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Phosphorus-doped p-type ZnO films were grown on r-plane sapphire substrates using
molecular-beam epitaxy with a solid-source GaP effusion cell. X-ray diffraction spectra and
reflection high-energy electron diffraction patterns indicate that high-quality single crystalline

�112̄0� ZnO films were obtained. Hall and resistivity measurements show that the phosphorus-doped
ZnO films have high hole concentrations and low resistivities at room temperature.
Photoluminescence �PL� measurements at 8 K reveal a dominant acceptor-bound exciton emission
with an energy of 3.317 eV. The acceptor energy level of the phosphorus dopant is estimated to be
0.18 eV above the valence band from PL spectra, which is also consistent with the temperature
dependence of PL measurements. © 2006 American Institute of Physics. �DOI: 10.1063/1.2170406�
With a wide band gap of 3.37 eV and a large exciton
binding energy of 60 meV at RT, ZnO has attracted tremen-
dous interests for developing highly efficient optoelectronic
devices.1 However, making a reliable and reproducible
p-type ZnO film is still a bottleneck. The difficulty mainly
arises from the self-compensating effect of native defects �Vo

and Zni� �Ref. 2� and/or hydrogen incorporation.3

In recent years, different kinds of dopants, such as group
V elements nitrogen,4–10 phosphorous,11–14 arsenic,15–18 and
antimony,19–21 have been employed to achieve p-type ZnO
films. Among them, phosphorus-doped ZnO films exhibited
high carrier concentrations, reasonable mobilities, and low
resistivities.11,13 However, there are several challenges on
current p-type ZnO films via phosphorus doping. First, the
phosphorus-doped ZnO films were mainly grown by pulsed
laser deposition12 and radio-frequency sputtering methods.13

Unlike molecular-beam epitaxy �MBE� or chemical vapor
deposition, high-quality single crystalline ZnO films are dif-
ficult to obtain. Second, the dopant source in the film, for
example P2O5, must be thermally dissociated in order to pro-
vide the phosphorus dopants after growth. Unfortunately, this
process largely depends on rapid thermal annealing condi-
tions and may yield unreliable p-type conduction. Third,
some phosphorus-based compounds that are currently being
used, such as Zn3P2, are undesirable because they are toxic.

In our study, we used a solid-source GaP effusion cell in
an SVTA MBE system. A special design of Ga-trapping-cap
system, which included a dome-shaped and a disk-shaped
pyrolytic-boron-nitride �PBN� extension cap on top of a PBN
crucible, was employed with this effusion cell. Upon decom-
position of the GaP compound at high temperatures �P2 and
parasitic Ga atoms�, all Ga atoms would strike the caps at
least once and are trapped in the cap region where the tem-
perature is lower than that inside the crucible. As a result, a
P2 dominated beam is obtained. The simplicity of the GaP
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effusion cell design and the good controllability of P2 beam22

make this doping technique an advantageous alternative for
ZnO p-type doping.

p-type phosphorus-doped ZnO films were grown on

�011̄2� r-plane sapphire substrates. Elemental zinc �5N� was
evaporated with a low-temperature �LT� effusion cell. The
oxygen �5N� plasma was generated with a radio-frequency
plasma source. Prior to growth, several cleaning procedures
were followed. First, substrates were dipped into an aqua
regia solution �HCL:HNO3=3:1� at 100 °C for 30 min to
remove surface contaminants and scratches, and then they
were dried with nitrogen gas. Second, the substrates were
transferred into the growth chamber and annealed under
vacuum at 800 °C for 20 min. After thermal annealing, an
oxygen plasma treatment was performed at 720 °C for 15
min to generate an oxygen-terminated surface.23 Finally, un-
doped and phosphorus-doped ZnO films were grown at
720 °C. Different GaP cell temperatures were employed for
the phosphorus-doped ZnO growth. At the end of growth,
annealing was carried out at 800 °C for 20 min to activate
the phosphorus dopants,13 followed by in situ reflection high-
energy electron diffraction �RHEED� observations of the
films.

The crystal structure and orientation of ZnO films were
investigated using a Bruker advanced D8 x-ray diffracto-
meter. X-ray diffraction �XRD� �-2� spectra for the undoped
and phosphorus-doped ZnO films are shown in Figs.
1�a�–1�c�. The r-plane sapphire substrates exhibit two peaks

at 25.8° and 52.8° , corresponding to �011̄2� and �022̄4�,
respectively.24 ZnO, however, shows a sharp peak at 56.7° ,

indicating a single crystalline film with a �112̄0� plane grown
on the substrate. The full width at half maximum �FWHM�
values of 5.3, 30.2, and 37.0 arc min were obtained for
samples A, B, and C, respectively. The dramatic increase of
the FWHM values indicates the incorporation of phosphorus
into the films. The insets of Fig. 1 are in situ RHEED pat-
terns at the end of film growth. For the undoped and lightly

phosphorus-doped ZnO films, RHEED patterns are sharp and
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streaky, showing a two-dimensional growth mode. The ori-

entations can be identified as �112̄0�.24 By raising the GaP
cell temperature to 750 °C, however, a spotty RHEED pat-
tern was observed, demonstrating a three-dimensional
growth mode occurred.

Hall and resistivity measurements were carried out to
characterize the electrical properties of all ZnO films with a
physical property measurement system. Figure 2 shows the
Hall resistance RHall as a function of magnetic field at RT for
sample B; the positive slope, which is Hall coefficient, indi-
cates p-type conduction. The inset shows a typical I-V curve
for sample B. The linear characteristic indicates that good
Ti/Al Ohmic contacts were achieved.

