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The optical and dielectric properties of ZnS nanoparticles are studied by use of terahertz time-domain
spectroscopy (THz-TDS) over the frequency range from 0.3 to 3.0 THz. The effective medium approach
combined with the pseudo-harmonic model of the dielectric response, where nanoparticles are embedded in
the host medium, provides a good fit on the experimental results. The extrapolation of the measured data
indicates that the absorption is dominated by the transverse optical mode localized at 11.6( 0.2 THz.
Meanwhile, the low-frequency phonon resonance of ZnS nanoparticles is compared with the single-crystal
ZnS. The THz-TDS clearly reveals the remarkable distinction in the low-frequency phonon resonances between
ZnS nanoparticles and single-crystal ZnS. The results demonstrate that the acoustic phonons become confined
in small-size nanoparticles.

I. Introduction

Due to fascinating physical and chemical properties and
potential applications in a broad range of disciplines, semicon-
ductor nanoparticles have attracted enormous theoretical and
experimental attention during the past two decades.1-4 Com-
pared to bulk materials, the variation in the properties of
nanoparticles arises mainly from the increase in surface-to-
volume ratio and drastic change in the electronic structure due
to quantum mechanical effects with decreasing particle size.
The large surface-to-volume ratio enables the surface atoms in
nanoparticles to be bound by weaker forces, which in turn results
in a high surface reactivity. The surface effects generally have
an extensive influence on the optical spectra. Hence, nanopar-
ticles often have a quite dissimilar optical response from bulk
materials.5-7

As a wide band gap (3.6 eV) II-VI compound, ZnS is an
attractive semiconductor for cathode-ray tube luminescent
materials, catalysts, electroluminescence, solar cells, and UV
semiconductor lasers. ZnS is also an excellent optical material
in the IR and the far-IR regions owing to low absorption; it
thus can be used for IR windows and lenses.8,9 ZnS nanopar-
ticles, which can be synthesized by use of various chemical
methods ranging from reverse micelles to polymers, have
potential applications in areas such as nonlinear optical devices
and fast optical switches.10-12 They exhibit a strong quantum
size effect in the nanometer region. It was observed that ZnS
nanoparticles in a very small size range (2-3 nm) often tend
to have a hexagonal wurtzite phase.13 Recently, the nature of

vibrations of ZnS nanoparticles has received much attention.
The investigation of low-frequency optical characteristics in ZnS
nanoparticles is essential to clearly understand their dielectric
properties, optical mode behavior, and size effect. The surface
optical modes of ZnS nanoparticles have been well characterized
in the frequency range of 100-700 cm-1.14 However, due to
the spectrum limit, the measurements did not reach the broad
terahertz spectral region (<100 cm-1, 3 THz). Terahertz time-
domain spectroscopy (THz-TDS) is a nonionizing, coherent
quasi-optic, and phase-sensitive modality and has been used in
the characterization of a wide variety of materials. Some of the
prominent phonon resonances of crystalline ZnS fall in the
terahertz frequency band.15-17 Thus, THz-TDS is an advanta-
geous approach to study the detailed low-frequency optical and
dielectric properties of ZnS nanoparticles.

In this article, the far-IR optical properties and complex
dielectric function of ZnS nanoparticles are experimentally
characterized by use of the THz-TDS technique. The measured
refractive index, power absorption, and complex dielectric
function are compared with the effective medium approach. In
the scope of the frequency range from 0.3 to 3.0 THz, the
experimental data agree well with the theoretical fit. The THz-
TDS measurements indicate that the absorption in ZnS nano-
particles is characterized by a low-frequency lattice vibration
localized at 11.6( 0.2 THz. The measured power absorption
and refractive index are compared with the data of single-
crystalline ZnS. The differences of phonon modes between
single-crystal ZnS and ZnS nanoparticles are discussed.

II. Experimental Methods and Materials

ZnS nanoparticles were prepared as follows: A four-neck
flask was charged with 100 mL of deionized water and 0.5 g
of poly(vinyl alcohol) and was stirred under N2 for 1.5 h. An
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aqueous solution of 1.6 g of Na2S and an aqueous solution of
6 g of Zn(NO3)2‚6(H2O) were prepared and added to the first
solution simultaneously via two different necks at the same rate.
After the addition, the resulting solution was stirred constantly
under N2 at 80°C for 5 h, and a transparent colloid of ZnS was
formed. The nanoparticles were separated from solution by
centrifugation and then dried in a vacuum at 50°C. The identity,
crystallinity, crystal structure, and size of the nanoparticles were
examined by powder X-ray diffraction (XRD) which was
recorded on an INEL diffractometer using a CPS 120 detector
and a monochromatized Cu KR1 (λ ) 1.54056 Å) radiation with
Si (a ) 0.543088 nm) as an internal standard. The XRD
measurements demonstrate that the particles prepared have the
zinc blende structure (sphalerite). The broad XRD lines are
indicative of the small size of the ZnS nanoparticles. From the
Debye-Scherrer equation, the average size of the ZnS nano-
particle sample is estimated to be around 3 nm.

