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CHAPTER

INTRODUCTION

This thesis discusses the characterization of the frequency dependent optical and

dielectric properties of ZnSin the far infrared region by THz time domain spectroscopy.

Terahertz time domain spectroscopy (THz TDS) is a technique that uses sub-
picosecond pulses to study the spectroscopic properties of materias in the relatively
unexplored, far infrared region. The THz radiation generated consists of a single cycle of
electromagnetic radiation with an extremely broad bandwidth. The energy that each THz
pulse contains is quite low but the coherent detection process in which the detector is
gated with a time-delayed ultrafast pulse enables high signal-to-noise measurements. The
technique is phase sensitive and helps find the real and imaginary parts of the dielectric
function of the materia being characterized. Ultrashort terahertz pulses are used and
hence, it is possible to measure the ultrafast far-IR response of a materia to an impulse

perturbation.

This research was mainly motivated by the need to find potential application s of
ZnS nanostructures in THz optoelectronics. Being a ll- VI compound semiconductor with

a wide-band gap of 3.6 eV, ZnS has optica applications in the infrared and far infrared



regions [1] and is used in displays and lasers due to its luminescent properties. It is also
widely used as the base materia for cathode-ray tube luminescent materials, catalysts,

electroluminescent devices[2], and UV semiconductor lasers for optical lithography.

ZnS is a suitable component for the windows or lenses of infrared sensors,
especially those exposed to harsh surroundings due to its optical and erosion- resistance
properties. Applications as sensors include online monitoring of plants, crime prevention,
and temperature measurement in microwave ovens. Equipment used for the above uses
infrared radiation at a wide range of wavelengths. For the optical components that make
the windows or lenses of these sensors, the potentia to transmit light across a wide

wavelength band or to block light of a particular wavelength band has to be increased.

ZnS has a high refractive index and a high transmittance in the visible range and
is vita in the field of photonics. In window applications, the presence of an optica
window made of ZnS at the entrance aperture of aerial equipment causes a reduction in
the signal to noise ratio because of absorption of the signa sent to the target by the
window and the addition of noise by the photons that are emitted by the window. This
indicates an increase in the absorption or emission of infrared waves that is caused by
|attice absorption in ZnS. This necessitates the study of the effect that the crystal structure

has on the optical properties of ZnS.

ZnS nanostructures have gained a lot of attention that can be attributed to the

properties arising from their size in the nanometer range [3]. Nanobelts (nanoribbons)



[4,5], nanowires [6,7], nanocables, nanorods, nanocable- aligned tetrapods, nanoparticles
[8,9] and nanotubes have been synthesised. These modify electronic, mechanical,
luminescent and optical properties and find applications in nanoelectronics, photonics
and as tools for biomedical applications. It aso has potential applications in terahertz
optoel ectronics. Hence the study of the characteristics and the material properties of ZnS
gains further importance so as to improve our understanding of the semiconductor and

expand its applications.

The characteristic properties of a material such as the refractive index, absorption
coefficient and dielectric constant can be more precisely characterized using THz- TDS
in the far infrared region than any other method. This justifies our choice of terahertz
time domain spectroscopy to study ZnS, a technique based on the optoelectronic
generation and reception of a beam comprised of subpicosecond pulses. These
electromagnetic pulses can be detected with a signal to noise ratio greater than 10,000 to
1. Due to the high signal-to-noise ratio (S/N), coherent phase detection, and non-ionizing
properties, THz-TDS has shown significant advantages compared to many of the far-
infrared spectroscopy modalities. It has been widely used in characterizing a variety of
materials including molecular vapors, semiconductors, superconductors, biomedical

molecules and tissues, nanostructures and artificial metallic structures.

THz- TDS employs a THz electromagnetic beam that is used to probe the sample.
The changes in the amplitude and phase of the THz beam after it comes out of the sample

help determine the absorption and refractive index of the sample over a bandwidth



extending from 0.1 to 5 THz. The THz beam is obtained from a point source and is well
collimated. Such a beam can be propagated without loss over long distances (of the order
of meters) without suffering loss and exhibits high dynamic power ranges. The purpose
of using THz- TDS isto calculate the complex dielectric constant in the bandwidth range

of the THz pulses.

The absorption and refractive index of ZnS have been measured earlier using a
number of techniques such as channel spectrum technique with an interferometer [1] and
numerous other methods. This thesis presents an attempt to delve into the properties of
ZnS using THz- TDS which has given more accurate results than any of the previous

methods.

The experiments were performed using a THz- TDS system that uses a four-
paraboloidal mirror configuration instead of the conventional two- mirror approach. The
idea behind this modification was to obtain a tighter focus of the THz beam and to

minimize the waist size of the beam.

The characterization of three different samples of ZnS using terahertz time
domain spectroscopy- single crystal ZnS, polycrystalline ZnS and nanoparticles of ZnS
has been attempted. Experiments were performed to measure their absorption, dispersion
and complex dielectric response over the frequency range of 0.3 to 3.5 THz using
terahertz time domain spectroscopy (THz-TDS). Transverse acoustic phonons at 2.2 and

2.8 THz were identified in the crystalline ZnS samples. One remarkable observation was



that of the superposition of the two difference phonons, (LO-TO) and (LA-TA) at alow
frequency, 0.78 THz. The refractive index of crystalline ZnS was fit using the damped
harmonic oscillator model [11, 12]. The experimental results agree well with the previous

results.



