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High quality ZnO crystals with the sharp band-edge excitonic emission and very weak green
emission were implanted by nitrogen ions. An additional red emission band was observed in the as-
implanted ZnO crystal and investigated as a function of temperature. By employing the
underdamped multimode Brownian oscillator model for the general electron-phonon coupling
system, both the original green and nitrogen-implantation induced red emission bands were
theoretically reproduced at different temperatures. Excellent agreement between the theory and the
experiment enables us determine the energetic positions of the pure electronic levels associated
with the green and red emission bands, respectively. The determined energy level of the red
emission band is in good agreement with the data obtained from the deep-level transient
spectroscopy measurements. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4749402]

Zinc oxide (ZnO) has been a technologically important
material in a lot of fields due to its unique optical and electri-
cal properties. Recently, it has attracted a renewed consider-
able interest due to its potential applications in photonics and
optoelectronics." However, there are still some unsettled
problems that stand in the way of realizing these uses.
Among them are the difficulty of p-type doping and the
insufficient understanding of the various defects.”” As-
grown ZnO always exhibits n-type electrical conductivity in
the absence of intentional doping, and it is difficult to get re-
producible and concentration-controllable p-type ZnO.
Nitrogen has been used as the p-type dopant in ZnO and
some progress has been achieved along this direction.*
Defect-related broad emissions are commonly observed in
the luminescence spectra of N-doped ZnO,* but the origin of
the defects is far from full understanding.” Getting a better
understanding to these defects in ZnO is highly desirable.
For nitrogen-implanted ZnO, previous deep-level transient
spectroscopy (DLTS) measurements show that there are two
main deep levels located at 0.31eV (E3) and 0.95eV (D1)
below the conduction band.® The former is commonly found
in as-grown ZnO single crystals,’’ while the latter is con-
firmed to be created by the nitrogen implantation.® On the
other hand, deep centers in semiconductors and polar crystals
are often optically active, which offers us the chance to
investigate them with optical methods such as the photolumi-
nescence (PL) technique.

In the present work, we attempt to obtain a better under-
standing of optically active deep centers in nitrogen-implanted
Zn0. In our study, a number of pre- and nitrogen-implanted
ZnO samples were studied by the variable-temperature PL
technique. In addition to the weak original green emission, a
red emission band from the implanted samples was observed.
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By employing the underdamped multimode Brownian oscilla-
tor (MBO) model recently developed for electron-phonon cou-
pling systems,*” both the green and red emission bands in
ZnO were theoretically reproduced. The pure electronic levels
of the green and red emissions are, thus, determined and found
to be consistent with the one of the DLTS detected levels
(~0.9-1.0eV below Ec) very well, which indicates that this
N-implantation induced deep centers are optically and electri-
cally active.

The ZnO (0001) samples used in the experiments were
commercially obtained from Cermet Inc., USA. The studied
samples include one pre-implantation control sample and two
implanted with different nitrogen ion doses: 10"*cm™2 and
10" em ™2 During nitrogen implantation, the acceleration
voltage of the nitrogen ion beam was 150keV while the sam-
ple temperature was set at 300°C. The implantation process
and the ZnO samples used were identical to those employed in
the previous DLTS study.® Variable-temperature photolumi-
nescence experiments were carried out on a PL system with a
Janis closed cycle cryostat providing a temperature range from
4 to 300 K. The 325 nm line of a Kimmon He-Cd continuous-
wave laser with an output power of 30 mW was employed as
the excitation light source. Standard lock-in amplifier technol-
ogy was also used to enhance the signal-to-noise ratio. Other
details of the PL setup have been described elsewhere.'”

