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Fs/fs Femtosecond

Ps/ps Picosecond

RSD Relative Standard Deviation

SNR Signal To Noise Ratio

FWHM Full Width at Half Maximum

RDX 1, 3, 5-Trinitroperhydro-1, 3, 5-Triazine
HMX 1, 3, 5, 7-Tetranitro-1, 3, 5, 7-Tetrazocane
TNT 2-Methyl-1, 3, 5-Trinitrobenzene
CL-20 Hexanitrohexaazaisowurtzitane
AN Ammonium Nitrate

DNT 2, 4- Dinitrotoluene
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CHAPTER 1 : Introduction

The region lying between the infrared and microwave spectrum of electromagnetic radiation
having frequency range of 0.1 - 10 X 10" is known as terahertz (THz) band [1]. It has unique
properties such as high absorption in water, high reflective to metals, and transmission through
packing materials. In addition, it has wide spectral features associated with vibration of bonds in
a molecule, semiconductors intra-band transitions, vibrational and rotational transitions of
organic molecules [1—4]. Furthermore, it is non-ionizing and non-destructive in radiation because
of their low photon energy (order of meV) [4,5]. Due to aforesaid properties, it has wide range

of applications and opens a new channel of research in various fields.
f licati d h | of hi 1 field

THz spectroscopy is an efficient technique for identification of material’s polymorphic structures
as compared to X-ray diffraction and Raman spectroscopy techniques [6]. X-ray diffraction is
limited to large crystalline structures whereas Raman spectroscopy induces phase change in
material during measurements. These limitations can be overcome using THz spectroscopy. The
THz time resolved spectroscopy (TRTS) is useful in studying the dynamic properties of
materials [7]. TRTS has several advantages over other known techniques such as time-resolved
luminescence, transient absorption and four wave mixing in determination of material’s
dynamical properties. It is helpful in determining the carrier dynamics of direct and indirect
bandgap materials, while luminescence technique is restricted to only direct band gap
materials [8]. It can also probe the material properties evolving with frequencies whereas four
wave mixing and transient grating are unable to determine the frequency dependent properties.
Moreover, it can be used to study the intraband relaxation as well as interband recombination
dynamics of excited carriers in materials on ultrafast time scales [9]. As compared to X-ray
imaging, THz imaging has several advantages such as increased in image contrast, chemical
identification, and reduced risk of radiation exposure [10]. Additionally, THz radiation finds
potential applications in the areas of defense security, astronomy, biomedical science,

telecommunications etc. [5,11-18].

The distinct properties and innumerable applications of THz radiation has motivated us to carry
out research on generation, detection, and characterization of THz radiation from different
materials. There are several challenges associated with the detection of THz radiation in real time
measurements. One of the most common reason is the absorption due to presence of water
molecules in the atmosphere that restricts the use of THz radiation in  detection, spectroscopy

and imaging to shorter distances [19-21]. This limitation can be overcome by increasing the
1



sensitivity of THz detector, selection of frequency in air windows and increasing the emission
efficiency (or using powerful THz sources). Hence, there is need to develop high power sources
and sensitive detectors in THz domain. Our main objective is to generate efficient THz radiation
using different types of optical techniques in some selected organic and semiconductor nonlinear
materials. Finally, the generated radiation is employed in spectroscopy of HEMs and other

organic materials.

THz radiation can be generated and detected using different types of electronic and optical
techniques [22-25]. Among them, optical rectification, photoconductive switching, and focusing
of ultra-short pulses in air and semiconductor surfaces are some of the widely used generation
techniques [26,27,36,28-35]. The photoconductive and electro optic sampling are some of the
prominent coherent detection techniques. Bolometer, Pyrometer and Golay cells are some of the
incoherent detection devices. In this thesis, we have employed ultra-short pulses based optical
techniques for generation, detection of THz radiation from some selected nonlinear organic and

semiconductor materials [37].

Microwave Infrared Visible

Figure 1.1. Electromagnetic spectrum — THz neighbors

THz radiation is spread over the spectral region, commonly known as the far-infrared region.
However, it occupies the position between microwave and IR (optical) of the electromagnetic
(EM) radiation. In terms of frequency, it is between 100 GHz to 10THz range. Figure 1.1 Shows
the EM spectrum in terms of frequency. THz frequency has low energy and non- ionizing in

nature that makes THz-TDS an attractive and non-destructive technique.



Frequency | | |

f 0.1 THz 1 THz 10 THz
time | |
T=1/f 10 ps 1ps 0.1 ps
wavenumber | | |
k=f/c  33cme 33 cm! 333 cm
wavelength | | |
1= c/f 3mm 300 um 30 um
Photon energy | | |
E=hf 410 pev 4.1 meV 41 meV
Temperature | | |
E= hf/k
f/ks 4.8 K 48 K 480K

Figure 1.2. Terahertz plotted in the units of frequency, wavelength, wavenumber, photon energy,
equivalent temperature.

Figure 1.2 presents the detailed classification of in terms of wavelength and energy (eV). For
example, 33.33 cm™ wavenumber is equal to 300 um wavelength correspond to photon energy of
4.1 meV [38]. THz wavelength and energy covers the wide range of rotational -vibrational
transitions of molecules, which includes both intra intermolecular and intra molecular, motions
of molecules bonded by hydrogen and torsional motion of attached functional groups. Visible
and NIR photon energy is of the order of few eVs which is very much less than THz photon
energy (4.1 meV), even band gap energies of semiconducting materials are one thousand times
higher than the terahertz energy. Thus it is so improbable that the sample would ionize dissociate

under the influence of THz radiation.

For the sack of generating THz radiation and scaling of optical and electronic devices needs
special approach which includes proper information of lifetime of charge carriers, resistivity,
band gap, phonon band, transmission, refractive index, absorption coefficients, damage
threshold and easy to grow good quality non hygroscopic materials. Therefore, the selection of
optical material is one of the most important tasks. Alternatively, it is not a judicious way to
employ all types of optical materials as a source of terahertz generation. In addition, several
researcher groups have put attention to develop other new techniques like free electron lasers,
synchrotrons and narrowband QCL (quantum cascade lasers) for wideband THz generation.
However, use of ultrafast pulsed lasers in generation of THz radiation is part of a coherent

technique with good Signal-to-noise ratio(SNR).



1.1 Terahertz Generation and Detection from different

types of optical non-linear materials

1.1.1 Terahertz Sources

Terahertz radiations is generated from different types of optical devices such as, ultrafast
photoconductive switching of antennas, optical rectification in nonlinear crystals, CO, lasers, two
color mixing in air plasma, semiconductor substrates etc. Based on a few important factors like
incident laser power, spectral bandwidth, pulse duration and we opted to select

photoconductive(PC) antennas and Crystals as a THz source and detector [39,40].

1.1.1.a Details of Photoconductive antennas (PC)

A Photoconductive antenna is made of SIGaAs /LTGaAs semiconductors. It consists of two
parallel metal electrodes separated by a very small gap (5-10 microns) on a semiconductor
substrate [41,42]. The two metal electrodes are biased using external voltage (~10 V) creating a
very high electric field. When ultrafast laser pulses are of the order 100 fs, their energy typically
is near to the bandgap and incident in the gap of semiconductor materials that help to generate
photo charge carriers. These freely generated photo charge carriers get accelerated under the
influence of biasing field causing transient photocurrent J(t). This, time-dependent current
produced due to acceleration of charge carriers emits radiation falling in Terahertz range given
by the following equation [43,44]
E(nt) =~ rx| rxd®

Are,Cr®

(1]

However, carrier lifetime, effective mass, breakdown of materials limits the bandwidth and
power of THz radiation emitted. In addition to semiconductor material, the designing aspects
such as separation gap between metal electrode or plates, type of electrode shape, also plays a
key crucial in THz emission. A variety of designs like Dipole, Bow-tie, Strapline also have been
used. Antennas having large gap require high bias voltages that limits the bandwidth of
generation, so small gaps are preferred to get high bandwidth and vice versa in case of power is
concerned. In the present study we have used an inter-digital photoconductive antenna

(BATTOP iPCA-21-05-300-800-h) depicted in Figure 1.3 iPCA consists of multiple strips at
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constant gaps and with array of antennas. Laser beam diameter of ~1 mm was allowed to fall on
iPCA, a micro lens array was used to focus the incident Laser beam into the gaps of electrodes

array that leads to maximum utilization of laser energy falling on the antenna surface [45].

lens arrav

el

A A / gold electrode

GaAs chip with LT GaAs fast absorbing layer

Figure 1.3. PCA antenna structure

It was noticed that 2 uW of THz power was emitted from the antenna using 100 mW power
from incident laser. The antenna can sustain up to 500 mW of incident laser power and radiates

between 0.1 — 3 THz range.

1.1.1.b Terahertz Generation through optical rectification

Terahertz generation from Photoconductive antenna/switches requires incident energy of
radiation of the order of bandgap of semiconductor material whereas THz generation from
nonlinear crystals has no such limitations. THz generation from optical rectification is a robust
and simple technique. In conventional electronics the process of conversion of AC current into

DC current is known as rectification. Similarly, in a nonlinear crystal a varying electric field
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component of optical signal induces a DC polarization, this phenomenon is called Optical
rectification [46—48]. In Dielectric medium, the applied electric filed (E) and induced polarization

(1—5) are linearly related but when electric field strength is high compared as to atomic field (~ 105
to 108 V/m), the relation is no longer linear. If the medium is transparent for small electric fields
it can be treated as a source of linear susceptibility as the number of photons increases, its
intensity increases and nonlinear effects come into the picture which can be represented as

Taylor expansion of the polarization

(2]
Where y1 is the linear susceptibility and y2, ¥2 are the second and third order nonlinear
susceptibilities respectively. Optical rectification is a second order process, if E(t) is the electric
field component of applied optical electric field component also assuming it contains two
frequency components w; and wy,

E(t)=E,e ™ +E,e "™ +C.C. 5

The second-order polarization is directly proportional to

P* ) oc | Efe ™ +Ej e M 4+ 2EE,e 1 4 2EET,e 1M . CC. |

+27°| EE, +EE, | “

where C.C. represents the complex conjugate of all the components. The resultant frequency
components of the polarization enclose Second Harmonic(SH), Sum Frequency E (wit+ w2)
(SFG), difference frequency E(wi-w:) (DFG) of Ei and Ea. Optical rectification is a special case
of comment corresponding to E (wi-wy) generates the DC polarization whose duration lies in sub

picoseconds when exited with ultrafast pulses.

Essentially, the generated THz is related to derivative of second order polarization.

O°P(t
B, (1) o< atg( )

[3]
Hence the generated THz is related to second order derivative of the pulse [49]. THz frequencies

can be considered as DFG with all the spectral components of the laser pulse. Figur:1.4 a)

represents the slowly varying envelope approximation of Gaussian pulse and Fig. (1-4) b) is the



shape of second order derivative of pulse. However, the detected shape of THz pulse need not

be in

Figur:1.4. Optical pulse (blue) brings a polarization density of Gaussian shape (red) b)
Generated Terahertz pulse from polarization

the form of Figur:1.4 because pulse shape modification is caused by properties of detection
medium such as absorption and dispersion. In addition, the group velocity dispersion and
refractive indices are also the function of frequency. When a laser pulse travels from the
nonlinear medium, due to dispersion its group refractive index is different from actual optical
refractive index of the generated terahertz. As a result, they propagate with different velocities.
The efficient THz generation can be achieved, if generated THz is in phase with optical pulse,
this is called velocity matching condition. The effective interaction distance traveled by optical

pulse and THz is known as coherence length and is calculated using following equations

L _ ATHZ

C
2(ngl’0up - If]THZ) [6]
Where ngoup is given by:
ngroup = r]optical _Mﬂ’o tical
7] ptical
a optical [7]

Hete Aopuical, Nopiica are the wavelength and refractive indices of pump beam.

1.1.2 THz wave detectors

The generated THz radiation is detected by different types of mechanism and detectors. Mainly,

there are three type of detectors used for THz detection, 1). photo-conductive detection (PC
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Sampling), 2). Electro-optic detection (EO sampling). 3) Pyro detector. In first two techniques,
probe pulses are scanned in time-gated manner for detection of generated THz signal.
LTGaAs/SIGaAs semiconductors ate used in PC sampling technique, whetreas E-O sampling is
a nonlinear crystal based technique that works on the principle of Pockels effect. In the present
thesis, we have employed both these techniques along with incoherent pyro techniques for the

detection of power of THz radiation.

1.1.2.a Photo-conductive detection

The working principle of photo-conductive sampling is different from the process of THz
generation using nonlinear crystal. In this process, designed antenna on the semiconductor
substrate is illuminated by both probe beam and generated THz beam simultaneously as shown
in the Figure 1.5. The optical probe pulse generates free electron-hole pair in the
photoconductive antenna material. In the absence of THz the charge carriers generated by probe
pulse recombine without moving to electrodes of the antenna, so no photocurrent is generated.
The charge carriers are swept by electric field vector of incident THz radiation produces

photocurrent [50,51].

- Semiconductor
Substrate

THz pulse

I Optical Pulse
Lﬂ/fw—

Electrodes

Figure 1.5. THz detection using PC sampling

As the time span of carrier lifetime is shorter than terahertz pulse the measured photocurrent is
function of THz amplitude at a particular instant of time, so this method is called as

photoconductive sampling. The photocurrent is recorded with the help of Pico ammeter coupled
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with lock-in amplifier. By synchronizing probe pulse and THz pulse the profile of the THz is

recorded.

1.1.2.b Electro-optic detection

Femtosecond short pulses from the same laser are used for both THz generation(pump) and
detection(probe) purposes. The generated THz beam from pump pulse is directed with the help
of 8 numbers of parabolic mirrors (OAPM) sets are used for collection of generated THz
radiation and focusing it on the detector. The transmitted THz beam through the sample is
focused on a non-linear ZnTe crystal for detection. The probe beam passes via the ZnTe crystal
to detect the THz radiation. By changing the delay time of the visible probe pulses and THz to
the ZnTe crystal, the generated THz beam is directed to combination of quarter wave plate,
Wollaston prism, balance photodiode [52,53]. The optical signal is converted into electrical signal
which is weak in nature. Therefore, preamplifier coupled with lock-in -amplifier is used for
removing the noise and amplifying and averaging of signals arriving in the same phase. In the
end, it is dispatched to the computer for recording of time domain signal. The role of quarter

wave in absence and presence of THz radiation. Figure 1.6 (a)

Wollaston Prism

A ’
+ InTe A4 plate

‘Wollaston Prism

Figure 1.6. THz detection using Electro-optic sampling.

In the absence of THz signal, the polarization of optical probe beam remains unaltered after
passing through the ZnTe and quarter wave converts the plane polarized light in to circular

polarized light and Wollaston prism splits the circular polarized into two equal but cross



polarized parts. As a result, detector remains in balance position and output signal is zero.
However, as shown in Figure 1.6 (b) in presence of THz, due to E-O effect the ZnTe crystal
rotates the polarization of probe beam into circular polarized and quarter wave plate converts
the circularly polarized light into elliptical polarized and Wollaston prism splits elliptical polarized
probe beam into two unequal parts and now photodetector gets unbalanced and output electric
signal which is also the signature of generated THz is recorded by the computer. the quantity of

change within the polarization is proportional to the field energy of the THz radiation
1.2 Data collection

The lock-in amplifier gathers records from feature generator and the balanced photodiode and
transfers to the statistics acquisition software developed the usage of Labview software
program [54]. The software program allows variant in segment and amplitude of THz signal with
admire to the put off time between pump and probe beam. At zero delay, we can see noise free

amplified time domain signature peak of THz signal is recorded.
1.3 THz Applications

Terahertz part of electromagnetic spectrum is now widely explored for recording of
characteristic signature of explosives, pharmaceutical, etc. [55-57]. However, majority of
explosives are organic polymers but due to presence of different functional groups and
orientation and rotational vibrational modes. As a result, they provide their signature in different
THz region [58—060]. THz spectroscopy has several advantages over common spectroscopic

techniques.

In addition, THz can be used for both qualitatively and quantitatively identification of molecules
very accurately. According to Beer-Lambert law the absorption is proportional to concentration
of substance under study. THz spectroscopic techniques can also be used for identification and
detection of explosives mixed in soil. The mechanical strength of rubber polymers with organic
and inorganic fillers can also be evaluated. It has potential application in food quality assessment

and water and toxic chemical transfer in vegetables and fruits.

THz imaging by time domain spectroscopy is another fascinating area of research particularly in
case of imaging of historical artefacts, biological samples and explosives and drugs under
concealed condition. In this technique the desired object is illuminated with THz radiation. By

measuring the temporal delay in the reflected signal the mapping of image will be carried out.
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The refractive index of each layer of the paint material is different causes delay in the reflected
signal. THz radiation is completely harmless so T- ray imaging can be treated as good alternative

to the X-ray imaging which is ionizing in nature [61].

In this thesis, we mainly focused on the generation, detection and time domain spectroscopy of
THz radiation from different types of sources such as photoconductive (PC) antennas, organic
and semiconductor non-linear crystals. A multipurpose experimental setup which can be
modified to perform THz generation, spectroscopy, TRTDS. In addition, the radiation emitted
from these sources was compared with previously reported results. Apart from this, THz
radiation was used to investigate the absorption properties of High energy materials and effect of
temperature on spectral properties was studied. Finally, the designing and fabrication of band-
pass filters in THz was carried out. These filters were used to perform the spectroscopy at

different bands. The present thesis is organized as follows:

In case of non-linear crystals, the characteristics of emitted THz radiation were studied as a
function of laser parameters and crystal growth conditions. The emitted THz amplitude and
bandwidth from different non-linear crystals were compared. The effect of growth solvent on

nonlinear properties of the crystal has investigated.

The time domain spectroscopy of emerging secondary high energy materials was carried in pellet
form. The results were compared with Density functional theatrical studies. The effect of

temperature on shifting of absorption peaks, change in the refractive indices was deliberated.

Metal mesh bandpass filter were designed and fabricated using CST microwave studio, UV
lithography process. They were tested THz spectrophotometer was designed using Low
temperature gallium arsenide (LT-GaAs) PC antennas, pyroelectric detector. These band-pass

filters were used for measuring the absorption properties at selected frequencies.

The thesis comprises seven chapters, which describe aforementioned studies. The organization

of the thesis is provided in the following.

Chapter 1: Introduction

In this chapter, we briefly discussed the fundamentals of THz radiation and its properties. The
description of various sources and detectors of THz radiation are included. This chapter also
discusses the fundamental mechanisms responsible for THz generation from PC antennas,
semiconductors and non-linear crystals. A short description on detection techniques such as PC

sampling, electro optic sampling is also incorporated. Furthermore, a brief introduction to THz
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time domain spectroscopy, plasmonics in THz rage was discussed. This chapter concludes with

brief discussion on the THz applications.

Chapter 2: Experimental details

This chapter mainly focuses on the details of laser systems, devices and optical components
employed for THz generation, detection and spectroscopic applications. The details of laser
assets used for the experiments and ultrafast pulse characterization methods which includes
intensity autocorrelation are explained. The experimental setup used for THz spectroscopy in
reflection and transmission mode. In addition to above, incoherent method of Pyroelectric
detection for the measuring of Terahertz power is discussed. Computer Simulation Technology

Microwave Studio (CST-MWS).

Chapter 3: Evolution of some nonlinear crystals for THz generation

This chapter discusses the effect of laser parameters and growth process on THz generation,
detection and its enhancement from different types of non-linear crystals. The THz emission and
efficiency of generated THz varies with nature of solvents. Terahertz generation and detection
using coherent and incoherent technique from different type of nonlinear crystals and effect of
precursor growth solvent on nonlinear properties of crystals. Different types of organic and
inorganic crystals were studied to generate THz using femtosecond pulses of 800 nm
wavelength. We present the Terahertz absorption coefficients, refractive indices in relation with
phase matching connections. Optimized conditions for the efficient THz generation from
crystals and a comparison with the reported literature are discussed. The THz generation
capability of another indigenously grown organic crystal named BNA (N-benzyl-2-methyl-4-nitro
aniline), which is grown in four different solvents is studied using 140 fs laser pulses. We

employed BNA, OH1, LAP, for the study.

Chapter 4: Terahertz Spectroscopy and Density Functional Theory Studies of
Nitro/Nitrogen-Rich Aryl-Tetrazole Derivatives

This chapter presents have a look at of THz-TDS covers the spectral vicinity of 0.1- 2.5 THz or
5-100 cm-1, which has low photon power and non-ionizing portion of the electromagnetic
spectrum. Spectra are recorded in a time-area configuration where broad-band pulse of THz
electromagnetic radiation passes via a sample and detected using the EO sampling approach.
This methodology gives a direct dimension of the time-of-flight of THz radiation from the
sample and, evaluation of consequences infers direct way to measure interactions among the
transmitting THz and the sample. This chapter describes the THz-TDS study of newly
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synthesized aryl-tetrazoles derivatives. The effect of functional groups attached to tetrazole
moiety on the energetic properties is discussed. The THz-TDS experimental results are
compared with DFT studies at molecular (using G-09) and single crystal level (using plane wave
pseudopotential PAW) method). The obtained vibrational frequencies and linear optical
properties are found to have good agreement with the experimental data in THz regions and

UV-Visible.
Chapter 5: Temperature-Dependent Terahertz Spectroscopy of Explosives

This chapter reports the temperature dependent time domain terahertz spectroscopy(ITDS) of
the premium aqua-soluble and plastic explosives RDX, TNT, NH4NO;, and between 0.1 and 2
THz. The temperature dependent spectroscopic study changed into completed between 30°C
and 200°C in a specially designed oven. The signature peaks of TN'T and RDX at 1.60 and 0.82
THz, respectively. It indicates sizable redshift, while the NH4NO3; molecule indicates small shift.
The observed excessive-temperature-based totally Redshift phenomenon is just the opposite of
the blue shift pronounced at low(cryogenic) temperatures. In addition, the temperature-based
absorption coefficient information of these molecules aid the change inside the awareness of the
NO; molecule that's inconsistent with our institution suggested primarily based on photoacoustic
spectroscopy. The temperature established refractive indices of these molecules among 0.1 and 2
THz were calculated. subsequently, to apprehend the sensitivity of the spectrometer signature
height of RDX with recognize to the decrease inside the weight attention of RDX within the

Teflon matrix is studied
Chapter 6: Designing and fabrication of band pass filters for THz spectroscopy

This chapter deals with designing of bandpass filters in THz region using CST microwave studio
at different frequency with sharp bandwidths on silicon, polyimide substrate. Metallic hole array
on a dielectric substrate technique used to achieve band pass action. The fabrication was carried
out using UV lithography process. The filters were tested in THz spectrometer. These bandpass

filters used to study the spectroscopy of high energy materials.
Chapter 7: Conclusions and Future-scope

This Chapter summarizes the thesis work and discusses the destiny scope on explorations of

optical materials for THz enhancement and their subject packages.
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Chapter 2 Experimental techniques

CHAPTER 2 : Experimental techniques

This Chapter Comprises the details of different types of experimental and simulation
techniques used for analysis and evaluation of optical materials in THz domain. It consists
of information about the laser sources used for the experiments and intensity
autocorrelation. The mechanism of terahertz generation, detection and its artefacts are
discussed in detailed. In addition, incoherent technique for THz detection using
Pyroelectric detector is also discussed. Finally, the use of mechanism of FDTD solver
workflow Computer Simulation Technology Microwave Studio (CST-MWS) for designing of

frequency selective surfaces is discussed.
2.1 Ultrafast laser sources

All the experiments carried out were performed on following Laser sources

1. Coherent Chameleon Ultra-II (Oscillator)
2. Coherent LIBRA (Amplifier)

2.1.1 Chameleon Ultra-II (oscillator)

Coherent Chameleon Ultra-1I laser is compact, tunable form visible (680 nm) to NIR (1080 nm)
region, and laser pulses having of duration ~140 fs at repetition rate of 80 MHz. The average
power of pulse at 800 nm is 4 mW. Major parts of laser are laser head, power supply, Chiller,
miniature-recirculating unit (MRU). The Schematic of Laser includes Verdi, Verdi pumped
ultrafast (VPUF) laser head, and power track mirrors as shown in the Figure 2.1. Verdi laser
comprises Neodymium vanadate (Nd: YVOy) as gain medium and pumped by fiber optic in dual
end pump geometry. A type-I cut non-critically phase matched LBO crystal is used for second
harmonics generation maintained at 150 "C. The Pump power track (PPT) mirrors mounted on
piezo operated in feedback loop electric transducers (PZT) guides the Pump 532(nm) beam
coming from Verdi leaser into VPUF. Inside VPUF a cavity, power track mirrors (CPT) align the

Laser pump beam into cavity.
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Figure 2.1. Chameleon Ultra II Laser Head (image adopted from coherent manual)

The temperature of the baseplate inside UPUF is maintained at 20 °C by circulating pre-mixed
solution using chiller situated outside. Ti:sapphire is used as gain medium which emits ultrashort
femtosecond pulses using Kerr Lens Mode locking technique. Kerr lensing is a phenomenon in
which refractive index of medium varies as a characteristic intensity Chameleon laser tunability is

achieved by changing the cavity length.
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Figure 2.2. Output spectrum of Laser at 800 nm

MRU is used for conditioning, cleaning and maintaining the humidity inside the laser system. An
in-built spectrometer is attached to Laser head for monitoring the wavelength emitted from the

laser. A simple GUI provided by manufactures displays the output and controlling operation.
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The Chameleon oscillator emits the maximum output power at 800 nm, at line width (AA) ~ 6.2
nm at FWHM. Figure 2.2 shows the output spectrum of at 800 nm recorded using Maya 2000

Pro spectrometer.
2.1.2 Coherent LIBRA (amplifier)

Coherent LIBRA is a compact oscillator cum regenerative amplifier laser system. Its major
components are Optical bench assembly, synchronization & delay generator (SDG), Power
supply to Vitesse and evolution, chiller. The optical bench assembly comprises four modules,
they are (a)Vitesse seed laser (b) Evolution pump laser, (c) and (d) Regenerative amplifier (RA)

along with stretcher and compressor.

2.1.2.a Vitesse seed laser

The schematic of Vitesse is identical to Chameleon laser except for cavity power track mirrors as
show in Figure 2.3. Vitesse is a Ti: sapphire oscillator laser pumped by a green coloured diode
laser (Coherent Verdi) with a power of 2-5 W. Verdi includes vanadate (gain medium), LBO
(second harmonic crystal), an Etalon, two pump mirrors, two cavity end mirrors and an

astigmatic compensator as shown in the Figure 2.3.

Neodymium Yttrium Orthovanadate (Nd:YVOy), generates a wavelength of 1064 nm. Lithium
triborate (LBO) NLO crystal generates second harmonic of 1064 nm (i.e. 532 nm, green color
allowing efficient absorption via the Ti:sapphire crystal. LBO crystal is maintained at 148 °C with
the aid of resistive heater. The Etalon is placed in the cavity to avoid the unwanted modes of
getting locked. The vitesse is proficient in emitting 50 fs pulse width with power of 150 mw
having 60 nm bandwidth at 80 MHz repetition rate. Femtosecond pulses are generated using
Kerr lens mode-locking Technique. The Kerr effect is a nonlinear phenomenon in which crystal

medium experiences different refractive indices for different intensities.

n=n,+n,l

©)

Here no and n; are the linear and intensity dependent refractive indices receptively.

If the intensity distribution of EM field in the incident laser beam is not uniform, then higher
intensity based refractive index will be needing more focusing action. This phenomenon is called
Kerr lensing Effect. Due to Kerr lensing effect, only higher intensity modes are allowed to build

in the cavity. As a result, the spectral bandwidth of output laser pulses will increase and
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temporally shorter pulses are produced. The generated ultrashort femtosecond pulse directed to
amplifier to increase the intensity of laser beam. Amplifier consists of 1. Pulse stretcher, 2.

Regenerative amplifier (RA), 3. Pulse compressor.

Astigmatic
Compensator

[1] 1]

|- 1
Optical Etalon
Diode

Green
Output

Figure 2.3. Verdi laser head schematic (image adopted from coherent Manual)

2.1.2.b Optical pulse compressor and stretcher

Optical path flowed in pulse compressor and stretcher shown in Figure 2.4. The stretcher (and
compressor) has grating(SG) which changes the velocity of blue frequency components of beam
faster than red frequency so that the pulse undergoes positive chirping (similatly negatively
chirped in compressor). The input pulses fall on grating(SG) which scatters the beam and sends
to the SM3 mirror. The SM3 introduces vertical displacement in the optical path and reflects
towards mirror (SM4) where it hits back below the point of first incidence. The Reflected beam
again directed to grating. This time beam propagates toward the lower mirror of the vertical
(SM5-06) retro-reflector. After upper retro mirror SM6 beam follows same path (SG-SM3-SM4-
SM3-SG) for four times. The straight-up height is re achieved after the fourth pass and is
directed to SM7 mirror, which directs to regenerative amplifier. The compressor does exactly
reverse action produced by a stretcher. The Amplified pulses from RA reaches to compress
grating (CG) and follows the path CG-CM2-CM3-CG-CM4-CM-5-CG-CM3-CM-2-CG-Output
port (CM4, CM5 are the vertical retro mirrors). Beam profiles after each pass are shown Fig. (2-

4).
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Figure 2.4. Optical layout of stretcher and compressor of LIBRA amplifier (image adopted from
coherent Manual)

2.1.2.c Regenerative Amplifier

Regenerative amplifier (RA) is a multiple pass amplifier consists of a Ti:sapphire crystal fed with
an Evolution (Nd:YLF) as a gain medium which is pumped by AlGaAs (Aluminium Gallium
Arsenide) diode laser arrays, of 527 nm wavelength at 1 KHz repetition rate. The Optical
arrangement of RA is depicted in the Figure 2.5. The amplification process begins after excitation
of Evolution. The stretched pulses with S- polarization (vertical) are directed to the Ti: sapphire
rod and reflected to end mirror RM2 and into RA cavity. Since the repetition rate of seed, pulse
is different from prepetition rate of the amplifier most of the pulses do not get amplified. To

avoid that, in Libra the injection as well as ejection of pulses is controlled by Pockels cell (PC).

Figure 2.5. Schematic of Regulative Amplifier (image adopted from coherent Manual)
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When voltage is applied to the Pockels cell, it behaves like a quarter-wave plate. For double pass,
a total rotation of 90° is achieved. The amplification occurs as follows. In the first step, pulse
entered into the cavity go for double pass though RWP and converts into a P- polarized. Now,
this pulse passes through multiple round trips (~15) between PC1 and PC2 to get amplification
in the gain medium. When voltage is applied to PC2, the amplified pulse gets back to S

polarization and reflects from RP towards RM5.

2.1.2.d Synchronization and Delay generator (SDG Elite)

The regenerative amplifier needs an accurate harmonization of source, Amplifier pump
(Evolution), and Pockels cells which regulate the entering and leaving of pulses. The SDG Elite
provides adjustable delay for Pockels cell with respect to input seed and pump pulses. All the

delays can be operated at pump frequency or it’s inters in form of submultiples.

Table 2-1 Specification of Different lasers

Chameleon Libra
. . Ultral-1I Vitesse(Oscillator) Amplifier
Specifications (Oscillator) (Amp )
Pulse width ~ 140 fs ~50 fs ~351s
Maximum Output power 4 W @ 800 nm 300 mW 4 W
Repetition rate 80 MHz 80 MHz 1 KHz
Polarization Horizontal Horizontal Horizontal
Beam diameter ~(1.2 £0.2) mm ~(1£0.25) mm ~14 mm

Different Coherent laser sources use in experiments and corresponding specifications are

tabulated in Table 2-1 [1-3].
2.2 Measurement of pulse width of ultrashort pulses

It is a challenging task to measure the pulse width of a sub-picosecond or femtosecond pulse
with the help of photo diode. The difficulty occurs due to the response time is far higher than
temporal width of pulse leads to violation of basic thumb rule which states that least count of
yardstick must be smaller than being measured. The available fastest photodiode has limited

response time about 10 ps, but generated pulse rise time is of the order of 0.2 picoseconds.
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Therefore, it is difficult to measure ultrashort pulses having pulse duration below 200 fs with
electronics and there is no direct method to measure the duration of laser pulse below sub-

picoseconds [4-9].

The solution to the problem is to use the ultrashort pulse itself to measure the pulse width
interfering. This technique is called autocorrelation and it is easy and most affordable technique.
Apart from this technique we will use different state-of-the-art techniques like frequency
resolved optical gating (FROG), spectral phase interferometry for direct electric-field
reconstruction (SPIDER), Streak camera, and so on., the various existing strategies
autocorrelation is the best technique to degree the pulse duration of ultrafast pulse [9-12].
However, phase information of the pulse is not obtained in this technique. Autocorrelation setup
is a modified version of Michelson interferometer in which two beams were allowed to interfere
in a nonlinear medium, resulted second harmonic is recorded [13,14]. Figure 2.6 depicts the

autocorrelation setup.

Pulse
k E?EPEI,ﬁ{gr
X

Variable
€a% " parabolic
\ Mirror [Detector
Detector E(r)
E, (1 :
valf?) BBO -I—A Parabolic
crystal E(t—2) Mirror

Figure 2.6. Experimental setup for autocorrelation experiment.

The incident laser beam is divided into two parts i.e. I(t+r), I(t) of different intensity using a
beam splitter. The variation in the delay between two beams was achieved by allowing reflected
part of pulse through a linear translation stage. Two beams are focused on B-Barium Borate (BBO)
crystal and the strength of emitted SHG blue light signal by varying time delay is measured using
Energy meter. The generated signal appears in between the two fundamental (800 nm) beams as

shown in Figure 2.7.

The strength of produced SHG is related to overlap of pulses inside the medium. A second
harmonic Autocorrelation signal appears at the center of two fundamental beams. The strength

of the generated SHG depends upon the overlap of pulses inside the nonlinear medium (BBO).
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[2 1)1t + T)dt
INNIGUOLE (2)

AC(7) =

However, when ultrashort pulse travels through the dispersive medium with different refractive
indices such a BK7 glass, BBO also even during its travel it undergoes dispersion resulting

variation in the group velocity in the spectral components of the pulse [15].

. (A)
Beam 1 Beam 2 Beam 2 Beam 1 A
Negative Delay Zero Delay Positive Delay
Autocorrelation
(B)
Beaml . 3 Fundamental Beam (800 nm)
. . Autocorrelation Signal (400 nm)
BBO Crystal . Fundamental Beam (800 nm)
Beaml

Figure 2.7.(A) Temporal evolution of autocorrelation signal. Here red and blue pulses represent
fundamental and second harmonic respectively. Beam2 remain fixed while beam1 traverses beam
1. The intensity of the AC signal increases as the overlap of fundamental beam

This is called group velocity dispersion (GVD). The GVD causes temporal differences in the
spectral components of pulses known as frequency chirping [16,17]. Figure 2.8 depicts the
autocorrelation data obtained for LIBRA amplifier and Chameleon Oscillator after performing
Gaussian fit. We obtained the FWHM to be 131.5431 fs, 205 fs respectively. The relationship

between FWHM of measured intensity autocorrelation (At ac) of the pulse and the FWHM of

laser pulse duration (At,) for Gaussian shape is given below

Atp = Aty X 0.707 2)
A Gaussian pulse remains as Gaussian in the medium but stretches as it travels a distance L.

Temporal broadening can be calculated by using eq. (3)

B = {1 + [4 In2 xGVDxL]Z}O'S 3)

Atinz
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The valves of second order dispersion coefficient or GVD at 800 nm for BBO and BK-7 glass
were 74.735 fs2 /mm and 45 fs2 / mm respectively. Calculated value of B for BBO and BK-7
are 1.012 and 1.0270 by substituting B value in formula [18, 15, 19].

At
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Figure 2.8: Intensity autocorrelation Signal a) Libra b) coherent chameleon Ultra-II

Estimated pulse durations of LIBRA and Chameleon laser pulse are 89 fs, 145 fs respectively by
intensity autocorrelation. Figure 2.9 represents the intensity autocorrelation signal. The two
Bright beams show the fundamental beams and center blue spot is the generated autocorrelation

signal at zero dely.

Figure 2.9. The image of Intensity autocorrelation.
2.3 Terahertz Experimental setup details

This section mainly focusses on the Various Terahertz generation and detection techniques

used. Most part of the thesis deals with generation and detections with antenna, nonlinear

26



Chapter 2 Experimental techniques

crystals or vice versa [18—21]. Figure 2.10 shows the multipurpose experimental setup which can

be modified to one of the flowing.

1. Terahertz time domain spectrometer (Transmission and Reflection mode).
2. Terahertz Generation and Detection.

3. Optical pump Terahertz probe spectrometer

Table 2-2: THz sources and detractors used in present thesis

S.no THz Source Detection system
1 ZnTe (2 mm, cut<110>) (Inorganic | 1. Electro optic sampling
crystals) 2. PC sampling
3. Pyroelectric detection
2. BNA, OH1, LAP 1. PC sampling
(Organic crystals) 2. Pyroelectric detection
3 PC antenna(strip-line, gap~5um, 1. Electro optic sampling
length~20pum

2. PC sampling

Schematic illustrates the optical layout of a THz generation and pump-probe setup. Mode-locked
Ti: sapphire polarized laser pulses with 140 fs duration, 4000 mW average power and central
wavelength of 800nm at 80 MHz repetition rate. The laser beam first passed through attenuator
(combination of half wave plate followed by a brewster window) was split into two parts by
90:10 beam splitters (BS1). The reflected (90) beam is further split into two parts falls by
allowing to fall on a 30:70 beam splitter (BS2). The reflected part sent to a retro alignment on a
Thor lab linear translation stage (Model No. NRT 100/M). The pump beam was chopped by
mechanical a chopper (C) and focused on THz source (NLO crystal/ PC antenna) using a 50 cm
convex lens(LL1). Four half axis parabolic mirrors PM1, PM2, PM3, PM4 having diameter 50 mm
and focal length 150 mm were employed in f - 2f- 2f - 2f — f form to focus and collimate
generated THz. Usually, sample kept between PM2 and PM3. PM4 focuses the THz radiation on
the ZnTe crystal where it gets mixed with probe beam. The transmitted part from BS1 used as
probe for the detection. Delay variation between two beams was achieved by allowing reflected
part of pulse through a linear translation stage (Model No. NRT 150/M) followed by Electro
optic sampling (described in chapter 1) used for terahertz detection. Lock-in amplifier (Model
No.SR 830) was used to enhance the SNR synchronized with motorized chopper rotating at 1.568

kHz.
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Figure 2.10. Multipurpose Experimental Setup highlighting the schematic of coherent THz detection
based TRTS, TDS system and THz generation and detection using nonlinear crystal or antenna (L-lens,
C-mechanical chopper, PM- parabolic mirror).

Transmitted part from BS2 used for sample excitation (by keeping a BBO crystal the path 400
nm pump) as an optical pump for optical pump THz probe(TRTS) experiments. The optical
path lengths of all the three beams, i.e. THz generation Pump, Sample excitation pump (TRTS),
probe are adjusted to zero delay at detector ZnTe crystal, this was achieved by putting a BBO

crystal.

Figure 2.11 depicts the Zero delays signals obtained by all the three beams. (Left to right) First
blue autocorrelation signal corresponds to THz generation Pump and probe. The second bright
blue spot is the signal for (middle and right) THz generation Pump and Sample excitation pump,
there is another blue (dominated by middle not clear in this picture) corresponds to left and right

i.e. between probe and sample excitation pump.
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Figure 2.11. Zero delay obtained among all three interacting beams.

So the experimental setup shown in the Figure 2.10 can modified to all the four possible
combinations of generation and detection interchanging the positions of crystals and PC
antenna. In the present thesis by keeping the detection sensitivity and signal to noise ratio in
mind we have employed generation using crystals and detection using PC antenna
(photoconductive sampling) for the study of different types of organic crystals [22—-20].
Generation using PC antenna and detection using crystals (EO sampling) for terahertz time

domain spectroscopy [27-29].
2.3.1 Crystals based generation and detection using PC antenna

The modified experimental arrangement for the detection of THz radiation from NL crystal
using PCS is illustrated in Figure 2.12 which was obtained by the following modifications to
setup shown in Figure 2.10.

1. The sample excitations pump (Reflected part of BS1) used as pump for THz generation.

2. By replacing ZnTe crystal with a PC antenna for PC sampling detection.

THz pulses produced from NLO crystal sources was collimated and focused by P1 and P2
parabolic mirrors on to the PC antenna. The PC antenna output was joined to low noise current
preamplifier that was fed to voltage input channel of lock-in amplifier for measuring the strength
of THz induced voltage [20,30-32]. The output of lock-in amplifier and delay between pump
and probe beam stage were connected to the computer. The THz waveforms were recorded with

respect to stage delay using program written and executed with Lab-VIEW software.
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Chameleon Ultra Il
(140 fs , 80 MHz)

Figure 2.12. Experimental schematic of THz generation by crystals and detection using PC
antenna

NLO crystals are robust, they can be used in amplifier laser systems as well as oscillator lasers.

PC antennas are not suitable for amplifier systems as their damage threshold is low [33].

2.3.2 Modified THz spectroscopy Setup

THz spectroscopy was performed in two modes namely 1. Transmission mode 2. Reflection

mode.

