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ZnO films were prepared on Si�100� wafers by rf sputtering and subsequently implanted with V ions
to fluences of �1,2.5,5 ,10��1015 cm−2. The room-temperature ultraviolet photoluminescence �PL�
intensity of the implanted films is shown to increase with increasing fluence up to 2.5
�1015 cm−2, becoming �37 times more intense than the emission from the unimplanted ZnO film,
before decreasing at higher fluences. The increase in PL intensity is correlated with improved
crystallinity of ZnO, accompanied by a reduction in the concentration of deep-level native defects
by V incorporation into the ZnO lattice, as verified by x-ray diffraction, x-ray photoelectron
spectroscopy, and low-temperature PL. The subsequent reduction in PL intensity at fluences higher
than 2.5�1015 cm−2 is shown to result from the deterioration of the crystal quality and the
precipitation of V secondary phase possibly introducing defects in the films. © 2011 American

Vacuum Society. �DOI: 10.1116/1.3566529�
I. INTRODUCTION

ZnO is attractive for the fabrication of ultraviolet �UV�
optoelectronic devices such as light-emitting diodes and laser
diodes because of its direct-band structure, large band gap
�3.479 eV�, and high exciton binding energy �BE� �60
meV�.1,2 This has led to a broad range of studies on the
electrical, optical, and magnetic properties of ZnO thin films
and specifically on transition-metal �TM�-ion-doped ZnO
films.3–8 However, the material response to TM doping re-
mains to be understood, with most reports concentrating on
the ferromagnetic behavior of TM-doped films and the occa-
sional study reporting on their luminescence properties.6,7

ZnO films typically exhibit photoluminescence �PL� spec-
tra in the visible and UV ranges. The UV PL is known to be
due to near-band-edge �NBE� emission, while the visible PL
is due to native defects in the material.9,10 Undoped ZnO
films are n-type semiconductors having native defects such
as oxygen vacancies �VO�, Zn vacancies �VZn�, oxygen inter-
stitials �Oi�, Zn interstitials �Zni�, and oxygen antisites �OZn�,
which significantly influence the visible PL.11 However, their
effect on the NBE PL is not well known. It has been reported
that the excitonic emission from ZnO films is suppressed by
doping with TM ions such as Cr, Co, V, Ti, Fe, Mn, and Ni,
which is interpreted as being due to increased nonradiative
recombination.6 In contrast, V-implanted ZnO films have
shown intense white PL made up of different superimposed
emission bands originating from intrinsic recombination of
excitons and implantation-induced defects.7 In this article,
we report strong enhancement of the band-edge UV PL from
V-implanted ZnO films and show that this is correlated with
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an increase in crystal quality of the ZnO, accompanied by a
reduction in the concentration of deep-level �DL� native de-
fects.

II. EXPERIMENT

The ZnO targets �99.999%� were mounted in a rf magne-
tron sputtering system and used to deposit ZnO films on
p-type Si�100� substrates. Prior to use, the substrates were
ultrasonically cleaned in acetone and alcohol, and then rinsed
in de-ionized water. After the system was evacuated to a base
pressure of 3�10−6 Torr, the substrates were presputtered at
a power of 50 W for 10 min. The ZnO sputtering was then
performed at room temperature �RT� for 50 min at a working
pressure of 10−3 Torr. Other deposition conditions are as
follows: rf power of 70 W, deposition rate of 2 nm/min, and
gas mixing ratio of O2 /Ar of 1:8. The thickness of the films
was estimated to be 100 nm by transmission electron micros-
copy. The ZnO films were subsequently implanted with 100
keV V− ions to nominal fluences of �1,2.5,5 ,10�
�1015 V cm−2 at RT and subsequently annealed by rapid
thermal annealing at temperatures �TA� of 600–900 °C for
20 min in an O2 atmosphere. The peak excess-V concentra-
tion for these implants was calculated from TRIM simulation
to be in the range from 1.6�1020 to 1.6�1021 V cm−3 �0.2–
1.9 at. %�.12

PL spectra were measured using the 325 nm line of a
He-Cd laser as the excitation source. The emitted light was
collected by a lens and analyzed using a grating monochro-
mator and a GaAs photomultiplier tube. Standard lock-in de-
tection techniques were used to maximize the signal-to-noise
ratio. The laser beam diameter was about 0.3 mm and the
power density was about 2.12 W /cm2. X-ray photoelectron

spectroscopy �XPS� measurements were performed at an en-
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ergy of 630 eV using the 8A1 beamline of Pohang Accelera-
tor Laboratory. The total energy resolution of XPS was about
0.05 eV. Etching was performed in situ by sputtering the film
with Ne+ ions of energy 500 eV. The binding energy �BE� of
the XPS spectra was calibrated by the peak of C 1s core
level with a BE of 285 eV to correct for sample charging.

