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Photoluminescence (PL) emission and excitation (EPL) spectra of un-doped and indium (1%) doped
1D zinc oxide nanostructures are studied at different temperatures. The nanostructures reveal a
blue emission band attributed to localized donor states. Indium doping enhances the blue emission.
While at low temperatures (<50 K) PL spectra are dominated by the emission attributed to the
recombination of excitons bound to neutral donors (D°,X), at higher temperatures (>100 K), defect
related emissions in the visible range dominate over the excitonic emission. Temperature depen-
dence measurements on the doped sample reveal that (D% X) emission energies obey the Varshni’s
formula with fitting constants a =8.4+0.3 x 107 eV/K and 8 = 650+40 K. The (D°X) emission

intensity decays exponentially with temperature.
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1. INTRODUCTION

Throughout the last decade, the interest on light emit-
ting semiconductors with a wide band gap was focused
on GaN.! However, in recent years considerable effort
has been made to develop a new generation of opto-
electronic devices based on II-VI semiconductors. In this
regard, zinc oxide (ZnO) has been one of the most promis-
ing compounds, due to its desirable electronic properties
like a direct band gap of 3.37 eV at room temperature,’
and larger exciton binding energy (60 meV)® than GaN
(25 meV).* Since its exciton binding energy is beyond the
thermal energy at room temperature (25 meV),’ it opens up
the possibility to obtain ultraviolet lasing response with-
out the necessity of cryogenic temperatures or high exci-
tation energies.® Nevertheless, high quality crystals are
required to generate the lasing effect. Scientists believe
that an alternative route to obtain higher optical emissions
is using doped semiconductor nanostructures, as these
low-dimensional materials facilitate lasing effect due to
enhanced density of states near their band edges.” There-
fore, efforts to incorporate shallow states in the elec-
tronic band structure of ZnO bulk and nanostructures
by introducing doping atoms in the host lattice have
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been carried out.®'° It is well known that upon doping,
structural defects that appear in the lattice could result
in radiative or non-radiative centers in the nanostructures.
Beside the extrinsic defects, the effect of native defects
on the luminescent properties of ZnO structures has been
extensively studied.''™'® Nevertheless, not all its optical
characteristics are clear, and there is still controversy on
the origin of visible emissions in their luminescence spec-
tra. By far, the green luminescence band is the most com-
mon visible emission observed in bulk ZnO, and has been
attributed to the single ionized oxygen vacancies V?.'* On
the other hand, yellow, red, and blue emissions have also
been observed in undoped zinc oxide," and their origin
still requires further studies.

Here we report the photoluminescence of undoped and
indium doped rod-like zinc oxide nanostructures grown
by hydrothermal technique. Distinct temperature and exci-
tation evolution of the donor bound exciton (D°X), and
blue emissions in undoped and doped nanostructures are
observed. On the basis of the observed results, possible
mechanisms for such emissions are discussed.

2. EXPERIMENTAL DETAILS

Undoped and indium doped zinc oxide nanostructures
were obtained by hydrolysis in an alkaline aqueous
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solution, as described earlier.!s In a typical synthesis pro-
cess, an alkaline solution was prepared by dissolving 12 ml
of ethylenediamine (NH,(CH,),NH,, EDA; Baker, 99.9%)
in 108 ml of ultra pure deionized water (18.0 MQ cm).
To the previous solution, 10.25 g of zinc acetate dihydrate
(Zn(CH,COO), - 2H,0; Aldrich, 99.99%) in powder form
was added, followed by the addition of 1.70 g of sodium
hydroxide (NaOH; Aldrich, 99.99%). The hydrothermal
synthesis was conducted at 90 °C for 15 h in a round bot-
tom flask using an oil bath for heating. After cooling to
room temperature, the white material adhered to the reac-
tion flask wall was extracted by decantation and dried in a
muffle furnace at 80 °C for 2 h after washing by deionized
water several times. For doping, 0.1034 g of indium chlo-
ride (III) powder (InCl;; Adrich, 99.999%) was added to
the reaction mixture before heating, to prepare nominal 1%
indium doped ZnO nanostructures. After the hydrothermal
synthesis, the samples were annealed in a horizontal fur-
nace (Lindberg/Blue, model V0914A) at 300 °C for 9 h
in an argon atmosphere. Photoluminescence of the ZnO
nanostructures were measured at different temperatures in
a fluorescence spectrophotometer equipped with a 450 W
Xe lamp (Fluorolog, Jovin Yvon) and a close-cycle He
cryostat (HC-2, APD Cryogenics). Lattice structure and
morphology of the samples were studied by X-ray diffrac-
tion (XRD) (Phillips X’Pert diffractometer with Cu Ka
radiation), and scanning electron microscopy (SEM) (Jeol
JSM 5300). Composition of the samples was measured by

