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Microphotoluminescence study of individual suspended ZnO nanowires
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We report microphotoluminescence measurements on individually suspended ZnO nanowires
attached to nanometer-sized metal tips. This procedure avoids the possible influence of the substrate
and enables comprehensive optical, electrical, chemical, and morphological characterizations to be
carried on the same individual nanowire. Based on the ZnO nanowires examined, we found that the
near band edge emission redshifted with the increasing intensity of the defect-related green
emission. The comprehensive characterizations of in situ heated ZnO nanowires suggested a
correlation between the defect green emission and the oxygen deficiency, which also affect the
carrier density, and thus, the nanowire’s transport property. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2898168]

The recent developments on optoelectronic nanodevices
require not only nanoscale manipulation and processing of
semiconducting nanostructures but also characterization of
optical, electrical, and structural properties With resolution
and sensitivity of individual nanostructures.’ Correspond—
ingly, great efforts have been made to develop photolumines-
cence (PL), one of the most important characterization tech-
niques of semiconductor properties, into a local technique.4
PL from individual nanostructures has been realized in, e.g.,
quantum dots, carbon nanotubes, and nanowires.”® In such
studies, the nanostructures are usually embedded (quantum
dots) in or dispersed on substrates.”® Due to the large
surface-volume ratios of nanostructures, the electronic struc-
ture and thus the luminescence property are expected to be
strongly dependent on the environment, e.g., surface absorp-
tion and substrate.”

In this paper, we report a versatile procedure for carrying
out micro-PL measurements on suspended individual semi-
conductor nanowires. This procedure utilizes nanoprobe ma-
nipulation inside a scanning electron microscope (SEM), en-
abling comprehensive optical, electrical, and microstructure
characterization of the same nanowire. We show that such
comprehensive characterization yields insights on the behav-
ior and nature of the UV near band edge (NBE) emission and
defect-related green emission of ZnO nanowires, which have
been highly focused topics, but still under debate.* "

The micro-PL system used in this study was built based
on an Olympus optical microscope. The sample is excited by
a 325 nm wavelength laser beam focused into a <1 wm spot
through a long focal length UV objective lens. The ZnO
nanowires used in this study were synthesized by thermal
evaporation of pure ZnO powder (99.99%) at 1200 °C.
The base pressure inside the alumina tube furnace was
2X 1072 Torr. The source material was loaded at the center
of the tube and the products were collected at the down-
stream of the tube. We use a FEI X1.30 SFEG SEM equipped
with 4 Kleindiek nanoprobe manipulators and an EDAX
EDS spectrometer to carry out microstructure and composi-
tion characterization, nanoscale manipulation, and in situ
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transport measurements. A Keithley 4200 semiconductor
characterization system was used for the in situ I-V measure-
ments. For the in situ heating experiment, stable contacts
were first obtained using the Joule heating effect and e-beam
exposure described in previous work."?

The SEM image in Fig. 1(a) illustrates the preparation of
an individual suspended nanowire using nanoprobe manipu-
lation. We drive a nanometer-sized tungsten (W) tip to make
contact with the selected as-grown ZnO nanowire loosely
bounded to the end of a flattened Pt wire. The contact area is
then illuminated by the electron beam so that amorphous
carbon can be deposited locally to “glue” the W tip and the
end of the nanowire together.14 By moving the W tip away
from the Pt wire, an individual suspended nanowire is ob-
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FIG. 1. (Color online) (a) SEM image illustrating the preparation of sus-
pended individual nanowires by nanoprobe manipulation inside SEM. (b)
SEM and optical (inset) images showing the same chain of ZnO nanowires
glued to a W tip. (c) Micro-PL spectra of an individual suspended as-grown
ZnO nanowire and an individual ZnO nanowire processed by sonication/
dispersion procedure. Both nanowires have regular cross section and similar
diameters (~50 nm). The inset compares the onset parts of the NBE emis-
sion of the two nanowires. (d) A typical two-terminal /-V curve of individual
suspended ZnO nanowires.
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tained and can then be taken out of the SEM with the metal
tips and the nanomanipulator for micro-PL. measurements.
The incorporation of the nanomanipulator with the micro-PL
measurement enables convenient identification of the nano-
wire position using the SEM images as reference, since the
orientation of the nanowire can be maintained. Figure 1(b)
displays such an example.

