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CHAPTERI

INTRODUCTION

Terahertz (THz) radiation, also called far infrared radiation (Fll®\wa observation of
properties not visible with any other source of light. The application of THz radiation i
at the heart of terahertz time domain spectroscopy (THz-TDS). TH&flibctions by
illuminating a material with a THz pulse and analyzing that materia@tgency
dependent characteristics. The coherent nature of this measurement makes it ver
sensitive, achieving signal to noise of 10000:1 [1]. These factors, combined with the

table-top size of the apparatus, make THz-TDS a powerful scientific tool.

THz radiation is being applied to an ever increasing number of scientifls.fielvas

first created at IBM in the 1980’'s[2], making it a fairly recent sciencesu, work is

still being done to refine the technology behind making and detecting THz sadidéw
applications for THz radiation are being developed as THz emitters ancodetemtome
more reliable and powerful. Scanners for THz imaging are now being sold coiaige

[3], a cosmic THz detector will be installed in a new observatory in Antafdficand

THz radiation is being considered for safer airport security [5, 6]. Howeklzr,TDS
remains the most widely used application of THz radiation. THz-TDS has found a home

performing unprecedented sensing applications including measuring the high ésequen



response of niobium superconductive transmission lines [7] and the coating thickness on
pharmaceutical tablets [8], detecting cracks in space shuttle foam [9]fyiohenti

narcotics in opaque sealed envelopes [10] and conducting a host of chemical analysis. Al
of these capabilities are due to the molecular vibrations excited by TH#aadlkeHz-

TDS plays an important role in science and will be the catalyst for futuaigtbreughs.

The objective of this research is to enhance THz pulses created in THz-p&8rents
by applying a layer of gold nanoparticles on the surface of the microclsp. It
hypothesized that the nanoscale features of these gold particles wél regians of high
electric field over the surface of the THz emitting microchip causmgncrease in THz
signal strength and bandwidth. In the course of this research, the effédutseafypes of
gold nanoparticles were explored: gold black, colloidal gold and gold islands. These
effects were determined by analyzing the THz pulses created frosadvered in

varying amounts of these particles.

1.1 THz-TDS System

THz-TDS systems create and detect THz pulses. Different methods caedlie usate

the THz pulses. The two most popular methods use femtosecond laser pulses to short
biased coplanar transmission lines or by creating a difference frequemagtttwave

mixing laser pulses in a non-linear medium (called optical rectificpfid]. Lenses and
parabolic mirrors collimate the created THz pulses and couple them to angakvice.
THz radiation is detected either through electro-optic sampling or megsunirent flow

across a receiving pair of coplanar transmission lines. The basic THzxpeBneental



setup described by Martin [1] uses coplanar transmission lines for both traosraisd
reception. A beam splitter splits the laser pulses to gate both the receiging a
transmitting lines. An optical delay line controls the timing of the laser pois¢he
receiving line. The receiving lines, when gated, exhibit a slight bias valtaged by the
electric field of the detected THz pulse. This causes current flow abessceiver
which is collected, amplified and recorded. Noise reduction in these systerhfeiged
with a lock-in-amplifier and optical chopper. Spectroscopy is performed oneampl
placed in the path of the THz radiation. Coherent THz pulses allow the sampie’s TH
absorption coefficients and complex index of refraction to be measured. An example of a
basic THz-TDS system is illustrated in Figure 1. Those interested in amrdepth
explanation of various the THz systems should refer to the review paper by

Schmuttenmaer [11] and the Springer Handbook of Lasers and Optics, Chapter 17 [12].
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Figure1l: THz-TDS System



1.2 THz Coplanar Transmission Lines

a) + - b) + -
10pm Lines
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Figure 2: Transmission lines. a) Lines on the transmittepch) Lines on the receiving chip. Circles
indicate optimum placement of focused laser beam.

Coplanar transmission lines used for THz generation and detection havevalyelati
simple design. They are created with two metal lines spaced microns apart on a
semiconducting substrate as seen in Figure 2. The metal lingsnate 25um wide, tens

of millimeters long, and spaced8@ to 8Qum apart. Receiving lines and some
transmission line designs have an additional antenna structure bridging therbses.
Transmission lines are biased by 60V to 80V. The optimum location to illuminate the
lines is shown by the beam spot in Figure 2. As the laser beam focuses, the bandwidth
and electric field strength of the resulting THz pulse increase. Whenaheibdocused,
laser power must be limited to <20mW or risk damaging the transmission linesashe bi
voltage creates an electrical field between the lines. A space-alegige next to the

anode is created as electrons and holes are photogenerated into the system and becaus
the barrier energy is low enough to stop positive charge build up against the cathode.
When illuminated, optically injected carriers enhanced by the electidcaioeelerate

across the lines creating a dipole antenna that emits radiation with dddefrcies [13].

This effect is strongest right next to the anode where the electdadigteatest. Pulse



magnitude and bandwidth are determined by the electron mobility and carrtenéfef

the semiconductor [13]. The receiver is best illuminated at the corners oidg&dpr

antenna structure connected to the anode. These corners follow the well-known property
that sharp features build up excess charge. The receiver’s substratesrageing short

carrier lifetime in order to capture the highest frequencies possibletioifHz pulse. A

THz transmitter and receiver are optimized or “peaked” when all furthestatent of

the laser beam decreases the measured THz signal.

Although THz-TDS systems have a high signal to noise ratio, this ratio ihstlimiting
factor in many applications. THz transmitter design focuses on gettiteg biginhal to
noise ratios by increasing pulse power. Early transmitters were desigadakelireceiver
shown in Figure 2b [14] and made out of a very short carrier lifetime matdlesl -
implanted silicon on sapphire (SOS). SOS is still commonly used as the substrate
receiving lines. Gallium arsenide (GaAs) soon replaced SOS as thesduutor in
transmitters. It was found to increase the peak signal by a factor of 5 gind tm
increase in bandwidth [15]. The metal transmission lines were also moved égudner
which let higher bias voltages be used. It was shown that THz pulse strength sttaled w
increasing voltage. This new THz transmission line design was callgdlthen
arsenide trap-enhanced field (GaAs-TEF) emitter [16]. The GaAs{q Eilriently the
standard THz transmission line due to pulse power and cost. However, further
improvements to these transmission lines were made by replacing the Gatatsubs
with low-temperature-grown gallium arsenide (LT-GaAs). LT-GaAs radke best THz

transmission lines to date due to its fast recombination lifetime, highrcawhality, and



high resistivity [17]. It can also absorb more laser power than GaAs withagt bei
damaged. Only its high cost and difficultly to manufacture consistently KB€palAs
from being commonly used. Better semiconductor substrates and transmission line

designs have contributed to more powerful THz pulses.

1.3 Lithographic enhancement

Lithographically created sharp features on a THz transmission linescaorabte more
powerful THz pulses by creating electric field singularities on thkase of a THz
emitter. Work done by Cai [18] used a LT-GaAs substrate with a bridged antenna
structure (similar to Figure 2b, and labeled FF in Figure 3) havingra 8ap and

190um distance between lines. The beam was focused to a spot sx&wh. This
experiment showed a three-fold THz field enhancement at the corners of threaante
structure over the common THz transmission line design with no bridging structure
(Figure 2a). Further work by Cai [19] used an antenna structure witlna 66

distance, pm distance gap, and a tightly focuseduddiameter beam. This work found
that sharp features on the transmission lines gave THz pulse enhancement,ras seen i
Figure 3. The greatest enhancement came from the feature lab@&¢hich gave more
than double the THz power seen from the feature label FF. It is interesting thisote
work also reports 40% more THz signal detected when these sharp featureslane ais

THz receiver.
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Figure 3: This shows sharp features (TTO) give a signal impneent over flat structures (FF). Various
other shaped are compared. Lines haveia6distance (d), a,.Bn gap (g), 20V bias, and are illuminated
with 20mW of laser power. Copied from [19].

Cai [19] showed that changes in the metal transmission lines could enhance THz signa
These changes are small compared to improvements gained through betendector
substrates, greater bias voltage, or more optical power. However, it is useiusdec

other enhancement mechanisms are easily maximized. It is also worththatimore

THz enhancement could be gained if sharper features than those allowed through
conventional lithography could be created, such as through nanoparticle deposition. The
sharp features explored by Cai have not been widely adopted because the catnhgf cre
new lithographic masks in most applications does not justify the small enhancement. T
research seeks to create a similar THz signal enhancement, but one that deqsineot

new lithography masks and can be added to pre-existing GaAs-TEF transmissson li

1.4 Nanoparticle enhancement
Nanoparticles have unique properties that can improve THz signals. The bepteegh
this is LT-GaAs, which gets its properties from arsenic nanoparticles dapipate out

of the GaAs structure [20]. The chemical and electrical properties of nactgsactn be



changed according to particle size, shape, and dispersion. Arsenic particle&aAs
have uniform diameters betweghnm to~90nm [20]. They become evenly scattered
throughout the substrate during the creation of LT-GaAs. Changing the sizeacsehéec
particles varies the properties of the material. These particles §r@&alAs its high
electron mobility and short carrier lifetime. Nanoparticles are redplerfsir the superior

properties of this semiconductor.

This research seeks to create a cost effective improvement to THz ttarshy
depositing gold nanopatrticles on the surface of a THz transmitter. Gold wetedele
because it has high conductivity, is resistant to oxidation, and can form a variety of
nanoscale structures. Gold nanoparticles can enhance the electric fiehlenshte THz
pulses by creating points of high voltage across the lines. Nanopartickealenough
that they can create sharper features than are possible through stanogrradity
techniques [18]. These particles can create areas of high voltage iahloedtere these
particles make contact with the transmission lines and are well ssp&@n other
nanoparticles. This locally improves the DC electric field without riskimg damage
caused by increased bias voltage. Three types of gold nanopatrticles, eactiffetierat
structure, were selected to test this enhancement. It is unknown what structuré&evoul
the most effective. The selected gold nanoparticles are gold black, daojjoidaand

gold islands. Nanopatrticles deposited on the surface of a THz emitter could pgs&bly
enhancement without etching the transmitter, changing the transmi¢erisosiductor

substrate or creating new lithography masks. Nanoparticles could thdtyetieate



stronger THz pulses on coplanar transmission lines, with a low investment of time and

material.

