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Abstract

This thesis focuses on improving the performance of the THz time-domain spectroscopy system using
second-order nonlinear crystals for THz generation and detection in terms of bandwidth, sensitivity, and
THz field strength. The theories for the THz generation based on optical rectification and detection
technique, electro-optical sampling, based on Pockels effect are introduced in Chapter 2. In Chapter 3, some
experiments are presented to characterize the performances of the THz system based on a 180 fs Yb:KGW
femtosecond laser amplifier operating at 1035 nm. The Yb-based femtosecond laser is becoming
increasingly popular due to its robustness, high repetition rate, and high average power. However, the NIR
bandwidth of these femtosecond lasers is limited by the gain bandwidth of the gain medium, and achieving
pulse durations shorter than 180 fs is challenging. Consequently, the full bandwidth of THz time-domain
spectroscopy systems is constrained by such laser systems. In order to broaden the THz bandwidth of such
THz time-domain spectroscopy systems, our work in Chapter 4 combines the Yb:KGW femtosecond laser
amplifier with an argon-filled hollow-core photonic crystal fiber pulse shaper to spectrally broaden the
near-infrared pulses from 3.5 to 8.7 THz, increasing the measured THz bandwidth correspondingly from
2.3 THz to 4.5 THz. This is one of the first works to have broadband THz system based on Yb-based
femtosecond lasers in the year of 2018. In Chapter 5, the tilted-pulse-front phase matching in the THz
generation and detection scheme is demonstrated using the same surface-etched phase gratings on the front
surfaces of the 2 mm-thick GaP generation and detection crystals. This scheme overcomes the THz
generation and detection bandwidth limit of thick crystals imposed by the traditional collinear phase
matching, while allowing the long nonlinear interaction length. This results in a THz spectral range from
0.1 to 6.5 THz with a peak at 3 THz and a peak dynamic range of 90 dB. In the range between 1.1 and 4.3
THz, the system dynamic range exceeds 80 dB. Based on this contact grating-based THz generation, the
next step involves generating high-field THz above 2 THz. For high-field THz generation, the most
renowned technique is the tilted-pulse-front technique, which generates high-field THz below 2 THz in a

LiNbOs crystal. Most nonlinear optics experiments in the THz regime rely on such THz sources. To
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generate high-field THz above 2 THz, one promising candidate is organic THz crystals. However, most
organic crystals require a pump laser with a wavelength exceeding 1200 nm, necessitating a more complex
laser system. Additionally, the low damage threshold of these crystals are susceptible to compromise the
stability of the measurements. Other techniques, such as air plasma and metallic spintronics, can generate
ultra-broadband high-field THz from 0.1 to 30 THz, but the pulse energy within certain frequency windows
is relatively low, rendering these THz sources less effective for nonlinearly driving specific optical
transitions. On the other hand, semiconductor crystals as THz generation crystals, have a high damage
threshold and can achieve good phase matching at wavelength around 800 or 1000 nm. In Chapter 6, high-
field THz generation with a peak field of 303 kV/cm and a spectral peak at 2.6 THz is achieved with a more
homogenous grating on the surface of a 1 mm-thick GaP generation crystal in a configuration collimating
the near-infrared generation beam with a pulse energy of 0.57 mJ onto the generation crystal. The
experiments also show that the system operates significantly below the GaP damage threshold and THz
generation saturation regime, indicating that the peak THz field strength can approach 1 MV/cm, with a
5 mlJ near-infrared generation pulse. This is the first high-field THz source based on semiconductor crystals
capable of generating high-field THz above 2 THz. With such a THz source, we can conduct nonlinear
optics experiments above 2 THz, including the study of phonon-assisted nonlinearities, coherent control of
Bose-Einstein condensation of excitons and polaritons in semiconductor cavities, and saturable absorption

in molecular gases.

iii



Statement of originality and collaborative contributions

To the best of his knowledge, the author affirms that the research presented in this thesis is original. The
contributions from the author to each of the publications in this thesis are detailed below.

Chapter 4 contains the paper entitled “Broadband and tunable time-resolved THz system using argon-filled
hollow-core photonic crystal fiber” which was published in 2018 in APL Photonics. Wei Cui and Aidan
Schiff-Kearn built the THz system. Emily Zhang and Nicolas Couture built the hollow-core photonic crystal
fiber system. Wei Cui collected the data, analyzed the data and made the figures for the manuscript.
Francesco Tani and David Novoa performed the simulation of the propagation of the NIR pulse in the
hollow-core photonic crystal fiber. Philip St.J. Russell provided the hollow-core photonic crystal fiber. Wei
Cui and Jean-Michel Ménard drafted the original manuscript. Wei Cui handled the reviewing process under
the supervision of Jean-Michel Ménard. All authors reviewed and contributed to the published manuscript.
Chapter 5 contains the paper entitled “Broadband and high-sensitivity time-resolved THz systems using
grating assisted tilted-pulse-front phase matching” which was published in 2022 in Advanced Optical
Materials. Wei Cui built the experimental system, collected, and analyzed the data, performed the
simulations, made the figures and drafted the original manuscript. Kashif Masud Awan fabricated the
grating on the nonlinear crystals for THz generation and detection. Wei Cui handled the reviewing process
under the supervision of Jean-Michel Ménard. All authors reviewed and contributed to the published
manuscript.

Chapter 6 contains the paper entitled “High-field THz source centered at 2.6 THz” which was published in
2023 in Optics Express. Wei Cui built the experimental system. Mohammad Bashirpour fabricated the
grating on the nonlinear crystals. Wei Cui, Eeswar Kumar Yalavarthi and Aswin Radhan collected the data.
Wei Cui analysed the data. Wei Cui and Eeswar made the figures. Wei Cui drafted the original manuscript.
Wei Cui handled the reviewing process under the supervision of Jean-Michel Ménard. All authors reviewed

and contributed to the published manuscript.

v



Acknowledgements

I would like to extend my heartfelt gratitude to numerous individuals who have been instrumental in my
PhD journey. First and foremost, my supervisor, Jean-Michel Ménard. Thank you for introducing me to the
THz community and for being an exceptional supervisor over the past 7 years! I deeply appreciate your
high standards for quality and attention to details! You also supported me through two of the most
challenging periods in my life during my PhD journey. I am hopeful that the THz systems we developed
over these years will lead to more intriguing projects in the future!

I also want to thank my co-supervisor, Ravi Bhardwaj. While it was a pity that I have not had the opportunity
to work more extensively with you during my PhD, your support during the initial 4 years was invaluable.
I thoroughly enjoyed the spectroscopy course you taught. As I conclude my PhD, I believe the THz system
I built will be instrumental in studying the fluorescence properties of the PMMA. I hope future students
will continue this project.

Angela Gamouras, thanks for your support during the last 3 years of my PhD study. You helped so much
revise my manuscripts, conference proceedings and so on! You also gave me a lot of useful advice on
research and career direction. Wish you all the best for your professional and personal life!

I have had the privilege of collaborating with many colleagues. Aidan Schiff-Kearn, our initial 2 years in
Ottawa, spent building the THz system and experimenting with various materials, were memorable. Our
mutual support and culinary adventures in Ottawa, Montreal and Regensburg will always be cherished.
Wish you success in completing your PhD and a fulfilling future. Lauren Gingras, I gained much from our
collaboration and your postdoc tenure in our group. Your assistance extended beyond the lab to conference
participation. Alexi Halpin, as the first postdoc I have worked with, especially after recovering from my
sickness, I am grateful for your guidance for me back to the research life and support in my research
endeavors. Nicolas Couture, we worked a lot together and I really enjoy our seamless science
communication. Your dedication resulted in the success of our joint project. I wish you continued success

in your future endeavors. Ahmed Jaber, we spent a lot of time measuring your samples together and I admire

A%



your inquisitive nature. Also, thanks for helping me improve my English writing. Aswin Vishnu Radhan,
we worked together in the last 2 years of my PhD, and your rigorous and careful attitude in experiments
impressed me. Thank you for your contributions to our high-field paper. Eeswar Kumar Yalavarthi, you are
the youngest member in our group. Your zeal for learning diverse experimental techniques is inspiring. |
also appreciate your contributions to our high-field paper. I extend my best wishes to all group members
who stood for me during my PhD and through the most challenging times of my life.

I also need to thank my friends Le Qiao, Zi Chao Zhou and Lijuan Gu. We had a lot of fun in Ottawa and
on the trips. A special thanks to Fanqi Kong for invaluable research suggestions and good career advice.
We also enjoyed playing basketball together. Chang Zhang, we collaborated at the end of my PhD but we
became good friends so quickly. Thanks for your support during my hard time this year!

My dear wife Yuanming Zhao, we met each other in Waterloo, and you have been with me throughout the
last 7 years in Ottawa. We went through all the challenges and enjoyed all the success together. In 2018,
your unwavering love and support during my sickness have been my anchor. This year, in the hardest time,
you are with me all the time and I hope our future is filled with love and serenity.

To my mother Renqing Xu, you brought me to the world and your unwavering support throughout my life
has been invaluable. I wish you health and happiness in the years to come.

Lastly, to my dear father, Zhifeng Cui, I deeply regret that you couldn’t witness my graduation. You were
the one who guided me into the physics world. The memory of the purple pulsed laser in your lab from my
childhood remains vivid. Your unwavering support, both emotionally and intellectually, especially over the

last 4 years, has been my strength. I promise to forge ahead with resilience, hoping you find peace in heaven.

vi



Table of Contents

AADSITACE ...ttt sttt ettt e a et e bt ettt e h et e bt et et e ekt e a e et eh e et e bt eh e et e eheea e et e bt ent e teebeeaean ii
Statement of originality and collaborative CONIIDULIONS ..........ceoveruerieriiriiiierieeie et v
ACKNOWICAZEIMENLS .....eevieiieieieeieeie ettt et esteesteesteestteseaesetessseesseesseasseesseesseessaessaesssessseasseasseanseenseenseeseenses v
LISt OF FIGUIES ...veuvieiieieeiieiees et e sttt s et e et s bt e e et e e st e esseesbaesseeseessaesssesssessseasseanseanseanseenseenseenseenseesseens ix
Chapter 1 Introduction of THz time-domain SPECIrOSCOPY......eevirrircrierrieriierreesieeseeseessresressesseassesssessseens 1
L B S5 Y1 1<) /2 TS PURRSRSRRSRN 1
1.2 THZ time-dOmain SPECLIOSCOPY ..veeveerrrerreereerrerreareasseeseesseessesssessseessessssesssesssesssesssesssesssesssesssesssesnns 5
Chapter 2 Theory of nonlinear optical process for THz generation and detection ............cecceeeeeeveenenncnnen. 9
2.1 OPtical NONIINEATILY ....vveivvereriereereereerteesteeseestteseestessessseesseesseasseesseesssesssesssesssesssesssessseessessseessesssenns 9
2.2 The nonlinear optical WaVe SQUALION .........ccccuiieriireiiieeiieeiee et e ereeeteeestaeesreessreeesseessseessseeessseenens 10
2.3 Coupled-wave equations for difference-frequency generation of THz radiation............ccccccvveennennnne 13
2.4 Phase-matChing CONAITION ........cueiiiiiiiiieeiieeiieeteeeieeete e eree et e e ae e sve e e reeesabeeesbeeensaeessseesssaesnseeenens 16
2.5 Tilted-pulse-front phase MAtChING .........cccviiiiiiiiiiiiciie e e ear e e sve e b e e enraeeenas 18
O U s AT (1< o OO SUSUR 22
2.7 Extraction of real refractive index and the absorption coefficient using THz-TDS ...........c.ccccee. 24
Chapter 3 Experimental Methods .........ccoiiiriiiiiiiiie ettt 29
3.1 Amplified femtosecond YD:KGW 1aSer SYStEIM......ccecruiruteriiniiriiiiiniiniieienieeteie et 29
3.2 THz time-domain SPECtrOSCOPY SYSLEIM ....cueiruirriirrieeieeteeteeteeteerteesteesteesteesaeesneesneeensesnseenseenseensens 30
3.2.1 RETETEICE IT1S PAIT ...veeeevieeiieiieieeieesieesteesteeteeteeebeesseesbeesseesseesseesssessseanseansensseenseessassseesssesssessses 31
3.2.2 ParabOliC TMITTOTS ... .eeuteieieieiiete ettt ettt sttt h et e bt s bt et et ebe et e et sbt et e sbeest et e ebeeseenee e 32
3.2.3 Motorized translational delay StAZE .........cceccverieriiieiieeiiieieeieeeee et 34
3.2.4 Spatial overlap of 2 beams on the gating Crystal...........ccoccvevieriieriiicienie e 35
3.2.5 EOS AlIZNIMENL .....ccciiiiiiiieiietiesiiesitesieesteseresetessreesbeesseessaesseesseesssesssesssesssessseessesssessssesssesssessnes 36
3.3 Measurements characterizing the THZ-TDS SYSteM.........ccccvevvieriiriiiiiniieie e seee e 36
3.3.1 NIR pulse and THZ pulSe MEASUICIMENLS .........c.cccveerreerreerreeriiesieesieereesresreasesseessessseessesssesssens 36
3.3.2 Iris clipping THZ DEAM ......cveivviiiiiiiiieiie ettt ettt et e taestbestbesebeesbeessaesseesaessaesssessnesssensnas 38
3.3.3 Saturation in the THZ ZeNeration PrOCESS ........c.eevveerreerreereerieereereesresressessessseessessseessesssesssees 39
3.3.4 Measurement of typical THZ CrysStals ........ccccocuiiiiiiiiiiieiiie et 41
Chapter 4 Broadband and tunable time-resolved THz system using argon-filled hollow-core photonic-
(01743 121 I 0 <) SRS RRRPS 43
4.1 Background and rElEVANCE ..........eeecuiieiiieeiieciee ettt e et e et e b e s tee e eaeesebeeesbeeensaeessseessseeenseeenens 43
4.2 Additional COMIMENTS ........eeeiiiiiiiieieee ettt eeete ettt eate et e eteebe e beesbeesseesstesseesasesnsesasesnsennne 52



T AN o 0153 114 B D QOSSPSR 53

4.3.1 Installation of the HC-PCF in the gas Cell ..........ccooiiriiniiiiiiiieeeeeeeeeeee e 53
4.3.2 Chirped mMirrors aliNMENT ........c.ceiuieriierierieiieeieete e et et et estee st e steesaeesseeesseensesnseenseeseeseenne 58
Chapter 5 Broadband and high-sensitivity time-resolved THz system using grating-assisted tilted-pulse-
frONt Phase MALCHING......cccviiiieiieiieicceee ettt e et e et e e te et e st e ssaessbessseesseesseenseenseesseeseesnes 60
5.1 Background and releVANCE ...........cccvirieriieiiieie ettt e see s ee e s et e esse e s aeseessaessaessnenssennnas 60
5.2 AddItional COMITIETIES .....c..eeuiiiitieiieteetiet ettt ettt ettt ettt ettt e e b es e beebe et e tesb e et e sbesseemaeebeeneeneene 74
5.2.1 More about the gratings Used N [83] ......ccecciiiiiiiiiiiiieie ettt sreeebe v e s e esreereas 74
5.2.2 About the dynamic range measurement of the THZ-TDS.........c.coovevriiviivienienieceeceeceeee, 77
Chapter 6 High-field THz source centered at 2.6 THZ .........ccoevvieviieriiiieiieciecre et 81
6.1 Background and TEIEVANCE ..........ecvieiieiiieieeie ettt et estae s resaesebessbeesseesseesseessaesssesssensnensnas 81
6.2 AddItioNAl COMIMENS ........eiuiiiietieierteetiete ettt ettt et e et se et et e es e e e e e teeseeneeeseenteasesseenseeseeneensesseeneensenne 93
6.2.1 High-field THz field strength measured with EOS...........ccccviiiiiiiiiiiieeceee e 93
6.2.2 The saturation of the THz generation in GaP............ccccceeviiiiiiiiiiiciic e 93
0.2.3 FULUIE WOTK ..contiitiiitieie ettt ettt b e b e b e e s bt sae e sat e emteeabeebeebeenbeenaeas 94
CRAPLET 7 SUIMIMATY ..eeouviiiiiiieiiieeiteeeiee et teertteesteesteeetaeestbeesabeeesteeessseessseeessssesssaeassesassseessseesssesasseessseennses 96
Chapter 8 CONCIUSION. ......eiiiieiiieieeie ettt ettt ettt et e et et e te e s bt e sbeesseesseesatesaeeenseenseenseeseeseenseenseas 99
RETEIEIICES ...ttt ettt et e st e s bt e st esate s st e eateeateeateeabeebeeaseesseesstesneesaneenseensenns 101

viii



List of Figures

Fig. 1.1 The electromagnetic spectrum in the units of wavelength and the frequency. The THz band is
between the near-infrared (NIR) and the MICTOWAVES. ......cccvveevieciieriieriieieeeie et saee s e seee e 1
Fig. 1.2 The development of THz sources till 2020 [21,22] with my work in Chapter 6 [23]. MMIC:
microwave monolithic integrated circuits; IMPATT: impact ionization avalanche transit-time diodes;
BWO diodes backward wave oscillators; RTDs: resonant tunneling diodes; UTC-PD: uni-travelling
carrier photodiodes; QCL: quantum €ascade 1aSer...........ccverieriiiieiiiiiieie e e ereeste et es e saeseeseneseveseneens 3
Fig. 1.3 The schematic of the standard THz time-domain spectroscopy system built in our lab. The THz
generation and detection are both performed using nonlinear crystals. BS: beam splitter; TS: translational
stage, GaP: 110-oriented 220 um-thick gallium phosphide crystal; Ge: germanium wafer; Si: silicon
wafer; L: lens, A/4: quarter-wave plate; WP: Wollaston prism; PD: photodetector...........cccccevveeevieenveennnenn. 5
Fig. 1.4 The mechanism of THz generation via OR. (a) An optical spectrum of a NIR pulse for THz
generation. (b) Photon description of the interaction between 2 NIR photons to produce a THz photon
through difference frequency generation (DFG).......c.ccociiiiiiiiiiieiii et 7
Fig. 1.5 Principle schematic of the electro-optical sampling technique (adapted from [42]). (a)
Polarization changes of the NIR gating beam with and without the illumination of the THz together with
the corresponding differential signal between the A and B balanced photodetectors. y(2): second order
nonlinear crystals; 1/4: quarter-wave plate; WP: Wollaston prism. (b) Process of the time-resolved
detection of the THZ electric fleld..........ooiiiiiiiiiieeee e 8
Fig. 2.1 Difference frequency generation in a second-order nonlinear medium. w; and w; are the
frequency components of the 2 continuous input beams. ®; is the frequency generated from the DFG
process. Figure adapted from [43]. ..o.cuieieiiiieiiecie ettt e ettt snressreenneerseenseenreenes 13
Fig. 2.2. Effects of wavevector mismatching on the efficiency of the difference-frequency generation.
Figure adapted frOm [43]. ...ooviiiiiieeieieeecte ettt re et ettt ettt e s tbeetb e e st e esbeesbeessa e taentaesraeeraeenreenne 17
Fig. 2.3 Cherenkov THz generation resulting from OR of a fs optical pulse moving at a velocity vg(w0)
larger than the phase velocity of the generated THZ v/(1) [50]. ..ccoeevierieniiiiieiiereeeeeeeree e 19
Fig. 2.4 The schematic of the tilted-pulse-front technique. The top part of the figure shows the
propagation direction of the NIR pulse and the generated THz pulse. The bottom part of the figure shows
the phase-matching in the tilted-pulse-front configuration. Figure adapted from [46].........c.cccevveeveennenn. 20
Fig. 2.5 Tilted-pulse-front THz generation system in our lab. A grating tilted the pulse front and imaged
by a lens onto the front surface of the generation crystal. Figure adapted from [53]. ....cocveiieiiniveinnnnen. 21

X



Fig. 2.6 (a) Time-domain signal of THz pulses with no sample in the THz-TDS system (reference signal)
and the time-domain signal measured after the THz pulse transmitted through a 1 mm-thick fused silica
sample. (b) The Fourier transform of the reference signal and the sample signal. ...........ccccoeeieiieneennennne. 25
Fig. 2.7. With the measurements presented in Fig. 2.6, (a) the refractive index and (b) the absorption
coefficient of the 1 mm-thick UV fused silica is extracted. The results are compared with the Ref [61]..27
Fig. 3.1 Schematic illustration of the chirped pulse amplification used in a regenerative amplifier. Credits:
Royal Swedish Academy Of SCIENCES. .....cccvieeiirrieiieiiereereeste et ere et e esteestaesseesssesssessseenseenseenseenns 30
Fig. 3.2 The first THz-TDS system in our lab. The NIR beams at 1035 nm are shown in green and the
THz beams are in red. The NIR beam is split into two arms. The first arm with 80% of the original power,
generates THz using nonlinear crystals. The second arm with 20% of the original power serves as a gating
beam to time-resolve the THz beam on the detection crystal through electro-optical sampling. ............... 32
Fig. 3.3 Image of a typical 2” diameter and 2” focal length parabolic mirror. (a) The back view of the
parabolic mirror. The red line connecting the three 3 holes serves as a reference for the rotational position
of the parabolic within its mirror mount. (b) The front view of the parabolic mirror. Collimated beams of
the height of the parabolic mirror will be focused into a horizontal line in the beam profile if it strikes the
left side of the parabolic mirror and into a vertical line if it hits the right side of the parabolic mirror. .... 33
Fig. 3.4 The schematic for the alignment of the motorized translational stage. The red line indicates the
beam path within the translational stage. M1: mirror 1; M2: mirror 2; MS: microscope slide. Points 1 and
2 mark the 2 intersection points between the optical beam and the MS. ..o 35
Fig. 3.5 (a) The autocorrelation trace of the femtosecond pulse from the Yb:KGW amplifier. (b) The NIR
spectrum of the femtosecond pulse from the Yb:KGW amplifier, where v0 is the center frequency of the
laser spectrum corresponding to a wavelength of 1035 NM. ........ccccvieiciiiiiiiiiii e 37
Fig. 3.6 (a) The THz time-domain signal measured with the NIR pulse in Fig. 3.5 using a 300 um thick
GaP generation crystal and detected by an identical GaP crystal. (b) Corresponding THz spectrum
calculated by FOUTIEr tranSTOTM. ........coiuiiiiiiiiiii ettt ettt ettt e e b e sneesneeenees 37
Fig. 3.7 THz spectra measured when an iris is open at specific sizes to cut the THz beam. ...................... 39
Fig. 3.8 (a) THz time-domain signal measured with different average power from the laser at 1.1 MHz.
(b) Fourier transforms of the THz time-domain signals in (a). The generation crystal is a 2 mm-thick GaP
and the detection crystal is a 450 pm-thick GaP. In both plots, the measured THz amplitudes are first
normalized to the fluences on the balanced photodetectors and then normalized to the peak amplitude
when the 1aSer POWET 1S 0.9 W c..iiiiiiiiieeiece ettt st e et et e e e e te e seesssesssesssesnsesnseenns 40
Fig. 3.9 Measured refractive index and the power absorption coefficient from 0.5 to 6 THz. The dot lines

indicate uncertainties in these two calculated parameters due to the limited accuracy of the crystal



thickness measurements. The accuracy of the caliper for thickness measurement is £0.02 mm. These
measured results are compared to those reference values in [69]........ccocceeveeriienienienienieee e 41
Fig. 4.1 A scanning electron microscope (SEM) scan of the cross-section of the Kagomé HC-PCF
(provided by Dr. Jean-Michel MENard). ..........cccvevieriierierieiieiienieeie e eie et seeseeseaesenessaesssessseeseeseenses 45
Fig. 4.2 THz spectrum measured with the NIR pulse out of argon-filled HC-PCF at 15 bar for THz
generation and detection. The generation and detection crystals are 200 pm thick ZnTe.........c.ccccceeneeneee 53
Fig. 4.3 The gas cell containing the Kagomé HC-PCF. (b) An overshot picture of one chamber of the gas
cell showing how the HC-PCEF is placed inside the gas Cell. .......cociviiviiiiiiiiiiiiicieeeeeee e 55
Fig. 4.4 The picture of the gas cell pressure control panel. There are 3 valves on the panel to increase the
pressure in the gas cell in stages. The gas cell pressure sensor measures the gas pressure inside the tube
coONNECtING t0 the ZAS CCIL ..icuiiiiiiiieiiciececee ettt ettt e s ta e s tb e s tbesebessbeesseesseesseesseessaesssensnas 57
Fig. 4.5 A typical alignment of the chirped mirror to achieve 3 bounces on each mirror in our lab. ......... 59
Fig. 5.1 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact gratings

optimized for THz generation at 3 THz, 4 THz, and 5 THz. The detection crystal is a 100 pm thick GaP.