2.3.2.aTransmission mode

Figure 2.13 (a) shows the transmission mode THz spectrometer. The laser beam falls on 90:10
beam splitter (BS). The reflected portion of laser beam from BS was focused on to the antenna

by using a plano-convex lens having focal length 60cm.
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Figure 2.13. Experimental schematic of THz time domain spectrometer (a) Transmission type
spectrometer (b) Reflection type spectrometer (Where VA-Variable attenuator, SL-Hyper
hemispherical silicon lens, BS- beam splitter, L1 & L2- Plano Convex Lens, ZnTe-Zinc Telluride
crystal).

Upon illumination on Photoconductive antennas (strip-line, gap~5um, length~20um), it emits
THz radiation using the phenomenon of photoconduction. The four half axis parabolic mirrors
(PM1, PM2, PM3, PM4) are having diameter (D) = 50 mm and focal length = 150 mm were
used to collimate and focus THz radiation on to the THz detector i.e., ZnTe. The optical path
length of transmitted part of beam splitter is varied with respect to pump beam by using linear
Translation stage (Thor lab NRT100) at a reference of crystal. The probe beam is focused by
using a Plano convex lens having focal length of 30 cm on crystal. The generated THz from
antenna is detected by using standard optical rectification technique. The output of balanced
photo diodes is hooked up to lock in Amplifier (model no.SR830). The data acquisition program
used for recording the output changed into automated the use of Lab-view software. The time

domain profile of THz signal is recorded by changing the delay between optical probe beam w.r.t
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THz pulse at antenna. The Lab-View platform is used for developing a data acquisition program

for recording and saving the data.

2.3.2.b Reflection mode

Figure 2.13 (b) depicts the THz time domain spectrometer in transmission mode. In this mode,
explosive materials are mounted on a sample holder at zero angles and transmitted THz
radiation is focused on to the detector by PM4 parabolic mirror. Figure 2.14 depicts THz time
domain spectrometer in reflection mode. In this mode sample is oriented to 450 angle and

reflected THz radiation is focused on to THz detector by using PM5, PM4 mirrors.
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Figure 2.14. Time domain signal of a PTFE pellet recorded in reflection mode

In addition to parabolic mirrors, two-inch gold coated mirror is used in reflection type

spectrometer to redirect THz radiation on to the PM5 parabolic mirror [34,35].

2.4 Pyroelectric incoherent detection method for the

measuring of Terahertz power

The schematic of Terahertz detection using Pyroelectric detector is shown in Figure 2.15. The
amplified laser pulses with 800 nm wavelength, 35 fs pulse width allowed to incident on
nonlinear crystal. The generated terahertz from crystal. A Teflon sheet and a HRFZ silicon wafer
to filter the unconverted pump beam, only allows THz radiation to pass through a Winston cone
connected to the body of Pyroelectric(PED) to collect terahertz and focus on detector. Lithium

tantalite (LiTaOs) acts as the absorbing material in a Pyroelectric detector.
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Figure 2.15. Experimental layout of THz generation using Crystal and detection by pyroelectric
detector

When thermal radiation falls on the detector cause, temperature dependent spontaneous
polarization which results generation of charge. This charge moves to electrodes connected to
pyroelectric crystal to compensate the modifications in surface charge and spontaneous
polarization. The change in the amount of current is function of change in temperature of the
crystal, which mainly is governed by on magnitude of THz radiation falling on it. The output of
detector connected to T-RAD-USB (lock-in-Amplifier) synchronized with a chopper rotating
with frequency of 23.31 Hz (Model no.SDC-500).

2.5 Terahertz Time Domain Spectroscopy

2.5.1 Working Principle

The working principle of terahertz time-domain spectroscopy (THz-TDS) is sampling of fast
transient slowly by coherent detection [36]. In general, any THz-TDS experimental arrangement
made up of a THz source and sensor with an optical delay. In this process laser pulse is divided
into two parts in which the high intensity part is used for the THz generation in the source and
to gate the detector as shown in Figure 2.16 The pulse width of the pump and the time of
integration of the detector are less than that of THz pulse. The detector samples the THz pulse
with small temporal gates a function of delay At. The delay achieved by moving of retro mirrors

mounted on a Lenoir translation stage. So higher frequencies can be measured. By varying the
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path length between pump and probe pulse, the electric field can be detected. moreover, laser
repetition rate is very high than the reciprocal of the pulse width, so most of the detectors
becomes insensitive. If THz pulse is exists during that time the detector gives signal and rest of

time it produces electronic noise/neutral signal based on the nature of detector.

TDS Principle

Figure 2.16. Schematic diagram of the THz time domain spectroscopy expetiment
2.5.2 Pulse Propagation and Data Processing

In contention to the previous section in time-domain spectroscopy (THz-TDS) a slowly
changing THz pulse (0.5 -1 ps) is sampled at different positions of pulse using a time-gated

ultrashort optical probe pulse as shown in Figure 2.17.

ETI-Iz
THz Pulse t
N v \
Probe Pulse v
\v4
\J\\/
Delay Stage At

Figure 2.17. Working principle of THz TDS
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An optical delay line delays the femtosecond optical pulse (probe) temporally with respect to
THz pulse generated with the aid of the THz. The balance photodiode records the photocurrent
in detector is measured using lock-in amplifier which considerably improves the signal-to-noise
ratio. The modulation is achieved by positioning an optical chopper in pump beam or from a
TTL trigger of a function generator. i.e. Voltage applied to antenna, which is used as a reference

for lock in amplifier.
2.5.3 Data processing

In THz time domain spectroscopy electric fields are detected, Fourier transformation can give
the temporal information to frequency amplitude together with phase information and intensity.
The recorded time domain data points must be equally separated for the calculation of Fast-
Fourier-Transform (FFT). This can be achieved either by moving the delay stage (on which retro
reflecting mirrors present) in discreet distances (stepwise). The temporal step distance, At and

the spectral resolution Av and number of data points N are mathematically related by

Av=—— 5)

2.6 Comparison between Terahertz spectroscopy and IR

spectroscopy

Molecular spectroscopy has been an important tool to understanding of bonding mechanism in
molecule, identification of various modes etc. UV-Visible spectroscopy is associated with
electronic translation whereas IR spectroscopy deals with bending and stretching of bonds in
molecule. A special type of spectroscopy technique in THz region of electromagnetic spectrum
has a got great attention due it versatility in recent past. Both THz and the far-infrared region of
the electromagnetic spectrum offers vital information about the physical and chemical processes.
In this range both FTIR and THz TDS have their respective benefits however, THz
Spectroscopy has got few additional features competed to IR spectroscopy. Experimental
arrangement for THz time-domain spectroscopy(ITDS) consists of ultrashort laser, a THz
detector, a THz source, parabolic mirrors used to focus and collimating THz radiation, a
motorized translation stage, a lock-in amplifier, and a data recording system. FTIR spectrometer

comprises an incoherent high-pressure mercury arc lamp, a FIR beam splitter, optical for
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focusing of IR beam and collimating, a thermal sensor, a motorized delay line filter, and finally a

data acquisition system.

Table 2-2 lists some of the important comparisons between THz time-domain spectroscopy and
far-IR Fourier transform spectroscopy [37,38]

Parameter FTIR THz spectroscopy
spectroscopy

1. Dynamic range of power (< 3 THz) ~300 10°

2. Bandwidth 0.1-200 THz 1-3 THz

3. Time taken for Data acquisition Few minutes Few minutes

4. Uniqueness Broader spectrum Time gated

Coherent pulse

5. SNR 1:100 1:10000

6. Temporal resolution Nanosecond Picosecond

7. Frequency resolution 0.1 cm” 0.1 cm™

8. Peak Power 1 X107 uW 1x 107 pW

9. Measurable Intensity Electric field and phase

Despite many similarities, FTIR and THz time-domain spectroscopy they are two quite different
techniques. The sign to noise ratio(SNR) of THz —TDS has better than FTIR at frequency under
three THz (100 cm™) while the communicate is authentic at over 5 THz (167 cm™). Furthermore,
the time-gated coherent nature of THz-TDS makes it appropriate for few applications, for
example nonlinear THz emission spectroscopy, high temperature processes, and time resolved

THz spectroscopy.
2.7 Data Analysis in THz spectroscopy

First, the sample reference is subjected to terahertz followed by the sample to record the
temporal profiles. Then we perform the FFT to obtain corresponding frequency domain spectra.

Terahertz pulse in frequency domain is represented by THz electric field E (v) transmitted

Sample

from the sample and E (v) for reference. The transmitted electric field includes features of

Referance
the combination of source and detector as well as the optics like mirrors and lenses. Moreover,
humidity of air will show a strong absorption lines. Therefore, normally a reference is recorded
without a sample or an identical PTFE pellet to avoid all system parameters besides the changes

induced by the sample to be tested. The ratio of these two fields gives the sample’s transmission
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The Fourier transformed signal can be represented

E@)=[" E(t)e ™dt @)
The transmission is signal by given by
E v ,
H (U) — Sample( ) =T (U) em)(u)
ERe ferance (U) (8)

Where T (v) is Amplitude and ¢(v)is the phase. The phase will be unwrapped to calculate the
refractive index and extinction coefficient. For optically thick sample the formula used for the

absorption coefficient (o) of sample is expressed as

l ETHz-Sam (U)
o =——|n| < )
d ETHz-Ref (U)
Where, d — Effective thickness of pellet, ® is THz frequency. The effective thickness of sample
is given by

~m 4

d=— 2
p 7D

(10)

where, m- Weight of the sample, p — density of material, D — diameter of sample. Density (p)

and the calculated effective thicknesses (/) of sample.

Refractive index of material in THz region is given by

n(l)) —1+ CX (¢s (U) B ¢r (U)) (11)
27vd

Here n(v) frequency dependent refractive index, c is velocity of light, ¢,(0),d, (V) are the phase

obtained after performing FFT of sample and reference respectively.

2.8 Simulations using CST Microwave Studio

CST-MWS (Computer Simulation Technology Microwave Studio) used as simulation software
for the modeling of the frequency selective surfaces(FSS) and simulated their plasmonics

resonance [39-41]. CST Studio is a standard motive electromagnetic solver works on Finite
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Integration approach(in shape) evolved by Weiland in 1977 [42]. FIT solves electromagnetic
Maxwell’s equations in integral form which is opposite to Finite Difference Time Domain

(FDTD) solvers which are done by differential form [41,43,44].

(12)

The FSS/Bandpass filter can be modeled as metallic(Au) sutrface covered over a dielectric
substrate (Teflon/Silicon). After Designing the shape using the CST 3D layout GUI, the

stricture is difficult to meshing. Two orthogonal grids are fashioned for fixing the magnetic and
electric powered fields (E , §) and corresponding vectors (5, ITI)) The material properties are
defining the members of the family among electric displacement and electric powered field (5 =

EE) and their magnetic equivalents (§ = pﬁ) those equations are called Maxwell’'s Grid

Equations.
ESS are generally modelled using two particular type of solvers:

1. Transient solvers

2. Frequency domain solver.

The variance between those two types of solvers is that their treatment of time derivatives in
Maxwell’s equations. The transient solver treats the time derivatives as time variations and solves
for temporal evolution of fields the usage of a leapfrog scheme. The advantage of this form of
method is that a version could be solved for a wide frequency band in a single computation but
this approach is time eating for massive mesh limits. It best works for hexahedral mesh. The
Frequency area (FD) solver technique is useful for narrow band structures. unit cell boundaries
and Periodic type of Problems solved using this method. The FD solver is based on Maxwell’s
Grid Equations in the time harmonic case (0/0t — im). The general-purpose FD solver can be
used composed with hexahedral or tetrahedral grids. The general-purpose solver along with a
module is specialized for calculation of S-parameter in resonant structures like bandpass filters.

This type of solver is tremendously fast compared to rest of simulation methods.
2.9 Frequency Domain Solver Workflow

The Frequency domain solver specifically useful while the running region of hobby

extraordinarily low frequency, i.e., the scale of the structure could be very much less than the
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wavelength. The bandpass filter resonance frequency is expanded or tuned in an entire model by
using the solver. The solver can hastily deliver a close to-area and some distance area allocations
and S-parameters. This form of solver is typically desired because it calculates all S-parameters
for each the polarizations in a single simulation run. The simulations work-flow r in frequency
domain solver provided by the CST manual is shown below [39].

Set the units (Length = um, Frequency = THz, Time = ps) and frequency range of interest=>
Model and construct the structure = Set the boundary conditions = Assign source and listener
ports = Create the meshing > Run the solver = Analyse your output (S-parameters, electric

tield patterns and currents).
2.9.1 Analysis of Results: S-parameters

Scattering parameters(S-parameters) normally used in steady state microwave engineering to
designate the linear response of a circuit element in a two port network system. CST-MWS
models given structure as a two-port network Figure 2.18 for the calculation of S-parameters

from which the reflection and transmission for various modes obtained.

Two-Port

Network
S

Figure 2.18. Schematic showing a two-port network for scattering parameters.

For a given -port network, the relation between the incoming waves a; and a; and outgoing

waves by and bz is given by using the following equation
(b1) — (511 512) (al)
b, 521 S22/ \@2 (13)

The factors of S-matrix are referred as S-parameters. For a given microwave circuits, the S-
parameters are typically calculated by using placing the 2-port network in a transmission line

linked to a VNA (vector community analyser) [45]. One of the input ports is hooked up to the
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supply and the other is attached to load. The dimension of S-parameters is finished by using
joining to a matched load(impedance). From maximum energy transfer theorem, none of the
pondered waves coming from the load (a, = zero) possible. The S-matrix equations are given by

using

by=8,a, +81, a,=8,,a,==> 8, = (b/a))

(14)
b,=8, a +8ya,=8, a,==>8, =(b)/a))

where, 8, and 8 are the transmission and reflection coefficients. By exchanging the load
connections and generator, we can record S and 8 giving the reflection and transmission
coefficients from port 2. In most of the simulations excitation from a single port is measured.
Most customarily, attained S-parameters are the equivalent for each kind of excitation. To
evaluate with the experimental spectra for bandpass filters, the absolute value of the complicated
S-parameters is vital. Fabrication and Lithography techniques used for Band pass filters will be

will be discussed in chapter 6.
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CHAPTER 3 : Evolution of Some nonlinear crystals
for Terahertz Generation

This chapter deals with THz generation from various types of nonlinear crystals via
detection using coherent and incoherent techniques. Different types of organic crystals
such as BNA, OH1, LAP, were studied to generate efficient THz radiation using 800 nm
wavelength of 140 and 50 fs pulses obtained from Ti:sapphire laser oscillator and
amplifier at 80MHz and 1kHz repetition rates, respectively. Further, we ascertained the
absorption coefficients and refractive indices to establish the role of solvents on the
growth of crystals. Finally, the optimized conditions for the efficient THz generation from

aforesaid crystals and their comparison with the reported literature are discussed.
3.1 Nonlinear effects in Organic materials:

From the past two decades, usage of organic crystals as THz source has pulled the attention of
scientists of the entire globe due to their moderate generation efficiency and ability to produce
large bandwidths as compared to photoconductive antennas. Terahertz generation from
photoconductive antennas requires incident energy of radiation of the order of bandgap of
semiconductor material whereas, THz generation from nonlinear crystals has no such limitations
due to availability of nonlinear frequency mixing techniques such as optical rectification (OR)
and Difference Frequency Mixing(DFM). In traditional electronics, the technique of conversion
of an alternating current(AC) into direct current(DC) is called rectification. Similarly, in a
nonlinear crystal a varying electric field component of optical signal converted into a DC field,
this phenomenon is called optical rectification [1]. To generate THz from nonlinear crystals
needs to satisfy some stringent conditions such as laser pulse should be in femtosecond domain,
crystal should be thin with moderate second order nonlinearity and possess good transmission

in optical and THz domain.

In dielectric medium, the applied electric filed (E) and induced polarisation (p) are linearly
related but when electric field strength is higher than atomic field (~ 10° to 10° V/m) the relation
is no longer linear. The medium is transparent for small electric fields and it can be understood

by linear susceptibility as the number n of the emitted photons increases with respect to the
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intensity and polarization of incident photons. The higher-order nonlinear terms come into the

picture and present in Taylor series expansion of the polarization as shown in Eq. 1

P=aE(l+aE+a,E*+a,E’+.....) (1)

Where « is the linear polarization and ai,a. .. are the nonlinear terms of higher orders in the
electro-optic effect the crystal of Centro symmetry, the higher terms ai, az, have to be identically
equal to zero therefore, a;E=-a;E. consequently only the first term nonlinear aE we can write

nonlinearity due to first term [2—4].
P =2dE? (2)
Now the equation of the polarization for the forwarding wave
E (z.t)=E, cos(at+k,z)

E,(z,0)=E, cos(@,r + k,z) 3)

Now the polarization becomes :

P =2d[E; cos’ (ot +k,z)+E,” cos’(w,t + k,z)+ 2E,E, cos(e,t + k=) cos(e,t + k,=)]

P, =dE] cos(2(wt +k:x))

2an

P,, =dE,’ cos(2(@yt+ k,z))
P, ... =2dE\E, cos((@, + @, )t +(k, +k,)z)
P, ., =2dEE,cos((@ —,)t+(k —k,)z) @)

and a study term P, =d(E +E}) then, the nonlinear polarization contains a steady term, a

direct
sum and difference frequency and the first overtone of both input frequency are normally called
the second harmonics. The resultant frequency components of the polarization include second
harmonic, sum frequency E (01+ ®2) (SFG), difference frequency E(wi-0,) (DFG) of E; and E..
The optical rectification is a special case of DFG where corresponding electric field E (0i-02)
generates the DC polarizated waves whose duration lies in sub picoseconds when exited with
ultrafast pulses. Essentially, the generated THz is related to derivative of second order

polarization [5-7].
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O°PA(t
B, (1) o< atz( )

()

Hence, the generated THz is related to second order derivative of the pulse. THz frequencies
can be considered as DFG with all the spectral components of the laser pulse. In order to induce
a polarization oscillating at a THz frequency ®ru, based on DFG (difference-frequency
generation), the related electric fields E(mwi) and E(®2) should oscillate at narrowly separated
frequencies ®; and ,, so that corresponding frequency difference ®; = ®Wrn, =01~ y, falls in

the THz region. The phase matching conditions for wave vectors are given by:
AKk= KTz~ (k1' kz) (6)

where kry, is the wave vector of the THz-wave is defined as kru, = 2nnn,/Arn, and ki, ko are the
wave vectors of optical fields and defined as ki = 27;_7; , where nry, is the refractive index of
material in terahertz range, while n; (i = 1, 2) are the refractive indices of the material at the
optical wavelengths A(i =1, 2) of the interacting fields E(wi) and E(wy), respectively. The
efficient phase matching condition is based on the coherence length (l). It describes the
interaction length of optical and generated terahertz field rises with the thickness of the

nonlinear medium up to coherence length.

|, =— ()

In optical rectification process, coherent length for optical and THz wavelength can be

calculated.
nC
= (®)
Oryyg |Nopt = Ny
ISR . . . . . . _ anopt
Here ‘¢’ is the light velocity, Ny, is optical group index given by n,, =n,, — 4, Y] [8].

3.2 Terahertz Generation from NLO crystals

The NLO-based Terahertz sources work on the principle of difference frequency generation or
optical rectification. In both cases they should possess extreme second-order NLO susceptibility
and satisfy the phase-matching situation between the fundamental optical pump beam and the

generated THz signal waves [9-20].
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Nonlinear crystals used for THz generation are classified into three significant categories:

1. Inorganic crystals (LiTaOs, LINbOs.etc)
2. Organic crystals (BNA, DAST, DSTMS, OH1, HMQ-TMS)
3. Semiconductor crystals (ZnGeP», GaAs, ZnTe,GaSe, CdTe, GaP)

Here we have evaluated the THz generation capability of some organic crystals like BNA, OH1
and LAP . The generated THz signal is detected using photoconductive antennas. The optical
material’s susceptibility is function of permittivity (€) which depends on applied electric field
E(w). At lower frequency the permittivity is defined as a combination of acoustic phonon
vibrations and optical phonon vibrations, whereas at optical (higher) frequency the electronic
vibrations contribution becomes predominant. Keeping in view of fact that the origin of
polarization is distinct in organic and inorganic materials, therefore, the frequency dispersion of
(i =1, 2 or 3) relationship also varies from organic NLO materials. Though many of these NLO
materials possess higher nonlinear coefficients as well as minimum birefringence due to close
values of refractive index in optical and terahertz frequency range. For example, the optical and

(13

terahertz refractive indices of DAST (organic) crystal are 2.1,2.3(about “a “polar axis),
respectively leading to minimum dispersion, there is huge variation in the refractive index values
of very well-known inorganic NLO crystal LINbOs, these values are of the order of 2.2, ~5

(about “c”axis), resulting in wide phase mismatch condition [21-23].

For the first time, Zhang et al. demonstrated the generation of terahertz radiation in organic
DAST crystal by optical rectification (OR) in organic DAST crystal [19,21,22,24-27]. The
reported THz efficiency and bandwidth results are much higher than both GaAs and LiTaO3
inorganic crystals, respectively. This work opened a new channel of THz generations from
organic crystals. In present study, we have evaluated group of organic crystals (N-benzyl-2-
methyl-4-nitroaniline) BNA, OH1, LAP for THz generation and the obtained results were
compared with standard ZnTe under the similar experimental conditions as reported by other
group [28]. Also, we ascertained the effect of precursor solvent that was used to grow on the

nonlinear properties of the crystals.

3.2.1 BNA

BNA is a yellow colored non-hygroscopic promising positive biaxial organic crystal that belongs
to mm?2 space group and has orthorhombic structure. BNA has effectively been used for
terahertz generation at pump wavelength of 800 nm. BNA (N-benzyl-2-methyl-4-nitroaniline) is

a derivative of MNA(2-methyl-4-nitroaniline) developed by Hashimoto e a/. by using vertical
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Bridgman technique [29-34]. The best advantage of BNA is that it is chemically stable without a
deliquescent property. Unlike DAST it is not fragile and having high laser damage threshold so it
can be polished without difficulty and capable of sustaining high power amplifier lasers. The
nonlinear coefficient of BNA crystal dss3 is 234 pm/V, the highest ever reported in yellow
coloured NLO crystals [35]. BNA can be grown by vertical Bridgman and solution growth
techniques but the quality of the crystals grown by using Bridgman technique is poor due to
lattice defects [29,36—39]. Therefore, BNA crystals grown with different solutions exhibit good
surface quality. We have done a systematic study on THz generation from different types of
BNA crystals grown from solutions like dimethyl sulfoxide (DMSO), Ethanol: Methanol (1:1),
Acetonitrile and Ethyl acetate. The present study deals with four BNA crystals are grown using

Acetonitrile, methanol, Dimethylformamide and Acetonitrile: Dimethylformamide.
3.2.1.a BNA synthesis and crystal growth

The BNA crystals were synthesized in crystal growth laboratory of Prof. S. Brahadeeswaran [40—
42] by means of adding the commercially purchased reactants: 2-methyl-four-nitroaniline (MNA)
(20g), hexamethylphosphorictriamide (HMPA) (100ml), sodium bicarbonate (22g), benzyl
bromide (45¢) and the complete mixture become refluxed for 30 hrs. at 70°C below nitrogen
surroundings. Eventually, the solution turned into extracted with deionized water, diethyl ether
and washed numerous instances with saturated sodium chloride solution. The natural layer
become dried the usage of anhydrous sodium sulfate powder and the diethyl ether was
evaporated to give yellow powder of BNA (17g, yield 19.5%). The synthesized material changed
into purified in addition via re-crystallizing it several times using HPLC grade methanol as a
solvent and the final compound gave a unmarried spot on silica-gel TLC (n-hexane: ethyl acetate
= 7:3) [36]. The molecular structure of BNA is shown in the Figure 3.1 The solubility of BNA
becomes measured gravimetrically at 30 °C the usage of the selected single and mixed solvents
which include  Acetonitrile, methanol, Dimethylformamide and  Acetonitrile:
Dimethylformamide. The BNA solutions with equilibrium concentrations have been prepared at
30 °C and have been kept in a water bath, ready with a Programmable Eurotherm temperature
controller (model: 3216; accuracy * 0.01 °C). prior to starting up the crystal growth, the bath
temperature changed into raised to 5 °C above its saturation temperature and saved at this
temperature for approximately 24 hrs. to dissolve any unwanted spurious nuclei present within
the answer. The temperature of the solution turned into then slowly reduced to 30 °C with a
cooling rate of 0.2 °C/h. After achieving the saturation temperatute, the growth was achieved by

isothermal solvent evaporation approach at a fixed temperature of 30 °C.
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Figure 3.1. Molecular structure of BNA
3.2.1.bTHz generation and detection

Earlier reports on terahertz generation detection were done using DFG, Optical rectification and
Electro optical sampling technique [37,38,43,44]. Farooqui et al. reported the intensity of THz
radiation emitted by BNA crystal is higher than that of DAST under same experimental
conditions [45]. Table (1) comprises of the different aspects of terahertz generation methods,
such as laser parameters and growth conditions. Figure 3.2 depicts the experimental setup used
for THz generation form different types of BNA crystals used in this chapter. We have
employed Ti: sapphire laser (coherent made : Model Chameleon ultra-II) emitting 800 nm
wavelength pulses of 140fs duration at repetition rate of 80 MHz for the generation of THz
radiation between 0.1 to 2 THz range. The laser pulse obtained from the from the system was
split into two parts using BS1 (90/10 beam splitter),the reflected part was treated as a pump
beam and focused on BNA crystal mounted in Teflon holder as shown in Figure 3.1. A Teflon

sheet was kept after crystal to filter out the uncovered residual part of pump beam. The
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generated THz radiation was collimated and focused on PC antenna using gold coated parabolic

mirrors (P1, P2) for detection.

Chameleon Ultra I
(140 fs , 80 MHz)

. |

—’-—————l‘

Figure 3.2. Schematic diagram of a THz generation setup

The transmitted part from beam splitter was treated as a probe beam and directed to the set of
mutually tilted plane mirrors . These mirrors are fixed on linear motorized translation stage and
allowed to focus the probe beam in the gap of electrodes of photoconductive antenna for the
detection of generated THz radiation. A mechanical chopper rotating at 1.56 kHz was used as
reference to the Lock in Amplifier (Model No. SR830). The THz radiation was recorded by
varying the delay between probe beam and THz pulse generated from BNA. The entire
recording process was automated using indigenously designed program in Lab-View software.
THz temporal profile was recorded at different incident pump powers varies between 500 to
800mW range. Figure 3.3 depicts the terahertz temporal profiles generated from BNA crystals

grown from different solvents.
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It was observed that BNA crystals grown with BNA (Acetonitrile(ACN)) solvent is giving high
temporal peak amplitude compared to other solvents. The generated THz peak values are of the

following order:

BNA(Acetonitrile(ACN)) > BNA (Dimethylformamide (DMF) > BNA (DMF: ACN) > BNA
(Methanol (MeOH)).
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Figure 3.3. shows the time domain THz spectra generated from BNA crystals grown with
different solvents. 1). BNA (Dimethylformamide (DMF)) 2). BNA (Acetonitrile(ACN)) 3). BNA
(Mixed solvent DMF:ACN(1:1)) 4).BNA(Methanol(MeOH))

For the pump power of 800 mW, the obtained THz peak amplitudes for the solvents ACN,
DMF, ACN: DMF, MeOH were of the order of 1.51 x 107, 1.98 x 107, 1.39 x 107, 0.80 x 107,
respectively. The generated peak values were compared with ZnTe crystal under the similar
experimental conditions. The reason for difference in the amplitude of generated signal will be
discussed in the next section. Figure 3.4 (a)shows the comparison of terahertz peak amplitudes g
using 800 mW pump power . Figure 3.4 (b)represents the corresponding Fast Fourier Transform
(FFT) of the generated time domain signal. Except BNA crystal, grown with DMF: ACN (1:1)

solvent, all other crystals shows bandwidth of the order of ~3 THz. In addition, proton NMR
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spectroscopy was carried out to check the residual solvent content in grown crystals. All the
crystals were perfectly matched with the reported stranded structure except for the crystal grown
from DFM: ACN solvents. We observed two new peaks at ~1.4 and 4.3 positions which are not
matching with the database of the solvent and might be due to residual elemental impurities

present in the solvent or the crucible.

. 1-Methanol . = Dimethylformamide(DMF
2.0x10" 2-DFM:ACN(1:1) 1EA Acetonitrile(ACN)
3-Acetonitrile ——DMF:ACN
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Figure 3.4. a) Terahertz peak amplitude values of different solvents. b) Frequency domain
spectrum of Terahertz radiation.

0.0 4

3.2.1.cTerahertz power measurement with pyroelectric detector

We have evaluated the capability of the efficiency of generated THz radiation of BNA crystals
using 800 nm wavelength pulses of 50 fs length at 1 kHz repetition rate obtained from
Ti:Sapphire laser amplifier. The experimental setup is described in chapter 2. BNA crystal
housed in the teflon holder was placed in a rotational mount. The crystal was rotated vertically
using a rotator to measure the generated THz power by keeping the incident Laser power
constant. The output from the BNA was mixture of generated THz and unconverted 800 nm
wavelength. The unconverted pump beam was separated out by using Teflon filter and silicon
plate. The power of generated THz radition was measured using a pyrodetector (Gentech
Made) at room temperature. The output of the detector was fed to the lock-in-amplifier and
energy of the generated energy is measured from software program. For increasing the signal to
noise ratio (SNR) the laser pulses were chopped at 25 Hz range. Now, the incident power of the
laser was gradually increased up to 300 mW in step by step manner to record the maximum
THz generation and avoid the laser induced damage. Figure 3.5, shows the generated THz power
at different rotation angles of the crystal. A maximum power of the order of 4 uW was recorded
from BNA crystal grown by using ACN solvent. For crystals such as, BNA_DMF,

BAN_DMF:ACN, BNA_Methanol the power values were of the order of 1.1 uW, 213 nW, 320
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nW, respectively. The order of the observed power were inconsistent with temporal amplitudes
discussed in the previous section.

In order to explain the variation in the generated THz powers and temporal peak amplitudes
from different solvent grown crystals in the experimental were theoretically calculated based on
velocity matching conditions using Eq. (9). The refractive indices (n, ny, n,) in optical domain
are calculated from Sellmeier equations whereas value of nru, is experimentally calculated from
time domain spectroscopy data. The Sellmeier equations in optical region reported by Masazumi
Fujiwara et.al. was further modified by Cyril Bernerd et al. were used to calculate the refractive

index of BNA crystal.
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Figure 3.5. Terahertz power w.r.t angel for BNA crystals grown with different solvents.
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Figure 3.6 shows the comparison of refractive indices generated by two different Sellmeier
equations. There is a small deviation between the values of R.I. obtained from two Sellmeier
equations. The reason for the discrepancy in the reported values is due to variation in the
sellmeir coefficients given by Masazumi Fujiwara et. a/who have got accuracy of the order of 10
°. The Terahertz refractive index in the range between 0.1 THz — 2 THz was ascertained from
the transmission data obtained from time domain spectroscopy. All the four crystals were
mounted on a teflon holder and subjected to THz radiation generated by photoconductive
antenna as shown in the experimental setup discussed in chapter 2. Terahertz transmission data
was recorded and corresponding frequency spectrum was obtained by performing FFT. The

FFT data also helps to find the values of absorption coefficient and value of nr,.
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Figure 3.6. Refractive index of BNA crystal in optical range obtained from Sellmeier equations.

Figure 3.7 shows the refractive variation of indices of BNA crystals in optical and THz domain.
We obtained average values of THz refractive index nruz of the order of 1.51, 1.70, 1.63, 1.72
respectively for the BNA crystals grown from ACN, DMF: ACN (1:1), DMF and Methanol,

solvents. The values of THz refractive index were used to calculate the coherence length.

55



Chapter 3 Evolution of Some nonlinear crystals for Terahertz Generation

- 3.0 - v - ad
\;r 1.7 H_—O— Optical Refractiveindex - 55— BNA_Methanol(MeOH) r T T T T ]
v [0) 33
Bl %y, 4 2.0\ N A
g RECCCgens T — — 2122
ZasL e A L T T OF ==X S
g j 1.0
.T‘: 1.4 1 1 '} 1 L 1 1 m
& 04 0.6 0.8 L0 12 14 1.6 18 20 bid 1
= JODI) 1 1 1 1 1 1 1 1 94
B . P il s . 7 -
~ 17 - —O— Optical Refractiveindex R —_— BNA,,D:mcthylformam:dc] N
k N ~25 15 E
EL6F Oy 1 & 20 | N\ 4 ©
1s | o e T A — Y46 N\ e LN SN :E-s:
¢ Y ol N 1 e
1.4 1 1 1 1 1 1 1 'c no
f 0.6 0.8 10 12 14 16 18 20 & 05k i1 £
o (G0 1 1 1 L L 1 L L 1 (h é’
~=_ 17 5O Optical Refractiveindex 1 © as —BNA?DMF:ACN(I:I)]
b R > 33 3
16 | o 1 ey 20 1 0
g R Cooerer s h —
15 [ A T T ) ad 18 e P g
< 7 2
1.4 1 1 1 1 L 1 1 Q Ly 3 1 =
i Q
0.4 0.6 0.8 1.0 1.2 14 1.6 L8 20 8= 05 1 1 @
~ o 0.0 1 1 1 1 1 1 1 1 9 m
<17 1 —0— Optical Refractiveindex B m 2% —— BNA_Acetonitrile 4 g
o, .5 4
216k Gy R 20 13
F15 [ O e O T 00000033 15 |- 22
T4 L | I 1 L L =" WE V\)v, In
& o4 0.6 0.8 10 12 14 16 18 2.0 0.5 -
Wavelngth(um) 0.0
02 04 06 08 18 26
Frequency(THz)

Figure 3.7. Comparison of the refractive index matching in optical and THz domain.

A comparison of the average R.I. in optical and THz range is shown in Figure 3.7. For different
solvent grown crystals show different absorptions coefficients values which clearly indicates the
variation in the transparency range of the crystal. A strong broad resonance absorption peaks
observed at 0.7, 1.3, THz which are having an agreement with the phonon modes as reported by
Kazuyoshi KUROYANAGI ez.al The reported calculations were done for single molecule by
molecular orbital calculations Austin Model 1 (MNDO-AM1) method,21) which can explain the
exiting vibrational modes of simple molecules. The phonon mode values are 0.70, 0.75, 1.40,
1.55, 2.35, and 4.55 THz in the frequency range between 0 and 5 THz. The velocity matching
condition nry, , Ny is reasonably well matched for the ACN grown BNA crystal and is marked by
the lines of the shaded region as shown the Figure 3.7 [21,26]. However, other solvent grown
crystals are showing more deviation with respect to the average values of R.I. in optical domain.
Another possible reason of this deviation is attributed to the effect of polarity of the solvent
reported by K. Thirupugalmani et.al.. A comparative data of THz generation from different
BNA crystals in terms of their method of growth, generation technique and is comprised in table

3.2. [46,47]
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3.2.1.d Effect of Growth Solvent on nonlinear properties of the

crystal

Generally, the organic nonlinear crystals are grown by using solution growth technique. In that
case, many important factors such the solubility of the solution under saturated or supersaturated
condition, interaction between solvent-solute or solute-solvent and nature of molecules in the
solvent influence the quality and growth rate of the crystal [48]. Nature of the solvent and its
composition plays a crucial role in the designing of the crystal. When solute species align
themselves in a random manner on the surface in that case crystals grown by solution growth
method is preferred. So, prior research on properties of solvent is necessary to grow the good
quality crystals. In the present study we carried out THz generation from BNA crystals grown
from different solvents that have different dipole moments. The dipole moment arises due to
bonding of a highly electronegative atom with low electronegative atom in covalent bond. The
atom with high electro-negativity pulls the shared electron pair towards their side which causes a
non-uniform distribution of shared pair of electrons. The high values of polarizability and hyper
polarizability are significant properties of NLO crystals. For molecules having small gap between
HOMO and LUMO levels enabled the easy charge transfers mehansim. The inhibited growth in
the direction of c-axis of BNA is due to dipole interaction between solvent-surface interaction.

Berkovitch—Yellin showed that solute-solvent interactions influence the morphology of
crystal [49]. So BNA crystal grown with pure single and mixed solvents (to understand solvent-
solvent interactions) which controls the physical and optical properties of the crystal. A good
quality bulk crystal can be obtained from high dipole moment solvents as compared to low

dipole moment and mixed solvent crystals.

Table 3-1. dipole moments, HOMO-LUMO gap of the solvents used to grow the BNA crystals

S. No Solvent Dipole moment (D) | Gap=Enomo-Erumo (V)
1 Acetonitrile 3.2 -5.303
2 Methanol 1.7 -5.978
3 DFM : ACN 3.86-3.2
4 Dimethylformamide 3.86 -5.983

Table.3-1 shows comparisons of dipole moments, HOMO-LUMO gap of the solvents used for

growing the BNA crystal. It is noted that crystal grown with high polar aprotic solvent yielded
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high surface quality and generate efficient THz radiation. Though, dimethylformamide has more
value of dipole moments but grown BNA crystal was small in size and gives low THz generation
which could be due to its high molecular orbital bandgap values. The variation in the THz
generation ability may be due to the difference in the stabilization mechanisms of the frontier
orbitals of the solvents. Therefore, our studies observed that good surface quality organic BNA

crystals can be grown from solvents having high dipole moments and low HOMO-LUMO gap.

Table 3-2 comparison present study with literature

Reference Growth method Solvent(s) Wavelength Terahertz
used used for generation
study method
Takashi Notake ethanol Solution 750 — 950 DFG using
et.al [50] growth method nm OPO
From MNA
Katsuhiko recrystallized from Vertical 780- 950 nm  DFG using
miyamoto et.al [38] hot ethanol Bridgeman OPO
method
FromMNA
Masazumi Fujiwara = recrystallized from Bridgman 500 — 2500
et.al [51] hot ethanol method nm
Kazuyoshi Vertical
kuroyangi et.al [43] Bridgeman 0.87 um Optical
method rectification
Cyril Bernerd
et.al [52] Ethanol Solution 600 — 2000 DGF using
method nm opo
DMSO, Acetone
K. Thriupugalmani + Ethanol + Solution 800 nm Optical
et. al [46] methanol, method rectification
Ethonla+Methonl
+
DMSO+ Acetone
ACN, DMF, Solution 800 nm Optical
Present study MeOH method rectification
3.2.2 OH1

2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)-malononitrile is called OH1 Crystal. it
is a non-ionic, having largest figures of merit and maybe phase matched the usage of pump lasers
in telecommunication variety of 1300—1560 nm [53-56]. TsonkoKolev ¢ al. was the first group

to invent the OH1 crystal and several other groups such as Y. Li, Z. Wu eza/, E. Y. Choi et.al., C.
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Hunziker et.al. have reported OH1 as a potential candidate for THz generation and detection

source [57-61].
3.2.2.a Growth process

The OHI1 crystal was made by Knoevenagel condensation by reacting isophorone (660mg,
Sigma) and malononitrile (1.328g, Sigma) using N, N, dimethylformamide as a solvent and
piperidine acetate as a catalyst at ambient conditions. The obtained 3,5,5-trimethyl(cyclohex-2-
enylidene) malononitrile precipitate was re-crystallized many times using ethanol and then treated
with equi-molar ratio of 4-hydroxybenzaldehyde here chloroform was used as a solvent and
piperidine as catalyst. After synthesis end product appears orange-red in color was re-crystallized
many times using chloroform and purified by column chromatography on silica gel. The
Carbon—Hydrogen—Nitrogen (CHN) analysis was performed for the purified powder sample
using Vario EL III CHN elemental analyzer by keeping Helium carrier gas. Saturated methanol
solution of OH1 was prepared at 30°C and strongly covered with a single hole and kept in an
unbroken water bath, equipped with a programmable temperature controller. Finally, single
crystals of OH1 was harvested in about 24 days and then for further studies. OH1 crystal
belongs to Pna2;(m2) [59]. Figure 3.8 shows the OH1 crystal used for THz generation.

2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-
enylidene)-malononitrile (OH1)

Figure 3.8. OH1 Crystal.

3.2.2.bEvaluation of OH1 crystal for THz generation

The THz generation efficiency of as grown OHI single crystal was studied by employing the
experimental set up as shown in Figure 3.2. The power of the incident laser pulses (to prevent
crystal from damage) was kept below the damage threshold of the OH1 crystal. The high quality
as grown OH1 single crystal of thickness 0.72 mm was placed in a Teflon holder which has been
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kept in an optical rotational mount and thus used as a THz generator. The employed pump and
probe beam powers were between ~ 200 mW, and ~170 mW for pump and detection of THz
radiation, respectively. Teflon sheet was used to filter the unconverted pump beam from the
OH1 crystal. The generated THz was detected via dipole pc antennas (gap ~5 um, length ~20
um) the use of photoconductive sampling method. The antenna output was fed to the
preamplifier which is connected to the Lock-in Amplifier (Model n0.SR830). The S/N ratio is
enhanced using mechanical chopper operating at 1.569 kHz frequency. The probe beam path
length was varied to measure temporal profile of THz radiation. The terahertz temporal field and
the results of THz generation obtained from OH1 crystals are shown in Figure 3.9. It was found
that the OH1 single crystals are capable of producing THz frequency up to 3.2 THz. The dips
located in the THz spectrum between 0.1 and 3.2 THz region of the OH1 crystals are attributed
to the molecular phonon and lattice phonon modes and the latter should stand up from
intermolecular interactions in the crystal. Wigner representation of THz generated form OHI1

crystal is shown in Figure 3.10.
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Figure 3.9. Generated THz from OH1 crystal
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Figure 3.10. Wigner representation of a THz pulse generated from OH1 crystal. The horizontal
axis corresponds to time, and the vertical axis corresponds to frequency.