An additional mechanism of electric field enhancement caused by metal rtechepar

was observed in work performed by Fedorovich [21]. This work found “hot spots” of

high voltage that formed as current percolated across metal island filmbBoOsyot

was created per percolation path and each was intense enough to reshape the metal
islands around it. Much of the energy in this “hot spot” was in the form of heat, but it also
was in the form of emitted electrons and photons. IR illumination was also shown to
cause this effect provided it had intensity greater thAwidhv. This work was

performed on a number of metals including gold. Gold nanopatrticles could use tttis effe

to inject photon and electrons into the substrate of the THz emitter.

1.5 Gold black

Gold black is the first type of gold nanoparticle chosen for this experiment. Goldibla

a type of metal smoke [22] and looks like soot. It is a porous particulate made of pure
gold that is black to dark reddish brown in color. Work by Harris [23] detailed its
creation and optical properties. It is of interest because it retains theattaerd electrical
properties of gold, but has good IR absorption properties. For a thickness between 3 to
8um its reflectance at visible and IR wavelength has been measured at[20]3% is

also an ultra light material with a density between 50 tqud@® [24]. Gold black can
retain it shape when floated off a glass surface and will turn from black to bmaelor

if crushed [25]. It is created by evaporating gold in a low-pressure ineosphere [23].



In this environment, gold atoms collide with gas particles, lose their eaathform
aggregates with other gold atoms in the air [26]. These aggregates evesdtilpn a
surface and bind with other aggregates they encounter. These aggregatefasiabit
geometry [27]. Individual particles in this network are from 10nm to 20nm in diameter
[23]. The optical properties of gold black come from their small particle sz éractal
structure [28-30]. This structure governs the allowed plasmon oscillationsgolthe

black. When crushed, the structure is destroyed and other plasmon oscillationsagpear
evident by a reddish color change. A sample of gold black can be seen in Figdre 4 a
Figure 5. Deposition of gold black on the surface of the THz transmitter will absorb a
fraction of the incident light. This research will show if the structure af blalck will

cause observable field enhancement across a THz emitter.

Figure 4: Fractal structure of gold black can be seen. Cofoad [26].
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Figure5: Porous nature layer of gold black is visible. Holese created through laser ablation.
Copied from [24].

1.6 Colloidal Gold

The second type of nanoparticle deposited in this experiment was colloidal gold. There
are many types of gold colloids, but the one chosen for this work is a gold hydrosol
created from sodium citrate reduced in chlorauric acid. Detailed res@atbe creation

and optical properties of this colloid was performed by Turkevich [31]. The optical
properties of colloidal gold are evident in its ruby-red color. The color of dallgold
correlates to the size of the gold particles suspended in the solution. Pergigjeverns
plasmon oscillations which absorb light at selected wavelengths. The red co&s com
from 20nm gold particles with a blue shift occurring as the particles becogee. lrhen
making the colloidal gold solution, particles up to 160nm in diameter can be selected by
adjusting the reagents and the rates at which they are combined [31] [32]. Begpnd thi
the solution becomes unstable and flocculation occurs. Gold particles are formed when
gold atoms are release from the chlorauric acid, creating large, urggéblearticle
aggregates. These aggregates soon break down into smaller, denser, and momdstable g
particles. Citrate ions remain bonded to the gold through this process and collect around

the newly formed gold nanoparticles. This creates electrostatic repuiaidkeeps the

11



particles dispersed in the solution [33]. This process can be observed in a natelg cre
batch of colloidal gold. Over a few minutes the solution changes through an array of
colors: colorless, black, purple, blue and, depending on the final particle size, red. When
allowed to evaporate, colloidal gold hydrosols collapse down and reveal fractatksetw
[34]. These networks are black in color with sharp features the same sizgasities

in the colloid. But by adjusting how the colloidal was created, the minimum fesatare
(smallest particle size) can be controlled. This research will show fr#gisl structure

will cause observable field enhancement across a THz emitter.

Figure 7: Colloidal gold particles seen under a TEM. Thestiglas were created with the same
methodology and reagents as the ones createdisaesearch. Copied from [35].
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1.7 Gold Islands

The last type of nanoparticle to be deposited in this experiment was gold istdrags. |

been known for decades that a thin layer of gold deposited in high vacuum creates
granulates or islands before forming a continuous metal surface [22]. Gold ditieds

from the other two types of nanopatrticles in this research in that they araatat fr
structures, but are a collection of separated randomly assembled nanometer groups.
Deposition rate and annealing can alter the dimensions of these gold islands [36, 37].
Gold deposited to a 5nm layer, as read by a quartz thickness monitor, at a rate of
0.03nm/s, showed islands 20nm across with 4nm to 10nm spacing between islands [38]
[37]. This can be seen in Figure 8a. Work done at a slower deposition rate 61@x/s0
deposited a 3nm layer with islands 4nm across [39]. Gold island particles staletece

as the gold layer gets thicker. This thickness is called the percolation tkrésthan

this happens the resistance of the gold layer drops four orders of magnitude [40]. The
percolation threshold is at 6nm for gold islands and at 20nm the gold islands are one
continuous sheet [38]. This is important on a THz transmitter where the traimsmis

lines would short if the gold island layer became too conductive. This research will show
if the structure of gold island particles will cause observable field enfmemteacross a

THz emitters.

Figure 8: Gold island particles. a) Shows a 4nm gold layéscigte islands can be seen. b) Shows a 8nm
gold layer. This layer crosses the percolationsthoéd, gold islands are now connected. Copied {&8h

13



1.8 Conclusion

This research seeks to expand the capabilities of currently used THz-TiBRshy
enhancing the surface electric field on THz transmitters with gold nandgsriite

unique structure of gold black, colloidal gold, and gold islands would create regions of
high voltage on the emitter improving the quality of generated THz pulsesilkisi

results to those found with lithographically created sharp features wergeaibtas

effect could obtain double the maximum THz signal. The aim of this work is to discover
if enhancement of this magnitude will occur. Optimization of this process wid\msls

for future work. A standard THz-TDS experimental setup, as described in Chapiér

be used to collect THz pulse data. The resulting pulses, along with any otheatbssr
and measurements, will be listed in Chapter 3. This data will be discussed anddanalyze
in Chapter 4. Chapter 5 will summarize the findings of this work and suggest future

avenues of research.
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CHAPTERIII

METHODOLOGY

Exploring the effect of nanoparticles on THz pulses required the construction afa TH
TDS system and samples of nanoparticles. This chapter explains the methodadiaigy use
build this system and collect data. Equipment used to construct the THz-TDS syste
described, including parts, operations, and innovations. The THz transmitter, chip and
housing designs are given followed by sample THz data. Deposition techniques for gold
black, colloidal gold and gold islands were adapted to available equipment using
preliminary data. Deposition techniques are explained as well as the meadarken

at each step of sample preparation.

2.1 THz-TDS Experimental Setup

The THz-TDS system used in this experiment is based on the system usediby1{la

A Kapteyn-Murnane Labratories Ti:Sapphire IR pulse laser with a 86idpktition rate

was used as the laser source. Gold coplanar transmission lines located in migdrans

of the system were fabricated on a gallium arsenide (GaAs) chip. The ittansm

consisted of one GaAs chip, a plano-convex 15mm focal length lens used to focus the
laser to the surface of the chip, and a truncated ball lens 6.437mm tall with a 5mm radius

made of high resistivity silicon used to collimate the emitted THz radiationGalAes

15



chip and Si ball lens were housed in X Y translators, while the 15mm lens was mounted
on a Z axis translator. The receiver, made with aluminum lines on a silicorppiniea
(SOS) semiconductor, was housed in a similar device. The transmitter anerecse
located at the 11.5cm focus of two parabolic mirrors. This created a symmatiat opt
system. This system is shown in Figure 1. The laser pulses were split atrartohe

Pellicle beam splitter rated at 40/60 for 800nm light. One beam traveled througly a del
line composed of a mirror mounted on a National Aperture MM-4M-F-50 linear stage.
This was driven by a National Aperture MicroMini Controller at an average peaa ®f
48um/s. The power to the transmitter was supplied by a GWIinstek DC power supply that
could limit both the voltage and current supplied to the transmitter chip. Noise reduction
was achieved by using a Thor Labs Model1000 Optical Chopper operated between
287MHz and 329MHz and connected to a Model SR830 DSP Lock-In Amplifier. The
amplifier modulated the THz pulses at a low frequency (MHz) rate and theactattr

out any electrical signal, like random noise, which was not modulated at tlegatam

The lock-in amplifier used an integration time constant of 100ms for all THz Sdams.
current collected from the receiver chip was amplified by an Ithaco rbédeturrent
amplifier biased by an Intelitender 15V battery. To measure and automate the
experiment, Labview version 7.1 was used on a Gateway model # E-1600 D computer
connected serially to the motor controller and lock in amplifier. These components a
similar to those used in other THz-TDS systems and allow for high quality data

collection.

16



This system used a National Aperture MicroMini Controller and motorized &iage

replace a Newport UTS100CC Linear Stage and Newport MM3000 Motion Controller.
The National Aperture devices cost $3000 [41] [42] less than the Newport components.
However, they only had a resolution of JuB4 while the Newport devices had a

resolution of 0.kim. The low resolution of the National Aperture devices made it
impossible to get the precise steps between data points required to completera Four
transform. To overcome this limitation, a continuous scanning method was developed for
the National Aperture stage. The scan was purposely over sampled and then ABAATL
algorithm was written to linearly interpolate the scan and to acquire dh& @esired
resolution. For this THz data, exactlyrd between data points gave adequate frequency

bandwidth. This innovation added value to the laboratory used for this work.

2.2 THz Transmitter Design

The THz transmitters used in these experiments include not only the transnineson |

on GaAs chips but also the stages, lens, and electrical contacts that house the chip. The
entire transmitter unit had to be redesigned due to the number of chips scanned in
succession. All other available THz transmitters had chips permanentlyedonmiace.

