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ABSTRACT OF THE DISSERTATION

Telecommunication-Compatible, Plasmonics-Enabled Terahertz Sources and Detectors

without Short-Carrier-Lifetime Photoconductors

by Ping-Keng Lu

Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2022

Professor Mona Jarrahi, Chair

Photoconductive terahertz devices require ultrafast (< 1 ps) carrier dynamics to generate and
detect terahertz radiation. Conventionally, they have been heavily reliant on the use of defect-
introduced short-carrier-lifetime photoconductors. While quite a few excellent results have been
achieved by using short-carrier-lifetime photoconductors, the high concentration of defects
intentionally incorporated in the active photo-absorbing material leads to lower carrier mobility
and substantial degradation of photoconductive gain due to photocarrier scattering, trapping and
recombination. Additionally, realization of many short-carrier-lifetime photoconductors is only
possible at limited facilities due to the need for non-standard processes, as well as rare elements
as defect-introducing dopants. Therefore, alternative approaches to realize terahertz sources and
detectors have attracted increasing attention. During my doctoral studies, | have established two
different approaches to develop photoconductive terahertz sources and detectors without using
short-carrier-lifetime photoconductors. These approaches are based on carrier transit time
reduction and photoconductor band engineering to introduce ultrafast carrier dynamics. With the
strong optical field enhancement offered by plasmonic nanostructures, photocarrier generation in
plasmonic photoconductors can be highly confined near the terahertz radiating elements, leading



to significantly reduced transport distances for the photocarriers that facilitates broadband terahertz
operation. As a result, by utilizing the plasmonics-enabled carrier transit time reduction, high-
efficiency terahertz sources and detectors are realized for both pulsed and continuous-wave
operation. This scheme provides a generic and reliable approach for designing photoconductive
terahertz devices using various semiconductors and optical wavelengths. Moreover, by
engineering the photoconductor band structure, highly reliable bias-free terahertz sources are
realized with multiple orders of magnitude improvement in optical-to-terahertz conversion
efficiency compared to other passive terahertz generation techniques. In particular, a record-high-
power pulsed terahertz source with a radiation power of 860 UW is demonstrated using a novel
graded-composition InGaAs structure. Furthermore, to minimize terahertz propagation loss in the
substrate, bias-free sources are successfully implemented on a silicon substrate, which not only
leads to an increased radiation bandwidth, but also enables integrability with silicon photonic
platforms, largely extending the scope and potential uses of terahertz sources to a diversity of

practical applications.



The dissertation of Ping-Keng is approved.

Chee-Wei Wong

Benjamin S. Williams

Aydin Babakhani

Mona Jarrahi, Committee Chair

University of California, Los Angeles

2022



To my parents, Mou-Tien Lu and Yu-Yen Chu

To my wife, 1-Ju Yu



Table of Contents

(@ gF=T o (=1 gl Il 1 & (o 11 o1 o] o IS 1
1.1. Photoconductive Terahertz Generation and Detection ...........ccocvvvvevenenenenesienn 1
1.2. Photoconductive Antennas for Spectroscopy Applications............ccccoeierenenenienne. 2

1.3.  Telecommunication-Compatible Photoconductive Antennas with Short-Carrier-

Lifetime PROtOCONAUCTONS.......ooeeeeeeeeeeeeeee e, 4

1.4.  Telecommunication-Compatible Photoconductive Antennas without Short-Carrier-

Lifetime PROTOCONAUCTONS........ciiieie ettt e nreenaesreenreenne s 6
1.4.1.  Use of PlasmoniC NANOSIIUCIUIES ........ccceiiiirieieieiesiesie s 6
1.4.2. Use of Semiconductor Built-in Electric Field ..o, 9

1.5. THESIS OULIING ...t sre e enee e 12

Chapter 2: Plasmonics-Enabled Ultrafast Carrier Dynamics Based on Carrier Transit Time

RO U IO ..ttt ettt n e e e e e e nnnnnnnnnn 13

2.1.  Pulsed Operation of Terahertz Photoconductive Antennas Utilizing Carrier Transit

THME REUUCTION. ...ttt bbbttt sb et enes 14
2.1.1. BaCKOIOUNG .....ceeoiieiicie ettt et ns 14
2.1.2. Device Design and Fabrication ...........ccccooiveiiiiie i 17
2.1.3.  Experimental RESUILS.........cccviiiiiiie e 22

2.2. Continuous-Wave Operation of Terahertz Photoconductive Antennas Utilizing

Carrier TranSit TIME REAUCTION .....cooe oo 28

Vi



2.2.1. BaCKOIOUNG .....cviieieiiiee ettt sr e nns 28
2.2.2. Frequency-Domain Spectroscopy Using Linearly Swept Laser ...........cccceeveeee. 29
2.2.3.  EXperimental RESUILS. ........c.coiiiiiiiiiiieiieeee e 31

Chapter 3: Plasmonics-Enabled Ultrafast Carrier Dynamics Based on Photoconductor Band

ENGINEEIING. ...ttt bbbt bbbt n bbb 35
3.1. BACKGIOUNG ...ttt 35

3.2. Silicon-Compatible Bilayer InAs Plasmonic Nanoantenna Arrays............ccccue..... 36
3.2.1. Device Design and Fabrication ............cccoiveiiiiieiiieie e 36

3.2.2.  EXperimental RESUILS..........cccoiiiiiiieie e 39

3.3.  Graded-Composition InGaAs Plasmonic Nanoantenna Arrays..........cccceeeeereneenne 46
3.3.1. Device Design and ANalYSIS ... 46

3.3.2.  EXperimental RESUILS..........cceeiiiiiie e 56

3.3.3.  Supplementary Information for the Theoretical Modeling of Bilayer InAs Emitter

ANd Graded INGAAS EMILLEL . .......oo oot e e e e e e e e 61

3.4.  Tunable Continuous-Wave Terahertz Generation through Optical Parametric

Oscillation in ON-Chip MiICrOreSONALOLS. .......cc.vcveiieiieeiesie ettt 65
3.4.1. Free-Running Continuous-Wave GEeneration............c.ccoeeveruereerveresieeseeseeseenens 65

3.4.2. Frequency-Stabilized Continuous-Wave Generation.............cccocveverieereerinseeee 68
Chapter 4: CONCIUSION ......oviiiiii bbbt b et st 72
BIBHOGIaDNY ..o 75

vii



LIST OF TABLES AND FIGURES

Fig. 1.1: Generic schematics of terahertz time-domain and frequency-domain spectroscopy
V] (110 T RSP RPPR 3
Fig. 1.2: Surface plasmon dispersion relation, showing that surface plasmons always have larger
wave vector than free SPace PROTONS. .......ccviiiiiiiice e 7
Fig. 1.3: Hlustrations for a plasmonic PCAs based on a bow-tie antenna.............cccccevevveveseenne. 9
Fig. 1.4: The band structure of a p-type semiconductor surface emitter utilizing (a) the built-in
electric field induced near the semiconductor surface and (b) photo-Dember effect. .................. 12
Fig. 2.1: (a) Schematic of the terahertz detector prototype based on a hanoantenna-array optimized
for operation at 1550 nm. The 4-um-wide metal stripes on the top are shadow metals to eliminate
undesired photo-generation. The 2-um-wide metal stripes on the Ings3Gaos7As surface are
connected to the nanoantennas for current collection. The nanoantennas have an arm-length of 4
um, separated by a 2 um gap. (b) The measured power spectra corresponding different number of
captured and averaged time-domain traces using a THz-TDS system. Inset shows the captured
time-domain terahertz WavefOrM. ..o s 16

Fig. 2.2: Schematic of the spiral-antenna-based plasmonic terahertz detector operating at 1550 nm.

Fig. 2.3: (a) Estimated optical absorption spectrum inside the 200 nm Ings3Gao.47As layer using
Lumerical. (b) Estimated optical absorption profile in the x-z and y-z cross-sections of the
SUDSEIALE. ...ttt bR e e r b s 18
Fig. 2.4: (a) Estimated induced voltage across the antenna terminals for tip-to-tip gap sizes of 0.5,
1, and 2 um as a function of frequency. (b) Induced electric field intensity at 0.6 THz and (c)

optical absorption across the antenna gap at a 5 nm depth below the Inos3Gag.47As surface. ...... 19

viii



Fig. 2.5: The estimated number of absorbed photons per unit volume at a 190 nm depth inside the
Ino.s3Gao47As layer at optical powers levels ranging from 0.01 mW to 10 mW for the 0.5-pum-gap
and 1-um-gap detectors are shown in (a) and (b), respectively. The areas where bleaching occurs
are SNOWN IN TGNt YEIIOW. .....c..ooiie e 21
Fig. 2.6: The optical microscopy image of a fabricated detector prototype and the scanning electron
microscopy image of the plasmonic contact electrodes at the center of the detector. .................. 21
Fig. 2.7: (a) Time-domain terahertz waveforms and (b) the corresponding power spectra obtained
by the 1-um-gap detector under 1 mW, 3 mW and 5 mW optical probe power levels at a terahertz
power of 206 pW. 10 time-domain traces are captured and averaged to obtain these results...... 23
Fig. 2.8: (a) Time-domain terahertz waveforms and (b) the corresponding power spectra obtained
by the 0.5-um-gap and 1-um-gap detectors under a 5 mW optical probe power and 206 pW
terahertz power. 10 time-domain traces are captured and averaged to obtain these results. ........ 24
Fig. 2.9: The measured (a) peak terahertz field, (b) noise power, and (c) spectrum SNR as a
function of the optical probe power for the 0.5-um-gap and 1-um-gap detectors. 10 time-domain
traces are captured and averaged for the SNR measurements. .........cccocevveveiieseese e 25
Fig. 2.10: The resolved power spectra by the 1-um-gap detector when changing the number of the
time-domain traces that are captured and averaged to obtain the spectra.............ccccccevevvevneennnan. 26
Table. 2.1: Terahertz detection performance COMPAriSON..........c.cccveiviiieiieerieeiese e 27
Fig. 2.11: (a) The schematic of the delayed self-heterodyning THz-FDS system that uses a static
laser and a linearly swept laser as the optical sources. (b) Illustration of the optical frequencies
(left) as well as the terahertz beatnote frequencies (right) as a function of time, showing a linear

1TV L=T=T o1 Lo TSP 31



Fig. 2.12: (a) The acquired detector photocurrent before software-based lock-in detection. (b) The
power spectrum obtained by averaging 1000 traces within a 20 second acquisition time. .......... 32
Fig. 2.13: The power spectra obtained by averaging over various number of traces, showing a 10x
reduction in noise level for every 10x increase in the number of traces.........c.ccccoecevveviiieieennns 33
Fig. 2.14: Illustration of the detector output photocurrent for a DSH THz-FDS system with the
optical beam modulated under a IoW dUty CYCIE........ccciiiiiiie i 34
Fig. 2.15: The measured power spectrum using plasmonic photoconductive logarithmic spiral
antennas for both the terahertz source and detector, after averaging 10000 traces. ..................... 34
Fig. 3.1: (a) Schematic diagram of the bias-free plasmonic photoconductive emitter implemented
on a silicon substrate. Inset shows the band diagram and epitaxial layers directly grown on high-
resistivity silicon, which consist of a 500-nm p+-doped InAs layer followed by a 100-nm undoped
InAs layer. (b) Optical absorption within the 100-nm-thick undoped InAs layer (top) and the color
plot of the optical absorption profile at a 1550 nm incident wavelength, indicating the excitation
of surface plasmon Waves (DOtEOM). ........ccociiiiiiiece e 38
Fig. 3.2: Optical and scanning electron microscopy images of a fabricated bias-free InAs/Si emitter
(ST 01 T0] 3] 0= PRI 39
Fig. 3.3: (a) The time-domain electric field waveforms and (b) the radiated power spectra from the
InAs/GaAs and InAs/Si emitters under a 450-mW OPO laser excitation. (c) The time-domain
electric field waveforms and (d) the radiated power spectra from the InAs/GaAs and InAs/Si
emitters under a 100-mW fiber 1aser eXCItatioN. ............cuoiiiiiiiiiice e 41
Fig. 3.4: Terahertz transmission spectra through the bare InAs/GaAs and InAs/Si substrates

measured using THz-TDS and FTIR, showing a higher transmission for the InAs/Si substrate. An



absorption dip around 6.5 THz is present in both substrates, which corresponds to the optical
PhONON ADSOIPLION OF INAS.... .ot s e e e teeneesneeee s 41
Fig. 3.5: (a) Measured differential terahertz transmission in an optical-pump terahertz probe setup
to characterize carrier lifetime of the InAs layers in the InAs/GaAs and InAs/Si substrates. (b)
Atomic force microscopy images of the two substrates, showing a much higher surface roughness
FOr the INAS/ST SUDSIIALE. ...t 44
Fig. 3.6: Radiated power spectra of the InAs/GaAs and InAs/Si emitters excited by the fiber laser
in a nitrogen-purged THZ-TDS SEIUP. ...ccviiiiiiieii ettt esre e 44
Fig. 3.7: Schematic diagram and operation principles of the graded InGaAs emitter, illustrating
the electron movement within the epitaxial graded InGaAs layer toward the nanoantenna array at
the surface. Energy band diagram of the graded InGaAs layer is shown on the left, where the Fermi,
conduction band minimum, and valence band maximum energy levels are marked as Er, Ec, and
By TESPECTIVEIY. <.ttt ettt st re e 47
Fig. 3.8: Energy band diagram and CB quasi-electric field of the graded InGaAs semiconductor
structure for different starting Indium compositions at the InGaAs/GaAs interface.................... 49
Fig. 3.9: (a) Energy band diagram and (b) CB quasi-electric field of the bilayer InAs and graded
InGaAs semiconductor structures, where the bilayer InAs structure is composed of a 500-nm-thick,
1.4x10%° cm Be-doped InAs layer followed by a 100-nm-thick undoped InAs layer on a semi-
insulating GaAs substrate and the graded InGaAs structure is composed of a 500-nm-thick,
1.4x10% cm® Be-doped InGaAs layer on a semi-insulating GaAs substrate. ...............c.cocvun.... 51
Fig. 3.10: (a) Peak photocarrier concentration generated within the photoconductive active region
at an average optical power of 900 mW (assuming a 120 fs pulsewidth and a 76 MHz repetition

rate) calculated using a finite-difference-time-domain-based electromagnetic solver (Lumerical).

