
Solid State Communications 143 (2007) 570–573
www.elsevier.com/locate/ssc
Growth and optical properties of phosphorus-doped ZnO nanowires
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Abstract

Single-crystal phosphorus-doped ZnO nanowires were synthesized by using a single-source precursor-based vapor transport method. The
photoluminescence spectra of phosphorus-doped ZnO nanowires and undoped nanowires are compared. While both show several shallow bound
exciton complexes, the phosphorus-doped nanowires reveal an additional distinct emission feature at 3.316 eV. Additionally, the time-resolved PL
measurements were conducted to characterize the recombination dynamics.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO nanowires with a direct band gap of 3.44 eV and
a large exciton binding energy of 60 meV, have attracted
increasing interest due to its potential applications in electronics
and optoelectronics. Recently, a light-emitting diode (LED)
based on a ZnO homojunction film was demonstrated [1,2].
It was the result of the reliable p-type doping of ZnO with a
high concentration of nitrogen (∼1020cm−3) and a low-defect
density. Devices based on ZnO nanowires could provide an
alternative nanoscale UV light source. The synthesis of reliable
p-type ZnO nanowires is thus desired. Despite its importance,
only few results on the doping of ZnO nanowires have been
reported so far [3–5].

In this paper, we demonstrate a versatile growth technique
to synthesize phosphorus-doped ZnO (ZnO:P) nanowires in
a reproducible way. With this approach, we are able to
prepare phosphorus-doped single-crystal ZnO nanowires. We
will discuss the detailed optical properties of phosphorus-doped
ZnO nanowires based on low-temperature photoluminescence
(PL) and time-resolved PL (TRPL).
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2. Experimental details

In the typical growth process, ZnO:P nanowires are
synthesized via a vapor transport process based on a single-
source precursor, Zn3P2. In the approach presented here, Zn3P2
is used as source for both Zn and P. In order to meet the
conditions of the sublimation of Zn3P2 and the formation
of the liquid droplet of Au catalyst, the temperature at the
source boat and the substrate were controlled at ∼500 ◦C and
800 ◦C, respectively. The details are as follows: an alumina boat
containing the Zn3P2 powder and a Si substrate covered with
a 5 nm Au film were placed in a small quartz tube, separated
typically by 7–10 cm. This small quartz tube was then placed
inside a horizontal tube furnace, where the source boat was
positioned upstream from the substrate and located in front of
the heating zone. A constant pressure was maintained during
the growth process with an Ar gas of flow rate 30 sccm. The
temperature of the furnace was set to 800 ◦C and typically kept
at the maximum temperature for 40 min.

For comparison, undoped ZnO nanowires were also
produced. Here, ZnO nanocrystals, which were prepared by a
chemical solution deposition (CSD), were used for nanowire
nucleation instead of a metal catalyst. The 0.75 M precursor
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Fig. 1. SEM images of ZnO:P nanowires based on Au-assisted growth (a), and
ZnO nanowires based on ZnO nanocrystals-assisted growth (b). (c) TEM image
of a ZnO:P nanowire. (d) High-resolution TEM image of the ZnO:P nanowire.
(e) The corresponding SAED pattern.

solution, which was prepared by stirring the components zinc
acetate dihydrate and monoethanolamine in a molar ratio of
1:1 in 2-methoxyethanol for 3 h at 80 ◦C under Ar gas
was deposited onto the Si substrate by spin coating. The as-
deposited films were then preheated on a hotplate at 300 ◦C
for 10 min. Finally the sample was annealed at 500 ◦C for 1 h.
For nanowire growth, ZnO powder (Alfa Aesar, 99.999%) and
graphite powder (Alfa Aesar, 99.9995%) were ground together
(1:1 wt%) and loaded into an alumina boat. The substrate
covered with the ZnO nanocrystal layer and the alumina boat
were placed into a small quartz tube, separated typically by
10–11 cm. This small quartz tube was then placed inside a
furnace quartz tube with the source boat positioned at the center
of the heating zone and the substrate placed downstream of an
Ar flow. The temperature of the furnace was set to 925 ◦C and
typically kept at the maximum temperature for 30 min under a
constant flow of Ar with 30 sccm. After the growth, the furnace
was cooled to room temperature.

3. Results and discussion

The morphologies of the as-grown ZnO:P nanowires and
ZnO nanowires were investigated using scanning electron
microscopy (SEM). As shown in Fig. 1(a), entangled and
uniform ZnO:P nanowires were grown on the Si substrate. The
diameters of the nanowires range from 40–80 nm and their
lengths reach a few micrometers. Fig. 1(b) shows quasi-aligned
ZnO nanowires with well-defined facets on the Si substrate.
The nanowires have a typical diameter of 30–100 nm and a
length of a few micrometers. All wires are terminated by a
flat plane. Transmission electron microscopy (TEM) analysis
revealed that most of the ZnO:P nanowires are terminated by
Au nanoparticles, indicating that ZnO:P nanowires were grown
via a Au-assisted vapor–liquid–solid (VLS) process. Fig. 1(c)
shows a representative TEM image of a ZnO:P nanowire.
Fig. 1(d) shows a high-resolution TEM image of a ZnO:P
nanowire with clearly resolved lattice fringes, confirming
their crystallinity. Fig. 1(e) shows a selected-area electron
diffraction (SAED) pattern obtained from a representative
ZnO:P nanowire. It demonstrates that the nanowire is single-
crystalline with a wurtzite structure and a growth direction
along [0001].
Fig. 2. XRD pattern of as-grown ZnO:P nanowires (a), and ZnO nanowires
(b). The peaks of the Au used as catalyst can be seen in the sample of the doped
wires.