3.2.3 LAP

L-arginine phosphate monohydrate, famously known as LAP is a promising nonlinear organic

crystal [62]. It has higher transmission in UV region along with modest linearity and three times

higher damage threshold than the aqueous solution has grown crystals, also can be treated as an

ideal substitute of KDP crystal for harmonic generation in deep UV and NIR region [63]. L-

Arginine phosphate was synthesized by dissolving equimolar ratio of aqueous solution of L-

Arginine and Phosphoric acid and purified by repeated re-crystallization method. The colorless

crystals have been grown by using gradual cooling solution growth method using water as a

solvent [64-60].
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Figure 3.11. LAP crystal

Lap is a monoclinic crystal and belongs to P2; space group. Lap crystal was mounted on a Teflon
holder and subjected to femtosecond pulses for THz generation as described by the
experimental part in Chapter 2. The THz radiation is recorded by varying delay between
generated THz pulse from LAP and probe beam. Crystal was kept slightly off-focus from the
lens. THz temporal profiles were recorded at different input pump powers from 500 mW to
1100mW. THz generation amplitude increases with increasing power of incident pump energy
and gets saturated after 1000mW. The version in THz peak-peak amplitude with respect to
incident laser strength is shown in Figure 3.12. THz peak-top amplitude is increasing with
incident laser power from 300 mW to 900 mW i.e., from 86.3 to 400 a.u. The THz peak-peak

amplitude is saturated at higher laser powers i.e. from 1W laser power.
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Figure 3.13. a) Temporal profiles of THz generated from LAP crystal at different powers. b)
Frequency spectrum of temporal profiles.

Figure 3.13 shows the THz pulses generated from LAP crystal and the corresponding FFT
spectra. A bandwidth of 2 THz was acquired by the process optical rectification from LAP
crystals. After successful generation of THz, LAP crystal was subjected to THz radiation
generated from pc antenna to measure the transmission spectra. The amplitude of E-M field
strength of time domain spectrum before incident and after coming out the LAP crystal was
measured. Transmission and absorption coefficients (a(®)) were ascertained using equations
discussed in chapter 2. Figure 3.12(b) indicates the frequency spectrum range up to 2 THz with

sharp dips at 0.5, 1.1, 1.6 THz which are exactly correlating with absorption bands shown in
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Figure 3.14. Also, the absorption values and absorption coefficients are inconsistent with the dip
in generating spectra. This corresponds to phonon modes of functional groups present in the
LAP crystal. For the first time we reported the frequency dependent refractive index of LAP

crystal, i.e., of the order of 1.52.
3.2.3.a Refractive index

Refractive index of LAP crystal is calculated from temperature depended sellmeier equation The

Sellmeier formula for a LAP crystal for each dielectric axis (x,y and z)

n, (,1):2_2439+20-0¢_0_0111/12
A%-0.0179

0.0158

n (1)=2.4400+ ————
() 12-0.0191

~0.021242 (10)

n, (,1):2.4590+Zo'oi—o.omu2
A% -0.0226

%0 2.0 T T T T v T v T X
— =
% J
i)
0 -
£
< =
2ul ~
g E
£ "
o >
0w} =
0 g
c ™
ot
0
]
<
1] S T SN S TSN N T S— — o.ol-l'l'l'l'l‘l'l'l'
00 02 04 06 08 10 12 14 16 18 20 02 04 06 08 10 12 14 16 18 20
Frequency(THz
e i Frequency(THz)

Figure 3.14. a) Absorption coefficient of LAP crystal b) Refractive index

By incorporating equation 2,3 we found temperature dependent refractive index with varying

temperatute w.t.t., tuning wavelength. The dn/dT value of LAP crystal is given by equation [67]
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dT 2(2n%+1)

Here we can find near 0.8 THz refractive index of THz is matching with group refractive index.
This varies crystal to crystal and also with the orientation, because nm, and n,, differ with respect
to crystal orientation. By analyzing the graph, we can see that n,<n,<n, at room temperature.
Hence from equation (11) we can find the angle formed by one of the optical axes w.r.t., z-axis

(v2). By varying the values for ny, n, and n, we calculated v, = 68.4, hence, v+,> 90°c and we can

conclude LAP is a negative crystal.

3.3 Conclusions

The THz emission ability of three potential organic crystals BNA (with different solvents), OH1,
LAP have been evaluated in terms of growth solvents, optical properties like Sellmeier equations,
transmission range, and absorption coefficients. Since the transmission of all the crystals are
varying in optical domain, therefore it also reflected their potential use as an efficient THz
source. The effect of solvent on THz generation ability of BNA crystals has been discussed. THz
generation from OHI1 crystal which is well explored near communication wavelengths. However,
in this thesis it has been studied at 800 nm using optical rectification technique. L-arginine
phosphate monohydrate (LAP) has been studied as a THz source and its absorption and

refractive index are reported in THz domain for the first time. Further study of these crystals will
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be based on DFG technique or CW and DPSS lasers helping the designing of potential THz

source.
S.NO | Name of | Space group | 2" order nonlinear | Nopcia | D, | Conversion
the Crystal (Point coefficient Pm/V, (800nm) Efficiency
Group) dijk (7])
1. BNA Pna2, ds3z= 234 1.66 | ~1.65| 26x10*%
(mmZ) d3zz= 15.6
2. DAST P1 di11=1010 2.07 ~22 | 16.1x10%
d2 =96
3 LAP P21 1.51 | ~1.52 | 6.25x10°
Pna21
4 OH1 (mm?2) ds33= 120 2.16 ~2.3
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CHAPTER 4 : Terahertz Spectroscopy and Density
Functional Theory based Studies of Nitro/Nitrogen-
Rich Aryl-Tetrazole Derivatives

Terahertz time-domain spectroscopy (THz-TDS) probes the intermolecular interactions in the
materials. The present THz-TDS study covers the 0.1- 3 THz or 5-100 cm-range of spectral
region, which has low photon energy and non-ionizing portion of the electromagnetic
spectrum. Spectra are recorded in a time-domain configuration where broad-band pulse of
THz electromagnetic radiation passes through a sample and detected by the E-O sampling
method. This procedure gives a direct measurement of the time-of-flight of THz radiation
from the sample and, analysis of results infers direct means to measure interactions between
the transmitting THz and the testing sample material. This chapter describes the THz-TDS
study of newly synthesized aryl-tetrazoles derivatives. The effect of functional groups
attached to tetrazole moiety on the energetic properties is discussed. The THz-TDS
experimental results are compared with DFT studies at molecular Gaussian (using G-09) and
single crystal level (using plane wave pseudopotential(PAW) method). The obtained
vibrational frequencies and linear optical properties are found to have consistent with the

experimental data in THz regions and UV-Visible.

Part of this chapter’s work has been published as following journal article.

Time-Domain Terahertz Spectroscopy and Density Functional Theory Studies of

Nitro/Nitrogen-Rich Aryl-Tetrazole Derivatives. ACS Omega 2020, 5, 6, 2541-2551
Damarla Ganesh, EN Rao, Mottamchetty Venkatesh, Kommu Nagarjuna Ganapathy Vaitheeswaran Akhila K. Sahoo
and Anil K. Chaudhary*
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The analytical wutlity of THz-TDS 1is established through a series of transmission
measurements through different types of samples composed of the High energy materials of interest
embedded within a polymeric matrix. PTFE powder was mixed with explosive sample to form
compressed pellets for analysis. Initial efforts have been made for quantification of the given
explosive sample in the pellet using a Beer-Lambert relationship where the magnitude of selected

absorption bands is related to the quantity of the sample.

Preparation of
pellets by mixing
sample with
PTFE powder

Recording the
Terahertz
Transmission
spectra

Theoretical Analysis Experimental

Single . .
Molecular DFT using Calculating spectroscopic parameters

Gaussian Unit cell 1. Absorption coefficient 2. Refractive index

Comparing between
theoretical,
experimental results
and assignment of
vibration modes

Figure 4.1. Flowchart of procedure followed in the present chapter

Also, time-domain THz spectra are used to determine the refractive index of sample pellets. This
information is shown to provide dielectric spectra at THz frequencies for the components of the

sample pellets.
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4.1 Sample Preparation

Sample preparation is one of the important part of the time domain terahertz spectroscopy. A pellet
that contains a little amount of the sample in polyethylene/polytetrafluoroethylene matrix is used for
performing THz time-domain spectroscopy. The sample can also be used in form of thin films.
Generally, the thin films show narrow linewidth peaks than pellets. It is due to distribution of
different sized and shape particles in the host matrix and there is a possibility of undergoing
structural damages due to high pressure applied during the preparation of the pellet. As a result of
this strained microcrystals, spectrum undergoes inhomogeneous broadening. However, on the other
hand, a thin film based waveguide technique is also used rigorously in which the sample is drop-
casted on metallic plate by dissolving it in a solution then placed in a parallel plate waveguide [1].
This method results in high level of crystallinity resulting sharp features. However, we used
nonchemical treatment based dry pellet method to prepare test samples. For converting solid sample
in uniform shape and size the sample was dissolved in a small quantity of volatile solvent. Pellets
were prepared by mixing 100 mg of the sample with 400 mg of polytetrafluoroethylene (PTFE)
powder. To prepare a fine pellet, the sample powder size should be homogenously mixed with the
host PTFE medium. It was achieved by mixing both the samples in ethanol solution by a spatula
and follow the process of hand grinding with mortar. Then the mixture was dried and subjected to
stainless steel made hydraulic press at 2.0 tons of pressure. It is recommended that pellets should
have smooth surfaces and minimum surface undulations in order to minimize scattering losses of
radiation. The applied pressure during pellet making is another factor that decides the quality of the
pellet. The Pellets were prepared by applying two tons of pressure for the period of 5 minutes. The

dimensions of pellets were 12 mm in diameter and 2 mm thickness [2].
4.1.1 Theoretical methods

The solid level theoretical calculations were done using the Cambridge Series of Total
Energy(CASTEP) program [3,4]. Whereas the single molecular level calculations were performed
with Gaussian-03 code. We have considered the experimental crystal structures as input and
optimized the systems using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with
convergence thresholds for energy, force, stress and maximum displacements as

5.0x107°(eV/ atom),0.0leV/A, 0.02 GPa and 5.0x107*A, respectively. The electronic Hamiltonian
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with the plane-wave basis set with cut-off energy 550 eV, ultra-soft (US) pseudo-potentials (for
electron-ion interactions) [5], SCF threshold 5.0x107°(eV/atom) with 3x5x3 Monkhorst-Pack [6] k-
mesh (15 irreducible k-points) in the reciprocal space was used. Generalized gradient approximation
(GGA) Predew-Burke-ErnZerhof (PBE) [7] and dispersion correction Grimme (G06) [7] scheme
was used to treat strong and weak electron-electron interactions. The G06 optimized structure was
used for linear optical properties (absorption and refractive index spectra's) calculations. The zone
centre vibrational properties (infrared(IR)-spectra) are calculated using the density functional
perturbation theory (DFPT) [8,9] approach by utilizing the norm conserving (NC) pseudo-
potentials [10] with 830eV cut-off energy. The valence electrons of the constituent atoms are
considered as follows: H (1s"), N (2s* 2p’), C (2s* 2p?), O (2s” 2p*). The gas phase single molecule
geometry optimizations and vibrational properties calculations are done using the B3LYP (Becke, 3-
parameter, Lee-Yang-Par)functional [11,12] with 6-311+G(d, p) polarized basis set as implemented
in Gaussian-03 [13].

4.2 Material characterization with THz spectroscopy

THz-TDS is a fascinating spectroscopic technique to characterize materials because of its coherent
optical-gating detection. Time domain spectra directly helped us to extract the phase (dispersion)
and amplitude (absorption) information at separate frequencies without using Kramers-Kronig
relation [14,15]. Materials with non- metallic and non-polar in nature are transparent in THz range.
Therefore, this special ability of penetration from organic and packing materials makes THz an
important tool for qualitatively and quantitative identification of materials under concealed
conditions. Grischkowsky et al. reported the use of THz-TDS spectroscopic for studying the

different types of liquids, dielectrics, crystalline and gaseous materials [16—19].
4.2.1 Crystalline materials

THz is capable of stimulating inter and intra-molecular vibrational modes of many organic solids
that depends on the interaction force and strength of chemical bonds. Intra molecular vibrational
modes are fixed for a specific molecule, whereas molecular configuration and overall conformation
decide the intermolecular vibrational modes [20]. In case of solids, number of intramolecular modes
exits, but all of them are not observed in THz because of strong interaction forces. Moreover, in the

THz frequency range, intermolecular modes are crystallinity dependent [17].
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4.2.2 Liquids

For polar liquids, two types of molecular inter actions are covered in two different THz frequency
range. The 0.1-6 THz frequency range covers the diffusive motions lead the spectrum, causing a
damped absorption, at higher frequencies, resonant motions phase [23]. However, in the low-
frequency regime, the polarization relaxation follows the orientation of permanent dipole moments
in response to an applied electric field which is also responsible for the strong absorption [24]. The
dielectric function influenced by this mechanism can be described by a simple relaxation model, e.g.
(Debye model), which is characterized by relaxation time. This relaxation time is of the order of
picosecond and inversion of a relaxation time provides critical frequency which falls within the THz
range [23,25]. Therefore, THZ-TDS also provides significant information about the dynamics of a

liquid samples.
4.2.3 Gases

Polar gases resonate at discrete frequencies when excited by the stimulated radiation falls between
microwaves to FIR region. Characteristic sharp resonances are observed due to molecular rotational
transitions. The heavy gas molecules have rotational resonances in higher wavelength region
whereas, lighter molecules have resonances at small wavelengths. The Rotational gas spectroscopy
empowers the applications in gas sensing. THz-TDS rotational gas spectroscopy was executed in the
microwave regime and IR range [26,27]. THz-TDS provides the extra features of the rotational
spectroscopy as compared to far-infrared regime. Time-resolved studies of THz-TDS allows
identification of gaseous molecules free induction decay followed by an impulse excitation [28]. A
lot of gaseous molecules have been studied by THz-TDS for their broadening effects and transition
frequencies. Some of these molecules are nitrous oxide(N2O), Methyl Chloride(CH;Cl),
Ammonia(NHs) etc. [23,29-32].

4.2.4 Terahertz spectroscopy of tetrazole-IN-(hetero)aryl derivatives

Apart from warfare blasters, high energy materials find potential applications in civil, space as
detonators and rocket fuel etc. High energy materials are basically nitro rich compounds [33,34].
They consist of different moieties with five (imidazole), four (Tetrazoles), Three (Triazoles)

membered nitrogen rings [35]. Tetrazoles are is a unique building block among all the nitrogen
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moieties having tremendous applications in the civil sector, such as gas generating agents and
pharmaceuticals [36,37].Tetrazole skeleton contains high energy than the other azole derivatives, also
physical properties of these tetrazoles comparable with premium explosives like RDX and
TNT [38—43]. However, tetrazoles reported so far suffer less sensitivity to friction and impact they
didn't gain much attention due in the aforementioned applications. Nagarjuna Kommu, A. K. Sahoo
et. al reported the preparation of nitro/nitroamino/azido substituted atyl tetrazole derivatives

tetrazole-N-aryl/heteroaryl derivatives bearing —-NH, —~NO,, -NHNO, and —Nj; groups [44].

They are

1. 2,6-dinitro-4-(1H-tetrazol-1-yl) aniline (C;HsN-O,) (6),

2. 2.N-(2,6-dinitro-4-(1H-tetrazo-1-yl) phenyl) nitramide (C-HiNsOq) (7),
3. 1-(3,4,5-trinitrophenyl)-1H-tetrazole (C-H3N-Oy) (8),

4. 1-(4-azido-3,5-dinitrophenyl)-1H-tetrazole (C;H3sNoOy) (9)

A comparison of energetic properties of these molecules is shown in table.1. All the molecules
exhibit better energetic properties than TINT and equivalent to RDX. Also, they are crystalline in
nature with good oxygen balance (OB%), so they can be used as an energetic plasticizer in rocket
propulsion applications. The OB% of ‘6’, “7’, 8’, °9’ compound of the order of -79.62%, -54.02%, -
54.06% and -66.38%, respectively [45]. In addition to above values, their densities p (in g.cm™), high
velocities of detonation Dy (in m.s™"), and detonation pressure D, (in GPa) are comparable to TNT,

RDX.
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Figure 4.2. (Color online) Molecular and experimental crystal structures (from left to right) of (C; Hs
N7 Oy) (6), (C: H4 N3 Os) (7), (C7 H3 N7 Os) (8), (C7 Hs Ny O4)

As shown in Figure 4.2 substitutional functional group attached to position ‘1’ of the molecule not

only influences the energetic properties of the molecules but also responsible for the transition of

crystalline to amorphous phase which is also reflected in terms of change in absorption Coefficient

and refractive index. All these crystalline tetrazole derivatives are non-centrosymmetric with space

groups P21/C and P2,2,2;, which may possess good second harmonic generation capability.

Table 4-1. Energetic properties of 6-9 compounds. Here g (in g.cm™3), D, (in m.s7?), D, (in GPa) are
Crystal density, Detonation velocity and Detonation pressure [46].

Compound P D, D,
2,6-dinitro-4-(1H-tetrazol-1-yl)aniline (6) 1.75 7899 24.1
N-(2,6-dinitro-4-(1H-tetrazol-1-yl)phenyl)nitramide(7) 1.78 8208 28.0
1-(3,4,5-trinitrophenyl)-1H-tetrazole (8) 1.79 8298 28.4
1-(4-azido-3,5-dinitrophenyl)-1H-tetrazole (9) 1.66 7734 26.2
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TNT [47] 1.65 6881 19.5

RDX [47] 1.80 8795 34.9

Therefore, it is worth to study the structure-property correlations of these molecules both in
experimental and theoretical aspects to explore their applications in terahertz generation, detection,
and in nonlinear optical domain. Hence in the present study, we report terahertz time-domain
spectroscopic response of these compounds, and the reasons behind the optical response are
explored through density functional theory calculations both at single molecular and solid level. The
experimental techniques and sample preparation methods used for the present study are already

discussed in previous chapters.
4.2.5 Crystal Structure and Terahertz response

Except for compound (C;H3N7Og) (8)all the Tetrazole samples (C-HsN-Oy) (6), (C;HsNsOe) (7), and
(C:H3N9O4) (9) chosen for present study crystallize in non-centrosymmetric space groups with
monoclinic symmetry whereas compound 8 is orthorhombic [44]. These materials consist of z=4
formula units/unit cell (i.e. “6”-92; “77-100; “8”-92; “9”-92 atoms/unit cell). Moreover, all the
atoms of 6,7, and 9 are located at ’4e’ atomic Wyckoff sites, the compound 8, atoms are occupying
4a Wyckoff site with full occupancy. Due to the change in the explosive functional groups (i.e. NHo,
NO2, N3 NH-NOy) of these tetrazole derivatives, the lattice vectors (4, b, ¢, d) show increment in the
following order: : 8 -7 —>6—> 9,009 —>6—>8 —>7,67—>6—>9 —8,4:8 57— 6— 9.The
corresponding layers of compounds 6, 7, 8, 9 are spread over xz, xy, yz, xz planes and the adjacent
layers are stacked along x, y, z, x directions. This change in the chemical composition and symmetry
resulted in a huge difference in their explosive nature (see Table. 4.1) and stability. Moreover, the
increase in the nitrogen and oxygen percentages in the studied compounds will lead to a change in
their polarization. Hence the non-centrosymmetric nature and change in the number of electrons
strongly motivated us to investigate their terahertz optical responses, which are believed to be useful
for their detection and nonlinear applications. The same was carried out using our time-domain
terahertz spectroscopy set-up described in Chapter 2. The Terahertz absorption spectra results of

the tetrazole compounds are depicted in Figure 4.3.
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Figure 4.3. The experimental terahertz absorption spectra of 6,7,8 and 9 compounds

It is clear from the Figure 4.3 that all the compounds start absorbing radiation from 0.5 THz and
seven high intensity absorption peaks are found between 1.0 and 2.5 THz range. The tetrazole
molecules show absorption in 0.5 to 2.5 THz energy window as follows: for compound ‘6’ - 0.65,
0.89, 1.13, 1.49, 1.79, 1.97, 2.33 THz; for compound 7’ - 0.65, 1.49, 1.47, 1.91, 2.27 THz; for
compound ‘8’ - 1.01, 1.19, 1.49, 1.79, 1.97, 2.27 THz; for compound 9’ - 0.53, 1.01, 1.13, 1.37, 1.67,
1.91, 2.15, 2.33 THz. Among these, compound ‘7’ show highest intensity peaks hence it is more
polarizable, whereas compound ‘9’ show well defined absorption peaks and hence relatively more
sensitive and easy to detect even at lower energies. Moreover, detection limit of the studied tetrazole

compounds got increased from NH-NO, — NH,; — NO, — N; explosive functional groups.
4.3 Theoretical study using Gaussian and DFT methods

These unique absorption spectra of studied compounds are considered to be their fingerprint

spectra in the terahertz domain. In order to understand these absorption peak frequency, intensity
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differences more clearly, vibrational mode analysis using density functional theory calculations both
at molecular and solid level were carried out. In the first step, we performed the molecular
vibrational spectra calculations by using B3LYP/6- 311+G(d, p) polatized basis set as implementing
in Gaussian-03 [13]. We have considered the experimental single crystal x-ray diffraction structure as
our input. The obtained frequencies do not show any imaginary part, which confirms the dynamical
stability of all the studied compounds and the corresponding results plotted in Figure 4.4. The far
infrared(FIR) absorption peaks of studied tetrazole molecules between 0.1 and 2.2 THz frequency
windows are observed at the following frequencies: For compound, ‘¢’ - 1.13, 1.36 THz; for
compound 7°-1.08,1.58, 2.09 THz; for compound ‘8’ - 0.95, 2.02 THz; for compound ‘9’ - 0.47,
1.15, 2.07 THz. The obtained results show considerable deviation with respect to the experimentally
measured frequencies. But it is known that the vibrational spectrum in the THz range primarily

depends on the molecular structure and their intra and intermolecular interaction.
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Figure 4.4. The far infrared(FIR) absorption peaks of studied tetrazole molecules between 0.1 and
2.2 THz obtained using Gaussian-03

The weak interaction of molecules and the intermolecular force results in the collective vibration
mode under the THz range frequency. The vibration in the THz domain normally arises from the
bending, torsion, deformation of two or more molecules. As the performed DFT calculations for
single molecule level, the obtained vibrational spectrum is shown in Figure 4.4. In the spectrum 0.2-
2.2 THz region can be attributed to the intra-molecule vibrations alone. The preliminary mode
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analysis informs that the absorption peak of compound '6' located at 1.13 THz is attributed to
torsional rotation of tetrazole moieties, and other two frequencies are due to wagging of NO;
groups attached to the ring. The peak of compound '7' at 1.08 THz is attributed to torsional rotation
of tetrazole moiety. Similarly, the reduction in the first absorption peak (red-shift) of compound "7’
(1.08), 8 (0.95), 9’ (0.47) when compared to compound ‘6’ (1.13) is due to increase of additional
reduced mass of nitro group of molecules. The mode at 2.02 THz of compound ‘8’ is attributed to
the rotation of twist of NO,, and the calculated low frequency 0.95 THz mode is not clearly
observed in the experimental spectrum, which could be due to the scattering losses. In case of
compound '9', vibrational modes at 0.47 THz are observed due to collective rotation twists of all
attached azide group to ring. Torsional rotation of tetrazole moiety was observed at 1.15 THz. A
torsional rotation of all functional groups except tetrazole was observed theoretically at 2.07 THz.
The difference in the intensity profiles of the studied molecules indicates the increment in the
polarizability from compound ‘6’— 9 — ‘8 — “7’, which is contradicting with the experimental
observations. However, the observed discrepancy between experimental and theoretical vibrational
frequencies could be due to the omission of the effects from intermolecular interaction and
temperature. Hence, we turned our attention to the solid state level DFT calculations of the present

compounds of interest to incorporate the role of intermolecular interactions.
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Figure 4.5. The far infrared(FIR) absorption peaks of studied tetrazole molecules between 0.1 and
2.2 THz implemented GGA-PBE exchange correlated functions as implemented in CASTEP
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Initially, the experimental layered noncentrosymmetric crystal structures using GGA-PBE exchange
correlated functions as implemented in CASTEP. The calculated ground state lattice vectors, angles
and volumes with experimental data are tabulated in Table. 4-2. The results show considerable
deviation when compared to the experimental data and are as follows:

‘0 — a(14.1%) >«(7.8%) >b(2.0%); 7 — c(7.1%)>b(6.6%) >a(3.9%); 8 — a(9.0%) >b(5.2%)
>c(4.1%); 9 — ¢(9.7%) >a(5.5%) >b(2.1%). The crystal volume and crystallographic angle are as
follows:

V: for compound ‘8’ (25.4%) > 9” 326 (23.8%) > ‘6’ (20.6%) > 7’ (16.8%)

B: for compound ‘6’327 (5.0%) > 7’ (4.7%) > ‘9’ (4.6%)

Table 4-2. Calculated Ground-State Lattice Vectors (a and c, in A), Volume (V, in A3) of 6,7, 8,and 9
Using PBE and Dispersion- Corrected PBE + G06 along with Experimental Data

Symmetry Compound  Parameter PBE PBE+G06 Experiment

a 14.593 12.941 12.780

P2,/C b 7.278 7.067 7.135
(Z=4) c 11.910 10.754 11.043
(monoclinic) \Y 1144.690 934.862 948.6
B 115.198 108.109 109.625

a 8.233 7.871 7.922

P2,/C b 19.821 18.690 18.592

(Z=4) c 8.105 7.642 7.561
(monoclinic) \Y 1286.70 1109.11 1100.77
B 103.388 99.442 98.730

a 8.317 7.528 7.626

P2:2:2, b 11.086 10.518 10.537
(Z=4) c 14.154 13.654 13.592
(orthorhombic) \ 1305.22 1081.33 1040.25
a 14.724 14.249 13.943

P2,/C b 7.104 6.872 6.957
(Z=4) c 14.093 12.825 12.819
(monoclinic) \Y 1367.89 1125.51 1104.4
B 111.906 116.355 117.363

These results also inform that the intermolecular interactions are dominant in the studied layered
compounds as follows: 6> 9 > 8> 7. This can be attributed to the difference in the arrangement of
molecules in corresponding unit cells. Hence, to capture the weak interlayer non-bonded

interactions, we optimized all the crystal structures with the dispersion corrected PBE functional i.e.,
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PBE+GO06. The obtained results show very good agreement with the experimental data and the
deviations of all the obtained lattice vectors, volumes and P values are ~1%. The corresponding
results are shown in Table 4-2. Hence the G0O6 optimization results confirm the crucial role of van
der walls interactions in finding the optimized structures. We have extended the use of these (G00)
structures in our further vibrational properties calculation that is very sensitive to the lattice vectors.

The zone centre vibrational frequencies have been calculated for all the compounds using DFPT
approach [9,48]. All of the required mode assignments from 0.1 to 2.2 THz are done, and the
corresponding results are shown in Figure 4.5. The compounds 6, 7, and 9 are isostructural and
crystallized at the same point group with Co(2/m) symmetry with z = 4 formula units (98
atoms/unit cell) except for compound “8” which is getting crystallized in D,(222) point group
symmetry with (100 atoms/unit cell). Hence, there will be 276 — 3 = 273 vibrational modes for 6, 7,
and 9 and 300 — 3 = 297 modes for compound "8". The group theory representation for these
acoustic (appear due to in-phase moment of atoms) and optical (appear due to out of phase moment

of atoms) modes will be as follows:

Tacousic (6,9) = A 2B,

Topic (6,9) = 69A, @ 68A. D 69B,@ 67B,
Tacousic (7) = A 2B,

Topec (7) = 75A,D T4A.P 75B,B 73B,
Tacousic (8) = B B.P Bs

Topic (8) = 69A /@ 68B,D 68B.D 68B;

For all the crystals, the calculated (273, 297) vibrational modes are consistent with group theory
representations. Among the 273 optical modes of “6”, “9” crystals, 135 (68A.D 67B.) are found to
be IR active and 138 modes (68A.D 67B,) found to be Raman active. In case of crystal 7, out of
297 optical modes, 147 modes (74A.D 73B.) are found to be IR active and 150 modes (75A,6D
75B,) are Raman active. Interestingly, for crystal 8, out of 273 optical modes 69A1 modes are found
to be putrely Raman active, 204 modes (68BiD 68BD 68B;) are found to be both IR+Raman
active. Hence compound 8 is highly polarisable (more optically active) among the studied crystals.
All the frequencies of the vibrational modes are given in Table (4-3). Since we focused on the

terahertz response between 0.1 to 2.3 THz range. The snapshots of a few vibrational modes are
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given in Figure 4.6. The obtained frequencies of all the crystal in the 0.1 to 2.2 THz range are mainly
arising due to complete lattice translation associated with NO; groups and N3 asymmetric stretching,
due to which asymmetric stretching in Tetrazole ring and trinitrobenzene is also observed. Further,

we compared the experimental, molecular phase and solid phase vibrational frequencies and they are

shown in Table (4-3).

Table 4-3 The Calculated Zone-Center low frequency vibrational modes (in cm-1 of C7TH5N704)(6),
(C7TH4NBOG6) (7), (CTH3N706)(8), and (C7TH3N704) (9). Here IR active modes denoted as 'I',

Raman active modes as 'R.’

Terahertz Spectroscopy and Density Functional

Compound Experiment Mode Frequency Symmetry
M14 006.64 Bg(R)
M13 62.05(65.71) Au(l)
M12 61.61(59.70) Au(l)
M11 59.42 Bu(l)
M10 55.27 AgR)
6 065.71 M09 48.52 Bu(l)
59.70 MO8 46.47(49.70) Bu(l)
49.70 MO7 41.37 Ag(R)
37.69 MO06 37.03 Bg(l)
29.68 MO05 32.60(29.68) Bu(l)
21.68 MO04 21.37(21.68) Au(l)
MO06 25.36(21.68) Bg(l)
MO05 24.29 Au(l)
MO04 13.08 Ag(R)
7
63.71
49.70
45.69
21.68
M21 72.23 AR)
M20 09.94 B3(I+R)
M19 69.29 AR)
M18 68.05 B1(I+R)
M17 66.70(65.71) B2(I+R)
M16 62.07 B3(I+R)
M15 61.68(59.70) AR)
M14 51.90 B3(I+R)
8 M13 49.52(49.70) B2(I+R)
M12 47.28 B1(I+R)
M11 43.05 B2(I+R)
M10 39.06(39.69) B1(I+R)
M09 38.47 AR)
65.71 MO8 35.90 B2(I+R)
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59.70 MO7 33.98(33.68) B1(I+R)
49.70 MO6 30.44 AR)
39.69 MO5 29.73 B3(I+R)
33.68 MO4 20.90 AR)
Compound Experiment Mode Frequency Symmetry
M24 73.32 Bg(R)
M23 72.90(71.71) Au(l)
M22 70.69 Bg(R)
M21 70.15 AgR)
M20 68.41 Bu(l)
M19 67.47 Au(l)
M18 63.90 Au(l)
M17 63.58 Ag(l)
9 M16 56.89 Bg(R)
M15 52.97(55.70) Ag(l)
M14 48.94(45.69) Bu(l)
M13 47.91 Ag(R)
M12 46.24 AgR)
M11 46.23 BgR)
70.71 M10 41.42 Bg(R)
63.71 M09 39.78 Au(l)
55.70 MO8 37.28 AgR)
45.69 MO7 36.36 Bu(l)
37.69 MO06 32.79 AgR)
33.68 MO5 31.65 Bg(R)
17.67 MO04 29.12 Au(l)

The results indicate that solid level calculations results are mostly matching with the experimentally
observed frequencies. The observed shift between the molecular level and solid level vibrational
frequencies clearly indicates the dominant role of weak intermolecular, interlayer interactions via van
der walls and hydrogen bonding. The intensities of the observed frequencies are dominant in the
following order: 9 > 8 > 6 > 7. Hence it can be concluded that, due to the excess number of
electrons present in the azide group of compound 9, it is showing high intensity (polarizability).
Similarly, in compound 8 due to the presence of extra NO, group electrons, it next shows higher
otrder polarizability. In the case of compound 7 due to the presence of strong N-N bond, we were
able to observe only one peak in the studied terahertz range with lowest intensity among the studied
crystals. Whereas compound 6 has weak C-N and H-N bonds due to which we are getting a good

number of vibrational modes in the low energy region (<2.2 THz). Overall, we can conclude that
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compound “9” possesses high optical sensitivity (therefore unstable) nature, whereas compound “7”

shows low optical sensitivity (highly stable) among the studied compounds.

ﬁ 46.47cm?
68.41cm™

ok )

35.90cm™

Figure 4.6. Few snapshot images of calculated vibrational frequencies (in cm~') at the solid level
using PBE + GO06.
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Other compounds more or less show similar stability. But according to the group theory analysis
and observed I+R active modes, compound 8 is optically active and stable when compared to
compound “9”. Hence it is easy to detect compound 8 than others and it may find possible
applications in nonlinear optical domain also. The refractive index and birefringence measurement
of these materials between the 0.1 to 2.2 THz range, which is very crucial parameter for any optical

material applications.
4.4 Refractive index and birefringence

The nitro/nitrogen-rich atyl-tetrazoles crystallize in the noncentrosymmetric space group, and it is
essential to know the role of electronic contributions in the optical properties such as absorption,
band gap, refractive index, and birefringence in the given range of interest. Moreover, the THz-
based study is meant for detection of explosives without ionizing the sample. Initially, we measured
the absorption spectra of compounds using the UV /visible/NIR spectrometer (model: Cary 5000
with UMA attachment), and obtained results are compared with the theoretically calculated
absorption spectra in [0 0 1] direction using the PBE-GO6 equilibrium structure, as shown in Figure

4.7.
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Figure 4.7. Experimental UV—visible absorption spectra of 6, 7, 8, and 9 compounds plotted along
with the absorption spectra obtained at PBE+ G06 equilibrium structure

The experimental results confirm that compound “6” possesses a sharp absorption peak around 480

nm (2.58 eV), whereas absorption bands of other compounds such as “7”, “8”, and “9” are situated
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at 450 nm (2.75 eV), 350 nm (3.54 eV), and 410 nm (3.02 eV), respectively. However, the
theoretically obtained absorption spectra show that sharp absorption peaks for compounds “6”, “77,
“87,“9” are located at 1.3, 1.2, 1.2, and 1.0 to 2.5 eV, respectively. The broadening of the absorption
peak of compound "9" is attributed to the indirect bandgap. Finally, it is clear from the experimental
and theoretical results that the studied compounds possess a strong absorption band in the near-IR
and THz regions. Frequency dependent complex refractive index between 0.1 and 2.2 THz was
calculated using equations mentioned in chapter 2 [49,50]. Etalon effects caused due to internal
reflection were ineffective since we have not taken these into account while calculating FFT [51].
The average calculated refractive index for compounds 6, 7, 8, and 9 (see Figure 4.8), and the

obtained corresponding values are 1.65, 1.71, 1.72, and 1.81 respectively.
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Figure 4.8. Experimental refractive index spectra comparison between 0 and 2.2 THz range of
C7H;5N704 (6), (C7H4NsOg) (7), (C7H3N70¢) (8), and (C7H3N9O4) (9)

Further verification has been done by calculations by comparing it with DFT results (see Figure 4.9).
The calculations are done with great accuracy using US pseudopotentials, 380.0 eV energy cutoff,
and 3 X 5 X 3 k-grid. As the chosen compounds crystallized in asymmetric space groups
(monoclinic, ortho- 468 rhombic), different values of n, n,, and n, were obtained. All of the

obtained results (experiment, DFT) within 0.1—2.2 THz energy window show reasonable agreement
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(Table 4-4), and the same are plotted in Fig. (4-9). Moreover, the dispersion and intensity of the
absorption curves are found to show considerable variations because of the change in the explosive
functional group at position “1” on the tetrazole moiety. The theoretical difference in ny, ny, and n,
curves of studied compounds indicate that all the compounds possess large optical anisotropy.
Further, the theoretically calculated (time-independent DFT) absorption spectra show considerable
blue shift with respect to the experimental UV —visible spectra of the studied explosives, which is
evident due to the omission of local field and exciton effects in the present DFT calculations, and

these deviations can be addressed properly by including the excitonic effects through the time

respectively.
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Figure 4.9. Theoretically obtained refractive index spectra (along x, y, z directions) of C;HsN7O4 (6),
C7H4N;zOs (7), C:H3N705 (8), and C7H3N9O4

The results in Figure (5-10) and Table (4-4) also confirm that the calculated average static refractive
index ((n = n. + ny, + n,)/3) values of all the compounds are relatively good in agreement with the
experimentally observed values. Normally, for monoclinic NLO crystals, the refractive indices show
either n> n,> n, (negative biaxial) or n,> n,> n, (positive biaxial) trend. However, the results from
shows the trend for compound “6”: n,> n,> n,, for compound “7”: n,> n> n,, for compound “8”:
n,> n> ny, and for compound “9”: n,> n, > n,. These differences in the actual and obtained
refractive indices can be attributed to the role of excitonic effects,which are not accounted for in the

present study. For preliminary understanding, the birefringence (An) values of 6, 7, 8, and 9
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compounds are calculated by taking the difference between the maximum value of refractive index
to the minimum value from Table 4. The corresponding results show the following increment order:

An (6) > An (8) > An (7) > An (9). Moreover, these values except for that of compound 9 are found

to be closer to the well-known nonlinear crystal DAST (0.39, 0.55, and 0.64) and higher than
Recently reported carbonate fluoride crystals ABCOsF (A = K, Rb, Cs; B = Ca, Sr, Pb) (An around
0.1056, 0.0887, 0.0921, 0.0966) crystal birefringence values, which indicate that the studied
noncentrosymmetric explosive compounds may possess good phase matching applications in visible

and near-IR regions.

Table 4-4 Experimental and DFT Calculated Refractive Indices (n) along [100], [010], and [001]
Crystallographic Directions and birefringence values of 6,7,8, and 9

Compound Ny ny n, An (nmax - nmin) 1 average 1N experiment
6 1.474 1.886 1.555 0.412(0.331) 1.63 1.65
7 1.546 1.337 1.611 0.274(0.065) 1.49 1.71
8 1.530 1.304 1.596 0.292(0.0606) 1.47 1.72
9 1.589 1.635 1.616 0.046(0.019) 1.61 1.81

Further analyses on the frequency-dependent second harmonic response of these compounds will
be useful in phase transition, sensitivity correlation studies, and designing new organic nonlinear

optical materials in near future.

4.5 Conclusions:

In summary, we have studied the linear and nonlinear optical properties of newly synthesized
tetrazole molecules using time-domain terahertz spectroscopy, UV—visible=NIR spectroscopy, and
DFT. We have also ascertained the absorption coefficients and refractive index between 0.1 and 2.2
THz range. In addition, we have performed single-molecule and single-crystal level DFT
calculations. The obtained structural optimization results confirm the importance of non-bonded

(vdW) interactions. The theoretically calculated zone center vibrational frequencies at the solid level
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are found to be good in agreement with the experimentally observed THz absorption bands.
However, the single-molecule vibrational frequency-based results can be improvised by the
incorporation of intermolecular and interlayer interactions. We have also explained the optical
sensitivity correlations using vibrational frequencies. The electronic absorption, refractive index, and
birefringence studies reveal the feasibility of phase-matched nonlinear optical frequency mixing
devices in the single-crystal form. The study also provides a good reference for growing organic

nonlinear optical materials.
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CHAPTER 5 : Temperature-Dependent Terahertz
Spectroscopy of Explosives

This chapter reports the temperature dependent time domain terahertz
spectroscopy(TDS) of the premium aqua-soluble and plastic explosives RDX, TNT, and
NH4NOs3, between 0.1 to 2.2 THz range. The temperature dependent spectroscopic study
was carried out between 30°C and 200°C in a specially designed oven. The signature peaks
of TNT and RDX present at 1.60 and 0.82 THz, shown significant redshift, whereas the
NH4NO3 molecule shows a relatively small shift. The observed high-temperature-based
redshift phenomenon is just the opposite to the blue shift reported at low(cryogenic)
temperatures. In addition, the temperature-dependent absorption coefficient data of these
molecules support the change in the concentration of the NO: molecule which is
inconsistent with our group reported based on photoacoustic spectroscopy. The
temperature dependent refractive indices of these molecules between 0.1 and 2.2 THz were
calculated. Finally, to understand the sensitivity of the spectrometer signature peak of RDX
with respect to the decrease in the weight concentration of RDX in the Teflon matrix was

studied at 0.82 THz.

