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The cathodoluminescence spectrum of single zinc oxide (ZnO) nanowires is measured by in-situ
optical Transmission Electron Microscope. The coupling between exciton and longitudinal optical
phonon is studied. The band edge emission varies for different excitation spots. This effect is
attributed to the exciton propagation along the c axis of the nanowire. Contrary to free exciton
emission, the phonon replicas are well confined in ZnO nanowire. They travel along the c axis and
emit at the end surface. Bending strain increases the relative intensity of second order phonon
replicas when excitons travel along the c-axis. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893444]

ZnO is an important II-VI semiconductor material with
a large direct band gap (3.37eV) and large exciton binding
energy of 60 meV, which is larger than the thermal activation
energy 25 meV. Thus, the excitonic processes can be easily
observed even at room temperature.' ZnO nanowires can
function as fine waveguides,y‘ nanolaxsers,s’6 optical wave-
guides,” photodetectors,® and light emitting diodes.” For
those optical applications, the coupling between exciton and
longitudinal optical phonon (LO) is an important issue.'*"'*
The coupling is related to the crystal structure and defect
concentration, and is affected by strain.'>° Here, we study
the coupling effect by room temperature in-situ
Transmission Electron Microscope (TEM) cathodolumines-
cence (CL). At different excitation spots, the respective spec-
tra have different shapes. This can be attributed to the
exciton phonon coupling when exciton propagates along the
nanowire c axis. Further experiments show that the free exci-
ton phonon replicas (FX-LO) are well confined in ZnO nano-
wire. They travel along the c axis of the ZnO nanowire and
emit at the end surface. Bending strain was applied to the
ZnO nanowire by tungsten tip. It was found that bending
strain enhances the relative intensity of FX-2LO lines.

Our optical measurement system is based on a home-
made in-situ optical TEM holder as shown in Figure 1(a). An
optical fiber of 2mm in diameter is mounted on the holder,
from which optical signals from the sample can be collected
and recorded. The holder is also equipped with a piezo-
driven manipulator to control a tungsten tip. The sharp tung-
sten tip can be used to select and manipulate individual
nanowires. A grating monochromator iHR 320 from Horiba
Inc. and a liquid nitrogen cooled Charge Coupled Device
(CCD) were used to record spectra data. The field emission
TEM (JEOL 2010F) operates at 200 keV, and the electron
beam was used to excite the materials. ZnO nanowires were
grown by a simple chemical vapor deposition (CVD)

YAuthors to whom correspondence should be addressed. Electronic
addresses: xuzhi@iphy.ac.cn; xdbai@iphy.ac.cn; and egwang@pku.edu.cn

0003-6951/2014/105(7)/071901/4/$30.00

105, 071901-1

method. Carbon and zinc oxide powders were mixed to pro-
vide zinc source. Argon was mixed with oxygen as the oxy-
gen source. Silicon dioxide coated with a few nanometers of
gold was used as growth substrate and was placed in the cen-
ter of a quartz tube. The temperature slew rate of the growth
area was set at 20 °C/min, and the temperature was kept at
900 °C for 120 min. After the reaction process, white powder
appeared on the substrate. The as-grown ZnO nanowires
were characterized by field emission scanning electron
microscope (FESEM), X-ray diffraction (XRD), and TEM.
They have a hexagonal structure JCPDS 36-1451 or JCPDS
65-3411. TEM characterization confirmed that the nanowire
grow along the [001] direction or c-axis.
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FIG. 1. The experimental setup and a typical CL spectrum. (a) Scheme of
the optical TEM holder. (b) TEM image of a single ZnO nanowire, electron
beam is focused on the nanowire end to collect the CL spectrum in (d). (c)
illustration of the CL spectrum; electrons are irradiated on the ZnO nanowire
and electrons and holes are excited, and they propagate along the nanowire
and finally emit from the nanowire surface, electrons are represented by
black dots and holes are represented by black circles.

© 2014 AIP Publishing LLC
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A typical room temperature CL spectrum of ZnO nano-
wires is shown in Figure 1(c). The nanowire end surface is
set towards the optical fiber. The spectrum has two lumines-
cence regions: one is around 380 nm (3.26 V), which corre-
sponds to band edge emission; the other is around 530 nm
(2.34eV), which corresponds to intrinsic defects or oxygen
vacancies and is referred to as green luminescence. The in-
tensity ratio between band edge emission and green lumines-
cence indicates the defect concentration. The green
luminescence in Figure 1(f) has comparable intensity with
the bandedge emission. This result can be accounted to the
side wall surface defects. As earlier experiments found that
oxygen defect density is higher on the side walls.?® The near
band edge emission comes from the direct recombination of
electrons and holes. At low temperatures, the excitonic emis-
sion peaks can be clearly distinguished. The spectrum con-
sists of FX, BX, SX.2! and their phonon replicas.15 As
temperature increases, the BX and SX gradually diminish.
At room temperature, the free exciton emission and its pho-
non replicas dominate the band edge emission. The reported
peak energies are: FX(3.300eV), FX-1LO (3.249¢V), and
FX-2LO (3.180 eV).13 The exciton energies can be deter-
mined by first principles calculation.'®

We selected a single ZnO nanowire attached to a gold
wire as shown in Figure 2(a). The diameter of the nanowire
was 165 nm. Electron beam was focused onto three different
spots marked as 1, 2, and 3. The measurement condition was
kept the same for those spots. Corresponding CL spectrum is
shown in Figures 2(b) and 2(d). The scattering of free exci-
tons with LO phonons is determined by the Frohlich interac-
tion and first order process, such as FX-1LO recombination,
are forbidden in perfect structures for parity conservation.'?
Practical nanowires have defects which introduce alternative
parity into the Frohlich scattering. Thus, FX-1LO peak has a
larger intensity for high defect density crystals. The band
edge emission from the tip of the nanowire (spot 1) has a
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FIG. 2. Observation of exciton peaks of a single ZnO nanowire. (a) A single
ZnO nanowire attached to a gold wire, the irradiated segments were denoted
by 1, 2, 3; (b)—(d) shows the band edge emission spectra corresponding to 1,
2, and 3 in (a), respectively.
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TABLE I. Fitted Gauss peaks for CL spectra in Figures 2(b)-2(d).