In addition, Fig. 2(a) shows the X-ray diffraction (XRD)
pattern of ZnO:P nanowires which confirms that no secondary
phase exists in ZnO:P nanowires. In case of undoped ZnO
nanowires, a typical XRD pattern of the hexagonal ZnO was
observed as shown in Fig. 2(b).

The overall composition and the spatial distribution of
phosphorus atoms in individual nanowires were investigated
by energy-dispersive X-ray (EDX) spectroscopy. 4.3 at.% of
phosphorus was detected at the Au-based metallic particles,
located at the tip of ZnO:P nanowires. However due to the
sensitivity limit of EDX (not better than approximately 1 at.%),
we are not able to estimate the phosphorus content in the
nanowires reliably. The EDX analysis of p-type GaN nanowires
was also not sensitive enough to show the presence of Mg
dopants [6]. Because of the difficulties in elemental analysis
and electrical device fabrications for the quantitative analysis
of the dopant concentration, we used low-temperature PL to
prove and characterize the presence of phosphorus dopants
in ZnO:P nanowires. PL spectroscopy is a very sensitive
and nondestructive tool for investigating metal impurities in
semiconductor nanowires [7].

PL of the samples was measured using the 325 nm line of a
HeCd laser as excitation source with an intensity of ∼4 W/cm2.
The low-temperature PL spectra of ZnO:P and ZnO nanowires
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Fig. 3. Low-temperature PL spectra of as-grown ZnO:P nanowires (sample a),
and ZnO nanowires (sample b), respectively.

are compared in Fig. 3. In the used liquid He-bath cryostat,
a temperature of 5 K was measured in a thermal equilibrium
of the copper sample holder with the attached sensor and the
sample fixed on it by a heat-conducting glue. The spectrum
of undoped ZnO nanowires shows typical transition features.
In the present case, the strong emissions observed between
3.357 and 3.363 eV are bound exciton transitions (BE). These
lines are typically labeled as I4 (3.363 eV), I6 (3.361 eV) and
I9 (3.357 eV) [8].

In the case of ZnO:P nanowires, the PL spectrum is
again dominated by emission from shallow BE. Additionally,
another emission band at 3.316 eV is observed, which is not
found in the undoped ZnO nanowires. This band is in the
following denoted by the letter A. Such an emission band
around 3.31 eV has on one hand been reported in p-type
nitrogen [9,10] or phosphorus [11,12] doped ZnO film. On
the other hand such an emission band was also found in
nominally undoped samples [11,15] and is strongly present
in ZnO nanocrystals [15]. So far the physical origin of this
emission is still unclear. But from our results it seems likely that
this additional state is caused by the presence of phosphorus
atoms in the ZnO nanowires.

Time-resolved PL (TRPL) spectroscopy was used to
examine the time-dependent carrier dynamics in ZnO:P and
ZnO nanowires. The signal was recorded by the use of a streak
camera with a temporal resolution of 5 ps. The excitation in
those measurements is accomplished by 150 fs pulses of a
frequency doubled Ti:Sapphire-laser at 360 nm. In the TRPL
measurement a He-flow cryostat was used and in thermal
equilibrium a temperature of 13 K was measured. The decay
curves of the radiative emission at the BE energy of 3.357 eV
(I9) and the A peak at 3.316 eV were monitored in Fig. 4.
Both peaks show a biexponential decay, with a rapid decay
component in the beginning. This is caused by the high-carrier
densities shortly after the excitation pulse with several µJ/cm2.
Fig. 4. Decay curves from time-resolved PL spectra of the BE and A emission
peaks in ZnO:P nanowires. The inset shows the time-integrated PL spectrum.

Therefore also the time-integrated PL spectrum, as shown
in the upper right corner of Fig. 4, is broadened compared
to the continuous wave PL measurement. The two emission
bands which can be seen in the time-integrated spectrum are
present at all times. While at earlier times the BE peak is
dominant, the A peak contributes mainly to the emission with
a monoexponential tail with a lifetime of about 240 ps at later
times.

For unequivocally demonstrating that the incorporated
phosphorus atoms actually lead to p-type doping as expected,
further electrical measurements are required, and this is in
progress. In general, implantation, diffusion and in situ doping
during vapor phase or MBE growth have been adopted
as methods of p-type doping in ZnO films. Our route to
incorporate dopants in ZnO nanowires is, however, quite
different from such ways of doping ZnO films. Phosphorus
is incorporated into the nanowire lattice via the liquid alloy
(Au–Zn) e.g., liquid-phase-assisted in situ doping not a vapor
phase in situ doping. In this doping mode, the liquid–solid
interface provides a low-energy site (e.g., a sink for the dopant),
and facilitates the transport of dopants from the vapor to the
crystal. Although all p-type dopants have a fairly low solubility
in the ZnO lattice [13], we were able to grow phosphorus-
doped ZnO nanowires. In addition, grown nanowires show no
tapering. Since a few atomic layers of dopants deposited on
the surface of a nanowire can dominate its overall electronic
properties, dopant induced tapering is undesirable [14].

4. Conclusions

In summary, phosphorus-doped ZnO nanowires were
synthesized by using a vapor transport process. Based on
a single-source precursor, Zn2P3, single-crystal phosphorus-
doped ZnO nanowires were produced in a reproducible way.
Low- temperature PL spectra show that the presence of
phosphorus strongly enhances a peak at 3.316 eV. We suggest
that Au catalyst plays an important role for doping in ZnO
nanowires.
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