Two identical handmade cells with dimensions of 25 mm×
16 mm and spacer thickness of 0.42 mm were employed in the
terahertz transmission measurements of ZnS nanoparticles. The
cells were made of 636-µm-thick, high-quality silicon slabs with
a p-type resistivity of 20Ω cm. In the measurements, the sample
terahertz pulse was obtained with a p-polarized terahertz beam
impinging on the cell containing ZnS nanoparticles at normal
incidence while the empty cell served as a reference.

The ZnS nanoparticles were characterized by use of a
photoconductive switch-based THz-TDS system, in which four
parabolic mirrors were arranged in an 8-F confocal geometry.17

While this configuration enables an excellent beam coupling
between the transmitter and the receiver, a frequency-indepen-
dent 3.5-mm-diameter terahertz beam waist is achieved, which
favors the characterization of samples of small dimensions. The
THz-TDS system has a useful bandwidth of 0.1 to 4.5 THz (3
mm-67µm) and a signal-to-noise ratio (S/N) of>10000:1.17,18

The transmitted time-domain terahertz pulses and the corre-
sponding spectra of the reference and the ZnS nanoparticles
are shown in Figure 1. To increase the S/N, each curve is an
average of six individual measurements. The peak amplitude
of the sample spectrum is reduced by about 5% due to the
frequency-dependent absorption of the ZnS nanoparticles.

The refractive index and power absorption of the ZnS
nanoparticles are extracted based on the transmitted terahertz
pulses. Because of the clear separation in the time domain
between the transmitted and the first reflected pulses, the
multiple reflection effect of the sandwiches is ignored in the
data analysis. The complex transmission spectra of the reference
Er(ω) and the sampleEz(ω) are given by

whereEin(ω) is the incident pulse spectrum,k0 ) 2π/λ0 andk
) 2πnz/λ0 are the wave vectors for the air and the sample,
respectively,nz is the refractive index of ZnS nanoparticles,d
is the sample thickness,λ0 is the free-space wavelength,R is
the power absorption coefficient of ZnS nanoparticles, andtsa,
tas, tsz, and tzs are the Fresnel transmission coefficients of
terahertz pulses propagating through the Si-air, air-Si, Si-
ZnS, and ZnS-Si interfaces, respectively, which are given by
tsa ) 2ns/(1 + ns), tas ) 2/(1 + ns), tsz ) 2ns/(ns + nz), andtzs

) 2nz/(ns + nz). The tsz and tzs are the complex, frequency-
dependent coefficients related to ZnS nanoparticles.

The single-crystal ZnS is an undoped, 10 mm× 10 mm×
1-mm-thick, 〈100〉 free-standing crystal grown at temperature

of 1100-1250 °C using the seeded vapor-phase free growth
technology (RMT Ltd, Russia). Growth was along the〈111〉
direction, and the crystal consists of a 96-98% zinc blende
structure and only a 2-4% Wurtzite structure. The resistivity
of the crystal is in the range of 108-1012 Ω cm. In the THz-
TDS measurements, the ZnS crystal is attached to an aluminum
holder and centered over a 4.5-mm-diameter hole in the plate,
which defines the optical aperture. Another identical clear hole
is used to take the reference terahertz pulse. Figure 2 shows
the measured transmitted terahertz pulses and the corresponding
spectra of the reference and the single-crystal ZnS.

III. Results and Discussions

The frequency-dependent absorption and dispersion of the
sample were obtained using the Fourier analysis of the input
and output pulses without using the Kramers-Kronig relation-
ship. The real refractive indexnr was obtained directly using
the phase difference between the input and the output pulses as
mentioned above. The open circles in Figure 3 represent the
measured power absorption and refractive index, respectively,
as a function of frequency varying from 0.3 to 3.0 THz. As can
be seen, the measured power absorption increases with increas-
ing frequency, whereas the measured refractive indexnr

approaches a constant 1.5. No prominent absorption peaks are
observed, which is an indication that no remarkable change
occurs in the refractive index. The fluctuation feature shown in
the absorption curve above 2.8 THz arises from the insufficient
terahertz power and the increasing absorption of nanoparticles
at higher frequencies. The frequency-dependent effective com-
plex dielectric response of ZnS nanoparticles is determined by

Er(ω) ) Ein(ω)tsatas(ik0d) (1)

Ez(ω) ) Ein(ω)tsztzs(ikd)(-Rd/2) (2)

Figure 1. (a) Measured transmitted THz pulses through the reference
(dotted curve) and the ZnS nanoparticles (solid curve). For clarity, the
curves are vertically displaced. (b) The corresponding Fourier trans-
formed amplitude spectra.
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the recorded data of power absorption and refractive index
through the relationship:ε(ω) ) (nr + ini)2, while the imaginary
part of the refractive indexni is related to the power absorption
asni ) Rλ0/4π. As a result, the real and the imaginary part of
the dielectric function are given asεr ) nr

2 - (Rλ0/4π)2 andεi

) Rnrλ0/2π, respectively.17 The open circles in Figure 4 illustrate
the measured complex dielectric constant.