.................................................................................................................................................................... 74
Fig. 5.2 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact gratings
optimized for THz detection at 3 THz, 4 THz, and 5 THz. (Adapted from [83]).....ccccevveerriienienieiieenne. 76
Fig. 5.3 The DFG phase-matching factor for calculated for 1 mm-thick GaP, gratings with periods A1 =
1.935 um, A2 = 1.635 um, A3 = 1.335 pum. (Adapted from [83])...ccceeeevierieiiirie e 76

Fig. 5.4 THz power spectra of time-domain signals measured with a pair of DSTMS crystal and DAST
crystals. Both these power spectra are normalized to the noise floor which is defined as the average of the
signal power above 30 THz. This figure is taken from [87]. .....ccceevievierieeiiieiiieir e 78
Fig. 5.5 THz spectral intensity (red solid line) compared to spectral noise intensity (dotted line). The
black line is the smoothed noise floor. The blue line is the calculated dynamic range (DNR) in dB. Figure
17:14= 1 00} 11 B 1) PR USSR 79
Fig. 5.6 THz spectra power measured when there is no sample in the dual grating assisted THz-TDS
system (black) and when there is a 3 mm-thick PMMA is in the THz path (red). Spectra power
normalized to the peak of the DIACK CUIVE. ......cccviiiiiiiiiiciicecee e 79
Fig. 6.1 Dependence of THz pulse energy measured with calibrated pyroelectric detector on NIR laser
pulse energy for THz generation using LiNbO3, GaP, and ZnTe crystals with a laser centered at 1035 nm.
The solid lines represent the slopes of the data points. This figure is taken from [89].........c.cccvvevveennen. 94

X1



Chapter 1

Introduction of THz time-domain spectroscopy

1.1 Terahertz

When we say Terahertz (THz)’, we’re talking about frequencies that are 10'* times a second. The
Terahertz band is a part of the electromagnetic spectrum, and it is usually defined as ranging from
0.1 to 30 THz. Due to its distinct properties, such as its low photon energy (non-ionizing radiation),
high penetration depth in many materials traditionally considered opaque and strong interaction
with molecular vibrations, THz technology has found extensive applications in diverse areas.
Typical applications encompass THz imaging[1,2], security screening [3,4], material
characterization [5,6], quality control [7,8] and THz communication [9,10]. Historically, the THz
band was a technical void as THz frequencies exceed the upper frequency limit of the electronic
systems and fall below the lower frequency limit of the laser systems. The absence of effective THz
generation and detection techniques rendered the THz range elusive for researchers. However, over

the last three decades, significant advancements in the THz technology have progressively bridged

this gap.
A= 3cm 3 mm 300 pm 30 pm 3 um 300 nm
r I T |
Microwaves fH Iﬁ uv
| | |
v= 101°Hz 10! Hz 1012 Hz 1013 Hz 104 Hz 1015 Hz

Fig. 1.1 The electromagnetic spectrum in the units of wavelength and the frequency. The

THz band is between the near-infrared (NIR) and the microwaves.

Currently, available THz sources include quantum cascade lasers (QCLs) [11,12], free-electron
lasers (FELs) [13], Gyrotrons [14] and those based on the femtosecond laser systems. The sources

derived from femtosecond laser systems feature photo-conductive antennas [15,16], second order



nonlinear crystals [17], air plasma [18], and metallic spintronics [19,20]. Figure 1.2 illustrates the
progression of the THz sources up to 2020 [21,22]. Note that the specifications of metallic
spintronics are not included here; the bandwidth of metallic spintronics can range from 0.1 to 30
THz [19], and the highest THz power can reach 40 pW [20] at room temperature. Additionally, my
PhD work on a high-field THz source in Chapter 6 is included in Fig. 1.2. The figure of merit in
this figure is the output power, while my goal was to achieve a high THz peak field using a
commercial ultrafast laser system. Furthermore, traditional commercial optical parametric
amplifiers (OPAs), such as the TOPAS PRIME OPA, can generate wavelengths ranging from 0.189
to 20 um (15 to 1587 THz). When operating around 20 THz, this OPA can produce 100 fs pulses
with an average power of 0.3 mW, and the generation process becomes more efficient at higher
THz frequencies. The Alpha OPA from Stuttgart Instruments can generate 350 fs pulses at 30 THz

with an average power of 25 mW.

Among these THz sources, THz QCLs can generate high-power continuous-wave (CW) THz
radiation with good beam quality. The system is compact but typically requires cryogenic cooling.
Its spectral bandwidth tunability is limited by the design of the quantum well structures. The FELs
can generate extremely high power and are capable of producing both CW and pulsed outputs. The
THz frequency of FELs can be broadly tuned. However, they are large-scale equipment that
requires significant operational and maintenance support. Gyrotrons primarily produce high-power
CW THz beams below 1 THz. This equipment is bulky, and its frequency tunability is limited
compared to other THz sources. Photoconductive antennas can generate pulsed THz radiation with
a relatively broad bandwidth. The output power is relatively low compared to the aforementioned
sources, and their lifetime could be limited due to high-intensity illumination. Second-order
nonlinear crystals can generate both CW and pulsed THz radiation with significant frequency
tunability, depending on linear properties of the crystal. However, the THz generation efficiency is

relatively low, and a high-power laser is required for efficient THz generation. Among second-



order nonlinear crystals, semiconductor crystals have a higher damage threshold than organic
crystals but a lower nonlinear coefficient for THz generation. Air plasma and metallic spintronics
techniques are capable of generating ultra-broadband THz pulses. The air plasma technique does
not require a nonlinear medium, thus avoiding material damage, but its conversion efficiency is
still relatively low and necessitates a high-power laser for efficient THz generation. Metallic
spintronics is compact and can be integrated with electronic devices, with its frequency not limited
by phase-matching conditions. However, metallic spintronics is still in the early stages of research,

and its output power and efficiency are relatively low.
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Fig. 1.2 The development of THz sources till 2020 [21,22] with my work in Chapter 6 [23].

MMIC: microwave monolithic integrated circuits; IMPATT: impact ionization avalanche
transit-time diodes; BWO diodes backward wave oscillators; RTDs: resonant tunneling
diodes; UTC-PD: uni-travelling carrier photodiodes; QCL: quantum cascade laser.
Numerous THz detectors are currently in use, each leveraging distinct mechanisms and offering
unique advantages. Thermal effect based detectors include bolometers [24-26], which measure the
resistance change of an absorptive element heated by a THz beam; Golay cells [27,28], which
gauge pressure alterations in gas due to the heat from a THz beam; and pyroelectric

detectors [29,30], which assess the potential difference between the two opposite faces of a

pyroelectric crystal due to a temperature change induced by the absorption of a THz beam. These



thermal detectors are typically not fast (ms response time) and are not phase sensitive. Detectors
utilizing THz-induced or -driven photocurrent comprise Schottky diodes[31,32] and
photoconductive antennas [33—35]. Schottky diodes detect THz radiation by measuring the DC
current rectified from the AC current induced by the oscillating THz field, while photoconductive
antennas measure the THz-driven current between two electrodes in the antennas. The response
time of such detectors is in the picosecond or even sub-picosecond range. Schottky diodes are not
phase-sensitive, whereas photoconductive antennas are phase-sensitive. Additionally, nonlinear
effect-based THz techniques such as electro-optical sampling (EOS) [36—38], which leverages the
second-order nonlinear effect in crystals, and terahertz wave air-based-coherent-detection
(ABCD) [39,40], harnessing the third-order nonlinearity of laser-induced air plasma. Notably, the
photoconductive antenna, EOS and ABCD not only measure the intensity of the THz beam but also
the phase of the electric field, making these techniques invaluable in THz time-domain

spectroscopy (THz-TDS) for material characterization.

An optimal THz system is anticipated to possess high peak power/field, facilitating measurements
of highly absorptive materials and enabling nonlinear experiments. Additionally, a system
operating at high repetition rate above 1 kHz (repetition rate of traditional Ti:Sapphire fs lasers)
would increase the data acquisition speed, while a tighter THz focus can improve the spatial
resolution and provide higher peak field strengths. Furthermore, such a system should exhibit high
sensitivity to discern subtle alterations in materials, offer a broader spectral bandwidth to acquire
comprehensive material information, feature rapid measurement capabilities, and maintain a

compact device size.

My PhD thesis focuses on improving the traditional techniques used for THz generation and
detection based on the nonlinear effects of ultrashort optical pulses. The THz generation in
nonlinear crystals occurs via optical rectification (OR), a second-order nonlinear effect. This

process involves the difference-frequency mixing of high-frequency and low-frequency
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components within an ultrafast NIR pulse. The THz detection is performed with the EOS technique
inside a second-order nonlinear semiconductor crystal. In the detection crystal, the slowly
oscillating THz electric field modulates the polarization of the NIR femtosecond gating pulse
through the Pockels effect. Notably, the degree of the polarization shift is linearly related to the
transient THz electric field amplitude. A more in-depth exploration of the THz generation through
difference frequency mixing and detection via electro-optical sampling is provided in the

subsequent section.

1.2 THz time-domain spectroscopy

THz time-domain spectroscopy (THz-TDS) is a technique to investigate the properties of the
materials in the THz range. The key to the technique is the generation of the THz pulses from NIR
femtosecond generation pulses and the detection of the THz pulses which time-resolves the electric

field oscillation of the THz pulses, providing both the amplitude and phase information at one time.
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Fig. 1.3 The schematic of the standard THz time-domain spectroscopy system built in our
lab. The THz generation and detection are both performed using nonlinear crystals. BS: beam
splitter; TS: translational stage, GaP: 110-oriented 220 um-thick gallium phosphide crystal;
Ge: germanium wafer; Si: silicon wafer; L: lens, A/4: quarter-wave plate; WP: Wollaston

prism; PD: photodetector.



Figure 1.3 presents a standard THz time-domain spectroscopy system [41] I built in our lab. The
NIR pulse coming out of the a Yb:KGW femtosecond laser amplifier splits into 2 arms. The first
arm is focused on a 110-oriented nonlinear generation crystal to generate THz through optical
rectification. A 2" diameter parabolic mirror with a 5 cm focal length is put after the generation
crystal to maximally collect the emitted THz beams. A Ge wafer is put after this first parabolic
mirror to block the residual NIR beam while transmitting the generated THz beam. The residual
NIR beam is collimated onto the Ge wafer, thereby exciting free electrons with a density of
2.75x10" ecm™. As a result, the free electron absorption coefficient of THz radiation is calculated
to be 1.13x10% cm™ at 2 THz, which can be considered negligible in this Ge wafer. A second
parabolic mirror focuses the collimated THz beam to create a THz focus for the sample to be
investigated in the THz-TDS system. A third parabolic mirror is then placed to recollimate the THz
beam. In the following collimated THz section, a silicon wafer is put 45° into the THz beam which
transmits the THz beam and reflects the NIR gating beam from the other arm. The second arm of
the NIR beam goes through a linear mechanical translational stage which varies the temporal
difference between the generated THz beam and the NIR beam in this gating arm with small
stepping resolution. This detection beam is overlapped on the silicon wafer spatially and temporally.
The detection beam 1is also collimated onto the Si wafer, exciting a free electron density of
1.28x10" cm™. This free electron density in Si contributes to an absorption coefficient of
2.24x10* cm™ at 2 THz, which can also be considered negligible. Then, the gating NIR beam and
the THz beam are both focused onto the same spot on the detection crystal. The NIR beam’s
polarization is rotated by the THz beam through Pockels effect. The rotation angle of the NIR beam

is measured through a quarter wave plate, a Wollaston prism, and a pair of balanced photodetectors.
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Fig. 1.4 The mechanism of THz generation via OR. (a) An optical spectrum of a NIR pulse

for THz generation. (b) Photon description of the interaction between 2 NIR photons to

produce a THz photon through difference frequency generation (DFG).
Fig. 1.4 illustrates the principle of the THz generation inside a second-order nonlinear crystal via
optical rectification of an NIR pulse. The spectrum of an NIR femtosecond pulse encompasses
numerous frequency components. During THz generation, a high-frequency photon interacts with
a low-frequency photon, producing a new photon with a frequency equal to the frequency
difference between the two original NIR photons; this emergent photon has a frequency in the THz
range. Consequently, the spectral bandwidth of the generated THz pulse is inherently tied to the
spectral range of the NIR generation pulse: a broader NIR spectrum results in a wider THz
bandwidth (assuming that the NIR generation pulse is Fourier transform-limited), despite other
factors affecting the THz generation bandwidth, such as the linear properties of the THz generation
crystal related to phase-matching conditions. Chapter 4 of this thesis delves into an example of
expanding the THz spectrum of a THz-TDS system by broadening the NIR generation pulse’s

spectral bandwidth using a hollow-core photonic crystal fiber pulse shaper.
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Fig. 1.5 Principle schematic of the electro-optical sampling technique (adapted from [42]).
(a) Polarization changes of the NIR gating beam with and without the illumination of the
THz together with the corresponding differential signal between the A and B balanced
photodetectors. @ : second order nonlinear crystals; 1/4 : quarter-wave plate; WP:
Wollaston prism. (b) Process of the time-resolved detection of the THz electric field.
Figure 1.5 elucidates the principle behind the electro-optical sampling (EOS) technique for THz
detection. In Figure 1.5(a), without THz illumination on the gating crystal, the horizontally
polarized NIR gating beam polarization remains unchanged as it traverses the second-order
nonlinear crystal. Subsequently, after passing through the quarter-wave plate, this beam adopts a
circular polarization. Upon encountering the Wollaston prism, NIR beams with orthogonal
polarization, in equal proportions, strike the A and B photodiodes, resulting in a voltage difference
0V between A and B photodiodes. However, when the THz pulse spatially and temporally
coincides with the NIR gating pulse on the gating crystal, the THz beam alters the NIR beam’s
polarization within the gating crystal via the Pockels effect (for a more detailed theory, refer to
Chapter 2). Figure 1.5(b) depicts the time-resolved progression of the electric field of the THz pulse.
THz pulses oscillate over periods on the order of picoseconds (ps), whereas the NIR gating pulses
have a pulse duration of below 200 fs. Consequently, each segment of the electric field of the THz
pulse can be viewed as a transient DC electric field influencing a NIR fs pulse. By adjusting the
position of the translational stage, distinct temporal segments of the THz pulse can be successively
overlapped with the NIR femtosecond pulse. The varying electric field strengths across the THz
pulse’s duration will induce proportional rotations in the NIR gating pulse’s polarization. This

mechanism enables the EOS technique to time-resolve oscillation in the THz electric field.
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Chapter 2

Theory of nonlinear optical process for THz generation and detection

In this chapter, the theory of the second-order nonlinear processes will be presented in detail. We
start from Maxwell’s equations to derive the coupled-wave equation describing the second-order
nonlinear polarization which is the source of second-order nonlinear effects. The derived equations

are then used to describe the second nonlinear effects in the THz generation and detection process.

2.1 Optical nonlinearity

To describe the optical nonlinearity, we first need to understand how the polarization, P(t) (dipole
moment per unit volume), of a material depends on the electric field strength, E (t) of an applied
field. The accent~ over a quantity here means this quantity varies rapidly with time. The

polarization inside a one-dimensional (1D) lossless and dispersionless material can be written as:

P(t) = eo[xWE(®) + YPE®)? + xPE()? + -]

= PO(t) + BA() + PA(L) + -, (2.1.1)

where € is the free space permittivity, y(1) is the linear susceptibility, y(?) is the second-order
nonlinear susceptibility, and y® is the third-order nonlinear susceptibility. Then PV (t) is the
linear polarization, P®(t) is the second order nonlinear polarization and P (t) is the third-order
nonlinear polarization and so on. Here we also assume that the material response is instantaneous
to the applied electric field, implying the time dependance of the linear and nonlinear
susceptibilities is neglected here. In the THz generation and detection process based on the
second-order nonlinear crystals, what we are interested in is the second-order nonlinear
polarization:

PO(t) = eux@PE ()2 (2.1.2)



As we can see, in a three-dimensional space (3D), the electric field and the polarizations will form

vector quantities and the nonlinear susceptibilities will be tensors.

In a material with dispersion and loss, the electric field can be described as a sum of discrete

frequency components:
EG,0) = ZnEy G0,
where:
En(F, t) = E,(F)e"i@nt 4 ¢ c.= /Tnei@nr‘“’"t) +c.c..

Then the full electric field can be written as:

EF,b0) =3, Ayeilnr—ont) 4 ¢ ¢
Similarly, the nonlinear polarization can also be written as:

PG t) = X, P (w)e~@nt + c.c..
The second-order nonlinear polarization components we are interested in are:

P(@n + W) = €0 X Zm X o @n + s W, 0) Ej (@0) Ere ()

where ijk are the Cartesian components of the fields.

2.2 The nonlinear optical wave equation

(2.1.3)

(2.1.4)

(2.1.5)

(2.1.6)

(2.1.7)

In this section, we investigate how new frequencies are generated by the nonlinear processes

starting from the Maxell’s equations [43]:
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(2.2.2)

(2.2.3)

(2.2.4)



Note that starts from this section, we always omit the accent ~, but keep the same assumptions. We
are working with Gallium Phosphide (GaP) which is a semiconductor. Assuming it is a perfect
semiconductor, it means without a pump, there are no free charges. Thus, in (2.2.1):

p =0. (2.2.5)
Also, there would be no free currents inside a GaP crystal, so in (2.2.4):

J=o. (2.2.6)

Also the GaP is not a magnetic material. Thus,
B = uoH, (2.2.7)
where p is the permeability of the free space. Since we are interested in the nonlinear effect inside

the GaP crystal, in this sense, the relation between the electric displacement D and the electric field

E is then:
D =¢,E + P. (2.2.8)
We then derive the optical wave equation by taking the curl of (2.2.3):

va><E=—v><‘Z—f. (2.2.9)

Interchange the time and space derivative:

_ 9(VxB)

VXVXE=—-=2 (2.2.10)
Plug (2.2.7) into (2.2.10):
- d(V x H)
VXVXE:—MO¥. (2.211)
Jat
Then, plug (2.2.4) into (2.2.11) and we get:
- 92D
VxVxE+uOF=O. (2.2.12)
From vector calculus, we know:
VxVxE=V(V-E)-VE. (2.2.13)
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For a transverse plane wave, V - E = 0. In some cases, although the first term in (2.2.13) does not
equal to 0, according to the slowly varying amplitude approximation [43], this term is negligible.

Then, the Equation (2.2.12) becomes:

Lo 62? —V2E =0, (2.2.14)
where D = EOE + P, and in the nonlinear optics, the polarization P can be decomposed into the
linear polarization and nonlinear polarization:

P =p® 4 pNL (2.2.15)
and
PW = ¢, yWE. (2.2.16)
As a result, the electric displacement D can be rearranged as:
D = €y(1+ yM)E + PNt = €4e WE + PN, (2.2.17)
Here € (Dis the relative permittivity tensor and in an isotropic material, it becomes a dimensionless
scalar. Then it is linked to the linear refractive index n by € = n2. Then the Equation (2.2.14)

can be rewritten as:

V2E VO°E_ 1 otPm (2.2.18)
c2 0t2  eyc? ot? o

Noting that, here the pgey = Ciz, where c is the speed of light in vacuum.

Now, we need to consider a more realistic case when the material is dispersive. In this case, we
need to consider different frequency components of the light electric field separately.
We can decompose the electric field, and the nonlinear polarization into different frequency

components and then sum them up. Then we can write:

EG 1) = Z E,(7t) = Z E,(Pe tnt +c.c, (2.2.19a)
n n
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Py, 8) = X Py, (7, 1) = T Py (Pe™int + c.c. (2.2.19b)
The same expansion into different frequency components can also be applied to the linear
displacement.

Plugging equations (2.2.19) into (2.2.18) we obtain:

- 2.(1) - 2 .
V2E,(r) + 2 B () = — 22 By, (7). (2.2.20)

€o
This equation is the coupled wave equation in the frequency domain, also known as the Helmholtz

equation.

2.3 Coupled-wave equations for difference-frequency generation of THz radiation

The THz generation inside the nonlinear ¥'® crystal is through difference-frequency generation
(DFQG) within a single NIR pulse. Such a process, also referred to as optical rectification (OR),
involves DFG between high- and low-frequency components of a NIR pulse. This results in the

production of a THz pulse oscillating at a frequency substantially lower than the NIR frequencies.

Below we consider the DFG in a lossless nonlinear optical medium with collimated,

monochromatic, and continuous input beams at normal incidence.

el —_— 0= 0,0,

Fig. 2.1 Difference frequency generation in a second-order nonlinear medium. w; and w; are
the frequency components of the 2 continuous input beams. ®; is the frequency generated
from the DFG process. Figure adapted from [43].

