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The low-frequency optical and dielectric properties of ZnO tetrapod structures prepared by
thermophysical method were studied by terahertz time-domain spectroscopy. The power absorption,
refractive index, and the complex dielectric function were measured in the frequency range from
0.2 to 3.5 THz. Based on a simple effective medium theory, the low-frequency dielectric properties
of ZnO tetrapods were found to be associated with the transverse optical E; phonon mode, which
is consistent with that observed in bulk single-crystal ZnO. © 2006 American Institute of Physics.
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Zinc oxide (ZnO) is an excellent II-VI compound semi-
conductor for low-voltage and short-wavelength optoelec-
tronics applications because of a direct wide band gap of
3.37 eV, high exciton gain, and a large exciton binding en-
ergy of ~60 meV."? The minimum fabrication barrier, rather
high mobility (~200 cm?/Vs) and high resistivity also en-
able the single-crystal ZnO to be an ideal choice for high
power terahertz generation.3 ZnO nanostructures are reported
to have potential applications for piezoelectric transduction,
optical emission, catalysis, actuation, drug delivery, and op-
tical storage with promising photoelectronic, photochemical,
and catalytic propelrties.4 The increase in surface area and the
quantum confinement effects have made nanostructured ma-
terials quite distinct from their bulk form in both electrical
and optical properties. Various one-dimensional structures of
ZnO, such as tetrapods, nanowires, and nanobelts, have at-
tracted much attention.” In particular, the ZnO tetrapod struc-
tures are expected to exhibit some special properties because
of their single crystalline structure and controllable
morphology.6 The ZnO tetrapods are reported to have good
responses to ethanol and methane at different levels and tem-
peratures, which make them a good choice for gas sensors.’
The Mn-doped ZnO tetrapod structures were found to be
ferromagnetic with Curie temperature ~50 K and showed a
large coercive field, thus allowing electromagnetic and spin-
tronics applications. This helps combine microelectronics
and nanoelectronics with spin-dependent effects for the next
generation devices.®

Recently, ZnO tetrapods have shown intriguing lasing
properties by having diameter of the arms comparable to
excitation wavelength.g’10 Spectroscopic study of ZnO tetra-
pods is necessary to characterize their optical properties over
a broad frequency range and to further explore their potential
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applications in broad areas. In this letter, we present a study
of far-infrared spectroscopic properties of ZnO tetrapods in
the frequency range from 0.2 to 3.5 THz (1.5 mm-86 um)
by using terahertz time-domain spectroscopy (THz-TDS), a
preferably recognized far-infrared spectroscopic approach
due to high signal-to-noise ratio (>10000:1), coherent
phase information, and nonionizing properties.” The dielec-
tric and optical properties of ZnO tetrapods were extrapo-
lated using a simple effective medium theory.lz‘13 The THz-
TDS system utilized to characterize the ZnO tetrapod
structures was a photoconductive switch-based spectrometer
and has a frequency-independent beam waist of 3.5 mm as
described previously. 14

The ZnO tetrapods were grown by the vapor phase trans-
port methods by heating the Zn powder to 700 °C in a quartz
tube furnace at ambient pressure and with the flow of argon
gas.lo The individual tetrapod samples were isolated by soni-
cating them in methanol. Scanning electron microscope
(SEM) and optical microscope were used to characterize the
shape and the size of the tetrapods, and x-ray diffraction
revealed the hexagonal wurtzite structures. The diameter of
the legs was estimated to be between 200 and 800 nm, while
the length of the legs was between 10 and 30 ,ugm.ls’16 The
SEM images of a bundle of ZnO tetrapods are shown in Fig.
1. The ZnO tetrapod samples for analysis were placed in a
cell made of two 10.9X 11.0 mm? windows and a 1.288 mm
spacer. Both the windows and the spacer were made from
p-type silicon wafer with thickness of 640 um and resistivity
of 20 Q) cm. An identical empty cell was used as a reference.
Both cells were placed in an aluminum holder and centered
over a 5S-mm-diameter hole to define the optical aperture.

The transmitted terahertz pulses through both the refer-
ence and the ZnO tetrapod sample were measured. A rela-
tively clean separation in time between the main transmitted
sample pulse and the first refection enables the data analysis
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FIG. 1. The SEM images of ZnO tetrapods with leg diameters of
200-800 nm and lengths of 10-30 um: (a) ZnO tetrapod bundle; (b) mag-
nified image.

on the main pulse only.14 The sample and the reference
pulses were Fourier transformed to obtain the corresponding
complex amplitude spectra. To extrapolate the power absorp-
tion and refractive index, the ratio between the spectra of the
reference and the sample gave the effective absorption by the
sample, whereas the 1ghase shift was calculated to determine
the refractive index.”” The frequency dependent power ab-
sorption coefficient a(w) and the refractive index n(w) are
plotted as open circles in Fig. 2. The measured power ab-
sorption increases as a function of frequency and no promi-
nent absorption peak is observed below 3.5 THz, whereas
the refractive index approaches nearly a constant of 1.03.
The frequency-dependent dielectric response &(w) is de-
scribed by the relationship, e(w)=g¢(w)+ig;(w)=[n(w)
+ik(w)]?, where the imaginary part of the refractive index k
is related to the power absorption as k(w)=a(w)\y/ 47" and
e,(w) and g;/(w) are the real and imaginary parts of the di-
electric function. The open circles in Figs. 3(a) and 3(b) il-
lustrate the measured complex dielectric constant of the ZnO
tetrapods extracted from the data of power absorption and
refractive index. Since the sample to be measured is loosely
packed ZnO tetrapods and consists of both ZnO tetrapods
and air, the dielectric constant plotted in Fig. 3 is the effec-
tive complex dielectric constant &g, with the contributions
from both the air and the pure ZnO tetrapods. A simple ef-
fective medium theory (EMT) was employed to obtain the
effective dielectric function of ZnO tetrapods,'*" &)
=fg,(w)+(1-f)e,, where the filling factor f defines the vol-
ume fraction of the tetrapods and was measured during the
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FIG. 2. Comparison of measured results (open circles) with theoretical fit-
ting (solid lines) for the composite ZnO tetrapod samples: (a) power absorp-
tion a(w); (b) refractive index n(w).
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FIG. 3. Frequency-dependent complex dielectric function of the composite
ZnO tetrapod samples: (a) real part &,(w) and (b) imaginary part &;(w). The
solid curves and the open circles represent the theoretical fitting and the
experimental data, respectively.

