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Characteristics of point defects in the green luminescence from Zn- and O-rich ZnO
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Cathodoluminescence spectra have been measured to determine the characteristics of ubiquitous green
luminescence (GL) in nonstoichiometric zinc oxide (ZnO). Zn- and O-rich ZnO were found to exhibit
characteristic emissions at 2.53 eV [full width at half-maximum (FWHM) 340 meV] and 2.30 eV (FWHM
450 meV), respectively. Hydrogen was used to probe the physical nature of GL centers. The Zn-rich GL is
enhanced upon H incorporation, whereas the O-rich GL is completely quenched as its underlying acceptor-like
Vzn centers are passivated by H. The GL emission bands each exhibit remarkably different excitation-power
dependencies. The Zn-rich GL follows a close to linear relationship with excitation power, while the O-rich GL
exhibits a square-root dependence. Calculations based on bimolecular recombination equations show the defect
concentration in Zn-rich ZnO is three orders of magnitude greater than that in O-rich ZnO, indicating V, is more

readily formed than Vy, in thermochemical treatments of ZnO.

DOLI: 10.1103/PhysRevB.86.115205

I. INTRODUCTION

Zinc oxide (ZnO), a semiconductor with a direct band
gap of 3.37 eV and unique optical properties, is a leading
material for next-generation light-emitting devices in the
ultraviolet and blue spectral range. The material possesses
superior properties, including large exciton binding energy
(60 meV) and a low lasing density threshold,' combined with
the availability of high-quality ZnO crystals for homoepitaxial
growth.? ZnO can exhibit intense visible luminescence arising
from impurities and defects,® leading to its extensive uses
in phosphor technologies. It is generally agreed that Li (a
common impurity in hydrothermal growth) is responsible
for yellow luminescence; however, the chemical origin of
ubiquitous green luminescence (GL) remains controversial and
has been attributed to several native defects, including oxygen
vacancies (Vp),* zinc vacancies (Vz,),’ interstitials (Zn;, O;),°
and antisites (Zng, Ogz,).” Density functional theory (DFT)
calculations,>® however, indicated that the interstitial and an-
tisite defects are unlikely the cause of GL since they have either
too high formation energies (Znp, Oz,, and O;) to occur in any
significant concentrations or form shallow levels (Zn;). More
recent papers suggested that there can be multiple emissions in
the green spectral range,”'? which accounts for often contra-
dictory interpretations of the GL origin in the open literature.

Formation energies and concentrations of vacancy defects,
and thus the luminescence properties, are theoretically pre-
dicted to be highly sensitive to the degree of nonstoichiometry
in ZnO.® This is supported by experimental data, which show
deviations from stoichiometric ZnO can have pronounced
effects on the GL emission energy and intensity.!*!! Although
the impact of stoichiometry on GL is recognized, the physical
nature of donors and/or acceptors dominating this emission re-
mains puzzling. To elucidate defect-related GL in nonstoichio-
metric ZnO, we have investigated two types of ZnO: Zn- and O-
rich particles that emit only GL. Most previous investigations
were hindered from multiple defect-related emissions since
the formation of point defects is sensitive to growth method
and conditions.®!'? Annealing ZnO in oxidizing or reducing
atmospheres, or controlled introduction of reactive dopants
such as H, may be able to discriminate the defects responsible
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for the GL. Such methods are the essence of this study. Plasma
doping may be superior to ion implantation since the latter
technique produces simultaneously structural disorder, which
must be taken into account when considering the evolution
of defect-related luminescence with changes in implantation
dose and energy. Previous x-ray absorption near-edge struc-
ture (XANES) and cathodoluminescence (CL) studies have
revealed a connection between the GL centered at 2.52 eV and
Vz,.13 In this paper, we offer experimental evidence that GL
emission originates from different defects in O- and Zn-rich
ZnO and provide insight into the characteristics of responsible
defect centers based on a theoretical model of competitive
recombination processes. The results provide a universal
explanation for the GL in ZnO and help resolve a long-standing
controversy on the role of point defects in this emission.

II. EXPERIMENTAL

Nonstoichiometric ZnO was used in this study. Zn-rich
ZnO (from Phosphor Technology Ltd.) was produced by
annealing particles in the presence of metallic Zn, while
O-rich ZnO was obtained by annealing in pure O, gas at
1300 K. The particle sizes range from 0.5 to 1 um. X-ray
diffraction analysis of the particles reveals a single hexagonal
wurtzite structure. To probe the charge state of GL defects,
the particles were incorporated with H using mild hydrogen
radio-frequency plasma (15 W, sample temperature 470 K).
The samples were characterized by scanning CL microanalysis
at 80 K using a FEI Quanta 200 scanning electron microscope
(SEM) equipped with an Ocean Optics SD2000 diode array
spectrometer. For excitation power density measurements, the
accelerating voltage was fixed at 15 kV, while the injection
current was varied in the range 30 pA to 10 nA. All spectra
were corrected for the response of the system.