The coupled wave equation we derived in the last section (Equation (2.2.20) should hold for each

individual frequency component of the difference-frequency generation (w; and w>) and of course

valid for the difference-frequency component, ws. If we do not consider the nonlinear polarization
13



source term, the solution for Equation (2.2.20) is a plane wave propagating in the +z direction at

w3:
E3(z,t) = Ageitksz—wst) 4 ¢ ¢, (2.3.1)

where k3 is the wave vector:

N3ws3

k3 = n32 = 6(1)((03). (232)

Here A3 is the amplitude of the electric field which is a constant. If we consider the nonlinear
polarization term in Equation (2.2.20) is not too large, the solution to Equation (2.2.20) should still
be of the form of Equation (2.3.1) but the amplitude 43 will become a slowly varying function of

the distance z.
We now can write the nonlinear polarization terms in Equation (2.2.20) as:

Py(z,t) = Pse~'¥st + c.c.. (2.3.3)
According to Equation (2.1.7):

Py = 4€gdesrE(01)E (05)", dos = %X@). (2.3.4)
Here for i=1 and 2, the electric field can be written as:
E;(z,t) = E;e™'it + c.c.,and E; = A;e*Z, (2.3.5)
Plug equation (2.3.5) into (2.3.4) and we obtain the amplitude P;:
P = 4€ydys A, Ayeika=ka)z, (2.3.6)
We can then substitute the Equation (2.3.1), (2.3.3), and (2.3.6) into Equation (2.2.20). Since now
we are in the 1D system in z, the Laplace operator V2 can be replaced by ;—ZZZ and the equation

becomes:
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2 2 .
[ddzl423 + 2ik; d;zs — k345 + %E(l)l‘b] ellksz=wst) 4 ¢ ¢,
—_— 2 5
_ 4dz§fw3 A Asei(Ca—kz=wst) 4 ¢ ¢ (2.3.7)
Noting that:
2
K2 = %e(l), (2.3.8)

and eliminate the conventions on both sides of the equation. Then the Equation (2.3.7) becomes:

d?4As
dz?

-4d 2 ;
+ 2iky 2 = T g preithihek)z, (2.3.9)
Now, we can have a look at the two terms on the left-hand side. We can usually assume that:

d24,
dz?

dA,

This is called slowly varying amplitude approximation which means the fractional change in A3
within an optical wavelength must be much smaller than unity. Once we apply this approximation,

we obtain:

dA 2id rrw .
3 _ effs AlAEel(k1—k2—k3)Z. (2311)
dz nsc

Here the 73 is the refractive index of w3, which in our case is the THz frequency.
Now we can take a look at the term:

Ak =ky —ky, — k3, (2.3.12)
This is the difference between the 3 wavevectors involved in the nonlinear process and we call it
wavevector mismatch which is essentially the momentum mismatch.
Now Equation (2.3.11) can be written as:

dA3 _ Zldeffa)3

P o A Asethkz, (2.3.13)

This equation describes the variation of the electric field amplitude at frequency w3 which is THz

iAkz

frequency in our case. We can see that the terms before the ¢'>“ are all constants assuming that 4,
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IAkz wwhich we call it

and 4," do not change throughout the z direction. The key term here is the e
phase matching term. In the next section, we will discuss the phase-matching condition and see

how it affects the THz generation and how we can overcome the constraints arising from it.

2.4 Phase-matching condition

We first consider the case when:
Ak = 0. (2.4.1)

Equation 2.3.13 then becomes:

dA3 _ Zldeffa)3

A A5, 2.4.2
dz nsc 172 ( )
The above equation has a solution:
2idgrrw
Ay =T34 a52, (2.4.3)
nsc

This means the amplitude of the generated electric field (in our case, the THz field) will increase
linearly with the distance z, and the intensity of the THz beam increases quadratically with the
distance z. Therefore, if we have a crystal that satisfies the perfect phase matching condition (Ak =
0), the THz created at different positions z inside the crystal are in phase. Hence, the thicker the
crystal is, the stronger will be the THz beam generated.

We next consider the case Ak # 0. Integrating equation (2.3.13) from z =0 to z = L gives:

Zldeff(l)g L . 21deffa)3 eiAkL -1
As(L) = ———A, 45 Bkz gy = — 2L 2 A A ———— ). 2.4.4
W) ==, zfo eithe dy = =22 4,1y (S (244

The intensity of the THz at z = L is given by the time average of Poynting vector:

i 2
2 8n3fodeffzw32|A1|2|Az|2 elbkL_q
13 = 2n60C|A3 | == -
nz2c iAk
2derrliws2ll; ) AKL
=L T8 22 26inc2 (—) , (2.4.5)
NnyNyNnz€pC3 2

where:
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(2.4.6)

. AkL
AkL) sin?(—-)
2 (AkL)2 '
2

sinc? (

We can define L., = ﬁ. When the distance z is larger than L.,p, the THz starts to get out of phase

with the THz field generated at the L = 0.

Then, the phase mismatch factor can be written as:

L
sinc? ( ) . (2.4.7)
Lcoh

We plot the sinc® function below.

1.0

N e o
L )} [ee)

sinc*(L/Lcoh)

<
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-3 =27 -TC 0 b 21 3n

Fig. 2.2. Effects of wavevector mismatching on the efficiency of the difference-frequency

generation. Figure adapted from [43].

Let’s have a closer look at the wavevector mismatch for THz generation:

knir+THz = knir = Krhz, (2.4.8)
and the energy conservation:

WNIR+THz — WNIR = WTHZ: (2.4.9)
In the THz generation process, we have:

Wrhz K WNIR) ONIR+THz: (2.4.10)
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Then if we divide the Equation (2.4.8) by (2.4.9) and multiply the speed of light ¢ on both sides:

k —k k
c NIR+THz NIR =c THZ. (2411)

WNIR+THz — WNIR WrHz

The right-hand side is simply the (phase) refractive index of the THz in the nonlinear medium. On
the left-hand side, since the wry, is very small compared to wy;g, we can write the division in the

form of a derivative:

MR - £ — . (2.4.12)

dwNIR  VgNIR

This is the well-known criteria for perfect phase matching condition for THz generation: the group
index of the NIR generation beam should be equal to the phase index of the THz beam in the
nonlinear medium (THz crystal), or equivalently, the group velocity of the NIR beam should be

equal to the phase velocity of the THz in the nonlinear medium (THz crystal):

NgNIR = NTHZ O VgNiR = VTHz- (2.4.13)

2.5 Tilted-pulse-front phase matching

We have seen the importance of the phase-matching conditions for the second-order nonlinear
processes in the previous section (in our case OR/DFG). As we discussed in the former sections,
the perfect phase-matching condition for THz generation is that the group index of the NIR pulse
equals to the phase index of the THz frequency to be generated. However, this condition is not
always satisfied in the THz crystals for all the desired THz frequencies. The tilted-pulse-front phase
matching [44—46] is one of the ideas to adjust the generation configuration to adjust the phase
matching inside the generation crystal to achieve a perfect phase matching at demanding

frequencies.

The tilted-pulse-front phase matching is similar to the Cherenkov phase-matching [47-49]
observed in the 1980s. The Cherenkov THz generation shown in Fig. 2.3. happens when the group
velocity of a tightly focused NIR generation pulse is larger than the phase velocity of the THz pulse.

It is an automatically satisfied noncollinear phase-matching [49]. The THz generated is in a cone
18



shape which is known as the Cherenkov cone with a critical angle 8, between the propagation

directions of the NIR pulses and the THz pulses:

0, = cos‘1< v@ ) (2.5.1)

vg (C‘)O)

where v(Q) is the phase velocity of the generated THz beam and v, (w,) is the group velocity of

the NIR generation beam.
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Fig. 2.3 Cherenkov THz generation resulting from OR of a fs optical pulse moving at a
velocity v, (wq) larger than the phase velocity of the generated THz v(Q) [50].
Also, the phase-matching condition is automatically satisfied in the Cherenkov geometry and the
THz radiation is generated in a cone shape which is hard to collect and guide for applications [46].
Also, the Cherenkov geometry requires a focused NIR beam which is not friendly to the high-field
THz generation where the NIR generation beam is always collimated [47,50].
The tilted-pulse-front geometry is constructed by making the intensity front of the NIR plane wave
align with one of the Cherenkov lines (thick dashed lines in Fig. 2.3). According to the Huygen-
Fresnel principle, every point on the wave front of a propagating electromagnetic wave can be
considered as a point emitter. The THz beam generated by each point emitter on the NIR intensity
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front constructively interferes with each other as the traveling speed of the intensity front of the

NIR beam matches with the phase velocity of the generated THz beam.

gr
UNir

kNIR+THZ

Fig. 2.4 The schematic of the tilted-pulse-front technique. The top part of the figure shows
the propagation direction of the NIR pulse and the generated THz pulse. The bottom part of
the figure shows the phase-matching in the tilted-pulse-front configuration. Figure adapted
from [46].
Figure 2.4 shows that by tilting the pulse front of the NIR generation pulse, we make the THz
generated perpendicular to the pulse front of the NIR pulse instead of along the direction of the
NIR pulse. As a result, the generated THz pulses form an angle y with the propagation direction of
the NIR generation pulse. The collinear phase-matching condition is:
Ak = knir+THz — kNiR — KTHZ (2.5.2)

The tilted-pulse-front phase-matching condition is:

kNIR+THZ - kNIR
Ak = - . 2.5.
k L (253)

According to the linear diffraction property of the nonlinear material, we can adjust the angle of

the pulse front tilt according to:

1Ny (wnir)

2(0mms) (2.5.4)

6 = cos
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A typical tilted pulse front THz generation system uses a grating and one or two lenses to image
the grating onto the front surface of the generation crystal. During my PhD, I was involved in 2
projects using a tilted pulse front THz generation setup built by Dr. Lauren Gingras which I have
reoptimized and operated, leading to 2 publications [51,52]. The schematic of the tilted pulse front

THz generation system I have operated is shown in Fig. 2.5.

x-y. stage
S e S lens 1>

THz | : I

EaE N H

A2

Fig. 2.5 Tilted-pulse-front THz generation system in our lab. A grating tilted the pulse front
and imaged by a lens onto the front surface of the generation crystal. Figure adapted
from [53].
The alignment of such a system is complicated and the THz generation efficiency is affected by the
imaging distortion due to the lens [54]. Physicists have been working on eliminating this imaging
distortion by optimizing the imaging system. Also, another idea is to avoid imaging the grating
onto the front surface of the generation crystal, but instead, to fabricate a grating on the front surface

of the generation crystal to directly tilt the pulse front of the NIR generation beam [54—58]. The
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contact grating is the component of the 2 main projects for my PhD and will be explained in detail

in Chapter 5 and 6.

2.6 THz detection

The detection technique for the THz experiment in my PhD work is called electro-optical sampling
(EOS), which was invented almost simultaneously by 3 groups in 1996 [36-38]. This technique
also utilizes the second-order nonlinearity in non-centrosymmetric crystals. The nonlinear effect
used in the EOS technique is called the Pockels effect or Pockels electro-optic effect and can be
considered as the reciprocal process of optical rectification in the THz generation process. The
Pockels effect describes the change in refractive index for electric polarizations along different axes

of a nonlinear crystal caused by a DC electric field.

For a zincblende crystal, such as GaP and ZnTe, when an electric field is applied on the crystal, the

crystal’s ellipsoid of the refractive index changes according to [41]:

x2+y? + 22

> + 2V41Exyz + 2ya1Eyzx + 241 E;xy = 1, (2.6.1)

No
where n is the crystal’s refractive index without the electric field; x, y, z are the coordinate units
of the refractive index ellipsoid, Ey, Ey, E, are the components of the electric field along the x, y, z
directions and y, is the electro-optical coefficient of the nonlinear crystal.

When light of wavelength A is transmitted through such a nonlinear crystal of thickness d and
experiences this refractive index change, a phase delay /" is created according to:

= %An. (2.6.2)

In our case, the detection crystal is a <110> cut GaP and the NIR beam is normally incident into

the detection crystal. The phase delay can be expressed as [17]:

ndny3r E
r= %,/1 + 3sin2¢, (2.6.3)
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where ¢ is the angle between the electric field and the <001> axis of the detection crystal.

When a gating beam with an intensity /; interacts with the electric field in the gating crystal, the

signal on the balanced detector is:
S =1Iysin2¢sinl = I, 'sin2¢), (2.6.4)
assuming that the phase delay induced by the change the electric field is small.

The above discussions treat the THz electric field as a DC field. In electro-optical sampling, the
THz pulse acts as the “DC electric field” to change the polarization of the NIR gating pulses since
the THz pulse is of a period of ps, which is much longer than that of a fs NIR gating pulse. In this
case, this process involves 2 more processes. The first one is the nonlinear interaction between the
NIR gating beam and the THz beam through sum-frequency generation (SFG) and DFG. This part
can be considered as the reciprocal process of the DFG happening in the THz generation process.
Thus, its derivation is similar to that of the THz generation through DFG. We just need to look into

the phase-matching condition for the SFG and DFG here.
For DFG, the phase-matching condition is:

Akpre = knir — KTHz — KNIR-THZ (2.6.5)
This can be derived into:

k — kynipo
Akpre = MR (UT:IR Tz Wryz — kryz. (2.6.6)
zZ

Since wry, <K wyir, the equation above can be further written as:

wry
Akppe = (_) Wrhz — Knir—Thz = —— — KNIR-THzZ- (2.6.7)
dw WNIR INIR

Similarly, for SFG, the phase-matching can also be written as:
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WTHz

AkSFG = kNIR+THZ - kNIR - kTHZ - kNIR—THZ' (268)

INIR

We can see that, in the approximation that wry, < wy;gr, the phase-matching conditions of the
DFG and SFG are equivalent to each other. As a result, the phase-matching conditions contribute

to a term below in the EOS THz detection:
eiAkL -1
fphase—matching = T (2.6.9)
Another factor in EOS is the spectral autocorrelation between the initial gating beam and the

generated NIR beam in the SFG and DFG process [59]. This term can be written as:

+00
Aopt(wTHz) = f A" (wyr)A(WyR-THZ) AW . (2.6.10)

This spectral autocorrelation term describes the fact that the EOS detection efficiency drops as the
NIR gating beam is red-/blue- shift away from the original wavelength through DFG and SFG

processes.

One more factor to be considered is the phonon resonances in the desired THz detection spectral
range. The first phonon absorption for ZnTe is at 5.3 THz and that for GaP is at 11 THz [41]. For

efficient THz detection from 0.5 to 6.5 THz, we choose GaP as the detection crystal.

2.7 Extraction of real refractive index and the absorption coefficient using THz-TDS

The direct application of the THz-TDS system is to measure the linear dispersion information of a
given material in the THz range. The following part references [60]. The way it works is to put the
sample under investigation at the THz focus of the THz-TDS system at THz field strengths not
strong enough to induce extra nonlinear effects and take a reference measurement subsequently
under the same conditions with the sample removed. When a sample is put inside the THz beam,

as shown in Fig. 2.6(a) in the time domain, the measured THz pulses will be delayed by a certain
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amount according to the material’s real refractive index and thickness. Also, the amplitude of the
THz signal is attenuated due to the absorption inside the material as well as the Fresnel transmission
of the THz beam through material-air interfaces. The absorption coefficient of the material is
frequency dependent. Thus, by performing a Fourier transform on to the time-domain reference
and sample signal (see Fig. 2.6(b)), the frequency dependent absorption coefficient can be

calculated accordingly.
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Fig. 2.6 (a) Time-domain signal of THz pulses with no sample in the THz-TDS system
(reference signal) and the time-domain signal measured after the THz pulse transmitted
through a 1 mm-thick fused silica sample. (b) The Fourier transform of the reference signal

and the sample signal.
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When a THz pulse E,(w) transmits through a sample with a thickness d, the resulting THz pulse
E;(w) can be represented as:

Es(w) = T(gg)Eo(w)e™Hs(@eu)d, (2.7.1)
where w is the frequency of the THz pulse; T'(¢,,) is the Fresnel transmission coefficient account
for the THz transmission through the air-material interfaces; k¢(w, €,,)d is the phase delay created

from the transmission through the materials itself. The sample signal can be further written as:

4n Mg(w)w
@) Ey(we™ e 4, (2.7.2)
(1 + fis(w))

Es ((U) =

where fig(,) = ng(w) — iks(w) is the complex refractive index of the material in the THz range.
For the reference signal we measured in the THz-TDS system, it can be considered that the initial

THz pulse transmits through a slab of air with the same thickness as the sample material:

.
E (0) = Eg(w)e "¢, (2.7.3)
where c is the speed of light in air.
From the information above, we can calculate the total transmission function of the THz pulse:

CE(w) Ay _ms@-De, | w0,

H(w) = Er(@) (14 i) e @74

We can assume that ng(w) > kg(w), which means the absorption of the material in the sample is

weak. Thus, the complex refractive index, fis(,)can be approximated as the real refractive index,

ng(w).
Then, the total transmission function gets simplified to:

dng(w) _ms@-Do, o
C

H = ST
) (1 + ns(w))2 ) ¢

(2.7.5)

The absolute value of the transmission function (take the natural logarithm of this value) is:

4ng(w)

In|H =In|————
n|H(w)| n<(1+ns(w))2

) _ Ks(w)%d. (2.7.6)

The phase of the complex-valued total transmission function is
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(ns(w) = Dw

¢tH(w) = ————d. (2.7.7)
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Fig. 2.7. With the measurements presented in Fig. 2.6, (a) the refractive index and (b) the
absorption coefficient of the 1 mm-thick UV fused silica is extracted. The results are

compared with the Ref [61].

As aresult, once we can obtain the absolute value and the phase of the total transmission function
from the THz-TDS measurement. We can calculate the real refractive index and absorption

coefficient of the sample material according to the equations:

ns(@) = 1-—(2H(w)), (2.7.8)

_c 4ns(w)
KS((I)) = E <ln (m) - lTLlH((J))l) . (279)
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The power absorption coefficient is:

ag(w) =2 . (2.7.10)

In real applications, the |[H(w)] is the ratio between the spectral amplitudes of the sample signal
and the reference signal. The £H (w) can be obtained by using the “angle” function (in Matlab) on
the result of calculated H (w).

Applying the aforementioned theory, we calculated the refractive index and absorption coefficient
of the Imm-thick fused silica, as depicted in Fig. 2.7. Our measurements for the refractive index
and the absorption coefficient align closely with those reported in Ref [61] from 0.5 to 2 THz.
Notably, our specialized THz-TDS system, elaborated upon Chapter 5, offers linear dispersion
information of the fused silica in the 2 to 6 THz range with a peak dynamic range of 90 dB (shown
in Fig. 2.6(b)), a capability not typically found in standard THz-TDS system available

commercially.
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Chapter 3

Experimental methods

In the following sections, we discuss the experimental methods used to collect the data presented
in this thesis. We provide a concise overview of the amplified NIR femtosecond pulse generation
and focus primarily on the construction and operation of a THz-TDS system. Several experiments
characterizing the THz-TDS system are presented, and some specific experimental tricks developed

during my PhD study will be elaborated upon.

3.1 Amplified femtosecond Yb:KGW laser system

As discussed in the previous chapters, using an amplified NIR femtosecond pulse for THz
generation and detection is one of the most efficient methods for mode-locked THz pulse
generation and detection. Perhaps the most well-known method of achieving ultra-short pulses with
millijoule pulse energy is the chirped-pulse amplification (CPA) of broadband and low-intensity
NIR pulses, illustrated in Fig. 3.1. This method garnered significant attention since its invention
and especially after the 2018 Nobel prize awarded to Arthur Ashin, Gérard Mourou and Donna
Strickland. Dr. Gérard Mourou and Dr. Donna Strickland, inventors of the chirped-pulse
amplification method, indirectly laid the foundation for the research on THz time-domain
spectroscopy based on nonlinear optics methods. Since the CPA technique has been extensively
covered in scientific and popular literature, we focus here only on the parameters of the laser

amplifier used for our experiments.

The femtosecond laser system in our lab is the Pharos laser system (Light Conversion, Ltd. Model
PH1-SP-1.5 mlJ). Part of the system includes an oscillator using Yb:KGW crystal generating 90 fs
(FWHM) pulses at a wavelength of 1035 nm. The oscillator’s repetition rate is 76 MHz and it
outputs, at full average power, around 3.5 W. In addition to this 3.5 W laser power, another 1 W of

laser power from the oscillator is directed into the regenerative amplifier (RA), which employs the
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CPA method to amplify the pulse energy of the NIR pulses. The gain medium in this RA is also

Yb:KGW. This system is a closed-box system, eliminating the need for regular alignment.

CPA - chirped pulse amplification

Grating pair, Amplifier . Grating pair,
pulse stretcher 2 pulse compressor

tad/T|

Fig. 3.1 Schematic illustration of the chirped pulse amplification used in a regenerative

amplifier. Credits: Royal Swedish Academy of Sciences.
A warm-up time of 1 hour suffices for most experiments. The RA of the Pharos laser produces NIR
pulses with a full average power of 6 W and its repetition rate can range from 6 kHz to 1.1 MHz.
There is also a special mode where the RA can generate 4.5 W average power at 3 kHz,
corresponding to the laser’s highest pulse energy, 1.5 mJ. The high repetition rate mode of this RA
is ideal for operating the THz-TDS system with a high signal-to-noise ratio since more pulses are
measured per unit time. The low repetition rate is suitable for generating high-field THz for
nonlinear experiments. The minimal pulse duration can be generated from the RA is 180 fs.
Additionally, we can adjust the compressor in the RA system to add positive and negative chirp to

the NIR pulses depending on the experimental needs.

3.2 THz time-domain spectroscopy system

The schematic of the first THz system is depicted in Fig. 3.2. Since we have already described the
THz time-domain spectroscopy in general terms in Chapter 1, here we delve deeper into the details

and considerations of building the system.
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3.2.1 Reference iris pair

The NIR beam emitted from Pharos Yb:KGW amplifier first passes through 2 irises positioned
roughly 2 feet away from each other. These 2 irises serve as a reference of the entire system, with
their height determining the beam height of the whole THz-TDS system. Generally, the lower the
optical components are at, the more stable the system will be since lower height reduces the effect
of vibration and airflow on the optics. However, we must also account for other system components
whose height is challenging to adjust, such as the translational stage and the parabolic mirrors.
Once the system is well-aligned and before any measurements are taken, ensuring the incident NIR
beam passes through the center of both irises indicates the setup is ready, providing no
modifications were made to the components beyond these 2 irises. For the initial alignment of the
THz-TDS system, we utilize a visible laser diode as it saves time compared to using an IR-viewer.
Additionally, since the parabolic mirrors guiding the THz beam are free of chromatic aberration,
the optical paths for visible and THz beams overlap under such a component. Aligning the NIR
beam through the iris pair involves two mirrors placed before the first iris. The mirror farther from
the first iris aligns the beam through the first iris, while the mirror closer to the first iris aligns the
beam through the second iris. Typically, we have to adjust these 2 mirrors repeatedly to ensure the
NIR beam passes through the centers of both irises. It is crucial to note that when aligning the beam
through the second iris, the first iris must be fully open. A helpful tip for faster alignments is to
position the mirror before the first iris as close as possible to it, ensuring the other mirror is not too

close to the first one.
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Fig. 3.2 The first THz-TDS systm in our lab. The NIR beams at 1035 nm are shown in green

and the THz beams are in red. The NIR beam is split into two arms. The first arm with 80%
of the original power, generates THz using nonlinear crystals. The second arm with 20% of
the original power serves as a gating beam to time-resolve the THz beam on the detection

crystal through electro-optical sampling.