Xi



Cross-sections perpendicular to (left) and in parallel with (right) the nanoantenna orientation are
shown, where the dashed monitor lines show the position with the highest photocarrier
concentration. (b) Calculated impulse response of electron concentration for the bilayer InAs
emitter with a 50 fs time resolution, assuming v,,; = 1.3 x 108 cm/s. (c) Calculated impulse
response of electron concentration for the graded InGaAs emitter with a 50 fs time resolution. (d)
Calculated transient photocurrents injected to a single nanoantenna element for the bilayer InAs
emitter (under various ballistic velocities) and graded InGaAs emitter for a laser pulsewidth of 120
fs. (e) Calculated power spectra generated by the entire nanoantenna arrays of the bilayer InAs and
Graded INGAAS BIMHILETS. ..ottt bbbttt ettt sb et beeneeneas 54
Fig. 3.11: (a) Optical and scanning electron microscopy images of a fabricated graded InGaAs
emitter prototype. (b) The measured terahertz time-domain electric field, (c) radiated power
spectrum, and (d) total radiated power of the graded InGaAs emitter prototype. (b) and (c) are
measured under an average optical power 0F 450 MW.........cooieiiiieiieie e 58
Fig. 3.12: Measured quasi-CW radiation power from the graded InGaAs emitter as a function of
the 1/e? incident optical beam diameter at various terahertz freqUENCIEs. ...........ccooeveevevecrereienen, 59
Fig. 3.13: Photocurrent impulse response obtained by numerically solving the electron drift-
diffusion equation with and without the diffusion term............cccoeiiiiiiiin e 63
Fig. 3.14: Nanoantenna array orientation and the definition of the spherical coordinates........... 64
Fig. 3.15: Experimental setup for characterizing the power spectrum of the bilayer InAs emitter.
LD: laser diode, PC: polarization controller, L-EDFA: L-band erbium doped fiber amplifier.... 65
Fig. 3.16: Measured terahertz power spectrum spanning from 100 GHz to 2.3 THz by a

PYTORIECTIIC UBIECTON. ... vttt bbbttt nee bbb 66

Xii



Fig. 3.17: Measured intermediate frequency spectra of the downconverted terahertz wave, which
is step-tunable with a step size ~ 20 GHz equal to the free spectral range of the microresonator.

The frequency range of 330 ~ 750 GHz is only limited by the bandwidth of the harmonic mixer.

Fig. 3.18: Measured intermediate frequency spectra of the downconverted terahertz wave
generated from a pair of free-running CW lasers (blue) and the microresonator (orange), showing
a ~ 4 times frequency stability improvement for the latter Case. ..........cccccvevevveevi e iiece e 68
Fig. 3.19: Experimental setup for terahertz frequency stabilization. PBS: polarizing beamsplitter,
OBF: optical bandpass filter, LO: local oscillator, Freg-C: frequency counter..........c...cccceeueene.. 69
Fig. 3.20: Measured instantaneous linewidth of the generated terahertz signal at 650 GHz under
frequency stabilization, showing more than a 40 dB SNR and 0.98 Hz linewidth for a 1.83-second
SWEEP THITIE. ettt ittt ettt et e s et e e s e e te et e e st e e st e s be e st e eseeebe e st e eRe e s teeneeene e beenteeneenreeneenee e 70

Fig. 3.21: Allan deviation of the free-running and stabilized terahertz signals. ..............cccccocu... 71

Xiii



ACKNOWLEDGEMENTS

First of all, I would like to express my deepest gratitude to my advisor Prof. Mona Jarrahi for all
of her guidance and support throughout my study and research in the PhD program. Successfully
going through this long and challenging journey is only possible thanks to her mentorship as well
as all the resources she strives to provide. | feel grateful to have this opportunity in my life to

challenge myself and to extend my knowledge and problem-solving skills.

| would like to thank my PhD committee members Prof. Benjamin Williams, Prof. Chee Wei
Wong, and Prof. Aydin Babakhani for all their suggestions and guidance of my research,
improving its quality in terms of breadth and depth. | would also like to thank Dr. Baolai Liang

for growing countless MBE samples for me that enables all the research studies to be conducted.

| would also like to thank all previous and current members of Terahertz Electronics Laboratory
directed by Prof. Jarrahi, including Dr. Shang-Hua Yang, Dr. Ning Wang, Dr. Nezih Tolga
Yardimci, Dr. Deniz Turan, Dr. Semih Cakmakyapan, Dr. Leihao Wei, Yen-Ju Lin, Xurong Li,
Yifan Zhao, Joseph Hwang, Ruixuan Zhao, Xinghe Jiang, Vivek Parimi, Tianyi Gan, and Anika
Tabassum. Special thanks to Dr. Nezih Tolga Yardimci and Dr. Deniz Turan for all their help in

numerous experiments that | tried to carry out.

| want to especially thank my wife I-Ju Yu for years of support and company through the period
of my PhD study. Finally, | want to express my sincere gratitude for my brother Ping-Tsong Lu
and my parents Mou-Tien Lu and Yu-Yen Chu for always encouraging me to pursue my interest
in scientific exploration. This would not be possible without your decade-long, wholehearted help

and support that give me the courage to keep moving forward.

Xiv



VITA

2008 — 2012 B.Sc. in Electronics Engineering, National Chiao Tung University, Hsinchu.

2011 -2012 Non-degree exchange student at University of Illinois at Urbana-Champaign.

2012 — 2014 M.Sc. in Electronics Engineering, National Chiao Tung University, Hsinchu.

2015-2022 Graduate Student Research Assistant under Professor Mona Jarrahi, University of

California — Los Angeles.

PUBLICATIONS

Journal Papers

W. Wang, P. K. Lu, A. K. Vinod, et al. “Coherent terahertz synthesis with 2.8-octave
tunability and sub-Hz linewidths through chip-scale photomixed microresonator optical
parametric oscillation.” in review by Nature Communications

P. K. Lu, X. Jiang, Y. Zhao, et al. "Bias-free terahertz generation from a silicon-compatible
photoconductive emitter operating at telecommunication wavelengths.” in review by
Applied Physics Letters

P. K. Lu, A. D. J. F. Olvera, D. Turan, et al. "Ultrafast carrier dynamics in terahertz
photoconductors and photomixers: beyond short-carrier-lifetime semiconductors.”
Nanophotonics (2022).

P. K. Lu, D. Turan, and M. Jarrahi. “High-power terahertz pulse generation from bias-free
nanoantennas on graded composition InGaAs structures.” Optics Express 30.2 (2022):

1584-1598.

XV



D. Turan, P. K. Lu, N. T. Yardimci, et al. “Wavelength conversion through plasmon-
coupled surface states.” Nature Communications, 12.1 (2021): 1-8.

P. K. Lu, D. Turan, and M. Jarrahi. "High-sensitivity telecommunication-compatible
photoconductive terahertz detection through carrier transit time reduction.” Optics Express
28.18 (2020): 26324-26335.

S. Cakmakyapan, P. K. Lu, A. Navabi, et al. “Gold-patched graphene nano-stripes for high-
responsivity and ultrafast photodetection from the visible to infrared regime.” Light:
Science & Applications 7.1 (2018): 20. (2019 top-downloaded paper)

J. Y. Wu, P. K. Lu, and S. D. Lin. "Two-dimensional photo-mapping on CMOS single-
photon avalanche diodes.” Optics Express 22.13 (2014): 16462-16471.

J. Y. Wu, P. K. Lu, Y. J. Hsiao, and S. D. Lin. "Radiometric temperature measurement
with Si and InGaAs single-photon avalanche photodiode.” Optics Letters 39.19 (2014):

5515-5518.

XVi



Chapter 1: Introduction

1.1. Photoconductive Terahertz Generation and Detection

The terahertz frequency range is loosely defined as the part of the electromagnetic spectrum
between 100 GHz and 10 THz, which is above microwave and below infrared frequencies. Due to
the presence of rotational resonances and collective librations of various polar molecules, the
terahertz frequency range is widely explored for a plethora of applications including chemical
sensing and material characterization, where highly frequency-selective absorption signatures
provide ample information about the identity and physical characteristics of the sample under test
[1-4]. In addition, terahertz waves can transmit through many optically opaque materials such as
paper, plastics, textiles, and weakly doped semiconductors [5-9]. Therefore, terahertz radiation is
well-suited for imaging and sensing applications in many optically inaccessible environments [10-
13]. With photon energies below 40 meV, terahertz waves are non-ionizing and, hence, suited for

many biomedical imaging, diagnosis and nondestructive quality inspection [14-22].

Generation and detection of terahertz radiation have been extensively realized through ultrafast
photoconductors, which translate the mixing products of the frequency components of an optical
pump beam to a terahertz photocurrent. A common implementation — the so-called
photoconductive antenna (PCA) — uses a semiconductor-based photoconductor integrated with a
metallic terahertz antenna. When photons with an energy above the semiconductor’s band gap are
absorbed by the semiconductor, mobile electron-hole pairs are generated. The concentration of
these photocarriers oscillates at the beat terahertz frequencies that are generated from the mixing
of the incident optical frequency components. These photocarriers are accelerated under an electric

field and form a photocurrent. This electric field can be supplied through an external bias voltage
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or a built-in field in the semiconductor. The electric field should be strong enough to drift the
photocarriers at high velocities in order to attain a large photocurrent amplitude, which directly
translates into strong terahertz radiation that is emitted by the antenna. The scheme can also be
reversed to detect terahertz radiation: the antenna attached to a photoconductor receives the
terahertz electric field that accelerates the pump-induced photocarriers. The resulting photocurrent
is proportional to the convolution of the terahertz field and the laser-induced photoconductivity.
Photoconductive terahertz emitters and detectors are utilized in pulsed or continuous-wave (CW)
operation. For pulsed operation, a femtosecond laser is typically used as the optical pump source
to generate and detect sub-picosecond terahertz pulses with a spectral width of several THz. For
CW operation, two CW lasers with the same polarization and a terahertz frequency difference are
superimposed to create an optical pump beam with a single-frequency beatnote that is used for the

generation and detection of CW terahertz radiation.

1.2. Photoconductive Antennas for Spectroscopy Applications

Since the invention in 1984 by David H. Auston et al. at Bell Labs [23, 24], PCAs have been
extensively studied for their use in both generation and detection of pulsed and CW terahertz
radiations. Their compactness and room-temperature operation make them one of the most widely
used technologies in various terahertz systems [25-44]. As mentioned above, terahertz waves have
been extensively utilized to probe the unique spectral absorption and/or dispersion signatures of a
wide range of substances — an application field called terahertz spectroscopy. Generally, terahertz

spectroscopy systems can be classified into time-domain and frequency-domain categories.

As shown in Fig. 1.1, in a terahertz time-domain spectroscopy (THz-TDS) system, a
femtosecond laser is used to pump/probe a terahertz source/detector to generate/detect a pulsed

electric field with less than 1 ps duration, which carries broadband frequency components
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simultaneously. A delay stage is used to change the time-delay between the pump and probe
beams, so that the entire terahertz waveform can be captured. The obtained terahertz electric field
is then post-processed by Fourier transform and averaging to obtain the terahertz spectrum.
Compared to the frequency-domain scheme, THz-TDS systems usually achieve larger bandwidth
and higher signal-to-noise ratio (SNR). Additionally, they can be used to realize time-of-flight
imaging and resolve the depth information of multilayer structures, leading to the realization of
terahertz tomography applications [45-47]. Despite these advantages, the frequency resolution of

THz-TDS systems is typically limited to a few GHz.

For applications requiring very high spectral resolution, terahertz frequency-domain
spectroscopy (THz-FDS) systems are used (Fig. 1.1). In these systems, narrowband CW terahertz
radiation is typically generated and detected by beating two CW lasers. The spectrum is obtained
by recording the detector output while tuning the beat frequency. Since THz-FDS systems do not
require femtosecond lasers to operate, their cost is much lower compared to THz-TDS systems.
THz-FDS systems are able to achieve sub-MHz spectral resolution, which is required for
applications where closely spaced spectral lines exist, like gas spectroscopy [48]. In addition, THz-
FDS systems are required for applications that need to accurately characterize the lineshape and/or
broadening parameters of the spectral features of various gases to understand their detailed

physical properties, such as air pollution monitoring and astrophysics studies [49, 50].

Time-domain spectroscopy Frequency-domain spectroscopy

| coros & Terahertz
Femtosecond /) N\ / 1Y source
laser .I‘; L |\ /i Pump H ] v, (tunable)

CW Laser 1

Delay line VTHz = Vi — V2

2

Terahertz CW Laser 2

detector
~ ‘ v, (fixed)
Probe

Fig. 1.1: Generic schematics of terahertz time-domain and frequency-domain spectroscopy systems.

Terahertz
detector

Probe
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1.3. Telecommunication-Compatible Photoconductive Antennas

with Short-Carrier-Lifetime Photoconductors

Ultrafast dynamics of the photocarriers, with sub-picosecond to picosecond response times, are
necessary to facilitate the broadband operation of terahertz photoconductors. A very commonly
used approach to fulfill this requirement is to use short-carrier-lifetime semiconductors, where
high concentrations of intentional defects are introduced into the semiconductor lattice, leading to
extremely short carrier trapping times less than 1 ps. Low-temperature-grown GaAs (LT-GaAs)
was the first, and is still one of the most commonly used short-carrier-lifetime semiconductors for
terahertz generation and detection when working with an ~800 nm optical pump wavelength [51-
54]. Growing GaAs at a low temperature (200-350 °C) and subsequent in-situ annealing at higher
temperatures [52-54] induces crystal defects due to excess arsenic, which captures the

photocarriers within less than one picosecond.

Following the same concept of defect introduction, a diversity of methods for growing short-
carrier-lifetime photo-absorbing semiconductors at various optical excitation wavelengths have
been introduced [55-61]. In particular, short-carrier-lifetime semiconductors with high photo-
absorption at telecommunication wavelengths (~1550 nm) are of strong interest, because this will
enable the integration with low-cost, small-footprint, and highly reliable fiber lasers as well as
fiber-optic components. However, providing a high optical absorption at ~1550 nm wavelength
requires a small enough bandgap energy (< 0.8 eV, such as Ino53Gao.47As) for the photoconductor,
which leads to a low substrate resistivity, causing early thermal breakdown for terahertz sources
and high Johnson-Nyquist noise currents for terahertz detectors. As a result, the development of
short-carrier-lifetime photoconductors based on these substrates has been challenging, because

defect introduction has often led to even higher background carrier concentrations [62], resulting
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in even lower substrate resistivity. To date, some of the most successful approaches to realize
short-carrier-lifetime photoconductors at ~1550 nm wavelength include heavy-ion irradiation [62-
65], incorporating rare-earth elements [66-68], transition metal doping [69-71], and low-

temperature-grown InGaAs/InAlAs multilayer heterostructures [72-74].

While many impressive results have been demonstrated using short-carrier-lifetime
photoconductors, their ultrafast carrier dynamics comes with several tradeoffs in photoconductive
gain, optical responsivity, carrier mobility, and thermal conductivity. In particular, due to the sub-
picosecond lifetime of the photocarriers, a substantial fraction of them is trapped and then
recombined before contributing to the generation and detection of terahertz radiation, leading to
degraded efficiency (i.e. the photoconductive gain) of the terahertz photoconductors. Also, while
some growth methods for short-carrier-lifetime semiconductors like LT-GaAs are well-established
processes performed by many groups, most growth methods for short-carrier-lifetime
semiconductors utilize non-standard processes and, in some cases rare dopant elements, that are
not readily available in most molecular beam epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD) facilities, limiting their accessibility and widespread usage. In addition,
these methods have to be adapted for each specific semiconductor, limiting the materials and
optical wavelengths that can be used for realizing terahertz photoconductors. These drawbacks
have motivated the emergence of alternative terahertz photoconductor and photomixer concepts

that do not rely on short-carrier-lifetime semiconductors.



1.4, Telecommunication-Compatible Photoconductive Antennas

without Short-Carrier-Lifetime Photoconductors

Instead of using defect-induced short-carrier-lifetime photoconductors, ultrafast carrier
dynamics can be realized through alternative approaches including carrier transit time reduction
through plasmonics, and optimization of semiconductor built-in electric field, as elaborated in

detail in the following sections.