To facilitate moving chips in and out of the transmitter unit, first an aluminum ctomne
block was machined on which the transmitter's X Y stages and a magnetic base wer
mounted. This block was machined to tight tolerances to limit movement of the stages
each time they were replaced. The magnetic base allowed the enticehaiteimoved

and replaced in the THz-TDS system without changing alignment. Next, Macam(cg

disks were fabricated that could be fastened with a retaining inside an X aagkY st
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Macor was selected because it is nonconductive, machineable, and will not flex. THz
chips could be mounted with Norland optical adhesive to the back of these disks. The
disks could be quickly switched in and out of the X Y stage. Pins mounted on a circular
circuit board were also placed in the X Y stage. They extended through holes in the
Macor disk and established electrical contact with the THz chip. Lines on theoaidp ¢

be switched on and off with dipswitches mounted on a second circuit located outside the
unit connected by a ribbon cable. This design is shown in Figure 9. This design made
chips easily removable and maintained the original alignment to within 50pum. Bilit sm
errors in chip timing (when the pulses hit the chip) and chip rotation were introduced
with this design. The system operator could restore the correct pulse timmg radte

chip was installed by moving the delay line a small amount until the signal was
maximized again. Chip rotation error was eliminated by creating &nefetransmission
line on each chip. Also differences in alignment between chips where redubetevi

use of a reference line. Using a reference line and this new transmittgr mhesle

scanning multiple chips effective and accurate.

X-Y Stage, Chip
a) X-Y stage, Silicon b)

Lens
Z-axis Stage, / Macor Mounting Disk

Focusing Lens
—_ Circuit Board \ /
.
........-’ .Jb THz Pulses

Pulses Laser Pulses

Focusingé'ns ; x
Silicon Lens

THz Chip

o000 OO ..
Laser Pulses

Figure 9: THz transmitter. a) Outside. b) Inside.
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THz transmissions lines were fabricated from gold evaporated on a Ga&sandflater

cut in to 1cMchips. The chips were created following lithographic, etching, and dicing
instructions provided by Dr. Weili Zhang [43]. The GaAs wafers were purchased from
Photo Sciences Inc. and each wafer made +30 chips. Each chip had four transmission
lines on it. The reference and sample lines required only two lines. The dimensions of a
single transmission line was 9mm x 10pum with 80um separating each pair pafines
shown in Figure 10. Imhgold pads at the end of each line made electrical contact with
the power supply through pins on the circular circuit board. Current was generally kept

below 4mA and was never allowed to exceed 8mA.

Transmission
Lines
/
Gold Wires
GaAs lcm
Gold Contact Chip
Pads ——+—
1mm

Figure 10: GaAs Chips used to create THz radiation

Cleaning each chip was very important to ensure good nanopatrticle adhesion and uniform
electrical properties. Oils and materialwrl would show up visually in a microscope.

These could be best cleaned off with methanol and acetone applied with lens paper or a
Q-tip. Care had to be taken using a Q-tip because the transmission lines cdylaeeasi

wiped off the chip. 30 seconds immersed in acetone using a Cole-Parme 8892 sonic bath

machine would remove particles, as well as, 2 minutes of plasma cleanin@ @8\hgf
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argon and hydrogen in a MARCH Inc. plasma cleaner. Electrical tests oncctdape

showed that these cleaning procedures were effective.

2.3 THz Pulse M easurements

THz pulses were traced out as the delay lined scanned over the duration of the pulse.
Each scan took about 5 minutes. A sample THz pulse with its corresponding frequency
spectra created through a Fourier transform is shown in Figure 11. This THzvpalse
sent though humid air to show THz water absorption. The undulations shown after the
time domain pulse are ringing caused by the vibration of water molecules.cfbate
molecular specific absorption lines in the frequency spectra of Figure drs S

always taken in <%b5 relative humidity to atmosphere to reduce absorption from wate
vapor. An important characteristic of this pulse is the height of the time domagn puls
This corresponds to the maximum strength of the THz signal. The integration of the
frequency spectra indicates pulse power. The full width half maximum (FWddMbpe
seen from the frequency spectrum as well as bandwidth. Scan length corresponds t
frequency resolution which is 22GHz for these scans. If need be, zero padding can be
used to artificially improve frequency resolution. The goal of these exp@snseto

improve the signal strength and the bandwidth relative to the reference pulse.
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Figure 11: Frequency and time domain THz pulse.

2.4 Additional M easur ements

Measurements of the electrical characteristics of the chips wene b@fore and after the
chips were placed in the THz-TDS system. This recorded their eléctimacteristics

with and without laser illumination. Current and voltage (IV) curves on dark THz chips
were measured in a HP 4145B Semiconductor Parameter Analyzer from OV to X080V wi
the current limited to 0.4mA or 4mA. This device could reliably measure currelots as

as 1nA. Resistance values calculated from these currents had an upperiboi&Qt

Chips illuminated with the laser beam had IV curves measured at disoreti®ip the

THz-TDS system after it had been well aligned.

Many features on the coplanar transmission lines could be resolved opticditlePa
density, coverage area and sometimes particle size could be determmexgbfical

inspection. A Nikon Eclipse L150 microscope was used to take images of the chips afte
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cleaning and deposition. Optical inspection was used to gauge if particletdeposis
effective and to observe its structure. Damaged lines could also be observed with the
microscope. It was an invaluable tool in preparing the chips and analyzing particle

deposition.
a) + - b) + -

10pm Lines

O

80pum 80um

Figure 12: Spot size of the laser beam. At focusaum and defocused b) 80um.

Additional THz data was taken with the laser beam defocused. This departs from the
standard THz-TDS system which uses a focused laser beam. Prelimiairydizted
that the THz signal was stronger when a larger spot size was used. It shdveed tha
additional signal maximum was reached when the beam size was increasdocis £
4um) to spanning the transmission lines80um), as shown in Figure 12. These tests
will show if a large beam size makes a difference on the nanoparticle eepbdiz
emitters. Further measurements were taken by increasing incidertidasempower on
these emitters. These tests explore additional scenarios in which thedespeould be

advantages to THz pulse generation.

2.5 Gold Black Deposition
Gold black deposition followed the procedure described in Harris [25] [23] with some
equipment adaptations. An Edwards Auto 306 thermal evaporator was loaded with a R.D.

Mathis Company tungsten boat filled with approximately 0.1g of 99.995% pure gold
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powder and mounted between the evaporator’s high power electrodes. The sample was
mounted close (27mm) to the boat for maximum effect due to the mean free path of
0.1mm at a pressure of 3.3mbar for gold atoms in a nitrogen atmosphere. To accomplish
this, a shutter was removed and the sample mounted in its place. This served the dual
purpose of having the sample close enough for gold black deposition and controlling the
amount of gold black deposited. When the shutter was opened the sample would move
away from the boat. In addition, an aluminum shield was placed on the edge of the
sample to further block particles when the shutter was open. This was stupendous at
controlling the deposited gold black. Conductivity tests showed no gold black was

deposited with an open shutter.

The gold was heated with a current of 40A in a 3.3mbar nitrogen atmosphere containing
99.995% pure nitrogen gas. In this environment the gold evaporated, as described in
Chapter 1, and collected on the sample. The current was kept constant during deposition
so gold black thickness only depended on deposition time. No cooling system could be
created for the evaporator so heat was managed by depositing for 30sec and then
allowing the chamber to cool for 1min. Heat was further removed by using thenalami
mount as a heat sink. Deposition results were observed optically and elect@aadly

had to be taken during this process to seal the thermal evaporator chamber and burn off
excess oxygen for a few minutes prior to deposition, as described by Lotiss[PaY.

This prevented the formation of tungsten trioxide along with the gold black, which
appeared as a blue layer in the chamber and turned transparent when exposed to air.

Tungsten trioxide combines with the gold atoms and creates a composite roatkstial
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type Il gold black or gold smoke filters [44] [25]. After deposition, the refezdine on
each chip was created by carefully removing the gold black with a dry Q-tipdghy a

razor blade positionedd.25mm above the chip.

2.6 Colloidal Gold Deposition

Colloidal Gold was created following the procedure described in Turkevich [31]. A
smaller amount was created for these experiments. It was createating s®mL of
chlorauric acid until boiling then adding 5.5mL of 1% sodium citrate solution while
stirring. Once the sodium citrate was added the solution underwent severaheoiges
over the course of a few minutes. The final color reached by this solution wds viole
corresponding to 50nm particles [32]. This procedure was shown to be very sensitive to
slight variations in the reagents. Preliminary results found that colloidal geted
without ultra high purity DI water18MQ resistively) was unstable and the gold
immediately precipitated out of solution. Care had to be taken to thoroughly clean the
glassware using the highest purity DI water before contacting thedadlgmld. Sample
variability was reduced by using colloidal gold samples that all casnedrsingle

solution.

A Finnpipette from Thermo Labsystems was used to depositidndrap of colloidal

gold on the THz chips. Originally a Laurell 400 Spinner set at 3000rpm was also used to
deposite several drops, but optical results showed no visible layer of partiodtat® t

even after fifty 4QL drops were deposited. Electrical results showed only a small

increase in current across the lines after this large deposition. Also no ocBtiactal
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network formation was observed. Room temperature evaporation was then trisl. It w
found that this created large fractal networks of gold particles. The goidgmcreated
aggregates large enough to be seen opticallynd diameter) and had noticeably
changed the electrical properties of the line. These particles werdikatystaused by
aggregation of smaller particles during evaporation of the water. Room témnpera
evaporation also deposited extra salts that grew into crystals as théwtheesolution
evaporated. These salts were dissolved with DI water leaving randomlydibcdés in

the fractal network. Colloidal gold was placed on the GaAs chips after craating
watertight seal by masking one of the lines with scotch tape. The goldgmvieie
thickest near the edge of a drop and were deposited with the edge of a drop near the

center of the transmission line.

Figure 13: Colloidal gold deposited through room temperatwaperation. a) Shows salt crystal growth.
b) Shows the gold fractal networks revealed aftewBter dissolved the salt crystals.
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2.7 Gold Idand Deposition

Gold islands were deposited with a tungsten boat contaifirigy of 99.99% pure gold
powder using an Edwards Auto 306 thermal evaporator in anmb@r vacuum at a rate

of ~0.05nm/s. This method took advantage of the phenomenon that evaporated gold will
aggregate into islands before making a continuous surface. This layer musivbéhieel
percolation threshold afnm [38] so the gold will not make a continuous layer and short
the transmission lines. At this rate of evaporation, Osawa measured tis¢ IRrge
absorption to occur close to the percolation threshold [36]. Measurements of gold
thickness were performed with a thickness monitor containing a Maxtek 6MHalcryst
sensor placed inside the evaporator. This monitor had been calibrated to be &curate
within 0.1nm of the layer’s thickness. A reference line was made by maskingene li
with aluminum folil prior to being loaded in the evaporator. Chips were mounted on an

aluminum plate attached to the thickness monitor to give the most accuratg.readin

2.8 THz System Alignment

THz-TDS system alignment is the single largest source of error in a&ydtam.