CHAPTERII

TERAHERTZ TIME DOMAIN SPECTROSCOPY

2.1 THz-TDS system

THz- TDS uses photoconductive switching of the transmitter and receiver to
generate and detect terahertz electromagnetic radiation. Femtosecond laser pulses are

generated by amode- locked Ti: Sapphire laser and used to generate the THz beam.

The system shown in Fig. 2-1 incorporates a terahertz transmitter, a terahertz
receiver and beam focusing and collimating optics. Terahertz radiation is generated by
the transmitter which is gathered by the silicon lens and collimated by a paraboloidal
mirror. The THz beam is hence made highly directional after which it enters the silicon
lens at the receiver end after being focused by the second paraboloidal mirror and is then

incident on the receiver chip.

The THz beam is amplitude modulated by a mechanical chopper. A lock- in
amplifier that is locked to the frequency of the mechanical chopper and a current
amplifier are used to measure the current produced which is proportional to the amplitude

of the THz dectric field at the receiver.



Parabolic Parabol iC
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T fs-laser fs-laser

Figure 2-1: The experimenta setup of the basic THz-TDS system. The sample to be

characterized is placed between the two paraboloidal mirrors.



THz transmitter

Fig. 2-2 shows the basic geometry of the THz transmitter 10- 80- 10 Gallium
Arsenide (GaAs) F- Chip. The coplanar transmission line structure has two Aluminium
transmission lines, each 10um wide separated by a gap of 80 um. The pattern is
fabricated on the high resistivity GaAs substrate by reactive ion etching and by the
deposition of the 550 nm thick Al layer on top of the 100 nm thick Ti layer by e- beam

processing.

i 10 um

1 @ s

70V —

Figure 2-2: THz transmitter with the 10 um wide antenna lines separated by 80 um

and biasedat 70 V.

The chip is biased with a DC voltage of 70 volts. Femtosecond pulses are incident
on the photoconductive gap in the transmitter chip making it conductive. This generates
free carriers that are emitted in the form of a conical THz beam that is collimated by the

silicon lens.



THz Receiver

Fig. 2-3 shows the basic geometry of a THz receiver 5- 10- 5 SOS (silicon on
sapphire) Max 1 chip. The coplanar transmission line structure consists of two
Aluminium lines, each 5 um wide separated by a gap of 10 um fabricated on a SOS

substrate.

An Al layer with a thickness of 500 nm is deposited atop the 100-nm-thick Ti

layer by thermal evaporation.

Figure 2-3: THz receiver with 5um wide antenna lines connected to a current amplifier

and separated by 10 um. The antennagap is 5 um.

The silicon lens on the receiver side focuses the THz radiation. When the 5um
gap on the receiver chip is illuminated with laser pulses, the electric field of the incident
beam creates a transient bias across it. The current thus produced is measured by the low

noise current amplifier that is directly connected to the receiver chip.



2.2 Focused beam THz-TDS system

The modified setup as shown in Fig.2-4 was used to carry out my experiments.
The setup uses four paraboloidal mirrors that are arranged in an 8F confocal arrangement.
The Gaussian THz beam from the silicon lens is collimated into a parallel beam by M4
and attains a minimum waist between M2 and M 3. It isrecollimated after leaving M3 and

focused into the silicon lens at the receiver end by M 1.

10
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Figure 2-4: Modified THz-TDS setup using an 8F confocal geometry. The sampleto be

characterized is placed at the minimum waist position.
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2.3 Waist calculation of propagating Gaussian beam

The ABCD law of Gaussian beam propagation describes how the radius of
curvature of a spherical wave propagating in free space is transformed by an optical
system [13]. The minimum waist point is located using the transmission matrix for the

optical system shown in figure 2-4.

The overall transmission matrix of the systemis

A B) (1 d, 1 0)1 d, 1 0Y1 d, 1 0Y1 d, 1 0Y1 d,
c b \o 1)-1/f, 1)o 1)-1/f; 1)0 1) -1/f, 1)0 1)-1/f, 1)0 1
where do, di, do, d3 and d, are the distances from the silicon lens of the receiver to M1,

between M1 and M2, between M2 and M3, between M3 and M4, from M4 to the silicon

lens of the transmitterespectively.

This equation can be solved to arrive at the waist of the beam at any position in
the system. From the graph in Fig. 2-5 we can observe that the minimum waist occurs
midway between M2 and M3. This is where the sample should be placed for maximum

beam coupling.
The beam is approximated to be Gaussian and the paraboloidal mirrors are

assumed to be similar to lenses for the purpose of calculations. The minimum waist is

obtained only if theillustrated setup is used with the distances as cal cul ated.

12



The minimum waist that is obtained using this setup (3.5 mm) is lesser than that
obtained with the 4F confocal system (25 mm). The new setup thus offers the advantages
of atighter, more focused beam as compared to that obtained from the previous setup.
Figure 2-6 shows the measured reference THz pulse and its amplitude spectrum with this

8F THz-TDS system.

