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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 0126THz.
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 nanopatrticles.

I. Introduction vibrations of ZnS nanoparticles has received much attention.
Due to faseinating physical and chemical properties and |22 BoRC BN 2L B RS I e o o delectri
potential applications in a broad range of disciplines, semicon- P y

ductor nanoparticles have attracted enormous theoretical andoro_pemes, optical mode beha_\nor, and size effect. The S“fff”‘ce
experimental attention during the past two decaddéCom- optical modes of ZnS nanoparticles have been well characterized

i 114
pared to bulk materials, the variation in the properties of f[?]ethse ;ﬁ?&;ﬂ%é?ﬁ:;‘;;ﬂg%gﬂs ) di dHr?(\)l\tl(ar\éiréhd:Jheetlgroa d
nanoparticles arises mainly from the increase in surface-to- terahgrt spectral ’re 1000 el 3 TH2). Terahertz time
volume ratio and drastic change in the electronic structure due Z Sp giorrd ’ 2). Z ime-

to quantum mechanical effects with decreasing particle size. doma}ln f.pectrgscrc])py (THZ'.IDS) IS dalltnonlczjnkl‘zmgb, coheregt_
The large surface-to-volume ratio enables the surface atoms jnduast-optic, and phase-sensitive modality and has been used in

nanoparticles to be bound by weaker forces, which in turn results the characterization of a wide variety of materials. Some of the

in a high surface reactivity. The surface effects generally have ?r?mhlnr?;tfrphongn rgsgg_alr;c_lt_eﬁ of _I(_:Ly;t%l)“gﬁ ZnnS fg‘\l/l Inr][ t_he
an extensive influence on the optical spectra. Hence, nanopar-e ane equency barrd. us, S an advanta

ticles often have a quite dissimilar optical response from bulk geous approach to study the detailed low-frequency optical and
material<-7 dielectric properties of ZnS nanoparticles.

As a wide band gap (3.6 eV)-HVI compound, ZnS is an In this article, the far-IR optical properties and complex
attractive semiconductor for cathode-ray tube luminescent di€lectric function of ZnS nanoparticles are experimentally
materials, catalysts, electroluminescence, solar cells, and Uvcharacterized by use of the THz-TDS technique. The measured
semiconductor lasers. ZnS is also an excellent optical material"€fractive index, power absorption, and complex dielectric
in the IR and the far-IR regions owing to low absorption; it function are compared with the effective medium approach. In
thus can be used for IR windows and len&8&nS nanopar-  the scope of the frequency range from 0.3 to 3.0 THz, the
ticles, which can be synthesized by use of various chemical experimental data agree well with the theoret|(_:al f!t. The THz-
methods ranging from reverse micelles to polymers, have TDS measurements indicate that the absorption in ZnS nano-
potential applications in areas such as nonlinear optical devicesParticles is characterized by a low-frequency lattice vibration
and fast optical switché§12 They exhibit a strong quantum localized at 11._6t 0.2 THz. The measu_red power absorptlon
size effect in the nanometer region. It was observed that zns@nd refractive index are compared with the data of single-
nanoparticles in a very small size range-@nm) often tend crystalline ZnS. The differences of phonon modes between

to have a hexagonal wurtzite phad&eRecently, the nature of single-crystal ZnS and ZnS nanoparticles are discussed.

* To whom correspondence should be addressed. Tel: (405) 744-7297. 1. Experimental Methods and Materials