Alignment requires monitoring the peak THz signal while adjusting by hand kevera
optical components. Much of the system alignment was performed before mesgsrem
were taken and then remain untouched including aligning the receiver, parabais m
and optics guiding the IR beam. The IR beam at focus made a micron sized a spot so
precise positioning of the optics was required. When all these components aycorre

positioned the signal is “peaked” or optimized, meaning further movement of optical
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components only lessens the signal. This ensured that THz-TDS system retmained t

same for each chip scanned.

After the system was optimized, only the transmitter unit needed to be adjachetihee
a new chip was used. This required adjusting the lens on the Z translator stage used to
change laser focus, the X Y stage that holds the GaAs THz chip, and the X Y stage that
holds the silicon lens. Once the system was again optimized the followingvwaes
followed to move between the sample and reference line:
1. The bias voltage on the first line was lowered.
2. The first line was switched off and the second line was switched on.
3. The bias voltage was increased again to the same level as the previous line
4. The XY stage was slowly turned in the Y direction toward the second line, until
the THz signal returns.
5. The signal was optimized in the Y direction on the stage.
6. The X and Y directions of the Si lens was slightly adjusted to compensate for the
movement across the chip.
7. Repeat steps 5 and 6 until the chip is optimized.
Only the transmitter was touched while moving from one line to the next. Also te foc
on the Z translation stage and the X direction of the X Y stages were never touched in
this process. Also this method caused the Si lens to remain stationary with tespec
optical spot. This method limited the number of uncontrolled variables introduced

between the sample and reference lines.
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Each measured pulse had a corresponding reference pulse. This virtuatigtelim
variability between chips. However, slight variability still existed lestwthe reference
and sample lines on each individual chip. For this work, signal increases draater t
10% over the reference pulse are considered beyond the range of uncontrollable
alignment errors. But signal increases of 100% over the reference pulse (doaitie) a
desired levels of enhancement. Smaller gains will require furthersa#d verify and
may not be significant enough to merit further investigation. Comparing thienonz
signals from the sample and reference lines will show the level of signabigiaiss

caused by each nanopatrticle deposition.

2.9 Conclusion

Building a system that could take this THz data was a challenging prdtcesquired
adapting a complex THz-TDS system to scan multiple chips while maintamimgeh
of the original alignment as possible. Accuracy of the data was maintaineshig a
reference line. This gave each sample its own baseline to compare too ana@aini
alignment differences between chips. Repeatable methods of depositingethe t
nanoparticles on one of the four transmission lines were developed. This required
adaptation of the nanopatrticle creation processes, modification of equipment and
nondestructively masking each GaAs THz chip. The equipment and techniques

developed as part of this methodology will give accurate THz data.
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CHAPTER 11

THZ NANOPARTICLE DATA

The finished THz-TDS system was used to record data for THz transmatered in

gold black, colloidal gold and gold island nanoparticles. This data showed how pulse
characteristics were affected by these particles. Nine chips im@talscanned in the
THz-TDS system, each with varying amounts of gold nanoparticle deposited an them
Gold black deposition was measured in seconds of deposition time. Three chips were
deposited with 100 seconds, 300 seconds, and 1000 seconds of gold black. Colloidal gold
was measured in amount of concentration compared to the original concentration of the
colloid. Three chips were deposited with f1t6éncentration, 1/ concentration, and an
undiluted concentration of colloidal gold. Gold island particles were measured by the
amount of gold deposited on the chips. Three chips were deposited with 1nm, 3nm, and a
5nm layer of gold island particles. Data on many of these chips was taken with a
defocused laser beam to observe if increasing the area of interacti@ebébhs beam

and nanoparticles affect the THz pulse. Reflectivity data on the gold islaerd lags

also collected. Additional high power laser beam data was collected from theoRBhm g
island chip after it appeared to create stronger THz pulses when laseyasvwaried.

The recorded THz data explored the range of effects these nanoparticles had on GaAs

THz emitters. This data is displayed below.
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3.1 Gold Black Data

e

il q

Figure 14: 100 seconds of gold black deposition. a) x10 magatibn shows reference line on the far left
and sample line on the far right. b) x50 magnifaatof the sample line.

80Lumn
'.!. NN : -
Figure 15: 300 seconds of gold black deposition. a) x10 magatibn shows reference line on the far left
and sample line on the far right. b) x50 magnifaat of the sample line.

Transmission lines

80 um

350um
| .

Figure 16: 1000 seconds of gold black deposition. a) x10 nfagion shows reference line on the far
right and sample line on the far left. b) x50 méigation of the sample line.
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Figure 17: THz pulse from 100 seconds of gold black deposit®ample is in bold. Sample pulse was
biased at 31V with 2mA across the chip. Ref. pulas biased at 31V with 3mA across the chip.
Oscillations in the spectra are an artifact ofraiignt.

Reference Sample A=(S-R)
Max signal 200 pA 150 pA -50 pA
Center Frequency 0.4 THz 0.4 THz NA
Normalized Integrated Amp. 1.0 0.7 -0.3
FWHM 0.6 THz 0.6 THz NA

Table 1: Data collected from Figure 17.
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Figure 18: a) VI curve across the above chip in darknesRédsulting resistance from that curve.
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Figure 19: THz pulse from 300 seconds of gold black deposit®ample is in bold. Sample pulse was
biased at 30V with 1mA across the chip. Ref. pulas biased at 30V with 0.4mA across the chip.

0

Reference Sample A=(S-R)
Max signal 250 pA 240 pA -10 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 1.0 1.0 NA
FWHM 0.8 THz 0.8 THz NA

Table 2: Data collected from Figure 19.
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Figure 20: a) IV curve across the above chip in darkness.dsuRing resistance from that curve.
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Figure 21: THz pulse from 300 seconds of gold black depositiith a defocused laser beam. Sample is in
bold. Sample pulse was biased at 30V with 3mA acties chip. Ref. pulse was biased at 30V with 2mA
across the chip.

Reference Sample A=(S-R)
Max signal 210 pA 320 pA 110 pA
Center Frequency 0.5 THz 0.4 THz -0.1 THz
Normalized Integrated Amp. 0.7 1.0 0.3
FWHM 0.7 THz 0.6 THz -0.1 THz

Table 3: Data collected from Figure 21.
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Figure 22: THz pulse from 1000 seconds of gold black depasit®ample is in bold. Sample pulse was
biased at 30V with 2mA across the chip. Ref. pulas biased at 30V with 3mA across the chip.

Oscillations in the spectra are an artifact ofraiignt.

Reference Sample A=(S-R)
Max signal 290 pA 210 pA -80 pA
Center Frequency 0.4 THz 0.4 THz NA
Normalized Integrated Amp. 1.0 0.7 -0.3
FWHM 0.7 THz 0.6 THz -0.1 THz

Table 4: Data collected from Figure 22.
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Figure23: a) IV curve across the above chip in darkness.a@suRing resistance from that curve. Current
across sample line rose sharply at 45V.
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3.2 Colloidal Gold Data

Fra -... }:
Figure 24: 1ul colloidal gold mixed with 93.75% DI water. a) r3agnification shows the reference line
on the far left and the sample line partially ce@eeby a colloidal gold drop on the far right. b)0x1
magnification of the sample line showing the edfjthe drop across this lines and gold particldevad.

Figure 25: 1ul colloidal gold mixed with 75% DI water. a) x5 nafication shows the reference line on
the far right and the sample line partially covelbgda colloidal gold drop on the far left. b) x50
magnification of the sample lines in the middlelw# drop.

Figure 26: 1ulL colloidal gold. a) x5 magnification shows theawdnce line on the far right and the sample

line partially covered by a colloidal gold drop the far left. b) x50 magnification of the sampleels in the
middle of the drop. c) x50 magnification of the gdenlines at the edge of the drop
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Figure 27: THz pulse from 1/18 solution Colloidal Gold. Sample is in bold. Samplése was biased at
30V with 3.95mA across the chip. Ref. pulse wasdibat 30V with 2.07mA across the chip.

Reference Sample A=(S-R)
Max signal 640 pA 230 pA -410 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 1.0 0.4 -0.6
FWHM 0.6 THz 0.7 THz 0.1 THz

Table 5: Data collected from Figure 27.
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Figure28: a) IV curve from the above chip in darkness. €nitrion the sample line sharply increases at
30V. b) Resulting resistance from that curve.
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Figure 29: THz pulse from 1/18 solution colloidal gold using a defocused laserbeSample is in bold.
Sample pulse was biased at 32.24V with 5.16mA adiwes chip. Ref. pulse was biased at 32.26V with
2.88mA across the chip.

Reference Sample A=(S-R)
Max signal 390 pA 550 pA 160 pA
Center Frequency 0.4 THz 0.4 THz NA
Normalized Integrated Amp. 0.7 1.0 0.3
FWHM 0.7 THz 0.7 THz NA

Table 6: Data collected from Figure 29.
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Figure 30: a) IV curve from the above chip with 16.8mW ladkmaination. c) Resulting THz signal as a
function of voltage, limited at 6mA and 60V.
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Figure 31: THz pulse from 1/4 solution of colloidal gold. Sample is in bold. Seimpulse was biased at
52.8V with 5.33mA across the chip. Ref. pulse wiasdd at 52.2V with 1.88mA across the chip
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Reference Sample A=(S-R)
Max signal 710 pA 330 pA -380 pA
Center Frequency 0.6 THz 0.4 THz -0.2 THz
Normalized Integrated Amp. 1.0 0.5 -0.5
FWHM 0.8 THz 0.7 THz -0.1 THz
Table 7: Data collected from Figure 31.
a)1s b) 1000
~ 800 V
- g I
10
3 o 600 X100 mpie
5 ¥10n,| & 40
QO 5 Ref. 8
e 200
0 . : . . 0 : : ; ;
0 20 40 60 80 100 0 20 40 60 80 100
Voltage (V) Voltage (V)
©) s s dy10° S
e® 000 O o
5 . o2 0°
<4 ° < 0° )
£ = °
= * g 10 ©
2 3 S .
32 . o © ¥ °e
. o o [
1 ® 0© ° 1
Y g 00?9 °° 10
0 20 40 60 0 20 40 60
Voltage (V) Voltage (V)

Figure 32: a) IV curve from the above chip in darkness. blRing resistance from that curve. c) IV
curve from the above chip with 16.8mW laser illuation. d) Resulting THz signal as a function of

voltage, limited at 6mA and 60V.
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Figure 33: THz pulse from 1/% solution colloidal gold using a defocused lasearbeSample is in bold.
Sample pulse was biased at 43.8V with 6.55mA adtesship. Ref. pulse was biased at 52.3V with
4.45mA across the chip.