13



10 B o e e e e e [ e s e e
c 3 ISR SO 0 ' U RO RN AU .
3.1
-_glO
(27
=

10°

10"1 | 1 | 1 1 l

0 100 200 300 400 500 600 700

distance (in mm)

Figure 2-5: Gaussian Beam waist calculated for the 8F confocal, paraboloidal mirror

system.
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24 THz-TDSdata analysis

Samples are characterized using this setup using the following procedure.
Calculations revea that the THz beam has a minimum size midway between the two
paraboloidal mirrors. The sample to be studied is placed at this point so that all of the
THz radiation is focused onto the sample. The amplitude of the THz beam with the
sample in place is measured a the receiver and is called Esmpe (t). The sample is
removed and the amplitude of the THz pulse is measured. Thisis called Egerence (). The
measured sample pulse is observed to be delayed with respect to the reference pulse and
atered in shape due to the frequency- dependent absorption and surface reflections from
the sample. Its peak amplitude is also reduced. The reference and sample pulses in the
time domain are Fourier transformed to obtain their complex amplitude spectra, E;eterence
(o) and Esmple () respectively. The ratio of the sample spectrum to the reference
spectrum yields data about the absorption of the terahertz beam by the sample and the
phase shift due to the delay caused by the increased optical path length (because the
refractive index of the sample is greater than that of the surrounding medium, air). The

sample has a complex refractive index indicated by

n (o) =n¢(w) +inj(o) (2-1)

The absorption by the sample «, is related to the imaginary part of the refractive

index n; by a = 2w n; (w)/c and the phase shift § isrelated to the real part of the refractive

index by f = 2nnL/ Ao, o and 5 are determined from the ratio[ 14]

16



Esarple (@) _ typty) exp(-al/2) exp(i2kL)
E'reference (@) 1+ 7192001 exp(-al/2) exp(i2kL)

(2-2)

where ‘L’ is the thickness of the sample through which the beam propagates and t;, and
to; are the Fresnel transmission coefficients for the beam propagating from medium 1 to

medium 2 and from 2 back into 1 respectively.

The stability of the laser isimportant in determining the accuracy of the results as
a change in the direction of the beam can lead to faulty scans. The laser used has been
observed to be stable and the mode- locked pulse obtained is aso good. The chopper
chops the THz beam and not the laser beam. Hence the noise introduced into the system
is minimized. Damages on the surface of the SOS substrate in the chip and alignment

problems with the system can bring in noise. But these have been taken care of.

17



CHAPTER 111

STUDY OF ZnS

Using THz-TDS, it is observed that the absorption in crystaline ZnS is
characterized by difference ((LO-TO) and (LA-TA)) and transverse acoustic (TA)
phonons centered at 0.78 THz and 2.20 THz respectively. An additiona higher-frequency
phonon lineis observed at 2.8 THz for single crystal ZnS. These phonons account for the
increased absorption as indicated by the resonance peaks in the spectra. The behavior of
the index of refraction is determined by the transverse optical (TO) phonon line centered
at 8.13 THz and is well fit by the relation for the dielectric response of the damped

harmonic oscillator [11].

The peaks observed in the absorption spectrum of ZnS are due to singularities that
arise from critical points in the Brillouin zone each of which characterize a phonon
branch. These can be accounted for by four characteristic phonon energies belonging to
four branches — TA, LA, TO and LO at the zone boundary. When an infrared photon
interacts with lattice vibrations, energy and wave vector are conserved. TA and LA imply
the transverse and longitudinal acoustic phonons at the various critical points L, X, W

and X while TO and LO imply the transverse and longitudinal optical phonons [15].

18



3.1 Previous study

Considerable work in the past has been done in assigning phonons to ZnS. The

following paragraphs list some of the work done on characterizing ZnSin the past.

Slack and Roberts [16] have studied absorption in the far- infrared region by
single crystals of ZnS. The absorption peaks in the spectrum correspond to the
simultaneous generation of multiphonons (acoustic) at critical points. They infer that
acoustic phonon energies in ZnS obtained from infrared absorption, spectral emittance,
X- ray scattering and neutron scattering specify the presence of a TA(L) phonon at 73
cm™ (2.2 THz) and a TA(X) phonon at 93 cm™ (2.8 THZ). These were the best measured

values obtained from [25].

Vagelatos et a. [17] have reported phonon dispersion measurements and neutron
scattering data for I1- VI zinc blende crystals and have assigned the TA phonons for ZnS
at 0.8+0.02 THz and at 2.69+ 0.04 THz respectively. The phonon dispersion curves were
obtained by conducting the experiments under room temperature and using a ZnS natural

crystal.

Deutsch’'s (1962) interpretation of the infrared data has been said to be not unique

and Johnson’ s interpretation (1965) of Deutsch’s datais also ambiguous.

19



Marshall and Mitra [15] have obtained the transmission spectrum of hexagonal
ZnS and assigned the maximum absorption point to multiphonon combinations in ZnS of
which two phonon frequencies are of interest to us (TA;= 92 cm™ (2.8 THz) and TA,= 73
cm™ (2.2 THZ) ). They have aso predicted a TA phonon a 93 cm™ for cubic ZnS which
is only slightly different from the previous result and conjectured that by using very thin
crystals, it would be possible to decipher the structure in the absorption spectrum of ZnS
which would help assign phonon frequencies accurately. Marshall and Mitra have
assigned lower values for the acoustic branch phonons in ZnS as compared to Deutsch’s

previous work on the same.

Brafman and Mitra [18] have studied the Raman spectra of wurtzite and zinc
blende type ZnS single crystals by exciting them by a He- Ne laser source at 6328 A and
an argon- ion laser a 4880 and 5145 A and have assigned a phonon branch at 72 cm™
(2.2 THz) for the wurtzite- type ZnS crystal and have aso clamed that earlier work on
the Raman spectrum of hexagonal ZnS by Poulet, Klee and Mathien [20] is incomplete.
A complete study of the Raman effect in hexagona ZnS had not been possible then and

they have attributed it to the non- availability of symmetric, high- quality ZnS crystals.
Schneider and Kirby [20] have measured the Raman spectra of 2H and 4H

polytypes of wurtzite ZnS. They have observed the TA (L)- E, phonon at 69.2 cm™ and

the TA (L)- E; phonon at 69.6 cm™ at room temperature.