Generally, for a perfect semiconductor crystal, optical absorp-
tion in the far-IR terahertz region is attributed to the lattice
vibrations. The interaction of a radiation field with the funda-
mental lattice vibration results in absorption of electromagnetic
waves due to the creation or annihilation of lattice vibration.
The phonons are coupled through damping terms of the
potential. Part of the energy transferred from the incident
radiation field to the transverse optical (TO) mode is transferred
to the other phonons. When considering the transverse optical
phonon absorption, we usually induce a damping frequencyγ
in a first approximation. According to the Lorentz dispersion
theory combined with Huang equations, the dielectric response
for a semiconductor crystal usually can be described within the
frame of the classical theory of the independent pseudo-
harmonic model as19

where ε∞ is the high-frequency dielectric constant,εst is the
oscillator strength,ωTO is the frequency of the transverse optical
mode, andγ is the damping constant. However, as discussed
above, the ZnS nanoparticle sample is a complex system in

which the ZnS nanoparticles are embedded in air medium.
Hence, what we measured is a frequency-dependent effective
complex dielectric constantεeff. Therefore, the contribution of
the continuous host medium to the dielectric function of ZnS
nanoparticles needs to be considered.

Here, we employ the simple effective medium approach
(EMA) in the analysis of the dynamic response of ZnS
nanoparticles20,21

where the filling factorf defines the volume fraction of the
particles,εeff is the effective complex dielectric function of the
complex ZnS nanoparticle system, andεh and εm are the
dielectric constants of host medium and pure ZnS nanoparticles,
respectively. Usually, the EMA is used to describe the dielectric
constant of the structures for which metal or semiconductor
particles are embedded in a continuous insulating medium. Here,
since the ZnS nanoparticles are filled with air, the dielectric
constant of the host medium isεh ) εair ) 1.0. The dielectric
function of the pure nanoparticlesεm(ω) can be determined by
the pseudo-harmonic model with eq 1 considering the phonon
contribution to the dielectric function.

First, εm(ω) is calculated by the pseudo-harmonic model of
eq 1, which can be written as a set of separate equations that
include the real and the imaginary part of the frequency-
dependent dielectric function

Figure 2. (a) Measured transmitted THz pulses through the reference
(dotted curve) and the single-crystal ZnS (solid curve). For clarity, the
curves are vertically displaced. (b) The corresponding Fourier trans-
formed amplitude spectra.

ε(ω) ) ε∞ +
εstωTO

2

ωTO
2 - ω2 - iγω

(1)

Figure 3. (a) Comparison of measured power absorptionR (open
circles) with that obtained from EMA fitting (solid curve). (b) Measured
refractive index (open circles) and the theoretical fitting (solid curve).
The measured data may not be accurate in the shaded areas.

εeff(ω) ) fεm(ω) + (1 - f)εh (2)

εm(ω) ) εrm(ω) + iεim(ω) (3)
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where

Next, the effective dielectric functionεeff of the ZnS nano-
particles is calculated using eq 2. As shown by the solid curves
in Figures 3 and 4, the measured power absorption, index of
refraction, and the corresponding complex dielectric constant
are well reproduced forεh ) 1.0,ε∞ ) 3.0,εst ) 2.10,ωTO/2π
) 11.60 THz, andγ/2π ) 8.50 THz. The filling factorf )
0.30 is a measured parameter in the experiments. The damping
constantγ stands for the line width of the TO phonon absorption
peak; the line shape of the fitted TO phonon absorption is quite
sensitive to the value ofγ. The good agreement between the
measured data and the fitting indicates the presence of a
dominant TO phonon resonance centered atωTO/2π ) 11.6(
0.2 THz with a line width ofγ/2π ) 8.50 THz and a strength
of εst ) 2.10. Such a TO phonon resonance is quite consistent
with the previously reported characteristic vibration frequency
11.6( 0.4 THz.22 In comparison, this value is greater than the
characteristic phonon frequency of bulk ZnS, 7.12( 1.2 THz.22