III. RESULTS AND DISCUSSION

A. Effects of stoichiometry on the luminescence properties

Figure 1(a) shows a representative SEM image of ZnO
particles used in this CL study. The particles have different
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FIG. 1. (a) Representative SEM image of particles used in this
study. (b) CL spectra of Zn- and O-rich ZnO particles at 80 K (Ep =
15 keV, Iy = 0.25 nA) normalized to the GL peak height. Both Zn-
and O-rich ZnO exhibit NBE emission at 3.35 eV but different GL
peak energies of 2.52 and 2.30 eV, respectively.

sizes with diameters in the range 0.5 to 1 um, sufficiently large
not to introduce quantum size effects, other than stoichiometric
variations. The CL spectra of Zn- and O-rich ZnO, collected
using a primary beam Ep = 15 keV and current Iz =
0.25 nA, are presented in Fig. 1(b). For ZnO, this beam
energy corresponds to a CL sampling depth of 480 nm, as
estimated by modeling the electron-energy-loss profile using
the Monte Carlo stimulation CASINO.'* The simulation also
accounts for the diffusion of minority carriers (diffusion length
~ 98 nm [Ref. 15]). The dimensions of the CL generation
profile are smaller than the lower limit of the particle size
range; the GL emission thus arises mostly from the particle
cores. This result is further verified using depth-resolved
CL [Ref. 3] but contradicts the suggestion that the GL in
ZnO nanostructures originates from their surfaces.'® Both
samples show a near-band-edge (NBE) emission peaking
at 3.35 eV, attributed mainly to recombination of free and
donor-bound excitons.!” Phonon replicas are present on the
low-energy side of the NBE separated by 72 meV, consistent
with the longitudinal optical (LO) phonon mode in ZnO.!” The
luminescence of both specimens is dominated by GL emission
centered at 2.52eV [full width at half-maximum (FWHM)
340 meV] and 2.30 eV (FWHM 450 meV) for Zn- and O-rich
ZnO, respectively. These broad GL bands remain structureless
as the temperature is decreased to 10 K, indicating that this
emission is not associated with Cu impurity'® but originates
from intrinsic point defects. The peak position and FWHM
of Zn-rich GL are comparable with photoluminescence (PL)
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FIG. 2. Effects of Hdoping on the luminescence of Zn- and O-rich
ZnO particles. While the NBE in both particles is enhanced due to
passivation of nonradiative centers, the defect-related GL responds in
an opposite fashion. The Zn-rich GL increases following H doping,
whereas the O-rich GL is completely diminished.

studies by Leiter et al.,'”” who attributed this emission to an

anionic Vg from optically detected magnetic resonance. The
wider FWHM of the O-rich GL is most likely due to the
presence of multiple luminescence centers, namely Vz, and
Vzn-related complexes, which have slightly different energies
within the gap.® Considering both the CL and PL findings and
the fact that the particles are Zn-rich, the 2.52 eV GL emission
can be assigned to V.

In order to probe the physical nature of the defects responsi-
ble for GL in Zn- and O-rich ZnO, both specimens were doped
with H from a mild hydrogen plasma treatment at 470 K;
a temperature where H is mobile in ZnO.?° The H plasma
did not affect the morphology or crystallinity of the particles
but induced major changes to their luminescence properties.
Figure 2 shows the CL spectra (Ep = 15 keV, Iy = 0.25 nA)
of the particles at 80 K before and after exposure to 10 min
of plasma. The NBE emission at 3.35 eV is significantly
enhanced following hydrogen doping. Hydrogen is known to
exist exclusively as a positively charged donor in Zn0Q.?"??
This enhancement has been attributed to passivation of
competitive recombination pathways as well as the creation
of additional radiative channels in the NBE region due
to H shallow donors.”>> The two GL emission peaks at
2.52 eV and 2.30 eV react to H™ in an opposite fashion.
The intensity of the Zn-rich GL at 2.52 eV increases due
to the passivation of nonradiative defects. H plasma could
also increase the concentration of Vg by extracting surface
oxygen.”® Conversely, the O-rich GL is totally quenched
following H doping, suggesting a strong interaction of H*
with defects responsible for the 2.30-eV GL emission. The

115205-2



CHARACTERISTICS OF POINT DEFECTS IN THE GREEN ...

complete GL quenching by H also eliminates any role of Li
impurity in this visible band as Li-related yellow luminescence
is unaffected by hydrogen doping.?® Vo and its complexes are
all believed to be deep donors in ZnO, while V, is considered
to be an acceptor.’” Although the nature of interaction between
defects and hydrogen has not been conclusively established,
as a positively charged H* in ZnO, it would interact favorably
with acceptors rather than donors. Density functional theory
calculations have suggested that hydrogen passivates Vz, by
formation of a thermodynamically stable (V,-H,)? complex,
making the defect electrically inactive.?® This prediction is
consistent with the complete quenching of the O-rich GL after
H doping. Based on these experimental results and theoretical
predictions, the O-rich GL can be ascribed to Vz,.