experiment, and g, and g, are the dielectric constants of the
host medium and the pure ZnO tetrapods, respectively. In our
case, g,=g,,=1.0, and the frequency-dependent dielectric
function of the pure ZnO tetrapods (a semiconductor) &,,(w)

18-22
can be represented by
(,l)2 & w2
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where €., is the high-frequency dielectric constant, the sec-
ond term describes the contribution of free electrons or plas-
mons, and the third term is due to the contribution of optical
phonons. The key parameters describing the dynamics of
free electrons or plasmons in a semiconductor are the plasma
frequency w,=(Ne*/gym”)""* and the carrier damping con-
stant y, where N is the carrier density, m" is the effective
mass of the electron, and g is the free-space permittivity
(8.854 X 1072 F/m). The mobility can be obtained from u
=e/(m"y). The summation term in Eq. (1) is over all lattice
oscillations with the jth transverse optical (TO) frequency
wro;, oscillator strength ey, and phonon damping constant
I';. For the hexagonal wurtzite bulk ZnO in the terahertz
region, it is known that the main dielectric response is from
the E,(TO) vibrational mode.”® Thus, based on Eq. (1), the
dielectric function &(w) describing our measured sample can
be simplified as"

2
() = £t O @)
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Using Eq. (2), and the simple EMT with g,=g,,=1.0, one
can achieve a best fit (solid curves in Fig. 3) on the experi-
mental data with the following parameters: f=0.017 36, &,
=1.50, &4=3.40, wpo/27m=12.41+£0.2 THz, and I'/2m
=21.0+0.2 THz.** The solid curves shown in Fig. 2 repre-
sent the fitting of power absorption and the index of refrac-
tion using the same parameters. The fitting reveals the pres-
ence of a dominant TO-phonon resonance of ZnO tetrapods,
centered at wrg/27=12.41 THz with a phonon damping
constant I'/277=21.0 THz and a strength e,=3.40. It is
worth noting that such a TO mode at 12.41 THz is a typical
transverse optical mode in the bulk ZnO of wurtzite structure
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FIG. 4. (Color online) Comparison of (a) measured power absorption and
(b) refractive index of the pure ZnO tetrapods (triangles) with that of single-
crystal ZnO (squares) and the composite tetrapod samples (circles). The
solid curves are the corresponding theoretical fit.

with the assignment E,(TO).” If 7 is the TO phonon life-
time, we have 7=1/T", with value 7=7.6 fs. Actually, 7 de-
pends very critically on the type of phonon scattering mecha-
nism, and different scattering laws usually define the various
lifetimes. The obtained TO-phonon lifetime 7 results mainly
from the calculation of absorption, in which scattering from
transverse optical phonon has been considered."

Figure 4 shows the power absorption and refractive in-
dex of the pure ZnO tetrapods, extracted using Eq. (2) and
the simple EMT, in comparison with that of the single-crystal
ZnO and the tetrapod-air composite sample. The measured
single-crystal ZnO is an undoped, high purity (>99.99%),
5 mm X 5 mm X 0.5-mm-thick, freestanding slab with wurtz-
ite structure.” From Fig. 4, it is seen that the terahertz spec-
tra of the single-crystal ZnO exhibit similar behavior as that
of the ZnO tetrapod media. The pure ZnO tetrapods represent
an obviously higher power absorption than that of the com-
posite tetrapods and the single-crystal ZnO. The refractive
index of the pure ZnO tetrapods, 2.21, is close to the value
2.80 of the single-crystal ZnO, but much larger than 1.03, the
value for the measured composite tetrapod medium. Based
on Eq. (2), the experimental data (squares) of single-crystal
ZnO are well fitted using the parameters &,=3.705, &
=4.065, wpo/2m=12.42 THz, and I'/27=0.82 THz. It
shows that the terahertz spectrum of the single-crystal ZnO is
also dominated by the E;(TO) phonon mode centered at the
frequency of 12.42 THz. All of these features indicate that
the ZnO tetrapod structures reveal quite similar phonon re-
sponse characteristics as the single-crystal ZnO in the low-
frequency terahertz regime.

Nanostructures usually present a quite dissimilar optical
property from bulk materials due to their high surface-to-
volume ratio or their drastic changes in electron structures.
Quantum confinement effects are often expected and ob-
served in nanostructures. However, our THz-TDS study has
shown that the terahertz spectra of ZnO tetrapods are similar
to that of bulk single-crystal ZnO. This implies that the ZnO
tetrapods preserve almost the overall crystal structure of the
bulk ZnO. This result is also consistent with that of ZnO
nanoparticles and ZnO nanotubes.”**” When the radius of the
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nanostructures approaches the Bohr radius of exciton, the
quantum confinement effect will become noticeable. The di-
ameter of the legs in ZnO tetrapods is between 200 and
800 nm, much larger than the Bohr radius of ZnO (the cal-
culated value is ~2 nm). This is why there are no obvious
distinctions observed in dielectric properties between the
single-crystal ZnO and tetrapod structures.”’
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