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Far-infrared optical and dielectric response of ZnS measured by terahertz
time-domain spectroscopy
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The optoelectronic technique of terahertz time-domain spectrog@tig TDS) 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 oscillat@008&
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As one of the [I-VI compounds ZnS is an excellent op-  The single crystal ZnS sample is an undoped, 10 mm
tical material in the infrared and far-infrared regibit.plays X 10 mmx 1 mm thick, (100 freestanding crystal optically
a vital role in being used as infrared windows and lenses agolished on both sideRMT Ltd., Russia It was grown
tough front optics in thermal imaging systems, especiallyfrom a source of polycrystalline ZnS at temperature of 1100—
those exposed to harsh surroundings. ZnS has special appli250 °C and a pressure of 1 atm in a hydrogen-filled am-
cations in missile domes, and space borne systems. With poule using the seeded vapor-phase free growth technblogy.
band-gap energy of 3.6 eV, ZnS is also widely used as th&rowth was along th¢l11) direction and the crystal consists
base materials for cathode-ray tube luminescent material®f 96%—-98% zincblende structure and only 2%—4% wurtzite
catalysts, electroluminescent deviéesnd UV semiconduc- Structure. The resistivity of the crystal is in the range of
tor lasers for optical lithography. Nanostructures made ofl0®~10"> 2 cm. The polycrystalline ZnS sampléCrystan
ZnS are attractive in applications of electronic and optoelecLtd., UK) is a 25.4 mmx 25.4 mmx 3.42 mm thick, double-
tronic nanodevicésand have potential applications in tera- side polished slab. It was synthesized from zinc vapor and
hertz optoelectronics. It is crucial to precisely characterizedaseous hydrogen sulphide, and formed as sheets on graphite
the frequency-dependent optical properties and complex dSUSCEpIOrs. _ _
electric response of ZnS over a broad far-infrared spectral  The terahertz system used in the measurements is a pho-
range. toconductive switch based THz-TDS spectrometamnsist-

In this letter, we present the measurements of the opticdld ©f @ confocal system with four parabolic mirrors. The
and dielectric properties of single- and polycrystalline Zns8—F confocal geometry not only ensures excellent beam cou-
over the frequency range from 0.3 to 3.5 THz using terahertP!iNg between the transmitter and receiver but also com-
time domain spectroscop§THz-TDS). Owing to the high Presses the terahertz beam to gfrequency mdependent_ diam-
signal-to-noise ratio(S/N), coherent phase detection, and &€ ©f 3.5 mm. The sample is attached to an aluminum
nonionizing properties THz-TDS has shown significant ag"0!der and centered over a 4.5-mm-diameter hole in the
vantages over many of the far-infrared spectroscopy modaliplate* Wh|c_h defines the optical apert_ure. Anot_her identical
ties. It has been widely used in characterizing a variety OFlear hole is used to take reference signal designated as the
materials including molecular vapors, semiconductors, synput pulse.

perconductors, biomedical molecules and tissues, nanostruc- The frequency-depenglent coefficient of power z_ibsorp-
tion for the ZnS samples is extracted from the experimental

tures, and artificial metallic structures. Here, the THz-TDS ta using the well-known amplitude transmission function
measurements show that the absorption in the ZnS samplesqg g the . P .
a parallel dielectric slab Because of the relatively clean

. )
haracteriz the low-fr n honon resonance lin T . .

characterized by the low-frequency phonon resonance lineg, paration in time between the main transmitted pulse and

e first internal reflection, the data analysis was performed

among which a difference phonon resonance band located at
0.78 THz is observed. These phonon resonances agree well . o :
on the main pulse only. For this simple case the denominator

with previous predictions and measurements. The behaw% the complex amplitude transmission function for the par-

of the index of refraction is determined by the transverse . : :
. ) . ~allel dielectric slab r to unity and the fr n -
optical (TO) phonon line centered at 8.13 THz and is well fit allel dielectric slab reduces to unity and the frequency spec

by th lation for the dielectr f the d dh trum of only the first transmitted pulse shows no oscillafion.
y the refation Tor the dielectnc response of the damped hak;q approximation enables the determination of the power

. . 45 .
monic o_scnlator. The measureq power absorption and re'absorptiona and index of refractiom of the sample quite
fractive index are compared with channel spectrum aata*accuratel]
der_nonstratin_g that_THz—TDS has the ability_to determine the The experimentally extracted power absorption of single
optical and dielectric parameters more precisely than the preﬁ:’rystal ZnS is plotted in Fig. (B). Three prominent reso-

vious work. nance lines are observed at 0.78, 2.20, and 2.80 THz, respec-
tively, and are well assigned based on the previous predic-

JElectronic mail: wwzhang@okstate.edu tions or observations>*The first resonance peak centered

0003-6951/2005/86(13)/131111/3/$22.50 86, 131111-1 © 2005 American Institute of Physics

Downloaded 28 Mar 2005 to 139.78.79.178. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



131111-2 Thamizhmani et al. Appl. Phys. Lett. 86, 131111 (2005)

Power Absorption (1/cm)

(b) K
] 0.12 1
2.96 < .{J'/ J

’ w008 1

202 Ny ] . o~

0% 0.04 rd .