20



W. G. Nilsen [21] has performed a detailed study on the second- order Raman
effect in cubic ZnS and has predicted a TA phonon at 88 cm™ and an LA phonon at 110
cm™ assuming that the scattering came from the X and L critical points of the Brillouin
zone. The superposition of the two difference phonons, (LO-TO) and (LA-TA) is aso

predicted at 0.78 THz.

Irwin [22] has arrived at phonon frequencies for cubic ZnS in the infrared region
and using the second neighbor ionic model has predicted TA phonons at 96cm™ (2.9

THz) and at 65 cm™ (1.97 TH2).

Hattori et a. [1] have measured the indices of refraction of ZnS in the spectral
region from 10 to 100 cm™ and described them using the dispersion formula of an

undamped harmonic oscillator.

Klein and Donadio [23] have reported critical point mode frequencies for cubic
ZnS a room temperature and compared their results with neutron scattering data.
Chemically vapor deposited ZnS was used to study the infrared absorption spectrum of
cubic ZnS and found to obey Raman’s spectral results. The absorption spectrum is
described using the TA(X) and the TA (L) phonons at 88+ 1 cm™ (2.6-2.7 THz) and 72+
1 cm™ (2.2 THZ). The experiments were done using thick samples of ZnS obtained by
chemical vapor deposition that had previously been unavailable. Their interpretation of
the results show that in the two- phonon region, the magnitude of the total absorption and

its frequency dependence derive from the product of three contributions- the probability

21



of an interaction between a photon and a phonon, the strength of the coupling
mechanism, the two- phonon density of states that gives structure to the absorption

spectrum [23].
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3.2 THz-TDS Experiments

3.2.1 Characterization of singlecrystal ZnS

The single crystal ZnS used in this study is an undoped, 10 mm x 10 mm x 1-
mm-thick, <100> freestanding crystal optically polished on both sides (RMT Ltd,
Russia). It was grown from a source of polycrystalline ZnS at temperature of 1100 —
1250 °C and a pressure of 1 atmospheran a hydrogen -filled ampoule using the seeded
vapor-phase free growth technology [24]. Growth was along the <111> direction and the
crystal consists of 96 - 98% zinc blende structure and only 2- 4% Wurtzite structure. The

resistivity of the crystal isin the range of 108 to 10" ohm cm.

The experiments were carried out at room temperature using standard THz-TDS
transmission measurements. A self-mode-locked Ti: sapphire laser capable of generating
26-fs, 88-MHz optical pulses was used as the excitation source. Both the terahertz
transmitter and receiver chips were driven by 10-mW femtosecond pulses for the
generation and detection of up to 4.5-THz broadband electrical pulses. The 8-F confocal
geometry ensures excellent beam coupling between the transmitter and receiver and
compresses the terahertz beam to a diameter of 3.5 mm which is small compared to the
size of the ZnS sample, enabling complete coupling of al the frequency components of
the beam into the sample. The terahertz system is placed in an enclosure purged with dry
air to eliminate the absorption of terahertz wave by water vapor. The sample is attached

to an aluminum holder and centered over a 4.5-mm-diameter hole in the plate, which

23



defines the optical aperture. Another identical clear hole is used to take reference signal

designated as the input pulse.
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Figure 3-1 (a) Measured reference terahertz pulse (dotted line) and the output terahertz
pulse (solid line, offset by - 0.7 nA for clarity) for single crysta ZnS. (b) The
corresponding amplitude spectra of reference pulse (dotted line) and output pulse (solid

line).
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3.2.2 Interpretation of THz-TDSresults

The measured terahertz pulses transmitted through the single crystal ZnS
and reference and the corresponding Fourier transform amplitude spectra are shown
in Fig. 3-1. In order to increase the S/N, seven individual measurements were
averaged to obtain the curve of each pulse. The peak amplitude of the sample
spectrum is reduced by about 30% due to the frequency-dependent absorption and
reflection of the ZnS sample. The frequency-dependent coefficient of power
absorption for single crystal ZnS is extracted from the experimenta data using the
well-known amplitude transmission function of a parallel dielectric slab [14].
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. The complex spectrum of the transmitted pulse E () is determined by

the product of the input spectrum E; (o) and the total transmission function of the

sample where
Eq(w) = tyotorexp(ikL)exp(—al / 2) (3-1)
Ei(w)
Ei(w) = Er(@)exp(ikol); (3-2)

Er(w) is the reference spectrum and the phase correction koL is due to the free-
space occupied by the sample; t;, and ty; are the frequency-dependent complex
Fresnel transmission coefficients;, « is the power absorption coefficient, k is the
sample wavevector, k = 221/ 1y, and L is the sample thickness. For this simple case,

the denominator in the complex amplitude transmission function for the paralel

28



dielectric dab reduces to unity and the frequency spectrum of only the first
transmitted pulse shows no oscillation [14]. This approximation enables the
determination of the power absorption, « and the index of refraction, n of the

sample quite accurately [24].