3.2.2 Parabolic mirrors

The NIR beam is then split into 2 arms. The first arm is focused on a generation crystal with a beam
size of 27 pm (1/e* diameter) to generate THz. Since the THz wavelength is typically larger than
the NIR focus size, the THz beam can be considered nearly a perfect point source. The first oft-
axis parabolic mirror then collects as much of the generated THz as possible. We use the metallic
parabolic mirror to guide the THz beam because the THz beam’s broad bandwidth causes chromatic
aberration if regular lenses are used. Moreover, compared to lenses, parabolic mirrors can

effectively reduce the energy loss in the THz band.

Aligning the off-axis parabolic mirror is one of the most challenging tasks for the THz time-domain
system. The initial step is to ascertain the correct rotational position for the parabolic mirror within
its mirror mount. To my knowledge, there are 3 distinct methods to achieve this. Typically, at least

two of these methods are combined for verification.
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Method 1: As shown in Fig. 3.3, the back of a parabolic mirror has three collinear holes. These
three holes can serve as a reliable reference for the parabolic mirror’s rotational position. When the
center of these 3 holes align at the same height, it indicates the rotational position of the parabolic

mirror is correct.

. &
Fig. 3.3 Image of a typical 2” diameter and 2” focal length parabolic mirror. (a) The back

view of the parabolic mirror. The red line connecting the three 3 holes serves as a reference
for the rotational position of the parabolic within its mirror mount. (b) The front view of the
parabolic mirror. Collimated beams of the height of the parabolic mirror will be focused into
a horizontal line in the beam profile if it strikes the left side of the parabolic mirror and into
a vertical line if it hits the right side of the parabolic mirror.

Method 2: A perfectly metal block vertical surface can be placed against the circular edge of the

parabolic mirror. If no gap exists between the parabolic mirror’s edge and the vertical surface, the

rotation position of the parabolic mirror is correct.

Method 3: A circular beam at the height of the parabolic mirror center can be shone horizontally
onto the mirror. Based on experimental observations, when the beam strikes the left side of the
parabolic mirror, it forms a line shape (a very flat ellipse horizontally) in the far field. If this line is
perfectly horizontal and at the height of the parabolic mirror’s center, it indicates the rotational

position of the parabolic mirror is correct.

For the alignment of the first parabolic mirror, another pair of irises, the same height as the first

pair, can help ensure that the incident beam entering the first parabolic mirror follows a series of
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straight holes on the optical table. We then insert the lens, which focuses the NIR beam onto the
generation crystal, into the incident NIR beam, ensuring the beam after the lens remains straight
and at the correct height. It is advisable to mount the focusing lens on a translational stage that
moves along the incident visible beam, as the lens’s dispersion difference must be compensated
after switching to the 1035 nm laser. Instead of inserting the generation crystal, a 25 um diameter
pinhole can be placed at the focal point of this lens. This pinhole creates circular ring diffraction
patterns in the visible beam, aiding in observing beam profile distortions when the parabolic mirrors
are misaligned. We position the parabolic mirror a distance of its focal length away from the pinhole
to collimate the expanding visible beam. The collimated NIR beam has to be perpendicular to the
incident beam and remains collimated over a long distance and exhibits perfect circular diffraction
patterns in its profile. This process requires fine-tuning the position and direction of the parabolic
mirror manually. It is easier if the parabolic mirror is mounted on a heavy base and having a second
person to check the far-field beam profile can expedite the entire process. The alignment of the
second parabolic mirror has the same requirements as the first, except the outcoming beam is
focusing and then expanding. The third parabolic mirror’s alignment mirrors the first one and the
fourth’s alignment mimics that of the second. A useful tip to make sure that parabolic mirrors reflect
the incident beam by 90° is to have the incident beam along a series of holes on the optical table in
a straight line. A pair of irises of the correct height in the perpendicular direction can assist in

positioning the parabolic mirrors.

3.2.3 Motorized translational delay stage

In our system, the motorized translational delay stage is in the other arm, known as the gating line.
Its role is to adjust the beam path of the gating line, making it shorter or longer than the generation
line in increments. This allows us to use the femtosecond gating pulse to time-resolve the longer
picosecond THz pulse in time steps. Before installing the motorized translational delay stage, it is
crucial to premeasure the designed beam path lengths of both the generation and gating lines. The
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translational stage’s middle point should correspond to the point where both beam lines have
identical path lengths.

When the translational stage moves, the outgoing beam should remain unaffected by the translation.
Otherwise, as the stage moves, the gating beam will lose its spatial overlap with the THz beam.

The technique to align the translational stage is illustrated in Fig. 3.4.

MS

outcoming

incoming

Fig. 3.4 The schematic for the alignment of the motorized translational stage. The red line
indicates the beam path within the translational stage. M1: mirror 1; M2: mirror 2; MS:
microscope slide. Points 1 and 2 mark the 2 intersection points between the optical beam and
the MS.
To align the translational stage, the first thing is to align the incoming beam along the movement
direction of the translational stage. We can then insert the microscope slide in the beam line,
adjusting the microscope slide so that the reflection of the incoming beam overlaps with the
incoming beam itself. Semi-transparent mirror paper can be used to verify beam overlap. The next
steps involve adjusting M1 and M2 to ensure the beam reflected at point 2 overlaps with the

incoming beam at point 1. The final step is to move the translational stage from one end to the other

to double-check the pointing of the beam in the far field.

3.2.4 Spatial overlap of 2 beams on the gating crystal

Another crucial component of the THz-TDS system is the spatial overlap between the THz beam
and the NIR gating beam on the gating crystal. As mentioned earlier, the parabolic mirror guiding
the THz beam is free from chromatic aberration. This means the beam path of the visible alignment
laser aligns with the THz beam when guided by the parabolic mirrors. To make sure the spatial

overlap between the generation and the gating beam, once the 4 parabolic mirrors are well aligned,
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we can place another pinhole at the focus of the 4™ parabolic mirror. Then we can insert in the
silicon wafer, adjusting both the silicon wafer and the mirror preceding the silicon wafer to ensure
the gating beam is also focused by the 4™ parabolic mirror into the pinhole and the height of the

beam after the pinhole remains the same. This guaranteed the spatial overlap.

3.2.5 EOS alignment

The last part is the EOS. For the EOS, the most crucial part is balancing the photodetector. When
balancing the photodetectors, we only insert the Wollaston prism into the gating beam line,
adjusting it until the weaker of the two output beams reaches its minimum power by with the help
of the IR viewer. To further verify this minimum power, we can direct the weaker beam onto the
center of the photodetector and measure the voltage on the diode using the lock-in amplifier. If
the weaker beam reaches its minimum and strikes the center of the photodetector and we rotate
the Wollaston polarizer in either direction, the voltage on this photodiode should always increase.
The subsequent step is to make sure the stronger of the two output beams hits the center of the
second photodetector and then put the quarter-wave plate into the gating beam. At this point, we
measure the voltage difference between these 2 photodetectors, and by rotating the quarter-wave
plate, we adjust the voltage difference between the two photodetectors to zero, indicating that two

photodetectors are well balanced.

3.3 Measurements characterizing the THz-TDS system

3.3.1 NIR pulse and THz pulse measurements

In Fig. 3.5, we display the autocorrelation trace and the NIR spectrum of the pulse from the
Yb:KGW amplifier. The autocorrelation trace corresponds to a pulse duration of 185 fs and the

NIR spectrum centers around 1035 nm and with a bandwidth of 3.5 THz (FWHM).
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Fig. 3.5 (a) The autocorrelation trace of the femtosecond pulse from the Yb:KGW amplifier.

(b) The NIR spectrum of the femtosecond pulse from the Yb:KGW amplifier, where v, is

the center frequency of the laser spectrum corresponding to a wavelength of 1035 nm.

Fig. 3.6 presents the time-domain signal and the calculated Fourier transform of the THz generated

and detected with NIR pulses in Fig. 3.5, using a pair of identical 300 pm-thick GaP crystals for

both THz generation and detection. The THz oscillation occurs in the picosecond range and the

THz spectrum spans 0.1-5 THz with a 2.2 THz bandwidth (FWHM). In the next chapter, we will

demonstrate that by using a hollow-core photonic-crystal fiber pulse shaper to spectrally broaden

the NIR pulse, and compressing the output pulse with chirped mirrors, both the THz amplitude and

spectral bandwidth can be enhanced.
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Fig. 3.6 (a) The THz time-domain signal measured with the NIR pulse in Fig. 3.5 using a

300 pm thick GaP generation crystal and detected by an identical GaP crystal. (b)

Corresponding THz spectrum calculated by Fourier transform.
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In the following subsections, we describe some experiments that utilized the NIR pulses from the
hollow-core photonic-crystal fiber pulse shaper to operate the THz-TDS system. This pulse shaper
increases the high-frequency limit of the THz spectrum to approximately 6.5 THz, assuming that
the thicknesses of the generation and detection crystals do not limit the THz bandwidth due to the

phase-matching condition.

3.3.2 Iris clipping THz beam

For this experiment, we place a fully open 2-inch iris in the collimated section of the THz beam.
We gradually close the iris to gradually cut the THz beam and measure the time-domain signal of
the THz beam. In this experiment, the generation crystal is a 1 mm-thick GaP and the gating crystal
is a 100 pm-thick GaP crystal. The results are presented in Fig. 3.7. When the iris is fully open, the
THz spectrum ranges from 0 to 4 THz with a spectral peak around 1.7 THz. The 4 THz full spectral
width results from the phase-matching condition for the DFG process. As we progressively close
the iris and block more of the THz beam’s area, the measured THz amplitude decreases.
Interestingly, as the open area of the iris reduces, the spectral peak of the THz shifts towards higher
frequencies, except when the iris diameter is between 4 cm to 2.8 cm. This observation suggests
that in the collimated section of the THz beam, the low-frequency components expand over a larger
area while the high-frequency components concentrate more at the center of the THz beam. This is
consistent with the fact that when the THz is generated with a focused NIR beam, the THz
wavelengths are typically larger than that of the focal point size. Consequently, the generated THz
behaves like a point source, and the longer the THz wavelength is (the lower the THz frequency is)
the more spatial expansion of the THz beam is expected. The observed changes when the iris
diameter decreases from 4 cm to 2.8 cm could be attributed to the iris not being perfectly centered

within the THz beam.
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Fig. 3.7 THz spectra measured when an iris is open at specific sizes to cut the THz beam.

3.3.3 Saturation in the THz generation process

In this subsection, we increase the NIR pulse energy for THz generation to observe how the THz
amplitude varies with the NIR generation pulse energy. This measurement is performed using a
2 mm-thick GaP crystal for THz generation and a 450 pm thick GaP for THz detection. The result
is presented in Fig. 3.8. From Chapter 2, we understand that without saturation, the THz electric
field is proportional to the power of the NIR generation beam. Here, when the laser power increases
from 0.9 W to 1.8 W, the peak amplitude of the THz both in time and spectrum increases by a
factor of 1.75, indicating the presence of saturation effects. As the laser power increases from 0.9
to 3.6 W, the THz peak amplitudes both temporally and spectrally increase by only a factor of 2.5.
As the laser power further increases to 6 W, the peak THz amplitude both temporally and spectrally
does not show a significant increase, indicating that the THz generation process is almost entirely
saturated. To study the saturation effect of the THz generation, it is more appropriate to consider
the fluence of the NIR beam on the generation crystal rather than the beam power. When the laser
power is 0.9 W, the generation beam power reaching the generation crystal is approximately 0.7 W
and the 1/e* diameter of the beam is 27 um on the surface of the generation crystal. The peak

fluence of the NIR pulse on the generation crystal is calculated to be 22 mJ/cm?. This is consistent
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with the value (5.1 mJ/cm?) where the saturation onset occurs, measured in Chapter 6. The
saturation effect can be attributed to the multiphoton absorption [46] and heat effect [62].
Additionally, if we look into Fig. 3.8 (b), as the NIR generation beam power increases and the
saturation of THz generation intensifies, the peak of the THz spectrum shifts towards low

frequencies. This phenomenon has been observed in [63] but the cause of this shift remains under

exploration.
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Fig. 3.8 (a) THz time-domain signal measured with different average power from the laser
at 1.1 MHz. (b) Fourier transforms of the THz time-domain signals in (a). The generation
crystal is a 2 mm-thick GaP and the detection crystal is a 450 um-thick GaP. In both plots,
the measured THz amplitudes are first normalized to the fluences on the balanced

photodetectors and then normalized to the peak amplitude when the laser power is 0.9 W.

The peak THz field strength of the THz pulse is calculated to be 0.84 kV/cm, when the NIR laser

average power is at 0.9 W. The calculation is according to [64]:

A-B  AgatKgat
A+B 21y n3Lteor’

Epyy = (3.3.1)

where A4 and B are the voltages on the balanced photodetectors, Ag. is the central wavelength of the
NIR gating beam (1035 nm), r4; = 1 pm/V is the electro-optical coefficient of GaP at 1035 nm [65],
no is the refractive index of the GaP at 1035 nm [66], L = 0.45 mm is the thickness of the GaP
detection crystal, #,; is the transmission coefficient taking into account the THz transmission

through the GaP detection crystal at 1.3 THz (spectral peak) and the refractive index of the silicon
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wafer at 1.3 THz [67]. In addition to the equation in [64], we introduce a damping factor Kjq,=1.62
describing the “smooth effect” due to a non-infinitely short gating beam in the EOS process [68].
The method of calculating the THz peak field strength is also applied when estimating the field

strength of THz generated with grating-assisted GaP crystals.

3.3.4 Measurement of typical THz crystals

The THz-TDS system’s primary function is to measure the material’s linear dispersion in the THz
range. To validate the functionality of the system, my colleague Aidan Schiff-Kearn and I measured
the refractive index and of GaP and ZnTe crystals using our first THz system. The results have
been presented in his Master’s thesis in 2018 [42]. Here, I present another set of measurements
using the NIR pulse out of the hollow-core photonic-crystal fiber in the THz system, which can
provide material dispersion information from 0.5 THz to 6 THz. I measured the 1 mm-thick and

2 mm-thick GaP crystals we have in our lab and compared them with the result in Parsons et al [69].
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Fig. 3.9 Measured refractive index and the power absorption coefficient from 0.5 to 6 THz.

The dot lines indicate uncertainties in these two calculated parameters due to the limited
accuracy of the crystal thickness measurements. The accuracy of the caliper for thickness
measurement is +£0.02 mm. These measured results are compared to those reference values

in [69].

The refractive indices of the GaP crystals in our lab are consistent with that presented in [69],

exhibiting minor deviations of approximately 0.13. This discrepancy, which equals to an
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underestimate of the crystal thickness by 0.05 mm, may stem from the system errors arising from
the use of different thickness measurement tools between us and Parsons et al. We determined the
thickness of our crystal using a caliper with a precision of =0.02 mm. Parsons et al. did not indicate
the tool for the thickness measurements. Also, the refractive indices of the 1 mm-thick and 2 mm-
thick GaP crystals differ by roughly 0.07. The overlapped uncertainty regions between these two
measurements suggest a potential underestimation of the 1 mm-thick GaP’s thickness by 0.02 mm
and a corresponding overestimation for the 2 mm-thick GaP by the same margin. The uncertainty
in the absorption coefficient influenced by thickness measurement errors is negligible. The 2 mm-
thick GaP’s absorption coefficient measurement aligns very well with the reference curve. The
absorption coefficient of the 1 mm-thick GaP is higher than the reference value below 3 THz and
lower than the reference value above 3 THz. For these measurements of GaP crystals, the measured
absorption coefficients are more consistent with the reference curves in contrast to what is
presented in Aidan Schiff-Kearn’s thesis, which was much higher than the reference value. The
differences in the absorption coefficient of GaP crystals of varying thickness arise from the fact
that these GaP crystals were sourced from different manufacturers. Different manufacturing
processes result in crystals with varying impurities, leading to different absorption coefficients. For
example, the absorption coefficient of the 1 mm-thick GaP below 3 THz is higher than that in

Ref [69], which could be due to slight doping in this crystal.
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Chapter 4
Broadband and tunable time-resolved THz system using argon-filled

hollow-core photonic-crystal fiber

4.1 Background and relevance

Previous chapters introduced THz time-domain spectroscopy based on nonlinear electro-optical
crystals. Also, in the third chapter, we presented the dispersion information measurement
performed using the THz time-domain system that operates with the Yb:KGW laser amplifier. This
amplifier generates a NIR pulse with 180 fs pulse duration at 1035 nm wavelength and a spectral
bandwidth of 3.5 THz (FWHM). In this chapter, the work focuses on improving the performance
of such a THz-TDS system in terms of bandwidth and sensitivity [70].

THz generation within nonlinear crystals relies on difference-frequency mixing within an NIR
pulse. Consequently, the spectral bandwidth of the NIR pulse directly affects the bandwidth of the
THz pulses generated, assuming that the generation crystal does not restrict the generation
bandwidth. In this study, the NIR beam from the Yb:KGW laser amplifier is launched into an
argon-filled hollow-core photonic-crystal fiber (HC-PCF) that acts as a pulse shaper. The NIR
beam broadens inside the HC-PCF through self-phase modulation (SPM), a third-order nonlinear
effect. Another factor that impacts the THz generation bandwidth is the dispersion within the
generation pulse. Put simply, different frequency components in the NIR pulse should reach the
generation crystal simultaneously to interact efficiently. For this purpose, a pair of chirped mirrors
compensates for the positive dispersion that occurs within the HC-PCF during the SPM. The reason

that we chose gas as the nonlinear medium for the NIR broadening is that such substances resist
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irreversible optical damage at high intensities, with the exception of molecular gases that undergo
photochemical dissociation under such conditions. Additionally, the nonlinearity and dispersion
properties of the gases can be fine-tuned by adjusting the pressure and composition of the gas
mixture [71]. However, compared to solids, the gases exhibit significantly lower nonlinearity. As
a consequence, they require longer nonlinear interaction lengths, necessitating the need for hollow
waveguides. A potential solution to this problem is to use hollow-core fiber (HCF). Some research
groups have employed the gas-filled HCF to spectrally broaden their NIR pulse and use such NIR
pulse to generate broadband THz [72,73]. Typically, HCFs used in such works have an inner core
diameter exceeding 200 um and a length over 1 m, with the NIR pulse energies in the millijoule
range. In our THz-TDS system, where the generation NIR beam is focused on the generation crystal,
the generation NIR pulse energy is typically below 20 pJ. Using the same gas-filled HCF fiber for
our NIR pulse would necessitate a much longer fiber, complicating the experimental setup and
demanding more experimental space. Consequently, we select the Kagomé hollow-core
photonic-crystal fiber to be the hollow-core waveguide. The thread of glass with a lattice of hollow
microchannels creates a two-dimensional photonic-crystal structure extending longitudinally.
These two-dimensional photonics crystal structures establish a complete or partial photonic band
gap (PBG) that confines light within its central hollow core [71,74,75]. Fig. 4.1 presents a scanning
electron microscope (SEM) scan of the cross-section of the Kagomé fiber in our experiments. This
fiber has an inner core diameter of 34 um. With this small core size, we broaden the NIR pulse of

0.9 pJ pulse energy from a spectral bandwidth of 3.5 THz to 8.7 THz using a 50 cm long fiber.
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Fig. 4.1 A scanning electron microscope (SEM) scan of the cross-section of the Kagomé HC-

PCF (provided by Dr. Jean-Michel Ménard).
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We demonstrate broadband, frequency-tunable, phase-locked terahertz (THz) genera-
tion and detection based on difference frequency mixing of temporally and spectrally
structured near-infrared (NIR) pulses. The pulses are prepared in a gas-filled hollow-
core photonic crystal fiber (HC-PCF), whose linear and nonlinear optical properties
can be adjusted by tuning the gas pressure. This permits optimization of both the spec-
tral broadening of the pulses due to self-phase modulation (SPM) and the generated
THz spectrum. The properties of the prepared pulses, measured at several different
argon gas pressures, agree well with the results of numerical modeling. Using these
pulses, we perform difference frequency generation in a standard time-resolved THz
scheme. As the argon pressure is gradually increased from O to 10 bar, the NIR pulses
spectrally broaden from 3.5 to 8.7 THz, while the measured THz bandwidth increases
correspondingly from 2.3 to 4.5 THz. At 10 bar, the THz spectrum extends to 6 THz,
limited only by the spectral bandwidth of our time-resolved detection scheme. Inter-
estingly, SPM in the HC-PCF produces asymmetric spectral broadening that may be
used to enhance the generation of selected THz frequencies. This scheme, based on a
HC-PCF pulse shaper, holds great promise for broadband time-domain spectroscopy
in the THz, enabling the use of compact and stable ultrafast laser sources with rela-
tively narrow linewidths (<4 THz). © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5043270

I. INTRODUCTION

Terahertz time-domain spectroscopy (THz-TDS) is a broadband optical characterization tech-
nique increasingly applied in many fields for non-invasive imaging and identification of molecules.'
In condensed matter research, this technique is also used to trace ultrafast dynamics of low-energy
excitations when combined with a pump pulse to excite non-equilibrium states inside materials such
as semiconductors, strongly correlated materials, superconductors, and topological insulators.?~!8
Common THz-TDS systems, including most of the ones commercially available, are now able to
resolve with great sensitivity the spectral range covering 0.5-4 THz. One of the next frontiers in
THz photonics is therefore the development of efficient schemes for expanding this spectral window
beyond 4 THz, so as to allow access to both a wider range of molecular resonances for sensing appli-
cations and new microscopic interactions in condensed matter. Some experimental schemes have
already been reported for achieving ultra-broadband THz spectroscopy. They are based on nonlinear
optical generation and detection in laser-induced gas plasmas (THz wave air photonics),'*2*> GaP or
several-micron-thick ZnTe crystals?>~2° and birefringent LiGa$S; (LGS),?®?” GaSe,”’-*! and organic
crystals such as DAST.?>*3 Although these configurations rely on different types of nonlinear media,
they all share an essential common component: an ultrafast near-infrared (NIR) laser capable of
delivering broadband femtosecond pulses. Such an optical source is crucial for accessing the high

(9 O
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THz frequency range since THz radiation is generated by nonlinear difference frequency mixing of
NIR pulses, which means that the highest generated THz frequencies are determined by the spectral
bandwidth of the NIR pulses. Furthermore, efficient time-resolved THz detection requires ultrashort
NIR pulses with a duration shorter than the oscillation cycle of the highest THz frequency compo-
nents to achieve broadband detection. These two conditions impose stringent requirements on the
NIR ultrafast source. As a result, expensive and bulky optical systems are often necessary for broad-
band THz-TDS. We propose an alternative setup for generating broadband THz radiation, one that
can be used with a compact and stable MHz laser system delivering pulses of sub-microjoule energy
and a few hundreds of femtoseconds in duration. We use a commercial Yb:KGW ultrafast amplifier
in combination with a gas-filled kagomé-type hollow-core photonic crystal fiber (kagomé-PCF) to
achieve efficient broadband THz generation and detection.>* Gas-filled hollow-core photonic crystal
fiber (HC-PCF) is one of the most efficient and versatile nonlinear platforms for spectral and temporal
structuring of NIR pulses.?>=? It provides weak anomalous dispersion that can be counter-balanced
by the normal dispersion of the gas filling the fiber, allowing propagation of ultrashort pulses with
minimal temporal distortion. In contrast to solid-core fibers or highly nonlinear materials, the linear
and nonlinear properties of the system can be adjusted simply by changing the species and the pres-
sure of the gas filling the HC-PCF. Here, we take advantage of this unique feature to broaden the
spectrum covered by the THz-TDS system out to ~6 THz, limited only by the choice of the nonlinear
crystal for time-resolved detection. More importantly, the general concept of using a HC-PCF pulse
shaper in combination with a relatively narrow spectral linewidth (<4 THz) laser could be extended
to other schemes based on different generation and detection crystals such as LGS or GaSe, which
would extend further the spectral coverage of THz-TDS.