Figure 1 shows the PL spectra in the visible spectral
range measured from the pre-implantation sample at differ-
ent temperatures. The inset illustrates the 4 K band-edge
emissions of the sample in the ultraviolet (UV) spectral
region. As reported in the literature,'" our pre-implantation
sample emits dominant band-edge excitonic transitions and a
very weak green band centered at about 500 nm when it was
excited by the 325nm UV laser, which indicates the high
quality of the sample used in this study. Under the identical
experimental conditions, PL spectra of the N-implanted sam-
ples were also measured at different temperatures. Unlike
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FIG. 1. PL spectra of the control sample at different temperatures. A weak
green emission band centered at ~500nm can be found. The inset shows
4 K band-edge emissions of the sample.

the pre-implantation sample, the two implanted samples at
low temperatures emit a noticeable red light band centered at
~620nm instead of the weak green emission, as shown in
Fig. 2. Similar red emission band was also recently observed
in N-implanted ZnO bulk by Pan er al.'* As the temperature
increases, the intensity of the red emission band goes down
accompanied by a blueshift of the emission peak at higher
temperatures above 200 K. In the mean time, the relative in-
tensity of the green luminescence band increases and
becomes comparable to the red luminescence band at high
temperatures. These phenomena indicate that the defect
interactions may exist in the N-implanted ZnO and lead to
complex luminescence mechanisms of defects.

It is known that the color centers in wide gap polar crys-
tals such as ZnO are usually treated as strong electron-phonon
coupling systems.'? In the pioneer theoretical models, only

PL intensity (a.u.)
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FIG. 2. Experimental and theoretical PL spectra at different temperatures
for the 10"* cm 2 N-implanted sample. The open symbols represent the ex-
perimental data while the solid lines are the theoretical spectra. Appropriate
offset shifts in the vertical axis and the magnifications (times were marked)
in the intensity were done to the curves for the simple clarity.
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coupling between electron and primary phonon such as longi-
tudinal optical (LO) phonon was considered.'* Dissipation
from an acoustical phonon bath was not taken into account. In
the newly developed MBO model,*’ some primary nuclear
coordinates couple linearly to an electronic two-level system
and simultaneously to a harmonic bath. Recently, the MBO
model has been employed to reproduce PL spectra of InGaN
quantum dots spontaneously formed in GaN matrix'® and the
structured green emission band in ZnO,"? respectively. Here,
we use the model to calculate both the red and green emission
bands observed in the N-implanted ZnO. Following the previ-
ous study,13 71.2meV or 5742cm™! (the characteristic
energy of the LO phonon in wurzite ZnO) was adopted as the
energy of the primary oscillator in our calculations. The fre-
quency wy of the primary oscillator, the damping coefficient
y characterizing the coupling strength of the primary oscillator
and the bath modes, and Huang-Rhys factor S revealing the
strength of the electron-LO phonon coupling, are the three
key parameters of the MBO model.

In Fig. 2, the solid lines are the theoretical PL spectra of
10" cm ™2 N-implanted sample at different temperatures by
using the MBO model. For this sample, considering that the
green emission band is relatively very weak at temperatures
below 100 K, we took it into account in the theoretical calcula-
tions only at temperatures higher than 100 K. Such treatment
leads to some discrepancy between theory and experiment at
low temperatures for wavelengths below ~575nm. From
Fig. 2, it can be seen that a good agreement between the
experiment and the theory is achieved in the whole interested
temperature range. The parameter values used in a typical cal-
culation (i.e., T=200K) were hw‘g’gl =292eV, §; =7.00,
y; = 65, and hw;’gz =2.38eV, S, =5.25, 7, = 150. The sub-
script 1(2) is for the green(red) emission. The weights for the
green and red bands are 0.61 and 0.39, respectively.

The first point that we would like to address in this sec-
tion is the determination of the deep center levels from their
broadening luminescence spectra due to the electron-phonon
coupling. According to the electron-phonon coupling theory
of color centers in wide gap crystals and semiconductors,'*
strong electron-phonon coupling, i.e., Huang-Rhys factor
S > 1, induces a red-shift (~Shw; o) of the emission spectral
center (peak) from the zero-phonon line (ZPL). In other
words, only ZPL gives the real energetic position of the color
center (defect) in these cases. From the ZPL values adopted
in our calculations, the energetic positions of deep centers
producing the green and red emission bands are determined
to be 2.92 and 2.38¢eV, respectively. Considering 3.30eV
band gap of ZnO at room temperature, the defect levels of
the green and red emission bands could be located at around
0.38eV and 0.92eV below the bottom of conduction band.
The 0.92eV level coincides well with the D1 deep trap as
detected in the previous DLTS study® which involved the
identical N-implantation and ZnO samples. It is worthy to
point out that the D1 deep traps were also observed in the N-
implanted ZnO sample after the identical annealing process
at 300 °C.° It is thus plausible to conclude that the D1 trap is
an intrinsic defect.

