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Influence of Mg doping on dielectric properties of ZnO
nanopowders at terahertz frequencies
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Abstract; Transmitted terahertz time-domain spectroscopy ( THz-TDS) using dipole-antenna on LT-GaAs was ap-
plied to determine the THz spectral characteristics of single-crystal ZnO, pure-and Mg-doped ZnO nanopowders
(NPs) at room temperature. The power absorption and refractive index were measured in the frequency range from
0.2 to 2 THz. Mg doping increases the absorption coefficient, while decreases the refractive index of the compound
ZnO NPs. The THz dielectric properties of pure-and Mg-doped ZnO NPs exhibit similar behaviors with that of the
ZnO single crystal, which are found to be associated with the transverse optical E, (TO) phonon mode.
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Introduction

Zinc oxide (ZnO) is one of the most intensively
studied II-VI metal-oxide semiconductor with a direct
band gap of 3.37 eV and a large exciton binding energy
of 60 meV at room temperature, which has attracted
enormous attention because of potential applications in
photonic devices in uliraviolet range and spintronic de-
vices in the past decade ">}, Recently, more and more
interests are focus on the nanostructural ZnO materials,
owing to the potential applications for nanodevice and
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nanotechnology 34 such as piezoelectric transduction,
optical emission, drug delivery and optical storage. On
the other hand, ZnO possesses a lot of advantages in
terms of device applications in terahertz frequency range,
for example ease in fabrication, wide band gap, high
mobility, and transparency .
Owing to various morphologies, ZnO nanostructures
exhibit quite different dielectric characteristics in THz
[9’]0] . . .
range . Besides morphologies, many factors domi-
nate the optical properties of ZnO nanostructures as well ,
such as sample preparation conditions, host environ-
ment, defects, density-dependent properties and doping
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condition so on. Especially, impurity doping has been
used to enhance the electron emission ( FE) efficiency
and to tailor the optical properties''"">). Tt is essential to
explore the dielectric properties of doped ZnO nanopow-
ders (NPs) in the terahertz region.

In this paper, we report the far-infrared optical
properties of ZnO single crystal, pure-and Mg-doped ZnO
NPs (ZnO : Mg), characterized by normal transmitted
THz time-domain spectroscopy ( THz-TDS), advanced
noncontact analyzing tools for complex dielectric proper-
ties in material science. The measured refractive index
and power absorption coefficient were fit by classical
pseudo-harmonic phonon model. It was demonstrated that
Mg doping increases the absorption coefficient while de-
creases the refractive index of ZnO NPs in the THz
range. The mechanism for THz dielectric response of
ZnO : Mg NPs is similar to that in pure ZnO NPs and the
single crystal, which is mainly dominated by the interac-
tion of incident THz with lattice vibrations.

1 Experiments

The ZnO nanostructures were synthesized through
thermal evaporation of ZnO powder in a horizontal high-
temperature resistance furnace. The process was carried
out at 1 250 °C under a flow of high-purity N, as a carrier
gas. After the furnace was cooled to room temperature,
powder of ZnO nanostructures with light yellow color were
collected from the inner wall of the quartz tube. The fab-
rication of Mg-doped ZnO nanostructure began with the
mixture powder of ZnO and MgO with ratio of 1 : 1 as the
precursor in the furnace. The final atomic ratio between
Mg and Zn in Mg : ZnO powder is about 5% ~8 % de-
pending upon the position of quartz tube. The ZnO nan-
opowders are pressed in tablets with a diameter of 12 mm
at a monometer pressure of no less than 2 MP using a hy-
draulic pressure. The thickness of pure and Mg-doped
ZnO NPs tablets is 1. 05 mm, and the thickness of ZnO
single crystal is 0. 52 mm.

The crystal structure and morphology of the ZnO
NPs and Mg-doped ZnO NPs were characterized by high
resolution X-ray diffraction ( XRD) and scanning elec-
tron microscopy (SEM). The XRD and SEM patterns of
ZnO NPs and Mg-doped ZnO NPs are shown in Fig. 1
(a) and (b), respectively. The hexagonal ZnO struc-
ture is obtained from the diffraction peaks with 29 =
31.77°, 34.42°, 36.26°, 47.54° and 56.60°, respec-
tively. The strongest peak appearing at 36. 26° corre-
sponds to (002) orientation of ZnO crystal, which indi-
cates that the nanopowders grew predominantly along
(002) direction. According to the XRD and SEM analy-
sis, magnesium-doped-ZnO NPs show a similar structure
as that of intrinsic ZnO. In addition, these two ZnO NP
have the same porosity. The filling factor f, defined as
the volume fraction of pure nanostructures and depended
on the pressure applied, is used to evaluate the porosity
of the NPs. The factor f is measured to be about 0. 73 in
current experiment.