Figure 1(c) shows a typical PL spectrum of suspended
individual ZnO nanowires. Similar to some of the previous
reports.,9 the PL spectra of the as-grown nanowires consist of
a UV NBE emission peak and a broad defect-related deep
level emission at ~520 nm. All the spectra shown in this
paper were obtained under very low excitation power
(~5 W/cm?) which tends to maximize the visibility of the
defect emission.'>'¢ Employment of the suspended indi-
vidual nanowires attached to metal tips also provides a tech-
nique compatible with established electrical measurement
using the in sifu nanoprobe technique inside SEM." For ex-
ample, I-V curve [Fig. 1(d)] can be measured before the
nanowire is removed from the Pt wire with the W tip and
flattened Pt wire as electrodes. Our results show that the ZnO
nanowires usually exhibit stable contact with Pt wires prob-
ably due to the relatively large contact areas and the clean-
ness of the Pt surface. Thus, optical (PL), microstructural
(SEM), and electrical (nanoprobe technique) characterization
can be carried out on the same nanowire.

Compared to the usual micro-PL measurements of indi-
vidual nanowires, in which the nanowires are separately dis-
tributed on flat substrates, the procedure described here can
effectively avoid the complex influences of the substrates
and the often necessary sonication process in solutions. In-
deed, we have observed that such sonication process may
cause dramatically decreased UV emission and increased de-
fect emission. Figure 1(c) compares PL spectra of a sonica-
tion processed ZnO nanowire lying on SiO,/Si substrate and
an individual suspended as-grown ZnO nanowire, showing
a much stronger green emission and a redshift of the
NBE emission in the sonication processed ZnO nanowire,
likely being resulted from the surface change after solution
sonication.

We now present our results on the correlations of the
room temperature luminescence properties with the ZnO
nanowire diameter. SEM results showed that most as-grown
nanowires used in this study possessed circular cross section
and smooth surface (corresponding to straight boundary and
uniform contrast in the side view), in which green emission
was observed to be normally one to two orders lower than
the UV emission. On the other hand, a small percentage
(<5%) of nanowires with irregular cross section and rough
surface (slightly wavy boundary and varying contrast in the
side view) usually exhibited much stronger “green” emission
intensities and weakened UV emission (Fig. 2). The UV peak
position from different individual ZnO nanowires was ob-
served to vary slightly between 375 and 380 nm, correspond-
ing to ~43.5 meV difference in energy. We have carried out
micro-PL measurements on individual suspended nanowires
with a wide diameter distribution (30—150 nm). Unlike
those studies showing anomalous blueshift in UV emission
with decreasing nanowire diameter in the similar diameter
range,“’12 our results showed that the UV emission peak
energy had little dependence on the diameter, but exhibited a
strong tendency to redshift with the increase of the green
defect emission, indicating defect induced modification of
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FIG. 2. (Color online) Side-view SEM images of regular (a) and irregular
(c) shape individual suspended as-grown ZnO nanowires with changing di-
ameters and micro-PL spectra [(b) and (d)] along their lengths. The insets in
(a) show straight boundaries and uniform contrast of the two sections. The
inset in (d) shows the redshift of the UV emission with decreasing diameter
for the irregular shaped nanowire.

the electronic structure. The above conclusions are based on
comparison not only among different nanowires but also on
the same individual nanowires with varying diameters. To
make a brief demonstration, we show PL results from two
suspended as-grown ZnO nanowires with changing diam-
eters (see Fig. 2). For the nanowire with regular shape shown
in Fig. 2(a), only slight difference in UV to visible emission
ratios was observed for the two parts with different diameters
[Fig. 2(b)]. Correspondingly, UV emission peaks have al-
most the same position at 375.2 nm [Fig. 2(b)]. On the other
hand, for the nanowire with irregular shape and rougher
surface [Fig. 2(c)], with the decrease of the diameter,
dramatically increased green emission and decreased UV
emission can be observed [Fig. 2(d)], which was accompa-
nied by the redshift of the UV emission peak energy from
375.6 to 379 nm.