Il. EXPERIMENT AND NUMERICAL SIMULATIONS

The experimental configuration is sketched in Fig. 1. The optical source is acommercial Yb:KGW
amplifier delivering 185 fs pulses at a central wavelength of 1035 nm, an average power of 1 W, and
a repetition rate of 1.1 MHz. The emitted pulses are launched into an Ar-filled HC-PCF with 75%
coupling efficiency. The fiber, a 55 cm-long kagomé-PCF with a 34 um-diameter core, is entirely
placed inside a gas cell within which the Ar pressure can easily be adjusted. This scheme allows
us to change the properties of the optical medium and tune the effects of self-phase modulation
(SPM) broadening and restructuring the NIR pulse spectrum. A pair of identical chirped mirrors
(CMs), providing a total dispersion of —2500 fs?, is placed after the HC-PCF to compensate for the
positive chirp resulting from SPM and to ensure that the pulses are nearly Fourier-transform-limited.
A standard THz-TDS configuration is then used to generate and detect the THz radiation.*> Briefly,
the NIR beam is split into two paths. In the first path, phase-locked THz radiation is generated by
difference frequency mixing inside a 220 um thick 110-oriented GaP crystal. The second path is used
as an optical gate for time-resolved electro-optical detection. An identical GaP nonlinear crystal is
used for detection.

CM\
Ultrafast laser
BS 7 A 3
GaP
PD
—
L L N4 WP FD

FIG. 1. Schematic of the experimental setup. NIR pulses are launched into a HC-PCF filled with Ar gas at an adjustable
pressure. A standard THz-TDS scheme is then used to generate and detect THz radiation.* CM: chirped mirror; BS: beam
splitter; TS: translational stage; L: lens, GaP: 110-oriented 220 pm-thick gallium phosphide crystal; Ge: germanium wafer;
Si: silicon wafer; M4: quarter-wave plate; WP: Wollaston prism; PD: photodetector.
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A. Near-infrared pulse propagation in the HC-PCF pulse shaper

The NIR pulse properties are measured after the CMs using a USB spectrometer and a home-
made autocorrelator based on second harmonic generation in a 150-um-thick beta-barium borate
(BBO) crystal. As the Ar pressure (Py4;) is increased from O to 10 bar, the NIR spectrum gradually
broadens from a full-width at half-maximum (FWHM) of 3.5 to 8.7 THz [Fig. 2(a)]. The spectral
broadening manifests itself mainly in two sidelobes separated by Avgy, = 3.1 THz at 7.5 bar and
4.7 THz at 10 bar. The corresponding autocorrelation traces are shown in Fig. 2(b) from which,
assuming that the structured NIR pulses have a sech? temporal shape, the original pulse duration can
be recovered. The pulse duration is observed to decrease gradually, from 185 fs to 65 fs (FWHM), as
P is increased. The fact that the spectral bandwidth increases by a factor of 2.5 while the temporal
duration decreases by 2.8 indicates that the pulses are close to Fourier-transform-limited at all the
pressures used in the experiment.

Figure 2(c) shows the simulated spectra at the fiber output at different Ar pressures for a 185 fs
(FWHM) Gaussian pulse with 0.85 uJ energy. The simulations are based on a unidirectional field
equation*! and approximate the fiber dispersion by that of a narrow-bore capillary.*> Over the pressure
range used, the NIR pulses lie in the anomalous dispersion range within the fiber. For these spectral
bandwidths, however, the fiber dispersion is insufficient to compensate for the positive chirp resulting
from SPM, which therefore requires further compensation using negatively chirped mirrors after
the fiber. Figure 2(d) shows the simulated temporal profiles at the fiber output after introducing
2000 fs® negative chirp (as in the experiment). As the argon pressure increases from 0 to 10 bar the
temporal FWHM decreases from 189 fs to 68 fs, which is in excellent agreement with the experiments.
The simulations show no contribution related to pulse-induced gas ionization over the range of
parameters used in the experiments.
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FIG. 2. (a) Spectra of the NIR pulses measured after the HC-PCF and the CM pair for different Ar pressures. (b) Corresponding
autocorrelation traces. The FWHM durations measured at Pa, = 0, 2.5, 5, 7.5, and 10 bar are 185, 150, 115, 85, and 65 fs,
respectively. [(c) and (d)] For the same conditions, the numerical simulations*! of the pulse spectra and duration show good
agreement with the experiments.
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FIG. 3. (a) Phase-locked THz transients measured with NIR pulses prepared in the HC-PCF at different Ar pressures, as
shown in Fig. 2. (b) Corresponding THz spectral amplitude calculated by Fourier transforming. In (a) and (b), the maximum
amplitude of the measurement at O bar is normalized to 1.

B. Phase-locked THz generation

The NIR pulses measured in Figs. 2(a) and 2(b) are injected in the THz-TDS scheme for phase-
locked THz generation and detection by electro-optic sampling. Figure 3(a) shows the resulting
time-resolved THz field. Simply by adjusting the gas pressure, the peak THz amplitude can be
increased by a factor of ~4. This increase is caused by temporal compression of the NIR pulses, leading
to higher peak powers and, consequently, to more efficient nonlinear frequency down-conversion.
The corresponding THz spectral amplitudes are shown in Fig. 3(b). Distinctly different behavior is
observed above and below a frequency of 1 THz: the amplitude of higher spectral components is
enhanced as Py, is increased, while no significant change is observed in the sub-1-THz portion of
the spectrum. As a result, the THz bandwidth can be increased from 2.3 THz to 4.5 THz (FWHM).
The sudden drop in the spectral amplitude at 6.2 THz is related to the restricted phase-matching
conditions in the two 220 um-thick GaP crystals used for THz generation and detection, which
ultimately limit the attainable THz bandwidth. The results agree well with the calculated phase-
matching cut-off frequency at 6.6 THz.*3

Interestingly, SPM in kagomé-PCF produces an unevenly distributed spectrum in the NIR pulses,
which will have a direct impact on the generated THz spectrum. At P5, > 5 bar the NIR spectrum
departs from a Gaussian-like distribution, displaying two side-lobes separated by Avgp. Since the
THz radiation is produced by difference frequency mixing between NIR pulse components, these
side-lobes are expected to enhance THz generation around Avgy, resulting in distinct peaks in the
spectra. However, in the experiment, the electro-optic detection process prevents us from clearly
distinguishing this peak since the detection efficiency is not homogeneous over the whole spectral
bandwidth.*** Due to the time-resolved configuration, the amplitude of the lowest and highest THz
frequencies is under-estimated: Low frequencies have a larger spot size on the detection crystal and
do not overlap as well with the focused gating pulse, while high THz frequencies suffer from a phase
mismatch with the gating pulse inside the detection crystal. The peak in the measured THz spectra is
therefore mostly determined by the time-resolved detection response rather than the spectral shape
of the generated THz radiation.

lll. CONCLUSION

A pressure-tunable pulse shaper based on gas-filled kagomé-PCF can be used to prepare NIR
pulses for efficient broadband THz-TDS. As the Ar pressure is increased in the PCF, spectral broaden-
ing and temporal compression of the NIR pulses allow the bandwidth of the measured THz spectrum
to be broadened by a factor of 2, the highest frequency component at ~6 THz being limited only by
phase-matching conditions in the experiment. This scheme could also be used for accessing higher
THz frequencies if the argon pressure is increased beyond 10 bar and different nonlinear generation
and detection crystals are used, such as GaSe, LGS, DAST, or AgGaS,. In brief, a single fiber-based
module, combined with an ultrafast source with relatively narrow linewidth (<4 THz), can be used

49



111301-5 Cuietal. APL Photonics 3, 111301 (2018)

for broadband THz-TDS, paving the way to the design of more compact and cost-effective THz-TDS
setups capable of reaching high THz frequencies without the need for complex optical sources based
on ultrashort Ti-sapphire amplifiers, synchronized fiber lasers, or optical parametric chirped-pulse
amplifiers. Since HC-PCFs are robust and able to guide extremely high peak powers, they may also
enable the use of high power and high repetition rate lasers for THz-TDS.*647
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4.2 Additional comments

The THz spectral range presented in this work is not the upper limit of the THz generation and
detection from our laser system when combined with the HC-PCF. By launching more NIR pulse
energy into the HC-PCF or elevating the gas pressure in the HC-PCF, we can further enhance the
SPM inside the HC-PCF, leading to a broader NIR spectrum. The pressure in the gas cell for this
APL Photonics paper was set at 10 bar. Subsequently, we attempted to increase the gas pressure to
15 bar to further enhance the NIR bandwidth and replaced the generation and detection crystals
with ZnTe. Unlike GaP, which exhibits phonon absorption around 11 THz [63], ZnTe possesses a
phonon resonance only around 5 THz, thereby allowing higher THz frequencies to be detected,
albeit with limited sensitivity due to imperfect phase-matching conditions. Utilizing a 200 pm thick
ZnTe pair for both THz generation and detection, we not only observed a primary THz signal
spanning from 0.1 to 4 THz but also detected a THz spectrum ranging from 7 to14 THz. This extra
THz bandwidth comes from the fact that with a higher pressure in the HC-PCF Additionally, by
further increasing the NIR pulse energy and gas pressure in the HC-PCF, and using a GaSe as the
generation and detection crystal, our group has achieved THz generation and detection above 20

THz [76].
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Fig. 4.2 THz spectrum measured with the NIR pulse out of argon-filled HC-PCF at 15 bar

for THz generation and detection. The generation and detection crystals are 200 pm thick

ZnTe.
In our system, the highest coupling efficiency achieved using a single lens to focus the NIR beam
into the HC-PCF was 81%. The input pulse energy was 0.9 puJ and output pulse energy was
approximately 0.7 puJ. Our primary object is to produce high-field THz radiation with the dominant
spectral components exceeding 2 THz. The generation of high-field THz typically involves in NIR
generation pulse energy in the millijoule range. In our lab, the highest NIR pulse energy we have
launched into this HC-PCF is 5.5 pJ. In order to guide the mJ NIR pulses using the HC-PCF, we
could further refine the focusing optics for fiber coupling. According to our collaborators, it is
possible to achieve a 98% coupling efficiency with this HC-PCF fiber with optimized coupling
optics. Under such conditions, the majority of the pulse energy is guided within the hollow core of

the fiber, preventing damage to glass structure in the HC-PCF.

4.3 Appendix

4.3.1 Installation of the HC-PCF in the gas cell

The Kagomé HC-PCF fiber is positioned inside an Argon-filled gas cell. The gas cell was designed

by Dr. Philip Russel’s group at the Max Planck Institute for the Science of Light and manufactured
53



at the University of Ottawa’s machine shop. As depicted in Fig. 4.3 (a), the gas cell comprises 2
distinct gas chambers interconnected with a metal tube. Both sides of the gas cell, equipped with
optical windows, are supported by 2 MAX362D fiber launch systems from Thorlabs. Raised ridges
in the middle of the bottom of the 2 gas chambers aligned with the grooves on top of the L-shape
fixed angle brackets (AMAO0O09 from Thorlabs). It is important to note that these L-shape Fix angle
brackets remain stationary and do not move with the MAX362D stages. The opposite side of the
gas chamber fits into the grooves on the Thorlabs AMAO029A platform. All the supporting
structures maintain the same height and their design ensures that the grooves align with a series of
holes on the optical table. Consequently, the fiber positioned centrally inside the gas cell aligns

with these holes.

Upon initially receiving the gas cell components, it is essential to clean them with acetone to
eliminate any residual oil from the fabrication process. Failing to do so can lead to oil will start
vaporization when purging the enclosure, contaminating the optical windows on both sides of the

gas cell and the HC-PCF tips with oil vapors.

To accurately launch the beam into the HC-PCF, it is crucial to ensure the beam is perfectly
horizontal and at the same height as the fiber’s position. Our approach involves placing 2 irises on
the 2 L-shape Fixed angle bracket and aligning the collimated beam through the center of the 2

irises. Subsequently, we position the gas cell and insert the fiber.
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chamber of the gas cell showing how the HC-PCF is placed inside the gas cell.

As depicted in Fig. 4.3 (b), the central portion of the fiber resides within the metal tube connecting
the 2 chambers. Both tips of the fiber are supported by 2 base metal blocks, each featuring a central
groove. This design makes sure the fiber is precisely aligned with the center line of the gas cell
which corresponds to a series of holes on the optical table. These 2 base metal blocks are designed
to hold the fiber at the same elevation as the metal tube. Another 2 small blocks with the same
groove to is placed over the fiber tips to hold it in place. When installing the fiber into the gas cell,
the procedures begin by cleaving one end of the fiber and positioning it within one of the gas
chambers. Subsequently, the opposite fiber tip is gently guided through the tube connecting the 2
chambers. It is essential to avoid cleaving this fiber tip beforehand, as any friction or impact during
the guiding process could damage the freshly cleaved tip. Once the other fiber tip is in place within
the other gas chamber, we cleave it and leave it in place. This step should be a collaborative effort
involving 2 people: one focusing on cleaving the fiber and the other using tweezers to restrict the
movement of the fiber tip in the other chamber. This ensures the cleaved fiber does not come into

contact with any hard surface, which could compromise the integrity of the cleaved end.

The subsequent step is to couple the light into the HC-PCF and collimate the output beam. Initially.
a ruler can be employed to gauge the distance between the fiber tip and the middle point of the

MAX362D stage along the direction of the fiber. Based on this measurement, a lens with a
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corresponding focal length is positioned. If one tip is too close or too far from the middle of the
MAX362D stage along the direction of the fiber, a soft-tipped tweezer can be used to adjust the
position of the fiber within the gas cell. Again, this procedure benefits from a second individual to
who ensures the proper positioning of the fiber tip in the other chamber. Following this is to place
the lens and put a power meter at the output of the fiber. We experimented with lenses of different
focal lengths to optimize the coupling. For the Kagomé fiber, a lens with 7 cm focal length proved
the most effective. Given that the laser is at 1035 nm, an IR-viewer aids in this process. We use the
3D stage to adjust the lens in the plane perpendicular to the fiber’s direction, ensuring the beam
roughly targets the fiber tip. When light is coupled to the cladding of the fiber, visible light
emanates from the fiber tip due to the nonlinear effects such as self-phase modulation happening
in the glass cladding. After the beam is coupled to the core of the fiber, the visible light vanishes.
Fine-tuning the 3D MAX362D stage to achieve maximum output power. We have achieved a peak
coupling efficiency of 81% with this Kagomé HC-PCF. After coupling, we collimate the beam out
of the fiber by adjusting the lens on the 3D MAX362D stage. It is essential to guide the beam far
away from the output and ensure the beam is of the same size along the beam path, maintaining a

distortion-free beam profile.

The final procedures involve purging the gas cell with the argon gas. We first seal the gas cell and
subsequently vacuum the gas cell with a vacuum pump. If there is no leakage in the gas cell, the
vacuum pump should work briefly and turn into a low output mode, characterized by minimal
operational noise. Then the gas cell is typically maintained under vacuum for at least 12 hours

before introducing argon.
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picture of the gas cell pressure control panel. There are 3 valves on the panel to

increase the pressure in the gas cell in stages. The gas cell pressure sensor measures the gas

pressure inside the tube connecting to the gas cell.

To make sure the minimal fiber displacement during the process of increasing the pressure, both
chambers are interconnected to the gas pressure panel. This configuration ensures simultaneous
pressure increases in both chambers. Otherwise, the fiber will be blown to the chamber with no gas
input when the gas pressure increases. Fig. 4.4 depicts the gas pressure controlling panel in our lab.

The following steps are designed to gradually elevate the gas pressure in the gas cell. We

1. open and close the valve on the gas cylinder to fill the argon gas into the tube preceding

valve 1.

2. swiftly open and close valve 1, directing the argon gas into the tube segment between

valves 1 and 2.

3. rapidly open and close valve 2, directing the argon gas into the tube segment between

valves 2 and 3.

4. open and close valve 3 quickly and monitor the pressure in the gas cell. We reiterate this

action multiple times until we achieve a stable gas pressure in the gas cell.
5. repeat steps 3, 4 until valve 2 does not affect the pressure in the gas cell.
6. keep repeating steps 2-6 until valve 1 does not affect the pressure in the gas cell.
7. repeat steps 1-7 until the pressure in the gas cell reaches the set value.

It is imperative to adhere to the steps above, especially when the gas cell’s pressure is below 5 bar.

Upon reaching 5 bar in the gas cell, we can expedite these procedures by keeping valve 2 open.
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Note that after changing the pressure in the gas cell, we should always reoptimize the coupling of
the fiber. It often involves moving the lens before the fiber along the fiber direction using the
MAX362D stage. The adjustment compensates for the altered refractive index of high-pressure
argon, which deviates from that of ambient air. Such variations in refractive index influence the

lens’s focal length, subsequently affecting the coupling.

4.3.2 Chirped mirrors alignment

Once the fiber is aligned, we align the beam through the chirped mirrors (Layertech 141266). A
single chirped mirror is priced at approximately 10 times that of a standard optical mirror. To
achieve a negative dispersion of -2500 fs?, the beam after the fiber must reflect off the chirped
mirrors 10 times. If the optical beam reflects only once off each chirped mirror, it results in

significant resource inefficiencies, both in terms of cost and spatial utilization on the optical table.

Fig. 4.5 shows a typical alignment for a chirped mirror pair where we achieve 6 bounces on a pair

of chirped mirrors. Two critical considerations arise from the alignment.

1. Efficient Spatial Utilization: The goal is to maximize the number of reflections on the
chirped mirrors. To achieve this, the two chirped mirrors have to be parallel with each other,
with the incident beam approaching mirror #2 at a near-perpendicular angle. Such an angle
requires that the edge of the mirror mount for the chirped mirror does not obstruct either
the incoming or outgoing beam. For this purpose, the Clear Edge Ultima Mirror Mount
(U100-A-LH-2K) from Newport was selected. Also, the knobs on this mirror mount
provide a higher fine-tuning capability compared to standard mirror mounts like KM-100

and the Kinetic Mounts from Thorlabs.
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Fig. 4.5 A typical alignment of the chirped mirror to achieve 3 bounces on each mirror in our
lab.

2. Avoid Beam Clipping: It is essential to prevent the beam from being clipped by the edges
of the chirped mirrors. For an 8 mm (1/e* diameter) beam emanating from the fiber setup,
achieving 3 bounces on each chirped mirror is optimal. In this paper, we put an additional
metal mirror behind the chirped mirror #2, reflecting the outgoing beam back onto chirped
mirror #1 to achieve another 2 bounces on each chirped mirror. In this configuration, we
achieved 10 bounces across the 2 chirped mirrors, albeit with some beam clipping. In the
context of this APL Photonics paper, where the primary concern was the NIR pulse
duration and bandwidth for THz generation, minor NIR beam clipping was deemed
acceptable. In the subsequent applications aiming to guide more power into the THz system,

2 chirped mirror pairs were employed to achieve 10 or 12 bounces.
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Chapter 5
Broadband and high-sensitivity time-resolved THz system using

grating-assisted tilted-pulse-front phase matching

5.1 Background and relevance

To achieve broadband THz generation based on the difference-frequency mixing in nonlinear
crystals, besides a broadband NIR pulse, the phase matching inside the nonlinear crystal is another
key factor. As we have discussed in Chapter 2, no crystal in nature is designed for the THz
generation of all the desired frequencies. The simplest solution to achieve THz generation and
detection with a broad bandwidth is to use a nonlinear crystal having a thickness less than 2 times
the coherence length at the THz frequency expected to be generated and detected [77]. However, a
thin generation/detection crystal means a short nonlinear interaction length leading to a low THz
generation/detection efficiency. With the same setup, thin generation/detection crystals generally

lead to a lower signal-to-noise ratio than thick generation/detection crystals.