1.4.1. Use of Plasmonic Nanostructures

Fundamentals of plasmonics

Plasmonics refers to the research field that deals with collective, coherent electron oscillations,
a.k.a. plasmons, and their interactions with electromagnetic waves. Of particular interest is the
plasmons that reside at the interface between metallic and dielectric materials, called surface
plasmon polaritons (SPPs). Constrained by the metal-dielectric boundary conditions, only
transverse-magnetic (TM) SPPs can exist. The dispersion relation of SPPs is shown in Fig. 1.2,
which shows that SPPs at all energies possess larger wave vectors than free space photons [75].
Due to their large wave vectors, these SPPs can propagate along the metal-dielectric interface with
very tight electromagnetic field confinement [76-80], leading to strong light-matter interactions
that can be exploited in a wide range of applications. However, direct excitation of SPPs with free
space electromagnetic waves is not allowed because of the mismatch between their wave vectors.
As aresult, several methods have been developed to enable this excitation by effectively providing
an additional wave vector. Periodic structuring of the metal-dielectric interface is a simple way
that has been widely used. Typically, periodic metallic nanostructures are fabricated on the surface

of a dielectric material to facilitate SPP excitation at optical frequencies.
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Fig. 1.2: Surface plasmon dispersion relation, showing that surface plasmons always have larger wave vector than

free space photons.

Choosing a proper metal for plasmonics-enhanced PCAs involves a number of important
considerations. First, the utilized metal should offer strong optical field enhancement near the
plasmonic nanostructures at the optical pump wavelength. The utilized metal should not support
any interband transition to prevent the direct absorption of the optical pump in the metal rather
than the photoconductive substrate. For these reasons, gold and silver are extensively used in
plasmonic devices pumped at visible and near-infrared optical wavelengths. Second, the utilized
metal should be chemically stable and adhere well to the photoconductive substrate. Compared to
silver, gold is much more resistant to oxidation and its high electrical and thermal conductivities
are highly beneficial for operation at high optical pump powers. Therefore, most plasmonics-

enhanced PCAs use gold as the plasmonic metal.

Plasmonic contact electrodes for photoconductive terahertz devices

The unique properties of SPPs have contributed to several impactful advancements in various
scientific areas. In addition to breakthroughs in nonlinear optics [79], near field imaging and

spectroscopy [81, 82], as well as electromagnetic waves detection and manipulation [83-85], it



was also recently shown that the use of plasmonic nanostructures can reduce the impulse response
duration of long carrier lifetime photoconductors, enabling efficient generation and detection of
both pulsed and CW terahertz waves [86-91]. This is because the concentration of the optical pump
beam and photo-generated carriers in the photoconductor active area can be manipulated by
plasmonic nanostructures so that the transport path length and average carrier transit time for most

of the photocarriers are significantly reduced.

Plasmonic nanostructures are very commonly designed in the form of grating patterns that,
under optimized geometry, enable the excitation of surface plasmon waves at the metal-dielectric
interface by an incident transverse magnetic optical beam. A key development that significantly
enhances the efficiency of terahertz devices is the realization of plasmonic contact electrodes since
its introduction in 2010 [92], where the plasmonic gratings are used to both excite surface plasmon
waves and collect the photocarriers, as shown in Fig. 1.3. This leads to significantly enhanced
optical generation at the interface between the plasmonic contact electrodes and the
photoconductor. As a result, this enhancement largely reduces the average transport path length
and carrier transit time of the photocarriers to the plasmonic electrodes, leading to higher
photocarrier collection efficiency and creating a strong ultrafast photocurrent that is dominated by
electrons due to their high carrier mobility (Fig. 1.3). This plasmonics-enabled ultrafast carrier
dynamics has been extensively explored to enhance the performance for both terahertz sources and

detectors [93-118].

The strong surface confinement of optical generation offered by plasmonic electrodes provides
a crucial benefit for telecommunication-compatible photoconductors, because it enables the use of
thin photo-absorbing layers (200 nm or less) with negligible impact on the SNR. Reduction of the

photo-absorbing layer thickness leads to lower dark leakage currents for terahertz sources and



lower Johnson-Nyquist noise levels for terahertz detectors. Furthermore, the high carrier mobility
of non-short-carrier-lifetime photoconductors facilitates the ultrafast transport of the photocarriers,

enabling broadband operation of the terahertz devices [90].
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Fig. 1.3: lllustrations for a plasmonic PCAs based on a bow-tie antenna.

1.4.2. Use of Semiconductor Built-in Electric Field

Origin of semiconductor built-in electric field

When the semiconductor lattice is terminated, the break in the lattice symmetry results in the
formation of electronic states with energies lying between the conduction band (CB) and the
valance band of the semiconductor. These states can act either as donors or acceptors which carry
a positive or negative charge when ionized, respectively. The ionized states at the semiconductor
surface push the Fermi energy to the charge neutrality level of the surface states, i.e. to the position
where the net charge of the states is zero. This Fermi level pinning results in a band bending
between the bulk and the surface of a semiconductor material as illustrated in Fig. 1.4a [119-122].
As a result, a built-in electric field is formed between the semiconductor surface and the bulk. The
electric field present at the semiconductor surface can be used for ultrafast transit of the
photocarriers and generation of terahertz radiation. When the pump photons are absorbed in the

semiconductor, the generated electron-hole pairs close to the semiconductor surface can be



accelerated by this built-in field and generate an ultrafast current within the semiconductor,
realizing photomixing within the substrate without requiring any external bias voltage. This bias-
free operation is highly beneficial for telecommunication-compatible photoconductive emitters
because the undesired dark leakage current of the emitter is completely eliminated, leading to
excellent reliability. On the contrary, many of the terahertz emitters realized on
telecommunication-compatible short-carrier-lifetime photoconductors need high bias voltages (>

100 V) to generate acceptable terahertz power levels (> 50 pW) [69, 71, 73, 123-125].

Bias-free terahertz emitters

In a conventional bias-free surface-field emitter, optical excitation is directed under an angle
with respect to the semiconductor surface normal such that terahertz waves normal to the
semiconductor surface can be generated to allow more effective collection and utilization of the
radiation. Terahertz generation as a result of the transported carriers through the surface built-in
field (Fig. 1.4a) should not be confused with the photo-Dember effect (Fig. 1.4b), which is another
bias-free terahertz emission mechanism [126, 127]. When an optical pump beam is absorbed in
the semiconductor, photogenerated electrons and holes diffuse from the surface, where most
carriers are generated according to Lambert Beer’s law, towards the bulk due to the formation of
a concentration gradient. The higher effective mass (lower mobility) of holes causes a difference
between the hole and electron diffusion currents, resulting in the formation of a dipole inside the
substrate, giving rise to terahertz generation (Fig. 1.4b). This process is referred to photo-Dember
effect. The polarity of the generated terahertz electric field can be used to determine whether carrier
drift or diffusion dominates the terahertz generation process. In most n-type semiconductors, the
built-in field direction is towards the surface, drifting the photogenerated electrons towards the

bulk, and holes towards the surface. In most p-type semiconductors, the built-in field direction is
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towards the semiconductor, drifting the electrons towards the surface and holes towards the
substrate. Therefore, the polarity of this drift current flips when the semiconductor doping type is
changed, resulting in a polarity change in the generated terahertz electric field. In contrast, the net
direction of electron diffusion is always from the semiconductor surface towards the substrate.

Therefore, the direction of the current is independent of the doping type of the semiconductor.

Semiconductor surface states may induce very high built-in electric fields thanks to the Fermi
level pinning at the surface. However, the extent of the built-in electric field is shallow in many
semiconductors, limiting the amplitude of the generated ultrafast photocurrent for terahertz
generation [128]. It was recently shown that plasmonic nanoantennas can be used to efficiently
couple the incident optical pump beam to the semiconductor surface states, enabling a high
concentration of photocarrier generation near the semiconductor surface where the intensity of the
built-electric field is maximized, leading to high-efficiency bias-free terahertz generation [91,
129]. Moreover, the use of plasmonic nanoantennas effectively re-orients the induced photocurrent
components in the direction parallel to the semiconductor surface. As a result, both the incident
optical beam and the radiated terahertz beam are normal to the surface, which allows easy and
high-efficiency collection of the radiated terahertz beam. It should be noted that this benefit does

not exist for conventional surface-field emitters based on plain semiconductor substrates.

For practical applications where lower optical pulse energies are favored, plasmonic-enhanced
bias-free emitters based on semiconductor surface-field have demonstrated much higher optical-
to-conversion efficiencies compared to other bias-free emitters based on photo-Dember effect,

nonlinear optics, and spintronics [91, 129].
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Fig. 1.4: The band structure of a p-type semiconductor surface emitter utilizing (a) the built-in electric field induced

near the semiconductor surface and (b) photo-Dember effect.

1.5. Thesis Outline

The dissertation presents a detailed study of two novel approaches to telecommunication-
compatible device design that provide ultrafast photoconductive response without requiring short-
carrier-lifetime photoconductors. In Chapter 2, the first approach is elaborated, where plasmonics-
enabled carrier transit time reduction allows the realization of broadband terahertz sources and
detectors for both pulsed and CW operation. In particular, the demonstrated detector prototype
offers a record-high sensitivity with a 122 dB SNR. Next in Chapter 3, the second approach is
explained, which is based on the combined utilization of plasmonic enhancement and the strong
built-in electric field in semiconductors, leading to broadband and high-power terahertz generation
without requiring any external bias voltage. As a result, the undesired dark leakage current is
completely removed, substantially increasing the emitter reliability. Specifically, the realized
emitters based on graded-composition InGaAs structures provide a record-high pulsed terahertz
radiation power of 860 uW, with orders of magnitude improvement in optical-to-terahertz
conversion efficiency compared to other passive terahertz generation techniques. Finally, the

conclusion and the outlook of the thesis are given in Chapter 4.
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Chapter 2: Plasmonics-Enabled Ultrafast
Carrier Dynamics with Carrier Transit Time

Reduction

As mentioned in Section 1.3, although most of the photoconductive terahertz devices operating
at 1550 nm have been realized using short-carrier-lifetime photoconductors, they impose some
serious limitations in terms of the reduced photoconductive gain, optical responsivity, carrier
mobility, and thermal conductivity, as well as the lack of wide accessibility and adaptability with

various photoconductor materials.

It should be noted that pulsed terahertz detection as well as CW terahertz generation and
detection have been particularly reliant on short-carrier-lifetime photoconductors in conventional
designs due to the requirement of a sub-picosecond response time. On the contrary, long-carrier-
lifetime photoconductors have been successfully used for realizing pulsed terahertz emitters [130-
133], since the photoconductor has higher carrier mobility, and it can relax to the dark state
between consecutive optical pump pulses. Therefore, this chapter is focused on the demonstration
of pulsed detectors as well as CW emitters and detectors operating at telecommunication
wavelengths (~1550 nm) with plasmonics-enabled carrier transit time reduction, eliminating the

need for short-carrier-lifetime photoconductors.
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2.1. Pulsed Operation of Terahertz Photoconductive Antennas
Utilizing Carrier Transit Time Reduction

2.1.1. Background

To address the limitations of photoconductive terahertz detectors based on short-carrier-lifetime
photoconductors, our group has previously proposed an alternative approach to provide an ultrafast
detector response by reducing carrier transit time instead of carrier lifetime [89, 109]. By utilizing
plasmonic nanostructures and exciting surface plasmon waves, the intensity of the optical probe
beam is significantly enhanced near the contact electrodes of the photoconductive detectors [93-
118]. As a result, most photo-generated carriers are highly concentrated within tens of nanometers
beneath the contact electrodes, where the induced terahertz field will quickly collect the carriers.
Therefore, the transport path length and transit time of the photo-generated carriers to the contact
electrodes are significantly reduced to obtain an ultrafast terahertz detection operation.
Consequently, this approach eliminates the need for a short-carrier-lifetime photoconductor, and
photoconductors with a high carrier mobility can be used to realize high-responsivity terahertz
detectors. This approach was first demonstrated with a large-area terahertz detector based on
plasmonic nanoantenna arrays designed for operation at an 800 nm optical wavelength [89]. A
combination of the plasmonic nanoantennas and an AlAs/AlGaAs distributed Bragg reflector
(DBR) was used to form a nanocavity to confine photocarrier generation inside a thin GaAs layer
under the plasmonic nanoantennas. Following this work, another study extended the operation
wavelength of these large-area plasmonic photoconductive terahertz detectors to ~1 um by using
a plasmonic nanoantenna array to confine photocarrier generation inside a thin Ing 22Gao.76As layer
under the plasmonic nanoantennas [109]. Despite the high-performance terahertz detection

achieved in these studies, the utilized terahertz detector architecture based on a large-area
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plasmonic nanoantenna array does not provide an acceptable SNR when adopted for operation at
optical wavelengths around 1550 nm. This is because of the considerably lower resistivity of
photoconductive substrates at ~1550 nm wavelengths, which results in a substantially lower
detector resistance and, thus, higher Johnson-Nyquist noise current when adopting the detector

architecture based on a large-area plasmonic nanoantenna array [134].

As an example, a terahertz detector prototype based on a 250 um x 250 um large-area plasmonic
nanoantenna array is designed for operation at 1550 nm wavelength (Fig. 2.1a). The detector is
fabricated on an epitaxial semiconductor structure consisting of a 200-nm-thick undoped
Ino.53Gaon.47As layer and a 200-nm-thick AlAs layer grown on a semi-insulating GaAs (SI-GaAs)
substrate by MBE. The Inos3Gao47As layer is the photo-absorbing active region of the terahertz
detector. The indium concentration of 53% is chosen to obtain a high absorption coefficient at
1550 nm and a low substrate conductivity simultaneously. In addition, limiting the thickness of
this layer prevents the generation of photocarriers deeper inside the semiconductor substrate,
enabling a short transit time to the nanoantenna arrays for the majority of the photo-generated
carriers. The AlAs layer serves as a high resistivity buffer to lower the substrate conductivity. The
resistance of the detector, however, is not determined only by the substrate conductivity, but also
by the geometry of the nanoantenna array. In contrary to the previous designs optimized for
operation at shorter wavelengths [89, 109], for which photoconductors with higher bandgap
energies and much lower conductivity levels were used, the fabricated terahertz detector based on
the nanoantenna-array optimized for operation at 1550 nm wavelength has a much lower device
resistance (tens of Q as opposed to tens of kQ for detectors optimized for operation at shorter
wavelengths at tens of mW optical power). As shown in Fig. 2.1b, the SNR and bandwidth of a

fabricated detector prototype with this nanoantenna array architecture is severely limited by the
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high Johnson-Nyquist noise current caused by the low resistance of the detector. After capturing
and averaging 1000 time-domain traces, the detector offers only 60 dB SNR over a ~2 THz
bandwidth. To address this performance limitation, we present a new architecture for
telecommunication-compatible photoconductive terahertz detectors without short-carrier-lifetime
photoconductors that uses a broadband logarithmic spiral antenna with a small active area and,
hence, a large resistance to offer more than a 122 dB SNR over a 3.6 THz detection bandwidth. In
principle, this generic approach can be applied to design terahertz detectors operating at any given
optical wavelength without being limited by the availability of short-carrier-lifetime

photoconductors.
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Fig. 2.1: (a) Schematic of the terahertz detector prototype based on a nanoantenna-array optimized for operation at
1550 nm. The 4-um-wide metal stripes on the top are shadow metals to eliminate undesired photo-generation. The 2-
pum-wide metal stripes on the Ings3Gao.47As surface are connected to the nanoantennas for current collection. The
nanoantennas have an arm-length of 4 pm, separated by a 2 pum gap. (b) The measured power spectra corresponding
different number of captured and averaged time-domain traces using a THz-TDS system. Inset shows the captured

time-domain terahertz waveform.
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2.1.2. Device Design and Fabrication

As illustrated in Fig. 2.2, the terahertz detector consists of a photoconductor with plasmonic
contact electrodes integrated with a broadband logarithmic spiral antenna. The detector is
fabricated on the same epitaxial semiconductor structure consisting of a 200-nm-thick undoped
Ino.53Gao.47As layer and a 200-nm-thick AlAs layer grown on an SI-GaAs substrate. The plasmonic
contact electrodes, which are in the form of one-dimensional metallic gratings separated by a small
tip-to-tip gap, have a 5 um x 10 um area each. They are designed to enhance optical intensity
inside the Inos53Gao.47As layer near the tip of the gratings by excitation of surface plasmon waves.
The Inos3Gaos7As layer is etched everywhere except under the plasmonic electrodes to form a
mesa structure, which prevents photocarrier generation outside the device active area and increases
the resistance of the detector. Covered with a SisN4 anti-reflection coating (ARC), the plasmonic
electrodes are optimized to offer the largest absorption of a TM incident optical beam at 1550 nm

in the Ino53Gap 47As layer.
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Fig. 2.2: Schematic of the spiral-antenna-based plasmonic terahertz detector operating at 1550 nm.