Energy FWHM Area Relative

Peaks (eV) V) (Counts) intensity Assignment
1-2 3.238 0.154 138.403 0.93 FX-1LO
1-1 3.289 0.081 149.005 1 FX

2-3 3.176 0.181 62.786 0.79 FX-2LO
2-2 3.234 0.090 79.867 1 FX-1LO
2-1 3.310 0.059 26.307 0.33 FX

3-3 3.192 0.191 187.500 1 FX-2LO
32 3.223 0.048 41.127 0.22 FX-1LO
3-1 3.296 0.054 42.922 0.23 FX

large FX-1LO intensity. The intensity ratio of FX-1LO to
FX is nearly 1:1. Surface defects contributed to the strong
FX-1LO line.

From the tip to the base of the ZnO nanowire, the edge
emission spectra changed a lot, from one peak at the tip to
two peaks at the base. The CL spectra measured are fitted
with gauss peaks and the fitted parameters are listed in Table I.
From the table we can see that, the relative intensity of FX is
gradually reduced from the tip to base. The relative peak
amplitudes (relative amplitudes normalized to the largest
value) for spot 2 are: FX 0.33, FX-1LO 1, and FX-2LO 0.79.
For spot 3, the relative peak amplitudes are: FX 0.23, FX-
1LO 0.22, and FX-2LO 1. The FX-1LO peak from spot 3 has
a very small FWHM of 48 meV and thus the CL spectrum
from spot 3 has distinguished peak features. The increase in
phonon replica intensities can be attributed to the propaga-
tion of excitons. At the spot of electron irradiation, free
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FIG. 3. Control experiments on the exciton peaks. (a) a single ZnO con-
nnected to ZnO sheets. (b) the ZnO was blocked by a tungsten tip. (c) CL
spectrum measured with configurations in for two times denoted as 1 and 2,
from the dashed circle area in (a) and (b).
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excitons are generated. They can travel along the nanowire
axis or radially towards the side surface. The excitons that
travel along the c axis gradually couple with phonons. They
eventually emit at the end surface with a loss of energy.

To confirm the directional coupling of exciton and pho-
non, we carried out experiments in which the tip of the nano-
wire was blocked by a large tungsten tip. The tungsten tip
was set 100 nm apart from the end surface of the nanowire
and the blocking segment had a diameter of 1.1 um. Thus,
light emitted from the nanowire end surface within a cone of
semi-angle of 79° was blocked. The experimental configura-
tion is shown in Figures 3(a) and 3(b). The corresponding
CL spectra are shown in Figure 3(c). With tungsten tip
blocking, the FX emission around 3.3 eV decreases a little,
while the phonon replicas decrease a lot. This phenomenon
indicates that the FX either emits from the end surface with a
large angle or emits from the side surfaces. However, the FX
phonon replicas are well confined and mainly emit from the
end surface at small angles. Due to the one-dimensional con-
finement, the LO phonon has a very large wave vector along
the ¢ axis of the nanowire.?*** Thus, FX phonon replicas are
effectively confined to propagate along the c axis, resulting
in the great diminish of phonon replicas with blocking.

The strain effects on the exciton phonon coupling were
further studied. A tungsten tip was used to apply strain to the
nanowire. No strain was applied as shown in Figure 4(a).
Then, the tungsten tip was moved to contact the nanowire
side wall to apply a small strain, Figure 4(b). Larger bending
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FIG. 4. Strain effects on the bandedge emission. (a) Original configuration
without strain. (b) Strain applied by a tungsten tip. (c) Larger strain applied
by moving the tungsten tip. (d) CL spectra measured for configurations
of (a)—(c).
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strain was applied in Figure 4(c). Their corresponding CL
spectra are shown in Figure 4(d). With increasing bending
strain, the relative intensity of FX-2L.O emission line gradu-
ally increases. The FX emission is suppressed probably due
to the bending-induced defects or traps. The nanowire has
compressive strain on the inner side of the bending part and
tensile strain on the outer side. Excitons travel through the
bending part to emit at the end surface. The bending strain
enhanced the electron phonon coupling when exciton propa-
gates along the c axis. Both the tensile and compressive
strain might account for the enhancement of exciton phonon
coupling. Further study is needed to clarify the detailed
mechanism. In a previous study,'® theoretical methods were
used to simulate the strain effect on the exciton dynamics
along the axial direction. Theoretical calculation might be
further developed to explain the coupling between propagat-
ing excitons and phonons.

In summary, we have investigated the CL spectra of
single ZnO nanowires at room temperature in an in-situ op-
tical TEM. The free exciton emission and its phonon repli-
cas have been measured. The excitonic peak intensities
change with different excitation spots. This is attributed to
the exciton propagation along the c axis of the nanowire.
The free exciton emission phonon replicas are effectively
confined to propagate along the c-axis of ZnO nanowire
and emit at the nanowire endpoint. Bending strain enhances
exciton-phonon coupling when excitons move along the c-
axis. New challenges are posed to computational chemistry
as how to simulate the dynamics processes involving the
coupling of propagating excitons and phonons. These
results are helpful for design of optoelectronic devices with
ZnO nanowires.
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