We have also discussed the tilted-pulse-front THz generation technique inside LiNbO3z and GaAs
crystals for high-field THz generation below 2 THz [45,46,78]. Such a THz system requires a
crystal wedge cut at a certain crystal orientation and the alignment of the system is more
complicated than collinear THz systems. Furthermore, the tilted-pulse-front THz generation system
uses imaging optics to image the grating used for pulse-front-tilt on the front surface of the
generation crystal. The imaging distortion, which is unavoidable, affects the NIR generation beam
quality and as a result, affects the THz generation efficiency inside the crystal [54]. To avoid the
imaging distortion, we can realize the pulse-front-tilt with a contact grating at the front surface of
the generation crystal. In the introduction of the following paper [79], several trials made by
different groups in the world to perform THz generation using contact grating on different crystals

have been introduced for the purpose of high-field THz generation below 2 THz. Among them, the
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work from J. A. Fiilop and J. Hebling et al. demonstrated the first tilted-pulse-front high-field THz
generation with contact grating on a ZnTe crystal [54]. The THz spectrum from this THz source is
mostly below 2 THz. Later on, a few more theoretical and experimental works realized tilted-pulse-
front phase matching in the THz generation process with a contact grating design in different
nonlinear crystals [80,81]. Before the publication of the manuscript in this chapter, there has not
been a THz source based on nonlinear semiconductor crystals that can generate high-field THz
centered beyond 2 THz. In this work, we demonstrated, for the first time, efficient THz generation
above 2 THz with the tilted-pulse-front phase matching using a contact grating. The contact grating
design we followed is the phase grating with a rectangular profile [54,82]. Also, as we know from
Chapter 2, the THz generation process via DFG and THz detection via electro-optical sampling
share the same phase-matching condition. In this sense, the contact grating which is designed to
optimize the THz generation process could also be applied to optimize the THz detection process.
In 2018, we used the first batch of fabricated gratings on 1 mm-thick GaP crystal to demonstrate
the grating-assisted THz detection with tilted-pulse-front phase matching [83] (more information
about this paper is in the additional comment in section 5.2). This work also led to a patent [84]. In
the manuscript associated to this chapter, we also combined the tilted-pulse-front THz generation
and detection in our collinear THz-TDS system, aiming to achieve a broadband THz generation
and detection with thick nonlinear crystals while utilizing the long interaction length of the thick
crystals to obtain high efficiency. The dual grating-assisted THz generation and detection scheme
increased the signal in intensity by a factor of 400 compared to that measured with the collinear
scheme using a pair of 0.2 mm-thick GaP crystals for THz generation and detection. Moreover, the
dynamic range of the dual grating system has a peak dynamic range of 90 dB at 3 THz which is 30

dB higher than that of a system employing thin GaP crystals for THz generation and detection.
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such as superconductors,™ semiconduc-

A broadband and sensitive time-resolved terahertz (THz) configuration tors,>® topological insulators,”1% heavy

relying on noncollinear optical interactions is presented. This noncollinear
scheme enables a higher THz generation and detection efficiency in nonlinear
crystals. The concept relies on a pair of thick (2 mm) GaP crystals with a
phase grating etched on their surface to achieve phase matching between

a diffracted near-infrared pulse and a THz wave propagating at normal
incidence. This system is compared to a standard collinear scheme based

on thin (0.2 mm) crystals and, while both systems provide access to a
spectral bandwidth extending up to 6.5 THz, it is found that the noncollinear
configuration improves the THz signal by more than a factor of 400 and the
dynamic range of the system by 30 dB at a frequency of 3 THz.

1. Introduction

Time-resolved terahertz (THz) spectroscopy is an optical char-
acterization technique now routinely used in the spectral range
between 0.5 and 3 THz to monitor microscopic interactions
and resolve key signature resonances in diverse materials

W. Cui, J.-M. Ménard

Department of Physics

University of Ottawa

25 Templeton Street, Ottawa, Ontario KIN 6N5, Canada
E-mail: jean-michel.menard @ uottawa.ca

K. M. Awan

Stewart Blusson

Quantum Matter Institute

2355 East Mall, Vancouver, British Columbia V6T 124, Canada
R. Huber

Institute of Experimental and Applied Physics
University of Regensburg

93053 Regensburg, Germany

K. Dolgaleva

School of Electrical Engineering and Computer Science
University of Ottawa

25 Templeton Street, Ottawa, Ontario KIN 6N5, Canada

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202101136.

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/adom.202101136

Adv. Optical Mater. 2022, 10, 2101136 2101136 (10of 6)

fermions, 3! ferroelectrics,*! antifer-
romagnets,’®! and metal-organic com-
pounds.[”18 One configuration commonly
used for these experiments relies on a
near infrared (NIR) ultrafast source and
a pair of second-order nonlinear crystals
to generate and detect phase-locked THz
transients.!’)

Recently, there have been consider-
able efforts to improve time-domain THz
systems by broadening their spectral
window toward the high-frequency part
of the spectrum without losing sensitivity
at low frequencies.’*->’l In some cases,
the spectral bandwidth and duration of the pulses delivered by
the NIR ultrafast source determine the highest THz frequency
that can be efficiently resolved by the system. This issue can
be addressed with self-phase modulation inside a nonlinear
medium broadening the spectrum of these ultrashort pulses
and with dispersion compensation optics recompressing the
pulse in the time domain.[?1?22%] In other cases, it is the second-
order nonlinear crystals used for THz generation and detection
that limit the accessible THz bandwidth. However, there is only
a short list of candidate crystals suited for these applications
since they must possess specific linear and nonlinear optical
properties, including a relatively large second-order nonlinear
coefficient, a high optical damage threshold (to sustain intense
NIR pumping), and a low optical absorption in both the NIR
and THz regions. Furthermore, the dispersion and thickness of
the crystals are additional parameters that determine the non-
linear interaction length, the coherence length, and, ultimately,
the THz signal strength. Interestingly, these latter parameters
can be adjusted with the experimental configuration without
modifying the crystal material properties. One simple method
consists in selecting a crystal thickness equal to the coher-
ence length. This ensures a constructive nonlinear build up
during the THz generation and detection processes. However,
for broadband applications, this condition often involves a very
thin crystal,l”?8 resulting in a low THz signal amplitude due
to the short interaction length. A more versatile approach con-
sists in implementing a noncollinear geometry where an angle
is formed between the directions of propagation of the NIR and
THz pulses. Not only can this scheme be used to adjust phase-
matching conditions, and therefore control the accessible THz
bandwidth, but it can also be carried out inside a thick crystal to
enable a long and efficient nonlinear process.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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The tilted-pulse-front THz generation technique in LiNbO;
is an example of noncollinear scheme utilized to generate
high-field THz pulses centered around 1 THz.[232 A similar
concept involving a phase grating located at the surface of the
generation crystal has also been proposed theoreticallyl®*-38l
and demonstrated experimentally.3**! This surface grating
design can eliminate the imaging distortions occurring in the
conventional tilted-pulse-front THz setup, thus leading to an
improved THz beam quality.?*3%3% In this configuration, the
grating diffracts the normally incident NIR pulse, which then
propagates in a different direction than the emitted THz pulse
inside the crystal. While the nonlinear interaction is intrinsi-
cally noncollinear, the general setup can remain essentially col-
linear, 33353839 thus easier to align since both incoming NIR
and emitted THz pulses are impinging on the front surface
of the crystal at normal incidence. Recently, a similar phase
grating was used on the surface of a THz detection crystal to
extend the accessible spectral window and enhance the overall
system’s sensitivity.[*]

Here we demonstrate a time-resolved THz configuration
taking advantage of surface phase gratings to achieve tilted-
pulse-front phase matching in both THz generation and
detection processes inside thick (2 mm) gallium phosphide
(GaP) crystals. A phase grating is etched directly onto the
surface of these two crystals to adjust phase-matching
conditions and provide access to a spectral bandwidth
extending up to 6.5 THz. Most importantly, we maximize the
nonlinear interaction length inside a thick crystal leading to
THz signal amplitudes >20 times larger than those recorded
using a standard collinear geometry relying on a pair of thin
(0.2 mm thick) unpatterned GaP crystals. This enhancement
factor due to a more efficient THz generation and detection
processes is around 400 in signal strength. We also collect data
with a standard collinear geometry using a pair of 2 mm thick
unpatterned GaP crystals. This system also exhibits a relatively
strong signal but the covered spectral bandwidth is limited to
the frequencies below 3 THz. The results obtained with both
collinear schemes show the typical tradeoff between the THz
signal amplitude and the accessible spectral bandwidth. This
tradeoff is circumvented in our dual-grating configuration
by shifting the optimal phase-matching conditions at higher
frequencies, where phase mismatch effects are more critical at
a given crystal thickness.

2. Theory

In a standard collinear THz generation (or detection) geometry
governed by optical rectification (OR), the phase mismatch
corresponds to

Ak =k (0nr)—k(@nr — O1i1,) =k (0111,) 1)

where k=|k| is the magnitude of the wavevector and @ is the
radial frequency corresponding to any spectral component of
the incident NIR pulse (wyr) or the generated (or detected)
THz pulse (@ry,). In a noncollinear geometry, the phase mis-
match has been defined as3%314142]
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k (wNIR ) -k (wNIR - wTHz)
cosf

Ak= ~k (@) 2)

where 0 is the angle formed by the direction of propagation of
the diffracted NIR pulse relative to the direction of propaga-
tion of the THz pulse. The condition to achieve perfect phase
matching can be expressed as*!

3)

Therefore, the angle 6 can be a control knob to adjust phase
matching. We consider the configuration where the NIR pulse
impinges on the grating at normal incidence. Then, the dif-
fracted orders have a pulse front parallel to the crystal surface,
which corresponds to a tilt angle yequal to the diffraction angle
y= 6 =sin "{(4/nA), where 1 is the central wavelength of the
NIR pulse in vacuum, n is the refractive index of the crystal and
A is the pitch of the grating.

3. Experiments

We use a time-domain THz configuration based on an NIR
ultrafast source centered at 1035 nm and delivering 60 fs pulses
at a repetition rate of 1.1 MHz. Phase-locked THz transients
are generated by optical rectification of these NIR pulses in a
(110)-oriented GaP crystal and then detected by electro-optical
sampling inside an identical crystal.?22l The NIR pulse inci-
dent on the THz generation crystal has a spot size of 24.8 um
(1/€? diameter) and an energy of 0.5 pJ. The NIR gating pulse
incident on the THz detection crystal has a spot size of 8.2 pm
(1/e* diameter) and an energy of 291 pJ if the configuration
uses a phase grating at the surface of the crystal. When an
unpatterned detection crystal is used instead, the gating pulse
energy is reduced to 58 pJ to ensure that all the measure-
ments are performed with the same optical power impinging
on the photodiodes. This allows us to directly compare the per-
formances of different system configurations. A mechanical
stage enables point-by-point sampling of the terahertz wave-
form while a lock-in amplifier with a time constant of 30 and
200 ms waiting time allows sensitive acquisition of 1000 points
in about 5 min. We then use the Fourier transform of the time-
domain data to obtain the THz spectrum. Our tilted-pulse-front
phase-matching schemes for THz generation and detection
processes (schematically represented in Figure 1) rely on binary
gratings etched at the surface of 2 mm thick GaP crystals to
diffract incident NIR pulses. In the detection scheme, the THz
pulse incident on the crystal is not diffracted by the periodic
surface modulation due to its longer wavelength. The grating
is oriented horizontally, allowing the TE-polarized NIR pulse to
keep its polarization orientation unchanged upon diffraction.
This geometry allows us to directly compare results obtained
with diffracted and non-diffracted NIR pulses since both config-
urations involve the same projection of the pulses’ polarization
components onto the crystal’s nonlinear tensor elements. The
grating pitch A = 1.635 um is selected from Equation (3) to
satisfy phase-matching conditions between the diffracted NIR
pulse and the THz component at 4 THz propagating along the
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Figure 1. Schematic representation of the noncollinear dual grating con-
figuration. A periodic modulation (A =1.635 um) at the surface of both
THz generation and detection crystals diffracts the incoming NIR pulse.
Tilted-pulse-front phase matching is satisfied at the frequency 4 THz. In
the generation process, both first diffraction orders (m = -1, +1) con-
tribute to the generated THz wave, while the detection relies on a single
diffracted order, which is monitored in polarization as we perform electro-
optical sampling. NIR: near infrared; THz: terahertz; 1/4: quarter-wave
plate; WP: Wollaston prism; PD: photodetector.

direction of normal incidence, leading to a diffraction angle of
11.7° inside the GaP crystal. The grating’s filling ratio is 50%,
and the modulation depth is optimized to approach 245 nm
during the fabrication process, which is based on the reactive
ion etching (see details in Supporting Information).*!! This pre-
cise height corresponds to an optical phase difference of 7 to
achieve destructive interference in the Oth order and maximize
the signal (theoretically =80%) in the first diffracted orders.M!
In our experiment, we confirm a low percentage (7%) of the
total transmitted power in the Oth order and obtain 61% of the
transmitted power in the £1 orders. This efficient power redis-
tribution is crucial for efficient noncollinear THz generation
involving OR of the first diffracted orders. For the noncollinear
detection scheme, optimal grating diffraction in the first order
is preferable, but not essential, since the detected signal is nor-
malized by the intensity of the diffracted NIR pulse.

4, Results and Discussion

We first investigate the THz generation process with two crys-
tals of different thicknesses and, more importantly, compare
results obtained with the collinear and noncollinear geom-
etries. As such, we measure THz signals produced inside three
different generation GaP crystals with the following character-
istics: 0.2 mm thick and unpatterned surface (Cy,), 2 mm thick
and unpatterned surface (C,), and 2 mm thick with a phase
grating on the incident surface (CZ°). Nonlinear THz detec-
tion is performed in this first set of experiments with another
Co., crystal. The black and red lines in Figure 2 correspond to
the two unpatterned generation crystals with the thicknesses
of 0.2 mm (Cp,) and 2 mm (C,), respectively. The thickest
crystal (red curve) yields the largest signal amplitude in the low-
frequency part of the spectrum, while the thin crystal (black
curve) possesses a larger spectral bandwidth, even leading to
higher signal amplitudes at frequencies above 4 THz. These
results illustrate the tradeoff between signal amplitude and
spectral bandwidth. The noncollinear THz generation geometry
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Figure 2. THz spectral amplitude measured with three different THz gen-
eration GaP crystals: Cy, and C, are unpatterned and have thicknesses
of 0.2 and 2 mm, respectively, while C5° is 2 mm thick and has a phase
grating (PG) on its incident surface. Nonlinear THz detection is per-
formed inside another Cy,. The displayed THz spectral amplitudes are
normalized by the maximum signal obtained when Cg, is used for both
THz generation and detection processes.

(cyan curve) is implemented by a phase grating on a 2 mm thick
crystal (C5°) with a pitch selected to satisfy phase-matching con-
ditions at 4 THz. This optimization of phase-matching con-
ditions combined with the fact that low THz frequencies are
inherently associated with longer nonlinear coherence lengths
(] effectively broadens the signal spectral bandwidth. In com-
parison with the results obtained with Cg,, we find that the
noncollinear geometry leads to a large THz spectral bandwidth
and a larger signal amplitude, by a factor of 3.8 at 3 THz. The
maximum amplitude obtained with C}° is comparable to the
one obtained with C,, but it is now centered at 3 THz instead
of 1.7 THz.

In another series of experiments involving the same three
crystals presented above, we change the detection crystal in
the electro-optical sampling part of the time-domain THz
setup, while keeping C,, as the generation crystal. Results in
Figure 3 obtained with the detection crystals Cy, (black curve)
and C,(orange curve) show a strong signal dependence on the
crystal thickness, which is similar to the one seen in Figure 2
when the positions of the generation and detection crystals
were inverted. In a grating-assisted noncollinear THz detection
geometry, provided by C5° (blue curve), we observe a relatively
large spectral bandwidth comparable to the one obtained with
Cy,- More importantly, the relative signal amplitude is now
much larger. At the peak amplitude, the signal is a factor of
=9 higher than the one measured with C,,, and also a factor
of =2 higher than the one measured with C,. This increase
is due to an intrinsic polarization filtering effect occurring at
the back surface of the detection crystal.*##] Briefly, partial
reflection of the s-polarized component of the diffracted NIR
pulse reduces the total power on the photodiodes, while the
p-polarized component containing the THz information, is
preferentially transmitted. Since the THz signal is normalized
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Figure 3. THz spectral amplitude measured with three different THz
detection GaP crystals: Cy,, Cp,l and C, are unpatterned and have
thicknesses of 0.2, 1, and 2 mm, respectively, while C{°“1l and C5C© are
1 and 2 mm thick, respectively, and have a phase grating (PG) on their
incident surface. Nonlinear THz generation is performed inside another
Co, crystal. The displayed THz spectral amplitudes are normalized by
the maximum signal obtained when Cy, is used for both THz generation
and detection processes.

by the power incident on the photodiodes, the spectral ampli-
tude obtained with C}° is therefore larger. Our group also pre-
viously reported a noncollinear geometry inside a 1 mm thick
GaP crystal, the results of which are added to Figure 3 for com-
parison (dashed lines).* We observe that increasing the thick-
ness of the crystal by a factor of 2 in a noncollinear geometry
increases the amplitude by a factor of 1.5. This discrepancy can
be attributed to a gradual loss of spatial overlap between the
NIR and THz pulses as they propagate in different directions
inside the crystal. This ultimately sets a limit on the maximum
angular deflection and effective crystal thickness for this detec-
tion scheme.

In a third experiment, we perform noncollinear THz gen-
eration and detection with a pair of C;° (purple curve) and
compare the measured signal amplitude with the one obtained
with a pair of unpatterned C,, (black curve; same shown in
Figures 2 and 3) and a pair of unpatterned C, (dark red curve).
The collinear C,/C, configuration for nonlinear THz genera-
tion/detection yields a limited spectral bandwidth but a large
signal amplitude peaking at 1.5 THz. This amplitude is a factor
of 20 larger than the maximum spectral amplitude measured
with a configuration using a pair of Cy,. The dual patterned
crystal configuration C5°/C;¢ enables a long nonlinear interac-
tion length which contributes to a large THz peak amplitude,
comparable to the one obtained with C,/C,, while the spectral
bandwidth still extends up to 6.5 THz on a linear scale. We also
perform simulations solving the coupled wave equations®! in
the frequency domain and found good qualitative agreement
with our experimental data. These simulated spectra are pre-
sented in Figures S1-S4 (Supporting Information).

Figure 4 clearly indicates a net advantage in terms of signal
amplitude and spectral bandwidth in using a dual noncollinear
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Figure 4. THz spectral amplitude measured with three pairs of identical
generation and detection GaP crystals having thicknesses of 0.2 and
2 mm. A phase grating (PG) on the incident surface of a 2 mm thick
crystal modulates phase-matching conditions to enhance THz generation
and detection above 2 THz.

configuration in time-resolved THz spectroscopy. For any spec-
troscopy applications, another crucial parameter is the dynamic
range allowing us to determine the ability of a system to charac-
terize samples, especially when they are strongly absorptive. To
investigate this value, we collect the THz amplitude E(w) and
the noise floor (@) corresponding to the absolute square of the
recorded signal when the THz pulse is blocked. The dynamic
range (DR) is then defined by!*34]

DR =|E (o) /¢(w) S

We focus on the two configurations in Figure 4 providing
the largest spectral bandwidth: Cy,/Cy, and C5°/C5°. Figure 5a
shows on a log scale that both configurations yield similar
spectral bandwidth, with a signal extending up to 6.5 THz,
after which the spectral power approaches the noise level cor-
responding to the fluctuations in the THz signal amplitude.
The noise floor (thinner lines in Figure 5a) is obtained by
performing a regular time-resolved scan while blocking the
THz beam. The noise is fitted with the model: A*(1/f + B),
where both A and B are fitting parameters and f is the fre-
quency. This model includes a term inversely proportional
to the frequency to account for the flicker noise (1/f noise
or pink noise).**% Using the fitted noise curves and spec-
tral power curve, we extract the DR, which has a maximum
of 60 dB with the C,,/C,, configuration, and 90 dB with the

¥¢|C5¢ configuration. This 30 dB improvement is mainly due
to the higher-amplitude signal generated and detected in a
thick nonlinear crystal, but also partially due to the intrinsic
polarization filtering effect at the back surface of the detec-
tion crystal enhancing the detection sensitivity. Overall, the
dynamic range obtained with the dual grating configuration
is >80 dB over a relatively broad bandwidth extending from 1.1
to 4.3 THz.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

65



ADVANCED

SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

g 1E+0

=

>

= Gen./Det. Crystal

£ — (PG/)PG N\

é 1E-4} GG Noise

N

an)

F

1E-8 . y :

2 4 6
Frequency (THz)

www.advopticalmat.de

90F

)

Z

&

260

%ﬂ Gen./Det. crystal

S — gy

§ 01 —Cp2/Coa

>

- [

0 L N M

2 4 6
Frequency (THz)

Figure 5. a) THz spectral intensities and the noise floors measured with 2 pairs of identical generation and detection GaP crystals having a thickness of
0.2 and 2 mm. A phase grating (PG) on the incident surface of a 2 mm thick crystal modulates phase-matching conditions to enhance THz generation
and detection above 2 THz. The dashed lines are the noise floors fitted with the model A*(1/f+ B), where both A and B are fitting parameters and fis
the frequency. b) Dynamic ranges calculated based on Equation (4) and the measurement results in (a).

5. Conclusion

Our configuration based on a pair of nonlinear GaP crystals
with a surface phase grating overcomes some limits imposed
by phase-matching conditions at normal incidence, while
allowing a longer nonlinear interaction length to achieve high
signal amplitude over a large bandwidth. We notably achieve a
dynamic range above 80 dB between 1.1 and 4.3 THz and obtain
a peak dynamic range of 90 dB at 3 THz. This represents a
30 dB improvement in comparison to signals collected with the
same system using thin (0.2 mm) unpatterned GaP generation
and detection crystals.

Our system sensitivity could be further improved by com-
bining our technique with other techniques, including a contin-
uous data acquisition technique.”2 Our concept can be easily
implemented in a standard THz-TDS system, since the crystals
with an etched phase grating can simply replace the conventional
(unpatterned) generation and detection crystals. Only minimum
adjustments are required in the detection stage to direct one of
the first diffracted orders into the EO detection system.

Although this work focuses only on improving spectroscopy
applications in the region between 3 and 6.5 THz using GaP
as a nonlinear crystal, the idea can be applied to other mate-
rials to improve THz generation and detection in other spectral
regions. This technique can be applied to a wide range of non-
linear crystals and with different types of optical sources to opti-
mize phase-matching conditions at specific THz frequencies.
Table S1 (Supporting Information) shows calculated diffraction
angles to achieve tilted-pulse-front phase matching in common
nonlinear THz crystals for optimal THz generation and detec-
tion at 1 and 3 THz. Since our simple noncollinear geometry
allows phase-matching conditions to be adjusted, a broader
range of nonlinear materials may also become appealing to
THz applications.>*! Finally, our results pave the way toward
efficient THz spectroscopy across a broad bandwidth and could
enable high-field THz generation at frequencies above 3 THz.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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This document provides supplementary information to “Broadband and high-sensitivity time-
resolved THz with grating-assisted tilted-pulse-front phase matching”. We show that
numerically simulated THz spectra agree well with experimental data in terms of overall
spectral shape and bandwidth. We also include the measured time-domain THz signals
corresponding to the THz spectra of Figures 2-4 of the main text. A section describing the

fabrication process of the phase grating on GaP is also included at the end.

