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Measurement of the Dispersion of y®) of SiO, and SiN
Across the THz and Far-Infrared Frequency Bands

Binbin Zhou, Mattias Rasmussen, Soheil Zibod, Sigi Yan, Narwan Kabir Noori,
Oliver Nagy, Yunhong Ding, Simon Jappe Lange, Ksenia Dolgaleva, Robert W. Boyd,

and Peter Uhd Jepsen*

Terahertz (THz) radiation sources based on two-color femtosecond plasmas in
air are becoming a mature technology for coherent spectroscopy and
strong-field physics across the extended THz range to several tens of THz.
The field-resolved detection of such THz transients relies on the third-order
nonlinearity of the detection medium. Here, a comparative measurement is
demonstrated with air-biased coherent detection (ABCD) and solid-state
biased detection (SSBCD) as a novel method to measure the dispersion of the
magnitude and phase of the relevant third-order nonlinearity

1% (20 + Q; ®, ®, +Q) for fused silica (SiO,) and silicon nitride (SiN). Based
on the development of the ultrabroadband SSBCD device with a detection
bandwidth exceeding 30 THz, ¥®) measurements are obtained across the
1-28 THz frequency range, hence covering the THz and far-infrared. It is
shown that the vibrational modes in SiO, and SiN in the THz range lead to
strong resonant enhancement and dispersion of the nonlinearity. The SSBCD

the detection of THz-frequency elec-
tromagnetic waves is the so-called
ABCD (Air Biased Coherent Detection)
technique,[!?] often used in combination
with THz-wave generation in two-color
femtosecond air plasma.>~! This combi-
nation is referred to as THz air photonics
since the media for generation and
detection can be as simple as the air in
the laboratory, although a pure nitrogen
(N,) atmosphere is beneficial from a
spectroscopic point of view due to strong
absorption and dispersion arising from
the dense band of rotational transitions
in the water molecules in ambient air.
THz air photonics is a versatile technol-
ogy for quantitative THz time-domain

devices operate down to nanojoule (n)) probe energy, and their is
demonstrated by measuring the dielectric function of the Lorentzian line
profile of transverse-optical (TO) phonon mode at 9 THz in single-crystal
gallium arsenide (GaAs) and observing the weak phonon combination bands

near the TO phonon.

1. Introduction

Applications relying on radiation in the terahertz (THz) fre-
quency range depend naturally on the efficient generation and
detection of THz waves. One of the prominent methods for

spectroscopy (THz-TDS) across a very
broad spectral window spanning the
1-30 THz range, both in staticl®’] and
time-resolved®®! configurations.
Recently, a complementary solid-
state biased detection (SSBCD) scheme
was developed for THz waveform
detection.'®!!] Both ABCD and SSBCD
rely on the third-order nonlinearity
of the gaseous or solid-state detection medium for generation
of the second-harmonic signal of a probe laser pulse that forms
the detection signal. Hence, measurements with ABCD and
SSBCD of the same THz signal can be used for quantitative

B. Zhou, M. Rasmussen, O. Nagy, Y. Ding, S. |. Lange, P. U. Jepsen
Department of Electrical and Photonics Engineering

Technical University of Denmark

Kongens Lyngby DK-2800, Denmark

E-mail: puje@dtu.dk

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202301321

© 2024 The Author(s). Laser & Photonics Reviews published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative 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/lpor.202301321

Laser Photonics Rev. 2024, 2301321 2301321 (1 of 11)

S. Zibod, K. Dolgaleva, R. W. Boyd

School of Electrical Engineering and Computer Science
University of Ottawa

Ottawa, Ontario ON KTN 6NS5, Canada

S. Yan

School of Optical and Electronic Information
Huazhong University of Science and Technology
Wuhan 430079, China

N. K. Noori

Photonic Inc. Vancouver

Vancouver, British Colombia BC V3B 6B4, Canada
R. W. Boyd

Department of Physics

University of Ottawa

Ottawa, Ontario ON K1A 9A7, Canada

© 2024 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH


http://www.lpr-journal.org
mailto:puje@dtu.dk
https://doi.org/10.1002/lpor.202301321
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flpor.202301321&domain=pdf&date_stamp=2024-07-02

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

measurement of the nonlinearity behind the detection principle.
This is conceptually similar to most types of spectroscopy, where
light from the same light source interacts with a sample, and
the modification of the transmitted or reflected spectrum of the
light is analyzed to yield the optical properties of the sample.