Fafsr(]icr’]f’)h;fﬁ;gt}t%?é E}”Aa”5|ié"(’jwéﬂagi%5@0k5tate-ed“- ZnS nanoparticles were prepared as follows: A four-neck
*Oklahgoma State Univerps?ty_ ysies. flask was charged with 100 mL of deionized water and 0.5 g
8 Nomadics, Inc. of poly(vinyl alcohol) and was stirred under,¥br 1.5 h. An
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aqueous solution of 1.6 g of M& and an aqueous solution of
6 g of Zn(NG),-6(H.0) were prepared and added to the first |
solution simultaneously via two different necks at the same rate. & (3
After the addition, the resulting solution was stirred constantly
under N 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’&0 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,K(A = 1.54056 A) radiation with
Si (@ = 0.543088 nm) as an internal standard. The XRD ’ PR T [ W W —
measurements demonstrate that the particles prepared have the
zinc blende structure (sphalerite). The broad XRD lines are Delay (ps)
indicative of the small size of the ZnS nanoparticles. From the
Debye-Scherrer equation, the average size of the ZnS nano- 1.0 T T T T T T T T
particle sample is estimated to be around 3 nm. s 2 () 1
Two identical handmade cells with dimensions of 25mm = 0.8} 4 4
16 mm and spacer thickness of 0.42 mm were employed in the g | 3 )
terahertz transmission measurements of ZnS nanoparticles. They’ 0.6
cells were made of 636m-thick, high-quality silicon slabs with '
a p-type resistivity of 2@ cm. In the measurements, the sample
terahertz pulse was obtained with a p-polarized terahertz beam
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impinging on the cell containing ZnS nanoparticles at normal g

incidence while the empty cell served as a reference. < 02 =
The ZnS nanoparticles were characterized by use of a X

photoconductive switch-based THz-TDS system, in which four 0.0 , ! . ) : e, b

parabolic mirrors were arranged in an 8-F confocal geoniétry. 0 1 2 3 4

While this configuration enables an excellent beam coupling F TH

between the transmitter and the receiver, a frequency-indepen- requency (THz)

dent 3.5-mm-diameter terahertz beam waist is achieved, whichFigure 1. (a) Measured transmitted THz pulses through the reference

favors the characterization of samples of small dimensions. The (dotted curve) and the ZnS nanoparticles (solid curve). For clarity, the

THZ-TDS ¢ h ful bandwidth of 0.1 to 4.5 TH' 3 curves are vertically displaced. (b) The corresponding Fourier trans-
z System a,ls a uselu . an \,N' orv.110 4. z( formed amplitude spectra.

mm—67 um) and a signal-to-noise ratio (S/N) ®fL0000:117:18

The transmitted time-domain terahertz pulses and the corre- ¢ 1190-1250°C using the seeded vapor-phase free growth

sponding spectra of the reference and the ZnS nanoparticlestechno|0gy (RMT Ltd, Russia). Growth was along e 1]
are shown in Figure 1. To increase the S/N, each curve is aNgirection, and the crystal consists of a-988% zinc blende

average of six individual measurements. The peak amplitude gy ;ct e and only a-24% Wurtzite structure. The resistivity
of the sample spectrum is reduced by about 5% due to the ¢ o crystal is in the range of #9102 Q cm. In the THz-

frequency-dependent absorption of the ZnS nanoparticles.  tpg measurements, the ZnS crystal is attached to an aluminum
The rqfractlve index and power absorption (,Jf the ZnS holder and centered over a 4.5-mm-diameter hole in the plate,

nanoparticles are extracted based on Fhe t_ransmn_ted terahe_”%vhich defines the optical aperture. Another identical clear hole

pulses. Because of the clear separation in the time domainis \seq 1o take the reference terahertz pulse. Figure 2 shows

bet;/\{e;an tlf'1|e transr?fitted fanhd the Jirst hreflgctgd pu(ljsgs, r:hethe measured transmitted terahertz pulses and the corresponding
multiple reflection effect of the sandwiches is ignored in the spectra of the reference and the single-crystal ZnS.

data analysis. The complex transmission spectra of the reference

E((w) and the sampl&,(w) are given by ll. Results and Discussions

E(w) = B (o)t f.{ik,d) D The frequency-dependent absorption and dispersion of the
sample were obtained using the Fourier analysis of the input
E,(®) = E (w)tt,4ikd)(—ad/2) (2) and output pulses without using the Krameksonig relation-
ship. The real refractive indew, was obtained directly using
whereEjn(w) is the incident pulse spectrurky = 27/19 andk the phase difference between the input and the output pulses as

