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Indium-doped ZnO nanowires: Optical properties and room-temperature
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We report the optical and magnetic properties of ZnO, Zng ¢7Inj 130, and Zng g4Ing 0O nanowires
(NWs). All samples have similar wirelike shape with an average diameter of about 70 nm and a
length of about 10 wm. The comparison of photoluminescence (PL) spectra at 10 K indicated that
a new broad emission band appeared after indium doping, which is associated with
donor-acceptor-pair recombination. Additionally, the intensity of oxygen-vacancies-induced visible
emission increased with increasing In content, indicating that In doping can induce many oxygen
vacancies. Furthermore, magnetic measurements revealed that pure ZnO NWs are diamagnetic,
while indium-doped ZnO NWs exhibit intrinsic ferromagnetism at room temperature. With the
increase in In content, the coercive field and the magnetic moment for indium-doped ZnO NWs
increase largely. Ferromagnetic ordering can be interpreted as being due to O vacancies induced by
In doping, which is in good agreement with PL results. © 2010 American Institute of Physics.

[doi:10.1063/1.3464229]

I. INTRODUCTION

Quasi-one-dimensional ZnO nanostructures such as
nanowires (NWs), nanobelts (NBs), and nanorods (NRs)
have received tremendous attention because of their great
potential applications in nanoscale electronic and optoelec-
tronic devices.'” As is well known, doping with selective
elements in ZnO can realize desirable electrical, optical, and
magnetic properties, which is crucial for their practical ap-
plication. In particular, indium-doped ZnO (IZO) nanostruc-
tures are regarded as a promising candidate for transparent
conductors,3 gas sensors,4 and photodetectors5 due to their
good physical properties. More recently, weak localization
and electron—electron interactions have been observed in
1ZO NWs.® Furthermore, compared with ZnO doped with
transition metals (Cu, Co, etc.),7’8 1ZO possesses unique fig-
ures of merit such as better optical properties and lower
resistivity.3 Hence, it is expected that IZO should be one of
the most promising candidates for future spintronic devices
applications. To fabricate and optimize IZO-based optoelec-
tronic and spintronic devices, investigation of the optical and
magnetic properties of IZO is of fundamental and practical
importance. In previous reports, both a blueshift and a red-
shift in the UV emission peak were observed for IZO nano-
structures fabricated by different methods.”'® Two residual
donor levels located at about 37 and 120 meV below the
conduction band minimum have been identified from the
photoluminescence (PL) excitation spectra of 1ZO NRs."
Zhou et al.* found that the near-band-edge emission (NBE)
of ordered IZO NWs was dominated by In-related neutral
donor-bound exciton emission in low-temperature PL spec-
tra. Although considerable effort has been devoted to the
optical properties of IZO nanostructures, the detailed mecha-
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nisms underlying these properties are still not very clear.
Additionally, to our knowledge, no information can be found
about the magnetic properties of IZO nanostructures. In this
work, ZnO and IZO NWs with different In contents were
prepared on c-face sapphire substrates by a simple thermal
evaporation technique. The effects of In doping on the opti-
cal and magnetic properties were investigated by low-
temperature PL spectra and by using a superconducting
quantum interference device (SQUID). Low-temperature PL
spectra indicated that strong donor-acceptor-pair (DAP)
emission appeared after In doping and the peak position of
the excitons bound to neutral donors (D°X) emission almost
did not change. Furthermore, room-temperature ferromag-
netism (RTFM) in IZO NWs was first observed in our ex-
periment but the undoped ZnO NWs exhibited typical dia-
magnetic properties at 300 K.