The formula for the dielectric constant of an undamped harmonic oscillator as
mentioned in Hattori’s paper is erroneous [1] and the corrected version is shown below.

The corrected formulafor the dielectric constant € (v) at afrequency ‘v’ is

2 2
g(U) = EOUTO 8000 (3_3)

2 2
vTo” —v

which replaces the incorrect ‘s’ term in the denominator as mentioned in [1] with ‘v’.

However, the more accurate, damped harmonic oscillator model isused in our anaysis.

The experimentally extracted power absorption of single crystal ZnSis plotted in
Fig. 3-2 (). Three resonance lines are observed at 0.78 THz, 2.20 THz and 2.80 THz
respectively, which are in good agreement with the previous prediction or observation as
the superposition of the difference phonons, ((LO-TO) and (LA-TA)), TA(L) and TA(X)
phonons respectively[1, 16, 25, 23, 17]. The first resonance peak centered at 0.78 THz
has lifted the absorption coefficient to 2 cm™. This is interpreted as the superposition of
the two difference bands (LO-TO) and (LA-TA). This difference combination band at an

energy shift of 28 cm™ is made up of the following frequencies: TA = 88 cm™, LA = 110
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cm™, TO =306 cm™ and LO = 333 cm™[21]. The second and broad resonance line with
a peak power absorption coefficient of 11 cm™ is located at 2.20 THz. It isreferred to as
the transverse TA (L) phonon connecting to two-phonon generation processes of acoustic
phonons [18] and was verified with neutron scattering measurements [17]. The
resonance feature at 2.80 THz showing peak absorption of 20 cm™ was previously
observed to be one of the critical-point mode frequencies by neutron scattering
measurements at room temperature [17]. It was defined as the TA (X) phonon and was
considered as one of the four characteristic zone-boundary phonons used to describe the
three-phonon processes in cubic ZnS [25]. In comparison with previous measurements
the dots show the room temperature absorption data in the frequency range of 1.0 — 2.2
THz by channel spectrum technique [1] and the theoretically calculated absorption. The
not-so-good power absorption fit to the TO-phonon line at 8.13 THz, as shown by the
solid line in Figure 3-2 (@) however, shows a very weak effect compared to the observed
TA-phonon resonance features that dominate at 2.2 and 2.8 THz as well as the LA

phonons around 5.80 THz [17].

Figure 3-2 (b) shows the frequency-dependent refractive index of single crystal
ZnS. The measured result represented by open circles also reveals the effect of the
resonance lines of the TA (L) phonon at 2.20 THz and the TA (X) phonon at 2.80 THz.
The refractive index increases with increasing frequency [11]. This feature is dominated
by a high-frequency TO-phonon resonance as predicted in early work [1]. However, the
increase in the refractive index of ZnS is not very sharp since the TO-phonon line is

centered at 8.13 THz which is high. The measured refractive index is then theoretically
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fitted using the dielectric response of a damped harmonic oscillator [11, 12]. The
frequency-dependent dielectric constant in the infrared region for the harmonic oscillator

isformulated as[11, 12]

gSta)'%O (3-4)
(a)-lgo —a)z + 2i7/a))

where wto is the transverse optical (TO) phonon frequency, ¢, is the optica dielectric
constant, ¢, describes the strength of the TO-phonon resonance at w., /27, ¢, +e4 =&,

isthe static dielectric constant and y is the damping coefficient. The frequency dependent

complex dielectric constant is also given by the square of the complex refractive index
n?=(n +in) = ¢(w) (3-5)

The imaginary part of the index, n; can be obtained from n, =a4,/4r where « is
the power absorption coefficient and 4, is the free-space wavelength. The solid linein
Fig. 3-2 (b) shows the theoretical fitting of the measured index n with the TO-phonon
resonance centered at wrq /27 =8.13THz with alinewidth of y/2z =0.025THz, optical
dielectric constant, ¢, =5.13, and the TO-phonon strength ¢, =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 absorption curve obtained from the
theoretical calculations however, rises with an increase in the value of linewidth. The
refractive index of ZnS at various temperatures in the range of 19 — 100 cm™ has been

studied previously by using channel spectrum technique [1]. The previous data at room
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temperature has been plotted by dots for comparison. It was fit with an undamped

harmonic  oscillator using  parameters 0o /27=780THz,c, =47 and
g, = ¢, +e4 =8.34[1]. My results show a better correlation with the theoretical fit and

demonstrate the efficiency of the THz-TDS characterizations and the accuracy with

which it can determine the optical and dielectric parameters of the measured sample.

Based on the measured data of power absorption and refractive index the
frequency-dependent complex dielectric function of single crystal ZnS was extracted as
shown in Fig.3-3. The real and imaginary part of the dielectric constant are determined

as
& = nrz_niz = nrz_(O‘/lo/‘l”)2 , (3-6)

& =2nn =anl,/2x (37

In Fig. 3-3 (), the real dielectric constant shows a feature which is essentially the
sguare of the refractive index n,. Thisis because the absorption by the sampleis small in
the spectral region concerned and the contribution of the absorption coefficient to the real
dielectric constant is nearly negligible. The plot of the imaginary dielectric constant
showed in Fig. 3-3 (b) has features similar to the power absorption curve but reveals the
phonon resonance peaks more clearly. It therefore provides further verification of the
TA-phonon resonances determined previously by the power absorption and refractive

index.
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3.2.3 Characterization of polycrystallineZnS

The polycrystalline ZnS sample (Crystan Ltd., United Kingdom) is a 25.4 mm x
25.4 mm x 3.42-mm-thick, double-side pulsed slab. It was synthesized from zinc vapor

and gaseous hydrogen sulphide, and formed as sheets on graphite susceptors.

