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Abstract

Single-crystal Sb doped ZnO nanowires were fabricated on Si (100) substrate by a chemical vapor deposition method. The photolu-
minescence properties of ZnO nanowires were studied with the temperature ranging from 81 to 306 K. At 81 K, the recombination of the
acceptor-bound exciton was predominant in PL spectrum, which was attributed to the transition of the (Sbz,—2Vz,) complex bound
exciton. The activation of A’X and the acceptor binding energy had been calculated to be 16.8 and 168 meV, respectively.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) materials such as nanowires
(NWs), nanobelts (NBs), and nanorods have attached
much attention in recent years [1,2]. Among them, 1D
ZnO nanostructures materials have been paid great atten-
tion, because ZnO is with a direct wide band gap
(3.37¢V) and large exciton binding energy (~60 meV) at
room temperature, which makes ZnO nanostructures mate-
rials have a potential applications on ultra-violet (UV) nan-
olasers and photodetectors [3]. To realize these
nanodevices, p-type ZnO NWs are essential. By now, most
efforts to grow p-ZnO materials have been focused on the
fabrication of ZnO thin films. Some articles have reported
that N, P, As, Li are as typical dopants to obtain p-ZnO
thin films, but few articles commented on the fabrication
of p-ZnO nanostructures materials. In addition, the electri-
cal measurement method is also a problem to measure the
conduction type of the doped ZnO nanostructures materi-
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als. To obtain an efficient p-ZnO film, Limpijumnong et al.
proposed a model for large-size-mismatch group-V
dopants in ZnO [4,5]. It has been predicted that Sb would
occupy the Zn site and simultaneously induce two Zn
vacancies to form a complex (Sbz,—2Vz,), with a low
acceptor-ionization energy of ~160 meV, which paved the
road to research Sb dopants p-type conduction semicon-
ductor films. Following theoretic breakthrough, ZnO:Sb
films with p-type conduction have been fabricated by
MBE method [5]. The fabrication of ZnO:Sb NWs have
also been reported [6], however its optical properties have
not been researched. In this Letter, we try to grow Sb
doped ZnO NWs, then photoluminescence measurements
are used to observe the acceptor related emission peaks.

2. Experiment and details

In this Letter, the NWs were prepared by a vapor-solid
method on a silicon substrate. 4 N Zn powder and 5% 3 N
Sb,O; were used as source materials. The sample was
grown at 680 °C in N, ambient with a rate of 50 SCCM
for 1 h. Then, it was thermal processed in O, atmosphere
at 700 °C for 5min. The sample was investigated by
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field-emission scanning electron microscopy (FESEM,
Hitachis-4800), energy-dispersive X-ray spectroscopy
(EDS, GENE SIS 2000 XMS 60S, EDAX, Inc.) attached
to an SEM, transmission electron microscopy (TEM),
and a D/max-RA X-ray spectrometer (Rigaku). Photolu-
minescence (PL) measurements were performed using a
He—Cd laser line of 325 nm as the excitation source.

3. Results and discussion

Fig. la and b shows the FESEM images of as-grown
sample. Some NWs with the diameter of 30-60 nm and
the length of several millimeters were observed on the Si
(100) substrate surface. From Fig. 1c, the EDS analysis
indicates that there are only zinc, oxygen and antimony ele-
ments in the NWs with almost stochiometric content
(Zn:0 = 0.52:0.48). And the Sb concentration in NWs is
about 1%. The containing Al in the sample originates from
substrate aluminum tray. SAED pattern of single NW is
shown in Fig. 1d, which confirms NWs are single crystal-
line with ZnO wurtzite structure. The structure property
of NWs was also characterized by X-ray diffraction
(XRD) pattern, as shown in Fig. 2. All diffractive peaks
can be indexed to hexagonal wurtzite ZnO, and no diffrac-
tion peaks from any other minerals were observed.

The UV resonant Raman scattering at room tempera-
ture was performed to investigate the vibrational proper-
ties of the Sb doped ZnO NWs, as shown in Fig. 3. The
Raman peaks are located at 540, 1117 and 1698 cm ™"
They are assigned to A;(LO) multi-phonon Raman scat-
tering mode. As well known, for bulk ZnO the frequency
at 574cm™' of 1LO phonon peak corresponds to first-
order A,(LO) phonon, while that at 583 cm™' of 1LO
phonon peak corresponds to first-order E;(LO) phonon
[6]. However, Fig. 3 shows the 1LO peak in the ZnO
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Fig. 1. The SEM images (a, b) EDX spectrum (c), and SAED images (d)
of Sb doped ZnO NWs.
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Fig. 2. The XRD pattern of Sb doped ZnO NWs.
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Fig. 3. The Raman spectrum of Sb doped ZnO NWs.

nanowires located at 540 cm~'. The large redshift of
1LO phonon could be attributed to the local heating
and the lattice deformation. The 1LO peak redshift
caused by local heating could reach about 10cm™' in
20nm ZnO QDs at 5mW excitation power [7]. In our
previous experiments, the 1LO phonon peaks in ZnO
nanorods and nanowires measured at the same condition
were located at 571 and 579 cm ™', respectively [8]. There-
fore, the effect of local heating was not predominant in
our experiment. And the observed large redshift of 1LO
phonon peak could be mostly attributed to the lattice
deformation, which is caused by a big lattice mismatch
for Sb as a dopant into ZnO lattice. The phonon peak
at 531 cm™' has been also observed in ZnO:Sb NWs [9].

