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The photoluminescence (PL) from ZnO nanocrystals and nanorods has been investigated, paying
particular attention to the emission around 3.31 eV (A-line). The temperature- and the excitationpower-dependent investigations revealed different intensity and peak energy variations of the A-line
and bound (free) exciton emissions and a decrease in activation energy under high excitation power.
In contrast to ZnO nanocrystals, a negative thermal quenching of the A-line intensity from ZnO
nanorods was observed. The origin of the observations is discussed.
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I. INTRODUCTION
ZnO is a wide band-gap semiconductor (Eg ∼ 3.37 eV
at room temperature), which is suitable for shortwavelength optoelectronic applications. The high exciton binding energy of 60 meV promises an efficient excitonic emission at room temperature [1,2]. The recent
developments on optoelectronic devices require characterization of the optical, electrical, and structural properties semiconducting nanostructures. At low cryogenic
temperatures bound exciton emissions from ZnO are
the dominant radiative recombination channels. Most
ZnO materials (thin films, nanorods, nanoparticles etc.)
exhibit an emission band located at around 3.31 eV
(so called A-line). Its position varies from 3.31 eV to
3.333 eV depending on the growth method of ZnO. The
A-line’s position and intensity depend on the particle
size of ZnO nanocrystals, as well as the excitation power
and temperature, and the A-line’s intensity is strongly
enhanced in ZnO powders compared to bulk ZnO [3].
At low temperature the A-line intensity distribution has
been found to spatially correlate with that of structural
defects on the ZnO surface [4,5]. The origin of the A-line
is currently under discussion. Possible assignments of the
A-line include neutral excitons bound to nitrogen impurities [6, 7], the first longitudinal optical (LO) phonon
replica of free excitons [8], free-to-neutral-acceptor tran∗ E-mail:

skurbanov@dongguk.edu

sitions [9,10] or excitons bound to surface or structural
defects [1, 3–5, 11, 12]. Such a variety of assignments is
caused by the fact that theoretical studies of some acceptor energies in ZnO have shown that the 3.31 eV band
might be related to the presence of acceptor impurities,
at the same time, the energy of the A-line emission is
close to the one expected for the optical phonon replica
of the free exciton.
Our systematic studies show that the A-line is an inherent emission band from ZnO nanomaterials. Hightemperature-grown ZnO nanorods with excellent emission characteristics, along with ZnO nanocrystals fabricated at low temperatures, also exhibit enhanced A-line
emission. At room temperature (RT) the near-band edge
(NBE) emission is dominated by the A-line emission.
The speck-like defects induced on the ZnO nanocrystal face by high-temperature annealing exhibit an enhanced emission related to the A-line. Temperature and
excitation-power-dependent investigations revealed different intensity and peak energy variations of the A-line
and bound (free) exciton emissions and a decrease in the
activation energy under high excitation power.

II. EXPERIMENTAL
Photoluminescence (PL) spectra were obtained using
a SPEX spectrometer equipped with a 0.75 m grating
monochromator. A photomultiplier tube, Hamamatsu
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Fig. 2. (a) Secondary electron image and (b) monochromatic CL image for 3.22 eV of the ZnO nanocrystal face with
specklike defects.

Fig. 1. Typical SEM images of the samples investigated.
ZnO nanocrystals with average sizes of 100 - 1000 nm, (a)
as-prepared and (b) annealed in air at 500 ◦ C, and (c) ZnO
nanorods (cross-sectional view). The inset shows a top view.

R943-02, was used as a photodetector. The samples were
excited by the 325 nm (3.812 eV) line of a cw He Cd
laser (50 mW). The laser beam was focused on a ∼125 150 µm spot through a long-focal-length UV lens. In order to vary the excitation power, we used neutral filters.
Controllable temperatures down to 10 K were achieved
using a closed-cycle Janis cryostat (10 - 300 K). The
morphologies of the samples were examined by using a
scanning electron microscope (SEM) (PHILIPS XL-30)
with a MonoCL system.
Samples of ZnO nanocrystals and nanorods were studied. The ZnO nanorods were grown on silicon substrates
by using a vapor-phase transport method at high temperatures (800 - 1000 ◦ C) without a catalyst. The nanorods
have regular hexagonal shape and flat ends. The lengths
of nanorods are ∼15 - 20 µm, and the lateral dimensions are between 0.5 and 1.4 µm [Fig. 1(c)]. The diameter of the nanorods slightly decreases from the top
to the bottom. ZnO nanocrystals were deposited on silicon substrates by using the chemical solution deposition
method, as reported previously [5]. As reaction components, zinc acetate dihydrate (Zn(CH3 COO)2 2H2 O,
99.999% purity, Aldrich), methanol and distilled water
were used. This method provides various average particle sizes of ZnO nanocrystals by adjusting the volume
ratio of H2 O/methanol, with other growing conditions
remaining unchanged. At the H2 O/methanol volume ratios of 1:3 and 1:10, the synthesized nanocrystals have
the regular cone form and average particle sizes of 20 -