The procedure for the characterization of polycrystalline ZnS is essentially the

same as that for single crystal ZnS sample as outlined earlier in this section.
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Figure 3-4 (a) Measured reference terahertz pulse (dotted line) and the output terahertz
pulse (solid line, offset by — 1.18 nA for clarity) for polycrystaline ZnS. (b) The
corresponding amplitude spectra of reference pulse (dotted line) and output pulse (solid

line).
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Figure 3-4 shows the measured sample pulse transmitted through
polycrystalline ZnS, the reference pulse, and the corresponding Fourier amplitude
spectra. In order to increase the SIN, seven individual measurements were averaged to
obtain the curve of each pulse. The peak amplitude of the sample spectrum is
reduced by about 58% due to the frequency-dependent absorption and reflection of
the polycrystalline ZnS sample and other effects. Figure 3-5 shows the power
absorption by polycrystalline ZnS and its refractive index compared with those of

single crystal ZnS.

The measured data were analyzed using the same procedure as for single
crystal ZnS previously mentioned and the power absorption and refractive index
obtained. Figure 3-5 (a) shows the absorption spectrum of polycrystalline ZnS. Due
to the high absorption at higher frequencies and the relatively thick (3.42 mm)
sample, the accuracy of the measured power absorption coefficient of polycrystaline
ZnSis limited to 2.9 THz. Compared with the measured data for single crystal ZnS
(open circles), the power absorption coefficient of polycrystalline ZnS is slightly
higher (figure 3-5 (a)), but shows the similar phonon peaks at 0.78 THz and 2.20
THz, respectively. In contrast, the measured refractive index of polycrystalline ZnS
(solid line) shown in Fig. 3-5 (b) is dightly lower than that of single crystal ZnS
(open circles). The frequency-dependent real and imaginary dielectric constant of
polycrystalline ZnS are plotted in Fig. 3-6 as obtained from the application of the
damped harmonic oscillator model. The real dielectric constant is nearly the square

of the refractive index. The imaginary dielectric constant plot of polycrystaline ZnS

37



graphicaly outlines the phonon positions at 0.78 and 2.2 THz, similar to the case of

single crystal ZnS.

The peaks in the absorption spectrum are observed at typical phonon
frequencies, usually called infrared active vibrations [31]. Spectroscopic techniques,
such as IR absorption, are used to map out the non-Raman active excitations which

areusually infrared active[32].
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CHAPTER IV

CHARACTERIZATION OF NANOPARTICLESOF ZnS

ZnS nanostructures acquire importance due to their sizes in the nanometer range.
Numerous nanostructures such as nanobelts, nanorods and nanotubes have been produced
which have prospective applications in the field of terahertz optoelectronics. This
experiment is an attempt to further our understanding about semiconductor nanoparticles

and their properties.

The sample used in this study consists of nanoparticles of ZnS each of size 3-5
nm. The frequency dependent dielectric properties were characterized by performing

experiments using the THz- TDS setup described in the previous chapter.

4.1 Trialsand improvements. Characterizing nanoparticles by suspending them in a

liquid medium (toluene)

Characterization of nanoparticles of ZnS was attempted as follows. Nanoparticles
of ZnS were suspended in a solution of toluene contained in rectangular, open top quartz
cells with path length of 2 mm and outer dimensions 45mm x 12.5 mm x 4.5 mm (Starna

Cells). The quartz cell was first filled with toluene and it acted as the reference. The THz
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beam was allowed to pass through and toluene was characterized. The sample consisted
of ZnS nanoparticles suspended in toluene. The THz beam was let to pass through and
the ZnS particles were characterized. But measurements obtained this way were not very
accurate for three reasons: first, the same cell had to be used as different cells might not
give the same path length to the traveling beam. This meant that between successive
scans of the reference and sample, the toluene in the cell had to be replaced by the ZnS
solution. This process was cumbersome and some leftover ZnS particles from the
solution contaminated the toluene to be used for the next scan. Second, if the
concentration of the ZnS nanoparticles was too less (1.25 mg of ZnS/ ml of toluene), the
obtained refractive index was too close to the refractive index of toluene and did not
seem to reveal the properties of the nanoparticles of ZnS. Finaly, if the solution
concentration was too high (25.95 mg of ZnS/ml of toluene), it was difficult to keep the
particles suspended. They formed a sediment at the bottom of the cell and again, did not
characterize the ZnS in the solution. So, as an improvement, a glass syringe was used to
keep disturbing the toluene solution so as to keep the ZnS nanoparticles suspended in it,
at the same time, taking care not to interfere with the path of the terahertz beam. This

approach did not prove very beneficia as the syringe got clogged with the ZnS particles.

