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Spatially resolved photoluminescence �PL� investigations were carried out on ZnO single
nanowires, tetrapods, and nanocrystals. The fractional intensity for bound exciton �BX� transitions
was shown to be correlated with the size in all these ZnO nanostructures. This size dependency is
attributed to the inhomogeneous density distribution of the defects as binding sites for BX in the
ZnO nanostructures, in good agreement with a simple model calculation. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3200232�

ZnO is of great interest for photonic applications due to
its direct wide bandgap �3.37 eV at room temperature� and
large exciton binding energy �60 meV�.1,2 Fine structures of
the near band edge UV peak can be resolved at low tempera-
tures from recombinations of free excitons �FXs�, FX pho-
non replicas, bound excitons �BXs�, and donor-acceptor
pairs.3,4 It is well accepted that generally, above 200 K, the
dominant peak is due to the transition corresponding to the
one-phonon replica of free exciton �FX-1 LO�, while at low
temperature ��20 K�, the dominant peak is that due to BX.
While the dominance of the BX peak at low temperature
appears to be universal for all ZnO samples, there are still a
number of unsolved issues such as the nature of the defects
as binding sites for BXs,5 in particular, whether these are
bulk or surface binding sites. In principle, this can be easily
settled by measuring the fractional BX photoluminescence
�PL� intensity for difference sizes of crystals. A size-
dependent fractional BX intensity will point to the impor-
tance of surface effects following the change in surface to
volume ratio. It is of course essential to ensure that this de-
pendence is actually due to size and not any other factor.6 In
this letter, we report such an experiment using a near field
scanning microscopy �NSOM� to perform spatially resolved
photoluminescence measurements on single ZnO nanowires,
tetrapods, and nanocrystals. The fractional BX PL intensity
was shown unambiguously to depend on the size and geom-
etry of ZnO nanostructures in the size range of our study,
from �0.1 to 2 �m, showing inhomogeneous density distri-
bution of binding sites for BXs, in excellent agreement with
a simple model given below.

ZnO nanowires and tetrapods were fabricated by thermal
evaporation of pure Zn powder without using any catalyst
and were dispersed onto a silicon wafer by skimming it over
the as-grown sample ensemble.7 The ZnO nanocrystals were
purchased from Nacalai Tesque Inc. and extracting indi-
vidual ones was achieved by sonication of the ensemble in
an ethanol bath and subsequent dropping the solution onto a
silicon wafer. The sample morphologies were examined by
scanning electron microscopy �SEM� �JEOL6700F�. Spa-
tially resolved PL measurements were performed using
NSOM �Cryoview2000, Nanonics Inc.� with the excitation at
325 nm from a He–Cd laser via a tapered optical fiber which
has a 300 nm aperture. The spatial resolution is about 1 �m

and the luminescence was detected by a spectrometer
�QE65000, Ocean Optics Inc.� with a spectral resolution of
0.8 nm or �7 meV at 380 nm.

Three peaks were observed from all the samples at
3.360, 3.308, and 3.235 eV both at 20 and 90 K. We attribute
these peaks to be BX, FX-1 LO, and FX-2 LO,
respectively,8–12 although for each of them there may be
some minor contributions from other origins. At 20 K, the
3.360 eV �BX� peak is always dominant for all these ZnO
nanostructures. The fractional BX intensity BF, defined as
the ratio of BX line to the sum total of the three lines above,
is close to unity. At increasing temperatures, BF decreases
monotonically and vanishes at or below 200 K, as shown in
Fig. 1�a�, when the thermal energy kBT is equal to the bind-
ing energy ��17 meV.� The PL spectrum is then dominated
by the FX-1 LO peak. Due to the efficient exciton-phonon
coupling in the highly polar material ZnO,13 the FX line is
much smaller and is buried under the “BX” line. This fact
conveniently allows us to obtain BF to a good approximation
even though the BX and FX lines were not resolved.

We now discuss the size dependence of BF. For these
measurements, the temperature was kept at 90 K. Figure 1
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FIG. 1. �Color online� �a� Temperature-dependent PL spectra from position
A of a tapered ZnO nanowire �NW a�. �b� Normalized PL spectra at 20 K
�upper line� and 90 K �lower line� for another ZnO nanowire with the radius
of 1.7 �m and the inset is its SEM image. �c� Normalized PL spectra at 90
K both from three positions of the tapered NW a �d� a tetrapod. The insets
are their SEM images.
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shows the results from a variety of ZnO nanostructures: ta-
pered nanowires and tetrapods. The electron micrographs
show that these structures have varying sizes, ranging from
radii of about 100 nm to 2 �m. Using the NSOM, any parts
of these nanostructures can be selectively excited with a spa-
tial resolution of better than �1 �m�2. Thus, to a high degree
of confidence, any variation in these spatially resolved PL
spectra can be attributed to the size of the part of the nano-
structures selectively excited. Our results are shown in Fig.
1, and the fractional BX intensity BF obtained for these sizes
are shown in Fig. 3: BF changes monotonically from �0.7
for radius of 100 nm, to less than 0.2 for a radius of 2 �m.
It is important to note that these BF values were from differ-
ent parts of diverse nanostructures as nanowires and tetra-
pods, yet all follow this unmistakable common dependence
on size. As shown below, this dependence can easily be ac-
counted for using a simple model.