B. Dependence of GL intensities on CL excitation power

The O- and Zn-rich GL emissions were observed to exhibit
remarkably different excitation-power dependencies as the
beam current, Ip (i.e., excitation density), was increased
from 0.03 nA to 10 nA, while the beam energy remains
constant (Eg = 15 keV). Varying Iz in this range did
not introduce any noticeable changes in peak shape or
position, except for relative intensities of the NBE and
GL, indicating that the exciton-exciton scattering loss is
insignificant under the excitation conditions used.”’ The
excitation-dependent behaviors of the O- and Zn-rich GL
are illustrated in a log-log plot (Fig. 3) using a simple
power-law model I¢p o< 5~, where Ic is the CL intensity.
With increasing /g, the intensity of the Zn-rich GL at 2.52 eV
increases at a significantly faster rate than the O-rich GL
intensity at 2.30 eV. Power-law fits reveal that the intensity
of the O-rich GL shows a strongly sublinear dependence on
Ig, with k(O-rich GL) = 0.60 £ 0.03, while the Zn-rich
GL exhibits an almost linear relationship with k(Zn-rich
GL) = 0.87 £ 0.05. The NBE emission in both specimens
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FIG. 3. Log-log plot of GL intensities in Zn- and O-rich ZnO and
NBE intensity at 80 K as a function of /g with a primary electron
beam Ep = 15 keV, SEM magnification 1000 x . Power-law fits by
straight lines show different Iz dependencies: Ig. o [ 5987 Zn-rich
ZnO0, Igy o< 1% O-rich ZnO and Ingg o 1" for both types of
ZnO. O-rich GL saturates quickly with increasing Iz, whereas the
Zn-rich ZnO has an almost linear dependence, similar to the behavior
of the NBE emission.
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exhibits a linear dependence on /g within experimental error
for CL measurements, with £k = 1.07 & 0.07, consistent
with recombination involving free and bound excitons.** The
strongly sublinear dependence of the O-rich GL is consistent
with PL data reported by Guo et al.,’' who showed that
a linear dependence only remained at very low excitation
levels. The dynamic behavior of luminescence is thought to
be related to the population of recombination centers;*>* the
O-rich GL that scales roughly as the square root of excitation
density indicates that the Vz, concentration is significantly
lower than the Vg concentration. It is worth noting that the
positions of both Zn- and O-rich GL peaks remains unchanged
with increasing excitation power. The absence of a peak shift
indicates that the GL emissions are not a donor-acceptor pair
(DAP) recombination but rather a free-to-bound transition.

In the following section, we calculate the recombination
rates of the GL recombination channels in Zn- and O-rich
ZnO according to the three-energy level model for competitive
recombination processes.***> The inset in Fig. 4 shows three
possible recombination channels: one band-to-band and two
band-to-deep-state transitions. The NBE emission originates
from excitonic recombination (n and p being the concentra-
tions of electrons and holes, respectively). Ny is denoted as the
total concentration of deep states, and nr as the concentration
of deep states that are occupied (nt < Nt). In the steady state,
the balanced equation for the electron concentrations in the
conduction band and deep-level state can be expressed as

c=v<@+—”(NT_”T)), (1)
Ta Tp
n(Nr —nr) _ nrp @)
Ty Te

Here, G is electron-hole (e-h) pair generation rate (per cm?
per second) and V = b.t, where b is the bimolecular recombi-
nation coefficient, and t characterizes recombination time.3’
From time-resolved PL measurements, b = 1019 ¢cm? s—! has
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FIG. 4. (Color online) Calculated CL intensities of the GL as a
function of the e-h pair generation in the interaction volume at 15 kV.
Inset represents the model of three energy levels with their populations
n, N, and p. t,, 7, and 7, are characteristic time constants for three
recombination channels. The CL intensities were computed using
T, =1ns, 7, = 7. = 5ns and Ny = 10'® ecm™ (Zn-rich ZnO) and
10" cm™ (O-rich ZnO). The dashed lines that are tangent to the
midregions of the theoretical curves have a slope of 0.83 and 0.62.
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been determined for ZnO excitonic recombination.*® Under the
excitation conditions described in Sec. III A., the cores of the
highly crystalline particles dictate the CL emission, thus the co-
efficient value for bulk ZnO was used instead of those for ZnO
nanostructures.’” Assuming a shallow donor concentration of
Np present in ZnO, the neutrality condition must be satisfied

n+nr=p+ Np. 3

An algebraic manipulation of Egs. (2) and (3) yields
expressions for n(nr) and p(nr):

(Np —nr)nrt,
nrt, —(Nr —nr) T’
(Np —n7t)(Nr —nr) 7.