The correlation between the UV emission redshift and
the green emission was also observed in the in sifu heating
experiment of individual suspended nanowire inside SEM.
For a suspended ZnO nanowire, the generated heat due to
electrical current may not be effectively transferred from the
center of the nanowire, so a temperature gradient can be
expected from the center of the nanowire to the electrodes.
Figure 3(a) shows a suspended nanowire of 150 nm in diam-
eter and >20 pum in length. The accumulated heating at a
current of ~3 pA resulted in an eventual “burnt-out” near
the center of the nanowires [Fig. 3(b)]. X-ray energy disper-
sive spectroscopy (EDS) and electrical transport measure-
ments were performed during the in sifu heating experiment
inside SEM. The EDS spectra [Fig. 3(c)] taken from the
same position before and after heating, indicate a remarkable
oxygen loss (<5% = 1% in the areas close to the burnt-out
point) during the in situ annealing process. The transport
measurements [Fig. 3(d)] shows that with the increasing an-
nealing time, the conductance first increases abruptly and
then increases slowly, followed by a decrease even before the
observable change in the nanowire shape. This is probably
corresponding to the increase of carrier density and decrease
of carrier mobility during the in sifu annealing process in
vacuum.
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FIG. 3. (Color online) [(a) and (b)] SEM images showing a suspended ZnO
nanowire before (a) and after (b) in situ burnt-out by electrical current. (c)
EDS spectra from position close to the burnt-out spot before and after the in
situ heating. (d) I-V curves during the interval of in situ heating. The num-
bers indicate the cycle of the heating. The inset shows the electrical conduc-
tance at 7 V. Before measuring each I-V curve, the heating process was
paused for 20 min to let the nanowire cool down. Electron beam was
blocked during all the transport measurements. (e) Micro-PL spectra from
the unheated nanowire and the different positions [marked in Fig. 3(b)] after
the burnt-out. The inset plots the redshift of the NBE peak vs the integrated
intensity ratio between the deep level emission and NBE emission. The
dashed line is used as a guide for the eye.
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Figure 3(e) shows micro-PL spectra of the unheated
nanowire and along different locations of the nanowire after
the burnt-out, showing a dramatically increased green emis-
sion and a noticeable UV emission redshift with the tempera-
ture increase. This tendency has been confirmed to be inde-
pendent of the burnt-out tip shape and diameter which can be
varied by controlling the electrical current and the positions
of the two electrodes. The correlation of PL, electrical trans-
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port, and EDS measurements indicates that the UV emission
redshift, green emission, and carrier density are closely re-
lated to oxygen deficiency. Recent calculation and experi-
mental results indicate that Zn interstitials, acting as shallow
donor in ZnO, have high formation energy and are not likely
to form.!”!8 Therefore, the enhanced green emission inten-
sity at higher annealing temperature is attributed to the popu-
lation rising of the O vacancies, which has been shown to be
a deep donor." The co-occurrence of the redshift of the band
edge emission and the increasing green emission must be
attributed to other reasons, as the O vacancy does not serve
as shallow donors in ZnO and Zn interstitials are not likely to
form. Our results may support native defect Complexe520
and/or hydrogen at oxygen sites'®1? serving as stable and
effective shallow donor, although we cannot identify the do-
nor conclusively. The hydrogen can come from the diffusion
within the ZnO nanowire, the residual gas in the vacuum and
ZnO nanowire surface absorption.

In conclusion, we have developed a general procedure
which allows optical, electrical, and microstructural charac-
terization of individual suspended quasi-one-dimensional
nanostructures attached to nanometer-sized W tips. Our mi-
crophotoluminescence results from individual ZnO nano-
wires grown by thermal evaporation showed that a strong
green emission can cause redshift of the NBE emission. Cor-
relation of PL, electrical transport, and EDS measurements
on in situ annealed ZnO nanowires proved that the green
emission and the carrier behaviors are related to oxygen
deficiency.
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