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The optoelectronic technique of terahertz time-domain spectroscopysTHz-TDSd has been applied to
measure the frequency-dependent optical and dielectric properties of ZnS in the frequency range
extending from 0.3 to 3.5 THz. THz-TDS clearly reveals the low-frequency phonon resonance
features in both the single- and polycrystalline ZnS. These phonons account for the increased
absorption as indicated by the resonance lines in the spectra. The measured index of refraction is
found to be dominated by the transverse optical-phonon resonance, which is verified by a theoretical
fit using the relation for the dielectric response of the damped harmonic oscillator. ©2005
American Institute of Physics. fDOI: 10.1063/1.1896451g

As one of the II–VI compounds ZnS is an excellent op-
tical material in the infrared and far-infrared region.1 It plays
a vital role in being used as infrared windows and lenses as
tough front optics in thermal imaging systems, especially
those exposed to harsh surroundings. ZnS has special appli-
cations in missile domes, and space borne systems. With a
band-gap energy of 3.6 eV, ZnS is also widely used as the
base materials for cathode-ray tube luminescent materials,
catalysts, electroluminescent devices,2 and UV semiconduc-
tor lasers for optical lithography. Nanostructures made of
ZnS are attractive in applications of electronic and optoelec-
tronic nanodevices3 and have potential applications in tera-
hertz optoelectronics. It is crucial to precisely characterize
the frequency-dependent optical properties and complex di-
electric response of ZnS over a broad far-infrared spectral
range.

In this letter, we present the measurements of the optical
and dielectric properties of single- and polycrystalline ZnS
over the frequency range from 0.3 to 3.5 THz using terahertz
time domain spectroscopysTHz-TDSd. Owing to the high
signal-to-noise ratiosS/Nd, coherent phase detection, and
nonionizing properties THz-TDS has shown significant ad-
vantages over many of the far-infrared spectroscopy modali-
ties. It has been widely used in characterizing a variety of
materials including molecular vapors, semiconductors, su-
perconductors, biomedical molecules and tissues, nanostruc-
tures, and artificial metallic structures. Here, the THz-TDS
measurements show that the absorption in the ZnS samples is
characterized by the low-frequency phonon resonance lines,
among which a difference phonon resonance band located at
0.78 THz is observed. These phonon resonances agree well
with previous predictions and measurements. The behavior
of the index of refraction is determined by the transverse
optical sTOd phonon line centered at 8.13 THz and is well fit
by the relation for the dielectric response of the damped har-
monic oscillator.4,5 The measured power absorption and re-
fractive index are compared with channel spectrum data,1

demonstrating that THz-TDS has the ability to determine the
optical and dielectric parameters more precisely than the pre-
vious work.

The single crystal ZnS sample is an undoped, 10 mm
310 mm31 mm thick, k100l freestanding crystal optically
polished on both sidessRMT Ltd., Russiad. It was grown
from a source of polycrystalline ZnS at temperature of 1100–
1250 °C and a pressure of 1 atm in a hydrogen-filled am-
poule using the seeded vapor-phase free growth technology.6

Growth was along thek111l direction and the crystal consists
of 96%–98% zincblende structure and only 2%–4% wurtzite
structure. The resistivity of the crystal is in the range of
108–1012 V cm. The polycrystalline ZnS samplesCrystan
Ltd., UKd is a 25.4 mm325.4 mm33.42 mm thick, double-
side polished slab. It was synthesized from zinc vapor and
gaseous hydrogen sulphide, and formed as sheets on graphite
susceptors.

The terahertz system used in the measurements is a pho-
toconductive switch based THz-TDS spectrometer7 consist-
ing of a confocal system with four parabolic mirrors. The
8–F confocal geometry not only ensures excellent beam cou-
pling between the transmitter and receiver but also com-
presses the terahertz beam to a frequency independent diam-
eter of 3.5 mm. The sample 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 reference signal designated as the
input pulse.

The frequency-dependent coefficient of power absorp-
tion for the ZnS samples is extracted from the experimental
data using the well-known amplitude transmission function
of a parallel dielectric slab.8 Because of the relatively clean
separation in time between the main transmitted pulse and
the first internal reflection, the data analysis was performed
on the main pulse only. For this simple case the denominator
in the complex amplitude transmission function for the par-
allel dielectric slab reduces to unity and the frequency spec-
trum of only the first transmitted pulse shows no oscillation.8

This approximation enables the determination of the power
absorptiona and index of refractionn of the sample quite
accurately.7

The experimentally extracted power absorption of single
crystal ZnS is plotted in Fig. 1sad. Three prominent reso-
nance lines are observed at 0.78, 2.20, and 2.80 THz, respec-
tively, and are well assigned based on the previous predic-
tions or observations.1,9–13The first resonance peak centeredadElectronic mail: wwzhang@okstate.edu
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at 0.78 THz has lifted the absorption coefficient to 2 cm−1. In
the Raman measurements this peak was interpreted as a su-
perposition of two difference phonon bands, LA-TA and
LO-TO.9 These phonons were calculated at 88, 110, 306, and
333 cm−1 for the TA, LA, TO, and LO modes, respectively.
The second and broad resonance line with peak power ab-
sorption coefficient of 11 cm−1 is located at 2.20 THz. It is
referred to as the transverse TAsLd phonon connecting to
two-phonon generation processes of acoustic phonons10 and
was verified with neutron scattering measurements.11 The
resonance feature at 2.80 THz showing peak absorption of
20 cm−1 was previously observed to be one of the critical-
point mode frequencies by neutron scattering measurements
at room temperature.13 It was defined as the TAsXd phonon
and was considered as one of the four characteristic zone-
boundary phonons used to describe the three-phonon pro-
cesses in cubic ZnS.12 In comparison with previous measure-
ments the dots show the room temperature absorption data in
the frequency range of 1.0–2.2 THz by channel spectrum
technique.1