A numerical software based on finite-difference time-domain (FDTD) method (Lumerical) is
used to analyze the interaction of the optical beam with the plasmonic grating to optimize its
geometry. The optimum geometry has a 460 nm periodicity, an 80 nm grating gap, a 3/77 nm
Ti/Au height, and a 240 nm SisNs ARC thickness. Using this grating geometry, an ~50%

absorption is estimated for a TM-polarize optical beam at 1550 nm (Fig. 2.3a). Figure 2.3b shows
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the optical absorption profile in the x-z and y-z cross-sections of the substrate near the tips of the
gratings for a tip-to-tip gap size of 1 um. Since the optical coupling is enhanced by the excitation
of surface plasmon waves, most of the absorption is confined to the areas near the
metal/semiconductor interface, providing a sub-picosecond transit time for the majority of the

photo-generated carriers in the Ing53Gao.47As layer.
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Fig. 2.3: (a) Estimated optical absorption spectrum inside the 200 nm IngssGao47As layer using Lumerical. (b)

Estimated optical absorption profile in the x-z and y-z cross-sections of the substrate.

To investigate the effect of the tip-to-tip gap between the plasmonic contact electrode gratings
on the detector performance, the impact of the gap size on the induced terahertz voltage at the
input port of the logarithmic spiral antenna, the induced terahertz electric field and optical
absorption inside the Inos3Gaos7As layer is analyzed. Figures 2.4a and 2.4b show the estimated
induced voltage and electric field distribution across the antenna terminals, by using two numerical
software packages based on the finite element method (HFSS and COMSOL, respectively). Figure
2.4c shows the estimated optical absorption across the antenna terminals for a TM-polarized
optical excitation at a 1550 nm wavelength with a 1/e? diameter of 2 um along the y-axis, by using
Lumerical. The induced electric field and optical absorption are both enhanced at the tip of the

antenna terminals, especially when the tip-to-tip gap between the plasmonic contact electrode
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gratings is reduced. Therefore, higher responsivity values are expected for detectors utilizing
smaller tip-to-tip gap sizes with the drawback of a steeper responsivity roll-off at higher terahertz
frequencies. In addition, detectors with smaller gap sizes are more susceptible to carrier screening
and bleaching and hence, output saturation at lower optical powers due to the generation and
separation of a larger number of electrons and holes within a smaller volume. Considering these
performance tradeoffs, we choose detectors with 0.5 and 1 um tip-to-tip gap sizes for further

experimental characterization.
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Fig. 2.4: (a) Estimated induced voltage across the antenna terminals for tip-to-tip gap sizes of 0.5, 1, and 2 um as a
function of frequency. (b) Induced electric field intensity at 0.6 THz and (c) optical absorption across the antenna gap

at a 5 nm depth below the Ings3Gag.47As surface.

In order to have a strong overlap between the optical generation profile and the induced
terahertz field across the antenna terminals, the optimum optical beam shape should be a narrow
ellipse that covers the entire gap between the two plasmonic contact electrodes and is tightly
confined around the grating tips. Such a tight optical focus would result in a high optical intensity,
leading to possible optical absorption bleaching as the photocarriers fill up the limited available
states inside the Inos3Gao.47As layer. To further investigate how this bleaching effect could impact
our detector performance, we use Lumerical to estimate the optical intensity profile inside the

Inos3Gao.47As layer, for an elliptical optical beam spot with 2 um (the minimum achievable spot
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size with our objective lens) and 10 um 1/e? diameters along the y-axis and x-axis, respectively,
and calculate the bleaching threshold. The bleaching threshold is reached when the number of
absorbed photons per unit volume is equal to the total density of states of Ings3Gao.47As that can
be filled by absorbed 1550 nm photons, which is ~10'" cm™. Figure 2.5 shows the estimated
number of absorbed photons per unit volume at a 190 nm depth inside the Inos3Gao.47As layer at
optical power levels ranging from 0.01 mW to 10 mW. The areas where bleaching occurs are
clearly shown in light yellow. Since the optical intensity drops as the depth increases, the bleached
areas close to the bottom of the Inos3Gaos7As layer provide a very good assessment of the extent
of bleaching. No bleaching is observed at a 0.01 mW optical power for both 0.5-um-gap and 1-
pum-gap detectors. When the optical power is increased to ~0.1 mW, small, bleached areas are
spotted at the tip-to-tip gap between the plasmonic contact electrodes, which experiences the
highest optical intensity. As the optical power is increased from 0.1 mW to 1 mW, a substantial
part of the active area is bleached for both detectors. Therefore, we expect the detector output to
be significantly saturated at optical powers beyond 1 mW, which is supported by our experimental

results.

The optical and scanning electron microscopy images of a fabricated detector prototype are
shown in Fig. 2.6. The fabrication process starts with electron-beam lithography (EBL) patterning,
electron-beam evaporation of 3/77 nm Ti/Au, and liftoff to realize the plasmonic contact
electrodes. Next, the Inos3Gaos7As layer is dry etched by using Clo/Ar chemistry with the
plasmonic electrodes masked by a maN-2405 electron-beam resist. The 240-nm-thick SizNs ARC
is then deposited globally using plasma-enhanced chemical vapor deposition. Then, contact vias
at the edge of both plasmonic electrodes are patterned by optical lithography and opened by

CHF3/O: reactive ion etching chemistry. Finally, the logarithmic spiral antenna and bonding pads

20



are patterned by optical lithography followed by 50/550 nm Ti/Au deposition and liftoff. The
fabricated terahertz detector prototypes are mounted on hyper-hemispherical silicon lenses to

better focus the incident terahertz radiation onto the device active area.
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Fig. 2.5: The estimated number of absorbed photons per unit volume at a 190 nm depth inside the Ings3Gao47AS layer
at optical powers levels ranging from 0.01 mW to 10 mW for the 0.5-pm-gap and 1-pm-gap detectors are shown in

(a) and (b), respectively. The areas where bleaching occurs are shown in light yellow.

Fig. 2.6: The optical microscopy image of a fabricated detector prototype and the scanning electron microscopy image

of the plasmonic contact electrodes at the center of the detector.
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2.1.3. Experimental Results

Characterization of the terahertz detector prototypes is performed using a THz-TDS system
with an optical parametric oscillator, which converts femtosecond pulses from a Ti-Sapphire laser
(Coherent Mira HP) to femtosecond pulses at ~1550 nm center wavelength with a 190 fs pulse-
width and a 76 MHz repetition rate. The laser is split into two branches to pump a terahertz source
and probe the terahertz detector prototypes, respectively. A motorized delay stage is used to control
the time-delay between the pump and probe beams. An InAs-based bias-free nanoantenna array is
used as the terahertz source [135]. The combination of a cylindrical lens and a 100x objective lens
is used to focus the optical probe beam down to a narrow elliptical spot with 2 um and 10 pm 1/¢?
diameters to cover the entire gap between the two plasmonic contact electrodes. The output
photocurrent of the characterized detectors is amplified using a transimpedance amplifier (FEMTO
DLPCA). The amplified signal is acquired while varying the time-delays between the optical pump
and probe beams to resolve the time-domain terahertz field. The detected spectrum is obtained by

calculating the Fourier transform of the time-domain data.

Figure 2.7 shows the obtained time-domain terahertz waveforms and the corresponding power
spectra of the 1-um-gap detector under 1 mW, 3 mW and 5 mW optical probe power levels at an
average terahertz power of 206 pW. 10 time-domain traces are captured and averaged to obtain
these results. As predicted by our numerical analysis, a strong saturation in the detector output is
observed when the optical probe power exceeds 3 mW, at which most of the available states in the
200-nm-thick Ings3Gao.47As layer are occupied by photocarriers, limiting further increase in the

induced photocurrent.
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Fig. 2.7: (a) Time-domain terahertz waveforms and (b) the corresponding power spectra obtained by the 1-um-gap
detector under 1 mW, 3 mW and 5 mW optical probe power levels at a terahertz power of 206 pW. 10 time-domain

traces are captured and averaged to obtain these results.

Figure 2.8 shows the obtained time-domain terahertz waveforms and the corresponding power
spectra of the 1-um-gap and 0.5-um-gap detectors under a 5 m\W optical probe power and 206 pW
average terahertz power. 10 time-domain traces are captured and averaged to obtain these results.
A comparison between the power spectra clearly shows a stronger roll-off in the frequency
response of the 0.5-um-gap detector, which is explained by the larger capacitive loading to the
antenna when a 0.5 um gap between the plasmonic contact electrodes is used. Since the detector
resistance under illumination is much larger than the antenna radiation resistance, the RC time
constant of these detectors is determined by the radiation resistance and parasitic capacitance.
While the antennas of both detectors have the same radiation resistance, the estimated capacitance
between the plasmonic contact electrodes for gap sizes of 0.5 um and 1 um is 1.53 fF and 1.27 fF,
respectively. The slightly lower responsivity of the 0.5-um-gap detector is attributed to a more
severe carrier screening due to the stronger optical intensity enhancement and the separation of a

larger number of electrons and holes in the active area of this detector.
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Fig. 2.8: (a) Time-domain terahertz waveforms and (b) the corresponding power spectra obtained by the 0.5-um-gap
and 1-um-gap detectors under a 5 mW optical probe power and 206 uW terahertz power. 10 time-domain traces are

captured and averaged to obtain these results.

The peak terahertz field, noise power, and SNR obtained by the 1-um-gap and 0.5-um-gap
detectors under different probe power levels are shown in Fig. 2.9. As expected by our theoretical
analysis, the output signal from both detectors saturates when increasing the optical probe power
due to bleaching and carrier screening. However, the output of the 0.5-pum-gap detector is saturated
at a lower optical probe power due to a stronger carrier screening and bleaching in the device active
area, leading to a slightly lower responsivity offered by this detector (Fig. 2.9a). Since the detector
noise is dominated by the Johnson-Nyquist noise, the measured noise power of both detectors
shows a linear dependence on the optical probe power (Fig. 2.9b). The 0.5-um-gap detector has
two times higher noise power levels compared to the 1-um-gap detector since its resistance is
approximately half of the 1-um-gap detector. As predicted by the measured peak terahertz field
and noise power values, the measured SNR saturates when increasing the optical probe power for
both detectors and higher SNR levels are offered by the 1-um-gap detector (Fig. 2.9c). The

maximum SNR values of 102 dB and 97 dB are achieved at 5 mW and 10 mW optical probe
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powers for the 0.5-um-gap and 1-um-gap detectors, respectively. For these SNR measurements

10 time-domain traces are captured and averaged.
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Fig. 2.9: The measured (a) peak terahertz field, (b) noise power, and (c) spectrum SNR as a function of the optical
probe power for the 0.5-um-gap and 1-um-gap detectors. 10 time-domain traces are captured and averaged for the
SNR measurements.

To further enhance the SNR, we increase the number of the time-domain traces that are captured
and averaged to obtain the SNR. Figure 2.10 shows the resolved power spectra by the 1-um-gap
detector when changing the number of the time-domain traces from 10 to 1000, corresponding to
4 s to 400 s data acquisition time. As expected, increasing the number of traces reduces the noise
power, leading to higher SNR and bandwidth. As clearly shown in Fig. 2.10, the noise level is
reduced by 10 dB for every 10x increase in the number of traces, resulting in an SNR increase
from 102 dB to 122 dB when increasing the data acquisition time from 4 s to 400 s. More than a
3.6 THz of detection bandwidth is achieved, as confirmed by the concurrence of the experimentally
detected spectral dips and water vapor absorption lines taken from the HITRAN database [136]. It
should be mentioned that the achieved bandwidth is limited by the pulse-width of the optical beam
used to pump/probe the terahertz source/detector in the THz-TDS system and hence, broader

detection bandwidths would be achieved when using shorter optical pulse-widths.
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Fig. 2.10: The resolved power spectra by the 1-pm-gap detector when changing the number of the time-domain traces

that are captured and averaged to obtain the spectra.

Table 2.1 shows a comparison between the performance of the demonstrated terahertz detector
and state-of-the-art photoconductive detectors operating at ~1550 nm wavelength based on short-
carrier-lifetime substrates, including InGaAs/InAlAs multilayer heterostructures, transition-metal-
doped InGaAs, and ErAs:InGaAs. The demonstrated terahertz detector offers much higher SNR
levels compared with the state-of-the-art, while requiring lower optical probe powers. This
enhancement in SNR is partly due to the use of plasmonic contact electrodes, which enhance
carrier concentration near the antenna terminals, and partly due to the absence of a short-carrier-
lifetime photoconductor, which boosts the responsivity by reducing carrier recombination and
increasing carrier mobility. On the other hand, the demonstrated terahertz detector provides a
narrower detection bandwidth compared with the state-of-the-art. This reduction in bandwidth is
partly due to the larger laser pulse-width used for characterizing the detector. However, the long

transit time of the photocarriers generated away from the plasmonic contact electrodes is another
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factor that results in this reduced bandwidth. Therefore, the use of an Ings3Gao47As layer with a

smaller thickness could enhance the detection bandwidth further.

Table 2.1: Terahertz detection performance comparison

Reference | Photoconductive Laser Optical SNR Bandwidth | Number
substrate pulse-width | power of traces
[74] InGaAs/InAlAs MLHS 90 fs 16 mW 82 dB 5.8 THz 1000
[137] Fe:InGaAs / Rh:InGaAs 90 fs 20 mW 105 dB 6 THz 1000
[67] ErAs:InGaAs 90 fs 16 mW 85dB 6.5 THz 2000
This work | Undoped InGaAs 190 fs 10 mW 122 dB 3.6 THz 1000

In summary, we introduce a telecommunication-compatible plasmonic photoconductive
terahertz detector that utilizes short carrier transit time, instead of short carrier lifetime, to offer
high responsivity levels. A photoconductor with plasmonic contact electrodes integrated with a
broadband logarithmic spiral antenna is used to offer highly concentrated optical generation
around the tips of the contact electrodes, where a strong overlap with the induced terahertz field is
achieved, to provide an ultrashort transit time for most of the photo-generated carriers. Therefore,
this terahertz detector architecture eliminates the need for a short-carrier-lifetime photoconductor.
Hence, a long-carrier-lifetime and high mobility semiconductor can be used as the
photoconductive substrate to offer high responsivity levels by reducing carrier recombination and
increasing carrier mobility. We demonstrate terahertz detection with a record-high SNR of 122 dB
and a 3.6 THz bandwidth when using an optical wavelength of 1550 nm, probe power of 10 mW,
and pulse-width of 190 fs. The terahertz detection bandwidth could be increased by the use of
shorter optical pulse-widths. In addition, reducing the Inos3Gao.47As layer thickness could also
enhance the terahertz detection bandwidth, while having a negligible impact on the SNR since the
optical absorption is tightly confined near the plasmonic contact electrodes. Furthermore, reducing
the Ino53Gao.47As layer would reduce the Johnson-Nyquist noise as a result of an increase in the

device resistance. Importantly, this work introduces a generic and reliable approach for designing
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photoconductive terahertz detectors that utilize various semiconductors and optical wavelengths,

without being limited by the availability of short-carrier-lifetime photoconductors.