Il. EXPERIMENTAL DETAILS

The ZnO and IZO NWs with different In contents used
in this study were grown on c-face sapphire substrates by a
vapor phase transport process. Gold films with the nominal
thickness of 3 nm were deposited on the substrates before the
growth of ZnO NWs using as catalyst. A mixture of highly
pure (99.999%) ZnO powder and (99.999%) graphite powder
with a weight ratio of 1:1 ZnO/C was used as the source to
prepare undoped ZnO NWs. For the growth of IZO NWs, the
source was a mixture of highly pure (99.999%) ZnO powder,
(99.99%) In,05 powder and (99.999%) graphite powder with
different weight ratios. The growth was performed at 935 °C
for 40 min at a pressure of 1.3X 10° Pa and highly pure
argon mixed with 1% oxygen was used as the carrying gas.
After growth, the system was cooled to room temperature.
The average atomic concentration of indium in IZO NWs
was estimated using energy dispersive x-ray (EDX) analysis.
The morphology of the NWs was characterized by scanning
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FIG. 1. (Color online) SEM images of ZnO (a), Zng¢;Iny ;0 (b), and
ZnyoIng o0 (c) NWs; (d) XRD patterns of ZnO, Zngg;Ing;0, and
Zng94Inp 060 NWs.

electron microscopy (SEM). To investigate the local vibra-
tion modes, Raman spectra were obtained by confocal laser
micro-Raman spectrometry at room temperature. The struc-
tural quality of the samples was investigated by x-ray dif-
fraction (XRD). The PL measurements were carried out in a
liquid He cryostat between 10 and 300 K using a He—-Cd
laser (325 nm line). Magnetic measurements were performed
using a SQUID magnetometer with the magnetic field per-
pendicular to the substrate surface.

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(c) show the SEM images of ZnO,
7Zn 97In( 30, and Zng g4In, O NWs, respectively. It can be
seen that three samples have similar wirelike shape with an
average diameter of about 70 nm and a length of about
10 wm. The NWs are disordered in all samples. Meanwhile,
it should be noted that there are few NBs dispersing in NWs
in three samples (less than 2% in quantity). The SEM results
indicated that three samples have the similar morphology
and density. Furthermore, the samples in our case have the
same size and thickness, so we can compare the optical and
magnetic properties purely induced by In doping. The XRD
patterns of three samples were shown in Fig. 1(d). Pure ZnO
NWs can be indexed as the wurtzite hexagonal structure.
After In doping, the intensity of major diffraction peak de-
creased, indicating that the indium doping can lead to the
degradation of crystallinity. Meanwhile, Au (111) peak can
be also observed for all samples. It can be noted that no
obvious diffraction peaks of In,O; can be found in our
samples. With increasing In content, (002) peak shifts to
lower angle side and becomes broader [see the inset of Fig.
1(d)]. This peak shift may be due to that the ionic radius of
In** (0.071 nm) is larger than that of Zn>* (0.060 nm). Peak
broadening in the inset of Fig. 1(d) is caused by the degra-
dation of crystallinity. The XRD result clearly suggests the
incorporation of In into ZnO lattice without altering the crys-
tal structure.

In order to disclose the influence of In doping on the
vibrational property of ZnO NWs, the Raman scattering
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FIG. 2. (Color online) The Raman spectra of ZnO, Zng¢;Ing 30, and
Zng 94Ing 60 NWs.

measurement was carried out at room temperature. Figure 2
shows the Raman spectra of ZnO, Zngg;In;30O and
Zng 94Ing 06O NWs. The Raman spectrum from the undoped
ZnO NWs is in good agreement with that of wurtzite Zn0."
The peaks at 329 cm™', 380 cm™', 408 cm™', 438 cm™,
535 cm™', 582 cm™!, and 658 cm™' are related to the Egigh
—E¥¥, A(TO), E,(TO), E¥e" 2BY™ (2LA), A,(LO), and
TA+LO, 1respectively.13 After In doping, all these peaks be-
came weaker and no significant shift in the peak position
could be observed. The decrease in the intensity of E5e"
mode indicated that the indium ions doped into the ZnO
lattice substituting for Zn" In Fig. 2, it should be noted
that an additional vibration modes appear at 624 cm™' in the
Raman spectrum after In doping. Furthermore, with increas-
ing the indium content in IZO NWs, this new peak becomes
stronger while other peaks become weaker. According to pre-
vious reports, this new peak should be related to indium
impurities. 14-16