Part of this chapter’s work has been published as following journal article.

Temperature-dependent terahertz spectroscopy and refractive index measurements
of aqua-soluble and plastic explosives. Applied Optics, ol 57, Issue 29, pp. 8§743-8750

(2018
Damarla Ganesh, Mottamchetty Venkatesh, and Anil K. Chaudhary*
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5.1 Explosives detection technique and challenges

Over the past few decades, antinational group attacks have been substantially increased in all
over the world. Anthrax power hidden in the envelop, IED based mixtures, bombs, plastic,
ceramic, weapons threaten people’s daily life. The counter-terrorist has become an essential goal
for every country. So, quick identification and detection are required. A wide variety of methods
available for detection of explosives and their related compounds in a security context. These are
basically classified into two categories 1. Bulk detection systems for example: X-ray imaging, to
locate high quantities of explosive materials. 2. Trace level detection systems: particles or vapours
of explosive molecules detected with corresponding signature peaks. Nevertheless, research
regarding the new technologies that could identify as well as classify the explosive materials.
Number of available spectroscopy techniques for explosives identification lies in mid-infrared,
and optical bands [1]. But THz based sensing technology has got a lot of added advantages as
compared to other existing techniques for explosive detection. THz spectroscopy technique has
been developed in the field of sensing and imaging of biological, chemical, and other
interdisciplinary research [2—4]. Many polar solid, liquids, gases, and explosive molecules possess
signature peaks in the reflected and transmission THz spectral range [5,6]. In addition, THz
spectroscopy provides information about weak vibrational modes which cannot be obtained by
other means of spectroscopic technique. Terahertz radiation is non-invasive and have no health
risk to the system’s operator or to a suspect being scanned. Many explosives molecules such as
TNT, RDX, HMX CI20, and PETN etc. and drugs (methamphetamine) possess distinguishing
spectra in the THz range that could be discernible from other substances such as packing human

skin, coins and clothing [7-11].

A good numbers of study have been carried on explosive identification using the THz
technology. Y. C. Shen et al. (2005) [12] reported a spectroscopic imaging method to identify
explosives [13,14]. Y. Hu et al., Jian Chen et al. [15,16] reported the absorption coefficients of
stranded explosives. A theoretical explanation of spectroscopic approach to RDX given by
Damian G. Allis et al. [17]. A competitive study of THz spectroscopy and Raman spectroscopy
was carried by A. D. Burnett et al. Joseph S [5,18]. In case of Ammonium nitrate, only few
groups have reported their studies between 0.1 -3 THz. Khachatrian et al. have reported the
sharp rotational vibrational features, Chen et al. reported some distinguishing weak spectral
features of NH4NO; between 0.1 and 3 THz at ambient temperature [15,19]. Melinger and
Grischkowsky studied the low temperature vibration modes of TNT, RDX. They reported the
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presence of several new peaks by lowering the temperature [20]. This study indicates the effect
of temperature on absorption peaks. High temperature THz spectroscopy of n-alkanes was
studied by Jonathan P [21]. The THz transmission spectrum of n-tridecane (Ci3Has) till 80 "C was
described. However, to the best of our knowledge there is no such study carried out to
understand the high temperature effect on THz transmission behaviour of Explosives and
corresponding shifts in the absorption peaks, and varaition in the refractive index. High
Temperature study of explosive provides the information about stability of the explosives. In
case of trace level detection of explosives laboratory environmental conditions never matches
with real time circumstances. The nature of the traces samples obtained after explosion is not
same as unexploded as it has gone through high temperature and pressure. The effect of

temperature on THz absorption signature is discussed in section 5.4.

The present chapter includes THz spectroscopy of some common explosive materials such as
Ammonium Nitrate (AN), 2,4,6-trinitrotoluene (TNT) and,1,3,5-trinitroperhydro-1,3,5-triazine
(RDX). AN and RDX are available in white crystalline powder form. AN is an easily available,
fertilizer and a hygroscopic compound, shows an extremely high absorption in the THz
frequency range. Whereas TNT is an yellow coloured amorphous compound. RDX and TNT
are stable and most powerful explosives have large number of military and propellants
applications. RDX molecule is a six-membered heterocyclic ring comprising of three nitrogen
and three methylene groups, with a nitrite group attached to each of the nitrogen atoms in the
ring. This high oxygen and nitrogen content makes RDX a powerful plastic explosive. On the
other hand, TNT is a cyclic aromatic compound. However, ammonium nitrate consists of high
proportion of oxygen and nitrogen for its weight. Thus it can act as an excellent oxidizer for
other compounds and can itself act as an explosive. Although THz spectroscopy would be
unable to quantify the ammonium nitrate chemically, its high absorption peaks could plausibly

enable it to be located in a THz frequency image.

5.2 Effect of Temperature on THz spectroscopic

absorption signatures

Due to variation in temperature may cause shift in frequency towards the lower or higher sides
of frequency. The shift that occurs towards the high frequency side is called the “blue shift”
whereas the shift towards low frequency is known as the “redshift”. The decrease in the
temperate is responsible for the compression of lattice resulting the sharpening of intermolecular

potential. At low temperatures due to high interaction weak factors such as van der Waals (vdW)
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forces and hydrogen bonding play key role in the red shift of the peaks. It is possible that
incorporation of vdW interactions lower the symmetry of the crystal and generates additional
low frequency modes that are missing at ambient temperature. On the other hand, high
temperature based study of THz bands attributed to various other mechanisms including
intramolecular vibrations and collisional effects, etc. At higher temperature, due to thermal
expiation the population of molecules are mere in higher vibrational excited states increases, as a
result, there is a decreased energy spacing resulting the overall absorption envelope being shifted
to lower frequency. Understanding of high temperature frequency vibrational modes and their
behaviour in different environments provides a new insight in terms of adjacent binders are very
important for detection of explosives. It is also important to note that participation of different
intact functional groups at the time of heating. In our earlier work we carried out this proses
studied in vapor form between 40 °C and 350 °C using a UV-visible wavelength based pulsed
photoacoustic technique. This chapter describes the spectral features of HEMs, and the results
have found good agreement with reported literature values. In addition, the study clearly
confirms the release of NO; molecules just above 40 °C, which also supported by our previous
studies on the number of explosive molecules. The study was based on the recording of strong
vibronic transitions of NO, molecules between 30 °C and 350 °C using a pulsed photoacoustic
technique [22-24]. Here the attempt is made to develop a small quantity of explosive pellets

using PTFE powder at room temperature and successfully recorded their characteristic signature.
5.3 Experiment details

The experiment was carried out in two steps. In the first step the explosive pellets in the PTFE
matrix were prepared, and in the second step, these pellets were subjected to the THz system for
the recording of temperature-dependent time domain spectra. Sample preparation is an
important factor for the recording of a characteristic signature. A pure explosive sample in
powder form was mixed with PTFE powder, which has very low absorption in the THz range.
An explosive sample weighing around 200 mg was mixed with 800 mg of PTFE powder using 10
ml of CH;OH solvent. The mixture was dried for 20 min and then ground with mortar to
produce a fine homogenous powder. The powder mixture was divided into two halves and
transferred to the die using butter paper, and then was pressed with 2 tons of pressure to prepare
a pellet. The thickness and diameter of the pellets are ~2 mm and 12 mm, respectively. The THz
wavelength matches the size of the sample present in the pellets, which is responsible for the

inhomogeneous broadening of the spectral peaks due to the scattering effect. Moreover,
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scattering in THz spectra is caused by the refractive index mismatch between the sample crystals
and the surrounding pellet medium. However, the effect of scattering due to the multiple
crystalline nature of the samples can be overcome by dissolving the mixture in methanol
solution. We also mixed different proportions of the RDX sample in the PTFE matrix to record
the weight-percentage-based signature peak. The pure PTFE pellet was used as a reference. The
THz absorption spectroscopy of explosive molecules was carried out in a specially designed
small-sized oven that can accommodate the pellets inserted between two parabolic mirrors. The
oven works on the Peltier heating principle and was supplied by Conversion Co. Ltd. (UK). We
redesigned the hood of the oven to accommodate an explosive pellet with a 12 mm diameter.
The temperature of the oven was controlled between 25 °C and 200 °C with a precision of 0.01
°C using a temperature controller supplied by the same company. The spectrometer experimental

arrangement parameters are same as discussed in chapter (2).

5.4 Results and discussion

Figure 5.1 (a) and (b) show the temporal and frequency domain spectral profiles of air, PTFE,
and the explosives in the THz range after passing through the pellet. It is observed that the THz
pulse shows a variation in delay time after passing through different explosives. It is attributed to
the change in the optical path length of radiation, which varies from sample to sample due to the
change in the refractive index of the molecules. The spectral intensity clearly shows the variation
in the intensity and the shift in the absorption peaks of explosive molecules. The experiment was
performed in ambient room temperature. The dynamic range of the amplitude of spectral lines
lies between 10 *and 10 'on a log scale which helps us record the weak absorption peaks of the

explosive molecules.
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Figure 5.1. Schematic THs spectrum. (a) Temporal profile of THz pulse, (b) frequency domain spectra of
different explosives

The water soluble compound NH4NO; has a high absorption coefficient compared to the aqua-
insoluble explosives. However, RDX has a significant characteristic absorption peak at 0.82 THz,
which agrees well with the reported work. All the samples show a common feature near 1.8 THz.
The absorption peak is attributed to the intermolecular vibrational modes present in the THz
region. The corresponding THz absorption peaks for NH4NO; present at 98.15, 108.5, and
143.7 cm™" are 0.87, 1.5, and 1.81 THz, respectively. All the above mentioned studies were
carried out with 100 mg of explosive sample mixed with 400 mg of PTFE matrix. We also made
an attempt to study the effect of weight percentage on the signature peak of the explosive
sample. Therefore, pellets with different weight concentrations of RDX such as 50, 30, and 10
mg, were prepared in the PTFE matrix. The thickness and size of the pellets were controlled by
adding the same weight percentage of PTFE powder into the mixture. As a result, the total
weight of the pellet matrix always remains 500 mg. The time domain spectra of different weight
percentage pellets were recorded, and their corresponding absorption coefficient data were
ascertained and compared with the reported values available in the literature [17]. Figure 5.2
shows the drop in the value of the absorption coefficient with a decreasing concentration of
RDX in PTFE matrix at 0.81 THz. This also indicates the minimum detection limit of RDX in

solid form.
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5.1.1 Temperature-Dependent Absorption Spectra and Refractive

Index of RDX

The recording of absorption bands in the THz region is also affected by the presence of water
vapor. Consequently, many of the characteristic bands are either not visible or have low intensity.
The temperature-dependent spectroscopy of molecules plays a very important role in revealing
significant information about many weak vibrational modes that are not observable at room
temperature. In addition, it helps excite the molecules at the ground state, which is also reflected
in the coupling of oscillating modes in terms of redshift. In this section we discuss the
temperature-dependent THz spectra of RDX, TNT, and NH4NO; molecules in solid form. The
spectra are recorded below their melting point. Shen et al, Hangyo et al, and Azad et al.
reported the temperature dependent spectroscopic study at low temperature and identified the

behaviour of signature peaks of RDX present at 0.82, 1.05, 1.50, and 1.96 THz.
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Figure 5.2. Absorption coefficients of RDX for different weight concentrations

Figure 5.3 (a) shows the temperature-dependent absorption coefficients of RDX in PTFE matrix
recorded between 30 °C and 170 °C. The characteristic band present at 0.8 THz has sharp
features between 30 °C and 90 °C. This can be attributed to the presence of the NO, group. The

absorption coefficient at room temperature is 11 cm™

, which decreases with increasing sample
temperature. In addition, the shape of the absorption peak between 30 °C and 90 °C shows a

broadening effect at 105 °C.
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Figure 5.3. (a) Temperature-dependent absorption coefficient of RDX, (b) temperature-
dependent refractive index of RDX.

This reveals the process of vaporization of water molecules and the release of NO; gas, which
also indicates the initiation of the process of thermal decomposition of RDX. The decrease in
the absorption coefficient value of the 0.8 THz peak is directly linked to the loss of NO; from
the solid sample [25,26]. In our previous reports, we have successfully demonstrated the release
of NO; from different explosives above 40 °C, using a pulsed photoacoustic technique. The
previous study was performed in vapor using 532 and 266 nm wavelengths of a Q-switched
Nd:YAG laser. The NO, gas release mechanism is based on a strong electronic transition and is
attributed to vibronic modes of NO, [27]. However, the present results once again support our
catlier findings in the THz domain. Further, an increase in the temperature between 120 °C and
170°C enhances the broadening of the peak width and shows some shift toward 0.62 THz,
which is nothing but the redshift effect due to heating. Similarly, the peak at 1.05 THz has a
small amplitude and appears in the form of a dip at room temperature. However, after crossing
105 °C, the dip is modified and converted into a hump at 120 °C. This is attributed to the hot
band effect, where the weak signature peak was invisible due to water molecules. A similar type
of effect is also observed at 1.4 THz. However, this peak shows the reverse trend. The
absorption coefficient between 30 °C and 105 °C is lower than the absorption coefficient at 150
°C. Figure 5.3(b) shows the temperature-dependent refractive index of RDX. The refractive
index was recorded between 30°C and 150°C, and it is clear that there is little variation in the
refractive index up to 0.7 THz. The value of the refractive index remains constant between 1.6
and 1.65. However, after 0.7 THz there is a sharp decline in the value of the refractive index with
respect to temperature, and it decreases from 1.7 to 2.0 THz. Similar types of changes are also

visible in the absorption coefficient data at 0.7 THz.
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5.1.2 Temperature-Dependent Absorption Spectra and Refractive

Index of TNT

Figure 5.4(a) shows the temperature-dependent spectrum of TNT, which was recorded between
30 °C and 70 °C below its melting point, i.c., 80.35 °C. For TNT, characteristic absorption peaks
are present at 1.6 THz and 2.17 THz [26]. One can easily see that the peak at 30 °C has a higher
absorption coefficient i.e. around 7.4 cm™ that decreases to 6 cm™ at 50 °C and almost becomes
4.85 at 70 °C. After crossing this temperature, the peak shows an unusual reverse trend. It also

indicates the process of initiation of a slow release of NO; from the solid sample. Similarly,
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Figure 5.4. (a) Temperature-dependent absorption coefficient of TNT, (b) temperature-
dependent refractive index of TNT.

the absorption coefficient of the 2.17 THz peak is 10.65 cm™, which becomes 7.8 cm™ at 50°C
and 6.62 cm™ at 70 °C. The decreasing trend of the absorption coefficient with respect to
temperature also appears in the form of a redshift toward the left side at 70 °C. This redshift
effect is due to a hot band transition peak at 2.2 THz, which has a higher value at 30 °C.
Therefore, the temperature-based recording of signature peaks reflects the process of thermal
loss of TNT molecules at high temperatures. In addition, temperature based spectroscopy
confirms the presence of some prominent signature peaks in a repeated manner, along with
redshift. Two signature peaks are located at 1.77 and 2.17 THz at 30 °C that get shifted to 1.722
and 2.097 THz at 70 °C, respectively. Figure 5.4(b) shows the temperature-dependent refractive
index of TNT. The refractive index was recorded between 30 °C and 70 °C, and it is clear that
there is very little variation in the refractive index up to 1.6 THz. The value of the refractive

index between 30 °C and 70 °C almost overlaps and remains between 1.55 and 1.60. However,
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after 1.6 THz it shows great variation between 1.55 and 1.75. Similar types of changes are also

visible in absorption coefficient data at 1.6 THz.

5.1.3 Temperature-Dependent Absorption Spectra and Refractive
Index of NH4NO3

Figure 5.5(a) shows the temperature-dependent absorption spectra of NH4NOs. The frequency
spectra clearly show the presence of a weak signature at room temperature. An earlier reported
study of NH4NO; was carried out at low temperature and demonstrated the conversion of the
absorption peak into a kinkat et.al 1.7 THz [28,29]. However, when NH4NO; is mixed with
PTFE, it starts showing a strong signature even at room temperature. The absorption peaks at
1.2 and 1.4 THz are weaker than the peak atl.78. It also shows a maximum intensity peak at
105°C below the melting point of NH4NO;. Figure 5.5 (a) shows the absorption spectrum of
NH.HO:; recorded between 30 °C and 150 °C at 0.1-2.0 THz.
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Figure 5.5. (a) Temperature-dependent absorption coefficient of NH4NO3, (b) temperature-dependent
refractive index of NH4NO:s.
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To the best of our knowledge, it is the first demonstration of a signature peak of NH4HO; at
1.73 THz. At room temperature, i.e., 30 °C, it has an absorption coefficient of the order of 5.69
cm’. Since the spectra are recorded in transmission mode, these signature peaks are visible.
Further, the effect of a redshift is also visible at 1.78 THz. The value of the absorption
coefficient is of the order of 5.27 cm™ between 60 °C and 90 °C. It is further shifted toward 1.72
THz with a corresponding absorption coefficient of 5.05 cm™” between 120 °C and 150 °C,
respectively. The NH4NO; is a very stable inorganic aqua molecule due to ionic bonds.

Therefore, it does not show a similar type of decomposition behaviour and strong absorption
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like RDX and TNT. As a result, the redshift effect is not very prominent. Figure 5.5(b) shows
the temperature-dependent refractive index of NHyNOs. The refractive index is recorded
between 30 °C and 150 °C, and it is clear that little variation exists in the refractive index up to
1.3 THz. The value of the refractive index remains between 1.42 and 1.40. However, after 1.3
THz the value of the refractive index shows a fall with respect to temperature and decreases
from 1.4 to 1.0. Similar types of changes are also visible in the absorption coefficient data at 1.3

and 1.6 THz.
5.5 Sensitivity and detection limitations

We have comprised the signal sensitivity and absorption coefficients of three explosives in table

5-1.

Table 5-1 Physical and optical properties of explosive samples in THz domain
Absorption coefficient
S. No Sample Thickness of the | THz peak value (cm™) @room
name pellet (mm) (a.u.) temperature
1 RDX 1.91 1.83x 10* 11.2
2 TNT 1.97 3.4x 10" 9.98
3 NH4NOs 2.1 1.73x 107 5.67

It is evident from the table that absorption coefficient is the material dependent property and
RDX possess highest value. A 10 mg of RDX in Teflon quantity shows property 5 cm’
absorption coefficient value [30]. Further improvisation is need to reduce the quantity of the
sample. In present experiment the THz beam spot size was 6 mm. Therefore, by selecting
suitable parabolic mirrors the spot size was reduced of the order of 2.0 mm which will also
helped us to reduce the pallet diameter of the order of 2.0 mm and enhance the detection
sensitivity. Similarly, temperature based study also help to understand the thermal decomposition
and redshift behavior of the explosive molecules which varies from sample to sample. Finally,
temperature dependent theoretical model needs to be developed to understand the vibronic and
rotational transition behavior of these molecules under THz region. Because existing DFT

calculations are based at 0 °K.

5.6 Concealed detection of explosives

As discussed in the previous sections, detection of explosives in a concealed condition is a

challenging task for the homeland security. THz radiation is preferred for qualitative
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identification of explosive under concealed condition because of its non-invasive nature. We
have made an attempt to detect RDX in the suitcase. The RDX sample was kept inside the box
as shown (red circle) in the Figure 5.6. The box was placed in between the parabolic mirrors to
focus the generated THz on to the sample. Initially The reference spectrum of box without
sample was recorded which was followed by scan of sample. Figure 5.7a depicts the temporal
profiles of box with and without sample. However, the allowed to box transmit up to 1.6 THz
only. Figure 5.7 (c, d) reagents the characteristic adoption peak of RDX at 0.8 THz and
refractive index 1.5 respectively. This shows the capability of time domain THz technique to

detect the explosives under concealed conditions.
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Figure 5.6. Suitcase used in coneled detection (red citcile indicates the sample postion)
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Figure 5.7. a) Temporal profiles of reference box and with RDX. b) Frequency domain spectra c)
Absorption coefficient d) Refractive Index

5.7 Conclusions

We have successfully recorded the temperature dependent refractive indices and absorption
coefficients of NH NOs;, TNT and RDX explosives below their melting points. Also,
demonstrated the temperature dependent red-shift effect in these molecules. To the best of our
knowledge this is the first demonstration of red shift effect and process of slow thermal
decomposition mechanisms of these explosives in THz domain. It also helps to characterize the
explosive molecules. In addition, the effect of change on the strength of THz signal of RDX in
PTFE (Teflon) matrix is with respect to the concentration. Also a successful attempt was made

to record the signature spectrum of RDX explosive sample under concealed condition.
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CHAPTER 6 : Designing and Fabrication of
Bandpass Filters in THz Region

Designing and fabrication of bandpass filter in THz domain play important role in
advancement of optics in significant applications such as spectroscopy, Imaging, sensing,
communication etc. In this chapter we have discussed two types of terahertz bandpass filters
of free standing and metal on a dielectric substrate operating at different frequencies were
designed and fabricated. The simulation has been carried out using CST Microwave Studio.
Free standing bandpass filters were realized by a metallic hole array sandwiched between
two polyamide layers. Metal on a dielectric substrate based bandpass filters are achieved by
coating aluminum layer on silicon substrate. The filters were fabricated using UV lithography
technique on a 0.05mm thick Silicon substrate over a 1 cm? area on which the unit cell in the
pattern of aluminum hole array was coated by the method of physical vapor deposition
technique. The obtained results show about 80% transmission. After successful
characterization of these filters were used for sensing of high energy molecules. High energy
molecules were drop casted on hole array and recoded the shift in the THz resonance peaks
which can be used for sensing applications. This study helps to designing of low-cost bandpass

THz filters, the performance of theses filters are compared with commercially available filters.

A theme of technical details in more elaborated form is published in
Ultra-thin subwavelength film sensing through the excitation of dark modes in THz metasurfaces

Sabyasachi Banerjee, C.S. Amith, Deepak Kumar, Ganesh Damarla, Anil Kumar Chaudhary, Sanket
Goel, Bishnu P. Pal, Dibakar Roy Chowdhury, Optics Commmunications 453 (2019) 124366,
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6.1 THz bandpass Filters

Terahertz bandpass filters are the surface modified periodic structure which provide the sharp
plasmonics resonances at a given frequency. These resonances can be broadened, tuned and shifted
by changing the parameters like periodicity, shape, thickness etc. majority of the bandpass filters
designed in THz region based on patterning of subwavelength structures of metal film on different
dielectric substrates. R. Mendis et.al, reported the manufacture a Universal tunable THz filters using
dispersive media which can filter out from broadband THz pulses [1-4]. These filters work on the
principle of traditional Extraordinary Optical Transmission(EOT). In EOT, certain frequencies pass
through the filter whose wavelengths beyond the classically allowed. The corresponding frequencies
depend on periodicity of hole array and other factors such as thickness of the metals, dielectric

constant of metal, shape of the hole, hole diameter.
6.1.1 Extraordinary Optical Transmission

It is a well-known fact that when size of aperture is of the order of the wavelength of incident
aperture diffraction occurs and this concept studied by Thomas Young, Jean Fresnel in 19"
century [5,6]. In 1944 Hans Bethe found that transmission through a circular hole can be normalized

to area of perforated thin metallic plate is given by

64 (r)
T= 2712 (Ej W

Where “t” is the radius of the circular hole, “A” being the incident light wavelength. It was surprising

to note that most of the theories at that time states it is proportional to square of ratio of the radius
to wavelength i.e. (r/A)*[7,8]. In 1988 T. W. Ebbesen opened a new channel with path breaking
discovery in his publication entitled “Extraordinary Optical Transmission Through Sub-Wavelength
Hole Arrays” [9,10]. He discovered that perforated metallic films with periodicity smaller than the
hole exhibits great optical transmission for the frequencies where the hole size is lesser than the
incident wavelength. It was understood that spectral positions of these structures are coincided with
corresponding of surface plasmon polaritons (SPPs) modes. Later this relation between EOT and

SPPs has been verified theoretically. It is extensively proven that the origin of EOT is due to the
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excitation of those surface electromagnetic modes. When electromagnetic wave falls on metallic
films it reflects off. When momentum matching condition satisfied between incident light and
electrons of metals it would take couple to a Surface Plasmon Polariton (SPP) and propagates along
metal dielectric interface, finally radiated out through coupling to the holes in the metal [11-13]. We
know that metals consist of a “sea” of electrons which randomly move in all directions. A surface
plasmon has oscillation of electrons present in the conduction band(CB) of a metal excited by the
electric field of incident photons. Incident light directly cannot couple with surface modes [14,15].
The coupling can be accomplished by following ways 1). Grating Coupler ii). ATR Prism coupler. iii).
Subwavelength metallic hole arrays coupler [16]. EOT phenomenon has got enormous number of
applications such as near-field microscopy, frequency selective surfaces, subwavelength lithography,

surface enhanced Raman spectroscopy(SERS), etc.
6.1.2 Enhanced THz transmission and THz SPPs

Most EOT through subwavelength hole array has been carried out in optical region. Since in optical
region material dielectric constant (€) the real part is more than that of imaginary part. But, in case
of higher wavelength regime such as microwave and THz, imaginary part of € dominates the real

component i.e.|8rea| / Sim|<< lwas believed to be the constraint to give EOT in this regime.

However, Moreno ¢z al. reported the EOT in longer wavelength regime is often more in suitable
surface modification on metallic surface. This corrugation of metallic surface leads to effective
impedance which helps to couple surface Plasmon to couple with exited EM wave. Several research
groups like D. Qu, H. Cao and A. Nahata, H. Cao and A. Agrawal, F. Miyamaru, and M. Hangyo
reported subwavelength metallic hole arrays based enhanced transmission [17-20]. This
enhancement is attributed to resonant excitation of SPP in THz region. The experimental results
prove that significant dependence to hole shape on transmission magnitude [21]. In THz region
dielectric properties of the metals tend to the perfect metallic properties which are also the reason
for observation of certain characteristics that cannot be observed in optical region. Similatly, in THz
region heavily doped semiconductors behave like a metal due to their dialectic constant €. has a
negative value, so heavily doped semiconductors can be treated as metal to exhibit improved
transmission in THz range. J. Gémez Rivas, C Janke and J. G. Rivas, C Janke, J. G. Rivas have
demonstrated EOT through doped silicon hole array [22,23]. It was observed that enchantment in
transmission is the function doping concentration and dielectric properties of the surrounding
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material. Since semiconductors possess negative temperature coefficient, the change in the
temperate leads to variation in the charge carrier concertation. This effect of temperature on

trasmissin through hole array was studied by J. Gémez Rivas and P. Haring Bolivar, J. Gémez Rivas

and C. Janke [24,25].
6.1.3 Surface Plasmon Polaritons (SPPs) and Dispersion relations

A Plasmon can be defined as quantum of the collective excitation of conduction band free electrons
of a solid material. These electrons in metals are identical to molecules flowing in a liquid. In
plasmonics the role of metal more significant than dielectric material [26]. The presence of the sea of
electrons give a difference in both electrical properties as well as in optical properties. From Drude
model the dielectric constant € of metals is given by

2

10}
(@) =1-——2 @)
(o+yw)

2
Where, @, is the bulk plasma frequency by @, = ’N% , N is the density of electrons and 7 is the
0o

rate of scattering of electrons. By ignoring the contribution from damping of the metal (y = 0) it is
evident that for ® > @, the value light can transmit through the metal as the permittivity value is
positive. This propagating mode, which basically originated due to coupling between bulk free
electrons and photons, is known as the bulk plasmon polariton. Conversely for frequencies ® < ®,
i.e. whose value is less than plasma frequency cannot propagate through the medium because of
negative value of the dialectic constant. The propagation mode of electromagnetic radiation does
not exist because of imaginary wave vector. But Ritchie theoretically proved that propagation of

light is allowed on the surface in form of surface wave on the metal for the frequency between ®

=0, ® = ®,/ V2. In general surface excitation of electromagnetic wave is the displacement and
restoring of charge carriers, atoms causing the time varying polarization of magnetization. The

displaced charges create electromagnetic field on the surface of metal [27,28].
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Z Dielectric

Metal E

Figure 6.1. Exponentially decay field E, as a function of z, where z>0 is dialectic medium and z>0

The collective oscillation of charges formed between metal and dielectric interfaces are formed due
to combined excitation of photon and surface plasmon is called surface plasmon polariton (SPP).
The decay of Electromagnetic fields associated with SPPs in metal and dialectic is shown in Figure

6.1
Dispersion relation of SPPs

From Maxwell equations in a medium we have,

D=¢,E+P
HelB_M €)
Hy

where, H and E are the magnetic and electric field vectors B and D are the magnetic, electric flux
density respectively. D and H are related to E and B by polarization P and magnetization M. The
electromagnetic boundary conditions for D and B at boundary perpendicular to interface is given by
(BiL - Boiy = 0 and (D11 -D21) = o.. The tangential components of H and E given by (|E1]| - |E2])
= 0 and (|H1| - |H2|) = K, where K, o, are the surface current density and surface charge,
respectively. Consider a surface wave propagating between mediums having dielectric constants &
and & propagating in z direction. Such a wave is represented by using electric field and magnetic

tields given by Ex, Ez, and Hy. The conventional representation of electric field is

E— E(;_re[i(kxxikzz—a)t)] @
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Here “+” is for medium one(z>0), “— “is for medium two (z<0), K is wave vector in the direction

of x and K, is wave vector in the direction of z. The fields are given by
~ L+i(k -xik-z—a)t)J
E.=XE. e

X X

E.=Z7E.e

Zj 7

[+i(kxtk,z—at) ]

]=12
B [+i(kgxxkyz—at) ]
Hi=YyH,

The index j =1,2 resembles medium 1 and 2 respectively. By solving the electromagnetic equations

by substituting above boundary conditions we can obtained propagation vector K

©)

ks is the dispersion relation of surface Plasmon Polariton. In above equation €, € are the dialectic
constants of dielectric and metal surface respectively. The SPP has large propagation constant so it
can not directly couple with incident light. This mismatch in the wave vector can be compensated
using techniques such as attenuated total reflection(ATR), prism coupling or, grating coupling
employing the light diffraction or waveguide coupling using an optical fiber etc. Irrespective of the

coupling method the following equation using must be satisfied [29].

kspp — ko + kmatch (7

6.1.3.a Sub-wavelength metallic hole arrays coupling

One of the ways to satisfy the above equation is to make metal films with a periodic array of
perforated holes in which the k-vector associated with periodic nature of the structure compensates

the required mismatch. So the equation becomes
Ky, =k, +k

As mentioned in the previous section Ebbesan demonstrated coupling of light with optically thick

hole array 8)

subwavelength metallic hole array, the same method has been used in the present work also. The

coupling of surface Plasmon with the incident light is done by grating momentum of periodic arrays.
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It is the easiest technique as it does not require any additional optical components (like prism
coupling or lens coupling). For light having propagation vector 4= ®/c falling on a grating of with

grating constant “a” incident normally(0=90"). The incident wave vector surface component of is

given by

=k

@ @
kX:€+\/gJ_rmGXimGy=— o o)

C\egté,
where G, Gy grating momentum, for a square lattice it value is 27/2 and m and n are integers. The
incident light couples with SPPs which underpass through the subwavelength holes and reradiate in
the other side.

o is the angular frequency of the surface Plasmon given by @ = 2nc/A,. substituting this value in

the above equation the wavelength of surface plasmon gives

im,n —

L is the periodicity of the lattice, m, n are the integers representing the order of the scattering. In

(10)

order to observe high EOT the ratio of €.u/ €.u should be of a high value, i.e. €/ €ea >>1.
Morteno et al. demonstrated that EOT can obtain even with small value of €.u/ €.a by appropriate

corrugation of the surface. The resonance frequency depends on the following parameters.

1. Dielectric constants surrounding dielectrics and the metals
2. Shape and size of the hole,
3. Periodicity of the hole array.

Azad et al studied the effect of SPP associated transmission on surrounding dielectric material. For
the same subwavelength structure with different dielectric materials (Silicon, Air, Plastic, Quartz) the
resonant mode corresponding to [£1, 0] show a considerable shift. The results show decrease in the
peak amplitude with increase in the refractive index and redshift in the peak position. Some selected
materials having low index values due to Wood’s anomaly and resonant excitation shows high
prominent maxima and minima. For high index materials Wood’s anomaly effect is weaker also the
resonant peaks overlap with Wood’s anomaly. one of the vital things of SPPs is that they propagate

along the surface of metal-dielectric interface and decay exponentially in each medium normal to the
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surface. The skin depth can be defined as the length of propagation inside the metal at which the

electric field value drops to 1/e times of original. Skin depth & is defined as

2

OGO 1,

5m ((0) = 11)

here, pois the free space permeability.
6.2 Fabrication of metallic hole array

There are two type of standard methods for planar electronic and optoelectronic devices. When the
resolution of 10-20 nm is required electron beam lithography is preferred. The photo lithography is

used for the resolution of the order of 100-200 nm.

UV beam mmh Chemical Developmentmss|
exposure

resist

Metal Coating

Final structure

Figure 6.2. Lift off technique for the fabrication of hole arrays.

Figure 6.2 describes the fabrication process of lift off for the fabrication of desired structures. Initially
the substrate wafers were cut to required dimensions. After cleaning the substrate, the photoresist
was spin-coated. If the photoresist is positive type the coated substrate is exposed to UV radiation
through mask, then treated for chemical development. The portion of the substrate exposed by UV
is removed. In case of negative type photoresist, the exposed portion becomes resistant, the
developing of this type results the removal of unexposed portion. The spin coated substrate was
placed on mask aligner and illuminated with UV light. The transmitted UV light through mask will
remove the photoresist. Then it will undergo metallization followed by lift off in the developer

solution. In this thesis the fabrication was done as follows. The samples of circular hole arrays are
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fabricated using well known conventional process of UV photolithography in clean room
environment. This includes spin coating the positive photoresist (light sensitive chemical) on cleaned
silicon wafer in multistep process, followed by baking with hot plate around 120° C for a period of
around 150 seconds and exposure time of around 5 seconds with UV light using appropriate
designed mask. The process results in patterning hole arrays on silicon wafer, which are developed
using standard developer solution. After that, Al layer of thickness 150 nm is deposited by electron
beam evaporation technique in ultrahigh vacuum. In the end, lift process is carried out in acetone

bath to obtain the desired features of hole arrays.

6.3 Simulation and Results

We have used commercially available software, CST Microwave Studio. The working principle and
workflow was discussed in chapter 2. To carry out the numerical calculations for the arrays of
metallic circular holes having in plane lattice periodicities of 125 pm and 150 um, at same cavity
diameter of 100 um. The outcomes are obtained in terms of transmission with the help of frequency
domain solver by computing Maxwell’s equations of electrodynamics with periodic boundary
conditions. We have chosen silicon (Si) as substrate & aluminum (Al) as resonating metal with
thicknesses of 25 um & 150 nm, respectively. The wave vector of incident terahertz radiations is set

normal to the surface of proposed metamaterial design.

Figure 6.3. Single unit cell of design for periodicity (a) 125 um (b) 150 pm. Fabricated images of circular hole
arrays for periodicity (c) 125 pm (d) 150 pm.
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The polarization independent transmission response as per symmetric nature of cavity design is
calculated within frequency range of 0.2 THz — 2.0 THz. Figure 6.3 represents the geometry of unit
cell of metamaterial design along with fabricated images of arrays. The fabricated samples are
characterized using the state of the art terahertz time domain (THz TDS) spectroscopy to measure
the transmission characteristics at room temperature in dry environment. We have used THz
spectrometer by Toptica Photonics (Teraflash) having a fs laser of specifications (wavelength (1560
nm), repetition rates (100 MHz), pulse width (~ 60 fs)) towards generation of terahertz radiation
having spectral resolution ~ 67 GHz. The pump pulse was divided into two beams, where one of
the beams focusses on the terahertz emitter, while the other towards the detector. The source
comprises of a 100 um gap antenna and the detector antenna with 25 pm gap. A transient current is
generated in emitter antenna with the help of the 60 fs pulses, which yields broadband wave packets
having signatures in the terahertz frequency region. Followed by this, the terahertz pulses then pass
through the samples and propagate to the receiver end. The receiver uses the concept of the “pump-
probe” principle: the incident THz gets modulated during its journey through the fabricated
samples, while the probe pulse measures this effect at the THz detector end. Fast Fourier
transformation (FFT) is used to convert the time domain data into frequency domain. The

normalization is achieved with the help of blank silicon wafer as reference.

6.3.1 Results and Discussions

Figure 6.4 represents the normalized transmission spectra of MM1 and MM2 samples contain two
prominent resonance features in the frequency range 0.1 to 2 THz, these resonances can be
attributed to SPP modes. It was observed that increasing periodicity of the hole array causes the
shift in the plasmonic resonance. Sharp resonance peaks at 0.54 THz, 0.66 THz were obtained for
the hole arrays with periodicity 150 um, 125 um respectively. The bandwidth of the ~60 GHz and
~80 GHz with 80% of transmittance were obtained for the bandpass filters MM1 and MM2

respectively.
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Figure 6.4. Normalized Transmission for the sample A) periodic hole array 125 pm B) periodic hole array 150
pm

There is slight shift in the theoretically simulated values to the experimentally observed resonant
position. This could be due to the variation in the dielectric constant used in the simulation to the
actual value of the materials used for fabrication. The resonance at 0.54 THz for the hole array
(MM2) can be assigned to the [*1, 0] surface Plasmon mode at the silicon- aluminum interface.
Here the value of dielectric constants of silicon € = 11.70 and aluminum &y = -3.3x10*+ 7 1.5 x 10°
are taken for calculations. Because of dielectric constant value of the aluminum is far higher than the
value of silicon at given frequency which corresponds to appearance of another new peak at ~1.66

THz which is obtained for both filters and attributed to metal-air interface.
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6.3.2 Comparison between commercial bandpass filter with proposed

filters

1.0

TYDEX made
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0.6 4

—1\190 GHz
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Figure 6.5. Transmission spectrum of commercial band pass filer (TYDEX company)

The performance of designed filters was compared with commercially available freestanding band
pass filters manufactured by TYDEX company. The full width at half maximum (FWHM) of the
transmitted spectrum for commercial filters is of the order of 190 GHz as shown the Figure 6.5,
whereas for our filters its value is 50 GHz. However, commercial filters give better transmission
than our filters which can further be improvised by taking care in the fabrication process. Figure 6.6

shows the electric field destitution of bandpass filters MM1 and MM2 at resonance frequency

MM1 MM2
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Figure 6.6. Eleatic field distributions at resonating frequency MM1(125 pm) and MM2(150um)
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6.4 Flexible THz bandpass filters

In the previous sections the bandpass filters discussed were made on silicon substrate. There are few
disadvantages of using silicon as substrate. Silicon wafers are costly and sophisticated facilities are
required to cut, process. We have designed a low cost, flexible bandpass filters on polyamide film.
Two designs were simulated with gold hole array on polyimide and gold hole array sandwiched

between two polyamide layers. The structures were optimized to following dimensions.

Table 6-1 Dimensions of simulated flexible bandpass filters

Polyimide thickness Gold thickness Hole radius unit cell length

10 pm 200 nm 50 pm 75 x75

Figure 6.7 depicts the simulated transmission parameters of flexible bandpass filters. We have
obtained a passband at 1.4 THz for the gold hole array over a polyimide layer. The pass band shifted

to 1.2 THz when the hole array sandwiched between two polyimide layers.
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Figure 6.7. a) simulation results of polyimide on gold hole array. b) Gold hole array sandwiched
between Polyimide layers

6.5 Explosive sensing using bandpass filters

The resonance peak obtained for a given bandpass filter is majorly depends on the dialectic medium
present in the void Space of hole. By varying dielectic constant of medium present in the hole the

plasmonics resonance peak can be shifted. The shift is unique for a given medium. This principle
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can be used for sensing the material of interest. We have used the bandpass filters for sensing

purposes by placing the material in the holes of periodic hole array.
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Figure 6.8. Change in the resonance peak by after drop casting of RDX a) for MM1sample b) for
MM2 sample

A 10 milli molar RDX solution is prepared by mixing 20 mg of RDX in 10 ml of acetonitrile
solution. This solution is drop casted on MM1(125 um), MM2 (150 um) hole array. Then THz

transmission spectrum of theses hole array has been measured. The spectra were normalized with

the reference background is shown Figure 6.8. we have obtained a shift of 20 GHz for the sample

MM1 having periodicity 125 pm. The shift in resonance transmission peak reduced to 4.6 GHz for

the hole array MM2 having periodicity 150 um. This study helps to identify the appropriate

periodicity of hole arrays for sensing application. This study can be improvised by designing the
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bandpass filters at characteristics signature absorption peaks measuring the plasmonics shift. For
trace level sensing of high-energy materials and biological samples as a substrate for SERS

applications [30,31].

6.6 Conclusion:

We have successfully simulated and fabricated metal mesh hole array type bandpass filters by
fabricating gold hole array on silicon substrate. Two bandpass filter having resonance with hole array
periodicity 125, 150 pm having resonance frequency frequencies at 0.55, 0.66 THz, respectively. We
have also theatrically designed low cost, flexible bandpass filters on polyamide substrate. The
fabricated bandpass filters were used trace level sensing of high-energy molecules by measuring the
plasmonics shift. This study helps developing the technology for metal mesh filters for trace levels

detection applications.
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CHAPTER 7 : Conclusions and Future scope

This chapter deals with the summary of the all the chapters and conclusion along with

possible future scope of the work.