4.2 Characterizing nanoparticles using silicon cells (no liquid medium)

Hand-made cells of slicon having a very small absorption coefficient and

measuring 25mm x16 mm with a spacer thickness of 1 mm were employed. Two

identical cells were used; the empty cell served as the reference and the other cell
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contained the nanoparticles without using any solution. The results obtained from the
characterization of the nanoparticles by THz- TDS using the previous mentioned setup

are shown.
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Figure 4-1 (a) Measured sample pulse transmitted through the ZnS nanoparticles (solid line
offset by 0.6 nA for clarity) and the reference pulse (dotted line) and (b) the corresponding

output (solid line) and reference (dotted line) Fourier amplitude spectra.
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4.3 Experimental Results

Figure 4-1 shows the measured sample pulse transmitted through the ZnS
nanoparticles in air, the reference pulse, and the corresponding Fourier amplitude
spectra. In order to increase the SIN, six individual measurements were averaged to
obtain the curve of each pulse. The peak amplitude of the sample spectrum is
reduced by about 5% due to the frequency-dependent absorption and reflection of
the ZnS nanoparticles in air and other effects. Figure 4-2 shows the power
absorption and refractive index of the composite medium of ZnS nanoparticles with

ar.

The power absorption, refractive index and dielectric constants are
measured as described previously with modifications made to include the effects of
the silicon cell. The THz beam that enters the cell, suffers reflections at the front
and back surfaces of the cell that have to be accounted for. A schematic diagram of

the cell is shown in figure 4-5.
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Figure 4-5 (a) Empty cell used as reference (b) Cell filled with nanoparticles to be

characterized.

The transmission equations for the substrate-material arrangement are:

Ereference = Eintsatasexp(lzmad) (4-1
i2mp,d —amd
Esample = Ejtgmt m M
Sample = Einlgm mseXp( P JeXp( 5 j (4-2)

The refractive index is calculated from the total transmission function [14]

of the air-substrate-material-substrate-air arrangement given by

tant
Zy = e 4-3)

tsatas
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where tgn, and t,s are the transmission functions of the substrate-material and
materia-substrate interfaces and ts; and tss are the transmission functions of the
sample-air and air-sample interfaces respectively. The Fresnel’s coefficients are
given by

2n 2n 2
= M tsa=——tas= (4-4)
ng + N, 1+ng 1+ng

The effective volume of nanoparticles of ZnS when compressed so as to
resemble bulk ZnS is approximately 30% of the origina volume they occupied
without compression. These are derived from the density of bulk ZnS which is 4.1
and the density of ZnS nanoparticles which is 1.3 as calculated from the mass -
volume ratio (0.0644g of ZnS nanoparticles are contained in a cell of volume

0.0495 cm?®).

Figure 4-3 (a) shows the power absorption coefficient of nanoparticles of
ZnS (solid line) compared with that of polycrystalline ZnS (short-dash-dotted line)
and that of the measured composite medium of ZnS nanoparticles in air (dotted
line). Figure 4-3 (b) shows the refractive index of nanoparticles of ZnS (solid line)
compared with that of polycrystalline ZnS (short dash-dotted line) and that of the
measured composite medium of ZnS nanoparticles in air (dotted line). Figure 4-3
(b) reveds that the refractive index obtained for the nanoparticles of ZnS is

between than obtained for bulk ZnS and the composite medium.



4.4 Data Analysis

There is considerable difference between the values for the indices of refraction of
the three cases in the frequency range under study. The index of refraction of the
nanoparticles of ZnS is scaled to their density [28] using the relation between the
two given by, n = 1 + k p [28], where p is the density of the material, n is the
refractive index and k is the scaling factor The coefficient of proportionality, Kugy iS

determined to be 0.46 from ny, =1+k where, Npqy is 2.9 (as can be

poly £ poly

seen from Figure 3-5) and ppgy is 4.1 glcm® (density of bulk ZnS). Knano iS
similarly determined to be 0.38 using Nngno =1.5 (&s can be seen from Figure 4-2)

and ppano =1.3 glem® (as determined from the mass-volume ratio). Knano iS thus

estimated to be about 17% smaller than kyay as determined from this formula. This
observation is consistent with the results of silicon aerogels measured at both THz

and optical frequency ranges[28,29].

The effective medium theory has been used to determine the optica and
dielectric properties of the nanoparticles from the known properties of the
constituents. Properties of the nanoparticles, roughly independent of the containing
media and the interactions between each other have been found. The particle sizes
for our case are large enough for the theory to work. The properties of the
nanoparticles do not depend on the properties of bulk ZnS. Rather, they depend

strongly on the effects due to the confinement of the electronic states[30].
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The index and power absorption coefficient for the nanoparticles of ZnS are
derived from the real and imaginary parts of the frequency-dependent dielectric

function given by the simple mixing model [31]

&(o) = fepp (@) + (1= f)en (o) (4-5)

where the filling factor, f = 0.3 isthe ratio of the volume of the ZnS nanoparticles to
the volume of the cell that holds them. The dielectric function of the nanoparticles

&np, IS obtained from the dielectric function &(w) of the composite medium

obtained by THz-TDS and fromep, (@) which is the dielectric constant of the host

medium (air, in this case). The absorption spectrum depends on the size of the
nanoparticles. The size in turn influences the confinement effects. The index value
lies between that of the composite medium that is rarer (more air implies lesser

index) and the denser bulk ZnS (index = 2.9).