For the terahertz time-domain measurement, a
standard THz-TDS in transmission geometry was used to
characterize the samples in the frequency range from 0. 1
to 2.0 THz '), Briefly, the output of a mode-locked
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Fig.1 (color online) XRD data of (a) ZnO NPs and (b) Mg-
doped ZnO NPs. SEM images of ZnO NPs and Mg-doped ZnO
NPs are shown in the inset
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Ti: sapphire laser, with pulse duration of 100 fs, cen-
tered wavelength at 800 nm, and repetition rate of
80 MHz ( MaiTai HP, Spectra-Physics) , is used to gen-
erate and detect the terahertz transient. The generated
terahertz pulses are collimated into parallel beams by a
microsilicon lens. A polyethylene lens is used to focus
the terahertz beam on the sample position with a spot size
of ~6 mm, the transmitted terahertz beams collimated
with another polyethylene lens, and the final terahertz
beams are collected by another silicon lens connected
with a terahertz detector antenna. The sample is posi-
tioned at the beam waist of the THz beam. By a variable
optical delay, the terahertz pulses generated at the emit-
ter can be continuously delayed with respect to the gated
detector, which allows us to temporally scan their electric
field with both the amplitude and phase information. The
THz-TDS system is purged with dry-N, gas to reduce THz
absorption due to residual water vapor in the beam path.

2 Results and discussion
The THz pulses transmitted through pure ZnO NPs

and ZnO : Mg NPs with their corresponding fast Fourier
transformed (FFT) spectra are shown in Fig.2 (a) and
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(b). Due to the limited thickness of the ZnO NPs tab-
lets, the main transmitted THz pulse (at ~ 13 ps) is
trailed by multiple-reflected pulses in time domain. The
propagation delay of THz pulse in time domain ( with
phase shift) is determined by the optical thickness of the
sample. The refractive index can be obtained by measur-
ing the physical thickness of the sample accurately. The
damping of the electric field of THz pulse indicates the
effective absorption during the propagation.
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Fig.2 (color online) (a) Measured THz pulses transmitted ref-
erence, pure ZnO NPs and ZnO : Mg NPs, which are vertically
displaced for clarity. (b) Corresponding fast Fourier transformed
spectra of the measured reference and sample pulses.
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The complex refractive for nonmagnetic materials is
written by n(w) = ve(w) =n(w) —ik(w). The fre-
quency dependent refractive index n( @) and absorption
coefficient a(w) can be directly obtained by the Fourier
analysis of input THz pulse E_; (®) and output THz

1 E [6,13]

n(w) =1+c—4M

d

o(w) =2%K(0)) =—71n{%ﬂw)}

where d is the thickness of sample, c is the speed of light
in vacuum. T(w) and ¢(w) are defined as T(w)e'*'”’
_ 4n(w) i(2)dln(w) -1]
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The frequency-dependent dielectric response £ ()
is described by ¢ (w) =&, (w)-ig;, (w) = [n(w)-
ik(w)]®, where the imaginary part of the refractive in-
dex k(w) = a(w) Ap/4w. The measured samples are
composites of nanostructures and air. The effective die-
lectric function can be treated by simple effective medium
theory (EMT), g4 =fe, (0) + (1 = f) &, (0)™,
where g, (w) is the dielectric function of pure-ZnO NPs,
&,(w) is dielectric constant of the host medium, giving
g, =1 for air in the present study. The filling factor f =
0.73 is measured in the experiment. g is the measured
effective dielectric constant of the composite material,
which includes nanostructures and air.

In Figs. 3 (a) ~ (c¢), we present THz-TDS re-
sults, the refractive index and absorption coefficients, on
Mg-doped, pure-ZnO NPs and single crystal ZnO. The
refractive index is nearly constant of 2. 33 and 2. 27 for
pure ZnO NPs and ZnO : Mg NPs, respectively, much
less than 2. 84 for single-crystal ZnO. In addition, the
pure-and Mg-doped ZnO NPs have similar absorption be-
haviors, in comparison with that of the single-crystal
ZnO, which increases with frequency. It can be found
that the absorption coefficient of ZnO : Mg NPs is slightly
larger than that of ZnO NPs at the frequency range of
0.40 ~1.70 THz, as shown in Fig. 3 (d). No promi-
nent absorption peak is observed below 2.0 THz.

The dielectric constant £, () can be represented
by [14] .