As mentioned above, the optical properties of nanoparticles
can differ from those of their single crystal or bulk form due to
the surface effect because of their finite size. Hence, it is
essential to compare the THz spectroscopic response of ZnS
nanoparticles with that of single-crystal ZnS. Figure 5 shows a

comparison of the experimentally extracted power absorption
and refractive index of single-crystal ZnS with that of ZnS
nanoparticles. The single-crystal ZnS shows lower absorption,
while the refractive index of single-crystal ZnS is increased. In
addition, two prominent phonon resonances, located at 2.20 and
2.80 THz, for single-crystal ZnS are observed as a further
distinction. These characteristic phonon frequencies are assigned
to TA(L) ) 73 cm-1 (2.2 THz)23 and TA(X) ) 93 cm-1 (2.8
THz), respectively.24 The fit on the measured data indicates that
a TO phonon resonance is localized at 8.13( 0.2 THz,17,25

which is consistent with the reported characteristic phonon
frequency of 7.12( 1.2 THz.22

Generally, for particles, the resonance peaks of optical
phonons shift to higher frequency as the particle size decreases.
For optical phonons in nonpolar microcrystals such as Si and
Ge, size-dependent shift and broadening were commonly
observed.5,26 In addition, the Raman peak of Ag particles was
observed to shift to a higher frequency as the particle size
decreased.6 These features provide a qualitative explanation of
our observed result that the TO frequency of ZnS nanoparticles
is higher than that of single-crystal ZnS. The phonon modes of
single-crystal ZnS at 2.2 and 2.8 THz are not found in the
spectra of ZnS nanoparticles. Table 1 summarizes the phonon
dispersion for ZnS nanoparticles and single-crystal ZnS based
on our measured data. For ionic crystalline solids, such as single-
crystal ZnS, the atoms are bound in periodic arrays which
propagate waves with constraints and behaviors imposed by the
dynamics of lattice motion. The interaction of a radiation field
with the fundamental lattice vibrations generally results in the
absorption of electromagnetic waves due to the creation or
annihilation of lattice vibrations. Optical absorption of ionic

Figure 4. Complex dielectric constant of ZnS nanoparticles: (a)
measured real part of dielectric constantεr (open circles) and the
theoretical fitting (solid curve); (b) measured imaginary dielectric
constantεi (open circles) and the theoretical fitting (solid curve).

εrm(ω) ) ε∞ +
εst(ωTO

2 - ω2)ωTO
2

(ωTO
2 - ω2)2 + γ2ω2

(4)

εim(ω) )
εstωγωTO

2

(ωTO
2 - ω2)2 + γ2ω2

(5)

Figure 5. Comparison of measured (a) power absorption and (b)
refractive index of ZnS nanoparticles (solid circles) with that of single-
crystal ZnS (open circles). The solid curves are the theoretical fit on
the experimental data.
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crystals in the far-IR region can be ascribed to the lattice
vibration, which includes many modes induced by the interaction
between metal ions and anions, as well as interaction between
metal ions and between anions. However, as discussed above,
the surface-to-volume ratio of nanoparticles is very large and
the number of atoms on the surface is comparable to or larger
than the number of atoms inside the particle. The absorption is
mainly ascribed to the contribution of the surface of the particles.
Therefore, it is not surprising that not all resonance modes of
bulk ZnS are observed in ZnS nanoparticles. The experimental
results clarify that the acoustic phonons become confined in
small-size nanoparticles compared to bulk materials. Due to the
localization of acoustic vibrational motion, the TA(L) and the
TA(X) modes in single-crystal ZnS are not observed in ZnS
nanoparticles. Our measurements are also in good agreement
with the previous experimental report.14,27,28

IV. Conclusions

A far-IR THz-TDS study of the dielectric and optical
properties of ZnS nanoparticles has resolved the characteristic
phonon resonance process. The EMA-based theoretical fit
indicates that the characteristic phonon resonance of ZnS
nanoparticles is dominated by the TO phonon at 11.6 THz,
which is quite consistent with the previous report. This
characteristic phonon frequency is higher than that of single-
crystal ZnS. Furthermore, we demonstrate that not all the phonon
modes in single-crystal ZnS are observed in ZnS nanoparticles
because the acoustic phonons of the ZnS nanoparticle become
confined. These features are clearly related to the size effect in
ZnS nanoparticles.
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TABLE 1: Comparison of the Observed and Predicted
Characteristic Phonons of Single-Crystal ZnS and ZnS
Nanoparticles

sample TA(X) TA(L) TO(Γ)

ZnS crystal 2.20 THza 2.80 THzb 8.13 THzc

ZnS nanoparticles 11.60 THzd

a Consistent with results reported previously in ref 23.b Consistent
with results reported previously in ref 24.c Consistent with results
reported previously in ref 25.d Consistent with results reported previ-
ously in ref 22.
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