Pl = nrt, —(Np —np)te ©)

“

n(nr) =

For a given concentration of deep states, ny can be sys-
tematically varied, yielding the corresponding values of n and
p. The generation rate G can then be computed from Eq. (1).
The bimolecular recombination rates for band-to-acceptor or
band-to-donor transitions responsible for the GL are

Nr —
IgL (acceptor) o M, (6)
Tp
Io1 (donor) oc L2 %)

T,

A
Taking into consideration that the radiative lifetime of excitons
in ZnO is about 1 ns at 80 K,3°2% while the characteristic
recombination time of GL varies in the range from 0.2 to
10 ns,''*137 we used 7, = 1 ns and 7, = 7. = 5 ns to keep
the problem tractable. In CL. measurements, it is more useful
to work with the e-h pair generation rate in the electron
interaction volume, which, to a first approximation, equals
the product of the (average) generation rate G and electron
interaction volume. In this study the interaction volume was
estimated using the Monte Carlo stimulation CASINO.'*
Figure 4 shows the calculated GL intensities as a function of
generation rate in the electron interaction volume. The GL
intensities exhibit power-law dependences on the e-h pair
generation rate. The e-h generation rate in the interaction
volume during CL measurements is given by*’

Eplp

G.V = (1—=n)), (8

e-h€
where E,-j, is the mean energy required to create an e-h pair, 1
is the electron backscattering coefficient, and e is the electronic
charge. In general, E,-, ~ 3E, for semiconductors, where E,
is the band-gap energy.** The product G.V calculated using
Eq. (8) and 5 ~ 0.3 are on the orders of 10'"'-10'* s~! for the
CL acquisition conditions used in this study. The extremely
high ( 10"® cm™3) and low (10" cm™3) defect concentrations
result in exponent values £k = 0.83 and 0.62, respectively, in
the midregion of the excitation range. These exponent values
are comparable with observed k values for Zn- and O-rich
ZnO within experimental error. Note that since the quantum
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efficiencies of the GL emissions are not known, the calculated
intensities can be shifted vertically without affecting the expo-
nent. Our calculation results indicate that the 2.52-eV defect
concentration in Zn-rich ZnO is at least three orders of mag-
nitude greater than the 2.30-eV defect concentration in O-rich
ZnO, suggesting Vg isreadily formed in a high concentration in
the Zn-rich condition. The results are in good agreement with
the density functional theory calculations by Zunger et al.,*'**?
which reveal that V has the lowest formation energy in Zn-rich
ZnO. They are, however, not consistent with the notion that
the V formation energy is relatively high even under Zn-rich
conditions.® It is worth noting that during oxygen annealing,
no oxygen evaporation is expected since the O, pressure is
far greater than the vapor pressure of oxygen in ZnO. Hence,
the Vp concentration does not increase, or even decrease (due
to potential incorporation of oxygen). Using the bimolecular
equation for band-to-band recombination, the exponent was
found to vary between 1.00 and 1.16 as this transition remains
the primary recombination channel over the e-h generation rate
range for both donor and acceptor cases, in good agreement
with the measured values for NBE emission. The power-
density dependencies of the NBE and GL emissions reveal that
small variations in excitation conditions can lead to significant
changes to their peak intensity ratio, which varies by an order
of magnitude over the excitation power range used in this study.
If this ratio is used as a measure of defect concentration, care
must be taken that comparisons are carried out under identical
excitation conditions. As many optoelectronic applications
operate in a high electron injection regime (typically a few
hundred amperes per square centimeter), GL emission can
become insignificant, especially in the case of V,-related GL.

IV. CONCLUSION

In summary, our CL studies show that ZnO exhibits two
distinct GL emissions under different stoichiometries. The
behaviors of the GL emissions at 2.52 eV in Zn-rich ZnO
and at 2.30 eV O-rich ZnO are consistent with band-to-donor
and band-to-acceptor transitions, respectively. Combined CL
and doping studies reveal the V, defect nature of green
emission in O-rich ZnO and add weight to the assignment
of the Zn-rich GL to Vp. A theoretical model based on
competitive recombination processes is developed to arrive
at the excitation-power dependencies of the GL emissions.
The deep-donor concentration in Zn-rich ZnO is estimated to
be three orders of magnitude greater than the deep-acceptor
concentration in O-rich ZnO.
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