cm. For making the PS
substrates with two different pore dimensions and thickness, the anodization was
carried out using the current density of 30 mA/cm? (PS30) and 65 mA/cm? (PS65), with
the anodization time of 429 and 240 s, respectively. The electrolyte composed of an
equal volumetric ratio of HF and ethanol. The resulting thickness of the samples was 8
pum (PS30) and 10 um (PS65). After the fabrication, samples were rinsed by ethanol
and dried using pentane [28]. For the deposition of ZnO film on PS substrates using RF

magnetron sputtering, substrate temperature was kept to be 300 °C and the deposition
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chamber was evacuated to a pressure of ~9 x 107® Torr by turbo molecular pump
backed by scroll pump. The ZnO films were deposited in Argon atmosphere at a base
pressure of ~9 x 1073 Torr. RF power was kept to be 150 W and deposition was carried
out for 30 min for these samples. After the deposition the samples named (ZPS30),
(ZPS65) and were annealed at the rate of 20 °C/min upto 700 °C (optimized as per our

previously reported work [19,20]) in argon environment for 1 h.

The annealed films were irradiated with 130 MeV Ni ions using 15 UD Pelletron
Accelarator at Inter University Accelerator Centre (IUAC), New Delhi. The samples were
mounted on a rectangular shaped ladder and were irradiated in high vacuum (HV)
chamber. The focused ion beam of constant current of about # 1.5 pnA (particles
nanoampere) was scanned over an area of 1 x 1 cm?. The above samples were
irradiated with a fluence of 1 x 10*2 ions/cm?. On the other hand, the nuclear stopping
and electronic stopping power (estimated from Stopping and Range of lons in Matter
(SRIM) simulations [29]) is 0.044 keV/nm and 24.63 keV/nm, respectively. Hence, the
changes in physical and optical properties are mainly due to electronic excitations
induced by SHI. The photoluminescence (PL) properties were studied using Varian
Fluoroscence spectrometer (Cary Eclipse) under the excitation by 325 nm photons
using 500 W Xenon lamp. Cathodoluminescence (CL) spectroscopy was done using
Jeol JSM 5300 scanning electron microscope using electron beam energy of 15 keV.
CL measurements were performed at 100 and 300 K in the UV-vis spectral range using
a Hamamatsu R928P photomultiplier. A SPEX 340-E computer controlled
monochromator was used for the spectral analysis. The structural properties of PS and

its composites were analyzed using high resolution field emission SEM (JSM-7401F).
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Results and discussion

The top (Fig. 1(a) and (b)) and cross sectional (Fig. 1(c) and (d)) view of ZPS30
composite (before and after irradiation) just after annealing reveals the overall thickness
of PS of approximately 8 um along with ZnO layer of 450 nm on the top. A close
investigation of the structure reveals the microporous (with the average pore size less
than 5 nm and 20 nm for ZPS30 and ZPS65) morphology of the PS layer (well known in
0.8-1.2 ohm cm resistivity) and a welldefined interface. Similar analysis for ZPS65 gives
the average pore size and thickness of approximately 17 nm and 10 ym, respectively. In
order to check the morphological changes, secondary electron images (Fig. 1) were
analyzed before (pristine) (a) and after irradiation (b). Fig. 1(c) shows the cross
sectional view with thin oxide layer on the top of the PS layer supported by the
magnified view of the ZnO layer shown in Fig. 1(d). Before irradiation, the films are
observed to have a relatively homogeneous distribution of ZnO over the PS substrate.
The irradiated film (Fig. 1b) shows apparent changes in the morphology (appears as
irradiation induced dark patches), (fluence: 1 x 10*2 ions/cm?), Such change in the size
and shape of the crystallites is attributed to the high density of electronic excitations

induced by SHI irradiation under multiple ion impacts in the near surface region [30].

Room temperature PL spectrum of ZPS30 (before and after irradiation) is shown
in Fig. 2 and reveals the presence of two dominating peaks centered at 3.17 and 1.7
eV, before irradiation. The PL peak around 3.17 eV could be attributed to the excitonic
emission of ZnO [31] and the emission band at 1.7 eV is due to PS [10]. A relatively
small contribution of different defects (emission in the green blue region in the range

2.2-3.0 eV) in the zinc oxide layer has also been observed. In ZnO, usually two peaks
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are most common: (a) a narrow UV emission at around 3.26 eV, due to exciton
emission and (b) a broader emission band located in the green part of the visible
spectrum. The presence of the green emission has been the subject of investigation
[32—39] for the last many years and many hypotheses have been proposed for this
emission [32—-34]. Initially researchers suggested oxygen vacancies as the source of
green emission in ZnO [35-37]. Recently it has been investigated that more than one
deep levels are involved in the green emission in ZnO, i.e. VO (oxygen vacancy) and
Vzn (zinc vacancies) [33,38,39]. Therefore, in conformity to the above-mentioned

literature, green emission can be attributed to the presence of oxygen vacancies.