Reference Sample A=(S-R)
Max signal 1150 pA 1240 pA 90 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 1.0 1.0 NA
FWHM 0.8 THz 0.8 THz NA

Table 8: Data collected from Figure 33.
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Figure 34: THz pulse from LL drop undiluted colloidal gold solution. Sampldnsbold. Sample pulse
was biased at 20.43V with 6.27mA across the chigd. pulse was biased at 20.43V with 2.39mA across

the chip.
Reference Sample A=S-R)
Max signal 250 pA 160 pA -90 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 1.0 0.6 -0.4
FWHM 0.6 THz 0.7 THz 0.1 THz

Table 9: Data collected from Figure 34.
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Figure 35: a) IV curve from the above chip in darkness. €uitrion the sample line sharply increases at
13V. b) Resulting resistance from that curve. cklve from the above chip with 16.8mW laser
illumination. d) Resulting THz signal as a functioiwvoltage, limited at 6mA and 60V. The samplelin
current goes beyond 6mA at 20V.
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Figure 36: THz pulse from L drop undiluted colloidal gold solution using aa®used laser beam.
Sample is in bold. Sample pulse was biased at 20with 8.16mA across the chip. Ref. pulse was lidase
at 20.49V with 2.98mA across the chip.
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Reference Sample A=(S-R)
Max signal 430 pA 350 pA -80 pA
Center Frequency 0.4 THz 0.4 THz NA
Normalized Integrated Amp. 1.0 0.8 -0.2
FWHM 0.7 THz 0.7 THz NA

Table 10: Data collected from Figure 36.
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3.3 Gold Idand Data

Figure 37: 1nm gold islands at x10 magnification. The samiple located at the far right is visually
indistinguishable from the other lines on the traitter.

Figure 38: 3nm gold islands at x5 magnification. A visiblediri band is across the sample line at the far
right. The reference line is at the far left.

Figure 39: 5nm gold island particles at x10 magnification.disration is visible on the gold island line at
the far left. The reference line is at the far tigh
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Figure 40: THz pulse from 1nm gold island deposition. Samplmibold. Sample pulse was biased at
45.1V with 4.37mA across the chip. Ref. pulse wiasdd at 45.0V with 2.07mA across the chip.

Reference Sample A=S-R)
Max signal 460 pA 680 pA 220 pA
Center Frequency 0.5 THz 0.6 THz 0.1 THz
Normalized Integrated Amp. 0.7 1.0 0.3
FWHM 0.6 THz 0.9 THz 0.3 THz

Table 11: Data collected from Figure 40.
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Figure4l: a) IV curve from the above chip in darkness. €uirion the sample line sharply increases at
28V. b) Resulting resistance from that curve. cxlWve from the above chip with 16.8mW laser
illumination. d) Resulting THz signal as a functiofwoltage, limited at 6mA and 60V.
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Figure 42: THz pulse from 3nm of gold island deposition. Saeriplin bold. Sample pulse was biased at
61.2V with 5.90mA across the chip. Ref. pulse wiasdd at 51.4V with 2.53mA across the chip.

N

Reference Sample A=(S-R)
Max signal 740 pA 710 pA -30 pA
Center Frequency 0.6 THz 0.5 THz -0.1 THz
Normalized Integrated Amp. 1.0 1.0 0.0
FWHM 0.8 THz 0.7 THz -0.1 THz
Table 12: Data collected from Figure 42.
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Figure 43: a) IV curve from the above chip in darkness. €nitrion the sample line sharply increases at
30V. b) Resulting resistance from that curve. cxiWve from the above chip with 16.8mW laser
illumination. d) Resulting THz signal as a functioiwoltage, limited at 6mA and 60V.
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Figure 44: THz pulse from a defocused laser beam with 3nnmotf land deposition. Sample is in bold.

Sample pulse was biased at 40.71V with 3.10mA adfwes chip. Ref. pulse was biased at 40.7V with
3.16mA across the chip.

Reference Sample A=(S-R)
Max signal 1860 pA 2330 pA 470 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 0.8 1.0 0.2
FWHM 0.8 THz 0.8 THz NA

Table 13: Data collected from Figure 44.
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Figure 45: THz pulse 5nm of gold island deposition. Samplia isold. Sample pulse was biased at 36.83V
with 1.67mA across the chip. Ref. pulse was biage86.8V with 3.76mA across the chip. Oscillatiams
the spectra are an artifact of alignment.

Reference Sample A=(S-R)
Max signal 400 pA 380 pA -20 pA
Center Frequency 0.5 THz 0.5 THz NA
Normalized Integrated Amp. 1.0 0.9 -0.1
FWHM 0.7 THz 0.7 THz NA
Table 14: Data collected from Figure 45.
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Figure 46: a) IV curve from the above chip in darkness. €uirion the sample line sharply increases at
30V. b) Resulting resistance from that curve. cxlWve from the above chip with 16.8mW laser
illumination. d) Resulting THz signal as a functiofwoltage, limited at 6mA and 60V.
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Figure 47: THz pulse from 5nm gold island deposition with #odesed laser beam. Sample is in bold.
Sample pulse was biased at 36.83V with 3.04mA adtwes chip. Ref. pulse was biased at 36.8V with

16

14

3.74mA across the chip.

18

Reference Sample A=(S-R)
Max signal 780 pA 360 pA -420 pA
Center Frequency 0.4 THz 0.4 THz NA
Normalized Integrated Amp. 1.0 0.5 -0.5
FWHM 0.7 THz 0.7 THz NA

Table 15: Data collected from Figure 47.

3.4 Defocused High Power Data
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Figure 48: Plots of max THz signals for given laser beam pew€&he laser beam was defocused to avoid
chip damage. This data was taken on a chip deposite 3nm of gold island particles at 40.8V and®.
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for the sample line and 40.8V and 2.79mA for tHenence line.
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3.5 Gold Island Reflectivity

Gold Island Thickness REflectivity ™ 35°
Onm (Blank GaAs) 0.464
1nm 0.461
3nm 0.539
5nm 0.632

Table 16: Reflectivity of gold island particles on GaAs.

3.6 Conclusion

This data records the THz pulses created with transmitters covered ivlagkd

colloidal gold and gold island nanoparticles. Comparing each pulse to a reference pulse
shows the changes caused by these patrticles. A quick look over the data showstthat mos
pulses have characteristics similar to the reference pulse. As ddseaitier, small
improvements in signal would be difficult to detect due to the inherent variahilityei
experimental system, but more importantly would not achieve significantighial s
enhancement. The data showed that maximum THz signal changed more than other pulse
characteristics. Closer inspection of the data will judge how succdss$a particles

were at improving THz pulses.
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CHAPTER IV

ANALYSIS

The gathered data evaluated how gold nanoparticles modified THz pulses in a THz-TDS
system. The goal of this research was to explore if gold black, colloidabgglud

island particles applied to the surface of coplanar transmission lines woatle cre
significant signal or bandwidth increase. How well these particles iragréidz pulses

is analyzed in this chapter. First, the quality of each deposition is analyzeddwying

the optical and resistance data for each chip. Next, the THz pulse datyzedraf

both focused and defocused laser beams showing how effective each deposition was at
pulse enhancement. Last, possible enhancement mechanisms affecting thdiol@sopar

are discussed.

4.1 Gold Black Deposition

Microscope images of the gold black chips revealed gold black’s charactesidst color
which steadily increased with deposition time. Gold black depositions are segunriesFi

14, 15 and 16. The first chip, with 100 seconds of gold black deposition, showed a light
layer of gold black with larger scattered clumps visible. The second chip, with 300
seconds of gold black deposition, showed a darker layer across the lines. The third chip,

with 1000 seconds of gold black deposition, was thick enough that the lines were
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completely covered and barely visible. This layer took on a deep black color. This color
is the same as the gold black samples described by Harris [25]. This colotesthed

the individual gold particles have dimensions significantly smaller than thelevayth of
visible light, similar to the gold black structure seen in Figure 5. Gold black hag a ver
uniform deposition. THz pulse changes caused by gold black should vary relative to gold

black deposition time.

4.2 Colloidal Gold Deposition

Figure 49: a) Close up of large colloidal gold nanopartictésld areas of much smaller particles can be
seen around the large ones. b) Image of colloidia garticles created with different reagents. This
colloidal gold solution was a red wine color, irgtiag different initial particle size than the peles used
in this research.

Microscope images of the colloidal gold chips showed that this deposition formed
unexpectedly large particles. This deposition is shown in Figures 24, 25 and 26. Large
particlesslum in diameter are shown in Figure 49a. These particles appeared on each
chip and formed after the colloidal gold had evaporated. Preliminary SEM datakea

on a similar concentration of colloidal gold shown in Figure 7. Individual partictes a
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~20nm in size. Close inspection showed much smaller particles exist on the chip, evident
from lighter gold areas surrounding the larger particles, also seen i BgarTo

ensure that aggregation was not unique to this solution of colloidal gold, other colloidal
gold solutions were allowed to evaporate on GaAs chips. These solutions were prepared
at different times and with different reagents. Each colloidal gold solution dforme
aggregates after evaporation. It was unexpected that large partclesfarm from

colloidal gold deposition.

Two different colors of particle were observed in this deposition. The coloration was
darker on the aggregates in the undiluted solution, more closely resembling gold black
deposits. The two diluted solutions had aggregates the same gold color as bulk gold. It is
not clear why these aggregates formed, but it is theorized that the evaporatess proc
upset the electrostatic forces keeping the particles separated. Klweldaseen on

these aggregates means they must be fairly well separated. Salts, etaahave
concentrated in the undiluted solution, might have kept the gold particles from making
electrical contact when they aggregated. This is less likely to happen itutied di

solutions and would explain the differences in color.

Overall, colloidal gold deposition was problematic due to evaporative transport of the
gold particles. Each of these chips had dense particle accumulation alongettoéd theg
1uL drop. The first chip, diluted to 1/@oncentration, had a band of gold at the drop
edge and much less over the center. The second chip, diluted wohékentration, again

had accumulation at the drop edge but also had large particle deposits randomly located
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around the drop. The undiluted drop had more particle accumulation than the other two
chips at the drop edge. It was covered more evenly in the center with dense darker
colored patrticle groups than the previous two chips. This accumulation around the edge
of the drop can be seen in Figure 26c¢. Particles clustered at these edgsgdhcuerent

flow and made it difficult to bias at greater than 21V. This limited strengtieof itz

pulses these colloidal gold chips could create.