Figure 4-4 shows the real and imaginary dielectric constants of ZnS nanoparticles
of ZnS (solid line) compared with that of polycrystalline ZnS (short-dash-dotted line) and

that of the composite medium of ZnS nanoparticlesin air (dotted line).
The complex dielectric function for the composite medium is extracted from the

frequency dependent absorption and refractive index using the formula of a damped

harmonic oscillator mentioned previously while the ssmple mixing model was used to
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evaluate the complex dielectric function of nanoparticles of ZnS. ¢, of the nanoparticlesis

smaller due to the strong absorption while g; is higher for the same reason.
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CHAPTER YV

CONCLUSIONS

In this study, a modified THz- TDS system was developed using an 8- F confocal
system which was used to characterize different sample of ZnS. The arrangement utilizes
a geometry that has four mirrors placed apart from each other by a distance that provides
a tighter beam and a much more reduced waist than that obtained with the 4-F confocal
system of two parabolic mirrors. Having such a collimated beam makes it easier for the
entire beam to pass through samples with small dimensions such as the ones used for the
experiments described in this thesis. The laser used is extremely stable and this method

ensures increased accuracy as compared to other infrared approaches.

The material properties of ZnS have been studied. The refractive indices and
absorption coefficients of single crystal and polycrystalline ZnS were found. The
absorption spectra of the crystalline samples showed peaks that were assigned to TA
phonons at 2.2 and 2.8 THz and the superposition of the two difference phonons, ((LO-
TO)-(LA-TA)) at 0.78 THz. The refractive index we measured was lesser than the value
from literature [1]. The curves for the index and absorption were fit using the damped

harmonic oscillator model.

52



A comparison of our results with those published earlier is presented in table 6-1.

The results obtained were in agreement with previous work.

Reference

TA(X) assignment

cm™(THzZ)

TA(L) assignment

cm(THz)

Infrared spectrum?(Cubic ZnS)

881 (2.64- 2.7)

72+1 (2.15 2.21)

Neutron scattering data” (zinc blende)

88 (2.67)

Second- order Raman spectra® (cubic

ZnS)

88 (2.67)

Neutron data’ (single crystal)

93- TA(L) (2.82)

73-TA(X) (2.21)

E2 mode® Raman- active phonon 72 (2.18)
frequency(wurtzite type ZnS)

2H ZnS phonon frequency'E2- TA(L) 69.2 (2.10)
Phonon frequencies in hexagona | 92 (2.79) 73(2.21)
Zns’

Multiphonon absorption band in| 93 (2.82)

cubic ZnS"

Second neighbor ionic model (SNI) | 96 (2.91) 65 (1.97)

for cubic ZnS

Table 6-1: Critical- point mode frequenciesin cm™ for ZnS at room temperature.

*From Tablel in[1].
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®From Table Il in [17].
“From [21], pg. 182.
9From Ref 29in [18].
°From [20], pg.933.
"From [22], pg.1293.
9From Table 11 in[17].
"From Table IV in[19].

'From [23].

The measured indices of refraction for the single crystal and polycrystalline ZnS
were compared with the channel spectrum data and the theoretical fit, demonstrating that
THz-TDS has the ability to determine optical and dielectric parameters more precisely

than previous work.

Nanoparticles of ZnS were characterized by placing them in silicon cells. The
refractive index obtained was lesser than the value for bulk and greater than the value of
the composite medium while the absorption by the nanoparticles was much larger than

that of nanoparticles of ZnSin air and that of bulk ZnS.
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APPENDIX

Derivation of refractive index (n) and absor ption coefficient (k) from frequency

dependent dielectric constant of a damped harmonic oscillator.

The complex dielectric constant of a damped harmonic oscillator can be represented as

2

e(Q)=¢eq + ;QQ;O = (n+ik)? (A-1)
Q0" —-Q + 212

where

¢ (Q) isthe frequency- dependent complex dielectric constant
eq iSthe optical dielectric constant

e« 1S the strength of the TO phonon resonance at Qro/2n
Qroisthe TO phonon frequency

Q isthe angular frequency

vy isthe linewidth of resonance

Multiplying and dividing the second term on the left hand side of equation (A-1) by its
complex conjugate and expressing the equation as a combination of real and imaginary

parts, we get
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5stQT02(QT02 -Q?%) B 5stQT02(2i7Q)

e(Q)=¢gy +
S Qo2 -0Y) +4%0%  (Q507 - 02) +4/°Q°

(A-2)

Expanding the right hand side of equation (A-1) and separating it into real and imaginary

parts, we get

(n+ik)2 =n? —k? +2ink

(A-3)

Equating the real parts of equation (A-2) with those of equation (A-3) and the imaginary

parts of equation (A-2) with those of equation (A-3) we get

2 2
L £19107 Q10 -0%)

2 2
n-—-k<= Eql
(Qro” - Q%) +4y%0?

~ 2/(e9Q710°)

2nk =
(Qro® -0 + 4207

Solving for ‘n’ intermsof ‘k’ we get

= - K,e¢Q10%)
K(Qro? -Q?)? +47202)]

Substituting (A-6) in (A-4) we get

2.2 2 2 2
KUe422707) L2 e¢Q10" (Qr0” - Q)
2 > 22 2202 K =t 2 2 22
(@02 -07)2 +4,%0?) (Q10% -0?) + 4520
Let
?’Q(gstQToz)2 _

=Yy
(Qr0° -Q?)* +47°Q%)?

k2 = x
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(A-4)

(A-5)

(A-6)

(A-7)



o+ 5stQT02(QT02 —Qz) -5
o =
Q10" -Q%) +47°Q°

Substitutingy, x and z in equation (A-7) we get a simple quadratic equation in terms
of X,

X—x:z:x2+zx—y:O
X

Solving this equation we get

k:\/—:\/—z:r\/zz+4y

2

(A-8)

‘n" can be obtained from equation (A-6) after finding ‘k’ from equation (A-8) and

substituting it back in equation (A-6).
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