III. RESULTS AND DISCUSSIONS

Figure 1 shows PL spectra at RT for unimplanted and
V-implanted ZnO films �ZnO:V� after annealing at 900 °C.
For all samples the NBE-PL peaks are fixed at about 3.30 eV,
independent of the implant fluence. The PL intensity of the
ZnO:V films increases with increasing fluence up to 2.5
�1015 cm−2, becomes �37 times larger than that of the un-
implanted ZnO film at a fluence of 2.5�1015 cm−2, and then
decreases with increasing fluence above 2.5�1015 cm−2.
This fluence dependence is similar for all annealing tempera-
tures, as shown in the inset of Fig. 1, although the PL inten-
sity enhancement is greater at higher temperatures.

Figure 2�a� shows x-ray diffraction �XRD� spectra of
ZnO:V thin films as a function of fluence. The peak at a 2�
of �34.2°, which is attributed to the ZnO �002� reflection,13

is dominant for all samples. Significantly, the intensity of this
peak also increases with increasing fluence up to 2.5
�1015 cm−2 and decreases for fluences above this value, as
summarized in Fig. 2�b�. The full width at half-maximum
�FWHM� of the XRD spectra shows a minimum value at
2.5�1015 cm−2, indicating that the crystal quality of the
ZnO films can be improved by V implantation to fluences up
to 2.5�1015 cm−2 and degraded by higher V fluences. There
is also a slight shift in the 2� value of the �002� reflection to
lower values with increasing fluence �not shown here�, pos-
sibly due to lattice distortions resulting from the incorpora-
tion of V ions in the ZnO lattice. For fluences significantly
higher than 2.5�1015 cm−2 XRD analysis reveals a addi-
tional peak consistent with the formation of V secondary
phase, Zn3�VO4�2 �040� �JCPDS 34-0378�, as previously
reported.14,15 Thus, it can be inferred that the thermal solu-
bility limit of V in ZnO for the samples in this work is less
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FIG. 1. �Color online� PL spectra at RT for unimplanted and V-implanted
ZnO films after annealing at 900 °C. The intensities of all PL spectra except
for a fluence of 2.5�1015 cm−2 were multiplied by 2 for better comparison.
The inset summarizes the PL peak intensity as a function of fluence for
various annealing temperatures.
than or of order 8�10 V cm .
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Figure 3�a� compares XPS spectra of ZnO:V thin films
with those of bare ZnO film. All spectra were obtained after
removing 5 nm of the surface layer using Ne ion sputtering
in order to avoid any possible influence of adsorbed contami-
nations. Following the same procedures presented before,10

the O 1s XPS peak could be fitted by two Gaussian–
Lorentzian profiles centered at 530.7 and 532.2 eV, which are
attributed to O2− ions on the normal wurtzite structure of
ZnO single crystal and O2− in the oxygen-deficient regions
within the matrix of ZnO, respectively.16 Therefore, the rela-
tive changes in the intensities of the two components may
reflect the variations in the concentration of oxygen vacan-
cies. The V 2p XPS spectra are split into a V 2p3/2 peak at
518 eV and a V 2p1/2 peak at 525 eV,17,18 both of which
increase with increasing fluence. The XPS peak observed at
around 10 eV for an unimplanted ZnO film is identified as
the Zn 3d core level,19,20 as shown in the inset of Fig. 3�a�.