energy dispersive spectroscopy (EDS) with the analytical
system attached with the scanning electron microscope.
For obtaining the composition, EDS spectra were recorded
at different places of the samples and the results were
averaged.

3. RESULTS AND DISCUSSION

The SEM micrographs (Fig. 1) revealed a needle-like mor-
phology for both the In doped and undoped samples. The
diameter and length of the nanostructures varied from 250
to 500 nm and 3 to 6 um, respectively. Formation of some
particles, along with the needle-like structures in In doped
samples are observed (shown by an arrow). X-ray diffrac-
tion (XRD) patterns of the samples (Fig. 1) revealed char-
acteristic wurtzite lattice features of zinc oxide (JCPDS
36-1451). There appeared no diffraction peak in the doped
sample that can be related to any other phase than ZnO.
While the energy dispersive spectroscopy (EDS) revealed
almost a perfect stoichiometry (Zn and O atomic ratio
close to 1) for the undoped nanostructures, it revealed
48.5 atom% of Zn, 50.3 atom% of O and about 1.2 atom%
of In for the In doped sample.

The PL spectra shown in Figure 2 were recorded at
15 K using 325 nm, 350 and 360 nm excitations. All
the PL spectra are dominated by a narrow emission band
located at about 369 nm (3.360 eV). The emission can
be attributed to the recombination of excitons bound to
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XRD pattern and SEM micrographs of the annealed un-doped (a, ¢) and doped (b, d) zinc oxide samples.
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Fig. 2. PL spectra of as-grown (a, b) and annealed (c, d) samples at 15 K. The sharp peak in the red is due to the second order Rayleigh scattering

of the excitation light.

neutral donors (D°,X),"%° like Zn{ and V?.?! Surprisingly,
a band at about 368 nm has been observed for In doped
nanostructured ZnO thin films, but not in undoped films,
by Chen et al.??> A second narrow band near the exciton
emission appears near 375 nm (3.306 eV); about 73 meV
below the position where the free exciton emission at 15 K
(FX, 3.379 eV) for ZnO is expected.” As the energy shift
matches with the LO phonon energy for ZnO,? the emis-
sion could be assigned to the free exciton first phonon
replica (1LO-FX)."

It is worth to note that the exciton recombination band
does not change its position on indium incorporation, indi-
cating no significant change in band gap. This suggests
that indium impurity levels are located very close to the
conduction band edge. However, indium doping has a
clear influence on the intensity of the (DYX) emission.
On indium doping, the intensity of the (D°X) emission
increases. The effect is more evident in the annealed sam-
ples, where the intensity for In doped ZnO is about twenty
times higher than that of undoped sample. As an anneal-
ing process enhances the crystal quality and stimulates the

J. Nanosci. Nanotechnol. 8, 1-7, 2008

incorporation of indium in lattice sites though substitution
(In,,),'® formation of bound excitons in indium doped
samples is expected to be enhanced.

In the region between 400 nm and 450 nm (blue region),

two weak emission bands at about 413 (3.0 eV) and 436 nm

(2.84 eV) appeared for the un-annealed sample. After the

annealing process, the bands disappeared. Instead, a weak

band in the UV region (~384 nm, 3.22 eV) arises as the

hump of the (D°X) emission. Appearance of this weak

emission in annealed samples suggests the presence of shal-
low trap states near the bottom of the conduction band,

probably due to the formation of zinc interstitial (Zn;) or

oxygen vacancy (V,) related defects generated by ther-

mal annealing. While the band at about 436 nm has been

assigned as the blue emission in ZnO earlier, very recently,

De la Rosa et al.>* have also assigned the other band as blue

emission. The blue emission (2.84 eV) which disappears

after thermal annealing could be revealed while exciting the
samples at shorter wavelengths (discussed latter). For the

moment, the origin of the emission band at about 3.0 eV is
not very clear. We suggest that this emission comes from

3
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the transition of the trapped electrons at the shallow oxygen
vacancy (V,) levels to the valence band.