Numerical simulations:

Figure S1 shows the simulation results of the THz spectra generated and detected with the
same combinations of GaP crystals than the measurements displayed in Figures 2-4 of the
main article. We simulate the THz generation process by numerically solving the coupled
wave equation for the difference-frequency mixing process [1]. We use the measured
spectrum of our NIR pulse as the input of the simulation and consider a flat phase across the
spectrum so that the difference-frequency generation can involve all the possible
combinations of spectral components contained within the NIR pulse bandwidth. The
dispersion information of the GaP in the NIR range [2] and the THz range [3] are considered
to calculate the phase-matching conditions and the THz absorption in the GaP crystal. The
phase-matching conditions for the unpatterned and patterned crystal are calculated following
Egs. (1) and (2) of the main text. The spectral dependence of the nonlinear coefficient of GaP

is taken into account [4]. The THz detection part of this simulation follows the well-
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established electro-optical sampling theory [S]. This part of the simulation calculates the
detected THz amplitude considering the frequency-dependent electro-optical sampling
coefficient of GaP [4], the autocorrelation function of the NIR detection pulse, and the phase-
matching condition. Then, we consider the intrinsic polarization filtering effect [6] enhancing
the THz detection efficiency in the patterned GaP crystal, which is obtained by calculating the
ratio between the Fresnel transmission coefficients of the p- and s-polarized NIR beams

incident on the back surface of the GaP with an incident angle equal to the grating diffraction

angle.
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Figure S1. THz spectral amplitudes obtained experimentally (on top row) and from numerical
simulations (on bottom row). In (a) and (b) we explore the THz spectra corresponding to a
configuration based on three different THz generation GaP crystals while the detection crystal is a 0.2
mm-thick GaP window. In (c) and (d), we investigate the opposite situation where the generation
process uses a fixed 0.2 mm-thick GaP window while we consider three different THz detection GaP
crystals. Finally in (e) and (f), we use three pairs of identical generation and detection GaP crystals.
Note that Cy , and C, correspond to unpatterned GaP window with a thickness of 0.2 mm and 2 mm,
respectively, while CFS is a 2 mm-thick window with a phase grating on its incident surface. The
displayed THz spectral amplitudes are normalized by the maximum signal obtained when C 5 is used
for both THz generation and detection processes.
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Time-domain data:

Figure S2 shows the measured THz time-domain signals corresponding to the THz spectra of
Figures 2-4 of the main article. These THz transients are collected with a 30 ms lock-in time
constant and a 5 fs step size controlled by a motorized delay stage. A full transient can be

measured in 5 mins or less.
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8 30—\~
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Figure S2. THz time-domain amplitude measured with (a) three different THz generation GaP crystals
and a fixed 0.2 mm-thick GaP detection crystal, (b) three different THz detection crystals and a fixed
0.2 mm-thick GaP generation crystal (c) three pairs of identical generation and detection GaP crystals.
The displayed THz spectral amplitudes are normalized by the maximum signal obtained when Cg , is
used for both THz generation and detection processes.

Figures S2 a, b and ¢ show the time-domain THz signals corresponding to Figures 2, 3 and 4
of the main text, respectively. Note that the signal with the highest field strength is obtained
when both generation and detection crystals have a phase grating etched on their incident

surface (C5¢/CP%).

Phase grating fabrication:

The lithographic technique used to fabricate the grating on the surface of GaP follows the
general steps described in Ref. [6]. A positive-tone electron-beam resist is spin-coated on the
surface of GaP at 2000 rpm for 1 min and then baked for 2 mins at 180 °C. We write the
grating pattern with a 100-kV electron-beam-lithography system using a dose of 300 uC/cm2.

3
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Then the sample is developed in N-amyl acetate for 1 min. The transfer of the grating onto the
semiconductor is done through plasma etching using a Samco inductively coupled plasma-
ion-etching (ICP-RIE system). The process gas in the system is BCl3 at 2.5 sccm and we use a
50-W ICP power and 25-W radio frequency power at a pressure of 0.15 Pa. A 2 min and 20 s
etching time results in a 250 nm etching depth approximately. The remaining resist is
removed in the commercially available 1165 remover at 80 °C. In this way, a phase-grating
pattern is transferred onto the GaP surface. Two 1x1 cm? gratings are fabricated on 2 separate
GaP samples. A scanning electron microscope image of the sample was not taken since it

requires a thin gold deposition that would render the device ineffective.

Candidate crystals for surface phase grating technique:

Table S1. Properties of some common THz crystals suitable for tilted pulse front phase
matching and their corresponding noncollinear angle for efficient generation at a frequency of
1 THz (S111z) or 3 THz (S31h,). We also consider three scenarios involving optical sources
centered at a wavelength of 800 nm, 1030 nm or 1550 nm. Perfect (collinear) phase matching

is achieved when the refractive index () at a THz frequency is equal to the group index (n,)

in the NIR region.
Material e name | ngd O O | n" ™™ O Osrie | ng" 01701 Os7m2 Ref
) ) ) () () )
ZnTe 3.17 337 | 3.13 9.11 21.75 2.98 19.94  27.84 2.81 27.57 33.51 [7-10]
CdTe 324 365 | 3.13 14.97  30.96 3.13 1497  30.96 2.81 29.86  39.65 [7,9,11,12]
LiNbO; 496 526 | 236 6159 63.34 23 62.37  64.07 2.26 62.89  64.55 [13-15]
LiTaO; 6.3 742 | 223 6927 7251 | 2.018 713 74.2 2.15 70.05  73.16 [16,17]
GaP 334 336 | 3.58 - - 3.31 7.69 9.9 3.16 18.9 19.87 | [12,18,19]
GaSe (ne) 2.88 2.98 2.85 8.28 16.99 2.62 24.53 28.45 2.49 30.16  33.32 [20]
GaSe (no) 3.27 3.4 3.17 14.2 21.2 2.96 24.15 2947 2.82 3041  33.96 [20]
Gads 3.59 3.63 4.18 - - 3.99 - - 3.56 7.41 11.27 | [12,21-23]
DAST - 23 3.39 - - 2.6 - - 225 - 11.97 [24, 25]
“There is strong absorption at 1 THz in DAST."*Y
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5.2 Additional comments

5.2.1 More about the gratings used in [83]

In this chapter paper, the grating we used is the second batch fabricated by Dr. Kashif Masud Awan.
He also fabricated the first batch of the gratings on a 1 mm-thick GaP. Three different grating
periods designed for perfect phase matching at 3 THz, 4 THz, and 5 THz were fabricated. Each
grating has an area of 500 pm x 500 um. The diffraction efficiency of the best spot on the grating
optimizing the DFG phase matching at 3 THz gives a diffraction efficiency of approximately 20%
into each of the 1st diffraction orders. The other two gratings’ first-order diffraction efficiency is
even lower. We focus the NIR generation beam onto the grating and carefully move the crystal
with the 3D stage to find the best spot on the grating. We compared the THz spectrum generated
with an unpatterned crystal and the crystals with grating, whose measured spectra are shown in Fig.
5.1. For the THz generated with 1 mm-thick unpatterned GaP, the THz spectrum peaks at 2 THz

and the first phase-matching dip is at 4 THz.

Non-collinearly]
phase-matched
freqency
—5THz

—4 THz
—3THz -
— unpatterned

1.0F

05F

Amplitude (norm.)

0 2 4 6
Frequency (THz)

0.0

Fig. 5.1 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact
gratings optimized for THz generation at 3 THz, 4 THz, and 5 THz. The detection crystal is
a 100 um thick GaP.
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The patterned crystals optimizing DFG phase matching at 3 THz and 4 THz also increase the
spectral bandwidth compared to the THz spectrum generated by the unpatterned crystal. Notably,
we can see some THz is generated at 4 THz, which cannot be generated by the 1 mm-thick
unpatterned crystal due to the phase matching condition. However, for these two gratings, the
frequency upshift effect is limited by their diffraction efficiency and defects in the grating that
affect the THz generated by the 0™ diffraction order. The grating optimizing the DFG phase
matching at 5 THz has not shown the effect of generating frequency components at 5 THz due to

the low diffraction efficiency and it also suppresses the THz generation at low frequencies.

Although the diffraction efficiency of the first batch of gratings is not high enough to improve THz
generation at higher frequencies, we can still use them to enhance the efficiency of the THz
detection. The reason is that in the EOS detection technique, the modulation of the NIR detection
beam induced by the THz beam is measured, or, in another word, the amount of change in NIR
polarization due to the nonlinear interaction with a THz field. This means that as long as the
detection beam is weak enough such that self-induced nonlinear effects, thereby changing the NIR
polarization, are negligible, the polarization rotation induced by the THz field does not change with

the power of the NIR gating beam.
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Fig. 5.2 The experimentally measured THz spectra for a 1 mm-thick GaP crystal and contact

gratings optimized for THz detection at 3 THz, 4 THz, and 5 THz. (Adapted from [83])

The effect of the grating for THz detection is shown below, adapted from our work in 2019 [83].
The gratings enhance the THz detection efficiency above 2.5 THz. Gratings designed for
optimizing THz detection at higher frequencies consistently extend the detection window towards
higher frequencies. Note that even though the gratings optimized the THz detection at higher
frequencies, the detection efficiency at low frequencies is not significantly affected. This could be

partly explained by looking into the phase-matching factor of the difference frequency generation

iAKL _
in the THz detection process. The phase-matching factor is defined as fpy = el_—l, which is the

Ak

term representing the effect of the phase matching in the solution to the coupled wave equations
for DFG. Figure 5.3 plots the phase-matching factor for the DFG process for THz detection with 1
mm-thick crystal, 3 THz grating (A;), 4 THz grating (A,), and 5 THz grating (Az).

1.5 T T
Unpatterned
s 1
a
05
0 l » ~ L - =
0 1 2 3 4 5 6

Frequency (THz)
Fig. 5.3 The DFG phase-matching factor for calculated for 1 mm-thick GaP, gratings with

periods A; = 1.935 um, A, = 1.635 um, A; = 1.335 um. (Adapted from [83])
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Even though the gratings are designed to optimize the corresponding phase-matching at 3 THz,
4 THz and 5, THz, they do not significantly affect the phase matching at lower frequencies.
Especially for A; and A, gratings, they optimize the phase matching almost over the whole spectral
range. The other reason that the THz detection efficiency at low frequencies was not affected by
the phase matching change is that there is a polarization filtering effect at the back surface at the
GaP crystal which enhances the EOS detection efficiency in the whole THz bandwidth. This effect

is thoroughly explained in [83] and the manuscript in this chapter.

5.2.2 About the dynamic range measurement of the THz-TDS

To describe the sensitivity of the THz time-domain spectroscopy, dynamic range is one of the most
important metrics. There have been several different ways of defining the dynamic range of THz-
TDS systems [85-87]. Generally, these definitions are dividing the peak signal amplitude/power
by the amplitude/power of the spectral noise and taking the logarithm of this result. Calculating the
dynamic range using the spectral power or amplitude is equivalent since their results always differ
by a factor of 2. The main difference in these definitions of the dynamic range is how the spectral
noise level is defined in a THz-TDS system. One way of defining the noise level is by taking the
root-mean-square (RMS) value of the signal at frequencies where there is no real THz signal. One

example of using this definition is shown in Fig. 5.4.
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Fig. 5.4 THz power spectra of time-domain signals measured with a pair of DSTMS crystal

and DAST crystals. Both these power spectra are normalized to the noise floor which is

defined as the average of the signal power above 30 THz. This figure is taken from [87].
Another definition of the noise floor taken from [86] is the RMS value of the signal measured by
blocking the THz beam while keeping the rest of the experimental setting the same. A typical
example of this definition is shown in Fig. 5.5. In this figure, the THz spectral intensity and noise
level are measured separately. The dynamic range of the system is calculated accordingly. We can
also see a frequency dependence on the noise floor due to the 1/f noise in the system [86]. We take
this second definition of the noise floor in this manuscript in this chapter. For the noise floor defined
as the RMS value of the signal at frequencies where there is no THz, it contains the noise carried
by the THz pulse itself. If the noise carried by the THz pulse is dominant in the system, it does not
equal to the lowest signal that we can detect using this THz-TDS system. If we put an absorptive

sample in the THz beamline of this THz-TDS
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Fig. 5.5 THz spectral intensity (red solid line) compared to spectral noise intensity (dotted
line). The black line is the smoothed noise floor. The blue line is the calculated dynamic
range (DNR) in dB. Figure taken from [86].

system, which decreases the THz intensity incident on the detection crystal, then the noise level

defined in the first definition in this subsection will also decrease as the noise carried by the THz

pulse is also absorbed.
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Fig. 5.6 THz spectra power measured when there is no sample in the dual grating assisted
THz-TDS system (black) and when there is a 3 mm-thick PMMA is in the THz path (red).

Spectra power normalized to the peak of the black curve.
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Fig. 5.6 is an example of noise level at frequencies, where there is no THz signal, decreases when
the THz signal is attenuated. In this plot, when there is no sample in the THz system, the noise level
at frequencies where there is no THz signal is around -60 dB. After putting the 3 mm-thick PMMA
into the system, the peak spectral power is attenuated to below -20 dB, and the noise level at
frequency where there is no THz signal also decreases to -80 dB. Thus, we decided to use the noise

purely from the gating beam as the noise level of the THz-TDS system.
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Chapter 6

High-field THz source centered at 2.6 THz

6.1 Background and relevance

In the previous chapter, our work demonstrates for the first time the use of a contact grating on a
semiconductor second-order nonlinear crystal to generate frequencies exceeding 2 THz. The next
step is to boost the field strength in this THz system. In Chapters 4 and 5, we operate the Pharos
laser at 1.1 MHz with a 0.9 pJ pulse energy and aim to achieve a high signal-to-noise ratio from
the THz-TDS system. In this context, it is necessary to tightly focus our generation beam into the
generation crystal, as the efficiency of the THz generation is proportional to the fluence of the NIR
generation beam, assuming no saturation effect [43]. Furthermore, since the wavelength of the
generated THz is larger than the spot size of the focused generation beam, the generated THz beam
is close to a point source that can be easily collimated and subsequently refocused [88]. To generate
high-field THz, it is imperative to increase the NIR generation beam fluence on the generation
crystal. This is not feasible in a THz system where the generation beam is tightly focused into the
generation crystal because the fluence will rapidly approach the damage threshold of the generation
crystal. Higher NIR beam fluence also leads to pronounced saturation effects such as multi-photon
absorption [46] and thermal effects [62]. An alternative approach involves using a collimated NIR
beam for THz generation with an expanded beam size, provided there is sufficient NIR pulse energy.
High-field THz generation using a collimated generation beam in a collimated system configuration
has been demonstrated with different semiconductor crystals [64,88-90] and in organic
crystals [91-93]. It is worth noting that the generation beam in the tilted-pulse-front THz generation

technique incident into the LiNbOs crystal is also collimated. Additionally, the collimated
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generation beam approach has been used for contact grating-assisted tilted-pulse-front high-field

THz generation below 2 THz in ZnTe crystals [54].

In this chapter, we utilize a 1 mm-thick GaP crystal with a surface-etched phase grating to generate
high-field THz with a peak exceeding 2 THz [23]. On this occasion, the grating is fabricated with
a different Recipe by Dr. Mohammad Bashirpour [94]. To improve the uniformity of the grating
across the whole area, we replace e-beam lithography with contact photolithography. Rather than
drawing 20x20 gratings with an area of 500 pm X 500 um using e-beam lithography, contact
photolithography can produce a single 1 cm % 1 cm grating in one pass. The newly fabricated phase
grating exhibits a diffraction efficiency of 43.5% in each of the +1* diffraction orders while only
0.7% of the power was left in the 0™ order. This 43.5% diffraction efficiency surpasses the
maximum theoretical value for a phase grating of 40.5%. This anomaly arises because the grating
also functions as an anti-reflection structure, resulting in an increased transmission into the GaP
crystals. This grating with high uniformity and diffraction efficiency facilitates the generation of

high-field THz exceeding 2 THz using a collimated NIR generation beam.
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Abstract: We demonstrate a table-top high-field terahertz (THz) source based on optical
rectification of a collimated near-infrared pulse in gallium phosphide (GaP) to produce peak
fields above 300 kV/cm with a spectrum centered at 2.6 THz. The experimental configuration,
based on tilted-pulse-front phase matching, is implemented with a phase grating etched directly
onto the front surface of the GaP crystal. Although the THz generation efficiency starts showing a
saturation onset as the near-infrared pulse energy reaches 0.57 mJ, we can expect our configuration
to yield THz peak fields up to 866 kV/cm when a 5 mJ generation NIR pulse is used. This work
paves the way towards broadband, high-field THz sources able to access a new class of THz
coherent control and nonlinear phenomena driven at frequencies above 2 THz.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-field terahertz (THz) sources [1] are widely applied to explore nonlinear THz properties of
various materials including semiconductors [2], 2D materials [3], and gases [4]. These sources
also allow experimentalists to access new regimes of high-harmonic generation [5], free electron
acceleration [6], and coherent control [7-9]. Most research groups working on these topics
have employed the tilted-pulse-front technique based on an ultrafast near-infrared (NIR) laser to
generate high-field THz pulses by optical rectification inside a LiNbO3 nonlinear crystal [10,11].
Generally, this table-top technique provides a THz electric field on the order of several hundreds
of kV/cm, with a record value of 6.3 MV/cm [12], featuring a spectrum which peaks around
1 THz and then gradually decreases in amplitude as frequencies approach the phonon resonance
of LiNbO3 at 4.5 THz [13,14]. Modifications to this standard configuration have recently led to a
more efficient generation of high-field THz pulses with spectral components up to 4 THz [15].
However, 98% of the pulse energy in this configuration is still contained within the frequency
range below 2 THz, limiting most high-field applications requiring a spectrum centered at higher
frequencies. Cooling the LiNbOj crystal down to cryogenic temperatures can increase the field
strength by a factor up to 2.7 [16,17] and, in some cases, extend the spectrum towards higher
frequencies by reducing losses due to the phonon absorption tail. This latter approach was notably
used to enable the generation of a spectrum centered at 4 THz with a peak field around 10kV/cm
[16]. However, the use of cryogenic equipment adds another level of complexity to an already
complicated experimental setup. Furthermore, a THz peak field evaluated to about 150kV/cm
from power measurements was produced in a 1 mm-thick GaP crystal with a spectral peak
below 2 THz [18]. There is therefore a general lack of a straightforward table-top experimental
configuration based on high damage threshold crystals, able to generate high-field THz pulses
with a spectrum centered at frequencies exceeding 2 THz. Such a system is crucial for providing
experimentalists with access to a new range of phenomena such as phonon-assisted nonlinearities
[2,19], coherent control of Bose-Einstein condensation in semiconductor microcavities [20], and
saturable transitions in molecular gases [4]. Other high-field THz generation techniques using
air plasma or metallic spintronic emitters have reported peak fields above 1 MV/cm [21-24],
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the spectral bandwidth of these sources typically extends from 0.5 to 30 THz. Recent work on
air plasma THz sources have demonstrated high-energy pulses covering a large spectral range
[24,25]. Such systems, if combined with spectral filters [26], can potentially yield THz pulses
with peak field amplitudes reaching several 100’s of kV/cm within a specific spectral region.
Finally, organic materials, such as DAST and DSTMS, display great potential for generating
high-field THz above 20 THz [27-29]. High conversion efficiencies in the region between 2 and
4 THz [30-32] can notably be achieved with a pump source centered between 1.2 and 1.6 pm,
relying on a nonlinear wavelength conversion stage [33]. BNA and HMQ-TMS crystals can
generate high-field THz up to 6 THz with a NIR pump laser centered at 800 nm or 1030 nm,
however most of the THz pulse energy is still contained within a spectral range below 2 THz
[34,35]. In those spectra, phonon absorption lines are common due to the organic nature of the
THz generation crystal, but those lines can be reduced with cryogenic cooling [30,35,36]. The
typical damage threshold of organic crystal is however relatively low, typically below 20 mJ/cm?
[35,37,38], which is about 60 times lower than that of semiconductor crystals, such as GaP
[39,40]. This may be a limiting factor for long-term stability of a THz source relying on high
near-infrared power.

In this work, we demonstrate a scheme to generate high-field THz pulses centered at 2.6 THz
using a phase grating directly etched onto the surface of a nonlinear crystal to enable non-collinear
phase-matched tilted-pulse-front THz generation. This technique has been proposed theoretically
[41-47] and then demonstrated experimentally [48—50] with surface gratings on ZnTe and LiNbO3
crystals to achieve high THz generation efficiencies at frequencies <2 THz. In comparison
to the standard tilted-pulse-front technique in LiNbO3, this configuration eliminates imaging
distortions of the diffracted generation pulse, hence improving THz beam quality as well as THz
generation efficiency [41,44,48]. Recently, broadband THz generation was demonstrated from
0.1 to 6 THz with a phase grating etched on the surface of a 2 mm-thick GaP crystal [50]. In this
geometry the generation NIR pulse was focused onto the generation crystal. Here we use the
same material, but we rely instead on a different geometry using a collimated 0.57 mJ NIR pulse
from a standard commercial 1035 nm femtosecond laser amplifier to generate a THz pulse with a
peak field reaching 303 kV/cm at a central frequency of 2.6 THz. This is the first report of a
high-field source based on a high damage threshold crystal to target the hard-to-access region
immediately above 2 THz. The confined spectral bandwidth, free of phonon absorption lines, can
be efficiently used to drive a resonant system into a nonlinear regime. More importantly, there
are two indications that our configuration is able to yield much larger THz peak fields: (1) NIR
pulse energies to generate THz radiation can be increased by two orders of magnitude before
reaching the GaP damage threshold, and (2) we observe a quasi-linear relationship between the
incident NIR pulse energy and the emitted THz amplitude, with a slight saturation onset only
observed at the highest energies reached in our experiments.

2. Experiments

Figure 1 shows a diagram of the experiment apparatus for high-field THz generation in a GaP
crystal. This crystal is patterned with a surface phase grating to efficiently diffract the incident
NIR beam and enable tilted-pulse front phase-matching conditions [10,51]. The optical source
is a commercial Yb:KGW regenerative amplifier system generating 265 fs pulses with a center
wavelength of 1035 nm, a pulse energy of 1 mJ and a repetition rate of 3 kHz. The output
laser beam is focused in air with a 1 m focal length lens. A 1 mm-thick BK7 window is placed
before the focus to broaden the NIR spectrum from a bandwidth of 3.5 THz to 7.2 THz through
self-phase modulation (SPM). The NIR spectra of the pulse before and after the BK7 window are
shown in Fig. 1(a). The laser beam is then guided through a set of chirped mirrors, providing a
total dispersion of -3000 fs?, to compensate for the positive dispersion in the SPM process and
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compress the pulse to ~80 fs (FWHM) in the time domain. The autocorrelation traces of the NIR
pulses before and after the BK7 window and chirped mirrors are shown in Fig. 1(b).
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Fig. 1. (2) and (b) Spectra and corresponding autocorrelation traces of the NIR laser pulses
measured at the laser output (black line) and after spectral broadening in BK7 and temporal
compression with chirped mirrors (CMs) (red line). We observe a spectral broadening from
3.5 THz to 7.2 THz (FWHM) and a reduced pulse duration from 265 fs to 81 fs (FWHM).
The reference frequency v corresponds to the center wavelength of 1035 nm. (c) Schematic
of the high-field THz setup. The focused NIR pulses are first passed through a 1 mm-thick
BK?7 window to broaden the spectrum by self-phase modulation. A THz-TDS scheme is then
used to generate and detect THz radiation where the NIR generation beam is collimated onto
the THz generation crystal. The germanium wafer (Ge) can be used to block the small (1.4%)
residual fundamental NIR beam. The system is operated in a dry-air purged environment.
Optical components to build the setup are labelled above as follows: L1: lens, f=100cm; L2:
lens, f =70 cm; CMs: -250 fs? each; BS: beamsplitter; TS: translation stage; PG on 1 mm
GaP: 110-oriented 1 mm-thick GaP crystal with a phase grating on the incident surface; Si:
silicon wafer; PM: Parabolic mirror; 0.1 mm GaP: 110-oriented 0.1 mm-thick GaP crystal;
L3: lens, f = 5 cm; M4: quarter-wave plate; WP: Wollaston prism; PD: photodetector.