It is known that kinetic ions implanted into target mate-
rial would collide with host atoms and subsequently push
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them away from their lattice sites. Therefore, the implanta-
tion always produces some intrinsic point defects such as
vacancies and local lattice distortion in the targeted crystal.
It is also known that oxygen vacancies have a low defect for-
mation energy in the ZnO material, which has been demon-
strated by first-principles calculations.'®™'® Along with this
line, the dominant electron deep levels (D1) in as-implanted
n-ZnO could be tentatively assigned to the oxygen vacancy
Vo.b The positron annihilation spectroscopy study carried
out by Tuomisto et al. showed that the primary defect in the
as-electron-irradiated ZnO (with electron energy of 2 MeV)
was also identified as V, whose concentration is 10 times
larger than that of Vz,.2° Furthermore, the V) was also iden-
tified to be the dominant donor-type defect in the 2.5 MeV
electron irradiated ZnO by using optical detection of electron
paramagnetic resonance®’ and in P'-implanted ZnO by
Raman study.”” Vlasenko and Watkins suggested that the
ZPL of the defect emission centered at ~600nm of the
electron-irradiated ZnO was at ~500nm (2.48 eV),?' which
was close to the ZPL of the red emission band in our N-
implanted sample. Before the electron-irradiation, their con-
trol ZnO samples emit a typical structureless green lumines-
cence band when excited by an UV laser. Observations of
the similar red emission bands in our N-implanted ZnO and
in Vlasenko et al. electron-irradiated samples indicate that
one possible origin of the defects producing the red emission
band is one kind of intrinsic defect, most likely oxygen va-
cancy. When nitrogen ions were injected into the ZnO crys-
tal, they collide with the oxygen host atoms and make some
oxygen atoms away from their equilibrium lattice sites. Such
collision thus leads to generation of more oxygen vacancies.
Furthermore, the charge particle implantation likely alters
the charge state of most oxygen vacancies. According to Van
de Walle’s theoretical calculations,”>** the appearing of a
transition level E (2+/0) offers the opportunity to emit a red
light. The electron-LO phonon coupling and dissipation of
continuous acoustic phonon bath also affect this lumines-
cence process. Therefore, a broad red emission band is gen-
erated. From these available theoretical and experimental
studies, the oxygen vacancy is the most possible microstruc-
tural origin causing the red emission band observed in
N-implanted ZnO. As for the commonly observed green
emission band without the periodic fine structures in ZnO, the
oxygen vacancy, but having the neutral charge state, is still
the possible origin.>> From the electronic configurations of
oxygen and zinc atoms as well as the unit crystalline structure
of wurtzite ZnO, an oxygen vacancy could have three differ-
ent charge states: the neutral, 14, and 2+, corresponding to
the states of losing 0, 1, and 2 electrons, respectively.23 For
the structured green emission band in ZnO, copper impurities
in ZnO are widely thought to be the resource because it is
always observed in Cu-doped ZnO.'*?%?” However, the
defect characterization and firm identification in ZnO are still
a challenging issue.>*

A set of ZnO bulk crystals, including the as-grown and
the ones implanted with different doses, have been studied in
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our present work. Two different colorful emissions, namely
the common green band and the N-implantation-caused red
band, have been investigated both experimentally and theo-
retically. DLTS have detected two signals, namely D1 and
E3 in the samples. The pure electronic level location of the
implantation-induced red emission band was determined to
be 0.92eV below the conduction band, which is in good
agreement with the D1 center (0.93eV) detected by DLTS.
Combining with the recent first-principles calculations and
the other available experimental results, we suggest that the
oxygen vacancy is the most possible origin of the N-implan-
tation-caused red emission band in ZnO.
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