Figure 3(a) shows the PL spectra of ZnO, Zn g7Ing 430,
and Zng g4Ing 06O NWs at T=10 K. As can be seen, the vis-
ible emission (VE) due to the deep level defect emission
from undoped ZnO NWs is very weak and almost unnotice-
able at 10 K. After In doping, the intensity ratio of NBE/VE
decreases. And for Zn g4Iny osO NWs, the intensity of NBE
is stronger than that of VE. According to previous report,17
the deep level defect emission is usually attributed to oxygen
vacancies. The increase in VE intensity after In doping indi-
cated that In doping can induce many oxygen vacancies. In-
terestingly, on the high-energy side of the VE band for all
samples, we observed a series of small peaks with vibration
characteristics related to the strong electron-longitudinal op-
tical (LO) phonon coupling.'” In these vibration peaks, the
energy separation between any two adjacent fine peaks was
found to be 66—71 meV corresponding to the LO phonon
energy (72 meV) for ZnO. Figure 3(b) shows the NBE bands
for three samples at 10 K. For undoped ZnO NWs, the PL
spectrum is dominated by the bound-exciton emission peak
at 3.358 eV, which likely originates from DX according to
our previous work.'® The small peak at the high-energy side
of DX should be attributed to surface bound excitons (SX)
because its thermal quenching rate is much faster than that of
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FIG. 3. (Color online) PL overview spectra (a) and NBE bands (b) of ZnO,
Zng 97Iny 30, and Zng g4Ing 060 NWs at 7=10 K.

DX and it completely disappeared at 30 K (shown latter)."
On the low-energy side of DX, the peak with low intensity
at 3.322 eV should come from two-electron satellite (TES) of
D°X.%° In such a transition process, the radiative recombina-
tion of a DX complex transfers its donor electron from the
1s ground state into an excited state such as 2s, 2p, etc.”!
Notably, the peak at 3.309 eV is associated with LO phonon
replica of free exciton (FX), although we did not observe the
FX emission. According to the LO phonon energy of ZnO
(72 meV), the peaks at 3.286 eV, 3.247 eV, 3.214 eV, and
3.143 eV can be attributed to DX-1LO, TES-1LO,
DYX-2L.0, and D°X-3LO, respectively. After doping with in-
dium, the PL spectra exhibit many different features com-
pared to that of pure ZnO NWs. The SX emission disappears
completely for IZO NWs. The intensity of D’X decreases but
the peak position is almost no change, which is different
from Ref. 12. According to previous reports, In-related D’X
usually occurs at 3.357 eV."**? In this experiment, DX of
undoped ZnO NWs appears at 3.358 eV, so it is difficult to
identify the emission associated with In donor bound exciton
after In doping. At 3.303 eV, a new broad emission band can
be clearly observed, which 1is attributed to DAP
recombination.” The FX-1LO may have merged into this
emission band and cannot be identified clearly in these spec-
tra. Additionally, the intensity of DAP recombination band
increases with the increase in In content, indicating that this
emission is related to indium doping.

In order to further investigate the effect of In doping on

J. Appl. Phys. 108, 043516 (2010)

(b) DX
ZnO.97I n0.030

DAP

PL Intensity (a.u.)

=

PL Intensity (a.u.)
vl

10
Energy

D°X-1LO 10 29
FX-1LO

D°X-2LO
TES-1LO

30

40

PL Intensity (a.u.)

50 K

100 K

3.20 3.24 328 3.32 3.36
Energy (eV)

3.27 330 3.33 3.36
Energy (eV)

FIG. 4. (Color online) Temperature-dependent PL spectra of ZnO (a) and
Zng 9710 430 (b) NWs.

optical properties of ZnO, the temperature-dependent PL
spectra measurements were carried out by using a liquid He
cryostat. Figures 4(a) and 4(b) show the temperature-
dependent PL spectra of ZnO and Zn, o7In ¢30, respectively.
As can be seen in Fig. 4(a), the intensity of DX decreases
readily and the peak shifts toward lower energy with the
increase in temperature. Since DX partially thermally disso-
ciates into FX, the attenuation of FX-LO phonon replicas
with increasing temperature is much slower in comparison
with D’X. Consequently, when the temperature is higher
than 100 K (not shown), FX-1LO and FX-2LO become the
dominant emissions and the peak intensities are higher than
that of the D’X peak. A similar behavior is observed from
the NBE band of ZnO tetrapods.23 Meanwhile, the SX emis-
sion disappeared completely at 30 K. The inset of Fig. 4(a)
shows a magnified image of the spectra in the range from 3.2
to 3.34 eV. It can be clearly seen that the TES and TES-1LO
peaks decrease rapidly in intensity with increasing tempera-
ture and vanish when the lattice temperature exceeds 40 K.
The disappearance rate of the TES band is much faster than
that of DX band. This corresponds to the fact that the TES
band cannot exist without its primitive DX emission.”* After
doping with indium, the DAP emission band appeared and
the SX emission disappeared. Taking a close look at the DAP
emission band shown in Fig. 4(b), it can be seen that this line
is much broader than the DX line. The identification of
DAP transition is further confirmed by a new peak at the
high energy side of the DAP emission corresponding to free-
electron-to-acceptor (eA”) at higher temperature. It was
found that the energy distance between DAP and eA° is
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FIG. 5. (Color online) Magnetization curves of ZnO, Zng7In, 30, and
Zng94Inp 060 NWs at room temperature.