The NIR beam in the first arm is collimated at normal incidence onto a 1 mm-thick 110-oriented
GaP semiconductor crystal with a surface-etched phase grating [52] to enable efficient THz
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generation by optical rectification.This NIR beam has a 1/e? diameter of 3.2 mm and a pulse
energy of 0.57 mJ. The highly uniform grating with an average pitch of A =1.60 um yields
first diffraction orders at angles of +12° inside the GaP crystal. The standard deviation of this
average grating pitch is measured to be +0.03 um. This configuration enables non-collinear
phase-matching conditions leading to broadband THz generation from 0.5 to 6 THz with a
geometry allowing both the incident NIR pulses and generated THz pulses to propagate along a
direction normal to the crystal plane. In this geometry, the 1% order diffraction angle of the NIR
pulse is also equal to its pulse-front-tilt angle [42]:

_y ng(wniIr)

n(warhz)

biiie = cos ey
where ng(wpr) is the group index of the NIR generation beam centered at 1035 nm and n(wars;)
is the phase index at 4 THz inside of the generation crystal. The grating filling ratio is 50%,
and the target height modulation is 245 nm. This corresponds to an optical m-phase difference
between optical light rays passing through the top and bottom sections of the grating, which
reduces the 0" diffraction order because of destructive interference. In a transmission geometry,
we measure a total of 44% of the incident power (87% of the total transmitted NIR power) in
+1 diffraction orders, while only 0.7% of the incident power (1.4% of the transmitted power)
remains in the 0" diffraction order. Note that the presence of the grating also creates an effective
index layer at the air-GaP interface reducing the Fresnel reflection coefficient by about 5% at the
front crystal surface [52,53]. The presence of the grating on a 1 mm-thick GaP crystal increases
the energy contained in the region between 2 and 3 THz by a factor of 4. The generated THz
radiation is collected by an off-axis gold parabolic mirror PM1 in Fig. 1(c) with 1.27 cm diameter
and a short (1.27 cm) focal length to minimize the spot size at the focus. The +1% diffracted
NIR beams leave the generation crystal with an exiting angle of 40°. Since these beams are not
collected by PM1, this allows a sample to be positioned at the first THz focus to perform high-field
experiments while the NIR background illumination remains relatively weak. In the same figure,
the subsequent parabolic mirrors, with a 5.08 cm diameter and 5.08 cm focal length (PM2-PM5),
are arranged in a standard terahertz time-domain spectroscopy (THz-TDS) configuration. The
gating pulse in the second arm is first reflected by the Si wafer and then focused by the PM5 on a
0.1 mm-thick 110-oriented GaP detection crystal, overlapped with the focused THz transient to
resolve the oscillating THz transient with electro-optical sampling (EOS) detection. The thin
GaP detection crystal enables a broad detection bandwidth >6 THz.

3. Results and discussion

Figure 2 shows the measured high-field THz transient and corresponding spectral amplitude,
obtained with the Fourier transform. The spectral bandwidth extends up to 6.3 THz with a peak
centered at 2.6 THz. The multi-cycle pulse is attributed to group velocity dispersion in the
1 mm-thick GaP generation crystal stretching the pulse in time. We evaluate the electric field
strength of the THz pulse at the focus between PM1 and PM2 since this is a practical position to
insert a sample in the setup. We evaluate the THz electric field E7y, with the following equation
[54]:

A - B /lgutKgat

A+B 27rr41n(3)Ltt0t

ETHZ (2)
where A and B are the voltages on the PDs, A is the central wavelength of the NIR gating
beam (1035 nm), r4; = 1 pm/V is the electro-optical coefficient of GaP at 1035 nm [55], n is the
refractive index of the GaP at 1035 nm [56], L =0.1 mm is the thickness of the GaP detection
crystal, t,,; is the transmission coefficient taking into account the THz transmission through the
GaP detection crystal, the Ge wafer and the Si wafer after PM4 considering the index of refraction
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of these material at 2.6 THz [57-59]. Finally, the damping factor K gy = Eoriginal | pmeasured — | 46

THz.max! —THz.max
describes the “smooth effect” in the EOS from a non-infinitely short gating pulse [60]. Considering

this geometry, we obtain a peak field of 303 kV/cm at the focus of PM1.
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Fig. 2. (a) Time-resolved high-field THz transient. The inset shows the corresponding
spectral amplitude calculated with the Fourier transform. (b) THz spectral intensity (black
curve) and noise floor (blue curve). The dashed blue line is the noise floor fitted with the
model A*(1/f+ B), considering the 1/f noise, where f is the frequency and both A and B are
fitting parameters. The dynamic range (red curve) is calculated based on [61].

The dynamic range of our system reaches 80 dB at 2.6 THz and remains above 60 dB between
0.6 THz to 5.3 THz (Fig. 2(b)). We do not expect THz radiation to be generated at frequencies
exceeding the range shown in Fig. 2(b) due to a drop in the second order nonlinear coefficient at
8 THz and a phonon absorption at 11 THz [62].This figure of merit is calculated by dividing the
THz spectral intensity by the noise floor, which is measured by blocking the THz beam and then
fitted to a model A*(1/f+ B), where f is the frequency, and A and B are fitting parameters [61].

To confirm the THz field strength, we also measure the THz power with a thermal detector. A
Golay cell, calibrated using a blackbody source, measures a power corresponding to a THz pulse
energy of 2.8 nJ immediately after the detection crystal since the space after PM1 in our setup
is too small to accommodate the Golay cell or a mirror able to deflect the beam. Considering
the Fresnel transmission coefficients of all optical components between the Golay cell placed
after the GaP detection crystal and THz focus located between PM1 and PM2, the pulse energy
at that position corresponds to 41.1 nJ. Based on this value, the conversion efficiency from the
diffracted NIR beam to THz radiation is relatively low (0.023%), but could be improved with
an anti-reflection coating and an optimized grating design [63]. We then calculate the peak
THz field strength based on this Golay cell measurement. First, we use the time-resolved THz
transient and consider the highest THz half cycle containing 45% of the full pulse energy to
extract a precise value of the THz peak electric field [60]. The peak intensity of the highest THz
half cycle can be calculated by

2 'STHZ

5 s
n (Wl/ez) TTHz peak

3

I THz, peak =

where Eryy; is the THz pulse energy contained within the highest THz half cycle, w2 is the
1/e? radius of the THz beam (160 um) measured using the knife-edge method, and 77y, peax is the
FWHM time duration of the peak half cycle (87 fs) of the THz intensity waveform. The peak
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THz electric field is then given by:

ETHZ _ I THz.peak ’ ( 4)
EocC

where g is the vacuum permittivity and c is the speed of light in vacuum. We obtain a peak
field of 446 kV/cm, which is 1.5 times higher than the value obtained using the EOS data and
Eq. (2). This discrepancy between different measurement techniques is well known [64] and
has also been observed in other work [54]. In this work, we mainly refer to the THz peak field
calculated from the EOS measurement and Eq. (2), since it is a more traceable value than the
value measured with the Golay cell.

Finally, we look into the possibility to combine our configuration with a more powerful NIR
source to achieve even higher THz peak fields. We first determine the crystal damage threshold
to the incident NIR pulse, which is a critical parameter to allow the use of higher pulse energies.
We perform this test at a wavelength of 1035 nm and a repetition rate of 50 kHz by placing a
non-patterned and patterned GaP window at the focus of a 15 cm lens. For both samples, we
only notice visible damage on the crystal accompanied by an abrupt drop in the generated THz
signal when the incident power exceeds 0.8 W, which corresponds to a peak fluence of 5.6 J/cm?.
For comparison purposes, the highest peak fluence used in this work is 14.2 mJ/cm?, which is a
factor of 400 lower than this damage threshold. These results indicate that it is indeed possible
to significantly increase the incident NIR pulse energy to enable the generation of higher THz
peak fields. We also investigate the dependence of the THz peak field E;;;‘Zk as a function of
the NIR generation peak fluence Fyyg. Figure 3(a) shows the THz signal as Fyyg is varied from
1.5 mJ/cm? to 14.2 mJ/cm? while keeping the same NIR spot size on the generation crystal.
The experimental results are displayed along with two simple models: (1) a linear relationship
(red dashed line) fitting the data collected at low fluence <5.1 mJ/cm?: E%“Zk =aFyir, where

the slope a=27.5kV cm mJ~! is related to the conversion efficiency, and (2) a modification of
the first model (blue dashed curve): E‘}’f{“zk =aFyr / (1 + bFnjr), where a is the same as that in
the first model, and b=0.024 mJ~! cm? accounts for saturation effects, which can be caused
by multiple-photon absorption [10] and thermal effects [65]. We observe that the generated
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Fig. 3. (a) Measured THz peak electric field E%_;lzk strength versus NIR peak fluence Fyyg.
The red dashed line is a linear fit while the blue dashed line corresponds to a saturation
model: aFyyg /(1 + bFyr), where both a and b are fitting parameters. (b) Corresponding
THz spectra measured with NIR generation pulses with different NIR peak fluence. We
normalize these measurements to the maximum amplitude obtained with a 14.2 mJ/cm?
NIR peak fluence.
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THz peak amplitude is linear with Fg until 5.1 mJ/cm?. The observation of a saturation onset
at this NIR fluence is consistent with previous work using an unpatterned GaP crystal [66].
Figure 3(b) shows THz spectra generated with different NIR incident pulse energies, which all
peak at 2.6 THz. However, we observe a gradual decrease of the THz spectral amplitude around
3.5 THz as Fyyg increases from 1.5 mJ/cm? to 4.4 mJ/cm?2. Similar THz spectral changes at
high Fy;r have also been observed previously [67], but further investigation is still required
to fully understand this effect. Considering our saturation model and the fact that Fiy;z can be
significantly increased without inducing damage to the crystal, we can anticipate that a NIR peak
fluence of 124 mJ/cm?, corresponding to a NIR pulse energy of 5 mJ with the same beam size,
will produce a THz peak field of 866 kV/cm with a spectrum also centered at 2.6 THz.

4. Conclusion

We demonstrate a high-field THz system using collimated NIR pulses impinging on a GaP crystal
with a surface phase grating to generate pulses with 303 kV/cm peak field centered at 2.6 THz.
This peak field is confirmed by measurements performed with a calibrated Golay cell. We also
show that our system operates significantly below the GaP damage threshold and close to a linear
regime, allowing more powerful NIR sources to produce even higher peak fields approaching
1 MV/cm. Note that increasing the NIR beam size on the generation crystal allows the use of
higher pulse energies without damaging the crystal, hence resulting in larger THz powers. A laser
source at a longer wavelength could also be used to reduce the multi-photon absorption processes
in GaP, which may help to reduce saturation effects observed in the THz generation process as
well as increase the crystal damage threshold. Considering a tilted-pulse-front configuration with
an optimal grating design, this latter approach could, according to numerical models, produce
peak fields reaching up to 17 MV/cm at a central frequency of 3 THz [47]. Finally, although
our experiment focuses exclusively on GaP as the THz generation crystal, the same optical
configuration could be used to generate high-field THz in other materials with a surface phase
grating to gain access to different spectral ranges or to increase THz generation efficiencies. This
work will pave the way towards a new class of high-field THz sources able to access a spectral
range departing from the conventional region below 2 THz and will enable novel nonlinear and
coherent control experiments in condensed matter systems.
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6.2 Additional comments

6.2.1 High-field THz field strength measured with EOS

Normally, when employing the electro-optic sampling (EOS) technique to measure high-field THz
pulses with ZnTe, we may encounter over-rotation, where the EOS signal is no longer linearly
related to the actual THz field strength. In our case, we utilize a relatively thin 100 um GaP crystal
as the detection crystal, whose second-order nonlinear coefficient is four times lower than that of
the ZnTe crystal. In our case, a 303 kV/cm THz field strength only leads to a modulation depth of
3%, which remains within the linear regime for THz field strength measurement when using the

EOS technique.

6.2.2 The saturation of the THz generation in GaP

In our study, to characterize the saturation in the THz generation process, we plot the generated
peak THz field vs the NIR generation beam peak fluence on the generation crystal. Previously, we
noted that the generated peak THz field should be linearly proportional to the NIR generation beam
peak fluence, assuming no saturation effects are involved [43]. Our data revealed that the saturation
onset occurs at a peak NIR fluence of 5.1 mJ/cm?. In many high-field THz generation studies, such
a plot is often represented as THz pulse energy/THz power against NIR peak fluence/ NIR pulse
energy. This is because they directly characterize the THz power using a Golay cell or THz power
meter. However, in such a plot, it is challenging to pinpoint the onset of the saturation. To address
this problem, besides fitting the data with power functions of different power exponents, we can
plot the same figure with both axes in log scale, which transforms the power components into

coefficients of linear relationships. A representative example of the log scale plot is in [89].
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Fig. 6.1 Dependence of THz pulse energy measured with calibrated pyroelectric detector on

NIR laser pulse energy for THz generation using LiNbO3, GaP, and ZnTe crystals with a

laser centered at 1035 nm. The solid lines represent the slopes of the data points. This figure

is taken from [89].
From Fig. 6.1, we can clearly see where the slope of the linear relationship changes, representing
the saturation onset of the THz generation. The NIR generation beam spot size in this figure on the
GaP crystal is 5 mm in diameter, on the ZnTe wedge is 6 mm in diameter, and on the LiNbO3
wedge is 1 mm x 2 mm. Based on this data, the THz generation saturation onset when using a 1035
nm NIR generation beam for GaP occurs when the NIR fluence is approximately 2 mJ/cm?, for
ZnTe occurs when the NIR fluence is around 1.8 mJ/cm?, and for LiNbOs occurs when the NIR

fluence is close to 12.5 mJ/cm?. The value of THz generation onset for GaP measured in Fig. 6.1 is

close to the value we report in our study.

6.2.3 Future work

In the research presented in this chapter, the laser setting used is 3 W, 3 kHz. Notably, this is not
the maximum pulse energy which can be generated from this Pharos amplifier. Our subsequent

work involves utilizing the full pulse energy of our laser, which is 4.5 W, 3 kHz. Achieving this
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necessitates adjustments to the NIR spectral broadening setup since merely increasing NIR pulse
energy results in enhanced SPM inside the BK7, which leads to a stronger self-focusing effect. In
the experiment using 1 mJ NIR pulse energy at laser output, a bright center spot in the beam profile
is observed, causing some burning issues to the silver mirrors. A potential solution is to reposition
the BK7 further from the focal point and enlarge the NIR beam size in the collimated section.
Currently, the collimated NIR generation beam has a 1/e* diameter of 3.3 mm, which remains
smaller than the grating’s dimension (1 cmx 1 ¢cm). Our intention is to increase the 1/e* diameter
of the beam to approximately 1 cm, which should mitigate the saturation effects observed in the
THz generation process. Consequently, we utilize higher pulse NIR pulse energy for THz
generation. For instance, with a NIR generation pulse energy of 20 mJ, we would be able to generate
a peak THz field strength of 1.7 MV/cm. Since the peak fluence is lower in this case, the spectral
peak could shift to higher frequencies. Additionally, applying an anti-reflection coating on the
surface of the generation crystal will further enhance the transmission of the NIR beam into the
generation crystal. Once we attain the maximum THz field using our laser, we aim to employ this
THz source to in nonlinear experiments such as driving the Bose-Einstein condensation of exciton
and polariton [95]. Also, this source could be used to broaden the spectrum of the single-pulse THz

detection system [96], paving the way for a wider range of applications.
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Chapter 7

Summary

In this work, we introduced the background and application of different THz generation and
detection techniques. In particular, we discussed the THz-TDS system which is primarily used to
study the linear dispersion property in the THz range. The relevant theory for THz generation and
detection through nonlinear optics methods was introduced in Chapter 2.

In Chapter 3, starting with a standard Yb:KGW fs laser system generating 200 fs pulses centered
at 1035 nm, we construct a THz time-domain system. This system generates THz pulses via optical
rectification and detects the THz with EOS. It can produce a THz pulse with a spectrum covering
0.5 to 4 THz with a pair of 0.3 mm-thick GaP crystals for THz generation and detection. The THz
generation and detection bandwidth are limited by the laser pulse spectral bandwidth.

In the first work in Chapter 4, an HC-PCF pulse shaper broadens the NIR pulse spectrum through
SPM and chirped mirror pairs are used to temporally compress NIR pulse. The resulting pulse, with
its broader NIR spectrum, leads to an increased bandwidth in THz generation through difference-
frequency mixing. The shorter NIR pulse, which has a higher NIR peak electric field, enhances the
efficiency of THz generation. It also equips the THz detection system (EOS) with the ability to
time-resolve higher frequencies. Consequently, the new system incorporating the HC-PCF pulse
shaper achieves a spectrum that ranges from 0.5 to ~6 THz and the system signal intensity increases
by a factor of 16.

In the second work in Chapter 5, tilted-pulse-front phase matching is achieved by etching a phase
grating at the front surface of the generation and detection crystals. The tilted-pulse-front
phase-matching is a perfect noncollinear phase-matching that overcomes the limitations imposed
by the crystal thickness on the bandwidth for THz generation and detection due to an imperfect

phase matching. Another notable feature of the grating design in this work is that, despite the
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noncollinear phase matching configuration, the NIR generation beam and generated THz beam
remain collinear and for the detection part, the only difference is that the EOS measures the 1%
diffraction order of the NIR gating beam, rather than the collinear NIR beam. This characteristic
ensures that the grating-assisted THz generation and detection can be integrated into the standard
collinear THz system with minimum adjustment. As a result, with a pair of 2 mm-thick GaP with
etched surface gratings for THz generation and detection, the signal intensity in this system
increases by a factor of 400 compared to that of the system in Chapter 3. The spectrum of this
system consistently spans from 0.5 THz to 6 THz. For a 2-minute single scan, the peak dynamic
range reaches 90 dB at 3 THz.

In Chapter 6, a grating with improved uniformity is etched at the front surface of a 1 mm-thick GaP
for THz generation, where the generation beam is collimated onto the generation crystal. This new
THz source is the pioneering high-field THz source based on semiconductor crystals, generating
high-field THz with the majority of the energy contained above 2 THz. In this setup, the THz peak
field exceeds 300 kV/cm, spectrally peaking at 2.6 THz with a NIR generation pulse energy of
0.57 mJ (peak fluence of 14.2 mJ/cm?). The damage threshold of GaP, when measured with a
1035 nm laser, stands at 5.6 J/cm?, which is 400 times higher than the NIR peak fluence used here.
Our analysis of saturation in THz generation suggests that the NIR pulse energy merely triggers
the onset of saturation. With 5 mJ NIR generation pulses, we anticipate generating THz pulses
approaching 1 mV/cm peak at 2.6 THz.

The work in Chapters 4 and 5 enhances the bandwidth and the sensitivity of a standard THz-TDS
system. These improved systems can collect more detailed information from samples under study
both in terms of spectral bandwidth and by detecting weaker signals with greater precision. The
research in Chapter 6 enables the THz system to measure linear dispersion information for highly
absorptive materials. It also equips the system with the capability to investigate the nonlinear

properties of materials at frequencies above 2 THz. Furthermore, this THz source can be employed

97



to perform coherent control of Bose-Einstein condensation in the microcavities [95], 3™ harmonic
THz generation beyond the traditional frequency region [97] and saturable transitions in molecular

gases [98].
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Chapter 8

Conclusion

This thesis enhanced the performance of a THz-TDS system, leveraging a standard Yb:KGW

femtosecond laser amplifier in terms of bandwidth, sensitivity, and field strength.

An expanded system bandwidth allows the THz-TDS system to acquire information from more
intricate materials, characterize a broader range of materials, and uncover phenomena potentially
obscured by a limited bandwidth. Additionally, a system with a wider bandwidth inherently
possesses higher temporal resolution, facilitating the study of ultrafast material processes. More
generally, broadband THz systems have potential applications in high-data-rate communications

and high-resolution imaging.

The THz system with augmented sensitivity can discern nuanced material features, fostering a
deeper comprehension of material properties. Such sensitivity is advantageous for chemical
analysis and quality control, especially with low-concentration samples. Enhanced sensitivity also
has implications for environmental monitoring, complex biological system studies and

long-distance communications.

Chapters 5 and 6 detail the enhancement of the generation efficiency using a GaP crystal with a
surface-etched phase grating, enabling the THz-TDS to produce both high-average-power and
high-field-strength THz pulses. High-power THz pulses can probe highly absorptive materials,
increase THz penetration depth of the THz and generally study the material under high illuminance.
Such pulses also hold promise for remote sensing and long-distance data communications. The
high-field THz source introduced in Chapter 6, is the first high-field THz source centered above

2 THz based on high damage threshold semiconductor nonlinear crystals. This new source has
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potential applications in high-field THz magnetic pulse generation at higher frequencies, nonlinear
spectroscopy at higher frequencies, and coherent control of quantum states, phase transitions,

chemical reactions, and lattice vibrations.

The THz-TDS system developed in this thesis was initially intended to study the photo-illuminance
effects in PMMA [99] and to coherently control the exciton-polariton Bose-Eistein condensation
in semiconductor micro-cavities [95]. Regrettably, while the tools are prepared, time constraints
limit further pursuit of these projects. I hope to continue this work during the time that I am still in

the group and encourage new students or postdocs to advance these endeavors.

Techniques for generating and detecting frequencies below 5 THz and above 15 THz have matured
over the recent decades. The current challenge lies in the 5 THz and 10 THz range [100]. While
metallic spintronics and air plasma can span this range, the spectral density at certain frequencies
remains suboptimal. Organic crystals, pumped by femtosecond laser with a wavelength
exceeding 1200 nm, are beginning to bridge this gap. Continued development of metallic
spintronics, air plasma, and organic crystals may yield efficient THz generation and detection in
this range. In my view, further development of nonlinear crystals for THz generation and detection
remains crucial, especially in addressing a certain narrow frequency band. Silicon Carbide (SiC) is
a potential crystal for the 5 to 15 THz range [101,102]. The surface grating can further optimize
the phase-matching for THz generation and detection at certain frequencies on potential crystals
like SiC. There is potential to refine surface grating fabrication, aiming for efficient titled pulse
front generation with a collinear configuration. If a blazed grating is crafted on the front surface of
the generation crystals, diffraction efficiency could significantly increase, optimizing THz
generation from a singular diffraction order other than from both +1% diffraction orders.

Collaborating with scientists specializing in the design and growth of nonlinear crystals could lead
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to the development of novel crystals optimized for THz generation and detection in the new THz

gap.
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