The results of RT Hall and resistivity measurements for
both undoped and phosphorus-doped ZnO samples are sum-
marized in Table I. The undoped ZnO film has an n-type
conductivity with an electron concentration of 1.0
�1017 cm−3 and a mobility of 46.5 cm2/V s. The
phosphorus-doped ZnO films, however, show strong p-type
conductivities. With a relatively low GaP cell temperature of

TABLE I. Electrical properties of undoped and phos

Sample
GaP cell temp.

�°C� Type
Film thic

��m

A Undoped n 0.5
B 710 p 0.2
C 750 p 0.2

FIG. 1. �Color online� XRD spectra and RHEED patterns �inset� for �a�
undoped ZnO �sample A�, �b� phosphorus-doped ZnO with a GaP cell tem-
perature of 710 °C �sample B�, and �c� phosphorus-doped ZnO with a GaP
cell temperature of 750 °C �sample C�.
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710 °C �sample B�, the film exhibits a hole concentration of
1.2�1018 cm−3 and a mobility of 4.2 cm2/V s. By raising
the cell temperature to 750 °C �sample C�, the hole concen-
tration increases to 6.0�1018 cm−3, and the mobility de-
creases to 1.5 cm2/V s. Figure 3 shows the temperature de-
pendence of the hole concentration for a phosphorus-doped
ZnO film �sample B�. The carrier concentration decreases at
lower temperature as a result of carrier freeze-out. The inset
shows the Hall mobility as a function of temperature. From
250 to 350 K, the Hall mobility is dominated by phonon
scattering while below 120 K ionized impurity scattering
takes over. In between 120 and 250 K, the two mechanisms
coexist. Table I also shows the resistivity values for different
films. With a GaP cell temperature of 750 °C, sample C ex-
hibits a low resistivity of 0.7 � cm, which is comparable to
the value reported for phosphorus-doped ZnO films with
P2O5 as the dopant.13

LT PL measurements were performed to characterize the
optical excitations of undoped and phosphorus-doped ZnO
films. Figure 4�a� shows a spectrum for the undoped ZnO
film �sample A� measured at 8 K. A strong near-band edge
emission associated with the neutral-donor-bound exciton
�D°X� is observed at 3.366 eV. For the lightly doped ZnO
film �sample B�, however, a new peak at 3.315 eV is ob-
served besides the D°X emission at 3.364 eV, as shown in
Fig. 4�b�. The PL spectrum in Fig. 4�c� is completely domi-
nated by a strong peak at 3.317 eV with a weak D°X emis-
sion at 3.360 eV for the heavily doped ZnO film �sample C�.
From the evolution of PL spectra, it can be inferred that the
peak at 3.317 eV is the neutral-acceptor-bound exciton
�A°X� emission, resulting from phosphorus doping. The
other peaks at 3.258 and 3.179 eV in Fig. 4�c� are assigned to

s-doped ZnO films at RT.

Mobility
�cm2/V s�

Resistivity
�� cm�

Carrier density
�cm−3�

46.5 1.3 1.0�1017

4.2 1.2 1.2�1018

1.5 0.7 6.0�1018

FIG. 2. The Hall resistance as a function of applied magnetic field at RT for
a phosphorus-doped ZnO film �sample B�. The inset is a I−V curve for this
sample.
phoru

kness
�
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be free electron to acceptor level �FA� and donor-acceptor
pair �DAP� transitions, respectively. The binding energy of
an acceptor EA can be calculated with15

EA = Egap − EFA + kBT/2, �1�

where EFA is the temperature-dependent transition. With an
intrinsic band gap of Egap=3.437 eV,7,11,15 the value of EA is
then calculated to be 0.18 eV.

PL measurements were performed on the phosphorus-
doped ZnO film �sample B� at temperatures ranging from 8
to 300 K, as shown in Fig. 4�d�. The inset shows the energy-
integrated intensity of the A°X emission as a function of
temperature. By fitting the intensity and combining the
Haynes rule, an acceptor activation energy EA is calculated to

FIG. 3. Temperature dependence of the hole concentration for a
phosphorus-doped ZnO film �sample B�. The inset shows Hall mobility as a
function of temperature �sample B�.

FIG. 4. PL spectra measured at T=8 K for �a� undoped ZnO �sample A�, �b�
phosphorus-doped ZnO with a GaP cell temperature of 710 °C �sample B�,
and �c� phosphorus-doped ZnO with a GaP cell temperature of 750 °C
�sample C�; �d� shows the PL spectra measured for several temperatures
over the range from 8 to 300 K �sample B�. The inset is the integrated
intensity of the A°X emission as a function of temperature. The dots repre-
sent the experimental data, and the solid line is the fit.
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be 172 meV. This result is in good agreement with the value
for the acceptor activation energy of 0.18 eV obtained from
spectroscopic data using Eq. �1�.

In summary, high-quality p-type phosphorus-doped ZnO
films were produced using a GaP effusion cell as a phos-
phorus dopant source in a MBE system. Hall and resistivity
measurements reveal that phosphorus-doped ZnO films ex-
hibit p-type conductivities. A carrier concentration of 6.0
�1018 cm−3, Hall mobility of 1.5 cm2/V s, and resistivity of
0.7 � cm were measured in a phosphorus-doped ZnO film.
LT PL spectra reveal a strong peak at 3.317 eV, which was
attributed to the phosphorus-associated A°X emission, and
from these data the activation energy of phosphorus impuri-
ties is estimated to be 0.18 eV. This conclusion is consistent
with the temperature dependence of PL emission spectra.

This work was supported by DARPA/DMEA through the
center for NanoScience and Innovation for Defense �CNID�
under Award No. H94003-04-2-0404. The authors would like
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