2.2. Continuous-Wave Operation of Terahertz Photoconductive
Antennas Utilizing Carrier Transit Time Reduction

2.2.1. Background

To generate and detect CW terahertz radiations, two CW lasers with their frequency difference
in the terahertz range are used to excite the PCA. It is crucial to have the polarization of the lasers
aligned in the same direction so that the superposition of the two laser beams creates a terahertz
envelope. Since a terahertz frequency is created from two optical frequencies, the PCAs operating

in CW mode are usually called photomixers.

To analyze the terahertz beatnote generated through photomixing, we assume that the phasor

electric fields of the two lasers at w; and w, angular frequencies are given by
E1 = |E1|ej(w1t+¢1) (21)
E, = |Ey|e/(@2t+2) (2.2)

where ¢, and ¢, are the phases of the laser electric fields. When the heterodyning optical pump
beam is incident on the photomixer, the induced photocurrent is proportional to the squared

magnitude of the total phasor field given by
|Etotar|* = |Ex + Ez|* = |E1|? + |E;|* + E1E5 + E,E}

= |E;|* + |E2|? 4 2|E1||E;|cos [(wy — wi)t — (P — $1)] (2.3)
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Therefore, as it can be seen from Eqn. 2.3, the induced photocurrent consists of a DC component
and the desired terahertz oscillation at wyy, = |w, — w4]. An important observation from the
above equation is that at a fixed total optical power, the maximum photomixing efficiency is
obtained when the two lasers have the same electric field amplitudes, i.e. |E;| = |E,|. Therefore,
it is essential to keep the powers of the two lasers identical to achieve the largest terahertz

photocurrent and the highest photomixing efficiency.

A major advantage of CW terahertz generation and detection through photomixing is the high
frequency resolution offered by CW signals. Thanks to the advancements in laser technology,
frequency tunable lasers are readily available at various wavelengths, enabled by either
temperature tuning or mechanical tuning. Only a modest frequency tuning range is required for
terahertz applications. For example, at around 1550 nm optical wavelength, a wavelength detuning

of only 8 nm for the heterodyning optical pump would offer a 1 THz frequency tunability.

With the same logarithmic spiral antenna design presented in Section 2.1, we successfully
demonstrate CW generation and detection in a THz-FDS system that utilizes a fixed CW laser and
a wavelength-swept laser to generate the terahertz beatnotes pumping the terahertz source and
detector, as detailed in the following sections. Importantly, this is the very first demonstration of
short-carrier-lifetime-photoconductor-free PCAs for CW operation, which validates the

effectiveness of plasmonics-enabled transit time reduction for ultrafast photocarrier transport.

2.2.2. Frequency-Domain Spectroscopy Using Linearly Swept Laser

In a THz-FDS system, an oscillating carrier concentration is generated by photomixing two
laser beams separated by a terahertz frequency at the source and detector for the generation and

detection of terahertz radiations, respectively. To modulate the detector signal and allow for lock-
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in detection, an optical phase modulator is typically used to periodically sweep the terahertz phase
difference between the source and detector branches from - to m [138-140]. As a result, the
detector output photocurrent will be modulated sinusoidally, enabling a highly sensitive readout

by a lock-in amplifier at each discrete terahertz beat frequency.

It was recently shown that this active phase modulator can be eliminated using a delayed self-
heterodyning (DSH) scheme, leading to simpler system configuration yet with much faster scan
rate (> 24 Hz) [141]. Self-heterodyning refers to the cases that the same pair of CW lasers are used
to excite both the source and detector, but with a nonzero frequency difference between their
terahertz beatnotes. The schematic of the DSH THz-FDS system is shown in Fig. 2.11a. A static
laser (Santec TSL-510) is combined with a swept laser (Finisar WaveSource™) to generate linear
sweeping of the terahertz beat frequency. After that, the combined lasers are amplified by an
Erbium-doped fiber amplifier (EDFA) and split into a pump beam and probe beam for the
excitation of the terahertz source and terahertz detector, respectively. An intentional imbalance of
fiber length is introduced in the probe branch to induce an extra time delay such that as the
photomixing occurs at the terahertz detector, there exists a constant frequency difference f,
between the received terahertz wave and the detector beatnote. In other words, the terahertz wave
is downconverted to an intermediate frequency (IF) equal to f,, which can be demodulated during
data post-processing using a software-based lock-in amplifier. As shown in Fig. 2.11b, since the
terahertz beat frequency is swept linearly, it is clear that f, and the time delay AT are related by

the terahertz frequency sweep rate,

dfTHZ
dt '

fo = AT x (2.4)
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where fru,(t) denotes the instantaneous terahertz beat frequency. For optimal performance, AT
should be chosen such that f,, is high enough to avoid 1/f noise and acoustic noise at low
frequencies, while ensuring AT to be much smaller than the coherence time of the swept laser
(typically around tens of nanosecond) so that the terahertz detector beatnote and the received
terahertz wave always remain coherent. Therefore, with dfry,/dt = 0.5 GHz/us for the

WaveSource swept laser, we use AT = 1 ns to obtain f, ~ 500 kHz.
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Fig. 2.11: (a) The schematic of the delayed self-heterodyning THz-FDS system that uses a static laser and a linearly
swept laser as the optical sources. (b) Illustration of the optical frequencies (left) as well as the terahertz beatnote

frequencies (right) as a function of time, showing a linear sweeping.

2.2.3. Experimental Results

To validate the DSH THz-FDS system, we first use a commercial PIN-diode-based terahertz

emitter (Toptica PCA-FD-1550-100-TX) as the source and the plasmonic logarithmic spiral
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antenna as the detector. The fiber-coupled PIN emitter is biased at -1.5 V and pumped with 30 mW
optical power to offer terahertz power levels of > 100 uW at 100 GHz, and > 1 uW at 1 THz. The
output photocurrent from the detector is first amplified by a transimpedance amplifier (FEMTO
DHPCA-100 at 10* V/A gain) before being digitized by a data acquisition card (AlazarTech
ATS660). Using a software-based lock-in detection algorithm, the raw data is post-processed to
obtain the terahertz power spectrum through several steps, including invalid data removal where
laser mode transition occurs, IF estimation, multiplication by exp (j2rf,t), low-pass filtering, and

ensemble averaging.

Figure 2.12 shows the measured raw data and the terahertz power spectrum obtained by
averaging 1000 traces within a 20 second acquisition time, showing a 1.6 THz radiation bandwidth
and 98 dB dynamic range. The dynamic range and radiation bandwidth are further increased to
118 dB and more than 2.5 THz, respectively, when the number of averages is increased to 10° (Fig.
2.13). As theoretically expected, for every 10 times increase in the number of averaging, the noise

level is reduced 10 times.
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Fig. 2.12: (a) The acquired detector photocurrent before software-based lock-in detection. (b) The power spectrum

obtained by averaging 1000 traces within a 20 second acquisition time.
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Fig. 2.13: The power spectra obtained by averaging over various number of traces, showing a 10x reduction in noise
level for every 10x increase in the number of traces.

To demonstrate a short-carrier-lifetime-photoconductor-free THz-FDS system, we replace the
PIN-based terahertz emitter by a plasmonic photoconductive emitter. The emitter uses the same
substrate and logarithmic spiral antenna used for the detector, with the difference that the
logarithmic spiral antenna is oriented with the opposite handedness relative to that of the detector.
To enhance the radiated terahertz power level from the spiral antenna, both the bias voltage and
the optical pump beam are modulated with a low duty cycle at 5 MHz. Since the modulated optical
beam is effectively sampling the terahertz spectrum (Fig. 2.14), the modulation frequency has to
be higher than the Nyquist rate (chosen ~10 times of f; in our experiment). Figure 2.15 shows the
power spectrum obtained by averaging 10000 traces, showing a 79 dB dynamic range and 2 THz

radiation bandwidth.
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Fig. 2.15: The measured power spectrum using plasmonic photoconductive logarithmic spiral antennas for both the

terahertz source and detector, after averaging 10000 traces.
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Chapter 3: Plasmonics-Enabled Ultrafast
Carrier Dynamics Based on Photoconductor

Band Engineering

3.1. Background

It was recently demonstrated that the need for an external bias voltage in a telecommunication-
compatible terahertz emitter can be totally eliminated by taking advantage of the strong, naturally-
induced built-in electric field inside the photoconductor [91, 129]. This bias-free photoconductive
emitter concept is very appealing because it completely removes the undesired leakage current,
enabling a highly reliable operation. Among various photoconductors that offer high optical
absorption at 1550 nm wavelength, InAs is a very good choice because of its high electron mobility
(> 10* cm?/V/s at room temperature) as well as the strong Fermi level pinning at the InAs surface,
where its Fermi level is fixed above the CB minimum energy. Specifically, a bilayer InAs structure
consisting of a 500-nm-thick p+ InAs layer followed by 100-nm-thick undoped InAs layer was
epitaxially grown on a SI-GaAs substrate through MBE, where a strong built-in electric field is
induced in the undoped InAs layer to accelerate photocarriers for terahertz generation [91]. To
further enhance the generated ultrafast photocurrent, a large area plasmonic nanoantenna array
designed for 1550 nm excitation was fabricated at the InAs surface to confine the optical
generation near the nanoantenna elements, where the strength of the built-in electric field is also
maximized. As a result, the average transit time of the accelerated photocarriers to the plasmonic

nanoantennas, which also serve as the terahertz radiating elements, is significantly reduced [108,
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111, 142, 143], leading to efficient and broadband terahertz radiation with optical-to-terahertz
conversion efficiencies exceeding other passive terahertz emitters based on nonlinear optical
processes (by 4 orders of magnitude) [144, 145], photo-Dember effect [126, 127], and spintronics

[146, 147].

3.2. Silicon-Compatible Bilayer InAs Plasmonic Nanoantenna
Arrays

3.2.1. Device Design and Fabrication

As the radiation bandwidth of photoconductive terahertz emitters improve, the impact of
terahertz absorption in the substrate becomes more important. In particular, GaAs is known to
possess a phonon absorption band beyond 5 THz [148, 149], which limits the transmission of the
generated terahertz radiation. Here we present the very first bias-free telecommunication-
compatible photoconductive terahertz emitter based on the same bilayer InAs structure directly
grown on a high-resistivity silicon substrate. In addition to the compatibility with silicon integrated
optoelectronic platforms, the presented bias-free photoconductive emitter provides higher SNR
levels at high terahertz frequencies compared to the previously demonstrated GaAs-based bias-
free emitters. Through a detailed characterization it is shown that, in addition to higher terahertz
transmission, this SNR enhancement is also partially due to a shorter carrier lifetime in the InAs
layers grown on silicon, which gives rise to a faster photocurrent response. The reduced carrier
lifetime originates from higher defect concentrations as a result of a larger lattice mismatch at the
InNAS/Si interface, as compared to the InAs/GaAs interface. We demonstrate a bias-free,
telecommunication-compatible photoconductive emitter with more than a 6 THz radiation

bandwidth which can be integrated with silicon photonic platforms and/or components.
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Figure 3.1a illustrates the bias-free plasmonic photoconductive emitter implemented on a high-
resistivity (> 5000 Q-cm) silicon substrate (InAs/Si emitter), where a 500-nm-thick p*-doped (p =
1.4x10*° cm Beryllium doping) InAs layer followed by a 100-nm-thick undoped InAs layer are
grown using MBE. Thanks to the Fermi level pinning at the InAs surface, where the Fermi energy
is fixed above CB [121, 122, 150], a built-in electric field is induced inside the undoped InAs layer.
The thickness of the undoped InAs layer and the doping of the p*-doped InAs layer are engineered
to maximize the induced built-in electric field in the undoped InAs layer to enable ultrafast
photocarrier transport. In particular, the p*-doped InAs layer effectively raises the valence band
(VB) energy such that it is aligned close to the surface Fermi level, consequently inducing a strong
built-in electric field in the undoped InAs layer. More importantly, as shown by the band diagram
in Fig. 3.1a, the direction of the induced electric field is such that the photo-generated electrons
(rather than holes) are accelerated toward the surface and get collected by the terahertz antenna for
terahertz emission. As a result, the higher mobility of electrons ensures a faster photocarrier

response and, hence, a broader terahertz radiation bandwidth.

With a strong built-in electric field induced in the 100-nm-thick undoped InAs layer, it is also
crucial to maximally confine the optical generation within this region such that most of the
photocarriers will be accelerated to high drift velocities, contributing to high-efficiency and
broadband terahertz generation. To achieve this goal, the same large-area plasmonic nanoantenna
array as reported in Ref. [91] is fabricated on the InAs surface, which is designed to excite surface
plasmon waves in response to an incident optical pump beam at ~1550 nm wavelength witha TM
polarization. The optimized nanoantenna geometry, which is in the form of metallic gratings, has
a 440 nm periodicity, 80 nm gap, 3/97 nm Ti/Au metal height, covered by a 240-nm-thick SizNa

anti-reflection coating. Using an FDTD method-based electromagnetic solver (Lumerical), the
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optical absorption profile inside the 100-nm-thick undoped InAs layer is calculated. As illustrated
in Fig. 3.1b, optical absorption is maximized at a 1550 nm wavelength, while achieving a strongly
enhanced photocarrier concentrations right below each individual nanoantenna elements. This
optical absorption profile allows a high photocarrier collection efficiency with a reduced average
transport distance and transit time for the photocarriers, enabling the generation of a strong
ultrafast photocurrent feeding the plasmonic nanoantenna arrays for high-efficiency and

broadband terahertz generation.
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Fig. 3.1: (a) Schematic diagram of the bias-free plasmonic photoconductive emitter implemented on a silicon
substrate. Inset shows the band diagram and epitaxial layers directly grown on high-resistivity silicon, which consist
of a 500-nm p+-doped InAs layer followed by a 100-nm undoped InAs layer. (b) Optical absorption within the 100-
nm-thick undoped InAs layer (top) and the color plot of the optical absorption profile at a 1550 nm incident

wavelength, indicating the excitation of surface plasmon waves (bottom).