For the as-grown samples (Fig. 2), two broad bands
appear clearly in the region attributed to the deep level
emissions (500-800 nm). The first band, located at about
607 nm (2.04 eV), is known as yellow emission in ZnO.
Wu et al. proposed that the single negatively charged
interstitial oxygen (O;) is responsible for the yellow
luminescence.?>2® While the band remains at its position,
its intensity increases about ten times on indium doping.
We believe this emission is due to the transition between
shallow defect levels and a deep level. Wu et al.>> have sug-
gested that this emission is produced by the recombination
of delocalized electrons close to the conduction band with
deeply trapped holes in the O;" point defect level. We have
observed a similar increase of yellow emission intensity
in indium doped ZnO nanostructures in their CL spectra.?’
The second band, located at around 660 nm (1.87 eV)
and superimposed with the first harmonic of the 325 nm
excitation for both doped and undoped samples, is the so-
called red emission of ZnO. The intensity of this emis-
sion is higher for the doped sample. Presence of this
band is clearer in the Figures 2(e and f), where the sam-
ples were excited with longer wavelengths. After anneal-
ing, the intensity of this band reduces drastically. In fact,
both the yellow and red emissions become imperceptible
for the doped and undoped samples after the annealing
process. The red emission has been related to the inter-
stitial zinc which causes a lattice disorder in ZnO along
c-axis,?® introducing shallow donor levels.”” On the other
hand, Studenikin et al.’° attributed this emission to the
amount of interstitial oxygen in their oxygen rich ZnO
samples. As the position of this band did not change with
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indium doping, it seems that the band could originate from
a donor acceptor pair (DAP) transition.

In order to study the characteristics of the (D°X) and
blue emission bands in ZnO in details, PL emission spectra
of the annealed samples were recorded at different tem-
peratures in between 15 and 300 K, using a 280 nm
excitation source. This excitation wavelength was cho-
sen because at such photon energy the blue emission is
enhanced as revealed in the excitation photoluminescence
(PLE) spectra of the sample (discussed latter). The tem-
perature dependent PL spectra for the annealed undoped
and indium doped samples are shown in Figure 3.

It can be noticed that the (D°X) emission intensity
decreases faster than the 1LO-FX emission as the temper-
ature increases. Such a rapid decrease of (D°X) emission
intensity is due to weak binding between excitons and
donor defects at higher temperatures. Distinct temperature
variations of the (D°X) and 1LO-FX emission intensities
also support that the emission located at 375 nm is not
the 1LO-DX, since it is expected that with the increase of
temperature, both (D°,X) emission and its phonon replica
should quench in a similar way. Figure 4 resumes the tem-
perature dependence of (D°,X) emission intensity, which
decays exponentially with the increase of temperature.
It is found that the intensity decay curve follows the
expression:

I = Iefa/*" )
where I, = 1930, E, = 3.9 meV. The other characteristic
of the (D°X) emission is the variation of its position with
temperature. It is possible to apply the Varshni’s formula®!
to fit the position of the (D°,X) energy with temperature,
as shown in Figure 4. Since the binding energy of exciton
is considered to be nearly independent of temperature for
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Temperature dependence of (D°,X) emission and blue emission bands in annealed zinc oxide nanostructures (excitation wavelength 280 nm).
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Fig. 4. Temperature dependence of (D°,X) emission intensity and its
position for the annealed indium doped zinc oxide sample. Parameters
used to generate the fittings are indicated.

the temperature range under study,?® the bandgap energy
E, values of the Varshni’s formula were substituted by
the corresponding (D°,X) values. The Varshni’s formula is
expressed by the equation:

E,(T) = E,(0) —aT?/(T +B) (@)

where E, is the bandgap energy, a and 8 are constants.
The values employed in the curve-fitting were o = 8.4 +
0.3 x 10™* eV/K and B = 650 +£40 K (Fig. 4). The
Varshni’s expression gives an adequate prediction of the
temperature dependence of the donor bound excitons and
thus also the bandgap energy of ZnO. Wang and Giles?
have measured the temperature dependence of free exciton
(Exa) energy, which also followed the Varshni’s formula.
The close similarity between our o and 3 values to the cor-
responding values for (Ey, ) reported by Wang and Giles®
(0 =8.240.3x10"* eV/K; b =700+ 30 K) indicates
that both bound and free excitons in ZnO have a similar
temperature dependence.