Figure 1sbd shows the frequency-dependent refractive in-
dex of single crystal ZnS. Clearly, the measured result rep-
resented by open circles also reveals the effect of the phonon
resonances that are shown in the power absorption. Similar
to ZnTe, the refractive index increases with increasing
frequency.4 This feature is dominated by a high-frequency
TO-phonon resonance as predicted in early work.1 However,
compared to the experimental data of ZnTe, the increase in
the refractive index of ZnS is not very sharp since the TO-
phonon line is centered at 8.13 THz, much higher than 5.32
THz, at which the TO phonon is located for ZnTe. The mea-
sured refractive index is theoretically fit using the dielectric
response of a damped harmonic oscillator.4,5 The frequency-
dependent dielectric constant in the infrared region for
the harmonic oscillator is formulated as«svd=«`

+«stvTO
2 / svTO

2 −v2+2igvd, wherevTO is the transverse op-
tical sTOd phonon frequency,«` is the optical dielectric con-

stant,«st describes the strength of the TO-phonon resonance
at vTO/2p, «`+«st=«0 is the static dielectric constant andg
is the damping coefficient. The frequency dependent com-
plex dielectric constant is also given by the square of the
complex refractive index,n2=snr + inid2=«svd. The imagi-
nary part of the index,ni can be obtained fromni =al0/4p
where a is the power absorption coefficient, andl0 is the
free-space wavelength. The solid line in Fig. 1sbd shows the
theoretical fitting of the measured indexn with the TO-
phonon resonance centered atvTO/2p=8.13 THz with a
linewidth of g /2p=0.025 THz, optical dielectric constant
«`=5.13, and the TO-phonon strength«st=3.19. The good
agreement between the measured data and fitting verifies the
dominance of the TO-phonon resonance on the refractive
index of ZnS. The power absorption was also fit to the TO-
phonon line at 8.13 THz with various linewidth, however, it
shows a weak effect compared to these observed TA-phonon
resonance features.13 The refractive index of ZnS at various
temperatures in the range of 17–74 cm−1 s0.5–2.2 THzd has
been studied previously by using channel spectrum
technique.1 We plot the previous data at room temperature by
dots for comparison. It was fit with an undamped harmonic
oscillator using parametersvTO/2p=7.80 THz,«`=4.7, and
«0=«`+«st=8.34.1 Obviously, our results show a better cor-
relation with the theoretical fit and demonstrate the effi-
ciency of the THz-TDS characterizations and the accuracy
with which it can determine the optical and dielectric param-
eters of the measured sample.

Based on the measured data of power absorption and
refractive index we have extracted the frequency-dependent
complex dielectric function of single crystal ZnS as shown in
Fig. 2. The real and imaginary part of the dielectric constant
are determined as«r =nr

2−ni
2=nr

2−sal0/4pd2 and «i =2nrni

=anrl0/2p. In Fig. 2sad, the real dielectric constant shows a
feature that is essentially the square of the refractive index
nr. This is because the absorption by the sample is small in
the spectral region concerned and the contribution of the ab-
sorption coefficient to the real dielectric constant is nearly
negligible. The plot of the imaginary dielectric constant

FIG. 1. sad Comparison of measured resultssopen circlesd for the absorption
of single crystal ZnS with the data from Ref. 1sdotsd; sbd comparison of
measuredsopen circlesd refractive index of single crystal ZnS with the val-
ues calculated using the damped harmonic oscillator modelssolid lined and
the data from Ref. 1sdotsd.

FIG. 2. Complex dielectric constant of single crystal ZnS:sad measured real
part of dielectric constant«r sopen circlesd and the theoretical fittingssolid
lined; sbd measured imaginary dielectric constant«i.
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shown in Fig. 2sbd has features similar to the power absorp-
tion curve but reveals the phonon resonance peaks more
clearly. It therefore provides further verification of the pho-
non resonances determined by the power absorption and re-
fractive index.

The procedure for the characterization of polycrystalline
ZnS is essentially the same as that for single crystal ZnS
sample. Figure 3sad shows the absorption spectrum of poly-
crystalline ZnS. Due to the high absorption at higher fre-
quencies and the relatively thicks3.42 mmd sample, the up-
per limit of the measured frequency range is reduced to 2.9
THz. Compared with the measured data for single crystal
ZnS sopen circlesd, the power absorption coefficient of poly-
crystalline ZnS is slightly higher, but clearly shows the simi-
lar phonon peaks at 0.78 and 2.20 THz, respectively. In con-
trast, the measured refractive index of polycrystalline ZnS
ssolid lined shown in Fig. 3sbd is slightly lower than that of
single crystal ZnSsopen circlesd. The frequency-dependent
real and imaginary dielectric constant of polycrystalline ZnS
are plotted in Fig. 4. Similar to the measured data for the
single crystal sample, the phonon lines are clearly showing
up in the imaginary dielectric constant of polycrystalline
ZnS.
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FIG. 3. sad Measured power absorption coefficient of polycrystalline ZnS
ssolid lined compared with that of single crystal ZnSsopen circlesd; sbd
measured refractive index of polycrystalline ZnSssolid lined compared with
that of single crystal ZnSsopen circlesd.

FIG. 4. sad Real dielectric constant of polycrystalline ZnSssolid lined com-
pared with that of single crystal ZnSsopen circlesd; sbd imaginary dielectric
constant of polycrystalline ZnSssolid lined compared with that of single
crystal ZnSsopen circlesd.
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