Another problem with the colloidal gold deposition was that particles deposited
themselves differently between chips. The coverage on tHectftentration chip was
the least uniform across the transmission lines. Also the undiluted chip had different
spacing and particle color than the other two chips. This made it impossible tateorre
variation seen in the THz data to increasing colloidal gold concentrations. Taigovari
inherent in colloidal gold deposition needs to be better controlled to more accgeately

meaningful THz data.

4.3 Gold Island Deposition

Microscope images show an even deposition of gold islands on the chips and coloration
indicative of their structure. This deposition is seen in Figures 37, 38 and 39. Rigflecti
measurements on these particles can be seen in Table 16. Reflectivitaslat@asured

with GaAs surfaces deposited in same manner as the gold island chips. The 1nm gold
island deposition was optically invisible. Reference data recorded on Table 16 showed
that a 1nm gold island layer was slightly absorptive at 808nm light. The 3nm gold island

chip showed up as a thin gold colored band across the sample line. This band was visible
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due to the increased reflectivity of these larger island particles. The Smaldmshowed

up as a band across the sample line, though for reasons not explored appeared darker on
the lines themselves. After the 5nm deposition, white areas on the chip holder appeared
light blue. This color is characteristic of gold island particles [45]. Thescdhowed

even coverage across the lines and reflectivity data indicated progrietsie

enlargement between gold island layers. The excellent quality of gadl ideposition

gives additional weight to the resulting THz data.

4.4 Resistance Data

Particle deposition was also inspected electrically. Measuring tiséarees across
transmission lines can give additional insight into how the nanoparticles were eéposit
Table 17 gives a list of approximate dark chip resistances. These approxilnese va
were gathered from the resistance plots taken on each of the nine nanopatrticlstedips |

in Chapter 3. A close look at the reference lines and each deposition is given below.

Type Amount Reference Sample
Gold Black 100s 350MQ 100MQ
300s 100MQ 200MQ
1000s 25MQ 1MQ
Colloidal Gold |1/16th Sol., 1uL drop 1500MQ AMQ
1/4th Sol., 1uL drop 300MQ 7MQ
1L drop 300MQ 1MQ
Gold Island 1nm 750MQ 25MQ
3nm 750MQ 13MQ
5nm 250MQ 2MQ

Table 17: Table of approximate resistances, taken from tirkethed chip resistance plots in Chapter 3.

A base line resistance for a “blank” line can be acquired from the refetatecel able
17 shows the most common reference resistancex80@#\VQ. This is seen in the 5nm

gold island chip, two of colloidal gold chips and the 100 second gold black chip.
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Variations from this value are easily explained. The 150DWdlue for the 1/16
concentration colloidal gold chip is far too high indicating that something inteérfatle

the measurement. The 750Malues for the 1nm and 3nm gold island chips were
expected to higher than average because they were truncateddimes [ong). The

100MQ and 25 M2 values on the gold black chips meant that slight annealing of the gold
black occurred. This is discussed more in following paragraph. Overall, analfises of
reference line resistances concludes#3&0OMQ is the base resistance across these

lines.

Gold black resistance data showed that this deposition had little electricat iomphe

THz transmission lines and that slight annealing occurred. The chips with 100 and 300
seconds of gold black deposition had resistances of Q0@ 200M2, respectively.

This is much closer to the 30@Mreference line resistance than the other nanoparticle
depositions. This means gold black made little contact with the substrate even though i
appeared visually dense on the surface. The deposition with 1000 seconds of gold black
was an exception to this. The low resistance values on both the reference and sample
lines indicate that slight annealing of the gold black occurred. This happenedebieaus
gas required for gold black deposition can heat up during long deposition times. This
would make it possible for small amounts of gold black to melt to the surface of both
reference and sample lines. This melted layer would remain on the refenereesn

after the rest of the gold black was removed. It is also interestindgnéhegference line
resistance was the same as the sample line on the 1nm gold island chip. thag¢émes

small amount of melted gold black formed a layer electrically similar pticadly
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similar (invisible) to the 1nm of gold islands. The low @Mample line resistance is due
to a thick layer of gold black sitting on this melted layer. The THz data will show how

these different gold black depositions affected the THz pulse.

The colloidal gold resistance data gives little information about the qoéhlibe

colloidal gold deposition. Resistance data was recorded for the transmissiaslaes
whole. But the electrical properties of this deposition were dominated by therglokt
large aggregates located around each chip. If these clusters weregezhthanelectrical
properties of these lines would change. The resistance plots for these chipptar Gha
showed that:20V bias kept the current below 4mA for the chip with a 1/16
concentration and the chip with an undiluted concentration. The particles clustered at the
edges of the drops are responsible for this high current draw. This is a limitation in
standard THz-TDS systems, but was worked around in this research by takingtdHz da
at low (<20V) voltages. Electrical data would better reflect the structutreafolloidal

gold nanopatrticles if the particles were deposited more uniformly at®sshsmission

lines.

The resistance data showed that the gold island deposition was the most successful
nanoparticle deposition performed. Low resistance values showed that this naleoparti
made excellent electrical contact with the chip. This is attributed tovéportive

process used to deposit the gold. The resistance data also showed a steadg dsdhe
gold island layer became thicker. This would be expected as additional goltepartic

made the island layer more conductive. This deposition appeared to have less
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uncontrolled variables than the gold black and colloidal gold particles. The quahig of t
deposition gives extra weight the gold island data collected. It is exphatatis

deposition will give the most reliable THz data.

4.5 Gold Black THz Data

Analysis of the THz pulses created from the gold black chips did not show significant
changes in the THz pulse. This is surprising, as a drastic difference béheesmmple

and reference lines was observed visually. The changes that were seehavgyes in

the maximum signal. Frequency characteristics were fairly stayiohae best

improvement came from the chip with 300 seconds of gold black deposition when it was
illuminated with a defocused beam. These chips showed that gold black does not provide
signal enhancement useful for standard THz-TDS systems. Close examinaiawh of

chip is given below.

The first gold black chip was deposited with 100 seconds of gold black. It was lyasical
identical to the reference pulse. The sample pulse was 25% less thaerdecesfbut

had oscillations in the frequency spectrum indicative of slight misalignmenmer Bet
alignment would boost the strength of the sample closer to that of the referesogol@hi
black deposition of had little effect on the resulting pulse. This chip serves as éne low

bound for gold black deposition times.

The second chip had 300 seconds of gold black deposited on it. It showed the only gold

black induced signal increase. This chip was scanned twice, once with a focused beam
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and once with a defocused beam. It was the only gold black chip scanned with a
defocused beam. The pulse created with a focused beam was close enough to the
reference line to be identical. In this respect, the 100 and 300 second chips are the
similar. The defocused laser beam showed a large signal increase of 52.4B&over
reference. The reasons for this enhancement are unclear. It appesostbat

nanoparticle enhancement effect increases with larger area of ilionin@verall,

however, this gold black deposition did not provide signal enhancement useful for a
standard THz-TDS system because no enhancement occurred with a focusedraser bea
But the signal increase using a defocused beam is interesting and could bedexplor

future gold black research.

The last gold black chip showed no signal improvement. This chip had 1000 seconds of
gold black deposition and, like the first gold black chip, was only illuminated with a
focused laser beam. The black color of this layer indicted optical absorption and the
resistance data indicated it had increased electrical contact withbtteage, but neither
improved the resulting THz signal. The signal was reduced by 27.6% that of tlemcefe
signal. No absorbed light seems to have injected carriers to the chip. Congidering
amount of gold black on the chip, it is interesting that the signal was not reduced furthe
This chip showed that a very large layer of gold black does reduce the inciéeglats
Further deposition of gold black would only decrease the amount of light reaching the
THz emitter. Overall, gold black deposition was not successful in credtngignal

enhancement.
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4.6 Colloidal Gold THz Data

Colloidal gold particles did not provide good THz signal enhancement. Pulseslcreate

from these chips showed more variation in frequency than the other depositions, but this
variation was always shifted to lower frequencies. This frequency shifhotagen in

other depositions and so could be due to the structure of the colloidal gold deposition.

The only THz signal enhancement came from the™¢ibited solution illuminated with

a defocused beam. It is not known what mechanisms caused this enhancement. Observed
signal loss was likely caused by thermal absorption or reflection of tltemdaser

light. A close examination of each chip is given below.

The first colloidal gold chip was deposited with a 1pL drop of colloidal gold diluted to
1/16" the original concentration. This chip was scanned with a focused beam and a
defocused beam. Like most of these chips, it showed signal enhancement when a
defocused beam was used. The focused beam dropped the signal to 64% that of the
reference and doubled the current across the sample line. The defocused beaedincrea
signal by 41% over the reference. The current, unexpectedly, remained abaniéhess
when a focused beam was used. Current was observed to increase with beam size. This
small change in current is evidence that most of the current was coming throughdthe g
clusters at the edge of the drop. Again, the reasons for the signal enhancement and loss
are not apparent. But the large reduction in signal with a focused beam rules out thi

deposition for use in standard THz-TDS systems.
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The second colloidal gold chip was deposited with a 1pL drop of colloidal gold diluted to
1/4"™ the original concentration. Like the previous chip, it only showed signal
improvement when illuminated with a defocused beam. A focused beam caused the
sample pulse to reduce to 53.5% of the reference pulse, while the sample line current
increased to three times that of the reference current. The THz pulse shovead éostr
frequency shift and even a strange shift in the time domain pulse. This was pchieably

to misalignment since it disappeared when the beam was defocused. The defeansed b
created a pulse with higher maximum signal than the reference pulse. Tile palse

had to be scanned at a lower bias voltage because of high current draw. But isean be
that an additional 10V on the sample line would increase the max signal beyond the
reference. It would also keep increasing current, seen in Figure 32e. ficidtdib say

what could be causing this increase in signal. The signal to voltage plot froottised

chip, Figure 32.d, shows that higher voltage improves the colloidal gold signal more than
the reference signal. These particles seem give an enhancement Weishviba

voltage. This improved voltage scaling is seen on other THz chips and discussied late
the section on enhancement mechanisms. This effect is interesting, but die i

did not provide useful signal enhancement because of the large signal drop seen when a

focused beam was used.