Beside the characteristic UV emission of ZnO, a
blue band is observed in Figure 3 with maximum at
around 436 nm, which revealed an opposite temperature
dependence behavior to the excitonic bands. Its inten-
sity increases up to 100 K, showing even higher emis-
sion than the (D°X) emissions; there after decreases and
disappears completely beyond 150 K. This blue emis-
sion in ZnO has also been detected by several other
researchers®** for ZnO thin films and assigned to the
oxygen vacancy (V,) and zinc interstitials (Zn;). It must
be noted that this blue emission is not very common in
Zn0O, and only observed when the samples are excited
with short wavelengths. In our study we could observe this
emission in the ZnO nanostructures only at low tempera-
tures and with short excitation wavelengths like 280 nm.
Zhang et al. could observe this emission in their ZnO
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thin films while exciting at 2701 nm.*? Oxygen vacan-
cies in ZnO can produce two defect donor levels; the
deep donor level located at 1.3-1.6 eV below the con-
duction band,*3¢ and the shallow donor level about 0.3—
0.5 eV below the conduction band.** The transition from
the shallow donor level to the valence band is approxi-

mately at 2.8 eV, which corresponds to the position of

the blue emission we observed. A proposed band diagram
depicting the defect states in ZnO nanostructures at 15 K
is illustrated in Figure 5. In fact from our EDS studies
we observed that the incorporation of In in ZnO substi-
tutes Zn atoms from their lattice sites.'® Thus, there might
have some interstitial Zn atoms in the In doped sample, in
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Fig. 6. Excitation photoluminescence (EPL) spectra from annealed
indium doped ZnO at 15 K. The spectra correspond to (D°,X), 1LO-FX
and blue emission at 436 nm.
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addition to some oxygen vacancies. Higher intensity of the
blue emission in indium doped ZnO sample in comparison
with the undoped one might be due to higher carrier popu-
lation in V, level due to the presence of shallow donor lev-
els created by indium doping. Presence of shallow donor
levels very close to the conduction band in indium doped
ZnO nanostructures has been observed from our cathodo-
luminescence spectroscopic studies.?’

Figure 6 shows the EPL spectra of (D°X) (369 nm),
1ILO-FX (375 nm) and the blue band (436 nm). In these
spectra the baseline for the (D%, X) and 1LO-FX emissions
are not zero because of very close emission and excita-
tion positions (Rayleigh scattering). From these spectra it
can be noticed that the emissions located at 369 nm and
375 nm have similar features, with two very weak bands
in the 260-290 and 300-330 nm regions. It is worth not-
ing that the EPL spectrum of the blue emission differs
from those of excitonic origin, mainly in the 275-290 nm
region. The excitation band located around 283 nm indi-
cates that the blue emission band indeed is related to local-
ized electronic states induced by indium doping.

4. CONCLUSIONS

Low temperature photoluminescence measurements in
undoped and indium-doped ZnO nanostructures revealed
emission bands related to excitons bound to neutral donor
(D%X), blue emissions related to shallow oxygen vacancy
levels, yellow emission related to shallow and deep defect
levels, and a red emission of DAP transition natures.
On indium-doping, the intensity of both blue and yel-
low emissions increases in as-grown samples. While an
increase of shallow donor levels below the conduction
band due to indium doping is responsible for the increase
of yellow emission intensity in indium doped sample (as-
grown), an increase of carrier population in (V,) levels
from those shallow donor levels is possibly responsible
for the enhancement of blue emission intensity in indium
doped nanostructures. On thermal annealing, intensity of
both blue and yellow emissions decreases for the doped
and undoped samples.

Temperature dependence of (D°,X) emission energy in
ZnO nanostructures follows the Varshni’s formula similar
to the band gap energy. Close resemblance of the o and
B values we calculated for the (D°,X) emission and that
of (Ey,) reported by Wang and Giles?* suggests that both
bound and free excitons in ZnO have a similar tempera-
ture dependence. Rapid quenching of (D°,X) intensity on
increasing the temperature is due to weak binding between
the excitons and donor defects at high temperatures.
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