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ABSTRACT

Cathodoluminescence (CL) emissions from individual ZnO nanostructures with diameters of 30 −100 nm are investigated to correlate their
optical and electrical properties. Two types of ZnO nanostructures with high and low charge carrier densities are identified from electronic
transport measurements and concomitant CL characterizations. The results demonstrate that local luminescence characterizations can provide
information about inhomogeneities in electrical and optical properties among ZnO nanostructures.

ZnO is a promising material for various optical and electrical
applications and have been foci of active researches.1,2 As a
direct band gap semiconductor (Eg ) 3.3 eV) with a high
exciton binding energy of 60meV, ZnO has potentials for
various optical applications such as light-emitting diodes3

and lasers.4 On the other hand, ZnO has also attracted
interests due to possible applications as an electronic material.
Devices such as field effect transistors,5 transparent elec-
trodes,6 and gas sensors7 based on ZnO have been demon-
strated.

In recent years, ZnO-based nanostructures such as nano-
wires (NWs), nanoneedles, nanorods, and tri- or tetrapods
(TPs) have attracted interest because they can be used as
building blocks for future optical, electrical, or optoelectronic
devices with their small sizes, large surface-to-volume ratio,
good crystallinity, and so on.8,9 Photoluminescence (PL) has
been an invaluable tool in investigating optical characteristics
of ZnO-based nanostructures10 and in accessing their quali-
ties. When excited by light with energies larger than band
gap, PL from ZnO-based nanostructures mainly consists of
luminescence at∼380 nm due to excitonic recombinations
near band edge11 and luminescence at visible ranges such as
green luminescence at∼510 nm due to deep defect states
inside band gap.10-18 Strong luminescence at∼380 nm
compared to visible luminescence is often regarded as an
indication of defect-free, crystalline ZnO structures.19 Al-
though PL measurements from individual semiconducting
NWs are possible,20 spatial resolutions are limited due to

the diffraction limit and poor signal-to-noise ratio. In most
cases, PL is taken from ensembles of nanostructures, which
makes it difficult to investigate local or individual charac-
teristics of nanostructures under illuminations. In this aspect,
cathodoluminescence (CL) measurements, which record
luminescence after creating electron-hole pairs by high-
energy electron bombardment, can be complementary to PL
measurements21,22and provide more information with its high
spatial resolution, especially for nanostructures.23-27 Lumi-
nescence that originates from defects such as green lumi-
nescence can be related to the electronic characteristics of
nanostructures, because defects are also responsible for the
electrical properties of the materials.2 Although, there have
been some reports of correlations between luminescence and
electronic properties in ZnO,28,29 little is known about ZnO
nanostructures.

In this letter, we report the use of CL as a local
luminescence characterization tool of ZnO nanostructures.
CL images and spectra of individual ZnO nanostructures are
obtained, and their correlations to the electronic transport
characteristics of the same nanostructures are investigated.
It was found that two distinct types of ZnO nanostructures
exist as confirmed by CL and transport measurements.

ZnO nanostructures were synthesized using thermal chemi-
cal vapor deposition method.19,30 An equal amount of ZnO
powder and graphite powder are used as source materials.
The source materials are heated to 1000°C in the furnace
and typically kept at that temperature for 2 h under a constant
flow of N2 gas. White powders collected from cold (<200
°C) area of the quartz tube contain ZnO nanostructures such
as NWs and TPs with diameters between 30 and 100 nm.
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White powders containing ZnO nanostructures are dispersed
in methanol with ultrasonic agitation and deposited onto
highly doped (<0.005Ω‚cm) Si substrates with 200 nm of
SiO2 layer. Source and drain electrodes with 2-6 µm gaps
are formed on the ZnO nanostructures by patterning with
photolithography, metal deposition with e-beam evaporations,
and subsequent lift-off processes. Ti (70 nm thick) with Au-
capping layer (10 nm thick) is used as metal electrodes for
all the ZnO devices used for the measurements. Topographic
images of synthesized ZnO nanostructures and fabricated
ZnO devices are investigated using an atomic force micro-
scope (AFM) and a scanning electron microscope (SEM).
CL measurements are performed at room temperature with
a Gatan MonoCL3+ system equipped with a high-sensitivity
photo multiplier tube (PMT) (thermoelectrically cooled to
-20 °C) attached to an SEM (S-4300SE from Hitachi).
Acceleration voltage of 10 kV is used for all the CL
measurements presented in this paper. 3-Terminal electronic
transport characteristics are investigated using a semiconduc-
tor parameter analyzer (4156C from Agilent).