The fabrication of the bias-free emitter starts with patterning of all nanoantenna elements using
EBL, which is followed by a Ti/Au evaporator deposition and lift-off. After this, a second EBL
step defines a series of 2-um-wide ground stripes, followed by a 500-nm-thick Ti/Au deposition
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to electrically connect all of the nanoantenna elements on one side. These ground stripes are crucial
to ensure a unidirectional flow of all photocurrent elements, leading to a constructive interference
of the terahertz field from the entire nanoantenna array in the far field. Finally, the SisN4 anti-
reflection coating with a 240 nm thickness is globally deposited using plasma-enhanced chemical
vapor deposition. Figure 3.2 shows the optical microscopy and scanning electron microscopy
images of a fabricated InAs/Si emitter with a 1 x 1 mm? nanoantenna array, where the vertical

ground stripes are clearly seen in the middle image.
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Fig. 3.2: Optical and scanning electron microscopy images of a fabricated bias-free InAs/Si emitter prototype.
3.2.2. Experimental Results

The radiation spectrum of the InAs/Si emitter is characterized using a THz-TDS system and
compared to the bias-free bilayer InAs emitter implemented on an SI-GaAs substrate (InAs/GaAs
emitter). Two different femtosecond lasers are separately used in our THz-TDS system to examine
the impact of the laser parameters on the radiation spectra. The first laser is an optical parametric
oscillator (OPO) that converts femtosecond laser pulses from a Ti:Sapphire laser (Coherent Mira
HP) into femtosecond laser pulses with a central wavelength of 1550 nm, a 76 MHz repetition rate,
and a ~ 225 fs pulsewidth. The second laser is a compact Erbium fiber laser (Toptica FemtoFErb
1560) that emits laser pulses with a central wavelength of 1560 nm, a 100 MHz repetition rate, and

a ~ 53 fs pulsewidth. The laser pulses are split into a pump beam and a probe beam in order to
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excite the bias-free emitters as well as a photoconductive terahertz detector. The output
photocurrent of the detector, which is proportional to the received terahertz electric field, is
amplified through a transimpedance amplifier (FEMTO DHPCA-100 at 10° V/A gain) before

being digitized and recorded.

The time-domain electric field waveforms and their corresponding power spectra under
excitation by the OPO laser (at a 450 mW power) and the fiber laser (at a 100 mW power) are
shown in Figs. 3.3a-3.3b and Figs. 3.3¢c-3.3d, respectively. As expected, we see a slower frequency
roll-off for the measured spectra using the fiber laser thanks to its shorter optical pulse width. In
addition, for both lasers, the InAs/Si emitter shows a slower frequency roll-off, leading to higher
SNR levels at high terahertz frequencies. This is partially explained by the difference in the
terahertz transmission through the silicon substrate compared to the GaAs substrate. Since silicon
is a non-polar semiconductor, its optical phonon absorption is much weaker in the terahertz
frequency range compared to GaAs. To quantify the impact of the substrate transmission, we
measure the terahertz transmission spectra of bare InAs/Si and InAs/GaAs wafers using THz-TDS
and Fourier transform infrared (FTIR) spectroscopy, as shown in Fig. 3.4. The InAs/Si substrate
shows a higher terahertz transmission, with ~ 3 dB difference below 4 THz and more than 10 dB
above 6 THz. The absorption dip present for both substrates at ~ 6.5 THz corresponds to the optical
phonon absorption band of the InAs layers. The terahertz transmission spectra of the substrates
explain the difference between the high-frequency portions of the radiated power spectra from the
InAs/Si and InAs/GaAs emitters (Figs. 3.3b and 3.3d). However, the InAs/Si emitter consistently
shows smaller low-frequency radiation components, suggesting additional mechanisms affecting

the generated terahertz radiation.
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Fig. 3.3: (a) The time-domain electric field waveforms and (b) the radiated power spectra from the InAs/GaAs and

InAs/Si emitters under a 450-mW OPO laser excitation. (¢) The time-domain electric field waveforms and (d) the

radiated power spectra from the InAs/GaAs and InAs/Si emitters under a 100-mW fiber laser excitation.
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Fig. 3.4: Terahertz transmission spectra through the bare InAs/GaAs and InAs/Si substrates measured using THz-

TDS and FTIR, showing a higher transmission for the InAs/Si substrate. An absorption dip around 6.5 THz is present

in both substrates, which corresponds to the optical phonon absorption of InAs.
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The main cause of the reduced power and the slower frequency roll-off at low terahertz
frequencies for the InAs/Si emitter is the shorter carrier lifetime of the InAs layers, which
originates from their higher concentration of defects. This is due to a larger lattice mismatch of
11% at the InAs/Si interface, compared to the 7% mismatch at the InAs/GaAs interface. To verify
this hypothesis, we characterize the carrier lifetime of InAs in bare InAs/Si and InAs/GaAs
substrates through optical-pump terahertz-probe differential transmission measurements. For these
measurements, the transmitted terahertz signal modulated by a transient optical excitation is
recorded through lock-in detection, while changing the time delay between the optical and
terahertz beams. The carrier lifetime is obtained from exponential fitting of the differential
transmission decay as a function of time delay. As shown in Fig. 3.5a, the carrier lifetime of InAs
in the InAs/GaAs substrate is on the order of several hundred picoseconds (~ 303 ps). On the
contrary, the carrier lifetime of InAs in the InAs/Si substrate is ~ 4.5 ps, preventing the drift of the
photocarriers with longer transit times to the nanoantenna arrays, leading to the reduction of the
low-frequency radiation power and frequency roll-off. The higher defect concentration of the
InAs/Si substrate is also supported by surface morphology measurements using atomic force
microscopy. As shown in Fig. 3.5b, the surface roughness of the InAs/Si substrate is about 10
times higher than that of the InAs/GaAs substrate, indicating much higher level of disorder in the

InAs crystal lattice.

Another important observation from comparing Figs. 3.3b and 3.3d is the difference in the
power ratios when pumping the emitters with the OPO and fiber laser. As shown in Fig. 3.3b, the
radiated power from the InAs/Si emitter surpasses that of the InAs/GaAs emitter by around 10 dB
between 1 THz and 3 THz when using the OPO as the optical pump source. However, Fig. 3.3d

shows a considerably lower power ratio when using the fiber laser as the optical pump source. This
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difference can be explained by the carrier screening effect. Carrier screening occurs under high
photocarrier concentrations since the separated electrons and holes induce an opposing electric
field that reduces the built-in electric field of the emitter. As explained in Ref. [26], the strength of
the carrier screening can be qualitatively captured by the w, 7 product, where 7, is the momentum
scattering time and w, is the plasma frequency defined by w; = ng?/m*e, with n being the
electron concentration, g the elementary charge, m* the effective mass, and ¢ the dielectric
permittivity. For w, s > 1, the built-in electric field is severely screened with an opposing field
on the same order, while for w, 7 < 1, the screening effect is negligible. The combination of the
InAs/GaAs emitter with the 450-mW OPO is expected to suffer most from carrier screening
because of ~ 6 times higher optical pulse energy as well as a much longer momentum scattering
time due to lower-defect InAs layers. On the other hand, the InAs/Si emitter is much more immune
to carrier screening for both optical pump sources due to its short momentum scattering time. This
leads to a larger power ratio between the InAs/Si and InAs/GaAs emitters under the OPO
excitation. This observation points to a subtle relation between the crystal quality and the impact
of the carrier screening effect, which will be important for further optimization of the InAs/Si

emitter.

To clearly compare the radiation spectra, atmospheric absorption lines are removed by nitrogen-
purging the THz-TDS setup. Figure 3.6 shows the measured power spectra when the fiber laser is
used as the optical pump source. For these measurements, 10000 time-domain traces are captured
and averaged over a total measurement time of 170 minutes. The InAs/Si emitter offers a 6.2 THz
radiation bandwidth with more than a 100 dB dynamic range. The unique combination of silicon-

compatibility, telecommunication-compatibility, bias-free operation, and broad radiation
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bandwidth for the presented InAs/Si emitter makes it highly attractive for a wide range of practical

application scenarios.
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Fig. 3.5: (a) Measured differential terahertz transmission in an optical-pump terahertz probe setup to characterize
carrier lifetime of the InAs layers in the InAs/GaAs and InAs/Si substrates. (b) Atomic force microscopy images of

the two substrates, showing a much higher surface roughness for the InAs/Si substrate.
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Fig. 3.6: Radiated power spectra of the InAs/GaAs and InAs/Si emitters excited by the fiber laser in a nitrogen-purged
THz-TDS setup.

44



In summary, we demonstrate the first bias-free, telecommunication-compatible
photoconductive terahertz emitter realized on a silicon substrate. By epitaxially growing a p*-
doped InAs layer followed by an undoped InAs layer, a strong built-in electric field is induced
within the undoped InAs layer thanks to the Fermi level pinning above CB at the InAs surface.
This band bending enables bias-free operation of the emitter, leading to a complete removal of the
leakage current and, hence, significantly improving the emitter reliability. Implementing the bias-
free emitter on a silicon substrate is highly desirable because it allows the integration of the emitter
with other silicon photonic platforms, enabling more compact terahertz systems with a wider range
of functionalities. Moreover, using a silicon substrate largely suppresses the phonon absorption of
terahertz radiation, which causes significant power loss for typical 111-V substrates beyond 5 THz.
This benefit is clearly observed when comparing the radiation spectra of the InAs/Si and
InAs/GaAs emitters. Furthermore, it is observed that the large lattice mismatch at the InAs/Si
interface causes a higher defect concentration in the InAs layers, leading to a shorter carrier
lifetime. This shorter carrier lifetime explains the reduction/increase of the radiation power in the
low/high frequency part of the terahertz spectrum when using the InAs/Si emitter. With the optical
generation confined and enhanced by a large-area plasmonic nanoantenna array, the photocarrier
transport distance and transit time to the nanoantennas are significantly reduced, resulting in a 6.2
THz radiation bandwidth with more than a 100 dB dynamic range. The broadband and large-
dynamic-range terahertz radiation achieved from a platform that is compatible with silicon
photonics and fiber optics, make the presented InAs/Si emitter a promising solution for real-world

terahertz imaging and sensing applications.
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3.3. Graded-Composition InGaAs Plasmonic Nanoantenna Arrays

3.3.1. Device Design and Analysis

Section 3.2 describes terahertz generation from the bilayer InAs structures (bilayer InAs
emitter), where the strong built-in electric field within the undoped InAs layer is utilized. However,
the built-in electric field drops sharply to almost zero inside the highly doped InAs layer, which
means that only a fraction of the photocarriers is accelerated for terahertz generation. To address
this limitation, we develop a bias-free photoconductive emitter based on an InGaAs photo-
absorbing layer with a linearly graded Indium composition (graded InGaAs emitter). The use of
the graded InGaAs layer extends the built-in electric field through the entire InGaAs layer to drift
all of the photo-generated carriers to the terahertz radiating elements, leading to the generation of
terahertz pulses with ~4 times higher total radiation power while introducing a slight reduction in
bandwidth compared to the bilayer InAs emitter. A detailed quantitative analysis is performed to
describe and compare the two emitter structures in terms of their carrier dynamics and radiation
properties, which is supported by the experimental results. The high radiation power, broad
bandwidth, telecommunication compatibility, bias-free and reliable operation of the presented
graded InGaAs emitter extend the scope and potential uses of terahertz pulse emitters to practical

imaging and sensing applications.

Schematic diagram and operation principles of the graded InGaAs emitter are illustrated in Fig.
3.7. A nanoantenna array is fabricated on a 500-nm-thick, 1.4x10%° cm Be-doped InGaAs layer
grown on a SI-GaAs substrate. The InGaAs layer has a linearly graded Indium composition
varying from 60% at the InGaAs/GaAs interface to 100% at the surface. With the VB flattened out
due to the p* doping, the graded bandgap creates a slope in CB, which induces a built-in electric

field that drifts the photo-generated electrons toward the nanoantenna electrodes at the surface.
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The geometry of the nanoantennas is chosen to enhance optical intensity near the nanoantennas,
where the built-in field strength is maximized, by the excitation of surface plasmon waves. In order
to excite surface plasmon waves at ~1550 nm wavelength range, the nanoantennas are designed in
the form of gratings with a 440 nm periodicity, 80 nm gap, and 80 nm metal height, covered by a

240-nm-thick SisN4 anti-reflection coating.

Optical pump

Nanoantenna
arrays

TifAu

Electron
movement

Depth
Indium composition (x)

SerrElETg S 60% Terahertz radiation

Fig. 3.7: Schematic diagram and operation principles of the graded InGaAs emitter, illustrating the electron movement
within the epitaxial graded InGaAs layer toward the nanoantenna array at the surface. Energy band diagram of the
graded InGaAs layer is shown on the left, where the Fermi, conduction band minimum, and valence band maximum

energy levels are marked as Er, Ec, and E., respectively.

To examine the impact of the Indium composition gradient on the carrier transport, Fig. 3.8
shows the energy band diagrams and CB quasi-electric field profiles of graded InGaAs structures
with different starting compositions at the InGaAs/GaAs interface, calculated using a
semiconductor device simulator (Sentaurus). It should be noted that the electric force in a
semiconductor heterostructure is not only determined by the electric field, but also by the gradient

of the electron affinity y, and bandgap energy E,. Therefore, the quasi-electric fields are defined

for the CB and VB separately as,

47



F —_ — — N = — * 3.1

€ dx  Tdx + dx q€e, (1)
dE, dv  d(xs +E,)

= = —g— > 97 _ * 3.2

Fn dx Ui dx q€v, (3:2)

where F,, F;, are the electric forces exerted on electrons and holes, E., E,, are the CB and VB
energies, V is the electrostatic potential, and £;, £, are the quasi-electric fields for the CB and VB,
respectively. Generally, the quasi-electric fields for the CB and VB can be different. As clearly
shown in Fig. 3.8, the p* graded InGaAs structure has a non-zero CB quasi-electric field, which
depends on the starting Indium composition at the InGaAs/GaAs interface, while the VB quasi-
electric field is almost zero except for a ~20 nm depth near the surface. For the starting Indium
composition of 60%, the CB quasi-electric field is ~ 6 kV/cm throughout nearly the entire epitaxial
structure, which leads to a steady-state drift velocity of ~ 1.5x107 cm/s [151-159] (see Section
3.3.3 for more details). Higher composition gradients could potentially lead to stronger built-in
quasi-electric fields, but the material quality could be severely degraded by the additional
dislocation defects caused by the larger strain in the lattice [160-162]. Therefore, the starting
Indium composition of 60% is chosen for the epitaxial growth. As shown in Fig. 3.8, for the pure
p* InAs structure without any bandgap gradient, the CB quasi-electric field decays rapidly into the
substrate, and therefore it will accelerate only a small fraction of the photo-generated electrons

within the top 10-20 nm.
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Fig. 3.8: Energy band diagram and CB quasi-electric field of the graded InGaAs semiconductor structure for different

starting Indium compositions at the InGaAs/GaAs interface.