100 nm and 100 - 1000 nm, respectively. To improve the
emission characteristics these samples were annealed in
ambient air at 800 ◦ C for 25 minute and at 500 ◦ C for 1
h, respectively. Before annealing, the nanocrystal faces
were smooth and flat [Fig. 1(a)]. The high-temperature
annealing of the nanocrystals resulted in an increase in
intensity and a narrowing of the width of the UV peak.
At the same time, the annealing led to the formation of
speck-like defects on their surfaces, which appear as dark
spots in the high-resolution SEM image [Fig. 1(b)]. The
distribution of the speck-like defects is random, and they
appear on all faces of the annealed crystals.

III. RESULTS AND DISCUSSION
The appearance of the speck-like defects is accompanied by a distinguishing emission band at 3.31 eV in the
low-temperature luminescence spectra. With increasing temperature, the A-line emission intensity decreases
more slowly than the bound and free exciton intensities
and at RT, the NBE emission is dominated by the Aline emission located at 3.22 eV. Figures 2(a) and (b)
show RT images, obtained by secondary electrons and
wavelength-resolved cathodoluminescence (CL) imaging,
respectively, of the ZnO nanocrystal face with the specklike defects. One can see that the speck-like defects on
the ZnO nanocrystal face appear as dark specks. Meanwhile, on the monochromatic CL image for 3.22 eV, they
appear as bright spots. The position of the bright spots
coincides with that of the dark specks in Fig. 2(a).
The RT NBE emission spectra collected from ZnO
nanocrystals and nanorods are almost the same; in both
cases, the NBE emission is dominated by the A-line emission. Figures 3(a) and (b) exhibit the temperature evolutions of the NBE emission collected from ZnO nanorods
under different excitation power. At 10 K, both PL spec-
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Fig. 3. (Color online) Temperature-dependent PL spectra under different excitation powers. (a), (b) ZnO nanorods and (c),
(d) ZnO nanocrystals with average sizes of 20 - 100 nm.

Fig. 4. (Color online) (a) Excitation power variations of the A-line and D0 X peak intensities from ZnO nanocrystals at
10 K and fittings using the power-law, (b) A-line and D0 X emission peak energies from ZnO nanocrystals as a function of
temperature, and (c) temperature variations of the A-line and the D0 X emission intensities from ZnO nanorods under different
excitation power.

tra exhibit peaks at around 3.373, 3.362, 3.323, 3.293,
3.238, and 3.220 eV. The weak band at ∼3.373 eV is
ascribed to emission of free excitons (FX ). The emission peak at 3.362 eV, denoted by D0 X, might be composed of different kinds of bound excitons and is attributed to neutral donor bound exciton [1,4]. The peak
at 3.323 eV denoted, by A, is attributed to the A-line
emission. Considering the fact that the longitudinal optical (LO) phonon energy in bulk ZnO is ∼72 meV [1],
the emission bands at 3.293 and 3.22 eV are ascribed to

the first and the second LO phonon replicas of D0 X exciton (D0 X-1LO and D0 X-2LO). The band at ∼3.238 eV
is ascribed to the first LO phonon replicas of the A-line.
Although, at 10 K, the energy difference between the
peaks at 3.323 and 3.238 eV exceeds the LO phonon energy, above 40 K, the energy difference between these
peaks is ∼74 meV owing to the temperature-induced red
shift of the A-line position from 3.323 eV to 3.313 eV,
which is close to the LO phonon energy in bulk ZnO.
This finding indicates that at 10 K, the emission band at
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3.323 eV is not a single and that there is a contribution
from other bands. In contrast to nanorods, in the PL
spectra collected from nanocrystals, the A-line emission
peaks at 3.311 eV [Fig. 3(c)]. Moreover, under low excitation power, they exhibit the LO phonon replicas of
a free exciton (FX-1LO) instead of the D0 X-1LO. However, under high excitation power, the FX-1LO band is
not distinguished due to overlapping by the A-line [Fig.
3(d)].
We analyzed the intensity variations of the A-line and
the D0 X emissions with excitation power. These variations are similar for ZnO nanocrystals and nanorods.
Figure 4(a) shows dependences of the A-line and the D0 X
emission intensities from ZnO nanocrystals on the normalized excitation power in the range of 0.05 - 50 mW at
10 K. The relationship between the PL intensity IP L and
the excitation intensity Iexc follows the power-law form
of IP L ∼ Iγexc . The calculated γ is 0.62 for D0 X and 1.08
for the A-line. Obviously, the emissions exhibit different
nonlinearities and the D0 X emission intensity shows a
tendency to saturation at high excitation power.
Figure 4(b) shows the variations of the A-line and the
D0 X (above ∼100 K free exciton) emission peak energies
from ZnO nanocrystals collected under low and high excitation power as functions of temperature. An increase
in excitation power results in a lowering of the initial
peak energies. With increasing temperature, the emission peaks manifest a monotonic red shift. The temperature dependences of the D0 X (FX ) peak energies obtained under low and high excitation power obey the
empirical Varshni formula [13]:
E(T ) = E(0) −