In this thesis, we focused our study on addressing the generation of intense, broadband
THz radiation with nonlinear crystals of different kinds. Spectroscopic study has been done
to extract the absorption coefficient and dielectric properties. Terahertz radiation has
number of applications in the field of spectroscopy, biomedical, pharmaceutical industry,
defense science and technology, telecommunications etc. The advancement in the
electronics, data acquisition helped to fill the THz gap in the electromagnetic spectrum.
One of the major challenges in THz technology is to overcome the atmospheric absorption
which limits the use of THz spectroscopy and imagining from long to short distances. This
problem can be solved by means of developing a high intensity THz radian sources and and
sensitive detector, post processing of obtained time domain spectrum with suitable
algorithm to remove the interfering absorption lines cause by the atmosphere. We have
also made an attempt to design and fabricate bandpass filters in THz region for sensing

applications.
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7.1 Conclusions

A multipurpose THz generation and detection experimental setup has been designed where one
can carry out different types of experiments such as optical pump terahertz probe, generation
and detection of THz radiation using different types of materials. Since in current setup position
of generator and detector components can be interchanged. Therefore, all four types of
combinations like photoconductive antenna- antenna, antenna- nonlinear crystals, nonlinear
crystal- antenna and nonlinear crystal- crystal as source and detector can be made. Moreover, this

set-up can work in both transmission and reflection modes.

As a result, we have evaluated different types of indigenously grown organic crystals such as
BNA OHI1, LAP. These crystals were characterized in terms of growth solvent, optical
transmission range, absorption coefficients. Since the transmission of all these crystals varying in
optical domain therefore it also reflected their potential use as an efficient THz source. The
solvent effect on THz generation ability of BNA crystals has been discussed. L-arginine
phosphate monohydrate (LAP) has been studied as a THz source and its absorption and

refractive index are reported in THz domain for the first time.

The efficiently generated THz radiation was used to identify the signature absorption peaks of
high-energy materials. we have studied the linear and nonlinear optical properties of newly
synthesized tetrazole molecules using time- domain terahertz spectroscopy, UV —visible—NIR
spectroscopy. We have also ascertained the absorption coefficients and refractive index between
0.1 and 2.2 THz range. In addition, we have performed single-molecule and single-crystal level
Density functional theory (DFT) calculations. The theoretically calculated zone center vibrational
frequencies at the solid level were compared with experimentally obtained found data, they are
found to be good in agreement. We have also explained the optical sensitivity correlations using
vibrational frequencies. The electronic absorption, refractive index, and birefringence studies
reveal the feasibility of phase-matched nonlinear optical frequency mixing devices in the single-
crystal form. It is also very important to understand how these high-energy materials behave at
high temperature. We have successfully recorded the temperature dependent variation in the
refractive indices and absorption coefficients of NHiNO;, TNT and RDX explosives below
their melting points. To the best of our knowledge this is the first demonstration of red shift
effect and process of slow thermal decomposition mechanisms of these explosives in THz
domain. It also helps to characterize the explosive molecules. In addition, the effect of change on

the strength of THz signal of RDX in PTFE (Teflon) matrix is with respect to the concentration.
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Also a successful attempt was made to record the signature spectrum of RDX explosive sample

under concealed condition.

Finally, we have successfully simulated and fabricated metal mesh hole array type of band-pass
filters by fabricating gold hole array on silicon substrate. Two bandpass pass filters having
resonance with hole array periodicity of the order of 125, 150 um having tunable resonance
frequencies at 0.55, 0.66 THz, respectively. We have also theoretically designed low cost, flexible
bandpass filters on polyamide substrate. The fabricated band-pass filters were used for trace level
sensing of high-energy molecules by measuring the plasmonics shift. This study helps in

developing the technology for metal mesh filter for trace level detection of explosives.
7.2 Future Scope

The work carried out in this thesis can be extended for following future applications:

(i))The modified experimental setup in form of time resolved terahertz spectroscopy(ITRTS) can
be used to study the carrier dynamics, life time of different types of semiconductors and organic
materials.

(if) By tuning the optical pump wavelength, we can study the charge transfer mechanism between
some polymer such as PEDOT and explosives. It can also help to understand the phase
transition under the influence of incident photons in optical domain.

(i) We have shown temperature dependent characterization and thermal decomposition
mechanism of RDX, TNT, AN in Teflon matrix. The same process can be used to detect

explosive mixed in soil.
(iv) The TDTS can also be used to detect explosives under concealed condition.
(v) The same set-up can be used for 2D THz imaging of metallic and powder samples.

(vi) THz spectroscopy along with DFT calculation carried out in case of tetrazole group
compounds opened a new channel of research which. help us to understand the nonlinear and

dielectric behavior of new explosive molecules

(vii) THz bandpass filters can be used for high resolution spectroscopy of high energy materials,

drugs and other organic molecules in trace level detection.

A part of future scope for femtosecond laser based up conversion properties is published in
Self-assembled pearl-necklace patterned up converting nanocrystals with highly efficient blue and ultraviolet
emission:femtosecond laser based up conversion properties, Monami Das Modak, Ganesh Damarla, Somedutta Maity, Anil
K. Chaudhary and Pradip Paik , RSC Adv., 2019, 9, 38246
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The paper reports the temperature-dependent time domain terahertz spectroscopy of premium aqua-soluble and
plastic explosives such as NH;NOj3, TNT, and RDX between 0.1 and 2.2 THz. Tunable terahertz radiation was
generated using ZnTe crystal as a source, and a photoconductive antenna was used as a detector. The temperature-
dependent study was carried out between 30°C and 200°C in a specially designed oven. The signature peaks of
RDX and TNT present at 0.82 and 1.60 THz, respectively, show a strong redshift, whereas the NH;NO; molecule
shows a comparatively small shift. The high-temperature-based redshift phenomenon is just the opposite of the
blueshift recorded at low temperatures. In addition, the temperature-dependent absorption coefficient data of
these molecules support the change in the concentration of the NO, molecule. We have also ascertained the
temperature-dependent refractive indices of these molecules between 0.1 and 2.0 THz, which confirms the effect
of temperature on the refractive indices. Finally, the signature peak of RDX with respect to the reduction in the

weight concentration of RDX in the Teflon matrix was studied at 0.82 THz.

https://doi.org/10.1364/A0.57.008743

© 2018 Optical Society of America

1. INTRODUCTION

Terahertz (THz) radiation has low energy and deep penetration
ability when applied to leather, cloth, Teflon (PTFE) and pack-
ing materials [1,2]. Therefore, it is treated as a nondestructive
and noninvasive tool for the analysis of explosives, drugs, and
biomolecules [3]. Moreover, it covers the fingerprint region of
the vibrational-rotational lines of most of the organic, inor-
ganic and biological molecules. Recently, THz technology-
clubbed materials have been used for sensing and medical di-
agnostic applications, such as graphene-based sensors and meta
devices based on conductivity changes and refractive index in
the THz regime [4-8]. NH4;NOj, a well-known aqua-soluble
fertilizer that is an inorganic molecule, is used as a principal
ingredient in improvised explosive devices and presents a major
challenge in detection by means of existing optical techniques.
Similarly, RDX and TNT are crystalline and amorphous
aromatic organic compounds. TNT is partially soluble in water,
while RDX is soluble only in organic solvents. Therefore, TNT
is responsible for contamination of underground water near
military testing ranges. However, RDX is one of the most
powerful plastic explosives. It is shock-insensitive and insoluble
in water and finds potential use in industry and defense [9].

1559-128X/18/298743-08 Journal © 2018 Optical Society of America

Tunable THz radiation between the 0.1 and 3 THz range
can be generated using different types of optical techniques us-
ing low-temperature and semi-insulating GaAs-based photo-
conductive antennas and nonlinear crystals such as ZnTe,
4-N-methylstilbazolium tosylate (DAST), and N-benzyl-2-
methyl-4-nitroaniline (BNA) [10-13]. The THz radiation gen-
erated is employed to record the time domain spectra of solid
explosives in pellet form. The premier explosive materials have
sharp spectral features above 3 THz. The detection and iden-
tification of explosives in concealed conditions in field applica-
tions are challenging and require judicious selection of the THz
frequency range. The high-energy materials (HEMs) RDX
and NH4NOj are crystalline, whereas TNT is amorphous in
nature. Khachatrian e /. have reported the sharp rotational—
vibrational features of NH,;NOj at low temperatures using a
metallic substrate [14]. However, NH4;NOj3; powder mixed
with PTFE powder in specific proportions provides informa-
tion about some distinguishing sharp vibrational modes in
transmission range. Most of the solid granule samples dimen-
sions are comparable with the wavelength of THz radiation,
which enhances the scattering losses [15]. Therefore, it expe-
riences technical difficulty in direct recording of their spectra.
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Chen er al reported some distinguishing weak spectral
features of NH4;NOj; between 0.1 and 3 THz at ambient
temperature [16]. Hu ez al. reported on the THz time domain
spectroscopy of explosives [17]. However, most of the reported
studies have not incorporated the high-temperature spectra of
HEMs. These materials are used in rocket fuel, and the study
of thermal decomposition mechanisms provides important infor-
mation about the energy release process. In the THz domain it is
also important to know the participation of different intact func-
tional groups at the time of heating. In our earlier work we
carried out this study in vapor form between 40°C and 350°C
using a UV-visible wavelength based pulsed photoacoustic
technique [18-21]. In the present work we have recorded the
spectral signatures of HEMs, and our results have found good
agreement with reported values. In addition, we have demon-
strated the hot band vibration spectra of the solid explosives
NH4NO;, RDX, and TNT. The main problem in recording
THz spectra in air is related to the presence of water molecules,
which have strong absorption peaks in the THz domain and also
overlap some of the signature peaks of the samples [22]. But
gradual heating of the sample initiates the process of vaporiza-
tion. Consequently, the intensity of the water absorption band
decreases with the increase in temperature. In addition, our stud-
ies clearly confirm the release of NO, molecules just above 40°C,
which also supports our previous studies on the number of
explosive molecules. The study was based on the recording of
strong vibronic transitions of NO, molecules between 30°C
and 350°C using a pulsed photoacoustic technique. Here we
have also made an attempt to develop a small quantity of pellets
using PTFE powder at room temperature and have successfully
recorded their characteristic signature in the THz domain.

2. EXPERIMENT DETAILS

The experiment was carried out in two steps. In the first step, we
prepared the explosive pellets in the PTFE matrix, and in the
second step, these pellets were subjected to the THz system
for the recording of temperature-dependent time domain spec-
tra. Sample preparation is an important factor for the recording
of a characteristic signature [21,23]. A pure sample in powder
form was mixed with PTFE powder, which has very low
absorption in the THz range. An explosive sample weighing
around 200 mg was mixed with 800 mg of PTFE powder using
10 ml of CH3OH solvent. The mixture was dried for 20 min
and then ground with a mortar to produce a fine homogenous
powder. The powder mixture was divided into two halves and
transferred to the die using butter paper, and then was pressed
with 2 tons of pressure to prepare a pellet. The thickness and
diameter of the pellets are ~2 mm and 12 mm, respectively.
The THz wavelength matches the size of the sample present
in the pellets, which is responsible for the inhomogeneous broad-
ening of the spectral peaks due to the scattering effect. Moreover,
scattering in THz spectra is caused by the refractive index mis-
match between the sample crystals and the surrounding pellet
medium (PTFE in this case). However, the effect of scattering
due to the multiple crystalline nature of the samples can be over-
come by dissolving the mixture in methanol solution. We also
mixed different proportions of the RDX sample in the PTFE
matrix to record the weight-percentage-based signature peaks.
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A Ti:sapphire femtosecond oscillator (Coherent Chameleon
Ultra II) was used as a laser source. It delivers p-polarized laser
pulses of 140 fs duration at a 80 MHz repetition rate. The laser
output wavelength was tuned between 780 and 850 nm for
THz generation. The variable attenuator (VA; Eskpla) was em-
ployed to attenuate the output average power. The incident
average power was allowed to be incident on the 110 cut
ZnTe crystal of 2.0 mm thickness for THz generation. The
crystal was housed in a PTFE holder and placed in an optical
rotator for vertical rotation. The incident femtosecond laser
pulses were loosely focused onto the crystal by means of a
plano-convex lens Z; with a focal length 30 cm. The spot diam-
eter of the laser pulse on the ZnTe crystal was ~234 pm. The
generated THz radiation was collected using two off-axis para-
bolic mirrors (PM;, PM,). The diameter (D) and effective focal
length (f,) of the parabolic mirrors (Thorlabs MPD508762-
90-M01) were ~50 mm and ~150 mm, respectively. The
residual transmitted laser pulses from the source were separated
from the THz radiation using a high-resistivity float zone sil-
icon plate (diameter 50 mm, thickness 2 mm) and black poly-
ethylene filter. The silicon plate has reflection coating in
between 700 and 900 nm laser wavelengths. The diverging
THz radiation emitted from the source was collimated and
focused by mirrors PM; and PM,. PM, focused the generated
the THz radiation onto the photoconductive antenna, which
was coupled with the preamplifier, and the output of the pre-
amplifier was fed to the lock-in amplifier. The output signal
from the lock-in amplifier was sent to the computer for the
recording of time and frequency domain signals using an
indigenously designed data acquisition program made using
LabVIEW. The horizontal dynamic range of the spectrometer
was limited up to 2.2 THz. The pure PTFE pellet was used as a
reference. It was assumed that the explosive sample was
homogeneously distributed in the PTFE matrix. Barber ez 4/.
reported temperature-dependent THz spectroscopy of explo-
sives between 8 K and 300 K [24]. However, in the present
report we have carried out the high-temperature study of explo-
sive samples below their melting point to record the change
in the absorption characteristics and refractive indices. The sam-
ple pellet was placed between the parabolic mirrors for the
recording of the time domain spectrum, as shown in Fig. 1.

] Femtosecond Oscillator
(140 £5,80 MHz)

90:10 BS
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. .................. * “Yesntconen R
Lock In Amplifier

Fig. 1. Schematic layout of a THz time domain spectrometer.
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The average incident power of the THz falling on the sample
pellet was of the order of 700 pW. Abid ez al. [25] reported using
optical-extinction-model-based plasmon-exciton interactions
between 115 K and 295 K to generate energy of the order of
42 meV, which is equivalent to 10 THz. The authors used a
Ti:sapphire laser source tunable between 750-850 nm wave-
length for this purpose. However, we generated a THz radiation
acceptable region at room temperature using an 800 nm wave-
length. The generated broadband THz radiation spectra lies be-
tween 0.4 and 8.27 meV. The THz absorption spectroscopy of
explosive molecules was carried out in a specially designed small-
sized oven that can accommodate the pellets inserted between
two parabolic mirrors. The oven works on the Pelder heating
principle and was supplied by Conversion Co. Ltd. (UK).
We redesigned the hood of the oven to accommodate an explo-
sive pellet with a 12 mm diameter. The temperature of the oven
was controlled between 25°C and 200°C with a precision of
+0.01°C using a temperature controller supplied by the same
company.

3. THEORY

The time domain THz signal received after passing through the
samples was converted into a frequency domain spectrum using
fast Fourier transform (FFT). The value of the absorption
coefficient a(w) was calculated from the FFT spectrum.
The transmitted field 7" is given by

E

sample

T = , U]

E Reference
where Egpple and Egeference are the amplitudes of the THz
radiation after passing through the material and reference sam-
ples, respectively. We can calculate the effective thickness (/) of
the sample distributed in the PTFE matrix using the formula

_m 4

~ pID*
Here, m is the weight of the sample (100 mg), D is the diameter
of the sample (12 mm), and p is the density of the sample.
Since the pellet contains a mixture of two samples, the absorp-
tion coefficient o can be ascertained using the formula [26,27]

1 T
R [ — , 3
;7 @)
where / is the effective thickness of the sample and 7, and T'p
are transmitted THz amplitudes from the samples and the
reference, respectively. The refractive index of the sample
can be calculated by using the formula [28]

[ (2

Absorption coefficient(a) =

(4)

where A¢ is the phase difference between the reference and the
sample, v is the frequency,  is the thickness of the pellet, and ¢
is the velocity of light. The complex refractive index is repre-
sented using the Kramers—Kronig model,

(5)

where 7 is the real part of the refractive index and « is the
extinction coefficient. « is related to the power absorption
coefficient a.

n=n-+ K,

4. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the temporal and frequency domain
spectral profiles of air, PTFE, and the explosives in the THz
range after passing through the pellet. It is observed that the
THz pulse shows variations in delay time after passing through
different explosives range. It is attributed to the change in the
optical path length of the radiation, which varies from sample
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Fig. 3. Absorption coefficients of RDX for different weight

concentrations.

to sample due to the change in the refractive index of the
molecules. The spectral intensity clearly shows the variation
in the intensity and the shift in the absorption peaks of explo-
sive molecules. The experiment was performed in ambient
room temperature.

Figure 2 depicts the temporal and frequency domain spectra
of explosive samples between 0.1 and 2.0 THz. The dynamic
range of the amplitude of spectral lines lies between 10-4 and
1077 on a log scale, which helps us to record the weak absorption
peaks of the explosive molecules. It s clear that the water-soluble
compound NH4NOj has a high absorption coefficient com-
pared to the aqua-insoluble explosives [16]. However, RDX
has a significant characteristic absorption peak at 0.82 THz,
which agrees with reported work [29,30]. All the samples show
a common feature near 1.8 THz. The absorption peak is attrib-
uted to the intermolecular vibrational modes present in the THz
region. The corresponding THz absorption peaks for NH;NOj;
present at 98.15, 108.5, and 143.7 cm™! are 0.87, 1.5, and
1.81 THz, respectively.

All the abovementioned studies were carried out with 100 mg
of explosive sample mixed with 400 mg of PTFE matrix. We also
made an attempt to study the effect of weight percentage on the
signature peak of the explosive sample. Therefore, pellets with
different weight concentrations of RDX such as 50, 30, and
10 mg were prepared in the PTFE matrix. The thickness and
size of the pellets were controlled by adding the same weight
percentage of PTFE powder into the mixture. As a result, the
total weight of the pellet matrix always remains 500 mg. The
time domain spectra of different weight percentage pellets were
recorded, and their corresponding absorption coefficient data
were ascertained and compared with the reported values avail-
able in the literature [31,32].

Figure 3 shows the drop in the value of the absorption
coefficient with a decreasing concentration of RDX in PTFE
matrix at 0.81 THz. This also indicates the minimum detection
limit of RDX in solid form.

A. Temperature-Dependent Absorption Spectra and
Refractive Index of RDX

The recording of absorption bands in the THz region is also
affected by the presence of water vapor. Consequently, many
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of the characteristic bands are either not visible or have low
intensity. The temperature-dependent spectroscopy of mole-
cules plays a very important role in revealing significant infor-
mation about many weak vibrational modes that are not
observable at room temperature [33,34]. In addition, it helps
excite the molecules at the ground state, which is also reflected
in the coupling of oscillating modes in terms of redshift. In this
section we discuss the temperature-dependent THz spectra of
RDX, TNT, and NH;NOj; molecules in solid form. The spec-
tra are recorded below their melting point.

Shen ez al. [34], Hangyo et al. [35], and Azad et al. [36]
reported the temperature-dependent spectroscopic study at
low temperature and identified the behavior of signature peaks
of RDX present at 0.82, 1.05, 1.50, and 1.96 THz. Figure 4(a)
shows the temperature-dependent absorption coefficients of
RDX in PTFE matrix recorded between 30°C and 170°C.
The characteristic band present at 0.8 THz has sharp features
between 30°C and 90°C. This can be attributed to the presence
of the NO, group [37]. The absorption coefficient at room
temperature is 11 cm™!, which decreases with increasing sam-
ple temperature. In addition, the shape of the absorption peak
between 30°C and 90°C shows a broadening effect at 105°C.
This reveals the process of vaporization of water molecules and
the release of NO, gas, which also indicates the initiation of the
process of thermal decomposition of RDX. The decrease in the
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Fig. 4. (a) Temperature-dependent absorption coefficient of RDX,
(b) temperature-dependent refractive index of RDX.
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absorption coefficient value of the 0.8 THz peak is directly
linked to the loss of NO, from the solid sample [38]. In
our previous reports, we have successfully demonstrated the
release of NO, from different explosives above 40°C, using
a pulsed photoacoustic technique [28,39,40]. The previous
study was performed in vapor using 532 and 266 nm wave-
lengths of a Q-switched Nd:YAG laser. The NO, gas release
mechanism is based on the strong electronic transition and
is attributed to vibronic modes of NO,. However, the present
results once again support our earlier findings in the THz do-
main. Further, an increase in the temperature between 120°C
and 170°C enhances the broadening of the peak width and
shows some shift toward 0.62 THz, which is nothing but the
redshift effect due to heating. Similarly, the peak at 1.05 THz
has a small amplitude and appears in the form of a dip at room
temperature. However, after crossing 105°C, the dip is modi-
fied and converted into a hump at 120°C. This is attributed to
the hot band effect, where the weak signature peak was invisible
due to water molecules. A similar type of effect is also observed
at 1.4 THz. However, this peak shows the reverse trend. The
absorption coefficient between 30°C and 105°C is lower than
the absorption coefficient at 150°C.

Figure 4(b) shows the temperature-dependent refractive in-
dex of RDX. The refractive index was recorded between 30°C
and 150°C, and it is clear that there is little variation in the
refractive index up to 0.7 THz. The value of the refractive in-
dex remains between 1.6 and 1.65. However, after 0.7 THz
there is a large decline in the value of the refractive index with
respect to temperature, and it decreases from 1.7 to 1.2 at
2.0 THz. Similar types of changes are also visible in the absorp-
tion coefficient data at 0.7 THz.

B. Temperature-Dependent Absorption Spectra and
Refractive Index of TNT
Figure 5(a) shows the temperature-dependent spectrum of
TNT, which was recorded between 30°C and 70°C—below
its melting point, i.e., 80.35°C. For TNT, characteristic ab-
sorption peaks are present at 1.6 THz and 2.17 THz [39].
One can easily see that the peak at 30°C has a higher absorption
coefficient around 7.4 cm™' and decreases to 6 cm™' at 50°C
and almost becomes 4.85 at 70°C. After crossing this temper-
ature, the peak shows an unusual reverse trend. It also indicates
the process of initiation of a slow release of NO, from the solid
sample. Similarly, the absorption coefficent of the 2.17 THz
peak is 10.65 cm™!, which becomes 7.8 cm™' at 50°C and
6.62 cm™! at 70°C. The decreasing trend of the absorption co-
efficient with respect to temperature also appears in the form of
a redshift toward the left side at 70°C. This redshift effect is due
to a hot band transition peak at 2.2 THz, which has a higher
value at 30°C. Therefore, the temperature-based recording of
signature peaks clearly reflects the process of thermal loss of
TNT molecules at high temperatures. In addition, tempera-
ture-based spectroscopy confirms the presence of some promi-
nent signature peaks in a repeated manner, along with redshift.
Two signature peaks located at 1.77 and 2.17 THz at 30°C get
shifted to 1.722 and 2.097 THz at 70°C, respectively.
Figure 5(b) shows the temperature-dependent refractive in-
dex of TNT. The refractive index was recorded between 30°C
and 70°C, and it is clear that there is very little variation in the
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Fig. 5. (a) Temperature-dependent absorption coefficient of TNT,
(b) temperature-dependent refractive index of TNT.

refractive index up to 1.6 THz. The value of the refractive
index between 30°C and 70°C almost overlaps and remains
between 1.55 and 1.60. However, after 1.6 THz it shows great
variation between 1.55 and 1.75. Similar types of changes are
also visible in absorption coefficient data at 1.6 THz.

C. Temperature-Dependent Absorption Spectra and
Refractive Index of NH;NO;

Figure 6(a) shows the temperature-dependent absorption spec-
tra of NH4NOj. The frequency spectra clearly show the pres-
ence of a weak signature at room temperature. An earlier
reported study of NH4NOj3 was carried out at low temperature
and demonstrated the conversion of the absorption peak into a
kinkat 1.7 THz [28,41,42]. However, when NH4;NOj is mixed
with PTFE, it starts showing a strong signature even at room
temperature. The absorption peaks at 1.2 and 1.4 THz are
weaker than the peak at 1.78. It also shows a maximum intensity
peak at 105°C below the melting point of NH4NO;.

Figure 6(a) shows the absorption spectrum of NHsHO;
recorded between 30°C and 150°C at 0.1-2.0 THz. To the
best of our knowledge, it is the first demonstration of a signa-
ture peak of NH,HOj at 1.73 THz. At room temperature, i.e.,
30°C, it has an absorption coefficient of the order of 5.69 cm™'.
Since the spectra are recorded in transmission mode, these sig-
nature peaks are visible. Further, the effect of a redshift is also
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visible at 1.78 THz. The value of the absorption coefficient is of
the order of 5.27 cm™ between 60°C and 90°C. It is further
shifted toward 1.722 THz with a corresponding absorption co-
efficient of 5.05 cm™! between 120°C and 150°C, respectively.
The NH4NOj is a very stable inorganic aqua molecule due to
ionic bonds. Therefore, it does not show a similar type of de-
composition behavior and strong absorption like RDX and
TNT [43]. As a result, the redshift effect is not very prominent.

Figure 6(b) shows the temperature-dependent refractive
index of NH4NOj3. The refractive index is recorded between
30°C and 150°C, and it is clear that little variation exists in the
refractive index up to 1.3 THz. The value of the refractive in-
dex remains between 1.42 and 1.40. However, after 1.3 THz
the value of the refractive index shows a fall with respect to
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Fig. 7. Variation of absorption coefficients of RDX and TNT with
temperature.
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Table 1. Absorption Coefficient, Signal Sensitivity, and
Sample Thickness Data for the Different Samples

Sample Thickness = THz Peak Absorption
Pellet of Pellet Value Coefficient (cm™)
Name (mm) (a.u.) at Room Temperature
RDX 1.91 1.83 x 107 11.2

TNT 1.97 3.4 x 107 9.98
NH4NO; 2.1 1.73 x 107 5.67

temperature and decreases from 1.4 to 1.0. Similar types of
changes are also visible in the absorption coefficient data at
1.3 and 1.6 THz.

Figure 7 shows the variation in the values of the absorption
coefficients of characteristic peaks of RDX and TNT with re-
spect to temperature. Since RDX is more stable and stronger
than TNT, the loss of NO, takes place in multiple steps. This
is also reflected in the upper curve, where the value of the
absorption coefficient falls gradually from 11 to 7.7 cm™,
whereas TNT shows a direct fall from 7.5 to 0 cm™ after cross-
ing the melting point.

5. SENSITIVITY AND LIMITATIONS

We have compiled the sample thickness, signal sensitivity, and
absorption coefficient data of the three explosives in Table 1.

La Spada and Vegni studied a metamaterial-based wideband
electromagnetic wave absorber with normal incidence and
thickness dependency and reported notch action at 185 THz
with normal incidence [5]. In our case it is evident from the
table that the absorption coefficient is completely material de-
pendent and more for RDX. We detected 10 mg of RDX in
PTFE matrix, which shows a 5 cm™ absorption coefficient
value. Further improvisation is needed to reduce the quantity
of the sample. In the present experiment, the THz beam spot
size is 6 mm, and we require a pellet with a minimum size of
8.0 mm. Therefore, we are required to select suitable parabolic
mirrors to reduce the spot size of the order of 2.0 mm,
which will also help reduce the pellet diameter of the order
of 2.0 mm and enhance the detection sensitivity. Similarly,
the temperature-based study also helped to elucidate the red-
shift behavior of explosive molecules, which varies from sample
to sample. Finally, a temperature-dependent theoretical model
needs to be developed to explain the vibronic and rotational
transition behavior of these molecules in the THz region, as
existing density functional theory calculations are based at 0 K.

6. CONCLUSIONS

We have successfully recorded the temperature-dependent re-
fractive indices and absorption coefficients of NH;NOj3, TNT,
and RDX explosives below their melting points. Also, we dem-
onstrated the temperature-dependent redshift effect in these
molecules. To the best of our knowledge, this is the first dem-
onstration of the redshift effect and the process of slow thermal
decomposition mechanisms of these explosives in the THz
domain. This also helps characterize the explosive molecules.
In addition, the changes in the strength of the THz signal
of RDX in PTFE matrix are related to the concentration.
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ABSTRACT: The paper reports the time-domain THz
spectroscopy studies of noncentrosymmetric energetic nitro/
nitrogen-rich aryl-tetrazole high-energy molecules. The finger-
print spectra in the THz domain reveal the role of different
functional groups attached to position “1” of the tetrazole
moiety, which controls the energetic properties. These

responses are deliberated through density functional theory .

(DFT) calculations. The synthesized aryl-tetrazoles exhibit
high positive heat of formation (369—744 kJ/mol), high
detonation velocities, and pressures (D,: 7734—8298 m-s™';
Dp: 2428 GPa) in comparison to the noncentrosymmetric
2,4,6-trinitrotoluene (TNT). These compounds exhibit
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variation in the refractive indices and absorption between 0.1 and 2.2 THz range. The DFT studies at the molecular and
single-crystal level (using plane wave pseudo potential method) endorse in detecting these bands (with ~1% deviation). The
calculated vibrational frequencies and linear optical properties are found to have good agreement with the experimental data in

UV—visible and THz regions.

B INTRODUCTION

The electromagnetic radiation between 0.1 and 3.0 THz range
receives special attention in telecommunication industries
because of broad band communication. In addition, it has the
ability to pass through paper, leather, plastic, rubber, and
different types of organic nonpolar packing materials including
semiconductors, explosives, drugs, and biomolecules without
ionizing the test sample. Therefore, THz-based spectroscopy
and imaging are an effective means for detection of concealed
objects and play a very significant role in home land security,
defence, and medical fields. Because the THz spectrum lies
between 100 and 5.0 cm™ range which covers the weak
vibrational frequency of organic molecules, the technique
provides important information about the structural dynamics
and intermolecular vibrations of high energy molecules (HEMs)
and also helps to assign the periodicity of the materials through
polymorphism and phase transition.'

In view of the importance of the time-domain THz
spectroscopy technique and density functional theory (DFT)-
based theoretical approach help us to study the structure—
properties and correlation of HEMs.'”'® Our group has also
explored different types materials such as LT/SIGaAs-based
photoconductive antenna and organic and semiconductor
crystals for THz generation and its application in time-domain
spectroscopy of HEMs.'*~** Because tetrazole derivatives show
superior energetic properties as compared to the other five-

-4 ACS Publications  © 2020 American Chemical Society 2541

membered azole moieties because of high contents of nitrogen
and higher value of positive heat of formation, their physical
properties are comparable with premium explosives like
Research department explosive (RDX) and 2,4,6-trinitrotoluene
(TNT).*"'%?7?% However, most of the reported tetrazole
derivatives are very sensitive to impact and friction."' ™"
Pellizzeri et al.*>® reported the polymorphic characterization of
5(4-pyridyl)tetrazole using time-domain THz spectroscopy and
solid-state DFT. A deliberation for the synthesis of nitro/
nitroamino/azido-substituted aryl tetrazole derivatives, such as
2,6-dinitro-4-(1H-tetrazol-1-yl)aniline (C,H;N,O,) (6), N-
(2,6-dinitro-4-(1H-tetrazol-1-yl)phenyl)nitramide
(C,H4NO¢) (7), 1-(3,4,5-trinitrophenyl)-1H-tetrazole
(C,H;N,Oq) (8), and 1-(4-azido-3,5-dinitrophenyl)-1H-tetra-
zole (C;H;N,0,) (9) are recently reported because these
compounds exhibit better energetic properties than TNT and
are comparable to RDX. The important parameters are
comprised in Table 1. It is interesting to see that all these
reported compounds are crystalline in nature and can be used as
an energetic plasticizer in rocket propulsion applications
because of their good oxygen balance (OB %). For example,
compounds “6”, “7”,“8”, and “9” possess OB (%) of the order of
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Table 1. Energetic Properties of 6—9 Compounds®

compound () D, D,
2,6-dinitro-4-(1H-tetrazol-1-yl)aniline (6) 175 7899 241
N-(2,6-dinitro-4-(1H-tetrazol-1-yl)phenyl) 1.78 8208 28.0

nitramide (7)
1-(3,4,5-trinitrophenyl)-1H-tetrazole (8) 1.79 8298 28.4
1-(4-azido-3,5-dinitrophenyl)-1H-tetrazole (9) 1.66 7734 262
TNT 1.65 6881 19.5
RDX 1.80 8795 34.9

“Here p (in g-cm™), D, (in m-s™"), D, (in GPa) are crystal density,
detonation velocity and detonation pressure reported from ref 16.

—79.62, —54.02, —54.06, and —66.38%, respectively. In
addition, their corresponding densities p (in g-cm™), high
detonation velocities D, (in m-s™') and detonation pressure D,
(in GPa) are shown in Table 1. We also compared the important
chemical and physical parameters with well-known energetic
plasticizer, that is, bis(2-fluoro-2,2-diniroethyl)formal (it
possess OB % = —74.0%, D, = 7500 m-s™', D, = 25 GPa)."*
However, the functional group attached to position “1” of the
molecule as shown in Figure 1 not only influences the energetic
properties of the molecules but also is responsible for the
transition of crystalline to the amorphous phase which is also
reflected in terms of change in the refractive index and
absorption coeflicient. Moreover, all these aryl-tetrazole
derivatives are noncentrosymmetric with space groups P2,/C
and P2,2,2,. Therefore, we intended to study the structure—
property correlations of these molecules through experiments
and theory. This will help us in examining the potential of
terahertz generation, detection, and nonlinear optical (NLO)
response. Here, we have discussed the THz time-domain, UV—
visible spectroscopic studies of the energetic polynitro-arene-
tetrazole derivatives.'> The possible reasons behind the optical
response through DFT calculations both at molecular and solid
levels are also provided. The experimental crystal structures are
shown in Figure 1, and the corresponding energetic properties
are comprised in Table 1 for reference.

B EXPERIMENTAL SETUP AND SAMPLE
PREPARATION

The sample pellets of 12 mm diameter of weight 500 mg were
prepared by mixing 100 mg of sample with 400 mg of Teflon
[polytetrafluoroethylene (PTFE)] powder. Particle sizes are
comparable with far infrared (FIR) wavelength which leads to
scattering losses from the surface of the pellets. This can be
minimized by mixing the compound and PTFE powder with
ethanol solution and subsequently grounding with mortar to
make a homogeneous mixture. The mixture was dried for half an
hour before subjecting to press mills. The whole mixture was
loaded into a die and pressed with 2 tons of hydraulic pressure.
The diameter and thickness of pellets are 12 and 2mm,
respectively. A pure Teflon pellet of identical size is also
prepared for reference. Figure 2 shows the experimental layout

Femtosecond Oscillator
(140 fs,80 MHz)

Stage ;
v controller H
Lock In Amplifier

Figure 2. Schematic diagram of our terahertz time-domain spectros-
copy experimental setup.

of THz generation and detection. A Ti:sapphire laser-tunable
oscillator laser with pulse duration 140 fs at a repetition rate of
80 MHz (coherent chameleon ultra-II made) was used as a
pumping source. Using a 90:10 beam splitter, the laser beam was
split into a pump and probe. A transmitted pump beam is used
for pumping the ZnTe crystal for terahertz generation. It is
generated by the optical rectification process. A Teflon sheet was
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Figure 1. Molecular and experimental crystal structures'> (from left to right) of (A) C,HN,0, (6), (B) C,H,N;O, (7), (C) C;H;N, O (8), and (D)

C,H;N,0, (9). Here “a”, “b”, and “c” are lattice vectors.
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Figure 3. (a)Time-domain THz spectra of tetrazole molecules, (b) corresponding frequency domain spectra.

used for filtering out the undesirable pump wavelength from
terahertz. A half axis parabolic mirror is used to collimate and
focus the generated THz radiation for detection using a
photoconductive antenna (gap & S pm, length ~ 20 ym). In
the detection arm, the reflected beam is passed through a linear
translation stage and loosely focused on detecting antenna. The
photoconductive antenna is connected to a low-noise current
preamplifier which is fed to the lock-in amplifier (Stanford
Research Systems, model no. SR830). A mechanical chopper
operating at 1.5 kHz is used as a reference to the lock-in amplifier
(Stanford Research Systems, model no. SR830). The data
acquisition and motion control of delay stage are done by
software using LabView program. All measurements were
carried out at room temperature under ambient conditions.
The THz temporal profile is measured by changing the delay of
probe beam with respect to the THz pulse reaching to the
antenna. Initially, the scan was done without any sample
followed by pure Teflon pellet mounted in front of the antenna.
The temporal data are converted to the frequency domain by
performing fast Fourier transform (FFT). Material parameters
like spectral transmittance, phase, and absorption coefficient are
obtained from frequency domain data, whereas the refractive
index can be obtained from both temporal and spectral data
without using the Kramers—Kronig relation. Figure 3 shows
terahertz temporal profile and corresponding FFT of air and
Teflon pellet are shown in the inset.

Refractive index (n(w)) and absorption coefficient (a(w))
were calculated from the FET spectrum.”’ The intensity ratio of
the transmitted radiation from the sample and reference
provides the actual transmittance of the sample pellets and is
given by eq 1

E

sample

T =
(1)

reference

It is related to the complex refractive index N = n + ik, where
the real part corresponds to the refractive index and the
imaginary part is molar absorptivity. For measurement of the
complex refractive index between 0.1 and 2.6 THz range, we
have calculated the effective thickness of the sample distributed
in the Teflon matrix using eq 2.

_m_4
pizD2

@)
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here, m = weight of the sample (100 mg), D = diameter of
sample (12 mm), and p is density of the sample. Figure 2 shows
the time-domain spectrum of explosive molecules. Because the
pellets contain a mixture, the absorption coefficient (a) is
calculated using eq 3.

1., T
=——In =2

I Q)

where “I” is the effective thickness of the sample and T, and Ty
are the spectra of THz transmitted through material and
reference samples, respectively. Because the particle sizes of both
Teflon powder and sample are very small compared with the
wavelength of radiation, one can neglect scattering losses. The
refractive index is calculated using eq 4.

Absorption coefficient

O
2mvd

n=1+

(4)

where 67 is the phase difference between reference and sample,
v is frequency, d is thickness of pellet, and c is the velocity of
light.