The above clearly demonstrates that this size effect does
not depend on the specific topography or shape, but only on
the size, of our samples. A natural question arises: is this size
dependence somehow linked to the particular growth condi-
tions of these nanostructures which, though diverse in
shapes, are nonetheless grown under similar conditions? To
address this question, we look for ZnO nanostructures that
are different in shape from our samples, and not fabricated
by us. We use nanocrystals from a commercial source �Na-
calai Tesque Inc.�. Three such nanocrystals were selected
which ranged in size from �100 to �600 nm in average
radii. The PL results for two of these nanocrystals are shown
in Fig. 2 and the resultant BF shown in Fig. 3. While the
values of BF for these nanocrystals are uniformly smaller
than that from the nanowires of similar radii, the same trend

is clearly seen. BF varied from �0.4 at r=100 nm to less
than 0.17 at r=600 nm. This clearly shows that the size
dependence of BF is not only for the ZnO nanostructures
fabricated by us, but more likely to be true in general. Need-
less to say, this effect is observable only with spatially re-
solved PL on single nanostructures; the effect will be aver-
aged out otherwise.

Physically, it appears that the dependence of BF on size
must originate from the changing surface to volume ratio
which can be significant in the size range of our study. We
propose the following simple model to test this hypothesis on
a more quantitative basis, and to see whether the same
framework can account for all the data above—both for our
nanowires �including tetrapods� and for the commercial
nanocrystals using the same set of parameters. Let us assume
that there is a layer, with thickness t with an enhanced prob-
ability p+�p of forming BXs, the probability being p else-
where away from the surface,14,15 schematically shown in
Fig. 3, with r as the radius. The total number of excitons
�electron-hole pairs� is proportional to the volume excited by
the incoming UV light, and the number of BXs is the total
multiplied by the spatially varying probability as defined
above in the model. Thus, for nanowires �and tetrapods� ap-
proximated by cylindrical geometry, with a pump beam di-
ameter L smaller than the length of the nanowire, the
pumped volume is �r2L and thus

BF =
NBX

Nexciton
=

�p + �p���r2L� − �p���r − t�2L�
�r2L

= �p + �p� −
�p�r − t�2

r2 . �1�

For the nanocrystals, for simplicity, we will approximate
using spherical geometry. In this case, the pumped volume is
the volume of the sphere, and it is easy to show that for that
geometry

BF = �p + �p� −
�p�r − t�3

r3 . �2�

We further put some physically reasonable constraints on
the parameters to put the cylindrical nanowires and the
spherical nanocrystals within the same framework. Far away
from the surface, we should expect the probability of form-
ing BX to be independent of size and shape, and so we
constrain both nanowires and nanocrystals to have the same
p. We further limit the parameter space by choosing �p to be
the same for the two cases as well. With these constraints, it
is seen from Fig. 3 that the model prediction is in excellent
agreement with all the data with the following values: p
=0.14, �p=0.56; for cylindrical nanowires t=120 nm; and
for spherical nanocrystals, t=20 nm.

Given the simplicity of this model, with the idealized,
stepwise probability distribution, the agreement with the ex-
periment is surprisingly good. The model apparently captures
the important underlying physics that there must be a spa-
tially varying distribution of binding sites, and that this is
true for all the ZnO nanostructures tested. In reality, the
probability distribution probably varies continuously from
surface toward the center. We have also taken the hexagonal
cross section of the ZnO nanowire as circular, and taken the
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FIG. 2. PL spectra at 90 K from �a� a ZnO nanocrystal whose size is about
200 nm and the inset is its SEM image; �b� a ZnO nanocrystal whose size is
about 1.2 �m and the inset is its SEM image.
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FIG. 3. �Color online� Experimental �points� and fitted data �solid lines� for
BF for nanowires �including tetrapods� and nanocrystals. The inset is a sche-
matic drawing of the cross section of a nanowire. The probability of forming
BXs is larger in the darker area.
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irregular shaped nanocrystals to be spherical, and in both
cases the parameters t and �p are assumed to be independent
of crystalline orientation. These parameters, t and �p, being
related to the surface, could in fact depend on surface crys-
talline orientation. The rather large difference �six times� in t
between the cylindrical case and the spherical case should be
taken in this light; we have �arbitrarily� constrained �p to be
the same which leads to the large difference in t. However, it
is likely that both �p and t will vary, and might even vary
depending on crystalline orientations, and together produce
the observed difference in BF. Given that all our cylindrical
samples �nanowires and tetrapods� share the common feature
that the growth direction, i.e., the axis of the cylinder is
along the �0001� direction, while for the nanocrystals, the
surface orientations are likely to be random, different �p and
t for different surface orientations could contribute to the
observed difference in BF. To determine whether this hypoth-
esis is correct will require further work. Also, further work
will be required to see whether this conclusion and the model
will be true for thinner ZnO nanowires below 100 nm. These
thinner ZnO nanowires are generally formed in different ex-
perimental conditions and their properties are sensitive to
many factors, e.g., impurity, absorption, and defects, which
must be kept constant. One possible route is to grow tapered
nanowires down to tens of nanometers and perform spatially
resolved PL as we have done for thicker wires. The model
may need modifications as appropriate.
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