After irradiation, the emission corresponding to ZPS30 reveals the evolution of
the broad peak in the visible region which can be deconvoluted into three peaks,
centered at around 1.7, 2.7 and 3.16 eV. The peak around 2.7 eV can be attributed to
the transitions generated by amorphous SiOx formed on PS [40], although some works
have also attributed such peaks to the transitions between Zn; states and
Vzn/conduction band to Vzn or oxygen vacancies (Vo) [41,42]. The peak intensity
corresponding to 2.7 eV (after irradiation) has been found to increase by a factor of 10
with respect to the pristine sample, where the presence of defects is almost
insignificant. On the other hand, the relative peak intensity corresponding to excitonic
emission (3.16 eV) was observed to increase by a factor of 3 (Fig. 2; black line). The
peak at 1.70 eV corresponding to PS has been found to decrease significantly in
accordance with the results reported previously by Wolkin et al. [17]. In order to
understand the contribution and the evolution of the defect related PL results, CL

measurements were taken before and after the irradiation at 100 and 300 K. Fig. 3
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shows CL spectra from sample ZPS30 acquired before and after the irradiation with a
broad band white light emission from 1.75 to 4.0 V generated from the ZnO film and PS.
CL spectra reveals some similarity with the PL spectra (discussed above) with an
exception of the evolution of the UV emission peak. The CL spectra acquired at 100 K
(Fig. 3(a) and (b)) show several well defined shoulders that permitted a deconvolution
using Gaussian curves to find four components centered at 2.0, 2.68, 3.24 and 3.8 eV.
Similar to the PL spectra, the CL component at 3.24 eV is assigned to the ZnO band
edge emission and the component at 2.0 eV is the well-known ZnO-defect related
yellow band [43,44]. As mentioned before during the PL discussion, the UV and blue
components of 3.8 and 2.68 eV, have been previously reported by Arakaki et al. [40]

and have been attributed to the amorphous SiOx formed on PS.

Fig. 1. SEMimages of pristine ZnO/PS film after annealing at 700°C for 1 h, showing the top and the cross-sectional view withZnO layer at the top. (a) ZPS 30 before irradiation.
(b) ZPS 30 after irradiation at fluence 1 x 10'? ions/cm?. (c) ZnO thin film over the PS layer of almost 8 um (d) a closer view of the zinc oxide layer and the PS-ZnO interface.
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Fig. 2. PL spectra of ZPS30 before (grey line) and after irradiation (black line)
with 130MeV Nickel ions at fluence 1 = 10'? ions/cm?; dotted lines show the de-
convoluted components of the sample ZPS30 after irradiation.

The formation of oxygen vacancies and impurities in the oxidized silicon has
been proposed previously as the origin of these two bands [45,46]. However, the
formation of an intense blue band centered at 2.78 eV has been reported more recently
by Zhang et al. in ZnO films grown on SiOz substrates (Corning 7059) [47], and was
assigned to electron transitions from shallow levels, generated by oxygen vacancies or
interstitial zinc, to valence band. Moreover, this blue band has also been found in ZnO-
SiO2 nanocomposites [48,49] and their origin has been attributed to point defects
generated at the ZnO/SiO; interface [50]. Recently it has been demonstrated that blue
emission is also produced by ZnO nanostructures, without an interface ZnO/SiO>
[51,52] apparently generated due oxygen vacancies or interstitial zinc. The formation of
point defects associated to this blue band in the ZnO film and at the interface ZnO/SiO2,