Low-temperature PL. measurements of undoped and Sb
doped ZnO NWs were carried out at 81 K, as shown in
Fig. 4. The PL spectrum of the undoped ZnO NWs shows
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Fig. 4. The low-temperature PL spectra of undoped ZnO NWs and Sb
doped ZnO NWs.

a strong near-band-edge emission located at 3.352¢V,
which was assigned to the transition of neutral-donor-
bound exciton (D°X) [10]. At the high energy side of
this emission peak a free exciton (FX) related emission
at 3.367 could also be found. The emission peak at
3.305 eV is separated 62 meV from FX, which was assigned
as 1LO (FX). For Sb doped ZnO NWs, the PL spec-
trum shows that well-resolved emissions located at 3.358,
3.310 and 3.232 eV, which could be attributed to the radi-
ant recombination from neutral-acceptor-bound exciton
(AX), free electron to the acceptor transition (FA) and
donor-acceptor pair (DAP), respectively. The acceptor
related peak position for Sb doped ZnO samples is quite
different from the undoped one. The peak was seen at
3.20, 3.31 and 3.32 eV for the acceptor-bound exciton in
ZnO nanocrystals (NCs), quantum dots (QDs) and bulk,
respectively [11]. The redshift of acceptor-bound exciton
in ZnO NCs and QDs comparing to that in ZnO bulk is
attributed to the large surface-volume ratio in both types
of nanoparticles and, consequently, a large number of
acceptor defects near the surface. The insight of the
theoretical work on surface-bound excitons in ZnO nano-
structures also confirmed that there were abundant sur-
face-related acceptors existence with ZnO nano-scale
decrease [12]. But in our experiment, the diameter of Sb
doped NWs was beyond 30 nm. The effect of surface
defect was not predominant on the optical properties of
nanowires.

To further understand these emissions, the temperature-
dependence PL measurement of Sb doped ZnO NWs was
made ranging from 81 to 306 K, as shown in Fig. Sa.
The emission at 3.232 eV showed a small blue shifts during
the temperature increase, which are typical characteristic of
DAP transitions. In Fig. 5b, the integrated PL intensity of
UV NBE emission was also expressed as a function of the
inverse of temperature. It was observed that the intensities
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Fig. 5a. The temperature-dependence PL spectra of Sb doped ZnO NWs
ranging from 81 to 306 K.
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Fig. 5b. Integrated PL intensity of A°X as a function of 1/7 for Sb doped
ZnO NWs.

decayed with the temperature 7 increase, in agreement with
the following expression [13],

A
I:
1 + Bexp(—E,/kT)’

where 4 and B are scaling factors, E, is active energy, and k
is Boltzmann’s constant. From Eq. (1) it can be deduced
that the PL integrated intensity, 7, should exhibit an expo-
nential dependence on 1/T. As shown in Fig. 5b, the PL
integrated intensity of A°X (filled square) was fitted
according to Eq. (1), then EA™X = 16.8 meV was obtained.
Using the Haynes rule £4% /E, = 0.1 for ZnO material sys-
tem, [14], an acceptor binding energy E, is estimated to be
168 meV. The binding energy of the acceptor Excan be cal-
culated with the equation

(1)

&2
EA :Egap—ED—EDAp—Fm. (2)

The donor binding energy Ep is reported to be 60 meV
[15], and the intrinsic band gap Eg,, =3.437¢eV at 42K
[16-18], r is the separation, ¢ is the dielectric constant of
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ZnO (8.6). The last term of Eq. (2) is ~30-60 meV [19]. In
our experiment, the value of E, was calculated to be 175—
205 meV, which is similar to the value estimated by A°X
emission peak. The emission at 3.310 eV is assigned FA.
It is well known that the majority of p-type ZnO films
doped by group-V elements have an Eg, emission at
~3.310eV [16,17,19-21]. The E, can be calculated from
the equation

EA :Egap *EFA +KBT/2; (3)

using Ex =3.377eV and E.s =3.310eV at 81 K. The
acceptor binding energy was calculated to be 130 meV, it
is smaller than that calculated from optical active energy.
The acceptor energy ~168 meV is attributed to Sb substi-
tuting Zn and inducing two Zn vacancies, further form-
ing the Sbz,—2Vz, complex, a shallow acceptor about
160-220 meV in early report [4].

4. Conclusion

In summary, Sb doped ZnO nanowires were fabricated
by chemical vapor deposition method. The XRD pattern
showed ZnO with a hexagonal wurtzite structure. In the
Raman spectrum, the considerable redshift of the 1LO
phonon peak was mostly attributed to the surface defects
and crystalline boundaries caused by the big lattice mis-
match from Sb doped in ZnO lattices. The PL properties
of Sb doped ZnO NWs were characterized by low temper-
ature and temperature-dependence PL spectra. The PL
spectra at 81 K, the peaks position and linewidth of the
Sb doped ZnO NWs were obviously different to those of
undoped ZnO NWs. And the UV emission located at
3.358 eV (81 K) was considered to be the transition of
neutral-acceptor-bound exciton, which was depicted as
Sbz,—2Vz, complex acceptor and its binding energy was
calculated to be 168 meV with the help of the tempera-
ture-dependence PL spectra. This value was in good agree-
ment with the estimated value 175-205 meV calculated
from the DAP. The PL was predominant original from
the acceptor-bound exciton formed inside ZnO:Sb NWs
than at the surface.
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