ZnO nanostructures synthesized are mostly NWs or TPs
in the diameter range between 30 and 100 nm as confirmed
both using AFM and SEM measurements. A representative
SEM image of ZnO nanostructures is shown in Figure 1a.
The synthesized ZnO nanostructures are dispersed and
dropped on a Si substrate for measurements. Their lumines-
cence spectra are investigated by both PL and CL, which
show similar peak positions. Luminescence spectra from
these ZnO nanostructures typically show a strong peak at
∼380 nm and a weak peak at∼510 nm.

A CL spectrum from same ZnO nanostructures in Figure
1a is shown in Figure 1b. The stronger luminescence at 380
nm is due to the band gap of ZnO, and the weak one at

∼510 nm is due to defect states as mentioned in the
introduction. There are two ways to get CL images. One is
panchromatic CL images in which the image is formed by
plotting integrated luminescence of the whole wavelength
range of the PMT detector (160∼930 nm) at each point of
electron beam irradiation. The other is monochromatic CL
images in which only luminescence at the particular wave-
length is plotted by adjusting the spectrometer. Monochro-
matic images typically show poorer signal-to-noise ratio than
panchromatic ones but contain spectroscopic information. All
the CL images presented in this paper are monochromatic
ones. Monochromatic CL images of the same area as seen
in Figure 1a are taken at 380 and 510 nm as shown in Figure
1, panels c and d, respectively. In comparison to Figure 1a,
it can be seen that almost all the ZnO nanostructures give
strong emission at 380 nm as shown in Figure 1c. ZnO NWs
as close as∼50 nm are distinguishable in Figure 1c,
demonstrating high resolution of the CL imaging. In this case,
the nanostructures themselves set the spatial resolution in
CL images because their sizes are smaller than the electron
penetration depth unlike the bulk case. Differences in
emission intensities are believed mostly due to the differences
in the sizes of the nanostructures, which result in different
generation volumes for CL. However, much stronger inho-
mogeneities, which cannot be accounted for only by differ-
ences in their sizes, are found in the monochromatic CL
image taken at 510 nm as shown in Figure 1d. This image
shows that not all the ZnO nanostructures give CL emission
at 510 nm, but rather only a small number of ZnO
nanostructures participate in the luminescence at 510 nm.
All the ZnO NWs with similar diameters as enclosed by
circles in Figure 1a,c,d give similar CL emission at 380 nm,
but only NWs inside the left circle show emissions at 510
nm. These images demonstrate that a luminescence spectrum
such as Figure 1b sometimes cannot represent the optical
characteristics of all the nanostructures inside the probing
area, due to inhomogeneities among the nanostructures. Only
with the high-resolution spatial-imaging capability of CL in
SEM was it possible to identify the inhomogeneities in the
green emission among ZnO nanostructures, which implies
different defect intensities among ZnO nanostructures,
although they were synthesized and collected in the same
batch and at the same location.

Current-voltage (I-V) characteristics of these ZnO nano-
structures are investigated after source and drain electrodes
are fabricated on the dispersed ZnO nanostructures. Highly
doped Si substrates with SiO2 layers are used as gate
electrodes. By taking current (IDS) versus gate voltage (VG)
traces of individual ZnO nanostructures, ZnO nanostructures
could be classified into two types based on their responses
to the gate electric fields. There is one type of ZnO
nanostructures that shows typical n-type semiconducting
behaviors with large on-off ratios (>106) (Type I). The other
type of ZnO nanostructures exists and shows very weak
n-type gate dependence even for the gate voltage range of
-80 to 80 V so that they can be classified as metallic (Type
II). After characterizing transport properties of ZnO devices,
CL images and spectra are also obtained on the same devices.
Results from two ZnO devices fabricated with ZnO TPs with