generated onto PS, could explain the behavior of this emission in our samples.
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Particularly, the CL measurements recorded more clearly the presence of this emission
from the non-irradiated sample than PL measurements (Figs. 3(a) and 2(a)
respectively), apparently due to the higher penetration of the electron beam, which
excited the radiative-centers present at the interface ZnO/SiO>/PS. The high sensibility
of the CL technique to recorded emissions generated by point defects or impurities in
semiconductors could explain this behavior [53,54]. The CL spectra acquired at 300 K
before and after the irradiation recorded a broad emission centered at 2.5 and 2.3 eV,
respectively (Fig. 3(c) and (d)), which were deconvoluted for the ZnO bands at about
2.18, 2.7 and 3.2 eV. As compared to the CL results acquired at 100 K, at room
temperature the intensity of UV emission is low. In contrast to the PL measurements,
CL spectra taken at 300 K shows that after irradiation the relative intensity of the blue
band decreased in intensity. As has been commented, the difference in the relative
intensity to this emission in PL and CL spectra is assigned to the different regions
excited in sample, using electromagnetic waves (PL) or the electron beam (CL). These
complementary results suggest that irradiation generates point defects (associated with
the blue band) on the surface of the film and an annealing at the interface ZnO/SiO2/PS.

The penetration depth of the ions used in the irradiation was upto 9 pym.
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Fig. 3. Cathodoluminescence spectra of sample ZPS 30 at 100 and 300K (a) and (c) before irradiation and (b) and (d) after irradiation.
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Fig.4. Emission spectra of sampleZPS 65 at 300 K (a) PLspectra (pristine ) (b) PL spectra after irradiation and ( c) cathodoluminescence spectra (Pristine ) (d) CL after irradiation.
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Additionally, the ratio of the intensities (lbana-edge/lniue) measured before and after
irradiation were 0.12 and 0.35 at 300 K, respectively, which revealed a decrease in the
relative intensity of the blue band accompanied with an increase in the relative intensity
of the band edge emission after irradiation. Since the yellow emission is shown to retain
the emission intensity constant after the irradiation (at about 600 a.u.), this increase of
the band-edge emission could be explained in terms of an increase in the number of
transitions between the conduction and valence bands, due to a decrease in the
number of electronic levels associated to the blue emission. On the other hand, the
values of this ratio, Ipand-edge/lbie, measured at 100 K, calculated as 1.97 and 1.50,
before and after the irradiation, respectively, reveal an increase in the blue emission
after irradiation. As commented before, CL measurements reveal the emission
originated at the interface ZnO/SiO2/PS, and to the difference in temperature (300-100
K) a variation in the strain between the ZnO film and the SiO./PS substrate is expected.
Due to the high thermal expansions of the PS [55], a large strain in the ZnO film is
expected at 100 K, which could generate the point defects associated with the blue

emission at the interface.

PL spectra from sample ZPS65 before irradiation, acquired at 300 K (Fig. 4(a)),
recorded the red band (1.71 eV) of the PS, a flat and broad emission between 2 and 3
eV, and the band edge (3.25 eV) of the ZnO. After irradiation, the sample recorded a
strong increase in the band edge emission with a decrease in the intensity of the PS
band (Fig. 4(b)). CL spectra acquired at same temperature from the non irradiated
sample shows a broad and flat emission between 1.5 and 3.5 eV (Fig. 4(c)), which was

deconvoluted with components corresponding to the yellow (2.18 eV), blue (2.7 eV) and
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band edge (3.2) emissions of the ZnO. As has been commented, the sensibility of the
CL technique to detect the defect related emissions in these samples is attributed to the
excitation of the radiative centers at the interface ZnO/SiO2/PS. After irradiation, a
decrease in the intensity of the yellow and blue emissions was recorded in CL spectra
(Fig. 4 (d)), apparently due to an annealing effect, analogous with the results obtained

with sample ZPS30.

Analysing the PL spectra of both the samples, the relative contribution due to PS
was decreased to 25% and 50% of its original luminescence for the sample ZPS 30
(Fig. 2) and ZPS 65 (Fig. 4(a) and (b)), respectively. The sample ZPS30 (made with the
relatively small pore size substrate) shows a significant increase of defects as
compared to ZPS 65. The relative changes in the emission peaks in sample ZPS 30 are
more pronounced than ZPS65. Hence, the optical properties of the composites studied
in this work change significantly with the change in the substrate characteristics and are

found to be tunable in the complete visible range.
Conclusion

Simultaneous observation of white light and UV emission has been reported on
the zinc oxide-PS nanocomposite through Cathodoluminescence spectroscopy. The two
luminescence measurement techniques have been found to complement each other
and CL is found to provide more information on the defects related luminescence.
Although, defects have been shown to increase after modifying the structure through
irradiation, annealing effects of SHI irradiation are revealed. Change in the substrate
characteristics is found to tune the room temperature emission spectra of the deposited

ZnO film.
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