αT 2
,
β+T

(1)

where E(0) is the emission energy at T = 0 K, and α and
β are the Varshni thermal coefficients. The best fit results are E(0) = 3.361 eV, α = 4.6 × 10−4 eV/K and β =
578 K under low excitation power and E(0) = 3.351 eV,
α = 4.1 × 10−4 eV/K and β = 177 K under high excitation power. The values of α and β agree well with
those reported for ZnO materials. However, the temperature dependence of the A-line energy cannot be well
fitted with the Varshni equation, which may be due to
the strong overlapping of other closely located emission
bands.
The intensities of the A-line and the D0 X (above
∼100 K free exciton) emissions from ZnO nanorods collected under high and low excitation powers are shown in
Fig. 4(c) as functions of the reciprocal temperature. Under low excitation power, the emission intensities are normally observed to decrease monotonically with increasing temperature, which is called the “thermal quenching”
phenomenon. The activation energy of the usual thermal
quenching process can be evaluated using the Arrhenius
relationship. If we consider only a single activation process, the experimental data can only be fitted either in
the low- or in the high-temperature region. The behaviors characterized by the two temperature regions obey
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Table 1. Activation energies of the A-line and D0 X (FX )
emissions from ZnO nanorods under different excitation powers.

D0 X F X
A-line

Low excitation power
(5 mW)
E1 ∼ 23.7 ± 2.1 meV;
E2 ∼ 5.9 ± 0.3 meV
E1 ∼ 56.9 ± 5 meV;
E2 ∼ 2.8 ± 0.5 meV

High excitation power
(50 mW)
E1 ∼ 18.7 ± 1.6 meV;
E2 ∼ 3.7 ± 0.5 meV
E1 ∼ 56.1 ± 3.4 meV;
E10 ∼ 3.2 ± 0.8 meV

the Arrhenius relationship, which can be expressed by
the following equation:
I(T ) = E(0)
−



E1
1 + A1 exp −
kB T

I
0



E2
+ A2 exp −
kB T

,
(2)

where I0 is the emission intensity at 0 K, A1 , and A2
are constants, kB is Boltzmann’s constant, E1 and E2
are the activation energies, and T is the thermodynamic
temperature. The best fit results are listed in Table 1
(solid lines in Fig. 4(c)).
As indicated in Table 1, the activation energies obtained under low excitation power coincide with those
reported by other authors [12, 14, 15]. In particular,
the different activation energies below and above ∼70 K
were reported for ZnO quantum dots [12] and nanowires
[14], and lower activation energies were obtained for
the nanostructured samples in comparison with the bulk
ZnO sample [15]. However, under high excitation power,
the A-line and the D0 X (FX ) emissions manifest different temperature dependences. An increase in excitation
power did not change the character of the quenching for
the D0 X (FX ) emission, but results in a decrease in
the energies of both activation processes. In contrast
to D0 X (FX ), in the temperature range between 40 and
100 K, the A-line emission exhibits a negative thermal
quenching (NTQ); i.e., it increases with increasing temperature. This phenomenon has been observed in GaAs,
ZnS, and ZnO materials [16–19]. Shibata has proposed a
model accounting for the PL intensity variation with T
including negative thermal quenching [20], in which the
T dependence of the PL intensity I(T ) can be written
analytically as:
w
X


Eq0
1+
Dq exp −
kB T
I(T )
q=1
=

,
w
X
I0
Ej
1+
Dj exp −
kB T
j=1


(3)