B THEORETICAL METHODS

The solid-level theoretical calculations are performed with
Cambridge Series of Total Energy (CASTEP) program,zc)’30
whereas the molecular-level calculations are done with
Gaussian-03 code. We have considered the experimental crystal
structures reported by Kommu et al."® as input and optimized
the systems using Broyden—Fletcher—Goldfarb—Shanno algo-
rithm®' with convergence thresholds for energy, force, stress,
and maximum displacements as 5.0 X 107 (eV/atom), 0.01 eV/
A, 0.02 GPa, and 5.0 X 107* A, respectively. The electronic
Hamiltonian with the plane wave basis set with cutoff energy S50
eV, ultrasoft (US) pseudopotentials (for electron—ion inter-
actions),’” self-consistent field threshold 5.0 X 107¢ (eV/atom)
with 3 X 5§ X 3 Monkhorst—Pack®® k-mesh (15 irreducible k-
points) in the reciprocal space is used. Generalized gradient
approximation (GGA), Perdew—Burke—Ernzerhof (PBE),**
and dispersion correction Grimme (G06) scheme® 36 are used to
treat the strong and weak electron—electron interactions. The
GO6-optimized structure is used for linear optical property
(absorption and refractive index spectra’s) calculations. The
zone centre vibrational properties (infrared (IR)-spectra) are
calculated using density functional perturbation theory
(DFPT)*** approach by utilizing the norm conserving
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Figure 5. Calculated (a) single-molecule (b) single-crystal zone center vibrational (IR) spectra in 0.1—2.2 THz region of 6, 7, 8, and 9 using PBE + G06

dispersion-corrected method at the theoretical equilibrium structure.

pseudopotentials’® with 830 eV cutoff energy. The valence
electrons of the constituent atoms are considered as follows: H
(1s"), N(2s* 2p®), C (2s* 2p®), O (2s* 2p*). The gas-phase
single-molecule geometry optimizations and vibrational proper-
ties calculations are done using the B3LYP (Becke, 3-parameter,
Lee—Yang—Parr) functional”"** with 6-311+G(d, p) polarized
basis set as implemented in Gaussian-03.”*

B RESULTS AND DISCUSSION

Crystal Structure and Terahertz Time-Domain Re-
sponse. All the chosen compounds (C,H(N,0,) (6),
(CH4N;3Og) (7), (C;H3N;0) (8), and (C;H;NoO,) (9) for
the present study crystallize in noncentrosymmetric space
groups with monoclinic symmetry except compound “8” which
is orthorhombic.'> These materials consist of z = 4 formula
units/unit cell (i.e,, compound “6”—92; compound “7”—100;
compound “8”—92; and compound “9”—92 atoms/unit cell).
Moreover, all of the atoms of compounds 6, 7, and 9 are located
at “4e” atomic Wyckoft sites, whereas in compound “8”, atoms
are occupying “4a” Wyckoft site with full occupancy. Because of
the change in the explosive functional groups (i.e. NH,, NH—
NO,, NO,, N;) of these tetrazole derivatives, the lattice vectors
show an increment in the following order: lattice vector “a”:
from compound “8” = “7” = “6” — “9”; lattice vector “b”: from
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compound “9” — “6” — “8” — “77; lattice vector “c”: from
compound “7” = “6” — “9” — “8”; and lattice angle f: from
compound “8” — “77 — “6” — “9”. From the experimental
crystal structure, it is clear that all the studied compounds are
naturally layered. The corresponding layers of compounds 6, 7,
8,and 9 are spread over xz, xy, yz, and xz planes, and the adjacent
layers are stacked along ¥, y, z, and x directions. The change in
the chemical composition and symmetry resulted in huge
difference in their explosive nature (see Table 1) and stability.
Moreover, the increase in the nitrogen and oxygen percentage in
the studied compounds will definitely lead to change in their
polarization. Hence, the noncentrosymmetric nature and change
in the number of electrons strongly motivated us to investigate
their terahertz optical responses, which are believed to be useful
for their detection and nonlinear applications. The same was
carried out using a time-domain terahertz spectroscopy setup.
The corresponding absorption spectra results of the studied
compounds are shown in Figure 4. It is clear from the figure that
(1) all of the compounds start absorbing radiation from 0.5 THz
and high intensity absorption peaks are found between 1.0 and
2.5 THz range. (2) The studied materials show absorption in
0.5—2.5 THz energy window as follows: for compound “6”—
0.65,0.89, 1.13, 1.49, 1.79, 1.97, 2.33 THz; for compound “7”—
0.65, 1.37,1.49, 1.91, 2.27 THz; for compound “8”—1.01, 1.19,
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Table 2. Calculated Ground-State Lattice Vectors (a and ¢, in A), Volume (V; in A%) of 6, 7, 8, and 9 Using PBE and Dispersion-

Corrected PBE + G06 along with Experimental Data'®

symmetry compound parameter
P2,/C 6 a
(z=4) b
(monoclinic) c
%4
p
P2,/C 7 a
(z=4) b
(monoclinic) c
14
B
P2,2.2, 8 a
(z=4) b
(orthorhombic) c
14
P2,/C 9 a
(z=4) b
(monoclinic) c
\%4
p

PBE PBE + G06 experiment
14.593 12.941 12.780
7.278 7.067 7.1353
11.910 10.754 11.0435
1144.690 934.862 948.6
115.198 108.109 109.625
8.233 7.871 7.9223
19.821 18.690 18.5920
8.105 7.642 7.5610
1286.70 1109.11 1100.77
103.388 99.442 98.730
8.317 7.528 7.6268
11.086 10.518 10.5375
14.154 13.654 13.5924
1305.22 1081.33 1040.25
14.724 14.249 13.943S
7.104 6.872 6.9570
14.093 12.825 12.8193
1367.89 1125.51 1104.4
111.906 116.355 117.363

1.49, 1.79, 1.97, 2.27 THz; and for compound “9”—0.53, 1.01,
1.13, 1.37, 1.67, 1.91, 2.15, 2.33 THz. (3) Among these,
compound “7” shows highest intensity peaks and hence is more
polarizable, whereas compound “9” shows well-defined
absorption peaks and hence is relatively more sensitive and
easy to detect even at lower energies. (4) Moreover, the
detection limit of the studied tetrazole compounds got increased
from NH-NO, — NH, — NO, — Nj explosive functional
groups. These unique absorption spectra of studied compounds
are considered to be their fingerprint spectra’s in the terahertz
domain. To understand these absorption peak frequency and
intensity differences more clearly, we extended our focus toward
the vibrational mode analysis using DFT calculations both at
molecular and solid levels.

In the first step, we performed the molecular vibrational
spectra calculations by using B3LYP/6-311+G(d,p) polarized
basis set as implemented in Gaussian-03.>* We have considered
the experimental single-crystal X-ray diffraction structure as our
input. The obtained frequencies do not show any imaginary part,
which confirm the dynamical stability of all the studied
compounds, and the corresponding results are plotted in Figure
S. The FIR absorption peaks of studied tetrazole molecules
between 0.1 and 2.2 THz frequency window are observed at the
following frequencies (as shown in Figure $): for compound
“6”—1.13, 1.36 THz; for compound “7”—1.08, 1.58, 2.09 THz;
for compound “8”—0.95, 2.02 THz; and for compound “9”—
0.47, 1.15, 2.07 THz. The obtained results show considerable
deviation with respect to the experimentally measured
frequencies. However, it is known that the vibrational spectrum
in the THz range depends primarily on the structure of
molecules and their intra- and intermolecular interaction. The
weak interaction of molecules and intermolecular force result in
the collective vibration mode under the THz range frequency.
The low-frequency vibration in the THz range normally comes
from the deformation, torsion, and bending of two or more
molecules. As we performed the DFT calculations at the single-
molecule level, the obtained vibrational spectrum in the 0.2—2.2
THz region can be attributed to the intramolecule vibrations
alone. The preliminary mode analysis informs that the
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absorption peak of compound “6” located at 1.13 THz is
attributed to torsional rotation of tetrazole moieties, and other
two frequencies are due to wagging of NO, groups attached to
the ring. The peak of compound “7” at 1.08 THz is attributed to
torsional rotation of the tetrazole moiety. Similarly, the
reduction in the first absorption peak (red shift) of compounds
“77(1.08), “87(0.95), “9”(0.47) when compared to compound
6(1.13) are due to increase of the additional nitro group reduced
mass of the molecule. The mode at 2.02 THz of compound “8” is
attributed to the rotation of twist of NO,, and the calculated low-
frequency 0.95 THz mode is not clearly observed in the
experimental spectrum, which could be due to the scattering
losses. In case of compound “9”, mode at 0.47 THz is observed
due to collective rotation twists of all attached azide groups to
the ring. Torsional rotation of the tetrazole moiety was observed
at 1.15 THz. A torsional rotation of all functional groups except
for tetrazole was observed theoretically at 2.07 THz. The
difference in the intensity profiles of the studied molecules
(Figure Sb) indicates the increment in the polarizability from
compounds “6” = “9” — “8” — “7”, which is contradicting with
the experimental observations. However, the observed discrep-
ancy between experimental and theoretical vibrational frequen-
cies could be due to the omission of the effects from
intermolecular interaction and temperature. Hence, we turned
our attention to the solid-state-level DFT calculations of the
present compounds of interest to incorporate the role of
intermolecular interactions.

Initially, we optimized the experimental layered non-
centrosymmetric crystal structures'® using the GGA-PBE
exchange correlation functional’® as implemented in CA-
STEP.**° The calculated ground-state lattice vectors, angles,
and volumes along with experimental data are shown in Table 2.
The obtained results show considerable deviation as compared
to the experimental data and are as follows: for compound “6” —
a(14.1%) > c(7.8%) > b(2.0%); for compound “7” — ¢(7.1%) >
b(6.6%) > a(3.9%); for compound “8” — a(9.0%) > b(5.2%) >
c(4.1%); and for compound “9” — ¢(9.7%) > a(5.5%) >
b(2.1%). The crystals volume and crystallographic angles
deviations are as follows: V: for compound “8” (25.4%) > “9”
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Table 3. Calculated Zone-Center Low-Frequency Vibrational Modes (in cm™") of C,H;N,0,) (6), (C;H,N;O;) (7), (C,H;N,O)

(8); and (C7H3N904) (9)a

compound exp mode frequency symmetry
6 Mi14 66.64 Bg(R)
M13 62.05(65.71) Au(I)
MI2 61.61(59.70) Au()
Mil 59.42(—) Bu(I)
M10 55.27 Ag(R)
65.71 M09 48.52 Bg(R)
59.70 MO8 46.47(49.70) Bu(I)
49.70 MO07 41.37 Ag(R)
37.69 MO06 37.03 Bg(R)
29.68 MOS 32.60(29.68) Bu(I)
21.68 Mo04 21.37(21.68) Au(T)
8
M21 7323 A(R)
M20 69.94(—) B3(I+R)
M19 69.29 A(R)
M18 68.05(—) B1(I+R)
M17 66.70(65.71) B2(I1+R)
M16 62.07(—) B3(I+R)
M15 61.68(59.70) A(R)
Mi14 51.90(—) B3(I+R)
M13 49.52(49.70) B2(I1+R)
Mi2 47.28(—) B1(I +R)
Mil 43.05(—) B2(I1+R)
M10 39.06(39.69) B1(I+R)
M09 38.47 A(R)
65.71 MO8 35.90(—) B2(I1+R)
59.70 MO7 33.98(33.68) B1(I + R)
49.70 MO06 30.44 A(R)
39.69 MOS 29.73(—) B3(I +R)
33.68 MO04 20.90 A(R)

compound exp mode frequency symmetry
7 Mo6 25.36(21.68) Bg(I)
MOS 2429 Au(R)
Mo4 13.08 Ag(R)
63.71
49.70
45.69
21.68
9 M24 7332 Bg(R)
M23 72.90(71.71) Au(l)
M22 70.69 Bg(R)
M21 70.15 Ag(R)
M20 68.41(—) Bu(l)
M19 67.47(—) Au(l)
Mi8 63.90(63.71) Au(l)
M17 63.58 Ag(R)
M16 56.89 Bg(R)
M15 52.97(55.70) Au(D)
Mi4 48.94(45.69) Bu(l)
MI13 47.91 Ag(R)
MI2 46.24 Ag(R)
Mi1 4623 Bg(R)
71.71 M10 4142 Bg(R)
63.71 M09 39.78(—) Au(l)
5570 MO8 37.28 Ag(R)
45.69 Mo7 36.36(—) Bu(l)
37.69 MO06 32.79 Ag(R)
33.68 MOS 3165 Bg(R)
17.67 Mo4 29.12(—) Au(I)

“Here, IR active modes are denoted as “I”, Raman active modes are denoted as “R”, and IR + Raman active modes are denoted as “I + R”.

(23.8%) > “6” (20.6%) > “7” (16.8%) and f: for compound “6”
(5.0%) > “7” (4.7%) > “9” (4.6%); these results also reveal that
the intermolecular interactions are dominant in the studied
layered compounds as follows: for compound “6” (in xz plane) >
“9” (in zx plane) > “8” (in xy plane) > “7” (in zx plane). This can
be attributed to the difference in the arrangement of molecules
in corresponding unit cells. As the vibrational properties are very
sensitive to the lattice vectors, it is important to optimize the
crystal’s structure to a better accuracy by including various
interatomic interactions.”>*® Hence, to capture the weak
interlayer nonbonded interactions [van der Waals (vdW),
hydrogen bond], we optimized all the crystal structures with the
dispersion-corrected Grimme functional, that is, PBE + G06.%°
The obtained results show very good agreement with the
experimental data, and the deviations of all of the obtained
lattice vectors, volumes, and /3 values are around ~1% (see Table
2). Hence, the GO6 optimization results confirm the crucial role
of weak nonbonded interactions for finding the optimized
structures. We have used these (G06) structures for our further
vibrational property calculations which are very sensitive to the
lattice vectors.

We have calculated the zone centre vibrational frequencies of
all the compounds using DFPT approach. All of the required
mode assignments from 0.1 to 2.2 THz are done, and the
corresponding results are shown in Table 3. The compounds 6,

7,and 9 are isostructural and crystallized in the same point group
with C,;,(2/m) symmetry with z = 4 formula units (98 atoms/
unit cell) except for compound “8” which is getting crystallized
in D,(222) point group symmetry with 100 atoms/unit cell.
Hence, there will be 276 — 3 = 273 vibrational modes for 6, 7,
and 9 and 300 — 3 = 297 modes for compound “8”. The group
theory®” representation for these acoustic (appear due to in-
phase moment of atoms) and optical (appear due to out of phase
moment of atoms) modes will be as follows

Facoustic(éi 9) = Au @ 2Bu
Fopic(6, 9) = 69A, @ 68A, @ 69B, @ 67B,
r;coustic(7) = Au @ 2Bu
T0(7) = 7SA, @ 74A, @ 75B, @ 73B,
I—;coustic(g) = B1 ® Bz @ B3
[,,i(8) = 69A, © 68B, @ 68B, @ 68B,
The calculated optical vibrational modes (273, 297) of the
compounds are in good agreement with group theory
representations. Among the 273 optical modes of compounds

“6” and “9”, 135 (68A, @ 67B,) are found to be IR (I) active and
138 modes (68A, @ 67B,) are found to be Raman (R) active. In
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Figure 6. Few snapshot images of calculated vibrational frequencies (in cm™") at the solid level using PBE + G06.

case of compound “7”, out of 297 optical modes, 147 modes
(74A, @ 73B,) are found to be IR active and 150 modes (75Ag
@ 75B,) are Raman active. Interestingly, for compound “8”, out
of 273 optical modes, 69A, modes are found to be purely Raman
active and 204 modes (68B, @ 68B, & 68B;) are found to be
both IR + Raman (I + R) active. Hence, we conclude that
compound “8” is highly polarizable (more optically active)
among the studied compounds. Because our current focus is on
the terahertz response (0.1—2.2 THz range), mode assignments
are done for these frequencies and the results are shown in Table
3. The corresponding vibrational spectra (IR) in 0.1—-2.2 THz
range is plotted in Figure S. The snapshots of few vibrational
modes are given in Figure 6 for future reference.

The mode assignment analysis reveals that the obtained
frequencies of all the compounds between 0.1 and 2.2 THz
range are mainly arising due to complete lattice translation
associated with NO, groups and N asymmetric stretching (see
Figure 6), because of which asymmetric stretching in Tetrazole
ring and trinitrobenzene has been observed. Few of the
experimentally observed modes are well matched with the
calculated symmetry-based IR frequencies (see Table 3). The
main possible reasons for the observed discrepancies between
theory and experimental frequencies and different broadening of
the modes could be due to different scattering and temperature
effects. Further, we have compared the experimental, solid-phase
vibrational frequencies shown in Table 3 with the molecular
phase. The results clearly indicate that most of the solid-level
calculations match with the experimentally observed frequen-
cies. The observed shift between the molecular-level and solid-
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level vibrational frequencies clearly indicates the dominant role
of weak intermolecular, interlayer interactions via vdW and
hydrogen bonding. To compare the intensity differences of the
calculated frequencies, we have plotted the IR spectra in Figure
S. It is clear from the figure that intensities of the observed
frequencies are dominant in the following order: compound “9”
> “8” > “6” > “7”. Hence, we can conclude that because of the
different charge transfer mechanism of the azide group in the
low-energy region, compound “9” is showing high peak intensity
(polarizability) and hence is optically more sensitive. Similarly,
in compound “8”, because of the presence of an extra NO,
group, electrons associated with all I + R active modes, it is
showing next high polarizability. In case of compound “77,
because of the presence of a strong N—N bond, we could
observe only one peak in the studied terahertz range with lowest
intensity among the studied compounds. However, compound
“6” has weak C—N and H—N bonds because of which we are
getting a good number of vibrational modes in the low energy
region (<2.2 THz). Overall, we can conclude that because of the
different charge transfer mechanisms, compound “9” possesses
high optical sensitive (therefore unstable) nature, whereas
compound “7” shows low optical sensitivity (highly stable)
among the studied compounds. Other compounds show similar
optical sensitivity in the studied region. In conclusion, it is easy
to detect compound “8” and is optically stable than other studied
noncentrosymmetric compounds. Hence, it may find possible
applications in nonlinear optical domain also. Therefore, we
further extended our attention to investigate the refractive index
and birefringence of these compounds in the 0.1—2.2 THz range
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which is a crucial parameter for obtaining proper phase matching
in any nonlinear optical applications.

UV-Visible Response, Refractive Index, and Birefrin-
gence. The nitro/nitrogen-rich aryl-tetrazoles crystallize in the
noncentrosymmetric space group, and it is very important to
know the role of electronic contributions in the optical
properties such as absorption, band gap, refractive index, and
birefringence in the optical region of interest. Moreover, the
THz-based study is meant for detection of explosives without
ionizing the sample. Initially, we measured the absorption
spectra of compounds using the UV/visible/NIR spectrometer
(model: Cary 5000 with UMA attachment), and obtained
results are compared with the theoretically calculated absorption
spectra in [0 0 1] direction using the PBE-GO6 equilibrium
structure as shown in Figure 7. The experimental results confirm
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Figure 7. Experimental UV—visible absorption spectra of 6, 7, 8, and 9
compounds plotted along with the absorption spectra obtained at PBE
+ GO06 equilibrium structure.

that compound “6” possesses a sharp absorption peak around
480 nm (2.58 eV), whereas absorption bands of other
compounds such as “7”, “8”, and “9”are located at 450 nm
(2.75 eV), 350 nm (3.54 eV), and 410 nm (3.02 eV),
respectively. However, sharp absorption peaks for compounds
“7”,“8”, and “9” are observed at 320 nm (3.87 V), 280 nm (4.42
eV), and 475 nm (2.61 eV). This broadening may be attributed
to the phonon contribution in optical transition (i.e., due to
indirect band gap). However, the theoretically obtained
absorption spectra show that sharp absorption peaks for
compounds “6”, “77, “8”, “9” are located at 1.3, 1.2, 1.2, and
1.0 to 2.5 eV, respectively. The broadening of the absorption
peak of compound “9” is attributed to the indirect band gap.
Finally, it is clear from the experimental and theoretical results
that the studied compounds possess a strong absorption band in
the near-IR and THz region. Further, we have also calculated the
frequency-dependent complex refractive index between 0.1 and
2.2 THz using eq 4. Etalon effects caused due to internal
reflection were ineffective since we have not taken into account
while calculating FFT. First, we have calculated the refractive
index of Teflon by taking air as the reference.”*”° Figure 3 shows
the refractive index of Teflon between 0.1 and 2.2 THz range,
and the value is 1.4 which is in good agreement with the
literature values. Similarly, we calculated the average refractive
index for compounds 6, 7, 8, and 9 (see Figure 8) and the
obtained corresponding values are 1.65, 1.71, 1.72, and 1.81,
respectively. We further verified these calculations by comparing
with DFT results (see Figure 9). The calculations are done with
great accuracy using US pseudopotentials, 380.0 eV energy
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Figure 8. Experimental refractive index spectra comparison between 0
and 2.2 THz range of C;H;N,0, (6), (C;H,N3O,) (7), (C;H;N,O04)
(8), and (C;H3N,0,) (9).

cutoff, and 3 X S X 3 k-grid. As the chosen compounds
crystallized in asymmetric space groups (monoclinic, ortho-
rhombic), we could get different values of n,, n, and n, curves.
All of the obtained results (experiment, DFT) within 0.1—2.2
THz energy window show reasonable agreement (Table 4), and
the same are plotted in Figure 8. Moreover, the dispersion and
intensity of the absorption curves are found to show
considerable variation because of the change in the explosive
functional group at position “1” on the tetrazole moiety. The
theoretical difference in n,, ny, and n, curves of studied
compounds clearly indicate that all the compounds possess
large optical anisotropy. Further, the theoretically calculated
(time-independent DFT) absorption spectra shows consider-
able blue shift with respect to the experimental UV—visible
spectra of the studied explosives, which is obvious due to the
omission of local field effects and exciton effects in the present
DFT calculations, and these deviations can be addressed
properly by including the excitonic effects through time-
dependent DFT calculations.**

The results in Figure 8 and Table 4 also confirm that the
calculated average static refractive index ((n = n, + n, + n,)/3)
values of all the compounds are relatively good in agreement
with the experimentally observed values. Normally, for
monoclinic NLO crystals, the refractive indices show either n,
>n, > n, (negative biaxial) or n, > n, > n, (positive biaxial)
trend.*> However, the results from Table 4 show the trend for
compound “6”: n, > n, > n,, for compound “7”: n, > n, > n,, for
compound “8”: n, > n, > n,, and for compound “9”: n, > n_ > n,.
These differences in the actual and obtained refractive indices
can be attributed to the role of excitonic effects,* which are not
accounted in the present study. For preliminary understanding,
the birefringence (An) values of 6, 7, 8, and 9 compounds are
calculated by taking the difference between the maximum value
of refractive index to the minimum value from Table 4. The
corresponding results show the following increment order: An
(6) > An (8) > An (7) > An (9). Moreover, these values except
for that of compound 9 are found to be closer to the well-known
nonlinear crystal DAST (0.39, 0.55, and 0.64)* and higher than
recently reported carbonate fluoride crystals ABCO5F (A = K,
Rb, Cs; B = Ca, Sr, Pb) (An around 0.1056, 0.0887, 0.0921,
0.0966) crystal birefringence values,**~*’ which clearly indicates
that the studied noncentrosymmetric explosive compounds may
possess good phase matching applications in visible and near-IR
regions. Further analyses on frequency-dependent second-
harmonic response of these compounds will be useful in phase
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Figure 9. Theoretically obtained refractive index spectra (along x, y, z directions) of C;H;N,O, (6), C;H,N3Oq (7), C;H;N,Oq (8), and C,H;N,O,

(9) at the PBE + GO6 level.

Table 4. Experimental and DFT Calculated Refractive Indices (n) along [100], [010], and [001] Crystallographic Directions and

Birefringence Values of 6, 7, 8, and 9

compound 1y n, n
6 1.474 1.886 1.5
7 1.546 1.337 1.6
8 1.530 1.304 1.5
9 1.589 1.635 1.6

2

N
11
96
16

At (Max = Minin) Naverage Mexperiment
0.412(0.331) 1.63 1.65
0.274(0.065) 1.49 1.71
0.292(0.066) 1.47 1.72
0.046(0.019) 1.61 1.81

transition, sensitivity correlation studies, and designing new
organic nonlinear optical materials in near future.

B CONCLUSIONS

In summary, we have studied the linear and nonlinear optical
properties of newly synthesized tetrazole molecules using time-
domain terahertz spectroscopy, UV—visible—NIR spectroscopy,
and DFT. We have also ascertained the absorption coeflicients
and refractive index between 0.1 and 2.2 THz range. In addition,
we have performed single-molecule and single-crystal level DFT
calculations. The obtained structural optimization results
confirm the importance of nonbonded (vdW) interactions.
The theoretically calculated zone center vibrational frequencies
at the solid level are found to be good in agreement with the
experimentally observed THz absorption bands. However, the
single-molecule vibrational frequency-based results can be
improvised by the incorporation of intermolecular, interlayer
interactions. We have also explained the optical sensitivity
correlations using vibrational frequencies. The electronic
absorption, refractive index, and birefringence studies reveal
the feasibility of phase-matched nonlinear optical frequency
mixing device in the single-crystal form. The study also provides
a good reference for growing organic nonlinear optical materials.
We strongly believe that our present experimental and
theoretical investigations on the studied explosives will open a
new channel to design stable high-energy optical materials which
may be used for different types of defence (detection purposes)
and optical device applications.
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ABSTRACT

We demonstrate ultra-subwavelength thin film sensing through experimental and numerical studies of the transmission characteristics of several symmetric and
asymmetric planar split ring resonator (SRR) based terahertz metasurfaces coated with thin film of analyte layer(s). A sharp narrow-band dark mode resonance
excited in the asymmetric metasurfaces is seen to be particularly very interesting to be exploited in thin film sensing, which is otherwise absent in the symmetric
case. For this mode, our experiments clearly have demonstrated sensing of extreme subwavelength (close to thousandth part of the wavelength) thickness film.
With the increasing thickness of the analyte layer a gradual red-shift of the resonance mode is observed. The sensitivities and figure of merit (FoM) of all the
metasurfaces are derived and compared. The resonant dark modes in asymmetric metasurfaces are found to display substantially better FoOM as compared to the

typical dipolar modes.

1. Introduction

Metamaterials, by virtue of their unusual electromagnetic properties
such as negative refractive index, cloaking [1-6] etc. have attracted
considerable attention in the last two decades. Apart from these ap-
plications, metamaterials, particularly their two-dimensional variants
namely, metasurfaces, form an excellent platform for thin film sensing.
Despite the research boom in metasurfaces, the main impediments to
the development of metasurface-based sensing devices have tradition-
ally been Ohmic and radiative losses. However, asymmetric metamate-
rials can be potential candidates to resolve this problem. According to
contemporary research, they seem to be more efficient in minimizing
radiative losses while simultaneously displaying improved resonance
quality factors over their corresponding symmetric structures [7-15].

Eigen resonance modes having noticeably weak interactions with
the ambient environment have been called Dark Modes. These modes
can exhibit high quality factors, and are dominated by magnetic dipoles
and higher order multipoles. Though they are known to exist in sym-
metric split ring resonator (SRR) structures, but it is not straight
forward to excite these modes directly with linearly polarized plane
waves experimentally. These asymmetric SRRs based dark modes, can
also be explained in terms of inherent Fano interferences as observed
earlier [16], hence can lead to the excitation of sharp resonance dips
in the frequency spectrum. Asymmetric SRR-based metasurfaces with
high quality factors are extremely well suited for designing highly

*  Corresponding author.

E-mail address: dibakar.roychowdhury@mechyd.ac.in (D. Roy Chowdhury).

https://doi.org/10.1016/j.optcom.2019.124366

efficient THz sensing devices, and can result in other applications
too [15,17-23].

In this work, we have designed, fabricated and characterized a
symmetric and two asymmetric SRR-based metasurfaces. Thin films
of polyimide have been deposited on top of the structures and the
transmission characteristics of the hybrid structures have then been
probed with terahertz time domain spectroscopy (THz-TDS) [24,25].
We have further extended our studies through numerical simulations
with the commercially available numerical software, CST Microwave
Studios. The experimental results demonstrated very good match with
the simulation results and thereby motivated us to perform extensive
studies on thin film sensing.

Various schemes have been proposed and demonstrated over the
years for sensing in the terahertz domain, involving waveguide-based
sensors [26], resonator-based terahertz sensors, etc. [17,20,27-36].
Metamaterials-based sensing through measurement of frequency shift,
however, have few clear advantages over the former techniques, since
their frequency response can be engineered according to requirement,
and they are highly suitable for conventional THz-TDS probing ow-
ing to their arrayed homogeneous structures [37]. In this context,
Xu et al. demonstrated that the introduction of high refractive index
gold nanoparticles can improve the bio-sensing capabilities of THz
metamaterials [38]. M. Islam et al. have reported a comprehensive
study comparing the sensing efficiencies of different resonance modes
excited in single split gap ring resonator-based THz metamaterials [18].
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z
Aluminium
! Silicon

Fig. 1. Schematic of the proposed metasurface depicting incident and transmitted
terahertz radiations through it. Split ring resonators are comprised of aluminum
(yellow) on silicon (gray) substrate. A magnified view of a single metamolecule has
been shown for clarity. The geometric parameters are w (plate length), L (resonator
arm length), e (resonator arm width), g (split gap length), x (analyte thickness) and p,,
py (periodicity in x and y directions, respectively).. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Transmitted THz wave

The refractive index of the analyte is varied for each particular de-
posited thickness to calculate the sensitivity, following which the Figure
of Merit (FoM) of the corresponding resonance mode has also been
calculated. In a quest for highly sensitive metamaterials, Gu et al.
came up with a closed ring pair based free standing metamaterial
structure, which displayed negative refractive index under normal in-
cidence at a particular frequency range. In their case, the metamaterial
was fabricated using double layer self-aligned photolithography [39].
A X-shaped perfect metamaterial absorber and its complementary de-
sign with four-fold rotational symmetry has been demonstrated as
being better at sensing applications than their corresponding planar
metasurfaces [40]. Recently, Chen et al. proposed and numerically
investigated a stripe and groove corrugated comb shaped metamaterial,
which employed spoof surface plasmons (SPPs) for refractive index and
thickness sensing [41]. The novelty of our present proposed device lies
in its simple structure (Fig. 1), the minimal complexity due to single
step fabrication process, and the excitation of dark modes through
exploitation of suitable geometrical asymmetry — features which have
rarely been tapped into and combined for thin film sensing in previous
attempts.

2. Fabrications, testing and simulations

We have fabricated three different sets of metamaterial samples (Sy,
Asl and As2) on high resistivity undoped Silicon wafers. Pictures of
the fabricated samples are shown in Fig. 2(a-d). The sample Sy consists
of an array of symmetric split ring resonators (SRRs), with identical
split gaps on opposite ends. For all our samples, unit cell periodicity
(px»py» where p, = p), the split gap (g), length of the metallic arm
(L) and its width (e) were kept constant at 88 um, 16 pm, 60 pm, and
8 pm, respectively. For the samples As] and As2, we have intentionally
introduced asymmetry into the structures by attaching plates of varying
length ‘w’ on the terminal ends on one side of the split gap. For As1, w =
16 pm and for As2, w = 24 pm (see Fig. 2). Photolithography followed
by standard development processes were implemented to create the
above-mentioned sample patterns on the silicon wafers. Electron beam
evaporation was employed to deposit aluminum of thickness 200 nm
and subsequently, typical lift-off in acetone bath was used to realize
the desired metasurfaces. Thin films of polyimide, of varying thickness
x were spin coated onto the fabricated metasurfaces. The devices were
hard baked using slow annealing steps from room temperature to 200
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degrees Celsius to ensure uniform thickness of the analyte coating
over the metasurfaces, following which they were characterized using
terahertz time domain spectroscopy (THz-TDS).

The transmission characteristics of our samples were probed using
THz-TDS in a dry environment at room temperature. In the current
setup, a femtosecond laser (1560 nm, 100 MHz, ~60 fs) was used to
generate terahertz pulses. The laser pulse is split into two parts, one
part traveling to the terahertz emitter, the other part to the detector.
Both the emitter and the detector are InGaAs/InP photoconductive
switches, the former consisting of a 100 pm strip-line antenna while
the latter has a 25 pm dipole antenna. A transient current is excited
in the emitter by the ultrafast laser pulses, which in turn, produces
electromagnetic wave packets with a broad spectrum in the terahertz
range. The terahertz pulses thus generated, reach the receiver after
transmitting through the samples. The receiver utilizes the ‘“pump-
probe” principle: the incident terahertz pulse undergoes a modulation
while passing through the sample and the laser pulse probes this effect
at the detector side. The frequency domain spectrum is then extracted
through Fast Fourier transformation of the measured transmitted tera-
hertz pulse. A blank silicon substrate of dimensions similar to that of
the samples was also characterized and used for normalization of the
measured transmitted pulse with the THz-TDS.

Computer Simulation Technology (CST) MICROWAVE STUDIO was
used as a full wave numerical simulator to validate our experimental
findings. CST’s frequency domain solver has been employed to numer-
ically simulate our deposited metamaterials. Tetrahedral meshing was
found to be the most suitable option to configure the geometry due
to the accuracy of the results and lower computational time required
to generate them. Waveguide ports have been utilized to simulate the
source and the detector. In our simulations, the electrical properties
of the analyte (i.e. polyimide) have been defined by its electrical
permittivity e = 3.5, while that of the substrate (i.e. silicon) have been
defined by € = 11.9. Periodic boundary conditions have been adopted
for the configuration.

3. Observations and discussions
3.1. Transmission properties

In this section, we examine the THz transmission properties of
the designed metamaterials for both the orthogonal polarizations of
the incident THz waves. In one set of experiments, the electric field
polarization is kept parallel to the SRR arm, referred to henceforth as
orientation 1 (O1), the results of which are shown in Fig. 3. In the other
set, the electric field polarization is kept parallel to the gap, which we
will refer to as orientation 2 (02), results of which are shown in Fig. 4.
Thin films of polyimide having various thicknesses are spin coated onto
the metasurfaces. The resulting transmission properties are shown in
Figs. 3 and 4 for three different polyimide thicknesses: 2.78 pm, 4.27 pm
and 5.92 pm. For a systematic comparison, experimental data (plots a,
c and e) along with the numerical simulations (plots b, d and f) are
plotted in these two figures. Comparison of the two sets of plots clearly
reveals that the experimental results closely match the simulations.

We observe from Figs. 3(a) and (b), that for the sample Sy in O1,
the dipole mode resonance of the bare metasurface occurs at 0.748 THz
frequency. Increase in thickness of the polyimide layer leads to a red
shift in the resonant frequency. For O2 of the same sample, as shown
in Fig. 4, we observe that the quadrupole mode resonance appears at
1.26 THz and a similar trend of red shift in resonance was observed
for increasing polyimide thicknesses. Physically, these modes can be
said to represent dipolar resonances, and in a latter section, we have
described surface current distributions in support of this conjecture.

However, unlike Sy, for the samples Asl and As2, when the electric
field is in O1 orientation, we observe two distinct resonances: a sharp
narrow-band resonance (dark mode resonance) and a wide-band reso-
nance (dipole resonance). This sharp resonance mode can be attributed
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Fig. 2. Optical microscope images of the fabricated samples (a) symmetric SRR sample (Sy) (b) asymmetric SRR sample 1(As1) (c) asymmetric SRR sample 2(As2) (d) Metamaterial

array of fabricated Asl.

Normalized Magnitude

®

0.4 0.6 0.8 1.0

04 06 0.8 1.0

Frequency (THz)

Fig. 3. Comparative plots of normalized vs. frequency when the electric field is parallel to the arm i.e. O1: (a) and (b) respectively represent experimental and simulation results,
for the Sy sample. Similarly, (c) and (d) display results for Asl while (e) and (f) correspond to the same for As2.

to the excitation of dark plasmonic modes, which are non-radiative in
nature resulting in strong field confinements, and are excited due to
the introduction of asymmetry in symmetric SRR-based metamaterial
structures [17]. The dark resonance mode is more pronounced in As2
compared to Asl, due to the increased structural asymmetry in the
former as compared to the latter.

In Figs. 3(c) and (d) we observe that the dark mode and dipole
mode resonances for Asl occur at 0.52 THz and 0.73 THz, respectively
for the bare metasurface. In case of the bare metasurface of As2, the
first resonance occurs at 0.51 THz and the third occurs at 0.72 THz, as
shown in Figs. 3(e) and (f). In case of 02, a resonance similar to the
one excited for the Sy sample (quadrupole mode resonance), is seen to
occur at 1.23 THz for Asl and at 1.20 THz for As2 as shown in Figs. 4
(c, d) and (e, f), respectively. All the higher order modes do not occur
exactly at the same frequency because of the increased asymmetry in
the structures.

Similar to Sy, the trend of all the resonances undergoing red shift
with increasing polyimide thicknesses can be seen in Asl and As2 as
well. This can be attributed to two factors. As the polyimide fills the
capacitive gaps between the SRRs, their net capacitance is altered (ef-
fectively gets increased), resulting in a shift of the resonance frequency.
Secondly, the confinement of the fringing fields at the capacitive gaps
within the polyimide layer contributes to this behavior as well. How-
ever, the latter phenomenon also leads us to the sensing limitation for
such a scheme as ours’, since beyond a certain analyte thickness, the
fringing field penetration disappears and no more appreciable shift in
frequencies can be observed [42,43].

In case of As2 we have experimentally measured a difference
of 1.6 pm thickness of polyimide layer using dark resonance mode
(Fig. 2e). However, thinner layers of polyimide can be sensed through
proper optimization of the polyimide coating process. Most impor-
tantly, it can be seen that such extremely thin film deep sub-wavelength
(thousandth part of a wavelength) sensing is feasible through our
design methodology for realization of thin metasurfaces for exploitation
at THz frequencies.

3.2. Sensitivity

The sensitivity for thin film sensing of a metamaterial is calculated
from the slope of the linear fitting function of frequency shift versus
refractive index curve of the analyte [39]. Extensive simulations were
conducted to observe the effects of varying the refractive index of
the analyte layer above the metasurface. Resonance frequencies of
the metamaterial were calculated for six different thicknesses of the
polyimide layer: 2.78 pm, 4.27 pm, 5.92 pm, 10 pm, 15 pm and 20 pm
and for each thickness, the refractive index of the polyimide was
varied from 1 to 2. We observe distinct resonant peaks at distinct THz
frequencies as we vary the refractive index of the analyte. Frequency
shift here is defined as the difference between the resonance frequency
at a particular analyte thickness for a particular refractive index, and
the reference frequency (the resonance frequency of the metasurface in
absence any analyte coating). Fig. 5 shows the frequency shift versus
RI curves for the six polyimide thicknesses on As2.
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Fig. 4. Comparative plots of normalized transmission magnitude vs. frequency when the electric field is parallel to the gap i.e. O2: (a) and (b) respectively represent experimental
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2.78 pm, 4.27 pm, 5.92 pm, 10 pm, 15 pm and 20 pm on the sample Asl for (a) Dark
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Based on the above-mentioned frequency shift data, sensitivities for
Sy, Asl and As2 have been calculated. Fig. 6 shows the plot between
sensitivity and polyimide thickness. We observe that a maximum sen-
sitivity of 0.742 THz/RIU occurs for the quadrupole mode resonance
of As2, which is considerably higher than sensitivity values previ-
ously reported [16,42] for such simple, easily fabricated metamaterial
geometries.

From Fig. 5, it can be observed that there are slight deviations
from linearity in the frequency shift vs refractive index response as we
approach 2 RIU, which becomes especially pronounced as the analyte
thickness increases. Though this has little effect on device sensitivity, as
is evident from Fig. 6, since sensitivity values already saturate at lower
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Fig. 6. Sensitivity vs Polyimide thickness plot for (a) Sy sample (b) Asl sample (c)
As2 sample. Maximum sensitivity observed is 0.742 THz/RIU for the quadrupole mode
resonance of As2.

analyte thicknesses, it can be avoided by varying the refractive index
to smaller ranges.

In Fig. 7, Q factors of Sy, Asl and As2 have been plotted as a
function of polyimide thickness. In Fig. 6, we observe that sensitiv-
ity initially increases then slowly saturates with increasing analyte
thickness, Q factor on the other hand initially decreases then slowly
saturates. Both these phenomenon can be attributed to the saturation
of resonance red-shift beyond a certain analyte thickness due to the
reduction in fringing field penetrations near the capacitive gaps. In case
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sample.

of our sensing scheme, this saturation thickness is around 10 pm (three
hundredth part of wavelength), as is evident from Figs. 6 and 7.

3.3. Figure of merit

We have further estimated the Figure of Merit (FoM) for a compre-
hensive description of the sensing performance of the metamaterial.
FoM of a resonance mode is defined as the ratio of Sensitivity and
FWHM (full-width at half maxima) of that mode. In our calculations,
FoM for three different resonances in case of Asl and As2 and the two
resonances in case of Sy have been examined with respect to different
thicknesses of the polyimide film. The FoM values corresponding to
different polyimide thicknesses on the three samples have been plotted
in Fig. 8.

We have observed that the FoM increases with increasing the ana-
lyte thickness, but it tends to saturate beyond a certain thickness. This
is because the electric field lines emanating out of the meta-resonators
are essentially well confined near the resonators, and therefore less
affected with increasing thickness of the analyte to impact the sensing
capabilities. Also, we can observe that Asl and As2 serve as better sens-
ing devices in O1, when polarization of the electric field E is parallel
to the arm, as the dark mode and dipole mode order resonances have
higher FoMs when compared to the quadrupole resonances, which arise
when E is parallel to the gap i.e. case of 02 [22]. Dark resonance mode
displays sharpest resonance because it can confine energy strongly, as
can be seen from the electric field plots in Fig. 8. Therefore, in case
of any variation close to the metasurface, these modes demonstrate
maximum perturbation, hence resulting in higher FoMs. The maximum
FoM achieved through our designs is around 1.25 for the low frequency
dark mode of As2.

This argument can be further justified by observing the electric
field and surface current distribution profiles of the three resonances.
Fig. 8(a), (b), (c) depict the E -field profiles for the first, second and
third order modes in As2, respectively while 8 (d), (e), (f) depict
their corresponding surface current profiles. From the figure it is quite
evident that the electric field confinement is stronger (maximum value
observed was 15.67 x 10° V/m) in the first resonance mode than in
any of the subsequent higher order modes. This suggests that the dark
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Fig. 8. FoM vs Polyimide thickness for (a) Sy sample (b) Asl sample (c) As2 sample.
Maximum sensitivity observed is 1.25 for the dark mode resonance of As2.

order modes are more efficient at sensing the permittivity of the coated
analyte than the higher order modes owing to their non-radiative and
hence, strong field confining properties.

The surface current profiles corroborate the nature of the reso-
nant modes [44,45]. In Figs. 9e and 9f, the induced surface currents
clearly indicate the higher order modes to be dipolar and quadrupolar
in nature. The anti-parallel current distribution (clockwise and anti-
clockwise) induced in the structure (Fig. 9d) can be attributed to the
excitation of the lowest order mode i.e. the dark mode.