= 2nan,Jlo are the wave vectors for the air and the sample, mentioned above. The open circles in Figure 3 represent the
respectivelyn; is the refractive index of ZnS nanoparticles, measured power absorption and refractive index, respectively,
is the sample thicknesgy is the free-space wavelength,is as a function of frequency varying from 0.3 to 3.0 THz. As can
the power absorption coefficient of ZnS nanoparticles, and be seen, the measured power absorption increases with increas-
tas ts» andt,s are the Fresnel transmission coefficients of ing frequency, whereas the measured refractive index

terahertz pulses propagating through the &, air—Si, Si— approaches a constant 1.5. No prominent absorption peaks are
ZnS, and ZnS Si interfaces, respectively, which are given by observed, which is an indication that no remarkable change
tsa= 2nd(1 + ng), tas= 2/(1 + ny), ts; = 2nd(ns + n,), andt,s occurs in the refractive index. The fluctuation feature shown in
= 2nJ(ns + ny). Thets; andt,s are the complex, frequency- the absorption curve above 2.8 THz arises from the insufficient
dependent coefficients related to ZnS nanoparticles. terahertz power and the increasing absorption of nanoparticles
The single-crystal ZnS is an undoped, 10 numl0 mm x at higher frequencies. The frequency-dependent effective com-

1-mm-thick, [100free-standing crystal grown at temperature plex dielectric response of ZnS nanoparticles is determined by
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Figure 2. (a) Measured transmitted THz pulses through the reference

(dotted curve) and the single-crystal ZnS (solid curve). For clarity, the Figure 3. (a) Comparison of measured power absorptiorfopen

curves are vertically displaced. (b) The corresponding Fourier trans- circles) with that obtained from EMA fitting (solid curve). (b) Measured

formed amplitude spectra. refractive index (open circles) and the theoretical fitting (solid curve).
The measured data may not be accurate in the shaded areas.

the recorded data of power absorption and refractive index

through the relationshipe(w) = (n + in;)?, while the imaginary ~ which the ZnS nanoparticles are embedded in air medium.
part of the refractive indenw; is related to the power absorption  Hence, what we measured is a frequency-dependent effective
asn; = odo/4m. As a result, the real and the imaginary part of complex dielectric constarts. Therefore, the contribution of

the dielectric function are given as= n,2 — (ado/4m)? ande the continuous host medium to the dielectric function of ZnS
= ano/2r, respectivelyl’ The open circles in Figure 4 illustrate  nanoparticles needs to be considered.
the measured complex dielectric constant. Here, we employ the simple effective medium approach

Generally, for a perfect semiconductor crystal, optical absorp- (EMA) in the analysis of the dynamic response of ZnS
tion in the far-IR terahertz region is attributed to the lattice nanoparticle®-21
vibrations. The interaction of a radiation field with the funda-
mental lattice vibration results in absorption of electromagnetic €e(w) = fe(w) + (1 — fey, 2
waves due to the creation or annihilation of lattice vibration.

The phonons are coupled through damping terms of the \yhere the filling factorf defines the volume fraction of the
potential. Part of the energy transferred from the incident naricles e is the effective complex dielectric function of the
radiation field to the transverse optical (TO) mode is transferred complex ZnS nanoparticle system, aegl and ¢m are the

to the other phonons. When considering the transverse opticalgielectric constants of host medium and pure ZnS nanoparticles,
phonon absorption, we usually induce a damping frequency  respectively. Usually, the EMA is used to describe the dielectric
in a first approximation. According to the Lorentz dispersion cqnstant of the structures for which metal or semiconductor
theory combined with Huang equations, the dielectric response paicles are embedded in a continuous insulating medium. Here,
for a semiconductor crystal usually can be described within the gjnce the zns nanoparticles are filled with air, the dielectric
frame qf the classical theory of the independent pseudo- constant of the host medium ég = e = 1.0. The dielectric
harmonic model &8 function of the pure nanoparticles(w) can be determined by
the pseudo-harmonic model with eq 1 considering the phonon
contribution to the dielectric function.