2.90 Yy e ] g POy

2.88 L " L " [ . [l A 1 . [ ] 0.00 I FIION Ty L L s
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35

Frequency (THz) Frequency (THz)

Refractive index
N
b4
(1

FIG. 1. (a) Comparison of measured resultmen circleyfor the absorption ~ FIG. 2. Complex dielectric constant of single crystal Z(eg:measured real
of single crystal ZnS with the data from Ref.(dots; (b) comparison of  Part of dielectric constant, (open circleg and the theoretical fittingsolid
measuredopen circles refractive index of single crystal ZnS with the val- line); (b) measured imaginary dielectric constant
ues calculated using the damped harmonic oscillator m@déd line) and
the data from Ref. 1dots.
stant,e; describes the strength of the TO-phonon resonance

at wro/ 2, e, teg=gq IS the static dielectric constant and

at 0.78 THz has lifted the absorption coefficient to Z_%I.nln is the damp|ng coefficient. The frequency dependent com-
the Raman measurements this peak was interpreted as a $jlex dielectric constant is also given by the square of the
perposigion of two difference phonon bands, LA-TA and complex refractive indexn2=(n,+in;)2=¢(w). The imagi-
LO-TO.” These phonons were calculated at 88, 110, 306, anflary part of the indexp, can be obtained from;=a\y/ 4
333 cm* for the TA, LA, TO, and LO modes, respectively. where « is the power absorption coefficient, ang is the
The second and broad resonance line with peak power akree-space wavelength. The solid line in Figb)lshows the
Sorption coefficient of 11 Cﬁ% is located at 2.20 THz. It is theoretical ﬁtting of the measured index with the TO-
referred to as the transverse TR) phonon connecting to phonon resonance centered @fo/27=8.13 THz with a
two-phonon generation processes of acoustic phdfi@msl  inewidth of y/27=0.025 THz, optical dielectric constant
was verified with neutron scattering measureméhtshe ,.=5.13, and the TO-phonon strengtl=3.19. The good
resonance feature at 2.80 THz showing peak absorption efgreement between the measured data and fitting verifies the
20 cnt! was previously observed to be one of the critical-dominance of the TO-phonon resonance on the refractive
point mode frequencies by neutron scattering measuremenigdex of ZnS. The power absorption was also fit to the TO-
at room temperatur€ It was defined as the TAX) phonon phonon line at 8.13 THz with various linewidth, however, it
and was considered as one of the four characteristic zonghows a weak effect compared to these observed TA-phonon
boundary phonons used to describe the three-phonon preesonance featuréd The refractive index of ZnS at various
cesses in cubic Zn¥.In comparison with previous measure- temperatures in the range of 17-74¢m0.5-2.2 THz has
ments the dots show the room temperature absorption data feen studied previously by using channel spectrum
the frequency range of 1.0-2.2 THz by channel spectruniechnique' We plot the previous data at room temperature by
technique' dots for comparison. It was fit with an undamped harmonic

Figure Xb) shows the frequency-dependent refractive in-oscillator using parametetso/27=7.80 THz,e..=4.7, and
dex of single crystal ZnS. Clearly, the measured result rep30:8w+gst:8_34_1 Obviously, our results show a better cor-
resented by open circles also reveals the effect of the phona@lation with the theoretical fit and demonstrate the effi-
resonances that are shown in the power absorption. Similafiency of the THz-TDS characterizations and the accuracy
to ZnTe, the refractive index increases with increasingwith which it can determine the optical and dielectric param-
frequenc;ﬁ This feature is dominated by a high-frequency eters of the measured sample.
TO-phonon resonance as predicted in early wadrdowever, Based on the measured data of power absorption and
compared to the experimental data of ZnTe, the increase ifefractive index we have extracted the frequency-dependent
the refractive index of ZnS is not very sharp since the TO-complex dielectric function of single crystal ZnS as shown in
phonon line is centered at 8.13 THz, much higher than 5.3%ig. 2. The real and imaginary part of the dielectric constant
THz, at which the TO phonon is located for ZnTe. The mea-are determined as,=n?-n?=n?-(a\y/4m)? and g;=2nn;
sured refractive index is theoretically fit using the dielectric= an.\,/27. In Fig. 2a), the real dielectric constant shows a
response of a damped harmonic oscilldtoThe frequency-  feature that is essentially the square of the refractive index
dependent dielectric constant in the infrared region fom, . This is because the absorption by the sample is small in
the harmonic oscillator is formulated as(w)=e..  the spectral region concerned and the contribution of the ab-
+egwiol (03 o— w?+2iyw), Wherewrg is the transverse op- sorption coefficient to the real dielectric constant is nearly

tical (TO) phonon frequency., is the optical dielectric con- negligible. The plot of the imaginary dielectric constant
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FIG. 3. (a) Measured power absorption coefficient of polycrystalline zns FIG. 4. (@) Real dielectric constant of polycrystalline Zi$olid line) com-
(solid line) compared with that of single crystal Zn®pen circlek (b) pared with that of single crystal Zn®pen circleg, (b) imaginary dielectric

measured refractive index of polycrystalline Z(s8lid line) compared with ~ constant of polycrystalline Zngsolid line) compared with that of single
that of single crystal Zn$open circles crystal ZnS(open circles
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non resonances determined by the power absorption and rEeundation.
fractive index.
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