To compare the graded InGaAs emitter with the bilayer InAs emitter, Fig. 3.9 shows both of
their energy band diagrams and CB quasi-electric field profiles. In contrast to the graded InGaAs
structure with its CB quasi-electric field extending throughout the entire photo-absorbing
semiconductor region, the bilayer InAs structure has a much stronger field (> 30 kV/cm) which is
concentrated within a shallower depth of 100 nm. Importantly, within such a small carrier transport
range with minimal defects under a high accelerating field, where scattering events are almost
negligible, most of the photo-generated electrons would transport quasi-ballistically. To justify
this, we consider the electron mobility in the undoped InAs layer to be 10* cm?/V/s [163] and the
scattering time in bulk InAs to be ~130 fs at room temperature [164]. This scattering time is larger
than the ballistic transit time for electrons over the 100-nm-thick undoped InAs layer under the

uniform field intensity of 30 kV/cm, which is calculated to be 93 fs [165],
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Ty = 2m'L/qE, (3.3)
where m* is the effective mass of electron in bulk InAs and L is the transport distance. As a result,
compared to the graded InGaAs structure, the bilayer InAs structure is expected to collect less
electrons but with a much higher velocity than the electron saturation velocity, an effect usually
termed “velocity overshoot” [166, 167]. After being accelerated for t,,., the final electron ballistic

velocity can be obtained by [165]

Vpar = qEcTer /M7, (3.4)
which is the theoretical upper limit of the electron velocity with absolutely no scattering events.
To consider all electrons generated at different depths in the substrate, we calculate the weighted
average of ballistic velocities using the simulated optical generation profile under the
nanoantennas, and obtain 1.3x108 cm/s as the theoretical upper limit of the average electron
velocity. In reality, a few scattering events could still occur during the transport in addition to the
carrier screening that could further reduce the CB quasi-electric field, leading to lower electron
velocities. On the other hand, the graded InGaAs structure has much longer carrier transit times
compared with the scattering time in InGaAs due to its deeper CB quasi-electric field extension
and the high p* doping. This suggests that the electron drift velocity will reach its steady-state
value within a small fraction of the total transit time. Therefore, we assume that the electrons travel

non-ballistically at a steady-state drift velocity of ~ 1.5x10” cm/s [151-159].
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Fig. 3.9: (a) Energy band diagram and (b) CB quasi-electric field of the bilayer InAs and graded InGaAs
semiconductor structures, where the bilayer InAs structure is composed of a 500-nm-thick, 1.4x10*° cm3 Be-doped
InAs layer followed by a 100-nm-thick undoped InAs layer on a semi-insulating GaAs substrate and the graded
InGaAs structure is composed of a 500-nm-thick, 1.4x10%° cm= Be-doped InGaAs layer on a semi-insulating GaAs
substrate.

An in-depth analysis is performed to calculate the impulse responses of these two substrate
structures under a 1550 nm optical excitation to theoretically investigate radiation characteristics
of the graded InGaAs and bilayer InAs emitters. We solve the drift-diffusion equation for electrons
to obtain the transient electron concentrations over the photoconductive active regions of both
semiconductor structures. Since the built-in electric field is normal to the substrate surface,
electron movements parallel to the surface are not considered below. Denoting +y axis as the

direction into the substrate with y = 0 at the surface, we have

on _9(ven) nazn _ 2' (3.5)
ot dy ay? T,

51



n(y, 0) = Go(¥), (3.6)
where n = n(y, t) is the electron concentration as a function of position y and time t, v, is the
electron drift velocity, D,, is the electron diffusion constant, t, is the electron minority carrier
lifetime, and G,(y) is the optical generation profile, obtained by numerical simulations (Fig.
3.10a). The electron recombination lifetime of the 1.4x10%° cm™ Be-doped InAs substrate is
experimentally measured to be ~5 ps [91]. Considering the electron diffusion coefficient of D,, =
1.3 x 1073 m? /s [163, 168], the diffusion term is estimated to be much smaller than the drift term
in the undoped InAs region and recombination terms in the p* regions of both devices (see more
detail in Section 3.3.3). Therefore, the diffusion term is ignored, and the transient electron

concentration values are calculated analytically.

For the graded InGaAs structure, considering v, = 1.5 x 107 cm/s and 7, = 5ps, the

transient electron concentration values are calculated as

n(, t) = Go(y + v t)e /T, (3.7)
This solution is in the form of a decaying traveling wave in the -y direction toward the electrodes
with a speed of v,. This traveling wave form of solution describes the electron drift under a
uniform electric field with an exponential decay due to the electron recombination occurring at the

same time.

For the bilayer InAs structure, the electron velocity is modeled as a logistic function of y to take
into account the sharp change in velocity between the undoped and doped regions. By considering

T, = 5 ps, the solution is
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v (¥)

where vy, is the average ballistic velocity in the undoped region, w = 100 nm is the depth of the
undoped region, k is the factor that controls the sharpness of the velocity drop, which is taken to
be 0.1 nm™, v,(y) = vpg /(1 + ¥~ and f(y) = y + e¥~W) /k. The solution converges to
the same form as for the graded InGaAs structure when y is within the undoped region far enough

from the undoped/p+ interface,

n(y, t) ~ Go(y + vpgt)e %, for y K w. (3.9)

Figures 3.10b and 3.10c show the time evolution of the electron concentration solutions under
the same incident optical intensities for the bilayer InAs (assuming v,,, = 1.3 x 108 cm/s) and
graded InGaAs semiconductor structures with a time resolution of 50 fs at the depth cross section
with the highest optical generation (monitor lines shown in Fig. 3.10a). Under higher quasi-electric
field and ballistic transport, the electrons in the undoped region of the bilayer InAs structure are
rapidly swept out to the nanoantenna electrodes, leaving the rest of the electrons in the p* region
to be recombined with a lifetime of 5 ps. The dramatic behavior changes from undoped to p* doped
region is clearly observed in Fig. 3.10b. In contrast, the graded InGaAs structure (Fig. 3.10c) shows
a smooth reduction of electron concentration caused by both the drift current and carrier
recombination. Moreover, it can be seen that the deeper electrons are collected more effectively
compared to the bilayer InAs structure due to the CB quasi-electric field extending over almost

the entire InGaAs layer, suggesting an increase in the low frequency radiation components.
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Fig. 3.10: (a) Peak photocarrier concentration generated within the photoconductive active region at an average optical
power of 900 mW (assuming a 120 fs pulsewidth and a 76 MHz repetition rate) calculated using a finite-difference-
time-domain-based electromagnetic solver (Lumerical). Cross-sections perpendicular to (left) and in parallel with
(right) the nanoantenna orientation are shown, where the dashed monitor lines show the position with the highest
photocarrier concentration. (b) Calculated impulse response of electron concentration for the bilayer InAs emitter with

a 50 fs time resolution, assuming v,, = 1.3 x 108 cm/s. () Calculated impulse response of electron concentration
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for the graded InGaAs emitter with a 50 fs time resolution. (d) Calculated transient photocurrents injected to a single
nanoantenna element for the bilayer InAs emitter (under various ballistic velocities) and graded InGaAs emitter for a
laser pulsewidth of 120 fs. (e) Calculated power spectra generated by the entire nanoantenna arrays of the bilayer InAs

and graded InGaAs emitters.

Using the calculated impulse response of electron concentration, the impulse response of the
injected photocurrent to the nanoantennas fabricated on the bilayer InAs and graded InGaAs
semiconductor structures is calculated. Since both structures are terminated with a high-
conductivity InAs layer (with surface Fermi level pinning above the conduction band), the
nanoantenna metal - InAs junctions are expected to have very low contact resistance and negligible
energy barrier for electrons (Ohmic contact). An important difference between the bilayer InAs
and graded InGaAs emitters is their experimentally observed optimal optical beam sizes (1/e? beam
diameter of 330 um and 100 pm for the bilayer InAs emitter and graded InGaAs emitter,
respectively) at which they provide the highest radiation power. This difference is attributed to
weaker carrier screening in the graded InGaAs emitter due to its flat valence band, leading to
negligible hole accumulation within the active region. Carrier screening of the electric field
originates from the presence of high carrier concentrations, which create an opposing electric field
that consequently reduces the acceleration of the carriers and the radiation power. Different optical
beam sizes translate to different incident optical intensity levels under the same optical power.
Figure 3.10d shows the transient photocurrents injected to a single antenna element at the optimum
optical intensity for both emitters calculated by convolving the impulse response photocurrents
with the temporal profile of a 120 fs sech®-shaped laser pulse used for the experimental
characterization. The calculated transient photocurrents for the bilayer InAs structure are plotted
for different ballistic velocities because screening of the built-in electric field as a result of the
photocarrier drift as well as a small number of scattering events could lower the actual electron

velocity in the undoped InAs region. Higher ballistic velocity in the undoped InAs region leads to
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sharper transient response, which in the frequency-domain translates to a slower frequency roll-
off (Fig. 3.10e). Figure 3.10e shows the estimated power spectra generated by the two emitters
obtained by calculating the emitted radiation from the entire nanoantenna array (see more detail in
Section 3.3.3). Compared to the bilayer InAs structure, the large photocurrent decay time of the
graded InGaAs structure provides stronger sub-terahertz radiation power at a cost of slightly faster
frequency roll-off since electrons generated deeper in the InGaAs layer drift to the nanoantennas.
The results of this quantitative analysis agree very well with the experimental results discussed in

the next section.

3.3.2. Experimental Results

Emitters with the same nanoantenna geometry as described in [91] and a total active area of 1
x 1 mm? are fabricated on the graded InGaAs semiconductor structures grown through MBE. Each
nanoantenna element has a length of 2 um to maintain a high-efficiency and broadband radiation
performance [91]. The ground stripes have a 2 um width and a 0.5 pm gap size from the adjacent
nanoantenna tips. Fabrication of the emitter prototypes starts with EBL and Ti/Au deposition to
form the nanoantenna array as well as the ground stripes sequentially. The 240-nm-thick SisN4
anti-reflection coating is deposited next through plasma-enhanced chemical vapor deposition.
Figure 3.11a shows the optical and scanning electron microscopy images of a graded InGaAs

emitter prototype.

A graded InGaAs emitter prototype is mounted on a hyper-hemispherical silicon lens to better
collimate the generated terahertz radiation. The radiated power spectrum of the emitter is
characterized using a THz-TDS system, where an optical parametric oscillator pumped by a
Ti:Sapphire laser (Coherent Mira HP) generates femtosecond pulses at a 76 MHz repetition rate,
with a 120 fs pulse-width and a center wavelength of ~ 1550 nm. A beam splitter separates the
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optical beam into two branches for the excitation of the emitter and an H-dipole-based PCA
detector fabricated on an ErAs:InGaAs substrate [67]. While changing the time delay between the
two branches, the detector output photocurrent is amplified using a transimpedance amplifier
(FEMTO DHPCA-100 at 10° V/A gain) and recorded, signifying the time-domain terahertz
waveform, as shown in Fig. 3.11b. Since the radiated electric field is proportional to the time
derivative of the transient photocurrent, the negative cycle of the sub-picosecond terahertz pulses
radiated by the graded InGaAs emitter is significantly lower than the positive cycle due to the long
photocurrent decay time predicted in Fig. 3.10d. Through Fourier transform of the time-domain
waveform, the radiated power spectrum is obtained (Fig. 3.11c), showing a radiation bandwidth
larger than 3 THz when capturing and averaging only 10 traces over a 5 second data acquisition
time. It should be noted that the H-dipole-based PCA detector used for our measurements exhibits
a resonant behavior at low frequencies, which results in ringing in the detected spectrum. The low
frequency resonances are also observed in the measured time-domain electric field. The broad
bandwidth of the generated radiation is due to the sub-picosecond rising edge of the generated

pulses, which provides high frequency radiation components.

The total radiated power from the emitter is measured using a calibrated pyroelectric detector
(Sensors und Lasertechnik THz-30 detector calibrated by Physikalisch-Technische Bundesanstalt,
Germany). Terahertz pulses with 860 W average power are generated at an average optical pump
power of 900 mW, exhibiting ~4 times higher radiation power compared to the bilayer InAs emitter
[91], which is in agreement with the theoretical predictions shown in Fig. 3.10e. This is the highest
reported radiation power compared with the previously demonstrated telecommunication-
compatible photoconductive terahertz pulse emitters [69, 71, 73, 123-125]. The radiation power of

the graded InGaAs emitter increases super-linearly as a function of the optical pump power with
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no signs of saturation, suggesting even higher radiation power and efficiency at higher optical
pump powers. While the dominant radiation mechanism relies on the electron drift current feeding
the nanoantennas, there could be other secondary mechanisms such as photo-Dember effect and

nonlinear optical processes contributing to the generated terahertz power.
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Fig. 3.11: (a) Optical and scanning electron microscopy images of a fabricated graded InGaAs emitter prototype. (b)
The measured terahertz time-domain electric field, (c) radiated power spectrum, and (d) total radiated power of the

graded InGaAs emitter prototype. (b) and (c) are measured under an average optical power of 450 mW.

As mentioned earlier, the optimal diameter of the optical beam incident on the graded InGaAs
emitter under pulsed operation is experimentally determined to be ~100 pum. To further investigate
the impact of the optical beam size, we characterize the emitter when generating quasi-CW
terahertz radiation at different frequencies as a function of the optical excitation intensity. The
optical beam from two C-band CW lasers (Santec TSL-510 and QPhotonics QDFBLD-1550-10)
are combined in a fiber and pulse-modulated at a 1 MHz frequency with a 10% duty cycle using
an acousto-optic modulator (Gooch & Housego R15200-.2-1.55-GaP-FO-GH). The modulated

beam is then amplified to an average optical power of 300 mW using an Erbium-doped fiber
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amplifier (HPFA-C-33-1A). Photomixing of the two beams induces an oscillating photocurrent on
the nanoantennas at the difference frequency of the two beams, which is tunable by varying the
wavelength of one of the CW seed lasers. The radiated power is measured using a superconducting
bolometer (QMC Instruments Ltd. Model QNbB/PTC). At the same total optical power level, the
optical beam size incident on the nanoantenna array is adjusted to vary the optical excitation
intensity. Figure 3.12 shows the measured radiation power at different terahertz frequencies as a
function of the 1/e? optical beam diameter. An optimal optical beam size that maximizes the
radiated power is clearly observed at each terahertz frequency. At very small beam sizes, the carrier
screening becomes too strong, creating an opposing electric field that consequently reduces the
acceleration of the carriers and the radiation power. On the other hand, at very large beam sizes,
the destructive interference of the radiation from the nanoantennas decreases the total radiated
power. This is clearly revealed by the fact that the optimal beam diameter decreases as the terahertz
frequency increases, where the destructive interference gets stronger at shorter wavelengths.
Finally, it should be noted that the optimal beam diameter values shown in Fig. 3.12 support the
optimal value of ~ 100 um under pulsed operation, which contains the contribution from all of the

radiated frequency components.
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Fig. 3.12: Measured quasi-CW radiation power from the graded InGaAs emitter as a function of the 1/e? incident

optical beam diameter at various terahertz frequencies.
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In summary, we demonstrate high-power terahertz pulse generation from bias-free
nanoantennas on a graded composition InGaAs structure with a linearly graded Indium
composition. Such a semiconductor heterostructure creates a deep built-in quasi-electric field that
extends throughout the entire thickness of the InGaAs layer while maintaining a field strength that
is high enough to drift the photo-generated electrons at high velocities. As a result, the number of
the collected electrons by the nanoantennas that contribute to terahertz pulse generation is
increased. Furthermore, by the excitation of surface plasmon waves along the nanoantennas at
~1550 nm wavelength range, the optical generation is significantly enhanced within a few hundred
nanometers beneath each nanoantenna element, where the built-in electric field strength is
maximized, greatly reducing the transit time of the photo-generated electrons to the radiating
nanoantennas. Using a fabricated graded InGaAs emitter, we demonstrate the generation of
terahertz pulses with a record-high 860 uW average power at an average optical pump power of
900 mW. It should be pointed out that further optimization of the layer thicknesses, composition
gradient, and doping levels could provide even faster carrier dynamics to increase the radiation
power and bandwidth of the bias-free photoconductive emitters beyond the prototypes explored in
this work. In addition, a distributed Bragg reflector at the bottom of the photoconductive structure
could form an optical cavity to further enhance the power efficiencies [111]. The high radiation
power and high reliability of the presented terahertz emitter, without requiring any external bias
voltage or special optical focus and alignment requirements, would be very attractive for real-
world terahertz imaging and spectroscopy systems. As previously demonstrated [91], the emitter
chip can be simply mounted at the tip of an optical fiber to provide a flexible platform for diverse

application scenarios.
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3.3.3. Supplementary Information for the Theoretical Modeling of Bilayer

InAs Emitter and Graded InGaAs Emitter

Steady-state electron drift velocity in the graded InGaAs structure

The electron drift velocity is quantified by the following empirical formula [153],

_ te€
Ve = T———> (3.10)

14 (uee)z

Vsat

where v, is the electron drift velocity, u, is the low-field electron mobility, € is the electric field,
and vsqe = \/2Epnonon/m” is the approximated saturation velocity determined by the optical
phonon energy E,ponon and effective mass m*. The low-field mobility values, effective masses,
and optical phonon energies for highly doped Inos3Gao 47As and InAs are found from the literature
[154-159]. Using these parameters, for an electric field of 6 kV/cm in the graded InGaAs emitter,
similar velocities of ~ 1.5x107 cm/s are obtained for both Ings3Gao47As and InAs. This justifies
that the approximation of a constant steady-state drift velocity of 1.5x107 cm/s throughout the

entire graded InGaAs structure is valid.