First, em(w) is calculated by the pseudo-harmonic model of
eq 1, which can be written as a set of separate equations that
wheree., is the high-frequency dielectric constart; is the include the real and the imaginary part of the frequency-
oscillator strengthyro is the frequency of the transverse optical dependent dielectric function

mode, andy is the damping constant. However, as discussed )
above, the ZnS nanoparticle sample is a complex system in €m(®) =€) + igm(w) 3)

2
€sWto

2

€lw)=e, + o
wrg — 0 —iyw

@)
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Figure 4. Complex dielectric constant of ZnS nanoparticles: (a) Frequency (THz)

measured real part of dielectric constant(open circles) and the ) . .
theoretical fitting (solid curve); (b) measured imaginary dielectric Figure 5. Comparison of measured (a) power absorption and (b)

constanie; (open circles) and the theoretical fitting (solid curve). refractive index of Zr_]S nanoparticle_s (solid circles) with that Qf single-
crystal ZnS (open circles). The solid curves are the theoretical fit on

the experimental data.
where

comparison of the experimentally extracted power absorption

2 2 2 and refractive index of single-crystal ZnS with that of ZnS
es{wro” — 0 )wrg g y

€m(®) = €, 5 ~ " (4) nanoparticles. The single-crystal ZnS shows lower absorption,
(010" — @) +yw while the refractive index of single-crystal ZnS is increased. In
addition, two prominent phonon resonances, located at 2.20 and
fstwwaoz 2.80 THz, for single-crystal ZnS are observed as a further
€m(@) = > > > 5) distinction. These characteristic phonon frequencies are assigned
(010" — @) +yw to TA(L) = 73 cntt (2.2 THzP3 and TA(X) = 93 cnt? (2.8

THz), respectively? The fit on the measured data indicates that

Next, the effective dielectric functioas of the ZnS nano-  a TO phonon resonance is localized at 843.2 THz1725
particles is calculated using eq 2. As shown by the solid curves which is consistent with the reported characteristic phonon
in Figures 3 and 4, the measured power absorption, index of frequency of 7.12+ 1.2 THz#2
refraction, and the corresponding complex dielectric constant Generally, for particles, the resonance peaks of optical
are well reproduced fot, = 1.0, €. = 3.0, €5 = 2.10,w70/27 phonons shift to higher frequency as the particle size decreases.
= 11.60 THz, andy/2xr = 8.50 THz. The filling factorf = For optical phonons in nonpolar microcrystals such as Si and
0.30 is a measured parameter in the experiments. The dampingse, size-dependent shift and broadening were commonly
constanty stands for the line width of the TO phonon absorption observed:26 In addition, the Raman peak of Ag particles was
peak; the line shape of the fitted TO phonon absorption is quite observed to shift to a higher frequency as the particle size
sensitive to the value of. The good agreement between the decreaseflThese features provide a qualitative explanation of
measured data and the fitting indicates the presence of aour observed result that the TO frequency of ZnS nanoparticles
dominant TO phonon resonance centered&i/2r = 11.6 + is higher than that of single-crystal ZnS. The phonon modes of
0.2 THz with a line width ofy/2z = 8.50 THz and a strength  single-crystal ZnS at 2.2 and 2.8 THz are not found in the
of ess = 2.10. Such a TO phonon resonance is quite consistentspectra of ZnS nanoparticles. Table 1 summarizes the phonon
with the previously reported characteristic vibration frequency dispersion for ZnS nanoparticles and single-crystal ZnS based
11.6+ 0.4 THz?22 In comparison, this value is greater than the on our measured data. For ionic crystalline solids, such as single-
characteristic phonon frequency of bulk ZnS, 712.2 THz?? crystal ZnS, the atoms are bound in periodic arrays which

As mentioned above, the optical properties of nanoparticles propagate waves with constraints and behaviors imposed by the
can differ from those of their single crystal or bulk form due to dynamics of lattice motion. The interaction of a radiation field
the surface effect because of their finite size. Hence, it is with the fundamental lattice vibrations generally results in the
essential to compare the THz spectroscopic response of ZnSabsorption of electromagnetic waves due to the creation or
nanoparticles with that of single-crystal ZnS. Figure 5 shows a annihilation of lattice vibrations. Optical absorption of ionic
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