Figure 1. (a) An SEM image of ZnO nanostructures on a Si
substrate. (b) A CL emission spectrum obtained from the same area
as in panel a. (c) A monochromatic CL image of panel a at 380
nm. (d) A monochromatic CL image of panel a at 510 nm. Scale
bars in all images are 1µm.
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similar sizes but different transport characteristics are shown
in Figure 2. for comparison (These two sets of data are
chosen as representative ones due to their similar shapes and
sizes. See Supporting Information for additional data for
other types of ZnO nanostructure cases including NWs).I-V
transport characteristics of TPs at room temperature are found
to be similar to those of NWs with similar diameters in our
measurement. The device shown in Figure 2a-d is type I
with an on-off ratio of >106 (inset of Figure 2d), while
another device in Figure 2e-h is type II with only a factor
of 2 current changes for the gate voltage range between-40
and 40V. Although both show quite strong luminescence at
380 nm as in Figure 2b,f, monochromatic images at 510 nm
show big differences as shown in Figure 2c,g. While the
type II device shows quite a big CL signal at 510 nm (Figure
2g), it is absent or below detection limit in the type I device
(Figure 2c). Only a faint signal at the junction area is visible

in Figure 2c, while type II device shows CL signal at 510
nm along the whole length of the nanostructures as in Figure
2g. A total of 11 ZnO devices made of ZnO NWs and TPs
(6 type I and 5 type II) were examined in the same way,
and all the type II devices exhibit green luminescence while
all the type I devices show little or below detection limit
green luminescence.

To clarify the differences, CL spectra for both devices were
obtained at the same area as shown in Figure 2a,e, and they
are plotted in Figure 3a,b, respectively. The CL spectrum
from the type I device, imaged in Figure 2a-c, displays a
strong peak at 380 nm, smaller peaks centered around 460
nm, and longer wavelengths as shown in Figure 3a. The peak
at 460 nm is originated not from ZnO nanostructures but
from the SiO2 layer. SiO2 is known to give luminescence at
this peak, associated with E′ center defects in the bulk.31

We also took a CL spectrum from an area about 5µm away

Figure 2. (a) An SEM image, (b) a monochromatic CL image at 380 nm, (c) a monochromatic CL image at 510 nm, and (d) anIDS vs VG

curve of a type I device with a ZnO TP. (e) An SEM image, (f) a monochromatic CL image at 380 nm, (g) a monochromatic CL image
at 510 nm, and (h) anIDS vs VG curve of a type II device with a ZnO TP. Insets in panels d and h areIDS vs VG curves with log scales in
the y-axis. Scale bars in all images are 2µm.

Figure 3. (a) CL emission spectra from the type I device in Figure 2a-d (black) and from a nearby area without ZnO nanostructures (red).
Both curves are almost identical except for the peak at 380 nm. Inset is a close-up view of the spectrum between 420 nm and 730 nm. (b)
A CL emission spectrum from the type II device in Figure 2e-h (black). The asymmetric peak at∼480 nm can be fitted by two peaks
(red), centered∼460 nm and∼510 nm, respectively.
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from one in Figure 2a, containing no ZnO but with a similar
area of SiO2 and metal electrodes. It is also plotted in Figure
3a without normalization. Both spectra in Figure 3a are
almost identical except the peak at 380 nm, which confirms
that the peaks at 460 nm and longer wavelengths originate
from the SiO2 layer. From this, we can see that the ZnO TP
shown in Figure 2a has negligible green emission, compared
to the near band edge emission at 380 nm, which is consistent
with monochromatic CL images in Figure 2b,c. We also took
a CL spectrum from the type II device shown in Figure 2e,
which is plotted in Figure 3b. This spectrum again shows a
dominant peak at 380 nm, but it also shows a rather strong
and asymmetric peak at∼480 nm. This peak can be nicely
fit by two peaks at 460 and 510 nm, respectively, as shown
in Figure 3b. This suggests that the visible CL spectrum from
the type II device originates from both SiO2 and defects,
which have a strong emission at∼510 nm, resulting in the
green emission CL image in Figure 2g. Both monochromatic
CL images (Figure 2c,g) and spectrum (Figure 3a,b) point
to the existence of a green emission in type II devices, while
almost no or negligible emission from type I devices.