Estimation of the diffusion term for impulse response calculation

To see why the diffusion current can be ignored in the closed form calculations, it should be
noted that the initial carrier concentration is determined by the plasmonic-enhanced optical
generation profile, which follows an exponential decay into the substrate due to the evanescent
nature of the surface plasmon waves. In other words, the initial carrier concentration can be

approximated as noe >/, where n, denotes the initial electron concentration at the surface and
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Lo~210 nm characterizes the decay rate of the electron concentration into the substrate.
Therefore, the diffusion current is approximately

D
Jaiff = L—;noe‘y/LO, (3.11)
0

while the drift term J4,.;¢, and recombination term R are

v,
Jarife = ﬁnoe_wl‘o, (3.12)
_1 B /L
R = — o€ Yito, (3.13)
e

Comparing the constant factors of the three terms with L, = 210 nm, D,, = 1.3 X 1073 m?/s,

v, = 1.5 X 107 cm/s and 7, = 5 ps, we have

D, wv, D, 1
K —, =K —. 3.14
L3 Ly L3 T, (3.14)

This justifies the negligible impact of the diffusion current. Similar arguments apply to the bilayer
InAs emitter due to its high quasi-ballistic velocity in the undoped region and 5 ps carrier lifetime
in the p+ doped region. To further support this claim, the electron drift-diffusion equation is

numerically solved for the graded InGaAs emitter with and without the diffusion term, showing a

negligible difference between the two results that are shown in Fig. 3.13.
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Fig. 3.13: Photocurrent impulse response obtained by numerically solving the electron drift-diffusion equation with

and without the diffusion term.

Estimation of the radiated terahertz power spectrum

Due to the high conductivity of the substrates, a fraction of the injected currents (Fig. 3.10d) is
directed to flow on the nanoantennas. The induced current on the nanoantennas is calculated by
considering the antenna and substrate impedance levels. Next, the transient current induced on the
nanoantennas is converted to the frequency domain, I;,4uceq(f), t0 Obtain the radiated electric

field E;(r, 8, ¢, f) from a single nanoantenna element

—jkr
Ei(T', 9: (p' f)“'ijinHTlinduced(f)’ (3'15)

where k = 2mfn/c is the wavevector, with n = 3.6 as the refractive index of GaAs. (7,0, ¢) are
the spherical coordinates with their orientations relative to the nanoantenna array illustrated in Fig.

3.14.
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Fig. 3.14: Nanoantenna array orientation and the definition of the spherical coordinates.

Then, the far-field radiated power spectrum from the two-dimensional nanoantenna array excited

by the incident optical beam is calculated using the nanoantenna array factors.

Earray(r,6,¢,f) = Ei(r,0, ¢, f)AF, (6, ¢, )AE,(6, ), (3.16)

where AF, and AF, are the array factors of the nanoantenna array in the y and z directions:

AF(9¢f)—M¢— ksingsind 3.17

v(0,0,f) = ” y = Dyksingsind, (3.17)
Sln( y)
- (N2

AE,(6, f)—Sm( ) W, = pykcosb, (3.18)

sin (lpz)

where py =440 nm and p- = 4.5 um are the periodicity of the nanoantennas in the y and z directions,
respectively, and Nyand N are the number of nanoantennas in the y and z directions, respectively,
determined by the incident optical beam size. Then, the total radiated power is obtained from the
integral below, with n, being the vacuum wave impedance.

/2 1

1
Praa(f) = 2_770 f flEarray(e» b, f)lszSiangdd)’ (3.19)

-n/2 0
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3.4. Tunable Continuous-Wave Terahertz Generation through

Optical Parametric Oscillation in On-Chip Microresonators

In Section 3.3.2, it is shown that, although the bias-free nanoantenna arrays are specifically
optimized for broadband pulsed radiation, the achieved ultrafast carrier dynamics actually enable
CW generation under bias-free operation as well. Therefore, we use the bias-free emitters to realize
a CW terahertz synthesizer pumped by optical frequencies generated from a nonlinear
microresonator, leading to a broad terahertz frequency tuning range with sub-Hz linewidths after
frequency stabilization. All experimental results presented in this section are done with a bilayer

InAs emitter on an SI-GaAs substrate.

3.4.1. Free-Running Continuous-Wave Generation

As shown in Fig. 3.15, to characterize the power spectrum of the bilayer InAs emitter, a pair of
free-running CW lasers with equal power are combined and amplified to pump the emitter. The
radiated terahertz power is measured using a pyroelectric detector (QMC Instruments Ltd.) with

lock-in detection.

PC1
iy Photomixer
i 50/50 pc3 L-EDFA Lens >
LD1 Coupler C (I. ﬂ
A olanger  ChoPper
P 20 Hz Parabolic

mirror
pair

Pyroelectric detector f \

Fig. 3.15: Experimental setup for characterizing the power spectrum of the bilayer InAs emitter. LD: laser diode, PC:

A

Lock-in

polarization controller, L-EDFA: L-band erbium doped fiber amplifier.
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The measured power spectrum from the bilayer InAs emitter in the frequency range of 0.1-2.3
THz is shown in Fig. 3.16, where multiple water absorption lines are clearly observed in agreement

with the HITRAN database (plotted in red).
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Fig. 3.16: Measured terahertz power spectrum spanning from 100 GHz to 2.3 THz by a pyroelectric detector.

After verifying broadband CW generation from the bias-free emitter, the CW laser pair is
replaced by an optically excited microresonator for generating tunable optical frequency pairs that
will be used for photomixing. The microresonator is a SisNs-based waveguide cavity with a high
quality factor, which is designed to enhance optical parametric oscillation. As a result, when the
microresonator is pumped with an optical wavelength close to one of its resonance frequencies,
under phase matching conditions, it can transfer part of its energy to another resonance frequency,
generating a parametric sideband that is tunable by detuning the pump optical frequency. With a
free spectral range of ~ 20 GHz, the generated parametric sidebands will be an integer multiple of
20 GHz away from the pump frequency. Therefore, a step-tunable terahertz frequency is generated
by photomixing the pump and the parametric sidebands. The output terahertz radiation is routed

to a harmonic mixer (VDI MixAMC with WR 1.5 and WR 2.2 horn antennas) with the
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downconverted IF signal (~ 1 GHz) observed on an electrical spectrum analyzer (ESA). Figure
3.17 shows many IF spectra compiled together to demonstrate the step-tunable input terahertz
frequency from 330 GHz to 750 GHz. Note that this range is only limited by the harmonic mixer
bandwidth. Clearly, the lower intensities at 550 GHz and 750 GHz are due to the presence of water

vapor absorption lines. For all other frequencies, the observed SNR is about 50 dB under a 10 kHz

resolution bandwidth.
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Fig. 3.17: Measured intermediate frequency spectra of the downconverted terahertz wave, which is step-tunable with
a step size ~ 20 GHz equal to the free spectral range of the microresonator. The frequency range of 330 ~ 750 GHz is

only limited by the bandwidth of the harmonic mixer.

Moreover, since both the pump and parametric sideband emit from a single microresonator, the
common mode phase noise is strongly suppressed. Therefore, the terahertz beat frequency
generated from the microresonator under free-running condition is much more stable as compared
to a pair of independent CW lasers. To experimentally characterize the beat frequency variation,

the downconverted IF spectrum is repetitively captured using an ESA 100 times, as shown in Fig.
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3.18. Clearly, the microresonator shows ~ 4 times lower frequency variation compared to the CW
laser pair. The residual frequency variation comes from the power and wavelength fluctuations of
the pump beam, which slightly changes the phase matching condition and, hence, the frequency
of the parametric sideband. In the next section, we show that the use of a feedback loop allows

stabilizing the pump beam, reaching sub-Hz stability for the generated terahertz radiation.

10

= CW laser pair

-2 -10 0 10 20

Frequency (MHz)

Fig. 3.18: Measured intermediate frequency spectra of the downconverted terahertz wave generated from a pair of
free-running CW lasers (blue) and the microresonator (orange), showing a ~ 4 times frequency stability improvement

for the latter case.

3.4.2. Frequency-Stabilized Continuous-Wave Generation

Tunability of the generated terahertz wave highly depends on effective microresonator
temperature which, in turn, introduces thermal stochastic frequency fluctuations of the generated
terahertz signal induced by thermodynamical fluctuations of the microresonator mode. The small
mode volume of the microresonator physically leads to high thermal sensitivity to ambient
temperature fluctuations. The thermal instability originates from thermal energy exchange between

the microresonator and ambient background or laser heating from the intracavity optical power
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absorption. The thermal fluctuations, fundamentally mediated by thermal expansion and thermo-

refractive index effects, impose phase decoherence of the generated terahertz signal.

To improve the instantaneous linewidth and frequency stability of the generated terahertz signal
and further increase its frequency tuning resolution, microresonator intracavity power stabilization
(main stabilization loop) and pump-resonance detuning stabilization (auxiliary stabilization loop)
are engaged, as illustrated in Fig. 3.19. A terahertz wave at 650 GHz is downconverted to an IF of
~ 1 GHz using the harmonic mixer. An ESA and a signal source analyzer (SSA) are used to
characterize instantaneous linewidth and frequency noise of the downconverted signal at IF,
respectively. To facilitate feedback locking, the IF passes through a 260x frequency divider and
mixes with a local oscillator (LO2) to generate the error signal, which is fed to a proportional-
integral-derivative (PID) controller to control the pump laser polarization to stabilize the
microresonator intracavity power after polarization demodulation with a linear polarizer.
Meanwhile, the integral error signal auxiliary controls the pump laser frequency to facilitate the

stabilization of the pump-resonance detuning.

Phase matched parametric
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Fig. 3.19: Experimental setup for terahertz frequency stabilization. PBS: polarizing beamsplitter, OBF: optical

bandpass filter, LO: local oscillator, Freg-C: frequency counter.
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Figure 3.20 shows the stabilized instantaneous linewidth of the generated terahertz signal over
a 50 Hz frequency span and a resolution bandwidth and video bandwidth of 1 Hz. After pump laser

power and frequency stabilization, the signal shows more than a 40 dB SNR and 0.98 Hz linewidth

for a 1.83-second sweep time.
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Fig. 3.20: Measured instantaneous linewidth of the generated terahertz signal at 650 GHz under frequency
stabilization, showing more than a 40 dB SNR and 0.98 Hz linewidth for a 1.83-second sweep time.

Finally, the long-term frequency stability of the terahertz signal is examined with a referenced
frequency counter for a 300-ms gate time. Figure 3.21 shows the Allan deviation of the free-
running and residual signals at 650 GHz. The residual frequency stability is improved by 400,000
times for a 1-second averaging time and reaches the instrumental limit of the frequency counter.

The stabilized Allan deviation curve follows the ideal 1/t slope for the entire measurement time

of 1000 s.
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Fig. 3.21: Allan deviation of the free-running and stabilized terahertz signals.
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Chapter 4: Conclusion

This dissertation explores two major approaches to develop high-performance
telecommunication-compatible photoconductive terahertz sources and detectors without using
conventional defect-introduced short-carrier-lifetime photoconductors: plasmonics-enabled
ultrafast carrier dynamics based on carrier transit time reduction and photoconductor band
engineering. Both of these approaches take advantage of the plasmonic enhancement of near field
optical generation close to the plasmonic electrodes at the surface, leading to significantly reduced
transport distance for the photocarriers, which facilitate the ultrafast photoconductive response

required for terahertz operation.

Plasmonics-enabled carrier transit time reduction has demonstrated diverse functionalities
including the realization of terahertz sources and detectors under both pulsed and CW operation,
making it highly accessible and applicable when utilizing various semiconductors and optical
wavelengths for designing photoconductive terahertz devices. Moreover, further improvement in
the device efficiency is expected by incorporating distributed Bragg reflectors beneath the active
photo-absorbing layer, which leads to additional cavity enhancement of the optical generation.
Also, further reduction of the InGaAs thickness below 200 nm used in the prototype devices would
suppress the dark/noise current, leading to broader bandwidth operation, while having a negligible
impact on the SNR since the optical absorption is tightly confined near the plasmonic contact

electrodes.

Aiming to solve the thermal reliability issue for telecommunication compatible terahertz
emitters, the combination of plasmonic enhancement and photoconductor band engineering has

led to the realization of several bias-free photoconductive emitters, which offer multiple orders of
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magnitude improvement in optical-to-terahertz conversion efficiency compared to other passive
terahertz generation techniques. Different multilayered photoconductive structures are
investigated to introduce the strong band-bending required for high-efficiency, passive optical-to-
terahertz conversion. The impacts of the substrate loss and lattice mismatch on the terahertz
radiation power and bandwidth are analyzed in detail. In particular, bilayer InAs grown on a high
resistivity silicon substrate offers improved terahertz radiation bandwidth in addition to its
integrability with other silicon photonic platforms, offering a very promising solution for real-
world terahertz applications. Aside from the substrate properties, the impact of the built-in electric
field profile on the carrier dynamics is also extensively analyzed. Using graded-composition
InGaAs structures, a deep built-in electric field is induced throughout the entire photoconductive
layer, allowing all of the photo-generated electrons to be accelerated to contribute to terahertz
generation. Consequently, a record-high pulsed terahertz power level of 860 uW is demonstrated

compared to other telecommunication-compatible photoconductive emitters.

One of the most important directions to further improve the performance of bias-free emitters
is to reduce the photocurrent leakage from the antenna to the highly conducting InAs substrate.
Optimized choices of the nanoantenna geometry and selective InAs etching are some promising
directions that need to be further investigated and developed. It is expected that further
optimization of the photoconductor structure, composition, doping profile, and MBE growth on
silicon substrate will lead to even faster carrier dynamics, making bias-free emitters an attractive

solution for future terahertz systems.

Finally, the use of bias-free emitters together with on-chip nonlinear microresonators for

implementing a tunable CW terahertz synthesizer is introduced. With active frequency
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stabilization through a feedback loop, broadly tunable terahertz radiation with a sub-Hz linewidth

is achieved.
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