The last colloidal gold chip was deposited with a 1pL drop of undiluted colloidal gold
solution. It behaved similar to the previous two colloidal gold chips. It was scanned
twice, once with a focused beam and once with defocused beam. The focused beam

produced a signal loss that was 36% that of the reference. The defocused beasdproduc
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a signal increase that was 18.6% over the reference. Other pulse claiestigere

about the same. Current was high on this chip limiting both scans to a 20.43V bias. The
current on the reference line remained the same but on the sample line thbye2seA
between the focused and defocused scans. Overall this chip only showed a small
enhancement with a defocused beam and no enhancement that would be useful in a
standard THz-TDS system. Further colloidal gold deposition would not improve the

resulting THz pulse and would cause additional unwanted current flow.

4.7 Gold Island THz Data

Analysis of the THz pulses created from gold islands chips were more prothismg

either the gold black or colloidal gold chips. They showed significant increagmat si

when reflectively was accounted for. The expected signal loss due to véflegts

absent in most cases. This property helped the 3nm gold island chip better resist the
effects of high laser powers. Also the only signal increase with a focuaedvias

observed from a 1nm gold island layer. This increase was 47.8% over the referemce puls
This enhancement is not large, but could be useful in THz-TDS systems where signal

strength is paramount. A close examination of each chip is given below.

The first gold island chip showed a large frequency gain but evidence indicatissrbi

due to the nanoparticles. This chip was deposited with a 1nm layer of gold islands. The
center frequency was shifted up 0.1209THz and the FWHM increased by 65%. It is
unclear what caused this large gain in frequency. However, a similarsagrea

bandwidth appeared in the reference line of the defocused 3nm gold island chip. This
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reference line was the same reference line used for the 1nm gold islandfltys
frequency improvement can occur on the reference line in a difference scanghen i

evidently not caused by the gold island particles.

But the 1nm gold island chip did show the only THz pulse increase when using a focused
laser beam. This signal had a 47.8% increase over the reference pulse. Thdisampl
current was roughly double the reference line current. Reflectivity dateesl the 1nm

gold island layer to slightly absorb IR light (808nm). This signal gain cannot be
accounted for by this small absorption. The signal/voltage plot in Figure 41d shows tha
the sample line increased with voltage at a larger rate than the refenendde chip

was biased at 45V when the THz pulse was recorded. This voltage was well into the
region where the sample pulse gained more from voltage than the referenaaclear

what is causing this enhancement but it appears that voltage positively affBetause

this enhancement was observed with a focused beam, it can be used in a standard THz-
TDS system. Also gaining more THz signal relative to voltage is desjrablong as

current does not become too high. Overall the 1nm gold island layer had the most useful

results seen in this research.

The second gold island chip showed signal loss with a focused beam and slight
enhancement with a defocused beam. This chip was deposited with a 3nm layer of gold
island particles. Differences between beam sizes were unexpectedebaicdnessmall

size of gold islands relative to the sizes of the focused and defocused beamsu3ée foc

beam had about the same signal level as the reference pulse and was shiftelbvosva

61



frequencies. This could have been due to misalignment because this frequency shift
disappeared when the defocused beam was used. When using a defocused beam, the
maximum signal increased to 25.3% over the reference. This is a small iramdatrew

a low level of current, the same as the reference line. But this signalcentent is
interesting because 3nm gold islands reflect 16% of the incident light. Prafjntiata
indicated this corresponds to roughly a 30% decrease in THz signal. Together this is
equivalent to an increase of 63% over the reference. This is a large improvement over
previously observed pulses. Overall no signal enhancement was seen with a focused
beam so this deposition would not be useful for a standard THz-TDS system, but the
ability of this chip to maintain signal despite reflectivity losses washafarther
exploration. Data from this chip was taken with a high powered defocused beam and

displayed in Figure 48.

The third gold island chip had a 5nm layer of gold islands deposited on it. These particles
are larger than the 1nm and 3nm gold island particles and the distance between them is
smaller. The THz pulse created with a defocused beam had a large andasigdiiop in
signal. It dropped 53.9% that of the reference signal. Reflectivity data dlibatesnm

islands reflected 36% of incoming light. Preliminary data showed this roughly
corresponded to a 60% drop in THz signal. Interestingly, this was close to the afount
signal drop observed. This means the enhancement effects that overcameitgflecti

losses on the previous chip did not seem to be effective on the 5nm gold island chip.
However, the THz pulse created with a focused laser beam had the oppositd eifect

created a pulse almost identical to the reference pulse. Accountingdotivély loss
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this became an increase of 51.3% over the reference pulse. The cause of this dramati
attenuation and enhancement was not clear. This was the most dynamic siggal cha
observed in this research and showed that these particles do have an effect bip3:Hz c
Overall this deposition was interesting, but not useful. The nanopatrticle effeseslday

5nm gold islands are drastic enough to merit future study, but did not produce the signal
enhancement sought for in this research. Any thicker layer of gold islandgsawuld

only further reflect laser light.
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Figure 50: High power data taken from Figure 48. The bold ¢gatiats are the sample line. Its laser power
has been scaled by 16% to account for the liglstdo to reflectivity. This was measured on the 8fim
gold islands with a defocused laser beam. Theocadrtiashed lines show where signal stability change

The goal of the research is to create stronger THz signals. One way te Would be

by creating a chip more resilient to laser light. High laser power dataesarded for the

3nm gold island chip with a defocused beam. This layer of gold islands kept a high signal
while reflecting 16% of the light. Figure 48 shows the recorded high laser power dat

The sample and reference line are about the same until 30mW. From 30mW to 50mW

both maximum signal measurements start to become unstable, but more so for the

63



reference line. At 50mW to 70mW they both become unstable. The gold island line
seems to retain stability for longer. Figure 50 shows this same plot shiftecbtanafor

the 16% reflected laser power. Now the plot shows the actual laser power thehip wa
receiving on the sample line. Similarities are immediately noticeAb8V there starts

to be a change in stability for both lines and at 60V both lines see a signal drop. This plot
shows that a chip covered in 3nm gold island particles can take 16% more laser light

while maintaining signal stability.

4.8 Enhancement mechanisms

Metal nanoparticles can create enhanced electric fields in a numbeysofRegpers
describing these enhancement mechanisms were described in Chapter 1. Weakvay O
showed that an IR beam created a strong electric field betweercallipttal

nanoparticles placed on non-reflective surfaces [46]. Principles from thaiweoe used

to explain the THz signal improvement observed with nanopores [21] [22]. Work by Cai
showed that sharp transmission line features created areas of high voltage which gave
THz signal enhancement [19]. Work by Fedorovich showed that areas of high voltage
formed across metal island films. The voltage is high enough in these areas to e
electrons and photons [21]. This research aimed to build on the work performed by Cai
through using the nanopatrticle effects documented by Fedorovich. Thesea#ects
enhancement mechanisms that could improve THz pulses. Various enhancement
mechanisms were considered when taking data, but no additional data was taken to
explore them. Exploring specific nanoparticle enhancement mechanismsywad bee

scope of this research. But by analyzing the data and reviewing pervious work a
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hypothesis can be formed about the attenuation and enhancement mechanismg affectin

these patrticles.

Some amount of signal loss is always caused by these gold nanopatrticles. Aigenduct
layer on the surface of a THz emitter can be detrimental to a THz emitteo ways.

The first comes from the nanoparticles being too conductive. This startsditiaéfe
emitter in the same way a solid conductive sheet would. The lowered resistamnse dr
excessive amounts of current. Increased current lowers bias voltages;reasel¢he
lifetime of a THz emitter and could possibly destroy transmission linegdsed current
was observed across most of these chips with colloidal gold chips drawing the Imost. T
second method comes from blocking incident laser light. Placing particles on #eesurf
of a chip will always interfere with some fraction of the incident light. Téices

photon energy delivered to the semiconductor substrate. Light is blocked bybeitigpr
reflected or by being thermally absorbed. Any observed enhancement from these

nanoparticles had to overcome these two detrimental effects.

Signal enhancement appears to come from regions of high voltage throughout the
nanoparticle layers. The enhancement mechanisms described by Fedoroviemaostt
plausible [21]. They describe voltage induced “hot spots” in the metal island layer and
similar effects induced by high laser powers. Data from the THz signaicdtade plots
showed that signal strength scaled with voltage, more so than the refereat.eltsig
hypothesized that charge percolates through the nanopatrticle layergregtons of

high field which emit photons and electrons into the substrate. These “hot spots” would
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respond to increased voltages in the same way as voltage singularities gestsagh b

features [19]. Fedorovich also showed that an IR beam can cause emittion of photons and
electrons. The intensity required to do so was\en?. The intensity of the focused and
defocused beams used in this research wefant@nt and 10 W/cn¥, respectively.

Both sizes of beams were intense enough to cause emission from these nagmparticl

This might explain why the THz signal also seemed to improve when a defocused beam
was used. Electrons emitted from the gold due to high voltage regions and thedaser be
would positively affect the THz pulse if absorbed by the GaAs substrate. yiuthbsis

seems to be supported by the data.

4.9 Conclusion

The recorded THz data was carefully reviewed. How the particles were te@elpoas
important because it determined their structure and, in turn, how they affeciddzhe
pulses. Gold black was shown to make little contact with the substrate and to anneal
during long deposition times. Colloidal gold aggregated during evaporation and collected
problematically around the chip. Gold island particles had a high quality deposition. Each
of these patrticles caused an increase in the THz signal, but never more than 52.4% of the
reference pulse. This increase was smaller than desired and, in all but qreszdsd

with a defocused laser beam. A defocused beam is not used in standard THz-TDS
systems. Gold Islands had the most repeatable deposition and showed the only signal
increase with a focused beam. When the reflectivity of these particlasoisrsied for,

the signal increase is larger. This is strong evidence that some form of enbahise

occurring on the gold island chips. Gold black and colloidal gold particles would not be
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useful in THz-TDS applications, but gold island particles could be. Future cleseidr

need to be performed to validate the exploratory analysis performed in this work.