4. Conclusions

In this work, we have successfully designed, fabricated and mea-
sured different sets of symmetric and asymmetric SRR-based terahertz
metasurfaces with the aim of sensing ultra-thin sub-wavelength di-
electric film. Dark mode narrow band sharp resonances have been
excited in the fabricated asymmetric metasurfaces and increasing red
shifts in resonance frequencies of various orders have been observed
as the metasurfaces are loaded with increasing thicknesses of thin film
analyte layers. Our experiments have clearly demonstrated feasibility
of our design methodology for sensing of ultra-thin films ~ almost one
thousandth of the operating wavelength. We have further extended
our study of the metasurfaces through numerical simulations using
CST Microwave Studio and the results are in good agreement with the
experimental observations. Furthermore, our study shows that the dark
modes demonstrate much higher FoMs compared to the typical dipole
modes excited in the same metasurfaces towards thin film sensing. Such
metasurfaces should be useful in devising planar platforms for thin film
sensing besides other metamaterial-based sensing applications.
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Fig. 9. (), (b), and (c) denote the electric field profiles corresponding to the dark, dipole and quadrupole mode resonances, respectively of the sample As2. We observed maximum
E field value (abs) to be 15.67 x 10° V/m for the dark mode resonance. Fig. 8(c), (d), and (e) show the corresponding surface current profiles for the three resonance modes. E
field is parallel to the arm for (a, d) and (b, e) distributions, while it is parallel to the gap for distributions (c, f).
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Abstract— We report the water loss study in rose petals
using time domain spectroscopy between 0.1 and 2.5 THz
range. It was carried out between 30 - 110 °C under
control temperature condition. The result is cross verified
using FTIR spectra.

Keywords: THz, FTIR , Absorption, Rose, Petal

I. INTRODUCTION

THz spectroscopy is a non-destructive and non-
invasive tool to study the change in the leaf water and other
organic and bio molecules[1]. Since THz band is highly
absorbed by water, therefore, biological samples shows
characteristic absorption in THz domain. The present study
is aimed to understand the role of water and process of
dehydration in rose petal with respect to temperature. The
botanical name of Rose flower is Rosa damascene, whci has
lot of medical applications[2][3]. The climatic change is also
responsible for the change in the chemical composition of
rose petals. We have designed a THz spectrometer using
ZnTe crystal as source and LTGaAs PC antenna as a
detector. Further, we have cross verified our experimental
findings with the Fourier transfer infrared spectrometer
(FTIR) The FTIR spectra of rose petals at room
temperature confirms the concentration of water in rose. In
addition, it also provides significant information about the
process of chemical changes which occurs due rise in the
temperature.

II. EXPERIMENTAL SECTION

The Ti: Sapphire femto oscillator (Coherent Chameleon
Ultra IT) was used as a Laser source. It delivers P-polarized
laser pulses of 140 fs pulse duration with a repetition rate of
80 MHz. The laser output wavelength was tuned between 780
and 850 nm for THz generation. The variable attenuator (from
Eskpla Company) was employed to attenuate the output
average power. The average power, was allowed to incident
on the ZnTe crystal, which is used as a THz source[4]. The 2
mm, 110 cut ZnTe crystal was housed in a Teflon holder,
which was kept in an optical rotator for vertical rotation. The
laser pulses were loosely focused onto the crystal by means of

a plano convex lens of focal length (f) 10 cm. The spot
diameter of laser pulse on ZnTe crystal was ~234 microns.
The generated THz pulses were collected using two half axis
parabolic mirrors. The diameter (D) and an effective focal
length (f;) of parabolic mirrors (MPD508762-90-M01) were
~50 mm and ~150 mm, respectively. The residual transmitted
laser pulses from the source were separated from THz
radiation using a high resistivity float zone (HRFZ) silicon
plate (diameter 50 mm, thickness 2 mm) and black
polyethylene filter. The silicon plate has reflection coating in
between 700 and 900 nm laser wavelengths. The diverging
THz radiation emitted from the source was collimated and
focused by PM; and PM; mirrors. The PM; mirror is used to
focus the generated THz radiation on the PC antenna which
was coupled with preamplifier. The output of the preamplifier
was fed to the Lock in Amplifier. The output signal from
Lock-in-amplifier is sent to the computer for the recording of
time and frequency domain spectra using an indigenously
designed data acquisition program developed using Labview
software.

Femtosecond Oscillator
(140 f5,80 MHz)

Figure 1. Schematic diagram of a THz time-domain spectrometer setup.
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The amplitude of E-M field strength of time domain of

before and after passing through the rose petal was measured .

FFT of time domain signal provides the Frequency domain
spectra of the sample. Transmission and Absorption
coefficient (a(w)) were ascertained using following equations
(land 2). [5]

E
T — sample (1)
ERefemnce
1. T
Absorption = — 7 In 7’" ___________ )

s
Where [ is the effective thickness of the petal is around 200
microns where Tr, Tr are THz transmittance in rose petal and
reference (air), respectively

Iv. RESULTS AND DISCUSSION
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Figure 2. (a) Temporal shape of a THz-pulse. (b) corresponding frequency
spectrum.

Fig 2.shows the temporal and spectral profiles of rose petal
subjected to terahertz radiation between 30-110 °C
temperature range. The change in the strength of spectral
intensity along with considerable shift in the time delay
clearly shows the effect of water loss . It is also attributed to
the change of optical path length and chemical changes
occurs in rose petals. Fig.3 shows the FTIR spectrum of
rose petal between 30- 110 °C. The absorption dip located at
3300 cm! is attributed to —OH stretching mode and
represent the water concentration which is decreasing with
respect to increase in the temperature. This is also reflected
in water absorption peak present at 1.66 THz of Fig. 4. In
addition FTIR spectra also shows the two absorption peaks
located at 2846 and 2916 cm™' , respectively. These
absorption peaks correspond to C-H stretch present in
carbonyl /carboxy group which has its signature peak at
1734 cm™'. THz spectroscopy is a unic technique to identify
the vibrational features of molecular functional groups. Fig
4. shows some interesting behaviour of absorption peak
located at 1.7 THz which shows considerable change in the

intensity with respect to rise in the temperature. It is
attributed to increase in the concentration of carbonyl group.
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Figure 3. FTIR spectra of rose petals at different temperatures.
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Figure 4. Terahertz absorption spectra of Rose petals.

The complex Refractive index in THz range also help to
ascertain the chemical change and water loss occurs with
respect to increasing temperature[6] . The Refractive index
of the sample can be calculated by using equation No.3.

L4 Apxc
2rvxd

n= 3

Where A¢ =the phase difference between reference and
sample, Y is frequency, d is thickness of rose petal and ¢ the
velocity of light. Fig.5 shows the temperature dependent R.I.
of rose petal. Which is showing drastic change in the value
of R.I. between room temperature to110 °C range.
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V. CONCLUSIONS

We have successfully investigated the role of water
concentration in the rose petal in THz frequency range. The
process of water loss along with chemical changes with
respect to dehydration is also confirmed by FTIR spectra. In
addition, the dehydration process are also verified in terms
of refractive index measurement in THz domain.
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We report on the THz generation and optical characterizations such as index of refraction, absorption coefficients
of indigenously grown, potentially NLO active N-benzyl-2-methyl-4-nitroaniline (BNA) single crystals grown
from four different solvents such as N, N dimethylformamide (DMF), Methanol (MeOH), Acetonitrile (ACN) and
ACN: DMF (1:1) in an intentionally selected frequency range of 0.1-2.0 THz at room temperature (RT). The DMF
was identified to be a promising candidate as it facilitated reduction in the inclusions. The powder Second Har-

monic Generation (SHG) measurements performed on BNA polycrystalline samples revealed that their efficien-
cies were about 8.4 and 2.3 times higher than KDP and Urea samples respectively. The absorption coefficients
and refractive indices made in this technologically important THz range using the BNA crystals grown from se-
lected solvents exhibited, interestingly, solvent dependency.

1. Introduction

In past few decades, extensive search has been carried out for iden-
tifying suitable sources and detectors of terahertz (THz) waves as they
exhibit wide variety of applications in science and technology, in par-
ticular, spectroscopy, non-destructive evaluation, imaging of biologi-
cal samples, materials characterization, detecting defects in tablet coat-
ing, quality control of food and agricultural products and homeland
security etc. [1-3].Organic single crystals such as 4-N,N-dimethy-
lamino-4'-N’-methylstilbazoliumtosylate (DAST),2-(3-(4-hydrox-
ystyryl)-5,5-dimethylcyclohex-2-enylidene)-malononitrile (OH1),
N-benzyl-2-methyl-4-nitroaniline (BNA) have attracted attention as ef-
fective THz generator compared to benchmark inorganic counterparts
such as zinc telluride (ZnTe), gallium phosphide (GaP) etc [4]. How-
ever, solution grown organic THz crystals are often affected by de-
fects such as primary inclusions (foreign particles and/or solvent in-
clusions) [5,6]. Among the materials mentioned above, the BNA, is
a promising and potentially NLO active organic single crystal in gen-
erating efficient THz waves [4,7] and we have recently shown that
high crystals-safe conversion efficiency could be achieved through op-
tical rectification process [8]. The present manuscript succinctly ex-
plains our attempts on growing optical quality BNA single crystals in
select group of solvents and exploring their optical properties such
as refractive indices and absorption coefficients in the technologically
important region between 0.1 and 2.0 THz. The latter aspect assumes
significance due to the fact that

https://doi.org/10.1016/j.matlet.2019.03.039
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many biomolecules such as proteins, DNA and oligonucleotides have
their collective vibrational modes at this low frequency range [9] and
explosives such as TNT (2,4,6-trinitrotoluene), PETN (pentaerythritol
tetranitrate), HMX (tetramethylenetetranitramine), RDX (hexahy-
dro-1,3,5-trinitro-1,3,5-triazine) and DNT (dinitrotoluene) exhibit their
characteristic fingerprints in this region [10,11]. Whereas dynamics of
free carriers in doped semiconductors (less explored, in general) could
well be observed below 2THz due to their strongest absorption [12],
many visibly opaque materials are found to be transparent in this fre-
quency range [13]. Hence the results presented in this manuscript are of
crucial importance as the potentially NLO active BNA crystals which are
grown in selected solvents have been employed for the generation of in-
tense THz waves and they exhibited, interestingly, varying refractive in-
dices and absorption coefficients depending upon the solvents employed
in the measured region. Although a detailed report on refractive indices
and absorption coefficients on BNA crystal is available [14] the focus
was mainly on their directional dependencies and associated resonances
in the 0-5THz range.

2. Experimental procedure
2.1. Synthesis, solubility, crystal growth and THz measurements on BNA
The title compound was prepared as reported in the literature [7].

The solubilities of BNA in all the four solvents were measured gravi-
metrically between 25 and 40 °C (shown in Fig. 1). Using the solubility
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Fig. 1. Solubility plot of BNA.

data of BNA in all the four solvents, saturated solutions were prepared
at 30°C and kept in a growth chamber (Model: Eurotherm3216) and so-
lutions were cooled with a cooling rate of 1°C per day and single crys-
tals were grown. From the growth results it was observed that DMF
yielded nearly inclusion free bulk single crystals of BNA. The Coherent
Chameleon Ultra II Ti: Sapphire femto-oscillator which provides laser
pulses of 140fs and 80 MHz was used. The output average power was
attenuated by employing Eskpla variable attenuator. The output aver-
age power was made to fall on the 2mm thick, 110 cut ZnTe crystal and
the generated THz waves was used for measuring the optical properties.
The output signal from lock-in-amplifier was sent to the computer for
recording of time and frequency domain spectra using an indigenously
designed data acquisition program developed using Labview software.

3. Results and discussion

The SHG efficiency of KDP, urea and BNA powder samples of av-
erage particle size of about 250 pm were measured using Nd:YAG laser
and the results are shown in Fig. 2a. From the plot, it could be ob-
served that, the second harmonic intensity of KDP, urea and BNA were
466.5, 1694 and 3948 counts per second respectively. The BNA crys-
tals grown in aforementioned solvents were studied for their ability to
generate THz frequencies using 40 fs pulses obtained from femtosecond
laser amplifier at 1kHz repetition rate. The generated power was mea-
sured using sensitive pyroelectric detector. The schematic diagram of
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the THz spectrometer used for these measurements is shown in Fig. 2b.
The comparative conversion efficiency of all the four BNA crystals are
provided in the Table 1. The results of THz generation from all the four
solvents grown BNA crystals are shown in Fig. 3b. From the results, we
could see that, BNA single crystals are capable of generating THz waves
up to 2THz (in the lower range) and the spectra thus recorded for the
corresponding solvents gave similar patterns in this range of 0.1-2 THz.
The dips observed in this region were due to the intermolecular interac-
tions and, molecular and lattice phonon modes inside the medium. THz
frequency in this obtained range of 0.1-2 THz can able to pass through
the materials such as paper, cardboard, plastics, wood, leather and ce-
ramics etc [15]. Fast Fourier Transform (FFT) of time domain signal
provides the frequency domain spectra of the sample. THz transmission
spectra of BNA crystals are shown in Fig. 3a. Transmission temporal pro-
file and the absorption coefficient (a(w)) of all the four BNA single crys-
tals in THz region were ascertained using the following Egs. (1) and (2)

T = ESample (1)
RRejérence
1, T,
a (o) = _YInTm )

s

where [ is the thickness of the BNA crystals, T, and Ty are the THz trans-
mittance of the crystals and reference (air), respectively. The difference
in the temporal profile is due to change in the refractive index and thick-
ness of crystals. However, it was noticed that all the crystals studied
exhibited reasonable transmission in the given THz range. The Fig. 3c
and d show absorption coefficients and refractive indices of BNA single
crystals grown from the abovementioned solvents respectively. The am-
plitude of E-M field strength before and after passing through the BNA
crystal was measured by using THz-TDS. From the figure it could be ob-
served that the solvents influence the quality of the grown crystals as the
solvated solute molecules get differently absorbed at the solution-crys-
tal interface [5]. It was also noticed that the absorption peaks observed
at 0.6 and 1.05THz for both DMF and MeOH grown BNA single crys-
tals were absent for the ACN: DMF (1:1) and ACN grown crystals. How-
ever, there has been relatively strong absorption at 1.15 and 1.2THz
in ACN: DMF (1:1) and ACN solvent grown single crystals respectively
with slight shift as compared to the absorption peaks observed for DMF
and MeOH grown BNA crystals. The considerable variations in the ab-
sorption could be attributed to differently incorporated solvent mole-
cules at the solution-crystal interface [4]. The corresponding frequency
dependent refractive index of all the BNA crystals were measured in the
range 0.1-2 THz using the equation

Femtosecond Oscillator
(140 £5,80 MHz)

Pellet

M
-

Fig. 2. (a) Comparison of SHG and (b) Schematic diagram of THz setup.
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Table 1

Comparison of THz conversion efficiency of all the solvent grown crystals.

Incident Conversion

Name of the Thickness ~ Power Generated THz Efficiency £
solvent used (mm) (mW) Power (pW) (%)

DMF 0.361 350 9.10 26.00 x 10~*
MeOH 0.224 350 0.21 00.60 x 10~*
ACN: DMF 0.321 350 1.00 02.85 x 1074
ACN 0.310 350 1.10 03.14 x 1074

‘Bxc
n= 2t
2z X d @)

where @ is the phase difference, d is the thickness of the crystal and
c is the velocity of light. The average refractive index of all samples is
~1.56 and does not vary significantly with frequency. Thus, considering
the above factors, BNA single crystals grown from DMF solvent has rela-
tively higher conversion efficiency compared to other solvents explored.

= = 14
[ M N cimethylformamids (OMF) grown BHA) (a) W, dimetylomanids DUF)
el 1 £l ]
L 4 / (b)
L PR FE T T P [, | P T AP PR TP PR TP
<ouy | Methanol (Ua0H) gromn BHA m i i ol
L1 -4
3
v i
T T £ e e e
A1) rown 82 | e i
A 1E4) f -\H\\ S,
/ o \\_\

4. Conclusions

In conclusion, it was reported that high optical quality BNA single
crystals could be grown from selected solvents and it was observed that
DMF could yield relatively better-quality BNA crystals. The grown crys-
tal when studied for their ability to generate THz waves in the tech-
nologically important range between 0.1 and 2.0 THz exhibited solvent
dependent conversion efficiencies and both absorption coefficients and
refractive indices also exhibited noticeable variations in the measured
range. Such variations in the optical properties could be attributed to
primary inclusions at the solution-crystal interface. These observations
reveal that sufficient care is necessitated while selecting solvents suit-
able for the crystals under consideration which otherwise could hinder
the utilization of such highly efficient THz material for practical appli-

cations.
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This work reports new findings on the formation of a pearl-necklace pattern in self-assembled
upconverting nanocrystals (UCN-PNs) which exhibit strong upconversion emission under an NIR
excitation source of a femtosecond laser (Fs-laser). Each nano-necklace consists of several
upconversion nanoparticles (UCNPs) having a size ca. 10 £ 1 nm. UCN-PNs are arranged in a self-
organized manner to form necklace type chains with an average length of 140 nm of a single row of
nanoparticles. Furthermore, UCN-PNs are comprised of UCNPs with an average interparticle separation
of ca. 4 nm in each of the nanonecklace chains. Interestingly, these UCN-PNs exhibit high energy
upconversion especially in the UV region on interaction with a 140 Fs-laser pulse duration at 80 MHz

repetition rate and intense blue emission at 450 nm on interaction with a 900 nm excitation source is
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1. Introduction

Upconverting nanocrystals are attractive due to several unique
properties and for their applications in materials, materials
science, industrial applications for designing solar cells,
sensors etc. and for biomedical medical applications.™* Rare-
earth upconverting materials have been demanded as they are
the best energy upconverting (NIR-to-visible) materials ever
known, therefore currently researchers are focusing on their
design, synthesis and spectroscopic properties. Furthermore,
upconverting materials possess potential uses in biological
labeling and bio-assays and their extent of uses has increased
remarkably with time.*” All these unique features drive us to
synthesize self-assembled UCNPs having strong upconversion
emission. To the best of our knowledge, self-assembled pearl-
necklace type upconverting nanoparticles (UCN-PNs) are never
known. A report was found where UCNPs were impregnated in
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targeting the infected cells with enhanced efficiency.

porphyrin dendrimers.® In this work we are enabled to prepare
self-assembled UCNPs in in situ condition without incorpo-
rating any external polymeric components. The as-prepared
UCN-PNs have been formed by consuming all precursors into
solid crystal nuclei as white precipitates at lower reaction
temperature and then with increasing the reaction temperature
crystal growth occurred followed by the formation of UCN-PNs.
The as-prepared UCN-PNs have excellent dispersibility in non-
polar solvent (e.g., cyclohexane) and are stable for more than
a year. As UCN-PNs exhibit excellent upconversion emission
under 980 nm NIR excitation source and 140 femtosecond pulse
duration at 80 MHz repetition rate, there is a vast ambit for
using them in complex biolabeling by tuning their spectral
properties. Further, for present available systems there are
several draw backs in achieving good efficiency for the DNA
detection,® bio-imaging," sensors and fluorophores," " analy-
tes and several other important biomedical applications such as
for the treatment of cancers*"” which can be improved by using
UCN-PNs.

Self-assembled materials can be obtained from nature to
the laboratory. Self-assembly in living system is biologically
controlled whereas; self-assembly formation in laboratory is
controlled artificially. The assembly of nanomaterials is purely
represented by non-covalent bonding and controlled both by
kinetic and thermodynamically. Inside laboratory self-

This journal is © The Royal Society of Chemistry 2019
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assembly processes are used for designing the artificial
nanostructures, such as for assembling proteins, peptides,
nucleotides, supramolecular biopolymers etc. and they have
myriad applications in biomedicals for developing artificial
membranes and for various biofunctions.'*® Self-assembly of
various inorganic (metals/hybrids) nanoparticles is well
known.*** The formation of self-assembled necklace type
nanostructures is very much interesting in the area of modern
nanotechnology. Necklace nanostructures of UCNPs can
exhibit unique properties with their associated building
blocks (nanoparticles below 10 nm). The self-assembled
architectures of nano sized UCNPs can offer a potential plat-
form for future applications, especially in nonlinear optical
property based nanotechnology. Self-assembled nano-
buildings have become the most exciting nanometre-sized
branched architectures, which are formed by repeating
nanoscopic building blocks. Hence, the effort of forming such
self-assembled UCN-PNs can be considered as spontaneous
assembly of branched building blocks of nanoparticles.
Usually, the interactions between the molecules associated
with such net-work structures can be referred to the supra-
molecular chemistry,” where non-covalent interactions play
major roles between molecules. UCNPs can also be used for
the photodynamic therapy (PDT) by which cancer can be
treated. On excitation of UCN, in presence of oxygen, photo-
sensitized molecules can be activated with an appropriate
excitation wavelength for producing singlet oxygen species
(*0,) and reactive oxygen species (ROS) which can kill the
nearby cancer cells. In PDT, UV- vis light can excite the
photosensitizers. For such strategy, UCNPs have shown
excellent promising candidate as after exposing them to NIR
radiation, emission of UV and or visible light can occur.>>*”
Further, to treat the cancer, recently a sacrificial template
strategy has been developed by Huang et al.?® to fabricate yolk—
shell nanoparticles combination with UCNPs and CuS nano-
particles which demonstrated very efficient energy transfer
between the UCNPs and CuS. The as prepared UCNPs@Cu$S
nanoparticles showed higher ability for productions of OH
radicals, ROS and '0, and exhibits an enhanced photothermal
effect while exposing to NIR light kill the cancer cell. Uniform
ultrasmall-sized UCNPs (NaGdF, nanocrystals) below 10 nm
was also been prepared by Liu et al.,*® using PEG-PAA-di-block
copolymer (byg ligand exchange approach) and used for the
imaging.

In the above line, present work is focused on the synthesis of
self-assembled UCN-PNs and their upconversion behavior. The
upconversion luminescences of self-assembled UCN-PNs are
interesting which have been studied here. In a set of experi-
ments, the upconversion behaviors of UCN-PNs have been
studied with femtosecond (Fs) laser (140 femtosecond pulse
duration at 80 MHz repetition rate) along with CW-980 nm NIR.
Further, visible-to visible photoluminescence has also been
studied. The NIR to UV/vis upconversion properties is also
observed for UCN-PNs which is represented here in detail. At
the end, probable mechanisms for the visible-visible/CW-980
NIR/Fs-laser based upconversions with energy band diagrams
for different emissions have been elucidated.

This journal is © The Royal Society of Chemistry 2019
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2. Experimental section

2.1. Materials

Aqueous solutions of three lanthanide precursors such as, Cl;-
Y-6H,0, Cl;Yb-6H,0, CL:Er-6H,0 (99%), octadecene (90%),
methanol (98%) (Sigma Aldrich) and oleic acid (C13H340,, 65%),
ammonium fluoride (NH,F; 95%), sodium hydroxide (NaOH,
97%), from Qualigens, Kemphasol and SDFCL, respectively
were received and used in those forms without further
purifications.

2.2. Synthesis method

UCN-PNs were synthesized by solvothermal decomposition
process of lanthanide precursors and technical grade chem-
icals. Three different precursors were prepared in presence of
de-ionized H,O. These three precursors were then dried at
110-115 °C. Further, in decomposed compound organic
solvents (oleic acid and octadecene) were added and stirred at
140 °C. Then it was cooled down to room temperature. Then,
a solution of CH;0H, NH,F and NaOH was added at room
temperature and stirred to remove excess oxygen and water,
and heated further to 340 °C (rate of 20 °C min ). Entire
synthesis was performed under argon gas atmosphere and
a vacuum condition was maintained at 100 °C. Next day, the
synthesized sample was collected with acetone via centrifu-
gation with 9000 rpm for 15-20 min. The precipitated product
was collected by dispersing with cyclohexane (40 ml). Finally it
was washed with ethanol and D.W. (1 : 1) for 3-4 times. The
resulted solution was preserved in a container as its colloidal
form. The self-assembled UCN-PNs are stable for more than
a year. Surprisingly, no agglomeration or settling was found,
however after a couple of weeks the white particles seemed to
be settled clearly at the bottom of container and it can be
readily dispersed at room temperature and subsequent char-
acterization revealed that necklace net-work structures are
persist for more than a year. The detail of synthesis method
was filled for an Indian Patent (ref: TEMP/E-1/21065/2017CHE,
dated: 14/06/2017).

2.3. Characterizations

Transmission Electron Microscopy (TEM) and High Resolution
Transmission Electron Microscopy (HRTEM) (model FEI
TecnaiG2-TWIN 200 KV) were used to study the morphology and
sizes of the as-synthesized UCN-PNs. Energy Dispersive X-ray
Analysis (EDXA) were performed for the elemental analysis.
Crystal structure was revealed using X-ray diffraction pattern
(XRD with Co Ka-radiation). The solid state structure present in
UCN-PNs was analysed with Raman Spectroscopy (Wi-Tec,
alpha 300), upconversion fluorescence study was performed
through fluorescence spectrophotometer (Hitachi, F-4600)
attached with a NIR laser source (A = 980 nm) externally.
Further, photoluminescence was performed with 450 nm exci-
tation source using PL mode of Multimode Reader (Synergy H4
Hybrid Reader). A Ti-Sapphire tunable oscillator was used with
femtosecond (Fs) laser-pulses and the experimental set-up of Fs-
laser has provided in ESI File.t

RSC Adv., 2019, 9, 38246-38256 | 38247
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3. Results and discussion

The self-assembly of nanonecklace network formations and
sizes of the as-prepared UCNPs have been shown in Fig. 1(a)-(d)
with different magnification TEM images. TEM was performed
using the colloidal solution of UCN-PNs on copper grid (200
mesh, carbon coated). Fig. 1(a)-(c) confirm the self-assembled
pearl necklace-type net-work formations of synthesized UCN
particles. TEM images (Fig. 1(a)-(c)) show the caterpillar-like/
pearl chain type necklace formations at different magnifica-
tion. Inset of Fig. 1(b) clearly shows the density of the particles
for different chains. In Fig. 1(c), lengths of the chains have been
shown clearly, where the dotted lines with different colour have
been drawn for different chain lengths. Further, it can be noted
that the chains are formed with a single row of nanoparticles
without overlapping and the distance between two adjacent
particles are nearly constant. Most of the regions throughout
the sample are able to contain a uniform size of the particles.
Overlapping between the particles is almost negligible due to
the possible electrostatic interactions. The high crystallinity is
confirmed by high resolution TEM images. Fig. 1(d) and (e)
show a clear lattice fringes with inter-fringes d of 0.31 nm. The
crystalline nature of the UCN-PNs further has been confirmed
through the XRD analysis (shown in subsequent section).
Fig. 1(f) shows the SAED pattern with clearly visible ring type
diffraction pattern. Fig. 1(f) has further confirmed five diffrac-
tion planes such as (101), (220), (311), (400) and (331) which
correspond to the formations of a- and major f-NaYF, UCNPs.
Fig. 1(g) represents the average particle diameter and its
distribution is found to be average ca., 10 nm + 1 nm. Further,
the length of nanonecklaces, number of particles per necklace
and interparticle separation has also been calculated from TEM
results. From Fig. 1(h)-(j), it can be confirmed that the average
nanonecklace length of 140 nm which consists of 7-13 numbers
of particles per necklace and interparticle distance observed to

View Article Online
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be ca. 4 nm. X-ray diffraction study was performed to confirm
the solid state crystalline structure and is shown in Fig. S1.T The
peak positions that appeared are corresponding to the diffrac-
tion planes (101), (220), (311), (400) and (331), respectively. The
d-spacing values have also been calculated and found to be 2.9
A, 2.0 A, 1.63 A, 1.43 A and 1.26 A, respectively, which are
matching for the a-/B-NaYF, crystalline phases for UCNPs.****
The elemental analysis was performed through the Energy
Dispersive X-ray Analysis (EDXA) (Fig. S21) and confirms for the
presence of the elemental Na, Y, F, Er and Yb (see Table S17).
The upconversion fluorescence spectrum for UCN-PNs under
980 nm NIR CW laser-excitation source is shown in Fig. 2.
During experiment the power density was maintained to 1000
mW cm~> From Fig. 2, it can be observed that UCN-PNs
exhibited a very strong upconversion emission. Intense emis-
sion bands with their maximum positions are appeared at A =
526 nm, 545 nm and 659 nm for the green emission (G), which
are much higher in intensity (4.3 times) than that of the red
emission band (R). Green emissions band appeared at 526 nm
between 509 nm and 531 nm and at 545 nm between 532 nm
and 570 nm are attributed to the transitions in the energy levels-
2H;1/5, 483/, (excited energy levels) and -41;5, (ground state
energy level of Er** ion), respectively, through direct energy
transferring modes from sensitizer ion (Yb*") to activator ion
(Er’"). A less intense (compared to the green emission) red
emission bands at 659 nm (between 632-691 nm) has appeared
with 4F,,, to 41,5, energy transfer which follows a less pop-
ulation in 4F,, energy level through the energy transfer path
41,3, — 4Fq,. Herein, 41,3, level is populated with non-
radiative relaxations between 4I,,, and 4I;;3, energy levels.
Further, very weak emission bands are observed at A = 382 nm,
411 nm and 497 nm corresponding to the energy transition
modes, 4G11,2/2Ho;, — 4135, and 4Fs5, — 41,5, respectively.
These weak emission bands are observed owing to the contin-
uous of input source which excites the Er’* ions sequentially to
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Fig. 1 TEM images of the synthesized colloidal-UCNPs (UCN-PNs at different magnifications). Panels: (a and b) = 200 nm, inset in panel (b)
shows the clear formation of pearl nanonecklaces (c) = 20 nm, (d) and (e) = high resolution micrograph showing lattice fringes, (f) = SAED ring
pattern, histogram of (g) = particle diameter, (h) nano-necklace length, (i) total number of particles per necklace, (j) interparticle-separation.
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Fig. 2
laser excitation source.

the next higher energy levels following the path 41,5, — 414,
— 4F;,, — 4Gy45,. It can be noted that, indirect energy transfers
and cross relaxations resulted in very weak emission bands.***
It also can be noted that, for UCN particles (NaYF,,Yb*";Tm*"),
Tm®" ion is responsible for blue emission (440-500 nm)*
following the energy transition paths, 1D, — 3F, and 1G, —
3Hg. However, for our UCN-PNs, without introducing Tm®*
precursors we are able to achieve high intense blue emission
which could be helpful as blue emitting nanophosphors and
can be effective for designing biomedical devices and applica-
tions.* In can be noted that, for the monodispersed UCNPs,
highest intensity was obtained at 546 nm is 1853 a.u., whereas
for self-assembled UCNP (UCN-PNs), highest intensity obtained
at 546 nm is 3789 a.u. Hence, the enhancement of intensity
(considering visible emissions at 546 nm) is about ~2 times
higher in UCN-PNs compared to the monodispersed UCNPs (see
for experimental observations see Fig. S77), where same amount
(weight basis) of UCNPs were dispersed in a fixed volume of
solvent.

It is very interesting to mention that 980 nm NIR excitation
resulted weak blue emissive band (Fig. 2) and when we exam-
ined the sample with a couple of lower excitation wavelength
sources as example, A = 800-900 nm, then a high intense blue
emissions occurred at 450 nm corresponds to the energy tran-
sition path, 2Ho,, — 4l;5,,. Fig. 3(a) represents the emission
spectra with their corresponding energy transitions under
900 nm excitation source and Fig. 3(b) represents the respective
energy level diagram supported by direct energy transfers from
Yb** to Er** ion.

The insets in Fig. 3(a) shows the visible blue emissions of
UCN-PNs from the UCN-PNs sample kept in glass bottle and
quartz cuvette, with direct irradiation of 200 nm wavelength
source. Fig. 4(a) and (b) show the UCN-PNs solution (during
synthesis) in stirring condition within reaction chamber and
glass bottle and 4c shows blue emissions for the UCN-PNs just
after washing, respectively. These UCN-PNs are stable at least
for one year owing to their high surface zeta potential value (£)
of about —55.49 mV (Fig. S37).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 shows the Raman spectrum for UCN-PNs, where the
bands appeared at 260 cm™ ', 303 cm™ ', 364 cm™ " and 395 cm ™"
(below 700 cm™') confirm the formation of hexagonal-pha-
ses.** Beyond 700 cm™ ', the appearance of strong bands at
725 ecm™ ', 2887 cm ' and 3512 cm ™' are evidences for the
presence of cubic-phases conjugated with oleic acid (capping
agent). Thus both the results obtained from XRD and Raman
confirmed the formation of UCN-PNs with major B-phase along
with a less extent of a-phase.

As reported earlier, the appearance of bands due to the
presence of vibrational modes above 700 cm ™" are found very
weak for the minute quantity of hexagonal crystalline phase in
UCNPs. With the formation of a-NaYF, phase, the Raman-
spectra broadened within 1384-1416 cm ' and 1041-
932 cm™ ' along with two additional bands appeared in between
703-687 cm ' and 279-260 cm ™. Relatively, weaker bands
appeared between 700-1700 cm ' and between 2820-
2980 cm " due to the presence of capping agent (oleic acid).*
Weakly intense Raman bands appeared between 1073 cm™ " and
1445 cm™ " confirm the presence of asymmetry C-O-C and CH;
stretching, respectively, whereas presence of C-CH3/C-H/O-H
bonds are confirmed by the medium intense bands appeared
near 2885 cm™ * and 3620 cm ™ . It is also noticed that the, bands
appeared between 3300-3500 cm™ " are ascribed to the (-N-H)
vibration band which contributes for the formations of self-
assembled nano necklace net-work structures between UCNPs
(full range Raman spectrum has provided in ESI Fig. S47).
Further, the FTIR spectrum of UCN-PNs is shown in Fig. S5
which confirms the presence of various functional groups
including N-H bending vibration at 1558 cm ™" and other oleic
acid-capped groups at 2921 cm ™', 2850 cm ' appearing with
highest intensity attached with the UCN-PNs.*%*

However, the present analysis gives us a clear indication of a-
and B-phase formation within UCN-PNs crystals and is further
supported by the TEM and XRD results (Fig. 1(f) and S17). The
presence of two phases effectively influences for the inhance-
ment of upconversion efficiency which has been discussed in
the subsequent sections.

RSC Adv., 2019, 9, 38246-38256 | 38249
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UCN-PNs and (b) is the corresponding energy band diagram.

PL of the UCN-PNs has also been studied. From PL study
(Fig. 6), a visible-visible wavelength conversion emission
bands are observed. The excitation wavelength source was
used with A = 450 nm and the observed emissions obtained
here are in between 400-650 nm. This is an interesting
observation which has never been reported even for any type of
UCNPs. It can be noted that for all rare earth materials and for
UCNPs only NIR to visible upconversion was reported.*>** In
another study, NIR-NIR upconversion was also reported
previously in literature.***** However, visible to visible
wavelength conversion is a unique phenomenon observed for
UCN-PNs, and to the best of our knowledge it has never been
reported. For UCN-PNs, the observed emission bands with
their highest band positions appeared at 422 nm, 462 nm, 520
nm/546 nm, 572 nm and 638 nm, correspond to the energy
transfers as, 2Hg;, — 4135/, and 2H;1,,/4S3/, — 4115/, and 4Fg),
— 41,5/, respectively. The energy level diagram correspond to
the PL spectra (Fig. 6(a)) is shown in Fig. 6(b). The band energy

Fig. 4
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(a) Upconversion emission spectrum obtained with Aeycitation ©f 900 nm CW laser source. Inset of (a) is showing the blue emission from

diagram includes two incidences of direct energy transfers
between two rare earth ions (Yb®*" and Er’") and passes
through several cross relaxations and, radiative and non-
radiative decays that resulted in a number of emission
bands. They are as follows:

Energy transfer-I occurred for 2Fs;, — 2Hy), transition, energy
transfer-II occurs from 2Fs, — 4F,, resulting efficient blue and
red emissions with 2Hy,, — 41,5, and 4F,, — 41,5/, transitions,
respectively. Whereas, the green emissions occurred with four
non-radiative relaxations such as, 2Hq/, — 4F;3), 4F3, — 4Fs5),
4Fs, — A4F,p,, 4F,, — 2Hy,, or 4S;, from 2Hy, level with
2Hy,/,/4S3, — 4135/, transitions (see Fig. 6(b)).

3.1. Study the upconversion luminescence with femtosecond
(Fs)-laser source with different excitation wavelengths

Interaction of UCN-PNs with femtosecond-laser (Fs) results in
high energy upconversion emissions under five different exci-
tation wavelengths, such as A = 940 nm, 950 nm, 960 nm,

(@) Image is captured during synthesis (stirring condition) of UCN-PNs at high reaction temperature (~330-340 °C) with 1 h 53 min

reaction time (b) UCN-PNs colloidal sample and (c) intense blue emission in sample glass bottle, after washing done completely.
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(@) Raman spectrum between 200-1200 nm, (b) Raman spectrum between 2600-3800 nm, confirm the presence of both cubic (&) and

beta (B) phases in sample. The measurement was recorded at room temperature. The entire spectrum is shown in ESI (see Fig. S41).

970 nm and 980 nm. Each of the incident pump wavelength has
yielded distinct emissions in both UV and visible regions. The
emission spectra along with their corresponding energy level
diagrams are shown in Fig. 7 and 8. In energy diagrams, width
of each emission band is adjusted according to the intensity of
the band received from the emission spectra.

3.1.1. Fs-laser-940 nm incident pump wavelength. Emis-
sive bands are observed between 239-397 nm in UV/violet
region; 474 nm (blue emission); 544 nm (green emission);
604 nm, 670 nm and 718 nm (red emission bands) in visible
region (Fig. 7(a)-i). The energy level diagram with respect to the
observed emission wavelengths has been drawn and shown in
Fig. 7(a)-ii which states three direct energy transfers from
sensitizer (2Fs),) to activator ion (4F,,, and 4Fy,) and thereafter
it passes through the different transitions within electronic
states of Er** ion. Three major energy transfer occurred and can
be represented as, (i) 2Fs,(Yb*) — 4F,,(Er*"); (ii) 2F5,(Yb*")
— 4Fy,(Er*") and (iii) 2Fs/,(Yb*") — 4Gy1/,(Er*"), with a total of
three non-radiative relaxations such as, 4Gy1,(Er**) — 2Hy,

.......... Original spectra
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Fig. 6
from PL emission spectra in (a).
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H(Er’Y), 4F,,(Er¥") — 2H;y(Er®"), 2Hy,(Er’") — 4S;,(Er’),
respectively.

3.1.2. Fs-laser 950 nm incident pump wavelength. During
the interaction of UCN-PNs and Fs-laser 950 nm excitation
source, emissive bands are obtained in between 265-432 nm of
UV/violet regions; 455 nm (blue emission); 493 nm (interme-
diate region); 540 nm (green emission); 602 nm, 669 nm and
722 nm (red emissions) in visible regions (Fig. 7(b)-i). Intensi-
ties of bands in lower wavelengths (265-493 nm) appeared to be
weak compared to the green and red emissions but definitely
with few numbers. The energy level diagram is shown in
Fig. 7(b)-ii three direct energy transfers and following energy
transitions, (i) 2Fs;,(Yb*") — 4F,,(Er*"); (ii) 2Fs,(Yb®") — 4Fy,
L(Er¥") and (iii) 2Fs,,(Yb*") — 2He,(Er*"), with a total of five
non-radiative relaxations, 4Gyi,(Er*") — 2Hg,(Er'), 2H,,
A(Er’Y) — 4F3(Er™), 4Fs,(Er’) — 4F;5(Er’), 4F;,(ErY) —
2H,15(Er’), 2Hy5(Er’") — 485,(Er’™).

3.1.3. Fs-laser 960 nm incident pump wavelength. Once
UCN-PNs was interacted with Fs-laser (960 nm), emissive bands

(b)

Energy transfer| 7 3+,

Energy transfer |l _>

Yb3* ion (Sensitizer)

Er3* ion (Activator)

(a) Photoluminescence (PL) spectra of colloidal UCN-PNs sample obtained with 450 nm excitation wavelength (b) energy diagram drawn
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obtained between 282-400 nm in UV/violet region; 465 nm (blue
emission); 545 nm (green emission); 604 nm, 669 nm and 721 nm
(red emissions) in visible regions (Fig. 8(a)-i). Intensities of bands
in lower wavelengths (282-465 nm) are appeared to be weak
compared to the green and red emissions. Green and red emis-
sions obtained in the same intensity. The corresponding energy
level diagram is shown in Fig. 8(a)ii with three direct energy
transfers, such as (i) 2Fs,(Yb*") — 4F,,(Er*"); (ii) 2Fs,(YD®) —
4F,(Er*) and (iii) 2Fs,(Yb*") — 2H,,(Er*"), similar to 950 nm,
differing only with number of non-radiative relaxations following
the energy transfer path, 4Gy,(Er*") — 2Hq,(Er*"), 4F,,(Er’") —
2H,1,5(Er*"), and 2Hy ,(Er’*") — 4S5,(Er).

3.1.4 Fs-laser 970 nm incident pump wavelength. UCN-PNs
were also interacted with Fs-laser with 970 nm irradiation and
emissive bands obtained in between 241-447 nm in UV/violet
regions; 463 nm (blue emission); 490 nm (intermediate region);
540 nm (green emission); 602 nm, 655 nm and 721 nm (red
emissions) in visible regions (Fig. 8(b)-i). Emission bands
appeared in lower wavelengths (241-490 nm) are quite strong in
intensity; even one high intensity band is appeared with 241 nm

38252 | RSC Adv., 2019, 9, 38246-38256

peak position in UV region. These emission bands can be
explained with separate energy band diagram in Fig. 8(b)-ii.
Emission occurred due to three direct energy transfers between
the different energy levels, such as (i) 2F5,,(Yb*") — 4F,,(Er*"); (ii)
2F;5(YD*) — 4Fg,(Er’") and (iii) 2Fs,(YbY) — 4Gyy,(Er),
including five non-radiative relaxations, 4Gy.,(Er’) — 2Hg,
(Er*"), 2Hop(Er’") — 4F;,(Er’'),4F;,(Er’") — 4Fs,(ErY), 4F,),
(Er*") — 2Hy,,(Er*") and 2Hy5(Er’") — 4S5,(Er*Y).