where Ej is the activation energies of the nonradiative recombination processes, Dq and Cj are the proportionality
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constants, and Eq0 is the activation energy of the electrons from eigenstates with energy eigenvalues smaller
than that of the initial state of the PL transition. The
experimental results shown in Fig. 4(c) are analyzed in
terms of Eq. (3) by assuming w = 1 and m = 1 for the
A-the line intensity under high excitation power. The results of the nonlinear least-squares fittings are indicated
by solid curves in Fig. 4(c), and the most probable values
obtained for E1 and Eq0 are listed in Table 1. It should
be noted that the A-line emission from the nanocrystals studied shows no NTQ behavior, although the D0 X
(FX ) and the A-line emissions manifest a decrease in
the activation energies under high excitation power (not
shown).
These findings, in consideration of the excitationpower-induced red shift of the emission bands and the
D0 X emission intensity saturation at high excitation
power, indicate that these effects are most probably
caused by a screening effect and a reduction in the band
gap energy due to an increase in the free carrier concentration under high excitation power. Reynolds et al. reported that an increased number of photogenerated free
electrons can effectively screen free exciton, as well as
the bound exciton, transitions [21]. Screening results
in a decrease in the binding energy of transitions and
their blue shift. As more excitons are screened from the
donors, the D0 X intensity will decrease, and the free exciton intensity will increase. In support of this argument
- under high excitation power, the free exciton emission
is enhanced and its intensity is comparable to that of
the A-line and the D0 X emissions [Figs. 3(b) and 3(d)].
Moreover, a comparison of the nonradiative recombination activation energy (E2 ) for D0 X and the activation
energy of the electrons for NTQ in the case of the A-line
emission (Eq0 ) shows that they are almost the equal. This
finding indicates that thermal ionization of the bound
excitons may also serve as a source for increasing the
A-line’s intensity with increasing temperature.
At the same time, the increased number of free electrons also produces many-body effects, which lead to a
renormalization of the band gap. The renormalization
in turn results in a red shift of the optical transitions
due to a reduction of the band gap energy. Thus, the
PL energy positions are determined by a combination of
renormalization and screening, the former giving a redshift and the latter an offsetting blue shift. For ZnO, the
renormalization-motivated red shift has been found to
dominate the screening-induced blue shift [21]. It should
be noted in our case that the free-carrier-mediated red
shift of the emissions could be contributed by the highpower-laser-illumination-induced heating of nanomaterials [22]. However, with an increase in excitation power,
the A-line emission undergoes no thermal quenching (γ >
1). It is well known that the heating effect has to lead to
quenching of the emissions. This means the contribution
of the high-power-laser-illumination-induced heating to
the red shift is negligible.
Regarding the origin of the A-line, the obtained re-
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sults suggest that it is related to excitons bound at extended structural defects located most likely at the ZnO
nanoparticle surface or the impurities located at the surfaces of nanoparticles; for instance, acceptors may serve
as defects where excitons can be bound [12]. This interpretation is in line with that made previously [3,5]. On
the other hand, the ZnO nanorod’s surface manifests no
speck-like defects, although these ZnO nanorods also exhibit the enhancedA-line emission. In this case, acceptor
states may be located on stacking faults, as reported by
Thonke et al. [10] . Taking into account the fact that
the diameter of the nanorods slightly decreases from the
top to the bottom, most probably the stacking faults are
concentrated in the surface layer.
It is well known that in high-quality ZnO crystals,
an increase in temperature causes bound excitons localized by defects to become free excitons, resulting in enhanced emission from the free excitons. Finally, only
the free exciton emission and its LO-phonon replicas
can be observed at room temperature. However, in the
presence of the A-line-related defects, it seems reasonable to suggest that some free excitons dissociated from
the bound excitons will be captured by those defects.
This leads to the dominance of the A-line in the NBE
emission and, in turn, prevents the superiority of the
free exciton emission at room temperature. Based on
these points, the lack of NTQ observations for the A-line
emission from nanocrystals could also be explained. As
can be seen from Figs. 3(a) and 3(b), under low excitation power, the FX emission from nanorods in comparison with that from nanocrystals is suppressed and
not well distinguished while the LO phonon replicas of
D0 X are enhanced. This means that in the nanorods
studied initially, a radiative recombination via FX is not
a preferred channel for the bound exciton dissociation
and that under high excitation power, thermal ionization of the bound excitons leads to an enhancement of
the A-line intensity, i.e., NTQ. However, additional experiments are necessary to understand the origin of the
A-line emission and its observed behavior in detail.

IV. CONCLUSION
The PL from ZnO nanocrystals and nanorods has
been investigated. At room temperature, the NBE emission from nanocrystals and nanorods is dominated by
the A-line emission. The high-temperature-annealinginduced speck-like defects on the ZnO nanocrystal’s
face exhibit an enhanced emission related to the Aline. At room temperature, the distribution of the dark
specks coincides with the position of the bright spots
on the monochromatic CL image obtained for the A-line
peak energy. The temperature- and excitation-powerdependent investigations revealed different intensity and
peak energy variations for the A-line and bound (free)
exciton emissions and a decrease in activation energy
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under high excitation power. For the ZnO nanorods,
negative thermal quenching phenomenon was observed.
These observations are probably caused by the screening effect and a reduction of the band gap energy of ZnO
due to an increase in the free carrier concentration under
high excitation power.
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