The goal of this research was to discover if gold nanoparticles could arease

effective way to improve THz emitters in THz-TDS systems. This arsadygiwed that

large signal improvements were not observed when these nanoparticles weredleposite
on GaAs chips. This discovery fulfilled the purpose of this research. In future work, other
nanoparticles can be tried, but few will have the high conductivity, oxide resstase

of creation, and available nanostructures that characterized the nanapasggzan this

work. Also more elaborate deposition methods could be performed, but that would
increase the cost associated with using these nanopatrticles. Additional adestudy

are available from this work, including a thorough study of gold island particles
Additional work can also be performed on nanoparticle enhancement mechanisms. This
chapter concludes the research performed on enhancing THz pulses through gold black,

colloidal gold and gold island deposition.
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CHAPTER YV

CONCLUSIONSAND FUTURE WORK

THz pulses created from THz emitters coated in gold nanoparticles reateccand
analyzed. It was concluded that gold nanoparticles did not create sigificeease in
bandwidth and signal for THz emitters. This chapter summarizes the conclastns
accomplishments of this research. It also proposes possible avenues of future work.
Specifically, this chapter discusses the challenges overcome, expatiment
accomplishments, key discoveries, future deposition improvements and future THz

applications.

5.1 Challenges

This project had to overcome numerous challenges. One of the most difficult aspects of
this work was dealing with the precise nature of these measurements. Tétz\pete

subject to many random variables including thermal instability in the lbesen and

constant realignment of the optics. This is one reason why only large increases in TH
signal were considered significant. This challenge was overcome by thkitime to

make sure each THz pulse was properly maximized. Another challenge in ¢laiches

was creating and depositing the gold nanopatrticles. Gold black required special

modification of the Edwards Auto 306 thermal evaporator to account for the atmosphere
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during deposition. This unexpectedly introduced contamination from the tungsten
filament. Numerous attempts to correct this were tried until it was dissibWeat

burning out the oxygen before deposition would effectively remove the contamination.
Colloidal gold deposition faced similar challenges. Various deposition methoes we
attempted and contamination from salts in the solution had to be removed. Evaporating a
drop of colloidal gold at room temperature turned out to be the best method, but this
could still be improved upon. Salt removal was discovered to be effectively performed
with DI water. Cleaning and masking reference lines for each depositicalseas
challenging. The thin gold transmission lines could easily be peeled off AwdB#.

For excessively dirty chips only direct application of acetone with a Qetipgdv
adequately clean them. Time was saved by ensuring that chips never betamelbr
first place. Constant attention was required during cleaning and aftieeaein
transmission line had to be thoroughly inspected under a microscope. These same

challenges will be faced in future chip depositions.

5.2 Experimental accomplishments

This work was important because it built equipment useful for THz work at OSU. During
the course of this research a new THz emitting unit, linear stage and goldddatéra

were constructed. The THz emitting unit was described in Chapter 2 and showrrén Figu
9. It consisted of the GaAs chip, lenses, stages, and a magnetic base apatds of

rapid chip replacement. Prepared chips were mounted on Macor disks and could be
replaced in minutes with minimal impact on system alignment. Without this unit

replacing chips would have been too time-consuming. The linear stage, alsbegkscri
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Chapter 2, was a significant cost savings over other stages used at OSktagésaved
thousands of dollars and served as a template for future less cumbersomestériz sy

also allowed the entire THz experiment, minus the laser, to be portable. Pher adad

for gold black deposition was designed to allow deposition in the Edwards Auto 306
thermal evaporator. Gold black must be deposited close to the filament because of the
small mean free path of gold atoms in a nitrogen atmosphere. This device aldaseve
heat sink for the GaAs chips and was equipped with an aluminum shield to avoided
tungsten trioxide contamination. Gold black could not have been successfully deposited
without it. This device easily attaches to the evaporator and is controlletheishutter
level. Future depositions of gold black will need this adaptor. These three deviees wer

used to complete this research and are now part of the THz tool set used at OSU.

5.3 Key Findings

This research made some key discoveries useful to THz science. The gaahafrkhi

was to see if gold nanoparticles, which are relatively inexpensive to deposi, woul
significantly enhance THz pulses. A significantly enhanced pulse would have a high
frequency shift, larger FWHM, or doubled maximum THz signal. This researcredhow
that none of these criteria were met through gold nanoparticle deposition.e3dasch
showed that frequency changes were minimal, if not negative, and signal enhancement
was never more than 52.4% more than the reference. This result means that the large
signal improvements observed from better THz chip substrates and transmigsion li
designs cannot be achieved by surface depositing of these nanopatrticlessdlhis r

useful because it shows that other avenues of innovation must be explored to achieve
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large gains in THz signals. But the findings from this research do have future
application. Gold Island particles could potentially give THz emitters amaserin

signal. Depositing a 1nm layer of gold island particles on a THz emitter gagead
increase of 47.8% more than the reference. It worked with a focused laser beaah, scal
with voltage and could be easily deposited. However, more work will need to be done to
validate this enhancement. Better understanding of this enhancementahid lestter
application of gold island layers on future THz emitters. This researchhraa@d signal
improvement when using a defocused beam with nanopatrticles. A 3nm layer of gold
islands was shown to potentially protect a chip from high powered laser light while
keeping the same signal strength. Traditional THz-TDS systems only useddaser
beams, but this finding could be useful in large aperture THz emitters [47] tHatgese
high powered beams. This and the other findings from this research are useful to THz

science.

5.4 Improvements

After reviewing this research, several ways to improve the quality of tiepadicle
depositions were observed. Possible improvements could be made in how gold black is
deposited, how colloidal gold is deposited and how GaAs oxide growth is handled.
These changes would improve the magnitude and reliability of the data abfiecte

these nanoparticles.

Gold black deposition could be improved by creating better gold black reference lines

and cooling the chips during long deposition times. The resistance data showedithat gol
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black reference lines were not entirely free of gold black after bezagetl. A solution

to this would be to mask the lines before each deposition. This would ensure that no gold
black collected on the reference lines in the first place. Masking theme&lines must

be performed carefully since many substances will melt during gold blackititapos

Keeping the gold black chips cool was shown to be more challenging than thought.
Resistance data showed that some annealing occurred. A liquid cooling device could be
built to remove excess heat from the chip holder, but that might be time and cost
prohibitive. Another possible solution would be to use a larger chip holder to make a
better heat sink and to refrigerate it before each use. This would be easy tonthake a
might solve the heating problem. These improvements would create more rgdilable

black THz data.

Improvements could be made to colloidal gold deposition. The large current draw caused
by clusters of particles at the edge of each evaporated drop was probl@mationited

the voltages these lines could be biased by. Current draw could be reduced by removed
the particles at the edges of each drop. This could be done mechanicallyingtipbe

or by masking all but the center of each drop. Colloidal gold deposition would also
benefit from better control over the sizes of particles formed. Many of thel@art

formed from evaporation were much larger than desired. Turkevich added 0.01% of
gelatin to his samples to prevent colloidal gold particles from aggredd8hdrhis

could be employed to reduce the size of colloidal gold particles and then could then be
chemically removed. This would improve colloidal gold deposition and help it create

better THz data.
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One potentially problematic element in all these depositions was the formaGahef

oxide. GaAs oxide electrically insulates the GaAs chip from the chip’acurThis

could possibly interfere with enhancement caused by these particles. DuaraipipH
fabrication this layer is rarely handled because it grows slowly and is oaly a f
nanometers thick. Because this research took months to complete it could have allowed
an oxide layer to grow. Oxide can be better handled by etching it away before each
nanoparticle deposition. Then each chip should be immediately scanned. For long term
storage, a dielectric layer transparent to IR could be placed on the gold istand a
colloidal gold chips to seal out oxygen from the air. Any such layer would destiedby g

black particles. This would ensure THz data is not affected by this layer.

5.5 Future Work

The results of these experiments uncovered two possible forms of THz enhancement
outside the scope of this work. The first uses colloidal gold particles to cretaigevol
singularities between the transmission lines using lithographicallydraesks. The
second uses gold black and gold island particles to enhance large apertureiffédg.em
These techniques are described below, but research showing their effectiszfessr

future work.

Using colloidal gold to create voltage singularities is an extension ofaHedene by

Cal [19] described in Chapter 2. The work done by Cal was limited by the minimum

feature size allowed through lithography. Colloidal gold particles are vealj. shthen a
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drop of colloidal gold is allowed to evaporate it will form fractal networks origna

particles wide. Fractal networks create smaller features than sktapfeatures created
though lithography, which also create stronger voltage singularities. Colloidal g

particles, unlike the deposition performed in this research, can be shaped into a sharp
point by using a mask on the transmission lines. A mask would cover all but a triangular
region on the anode. After colloidal gold deposition, the mask would be removed shaping
the colloidal gold into a point, as illustrated in Figure 53. This would concentrate the
electric field across these particles to a single point and lessenltienad of

neighboring particles at that point. THz pulses made from shaped nanopartiglesfeat

have the potential to create stronger THz pulses than those create from sharp metal

features.

Transmission line Colloidal Gold Placed Mask Removed

on top of Mask
l Colloidal Gold Drop l

Figure53: a) Shows a colloidal gold drop placed over thedanof a THz transmission line. b) Shows a
colloidal gold drop placed on a line that has beasked. When the mask is removed sharp features are
created from the remaining colloidal gold.

Large aperture THz emitters can be enhanced by the nanopatrticles studiedasdarch
because these emitters use large beam sizes. Large apertureittets diawve
transmission lines separated by several millimeters and are biasectst &dovolts
[47]. Beam sizes are several millimeters in diameter. The high voltaggiusege

aperture THz experiments make them more dangerous to perform, but they produce much
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more powerful THz pulses than traditional THz emitters. This research shottexd be
signal improvement when nanoparticles were illuminated with larger beam sThis

effect works perfectly with the design of large aperture emitters. @& Iin these

emitters is hundreds of times larger than the defocused beam used in thchréseger
beam sizes would allow much greater interaction between the beam and the rdesparti
creating a much stronger affect on the resulting THz pulse. How wedl tjodd
nanoparticles could improve large aperture emitters will need to be explored
experimentally. But this research indicates gold nanoparticles would lposttiae

effect on large aperture THz emitters.

5.6 Conclusion

This research explored THz enhancement using cost effective techniquestamalsna
The key discoveries made from this research were that surface depositioth of gol
nanopatrticles did not create large THz signal enhancement, but that gold istarhelspa
could potentially provide useful smaller signal enhancement. OSU labs gained &gfuipm
specific deposition techniques as well as the hardware created to perforasehish.

This work naturally applies to large aperture THz emitters due to the almostaahi

signal improvement seen when using a defocused laser beam. Overall nshrese
explored an interesting and interdisciplinary avenue of THz science andsutige

fulfilled the requirements of a master’s degree.
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