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One dimensional zinc oxide nanostructures were grown by a low temperature hydrothermal process.
Effects of Ga doping on the growth, crystallization, and defect distribution in them were studied by
x-ray diffraction, scanning electron microscopy, photoluminescence, and Fourier-transform infrared
spectroscopy techniques. It has been shown that Ga doping improves the morphological
homogeneity and optical properties of ZnO nanostructures. Improved morphology of the doped
nanostructures have been associated with the catalytic effect of Ga. Effects of Ga doping on the
quenching of defect emission and improvement of excitonic emission in ZnO nanostructures are
discussed. © 2008 American Institute of Physics. �DOI: 10.1063/1.3026746�

Zinc oxide �ZnO� is one of the most attractive semicon-
ductors with wide band gap �3.37 eV at room temperature�
and high exciton binding energy �60 meV�, promising for
optical and electronic applications.1–3 In nanostructure form,
it has received even wider applications such as light emitting
diodes,4 lasers,5 field emission devices,6 phosphors,2 chemi-
cal sensors,7 and catalysts8 to mention a few. As the proper-
ties and hence applications of ZnO nanostructures depend
strongly on their size, shape, defect concentration, or doping,
along with surface characteristics, varieties of its morpholo-
gies including nanowires,5 nanorods,9 nanorings,10 and
nanohelices10 are reported. Several physical5,11,12 and
chemical13,14 techniques have been developed to fabricate
ZnO nanostructures with well defined shapes and sizes.

In the present letter, we describe the synthesis of one
dimensional �1D� Ga doped ZnO structures of nanometer/
submicrometer diameters through a low temperature hydro-
thermal process and their optical properties. Ga doping
modifies drastically the morphology and electronic defect
structures of ZnO nanostructures, making them more suitable
for optoelectronic applications.

The following chemicals were purchased commercially
and used as received without further purification: ethylene-
diamine �EDA, NH2�CH2�2NH2; Baker, 99.9%�, zinc acetate
dihydrate �Zn�CH3COO�2 ·2H2O; Aldrich, 99.99%�, sodium
hydroxide �NaOH; Aldrich, 99.99%�, and gallium �III� ni-
trate hydrate �Ga�NO�3 ·xH2O; Aldrich, 99.999%�. In a three
neck round bottom flask, 108 ml of de-ionized water
�18.0 M� cm� and 12 ml of EDA were mixed under vigor-
ous stirring. To the previous alkaline solution, 10.25 g of zinc
acetate was added. After further addition of 1.70 g of anhy-
drous NaOH, the pH of the solution turned to 12. The flask
containing the solution was then heated at 110 °C for 15 h in
an oil bath. After cooling, the product was extracted by de-
cantation, washed several times with de-ionized water, and
dried in a muffle furnace. To obtain the doped samples, mea-
sured amounts of gallium nitrate were added to the alkaline
solution before heating. Nominal 0.5%, 1.0%, and 2.0% Ga
doped samples were synthesized, adding 0.060, 0.119,

or 0.239 g of gallium salt �nominal Ga mol %
=Ga�M� /Zn�M��100%�.

Structure, morphology, and elemental composition of the
samples were studied using x-ray diffraction �XRD� �Phillips
X’Pert diffractometer with Cu K� radiation�, scanning elec-
tron microscopy �SEM� �Jeol JSM 5300�, and energy disper-
sive x-ray spectroscopy �EDS� �Thermo Noran SuperDry II�
techniques. Influence of gallium doping on the optical prop-
erties of the samples was studied by room temperature pho-
toluminescence �PL� using the 325 nm line of a He–Cd laser
and Fourier-transform infrared �FTIR� �Nicolet Magna 750�
spectroscopies. The acquired PL spectra of the samples were
corrected using the spectral responses of the monochromator
and detector �photomultiplier�.

SEM micrographs of undoped ZnO sample �Fig. 1�a��
revealed a flowerlike morphology composed of needlelike
structures of about 300 nm diameter and several micrometer
length. On gallium doping, the diameter of the needlelike
crystals increased noticeably. Although the flowerlike or
forestlike arrangement of the 1D structures remained even on
2.0% Ga doping, their needlelike morphology changed to
nail-like structures with uniform diameter and well defined
tips �Fig. 1�d� and inset therein�.