2 2
' N € Wro0;

w2+iyw 7 wioj—w2—il"jw (2)
where ¢ is the high-frequency dielectric constant, the
second term describes the contribution of free electrons
( Drude response) , and the third term is due to the con-
tribution of optical phonons ( Lorentzian oscillator). The
plasma frequency w, and the carrier damping constant -y
describe the dynamics of free electrons or plasmons in
Ne’ T
semiconductors. @, = (80m*) , where N is the carrier
density, m " is the effective mass of the electron, and g,
is the free-space permittivity. In addition, the mobility

e (w) = e, -

. e . .
can be obtained by y = —. The summation term in
m

Eq. (2) is over all lattice oscillations with the jth trans-
verse optical (TO) frequency wqy, oscillator strength
€, and phonon damping constant [';. &,,is connected to
the high-frequency dielectric constant &, and background
dielectric constant £(0) by g, =¢(0) —¢,. By compa-
ring the fitting results with different models, we found
that the dielectric responses of ZnO NPs and bulk ZnO
single crystal are mainly attributed to lattice vibrations,
which is described well theoretically by the classical
pseudo-harmonic phonon model. The main dielectric re-
sponse is from phonon vibrational mode, and then
g,(w) of Eq. (2) with the first approximation can be
gstwi'()

simplified as: &,(w) =&, +— . The fit

Wi -0 —ilw
on the classical pseudo-harmonic phonon model, shown
by the solid curves in Fig. 3 , indicating that the absorption
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(color online) Refractive indices and absorption coefficients of (a) Mg-doped ZnO NPs, (b) pure

ZnO NPs, and (c) single-crystal ZnO with theoretical fitting, respectively. (d) The absorption coefficients of

three samples for comparison
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of ZnO NPs and ZnO single crystal are dominated by the
transverse optical mode localized at wp/2w =
12.42 THz, a typical transverse optical mode in the bulk
ZnO of wurtzite structure with the assignment E, (TO) ,
with different parameters; I'/2w =3.0 THz,e, =2, ¢,
=3.45; I'2nw=4.5 THz, ¢, =1.75, ¢, =3.4; and
I'’2w=5.0THz ,¢, =3.7,¢, =4.2 for pure-ZnO
NPs, Mg-doped ZnO NPs, and ZnO single crystal, re-
spectively.

It is seen from Fig. 3 that the refractive indices for
both pure ZnO and doped ZnO NPs are much less than
that of ZnO single crystal. By comparing with the pure-
ZnO NPs, the refraction index of Mg-doped sample
slightly decreases about 0. 06. This difference could be
related to the poor crystallization of the ZnO NPs after
doping. The different crystallization in pure ZnO and Mg-
doped ZnO NPs can be seen more pronounced from the
THz power absorption spectra. Although ZnO and Mg-
doped ZnO NPs are fabricated under similar condition,
the dopant such as Mg is expected to affect the crystallin-
ity of the ZnO NPs. The SEM images reveal that crystal-
lization and morphology in pure ZnO NPs is quite differ-
ent from that of Mg-doped ZnO NPs ( Figure 1). There-
fore, it is reasonable to infer that the different dielectric
constants in pure ZnO NPs, doped ZnO NPs and ZnO
single crystal are associated with the crystallization and
morphology. The morphology difference may cause differ-
ent degrees of crystallization as proved by SEM images.
Different crystallization in these powders could lead to

different densities of structure defects, which in turn re-
sult in different carrier concentrations. Owing to that the
real conductivity is proportional to the imaginary part of
dielectric constant, o, = we;s,, Mg doping is expected
to increase the conductivity of ZnO NPs due to the poor
crystallization.

It should be mentioned that doping in semiconduc-
tor may also lead to increase the electron or hole con-
centration in the host semiconductor, such as in galli-
um-doped ZnO : Ga nanofiber. However, different do-
ping effect has been observed in CeO,, the absorption
coefficient of Fe-doped CeQ, is less than undoped CeO,

at 0.2 to 1.8 THz ™). These results suggest that the
feasibility of doping for tailoring the optical properties of
oxide semiconductors at THz frequencies. As for the case
of Mg-doped ZnO NPs, there are no free carriers availa-
ble from the dopants, the only reason for enhancing con-
ductivity by doping comes from the crystallization changes
after dopant, Mg, is introduced in ZnO NPs.

3 Conclusions

In summary, we have studied the far-infrared die-
lectric properties of single-crystal ZnO, pure-and Mg-
doped ZnO NPs. The THz-TDS data for power absorption
and refractive index of the nanopowders samples are well
fit by phonon model combined with the simple effective
medium theories. Our THz-TDS characterization impli-
cates that the dielectric response of ZnO NPs, similar to
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that in bulk single-crystal ZnO), is related to the E, (TO)
phonon mode at 12. 42 THz. Mg doping effectively re-
duces the crystallization of ZnO NPs, and the absorption
coefficient of the doped ZnO NPs is increased in the THz
range due to more structure defects with doping.
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