Figure 3�b� summarizes the relative intensity of the fitted
O 1s peaks �I531 / I532� and the Zn 3d peak intensity as func-
tions of fluence. The I531 / I532 value increases with increasing
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FIG. 2. �Color online� �a� XRD spectra of unimplanted and V-implanted
ZnO films after annealing at 900 °C; �b� XRD intensity and FWHM as
functions of fluence.
fluence up to 2.5�10 cm and decreases at higher flu-
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ences. The Zn 3d peak similarly shows a maximum intensity
at fluence=2.5�1015 cm−2. These results suggest that the
oxygen-deficient defects in ZnO matrix are minimized at a
fluence of 2.5�1015 cm−2, thereby increasing the fraction of
Zn–O bonds.

ZnO films have native defects such as vacancies, intersti-
tials, and antisites �VO, VZn, Oi, Zni, and OZn� that signifi-
cantly influence their PL properties. Zni is known to form
shallow-level defects, while others form DL defects.7,21 The
DL defects could form nonradiative recombination channels,
thereby reducing the NBE-PL intensity. As shown in Fig. 1,
for V fluences less than 2.5�1015 cm−2, implantation with
V, followed by annealing, appears to increase the NBE-PL
intensity by reducing the concentration of nonradiative de-
fects. As one possibility, the VO density would decrease by
occupation of oxygen atoms in the vacant sites during an-
nealing under oxygen ambient, consistent with the enhance-
ment of the O 1s XPS intensity ratio by the increase of V
fluence up to 2.5�1015 cm−2, as shown in Fig. 3�b�. During
this process, the Oi density as well as the VO density could
decrease by the rearrangement of the atomic orientations. On
the other hand, the decrease of the VO density will result in
the increase of stable Zn–O bonds,20 consistent with the in-
creased Zn 3d XPS intensity up to fluence=2.5
�1015 cm−2, as shown in Fig. 3�b�. It has been reported that
the incorporation of V would hinder zinc evaporation during
the deposition of ZnO films, resulting in the decrease of
VZn.

17 All these processes would enhance the NBE-PL emis-
sion up to fluence=2.5�1015, as shown in Fig. 1.

The precipitation of the secondary phase could introduce
defects into the ZnO films.22,23 These defects limit the radia-

FIG. 3. �Color online� �a� O 1s and V 2p core-level XPS spectra of unim-
planted and V-implanted ZnO films after annealing at 900 °C. The inset
shows Zn 3d core-level XPS spectra. �b� Relative intensity of the fitted O 1s
XPS peaks �I531 / I532� and Zn 3d XPS intensity as functions of fluence.
tive efficiency of the films and subsequently result in the
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decrease of the NBE emission at fluences �2.5
�1015 cm−2, as shown in Fig. 1. The Zn3�VO4�2 compound
itself is known to produce a PL band at around 550 nm,15

which could be an evidence of its role for reducing the NBE
PL.

PL was also measured at 22 K to see how the defect-
related PL peaks vary with increasing V fluence, as shown in
Fig. 4. Here, various PL peaks associated with free exciton
�FX�, neutral-donor-bound exciton �D0X�, two-electron sat-
ellite �TES� recombination of neutral-donor-bound exciton,
donor-acceptor pair, and DL are indicated with reference to
the previous publication.24 As well known,24,25 the UV PL is
dominated by the FX, D0X, and TES recombinations at such
low temperatures. These UV PL bands are combined into the
NBE-PL emission at around RT.26 Zni is known to form
shallow-level defects,11 and thus can be involved in the D0X
and TES recombinations. The DL PL is known to originate
from other native defects.7,21 As can be shown from the PL
spectra in Fig. 4, relative integrated PL intensity ratio �UV
PL/DL PL� is largest at a fluence of 2.5�1015 cm−2. In other
words, the DL defects are minimized at this fluence, consis-
tent with the arguments proved by the XPS results, as ex-
plained above.

IV. CONCLUSION

ZnO films were grown on Si�100� wafers by rf sputtering,
and subsequently implanted with V ions to fluences of 1
�1015–10�1015 V cm−2. These ZnO:V films showed a
maximum NBE-PL intensity at a fluence of around 2.5
�1015 cm−2, which was �37 times larger than that of the
unimplanted ZnO film. These results were attributed to the
improved crystallinity of ZnO and the reduction of deep-
level native defects by V incorporation into the ZnO lattice.
At fluence �2.5�1015 cm−2, the excess V precipitated as
V-based secondary phases, thereby introducing defects into
the ZnO films, and the crystal quality was degraded, result-
ing in the reduction of the NBE-PL intensity.
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