around 15 meV. This value is similar to that in previous
reports.20 As is well known, the eA° transition energy (E,,)
can be expressed as the following equation:25

EeAzEg_EA+kBT/27 (])

where E, is the band-gap energy, E, is the binding energy of
the acceptor, T is the temperature, and kj is the Boltzmann
constant. The band-gap energy can be estimated by the PL
peak of FX-1LO from undoped ZnO NWs (Egx_iL.0), the LO
phonon energy (72 meV), and the binding energy (60 meV)
of FX. At 40 K, Egx.11.0=3.308 eV and E,,=3.320 eV, the
acceptor binding energy was estimated to be around 122
meV, which is in good agreement with the value in Ref. 26
(130+3 meV). The stacking faults may act as acceptors and
the introduction of indium into ZnO is expected to lower the
threshold for stacking faults formation.”® Additionally, dan-
gling bonds which can form localized electronic states can
also be responsible for the acceptorlike defect states.”
Magnetization measurements carried out at room tem-
perature for three samples are shown in Fig. 5. The substrate
effect has been subtracted. In this figure, the curves corre-
sponding to the IZO NWs show a characteristic hysteresis
loop, confirming the ferromagnetic nature of these NWs at
room temperature. The undoped ZnO NWs exhibit purely
diamagnetic behavior at 300 K. With the increase in In con-
tent, the coercive field and the magnetic moment for IZO
NWs increase largely. Many mechanisms can be responsible
for this RTFM. Au catalysts may have contributed to this
RTFM. However, three samples are prepared and measured
at the same conditions, so the effect of Au catalysts should be
similar for all samples. Additionally, the undoped ZnO NWs
do not exhibit RTFM at 300 K. So the effect of Au catalysts
can be ruled out. Considering that the undoped ZnO NWs
exhibit purely diamagnetic and the magnetic moment in-
creases with increasing In content, we conclude that RTFM
in IZ0 NWs should be caused by indium doping. EDX,
XRD, and Raman results indicate that there are no other
magnetic elements or obvious separate phase in IZO NWs.
Additionally, indium and indium-related oxides are
nonferromagnetic.27 Hence, the origin of ferromagnetism
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cannot be the impurity phase in the IZO NWs. According to
previous reports, the defects such as O or Zn vacancies in
7ZnO can realize RTFM.?% Therefore, the RTFM in 1ZO
may be associated with O vacancies caused by In doping.
This result is in good accordance with the strong VE after
doping with indium in PL spectra.

IV. CONCLUSION

In summary, ZnO and IZO NWs have been prepared and
investigated. XRD and Raman results showed that indium
ions doped into the ZnO lattice without the presence of any
second phase. Low-temperature PL spectra indicated that
NBE band of undoped ZnO was dominated by DX with
some weak peaks (SX, TES, FX-LO, and D’X-LO). After In
doping, a new broad emission band appeared, which is asso-
ciated with DAP recombination. The binding energy of the
acceptor was estimated to be about 122 meV from
temperature-dependent PL spectra. Additionally, the RTFM
was clearly observed in IZO NWs, which may be associated
with O vacancies induced by In doping. The coercive field
and the magnetic moment for [ZO NWs increase with the
increase in In content. Our work suggests that doping ZnO
with indium is a viable approach to realizing high-quality
optical properties and RTFM, which may help to advance
optoelectronic and spintronic devices.
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