XRD patterns of doped and undoped ZnO structures
�Fig. 1�e�� revealed well defined diffraction peaks related to
ZnO in wurtzite phase,15 with no additional peak related ei-
ther to Ga or its oxides. While the well defined XRD peaks
of similar intensities and widths �Table I� indicate similar
crystallinity of the doped and undoped samples, no appre-
ciable shift in peak positions indicate the absence of lattice
distortion due to Ga doping. Since Zn and Ga have similar
atomic radii �1.38 and 1.41 Å, respectively�, no considerable
distortion of ZnO lattice is expected by gallium doping.

Although a betterment of crystallinity and morphological
modification in ZnO nanostructures on Ga doping was ob-
served by Liang et al.16 for their 1D ZnO nanostructures in
vapor growth process and was correlated with the catalytic
effect of Ga, they could not detect the presence of Ga in their
ZnO nanostructures. In contrast, the presence of Ga and their
increased content with the increase of nominal doping con-
centration in our samples were confirmed by EDS �Table I�.

Room temperature PL spectra of the doped and undoped
samples �Fig. 2� revealed two emissions: an UV emission
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centered at about 3.2 eV and a broad visible emission located
at around 2.1 eV. The intensity of the UV emission, which is
related to free exciton �FX� recombination in ZnO,17–20 in-
creased and broadened considerably with the increase of gal-
lium doping. The position of the FX band maximum
��3.23 eV for undoped sample� also suffered a redshift on
Ga doping �Table I�. Incorporation of shallow levels below
the conduction band due to Ga doping could be responsible
for the redshift of FX emission and its broadening.

Unlike the FX emission, the broad visible emission is
quenched with gallium doping. On deconvolution of the
visible emission, there appeared six subbands denoted
as infrared ��1.61 eV�, red ��1.75 eV�, orange
��1.95 eV�, yellow ��2.20 eV�, green ��2.40 eV�, and
blue ��2.60 eV�, with predominant yellow and orange
emissions. The observed infrared emission at about 1.61 eV

corresponds to the first harmonic of FX emission. While
green emission is by far the most common visible emission
observed in ZnO grown by physical techniques such as ther-
mal evaporation,17,18 yellow or orange emissions are com-
monly observed in hydrothermally grown ZnO.14 Oxygen
deficiencies �VO� are widely accepted as the origin of green
emission in ZnO.20–22 Recently Jannoti et al.23 attributed this
emission to the electronic transitions associated with zinc
vacancies �VZn�. As the yellow and orange emissions fre-
quently appear together, it is feasible that they have common
defect origins. Nevertheless, their origins remain uncertain.
Interstitial zinc �Zni� and singly ionized interstitial oxygen
�Oi

−� were proposed20–22 as their origins. It is believed that
Zni and VO are the common defects in ZnO,24,25 which are
responsible for n-type conductivity and green emission in
ZnO, respectively. Nevertheless in O-rich samples like that
synthesized by hydrothermal methods, Oi is the predominant
defect, which is a deep acceptor level. The studies of Janotti
et al.23 indicate that in O-rich n-type ZnO, VZn and Oi are by
far the predominant defects, which can explain the yellow
and orange emissions observed in our samples. Origins of
red and blue emissions are still more controversial and un-
clear. However, they are believed to be associated with the
shallow VO and Zni levels, respectively.19,26

Figure 3 shows the evolution of FX band and defect
emission intensities with respect to the nominal concentra-
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FIG. 3. �a� Intensity variation in the FX emission and defect related broad
band as a function of nominal doping concentration. �b� Proposed schematic
energy band diagram for the ZnO samples. Energies of defect bands are
given with respect to the top of the valence band in eV.
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FIG. 1. Typical SEM micrographs of �a� undoped, �b� 0.5%, �c� 1.0%, and
�d� 2.0% Ga doped samples and �e� corresponding XRD patterns.