3.1.5 Fs-laser 980 nm incident pump wavelength. Finally, to
compare the upconversion of UCN-PNs obtained after interaction
with CW-980 nm NIR, the same sample interacted with the Fs-laser
with 2 = 980 nm. Once interacted with Fs-laser the upconversion
emissive bands are observed between 243-402 nm (in UV/violet
regions); 473 nm (blue emission); 541 nm (green emission);
603 nm, 660 nm and 719 nm (red emissions) in visible regions
(Fig. 8(c)-i). A very high intensity band is observed in UV region
compared to others. The energy level diagram is shown in Fig. 8(c)-
ii with three direct energy transfers such as, (i) 2Fs,(Yb*") — 4F,,
2(Er*); (ii) 2Fs,5(Yb*") — 4Fo,(Er*") and (iii) 2Fs,(Yb*") — 4Gy,
L(Er*"), with three non-radiative relaxations, (i) 4Gy,/,(Er*") — 2H,,

This journal is © The Royal Society of Chemistry 2019
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2(Er*), (i) 4F,(Er*") — 2H,q,(Er*) and (iii) 2Hy,(Er*") — 4S;,
,(Er*"). Thus, five emission spectra in Fig. 7 and 8 revealed the high
energy emissions under different excitation wavelengths, which
never been observed for CW-NIR laser (980 nm). Among five of
them, the highest UV emission (UVg,;) was found under 980 nm
excitation wavelength. Apart from that, the other emissions green
(G)/red (R) are also significant and appear with highest intensity in
case of 980 nm excitation wavelength. Blue emissions are also
observed in each of the cases.

Furthermore, intensity ratios between UV, R and G under Fs-
laser treatment were calculated for five different excitation
wavelengths and are shown in Fig. 9. Intensity changes for
different emissions (UV, G and R) under different excitation
wavelengths (940 nm, 950 nm, 960 nm, 970 nm and 980 nm)

This journal is © The Royal Society of Chemistry 2019

diagram (ii) under 970 nm; (c) spectra (i) and diagram (ii) under 980 nm

resulted in different relative ratio plots UV, /G; UVean/Rean; G/R1,
G/R2, G/R3; and G/Rg,; shown in Fig. 9(a)-(d), respectively.
Different in efficient population of photons in different energy
levels under 940-980 nm excitation sources could be the possible
reasons for the occurrence of different intensity.

3.2. Discussion

It can be mentioned that the o and B NaYF,. nanocrystals
produce with a delayed nucleation during synthesis. Hence,
reaction time and temperature play an important role in
obtaining different NaYF, nanopolyhedra. The UCN crystal
growth follows by four sequential stages such as (i) delayed
nucleation, (ii) particle-growth, (iii) shrinkage and (iv) aggre-
gation.”** In stage I: in this stage, with prolonging reaction

RSC Adv., 2019, 9, 38246-38256 | 38253
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time, a-phases start to appear and up to a certain period
(~70 min) nanocrystal size increases. Hence co-precipitating
reaction between sodium fluoride and lanthanide precursors
helps to form the a-phases and after that the monomer
concentration increases. In stage: II: at initial period, the
monomer concentration becomes high and after certain
interval the monomers become exhausted and their sizes do not
increase further and finally a-NaYF, dissolves. Stage: III: during
third stage, the nanocrystals redispersed by strong coordination
between nanocrystal surface and ligands of organic compounds
(OA, 1-ODE). Under this condition, small truncated cubes
formed. Stage IV: in this stage a non-uniform aggregates are
formed from small nanocubes due to higher surface energy and
attractive forces from surface-ligands. Now, continuing the
reaction the phases-transition between a- to -phase takes place
through the Ostwald-ripening enhanced process in presence
of selective lanthanide elements; Y and elements in between
(Dy-Lu):Yb,Er.*5*°

However, binding of N-H groups (as their existence were
assured by both Raman and FTIR spectra) to nanocrystal
surface, presence of van der Waals forces interaction between
nanocrystals surface and oleic-acid ligand, strong co-ordination
interaction between nanocrystal surface and several capping-
groups could be the possible reasons of pearl-necklace
patterned — morphological evolution.

It can be noted that upconversion luminescence properties
with Fs-laser irradiation for different rare earth elements along
with their applications were reported elsewhere.’*>® Such as
YVO4 single crystal upconversion luminescence was observed
under infrared (IR) Fs-irradiation which resulted in broad
characteristic emission in visible region (350-600 nm).” For,

38254 | RSC Adv., 2019, 9, 38246-38256

Ce** doped YAP crystal, upconversion luminescence appeared
in both ultraviolet and visible region under a focused 800 nm
Fs-laser irradiation.” Visible emission bands were also found
with NaYF,-glass ceramic doped with Er** ions under 800 nm
CW laser treatment.”* Intracellular imaging of cancer cells (such
as HelLa cells, cervical cancer cells, collected on 8 Feb, 1951 from
Henrietta Lacks), by using the Fs-pulse laser (100 Fs, 920 nm)
was performed with very high resolution using non-
functionalized NaYF,Er*,Yb®*5® Further, red and green
upconversion luminescence was reported with 5% Er** doped
NaYF, nanocrystals with using two Fs-laser (excitation wave-
lengths 800 nm, 1490 nm) simultaneously.*® Tunable enhanced
ultraviolet luminescence can be developed by using UCNPs for
recording highly effective and rapid in situ-real time biocom-
patible photoactivation.>® Optogenetic proteins have huge
applications in neurology and brain science along with cell
biology. However, it was found that the narrow excitation
wavelength limits the applications of optogenetics which has
recently manipulated and improved using tunable Fs-laser
system.** Moreover, for ultra-deep in vivo bio-imaging non-
linear optical effects using Fs-laser excitation in AIEgen nano-
crystals was found effective.®® By a group of researchers, it is
reported that Ti:Sapphire Fs-laser, with pulse duration of about
160 fs, is very useful for generation of high harmonic as example
fifth harmonic generation from photonic crystal and is useful in
designing opto-electronic devices with effectively high effi-
ciency.”® Further, it can be noted that for the rare-earth doped
luminescent nanomaterials, colour tuning is having important
significance for several applications such as designing of
display device, bio-labeling, optoelectronic device etc. The
tuned luminescence properties can be developed from Er’*

This journal is © The Royal Society of Chemistry 2019
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doped glass ceramic using 800 nm Fs-laser excitation sources.**
Thus, the present findings i.e., the development of UCN-PNs
and their improved luminescence properties in UV and visible
ranges are very interesting and can be used in device making for
industrial (optoelectronics) to biomedical such as for disease
diagnosis and therapeutic applications by targeting the infected
cells with enhanced efficiency.

4. Summary and conclusions

In this work, NaYF, nanonecklaces (UCN-PNs) with lanthanides
(Yb*', Er*") have been synthesized for the first time with one pot
chemical synthesis approach, by controlling the reaction
temperature in in situ condition, without adding any external
polymeric components during synthesis process. UCN-PNs
contain both of the «- and B-phase within its solid structure
and are very stable. Presence of these two phases in UCN-NPs
could be the cause of high energy upconversion and make
them very seminal and are with caterpillar/necklace type of
structure.

This self-assembled pearl-necklaces type structural -network
may be allowed for designing 2D nanostructures with defining
clear geometry.

Apart from that, the bright blue emission make them very
attractive with lower excitation wavelength source with visible to
visible upconversion.'®*> With higher wavelength source with
Fs-laser, UV emission becomes prominent making them a suit-
able candidate for industrial and biomedical applications.®**
The different emissions (green/red/blue/cyan/UV) could be
useful in colour tuning and magnetic sorting®**” by changing
their excitation wavelengths.
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This paper reports the generation of THz radiation through the optical rectification process from type-I
cut Zinc germanium phosphate (ZnGeP,or ZGP) crystal using optical parametric amplifier pulses (tunable
between 1.15-1.6 pum range, at 60 fs pulse duration and 1 kHz repetition rate) as pump wavelengths at an
average power of 50 mW. Also, we have ascertained the conversion efficiency of the generated THz signal,
which is of the order of 0.62% at 1.5 THz. Further, the generated radiation is employed for the recording of

- absorption bands (in terms of PA spectra) of nitromethane and methanol vapor at room temperature
gﬁ{:ﬁgﬁ;z using bandpass filters having central frequencies of 0.5 and 1.5 THz. In addition, we have employed
uv the UV-266 nm as an excitation wavelength to record the time domain photoacoustic (PA) spectra of
nitromethane (CH3NO,). In case of UV and THz radiations, the excitation mechanisms follow strong elec-

PA spectra
Nitromethane tronic (n* < n) and weak vibrational-rotational due to ultrafast transition, respectively. In case of UV-
Methanol 266 nm the characteristic PA spectra has been also presented as a function of vapor pressure and data

acquisition time with two different PA cells. The current study reveals the effect of the nanoseconds
and the ultrafast pulses on some of the common excited acoustic modes (due to similar functional group),
which follow two different types of excitation mechanism.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Terahertz (THz) part of the electromagnetic spectrum lying
between the millimeter wave and infrared (100 GHz-10THz)
region [1]. The THz band has various unique features when com-
pared to other bands of electromagnetic spectrum. It can interact
strongly with polar materials, thereby penetrating through
non-polar and non-metallic materials. It has a high reflection on
metallic surfaces due to the high electrical conductivity of metals.
Especially, for the generation and detection of THz radiation
opened a new channel of applications of THz waves in spec-
troscopy and imaging [2,3]. In THz based spectroscopy, these fre-
quencies are access to the vibrational-rotational translations lines
of gas/liquid/solids materials. Therefore, the recorded time-
resolved absorption spectra of materials in the THz domain can
be treated as a characteristic spectrum of corresponding molecules.

In the first part of the report, we have demonstrated the gener-
ation terahertz radiation from ZGP crystal. It is one of the promis-
ing crystal due to the availability of few best sellmeir dispersion
equations in the optical and THz domain [4]. It has symmetry,

* Corresponding author.
E-mail addresses: anilphys@yahoo.com, akcphys@gmail.com (A.K. Chaudhary).

https://doi.org/10.1016/j.optlastec.2018.01.009
0030-3992/© 2018 Elsevier Ltd. All rights reserved.

positive uniaxial (ne>n,) crystal belongs to chalcopyrite group,
has transparency range A =0.74-12 um and non-hygroscopic in
nature. Also, as compared to another chalcopyrite middle infrared
nonlinear optical crystals, ZnGeP, crystal exhibits high nonlinear
optical coefficient, ds¢ reaching 75 pm/V; wide transparency range
(0.67-13 um). It possesses adequate birefringence for phase
matching; high thermal conductivity (0.35 W/cm K); high laser
damage threshold; stable physicochemical property; high perfor-
mance of the mechanical character. Due to the low photon energy
of THz radiation (which can easily penetrate through non-metals)
as well as high damage threshold of ZGP crystal. Its crystallite
property does not show any change before and after exposed to
the optical and THz radiations. Also, the crystal has good sustain-
ability after exposing to the THz radiation. Therefore, we can treat
this one of the promising crystal for the generation of THz radia-
tion using near-infrared wavelengths. It is one of the preferred
crystal used for difference frequency generation (DFG) for generat-
ing the efficient monochromatic IR and THz radiation [5-9]. In case
of DFG based THz generation, two closer laser wavelengths, i.e.,
signal and pump beams (in near IR range or IR region) are mixed
in type-I cut ZGP crystal. Whereas, in case of OR only single beam
of near IR wavelength obtained from the femtosecond laser is suf-
ficient to generate the broadband THz radiation. Many research
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groups reported the generation of narrowband and broadband THz
pulses from ZGP crystal using different types of nonlinear optical
process [1,5,10-12]. It is well known that OR is second-order non-
linearity based optical process; it generates a transient D.C. polar-
ization, which creates THz radiation for ultrashort excitation
pulses. Advances in THz pulse generation technology using OR pro-
cess made significant enhancement in the energy of the generated
signal. For its applications in communications, imaging and spec-
troscopy, coherent control, and chemical recognition [13-16].
THz spectroscopy is developed using the pump-probe technique,
where the sample is subjected to THz pump beam and weak optical
beam used as a probe (coherent detection technique). The gener-
ated power of THz radiation can be measured using pyroelectric
detector (incoherent technique). The probable frequency range of
THz generated from ZnGeP, crystal lies between 0.1-10 THz [10-
12]. However, obtained frequency range also depends on the type
of detection arrangements. For example, generated range of THz
radiation from ZnTe crystal (Electro-Optic sampling technique)
cover 0.1-10 THz. Whereas Si-GaAs based photoconductive anten-
nas, the technique is limited up to 2.2 THz. The present report
restricted for measuring the power of full-emitted radiation along
with the 0.5 and 1.5 THz radiation external bands pass filters. The
power of THz radiation was measured using pyroelectric detector.

However, in the second step, the demonstration has been made
to show the potential use of THz radiation for recording the pho-
toacoustic (PA) spectra of nitromethane and methanol. The photoa-
coustic spectroscopy is a well-established technique for the
detection of gas molecules using different laser sources [17-22].
Nitromethane (NM) is a volatile organic compound, having chem-
ical formula CH3NO, and vapor pressure of 30 Torr at room tem-
perature, can easily be evaporated into the atmosphere [23,24]. It
consists of a nitro-group creating a heavy frame for its methyl
group which acts as a light internal rotator [25]. It is widely used
as a laboratory solvent, synthetic reagent, fuel, and also possess
explosive properties [26,27]. It also exhibits a rotational spectrum
in the far-infrared, terahertz (THz) region due to its strong dipole
moment of the order of 3.46 D [28,29]. However, methanol (avail-
able at 97 Torr at room temperature) is the first member of alcohol
group and consists of an -OH group, which is attached to a hydro-
carbon chain to form CH30H. Since the -OH group of methanol is
electronegative while the CH- group is positive. The charge separa-
tion makes methanol a polar liquid. Consequently, it shows signif-
icant absorption in IR and THz regions [30]. Also, it is an important
biomarker gas present in the human breath [31].

Nitromethane and methanol liquids are easily available in the
laboratory. At room temperature, they possess sufficient vapor
pressures of 30 and 97 Torr pressure range, respectively. Moreover,
these molecules have several vibrational and rotational lines in the
THz domain [12,28,29]. Nitromethane is an explosive compound,
however, in futuristic applications, the released byproducts of high
energy materials during the process of thermal decomposition can
be identified using the THz based PA spectroscopy. Therefore, in
the present study, we have selected nitromethane and methanol
vapor to understand the ultrafast PA response in the THz domain.
An attempt has been made to record the photoacoustic spectra of
nitromethane and methanol using full THz radiation, 0.5 and 1.5
THz bands (from the emitted THz radiation) by incorporation of
external bandpass filters for the first time. Previously, Angelo Sam-
paolo et al. developed quartz-enhanced photoacoustic (QEPAS) gas
sensor for the detection of methanol vapor in the CW-terahertz
(THz) spectral range. They employed quartz tuning fork and quan-
tum cascade laser as an excitation source for THz radiation [32]. In
addition, several other researchers reported the radiative transi-
tions of nitromethane and methanol molecules regarding their
rotational-vibrational modes using far-infrared and CW-THz spec-
trometer [28,29,33-38]. The CO; laser also was used to pump CHs-

OH vapor for making the THz source of different frequency range
[39-43]. It also confirms that methanol has strong absorption in
the THz frequency range. Whereas, previously reported work dis-
cussed the THz (generated from DAST crystal) based PA spectra
of pure N,O molecules deals with weak transitions from rotational
lines ] =19, 58, respectively [44]. Nitromethane has only strong
electronic transitions in UV wavelength region. Therefore, in the
third step, we have recorded the UV 266 nm based PA spectra
along with THz frequencies. The motivation for the recording of
characteristic PA spectra of nitromethane using UV radiation is cor-
related to the strong electric transitions which are responsible for
the excitation of vibration modes. These modes are recorded in two
different types of PA cells as a function of vapor pressure, and data
acquisition time. However, nitromethane follows photodissocia-
tion process which is responsible for the cleavage of C-NO, bond
to produce free NO, NO, and other byproducts due to * + n tran-
sition when excited by 266 nm wavelength [45].

2. Experimental details

The experiment was carried out in three parts, (I) THz radiation
was generated from the ZnGeP, crystal of 5 x 5 x 5mm> using
optical parametric amplifier (Light Conversion Inc. TOPAS-C)
pulses tunable between 1.15-1.6 pm range, at 60 fs pulse duration
and 1 kHz repetition rate. (II) The generated THz radiation was
employed to record the PA spectra of CH3NO, and CH3OH at room
temperature, using a cylindrical PA cell of internal radius (R) of 7
mm and length (L) of 6.5 cm made of stainless steel. Two Teflon
sheets (each 25 mm diameter, 1 mm thickness) were used as win-
dows of PA cell. (III) The fourth harmonic wavelength (i.e. 266 nm)
of Nd: YAG laser (Model Spit, Germany) of pulse duration 7 ns and
10 Hz repetition rate was employed to study the comparative pho-
toacoustic spectra of nitromethane at room temperature by vary-
ing the pressure of air. The PA spectra were recorded using two
different PA cells (Cell-1: R=7 mm, L=6.5cm, Cell-2: R=7.5
mm, L = 7.5 cm). Here, quartz plates of 25 mm diameter were used
as windows for PA cell.

Fig. 1(a) shows the schematic layout of generation of THz and
its application in PA spectroscopy. The emitted power of the pump
wavelengths (tunable between 1.15-1.6 um) obtained from the
optical parametric amplifier is different. However, the beam diam-
eter of pulses adjusted to 3 mm and their power was fixed at 50
mW using the external neutral density filters. A gold-coated para-
bolic mirror (PM) was used to focus the THz beam at the center of
the PA cell, which was placed 5 cm away from the crystal. Pyro-
electric detector (Gentec THZ1.5B-MT-USB) measured the average
pulse power of THz radiation; its noise equivalent power was 2 nW
at room temperature. It can be operated when the incident pulse
has modulation frequencies between 25.1-26.1 Hz range. There-
fore, in the present case, the pump pulses modulated at the rate
of 25.4 Hz using the digital optical chopper (Model No. SDC-500)
and allowed to an incident on the ZGP crystal. A Teflon sheet of
1 mm thickness (kept after the ZGP crystal) and Silicon plate 50
mm diameter and 2.0 mm thickness (kept after the parabolic mir-
ror (PM)) were used to block the unconverted pump pulses. The
generated THz signal was allowed to the incident at the center of
the pyroelectric detector. The head of the sensor was connected
to a T-Rad system, which has inbuilt lock-in-amplifier. Finally,
the output of the T-Rad was fed to the personal computer (PC)
for signal processing and monitoring the power of the generated
THz signal.

The nitromethane (methanol) liquid was kept in a Borosil flask.
A rotary pump was used to evacuate the PA cell up to 650 Torr,
after that released vapor of nitromethane (methanol) in the air
inside the Borosil flask was allowed into the PA cell. The pressure
of the vapor lies between 80-650 Torr, range. Gas inlet valve
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Fig. 1. Experimental setup for (a) THz (b) UV 266 nm based PA spectroscopy.

controlled the rate of flow. Two band-pass filters (BPF) at central
frequencies 0.5 THz and 1.5 THz (TYDEX made, BPF 0.5-47, BPF
1.5-47), which are equivalent to 600 and 200 um wavelength,
respectively were placed before the PA cell for the selection of exci-
tation wavelength in terahertz domain. A pre-polarized micro-
phone (BSWA, China) of responsivity 50 mV/Pa was used to
detect the generated acoustic signal, which was housed in the cen-
ter of PA cavity. The output signal of the microphone was fed to the
preamplifier, which was coupled to 200 MHz oscilloscopes (Tek-
tronix, USA). The analysis was carried out using data acquisition
program, which was developed using LabView software through
personal computer. The resultant time domain signal was consid-
ered after averaging the 100-time domain signals. The time
domain signals (PA signals) converted into frequency domain (PA
spectra) using fast Fourier transform. In the second part of the
experiment, the PA system was subjected to the UV 266 nm radia-
tion for recording the pressure based PA spectra of nitromethane
[45], at incident laser energy (E;,) = 35 pJ and data acquisition time
(t) = 0.5 ms. The input/output energies of UV 266 nm laser pulses
measured with a power meter (EPM2000, Coherent).

3. Results and discussion

The results and discussion are comprised of three subsections,
Section 3.1 deals with the coherence length and theoretical con-
version efficiency of ZGP crystal, whereas Section 3.2 presented
the measurements of generated power of THz radiation from
ZGP crystal. Finally, Section 3.3 deals with the THz and UV based
PA spectroscopy. The Section 3.3.1 deals with the use of gener-
ated THz radiation to record the PA spectra of nitromethane
and methanol vapors, while Section 3.3.2 discusses the study of
UV based PA spectra of nitromethane recorded at different vapor
pressures and data acquisition time using two different PA cells
to ascertain the suitable PA cavity for recording of THz based

PA spectra as well as to identify the characteristic signatures of
nitromethane.

3.1. Theoretical conversion efficiency of ZGP crystal

In case of optical rectification process, the coherence length of
crystal (I.) between the optical and THz wavelengths can be calcu-
lated using well-known equation [46]

TC
e — (1)
COTHz|ng.opt - nTHz‘
where ‘c’ is the velocity of light, ng opr = Nopr — ),op[% is the opti-
" opt

cal group refractive index, and nry, is the refractive index of THz
radiation.

Fig. 2 exhibits the calculated coherence length of crystal (l.) at
optical pump wavelength 1.3 pm and the THz frequency tunable

200 — T T r . 15
| . 144167 THz
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Fig. 2. The coherence length of crystal between 0.2 and 5 THz range at the ordinary
and extraordinary optical pump wavelength 1.3 pm.
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between 0.2 and 5 THz using Eq. (1). It shows that the crystal pos-
sess different coherence lengths for two different types of polariza-
tions. The coherence length for an e-polarized pump wavelength of
the crystal showing continuous growth with decreasing bandwidth
of pulses between the 1.44-1.67 THz range. Whereas, in case of
ordinary pump wavelength the coherence length of the crystal is
restricted between 0.24-14.74 mm in the range of 5 THz. The cor-
responding coherence length of the crystal is at 0.56 and 2.82 THz
in 5 mm. Since the reported ZGP crystal thickness is 5 mm, and the
pump has e-polarization. Therefore, the crystal is generating the
strong THz radiation (which is also reflected in Fig. 3(a)). It is
attributed to the coherence length of the crystal (l.) which is
greater than the length/thickness of the crystal (I) and leads to gen-
erate the powerful THz radiation [44]. However, THz generation is
also possible when the coherence length is less than the thickness
of the crystal. It is inferred that the optical rectification process is
initiated on the surface of the ZGP crystal and generate the THz
radiation which is transmitted through the entire length of the
crystal due to good transmission in the THz domain. Consequently,
the thickness of the crystal does not show much influence on the
power of THz radiation.

The conversion efficiency (1) of generated THz signal is ascer-
tained using following equation

_ ngpthHz

n=——— (2)

0
N7y, Wo

Since the optical refractive index nf, = n(w:) = n(w,). In this
case, the momentum mismatch is proportional to the index mis-
match, An = nj, — ng,,, between the optical and THz waves:

Ak = An w;”z (3)

The Manley-Rowe relations determine the ultimate upper limit
of the optical-to-THz conversion efficiency. Finally, the optical-to-
THz conversion efficiency obeys the inequality relation,
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where 1, n%,, and w,, Wy, are the refractive indices and angular
frequencies of the optical pump, THz wavelengths, respectively [1].
The calculated conversion efficiencies at 0.5 and 1.5 THz bands at
optical pump wavelength 1.3 pm is given in Table 1.

Since ZGP is a positive uniaxial crystal (n. > n,), therefore the
polarization for pump wavelength and THz radiations are extraor-
dinary and ordinary, respectively. Table 1 shows that the highest
conversion efficiency, i.e. N = 0.62% is achieved at for extraordinary
pump at 1.5 THz. This is also supported by data shown in Fig. 3
(c) and (d). The output power measured at 1.5 THz is more rather
than 0.5 THz.

3.2. Measurement of THz power from ZGP crystal

Fig. 3(a) exhibits the measured power of THz radiation without
inserting the PA cell in the propagation direction at input power
P, =50 mW of pump wavelengths. The power was measured at
the focal point of the parabolic mirror (f=10cm). Fig. 3(b)-(d)
shows the measured power after passing through evacuated PA cell
with bandpass filters at central frequencies 0.5 and 1.5 THz, respec-
tively. The maximum power of THz radiation is recorded between
the pump wavelength range of 1.275-1.350 um. Rowley et al. gener-
ated the intense undistorted THz pulses using 1 mm thick (012) type
ZnGeP, pumped by 1.28 um wavelength of the intensity of ~15
GW/cm? [11]. In addition, they have also demonstrated the THz
generation of 1.1-2.4 um range in the 3.0 mm long crystal. In the
present case, type-I cut (¢ = 45°, 6 = 8°) of thickness 5.0 mm ZnGeP,
(110) crystal was employed to achieve the maximum THz power
between 1.28-1.32 um range. The same cut crystal is suitable for
generation of FIR wavelengths (THz radiation) using difference fre-
quency mixing process. However, the present case demonstrates the
use of same crystal in optical rectification process.

Pump wavelength xp(pm)

Fig. 3. Power of THz radiation (a) without PA cell (b) with PA cell and along with filters (c) 1.5THz (d) 0.5 THz.
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Table 1
Conversion efficiency n (%).

At n (%); for pump wavelength

e-polarization o-polarization
0.5 THz 0.21% 0.20%
1.5THz 0.62% 0.61%

Fig. 3(c) shows that the maximum THz power passing through
the 1.5 THz bandpass filter which is achieved at 1.3 um incident
wavelength. Therefore, the coherence length of the crystal was
ascertained at the same pump wavelength. Also, the comparative
results show that generated THz power is of the order of 4.65
uW at 1.3 um pump wavelength. Since the THz radiation is a weak
thermal signal in FIR region, it is dissipating heat to the wall of the
cell and also due to thermal convection and conduction process.
The cell also does not support as a suitable waveguide for the prop-
agation THz signal. In addition, the presence of bandpass filters,
Teflon windows, and surrounding atmosphere are also contribut-
ing towards reducing the power of incident THz radiation. There-
fore, the output power of THz after passing through the PA cell
due to reasons mentioned above becomes 298.0 nW only, which
is 15.5 times less than the actual incident power.

The 1.5 THz BPF transmits higher power than the 0.5 THz and
follows the similar trend of transmission in the entire range. There-
fore, it confirms that wide range of THz spectra dominated by 1.5
THz rather the 0.5 THz. The output power of 0.5 THz BPF is half of
the 1.5 THz and shows random variation as a function tunability
range of pump wavelength as shown in Fig. 3(d). The measurement
also confirms that freely generated THz power (without any band-
pass filters) is almost six times higher than the 1.5 THz and 15
times higher than the 0.5 THz range.

As mentioned above, the present report is only restricted to
measure the power of full-emitted THz radiation. The probable fre-
quency range of THz generated from ZnGeP, crystal lies between
0.1-10 THz [10-12]. Moreover, nitromethane and methanol mole-
cules have strong vibrational and rotational lines in the 0.5 and 1.5
THz bands. Therefore, we have selected the 0.5 and 1.5 THz bands
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0.8f

0.6+
0.4+
0.2
1.0+(b)
0.8+
0.6
0.4]
0.2+,
124
09+
0.6+
0.3+%,
0.3+
0.2
041 _
0.0 A ———————— ]
0 5 10 15 20 25 30 35 40 45 50 55 60
Frequency (kHz)

— with 0.5 THz BPF

PA signal (mV)

| — Noise’ with THz in Air

At room Temperature

K.S. Rao et al./Optics and Laser Technology 103 (2018) 126-134

(using external bandpass filters) from the emitted radiation for the
recording of PA spectra.

3.3. THz and UV based PA spectroscopy

3.3.1. THz based PA spectra of nitromethane and methanol

Fig. 4(a)-(c) and (e)-(g) shows that the PA spectra of nitro-
methane and methanol recorded using two bandpass filters having
central frequencies at 0.5, 1.5 THz, and full THz radiation generated
from the ZGP crystal, respectively. THz radiation generated using
the pump wavelength at 1.3 pm with the average incident power
of 50 mW. The time domain signal corresponds to full THz radia-
tion and the bandpass filters having central frequencies are not
shown in the insets of Fig. 4 like UV 266 nm which is shown in
Fig. 6. Because the signal to noise ratio is very low in case of THz
radiation, therefore, we have concentrated on fast Fourier trans-
form spectra only.

Fig. 4(d) and (h) shows the noise spectra of air at 650 Torr using
the full THz radiation. The measured power of THz radiation after
passing through the evacuated PA cell and along with bandpass fil-
ters having central frequencies of 1.5 and 0.5 THz are 298.0, 43.7
and 24 nW, respectively. The corresponding powers are used to
excite the nitromethane and methanol vapors. The exited acoustic
modes of nitromethane and methanol with THz radiation are com-
prised in Table 2. The strength of PA spectra of nitromethane and
methanol with THz radiation is higher than the noise level. The
major noise peak is present at 43.7 kHz and has the intensity of
the order of 0.24 mV. The PA spectra resolution of these molecules
is higher than 0.24 mV. Which clearly indicates that the generated
PA signal from the molecules vapor is due to the absorption of THz
radiation.

Nitromethane has major predominant acoustic modes at full
THz radiation as compared to the bandpass filters of central fre-
quencies 0.5 and 1.5 THz. Slingerlands et al. reported the high-
resolution spectra of nitromethane; it has a higher value of absorp-
tion coefficient (~0.6 1/m)at 17 cm~' (0.5 THz) as compared to the
value at 50 cm~! (1.5 THz) [28]. Fig. 4(a) shows the significance of
absorption at 0.5 THz. It exhibits the presence of two strong peaks
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0.6
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Table 2

Excited acoustic modes of PA cavity (L = 6.5 cm, R = 0.7 cm), with THz radiation.
THz Nitromethane: excited acoustic modes f (kHz)
Full THz 10.0 13.6 14.8 20.6 21.8 24.8 28.8 35.0 39.0 49.0 524 56.2
at 1.5 THz 4.8 6.0 13.6 15.2 22.0 24.0 28.0 34.0 41.0 48.2 50.6 55.0
at 0.5 THz 2.4 13.6 21.8 27.0 31.2 35.0 394 43.2 44.0 57.8

Methanol: Excited acoustic modes f (kHz)

Full THz 13.6 15.0 18.2 21.2 23.2 24.8 29.8 34.2 358 41.8 45.2 51.8 56.0
at 1.5 THz 3.0 9.8 13.6 248 27.8 29.0 30.8 36.8 39.0 48.4 53.6
at 0.5 THz 3.0 13.6 17.6 20.2 23.8 29.0 30.4 36.8 40.2 47.0 53.6
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at 13.6 and 39.0 kHz as compared to 1.5 THz modes, even though
the input power of 0.5 THz bandpass filter is low. The rotational
lines correspond to 0.5 and 1.5 THz frequencies are different for
nitromethane, but in the present case, the exact rotational lines
for nitromethane are not able to identify like previously reported
N,O gas [44]. However, as mentioned above, nitromethane has
absorption at THz region and the absorption coefficient of 0.5
THz is higher than 1.5 THz [28].

Fig. 4(g) shows the PA spectrum of methanol vapor, which has
some predominant acoustic modes present at 13.6, 15.0, 21.2,
34.2, and 56.0 kHz, respectively at full THz radiation. Fig. 4
(e) and (f) shows that it has major acoustic modes for 0.5 and 1.5
THz BPF are present at 13.6, 36.8, 39.0, 53.6 kHz and 13.6, 29.0,
36.8 and 40.2 kHz respectively. Matsushima et al. showed that at
1.489 THz and 1.525 THz frequencies were attributed to
(n',K;j") — (nn,k";j"ysymm which are given by R(0,5;6) —
(0,4;5)A and R(0,—-5;16) — (0, —4;15)E respectively [33]. It indi-
cates that the transitions near to 1.5 THz region are attributed to
R branch of rotational quantum numbers of methanol. The number
of predominant excited acoustic modes is higher for full THz radi-
ation than the 1.5 and 0.5 THz bands. However, in the full THz
domain methanol has several new rotational lines, each one corre-
sponding to particular frequencies. As a result, the strength of PA
signal is higher. Kalmykov et al. demonstrated that methanol has
strong absorption between 0.1-2.75 THz range. The presence of
OH group in methanol molecule significantly influence the absorp-
tion of the broad mode of THz frequency lies between 0.5-2.0 THz
range [47]. This is also reflected in PA spectra of methanol (CH30H)
because some of the excited modes are stronger than the modes of
the nitromethane (CH5NO,). It is also observed that at full THz
radiation, the intensity of PA signal for methanol (97 Torr) is higher
than the nitromethane (30 Torr). This clearly indicates that the
methanol vapor has strong absorption at THz wavelengths or due
to the high quantity of methanol than the nitromethane. However,
13.6 kHz is the common strongest mode in the PA spectra of nitro-
methane and methanol. The PA cavity has several resonance fre-
quencies (acoustic modes), in this case, the mode present at 13.6
kHz is the strongest one. It appears to be contributed by CHs5 group,
which is common in nitromethane (CH3NO;) and methanol (CHs-
OH). As we have already discussed in our previous report that
the excitation mechanism of given gas/vapor depends on the inci-
dent radiation which leads to exciting the different acoustic modes
(cavity modes) [44]. Therefore, the predominant order of acoustic
modes exclusively depends on the absorption properties of gas/va-
por molecules along with the intensity of incident laser pulses.
Here, 600 um and 200 um wavelengths are selected as excitation
wavelengths and use to excite the nitromethane and methanol
molecules. Due to full THz radiation, many of the cavity modes
are excited at the same time, but they can also abandon each other
due to the interference of generated PA signal produced by THz
pulses. Also, the propagation velocity of generated PA signal varies
as a function of wavelength. Therefore, the excited acoustic modes
of nitromethane and methanol with THz radiation comprised in
Table 2 are different.

In Section 3.3.2, we have presented the UV-266 nm based PA
spectra of nitromethane to ascertain its signature PA spectra with
two different PA cells. Also, compared the strength of PA signal
generated using THz, UV radiations and their mechanisms.

3.3.2. UV 266 nm based comparative study of PA spectra of
nitromethane

It is well known that the quality factor is high for low volume
PA cells, which leads to generating the strong of PA signal. The
THz radiation leads to vibration of weak rotational lines of mole-
cules; as a result, there is a possibility of generation of lower PA

signal. Therefore, the PA cell of L=6.5cm, R=7 mm (to achieve
higher PA signal) was used to record the THz based PA spectra
nitromethane and methanol. However, before recording the THz
based PA signal of nitromethane, the experiment has been per-
formed using UV 266 nm wavelength with two different PA cavi-
ties. Nitromethane has strong absorption at 266 nm wavelength
(absorption between 190-355 nm ranges) [48]. The central fre-
quencies of excited predominant acoustic modes for time-
resolved PA spectra do not vary with respect to increase in pres-
sure, data acquisition time, and incident laser energy for a given
PA cell [45,49,50]. However, the time-resolved PA spectra vary sig-
nificantly with cell design and excitation wavelength. Also, to
achieve strong PA signal for low volume PA cell, in this section,
we have incorporated the comparative time-resolved PA spectra
of nitromethane at 266 nm wavelength with respect to data acqui-
sition time (t) in two different types of PA cells. Fig. 5(a) and (b)
shows the recorded PA spectra of nitromethane using the PA cell
dimensions of L=6.5cm, R=0.7cm, and L=7.5cm, R=0.75 cm,
respectively. The vapor pressure of nitromethane at room temper-
ature is 30 Torr and the remaining pressure shown in Fig. 5
(a) and (b) is nothing but air. The PA cell dimension of L = 6.5 cm
and R = 0.7 cm is shown in Fig. 5(a). This Fig. 6(a) shows the higher
strength PA signal as compared to PA cell of L=7.5 cm,R=0.75 cm
(Fig. 5(b)), which confirms once again the low volume PA cell pos-
sess highest PA signal than higher volume PA cell. It is also to be
noted that the pressure lies 80 and 650 Torr range, nitromethane
has only 30 Torr in all quantities of total pressure, however, by
increasing the air pressure, the strength of PA signal is enhancing
due to the change in the density of the medium. Moreover, the
recorded noise of PA signal in the presence of air at 650 Torr, which
is low in case of both the cells as shown in Fig. 5(a) and (b). There-
fore, it confirms that acoustic signal is generated due to the contri-
bution of nitromethane only, but the enhancement of the PA signal
depends on the mixed density of the medium inside PA cavity.

It is well-known fact that the frequency of excited acoustic
modes is varying with respect to dimension (design) of PA cavity.
The differences in the frequency of acoustic modes are clearly
shown in Figs. 5 and 6, respectively for two different cells. For same
PA cell, there is not much change in the central frequencies of pre-
dominant acoustic modes with variation in the pressure and data
acquisition times. Fig. 6(a)-(c) and (d)-(f) shows the comparative
PA spectra of NM (30 Torr) in the air (620 Torr) with respect to data
acquisition times 0.5, 1.0, 2.5 ms, respectively, at incident laser
energy (E;,) =35 pJ. The predominant excited acoustic modes for
two cavities with respect to data acquisition times are comprised
in Table 3. The step size (AHz) between the two data points in
PA spectra for data acquisition times 0.5, 1.0 and 2.5 ms are AHz
=200, 100, and 40 Hz, respectively. It is also clear from the data
in Table 3, the central frequencies of excited modes almost identi-
cal for different data acquisition times for a given PA cell. In case of
lower volume PA cell i.e. (L=6.5cm, R=0.7cm) higher order
acoustic modes are present, and these frequencies are occupied
entire response range of microphone i.e. 0-60 kHz. Therefore, the
PA cell i.e. (L=6.5cm, R=0.7 cm) was chosen to record the THz
based PA spectra of nitromethane and methanol.

In case of UV region, the intensity of PA signal as well as signal
to noise ratio is higher due to the higher photon energy of UV radi-
ation and low repetition rate [51]. Therefore, time-resolved PA
spectra are very sharp and well resolved. In addition, the higher
photon energy leads to initiate the process of photodissociation
of molecules due to electronic transitions [45,52-55]. The radiative
and nonradiative transitions can complete within the same relax-
ation lifetime of molecules. The radiative lifetimes of UV-visible
and THz wavelengths are 10~8 sec and 1072 sec, respectively. It
shows that recording of non-radiative transitions in UV-Vis region
is of the order of few milliseconds, which coincides with the data
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Table 3

Excited acoustic modes of two PA cells.
t (ms) f(kHz) for L=6.5 cm, R=0.7 cm
0.5 124 20.8 25.6 36.0 45.0
1.0 124 21.0 25.7 36.3 45.0
2.5 12.52 21.0 25.6 36.24 45.0
t (ms) flkHz) for and L=7.5 cm, R=0.75 cm
0.5 3.0 4.0 8.4 18.4 28.0
1.0 3.1 3.9 83 18.5 28.0
25 3.0 3.88 8.32 18.16 28.12

acquisition time (t) for recording the PA signal. As a result, the
detected acoustic signal has high intensity for nanosecond laser
system. However, most of the gas/vapor molecules do not have
absorption in UV 266 nm range, but the molecules possess several
rotational lines in THz range. Therefore, the reported work shows
the potential use of THz radiation without pump-probe arrange-
ment to record the photoacoustic spectra of nitromethane and
methanol using bandpass filters having central frequencies 0.5
and 1.5 THz. In case of FIR or THz frequency, the photon energy
is very low which only contributes towards inner ultrafast transi-
tions of weak rotational lines. As a result, it produces less thermal
fluctuations leads to the generation of PA signal with low intensity.
Therefore, in this case, the signal to noise ratio is very low. How-
ever, the present experiment shows the feasibility to record the
THz based PA spectrum of molecules due to efficient generation
of THz radiation from ZGP crystal.

4. Conclusions

The efficient THz radiation has been generated successfully
from the type-I cut (DFG) ZnGeP, crystal through optical rectifica-
tion process. The comparative results show that generated THz
power is of the order of 4.65u W at 1.3 pm pump wavelength.
The measured power of THz at 1.5 THz band is higher than the
0.5 THz. The estimated conversion efficiency of the generated
THz signal is of the order of 0.62% at 1.5 THz band. Further, the
generated THz radiation is used to record the time domain PA spec-
tra of nitromethane and is compared with methanol. The results
reveal that these molecules have strong absorption at the THz
range, including the specific bands at 0.5 THz and 1.5 THz. In addi-
tion, UV 266 nm is used as an excitation wavelength to record the
characteristic PA spectra of nitromethane with two different cells
as a function of vapor pressure and data acquisition time. And
the comparative study has been done with THz and UV wave-
lengths for two different excitation mechanisms.
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