Near metallic behaviors in type II devices indicate larger
free electron densities compared to type I devices. The charge
densities,ne, at different gate voltages,VG, can be estimated
asene ) CG|VG - VTH|. In this formula,VTH is the threshold
voltage andCG is the gate capacitance, which can be
estimated asCG ∼ 2πεε0L/ln(2h/r), whereL is the channel
length,h is the thickness of gate oxide, andr is the radius
of the ZnO nanostructures. In the type II device in Figure 2,
the threshold voltages could not be reached even down to
-80 V so that only the lower limit on the charge density
can be estimated from the same formula. We can see that
there is at least an order of magnitude difference in charge
densities atVG ) 0 between these two devices. The estimated
mobilities of electrons from the slope of linear region in
Figure 2d,h indicate that it is lower for the type II device
due to the existence of more defects that act as scattering
centers in the nanostructures. Therefore, we found that ZnO
nanostructures with high carrier densities (high n-type
doping) have stronger luminescence at∼510 nm, compared
to ones with smaller carrier densities.

There are still controversies about the origin of the green
luminescence often observed in ZnO materials.10 It is often
attributed to single-ionized oxygen vacancies,12,13,28but other
assignments such as interstitial Zn,32 defect complexes,14 and
impurities such as Cu33 are suggested in the literatures.
Because they have to originate from deep trap states inside
the band gap, they are not directly related to the defects that
act as shallow donors for ZnO and are responsible for the
n-type behaviors. Surface or bulk oxygen vacancies are often
cited as the origin of n-type conduction in ZnO, which has
been questioned in recent years.2 Oxygen vacancies, zinc
interstitials, or hydrogen are thought to be responsible for
the n-type conduction. Although the green luminescence is
not directly related to those shallow donors, the density of
defects giving green luminescence can be proportional to
that of shallow donors if they have similar origins such as
different charging states of oxygen vacancies. This would

explain the relationship between high carrier density and
green luminescence observed in this experiment. There is
also a possibility that the green luminescence and n-type
doping have different origins. Then, our result can be related
to the surface depletion of electrons in ZnO nanostructures.
Metal oxide materials like ZnO are well known for their gas-
sensing capabilities, and it is due to the formation of
depletion regions near the surface upon gas adsorption such
as oxygen.8 This results in surface depletion of electrons,
which controls conduction in ZnO. Because the depletion
width is inversely proportional to the square of the charge
density in the bulk, we can expect that the type II device
with larger carrier density will have smaller depletion width.
In the bulk, the deep level states lie below Fermi level so
that they are filled and the green luminescence can be
expected by recombination of these electrons with photo-
excited holes. But near the surface area inside the depletion
width, parts of the deep level states can lie above the Fermi
level due to band bending so that they are unoccupied and
may not give green luminescence. In this way, we can expect
that more generation volumes for green luminescence are
available for type II devices. This effect can be significant
in the nanostructures because the Debye length can be
comparable to the size of the nanostructures. These two
effects, the density of defects and/or different depletion layer
widths, are believed to be responsible for the correlations
between green emissions and charge carrier densities in ZnO
nanostructures. Current results with additional data shown
in the Supporting Information do not imply any correlation
between luminescence characteristics with the size or kind
of nanostructures. The apparent correlation we found is one
between the presence of green luminescence and charge
carrier densities as explained before. To fully understand the
origin of the correlation between luminescence and transport
characteristics, more systematic investigation of samples are
necessary by comparing differences among samples with
similar kinds and sizes or carrier densities. The inhomoge-
neities observed among ZnO nanostructures even grown and
collected together can be attributed to fluctuations during
growth and formation of the nanostructures, such as different
oxygen consumptions during growth processes. Investigation
of inhomogeneities among ZnO nanostructures grown in
different methods can shed some light on the fundamental
growth mechanisms and their improvements.

In conclusion, we have shown that local luminescence
measurements by CL can give information about optical
characteristics of nanostructures with high spatial resolution.
Inhomogeneties in optical and electrical properties among
ZnO-based nanostructures are observed. Two types of ZnO
nanostructures with high- and low-carrier densities are
identified both by CL and electronic transport measurements.
These results indicate that correlating various optical or
electrical properties of ZnO nanostructures by measuring
luminescence spectra from collections of ZnO nanostructures
can be misleading and should be taken at least with caution
in view of possible inhomogeneities among nanostructures
as demonstrated in this paper. Local luminescence measure-
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ments with CL demonstrated in this paper can be extended
to other nanostructures with direct band gaps as well.
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