TABLE I. Elemental composition, FWHM of main XRD peak, and esti-
mated band gap of doped and undoped ZnO samples. The energy band gap
�Eg� was estimated by adding the FX binding energy �Eb=60 meV� to the
observed FX emission energy �Eg=FX+Eb�.

Nominal Ga
doping

�mol %�

Zn:O:Ga,
at. % EDS
�average�a

�101� FWHM
�deg�

Eg �eV�
PL �FX+60 meV�

0.0 50:50:0 0.23 3.291�0.003
0.5 49.63:50.08:0.29 0.23 3.279�0.003
1.0 49.44:50.11:0.45 0.22 3.285�0.003
2.0 48.73:50.26:1.02 0.22 3.274�0.003

aError of EDS measurements: �0.05 at. %.
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FIG. 2. �a� Room temperature PL spectra of the doped and undoped ZnO
nanostructures and �b� corresponding free excitonic emissions after intensity
normalization.
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tion of gallium doping. While the FX emission increases
with Ga content exponentially, the intensity of defect emis-
sion decays exponentially, demonstrating clearly the native
defect quenching in ZnO nano-/submicrostructures or gen-
eration of nonradiative defect centers due to Ga doping.

Figure 4�a� shows the FTIR spectra of the doped and
undoped samples. All the spectra are similar in the range of
600–4000 cm−1. The bands located at 3436 and 1639 cm−1

are attributed to stretching and bending modes of the hy-
droxyl �–OH� group of water molecules adsorbed on ZnO
surfaces.27 Traces of EDA used in the reaction remained ad-
sorbed in the samples. The bands located at 2922 and
2851 cm−1 correspond to stretching modes,28 and the bands
centered at 1424 cm−1 correspond to the bending mode of
–CH2 groups.28 While the band centered at about 1037 cm−1

is the stretching mode of the carbon chain in EDA,28 the
band located around 889 cm−1 is related to the WAG mode
of amine �−NH2� group.28 The bands at about 2351 and
693 cm−1 correspond to stretching and bending modes of
atmospheric carbon dioxide adsorbed on the ZnO surface,
respectively.27

In the 370–600 cm−1 spectral range �Fig. 4�b��, the un-
doped sample revealed two bands at around 380 and
560 cm−1. While the 380 cm−1 band is attributed to the
A1-TO mode of wurtzite ZnO, the asymmetric nature of the
second band suggests that it is composed of at least two
subbands. The components are discernible clearly at about
574 and 545 cm−1, which correspond to A1-LO and B2-high
modes of ZnO, respectively.8 In doped samples, the position
of the A1-TO mode remained almost fixed. However, the
superimposed LO and B2-high modes moved toward lower
frequencies by about 50 cm−1. Formation of local vibra-
tional modes �LVMs� due to GaZn sites is not responsible for
such redshifts as the Ga atoms are heavier than Zn atoms.
Furthermore, the LVMs formed by gallium doping are ex-
pected at higher frequencies. It is well known that the LO
modes are sensitive to the dielectric constant of the material.
Zn and Ga are the elements of groups IIB and IIIB, respec-
tively. If Ga atoms are incorporated as substitutional, each
Ga atom adds an extra charge carrier to the ZnO lattice.
Increase in the charge carrier density also results in the modi-
fication of dielectric constant. Therefore, it is feasible that
the frequency of the LO mode could be shifted by gallium
doping toward lower frequencies.29 It is worth noting that the
LO band gets broader and intense with the increase of gal-

lium doping. We believe that this band is indeed composed
of the B2-high silent mode and LO mode, which were acti-
vated and shifted toward lower frequencies due to modifica-
tion of dielectric constant on gallium doping.

In conclusion, it has been shown that the Ga doping
improves the morphological homogeneity and annihilates de-
fect content in hydrothermally grown ZnO nanostructures.
Although due to similar atomic radii of Zn and Ga the incor-
poration of Ga in ZnO lattice does not create additional lat-
tice defects, the extra charge incorporated by Ga doping
modifies the frequency of the A1-LO mode and activate
B2-high mode, which is generally silent in FTIR spectra of
ZnO.
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