To date, the reported SSBCD can only support THz frequency
detection up to 10 THz, in part limited by the duration of the
applied femtosecond probe pulses. Developing an SSBCD de-
tector with a bandwidth comparable to the ABCD would poten-
tially provide a unique platform for nonlinearity characterization
of the solid-state detection medium across the entire THz spec-
trum. Meanwhile, there has been a keen interest in exploring
THz frequency nonlinearities. Most studies have focused either
on the low-frequency THz-induced Kerr effects in nonlinear me-
dia probed as birefringence in the optical frequency range, where
the measured nonlinear refractive index is on the same order of
magnitude as in all-optical cases;'>"'* or on self-induced Kerr
effects where only low-frequency THz pulses are involved.['>"7]
In the latter case, notably, y® coefficients orders of magnitude
larger than those at near-infrared or visible wavelengths have
been found in the relatively low THz frequency range. In those
THz nonlinearity studies, crystal-based (e.g., lithium niobate)
high-energy THz sources are commonly employed, restricting
the valid THz frequency range from low to approximately 2.5
THz. Despite being very intriguing, the nonlinearity across the
broader, higher-frequency THz band remains largely unexplored
due to the lack of effective measurement techniques. For in-
stance, it has been numerically predicted that the extraordinar-
ily high THz »® in the low THz frequencies originated from
the material lattice vibrational resonances at the high-frequency
THz/MIR range.['?] However, this is yet to be verified by experi-
mental investigations.

Here, based on the SSBCD THz detector with significantly im-
proved high-frequency performance and bandwidth, we demon-
strate a method comprised of a direct comparison of the detected
THz transient and its spectrum with ABCD and SSBCD, respec-
tively, which allows us to extract the spectrum of the third-order
nonlinearity that drives THz-frequency field-induced second
harmonic (TFISH) generation, y® (2w + Q; 0, ®, +Q), in amor-
phous SiO, and SiN in the range from 1 to >28 THz. We resolve
the dispersion of the vibrationally enhanced nonlinearity due to
the relation with the linear dielectric response of the materials.
To complement the experimental characterization, we develop a
first-principles analytical model for the nonlinearity based on an
anharmonic oscillator and find almost quantitative agreement of
the measured and calculated magnitudes of the nonlinearities.

The method presented here for nonlinear spectroscopy relies
on our developed ultrabroadband SSBCD devices. We present de-
tailed descriptions of the devices and show that they are indeed
also versatile detectors for linear THz time-domain spectroscopy
(THz-TDS) with an ultra-broadband measurement of the near-
perfect Lorentzian line shape of the transverse-optical (TO)
phonon in gallium arsenide (GaAs) and its much weaker phonon
combination bands below and above the TO phonon frequency.

2. Theoretical Background

Coherent detection of THz fields can be performed with the
general method of field-induced second-harmonic generation.
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Here, the third-order nonlinearity of a medium is the rele-
vant physical interaction term. In general, the third-order non-
linearity y©® of the susceptibility is responsible for a plethora
of nonlinear effects, including the self-induced Kerr effect
(x®(w; w, —», ), exploited for instance in Kerr-lens mode-
locking in the near-infrared™ and also observed in the THz fre-
quency range with absolute strength orders of magnitude larger
than at shorter wavelength,'>"'*] THz field-induced Kerr effect
(r¥(w; w, Q, —Q)) in the optical range,’>7) third-harmonic gen-
eration (¥ (3w; w, ®, )), and field-induced second-harmonic
generation. The electric field generated by the nonlinear po-
ey = €20
Q; 0, w, Q) E* E,. In the context of THz air photonics, the compo-
nent at @ + o — Q will dominate due to better phase matching in
a Gaussian focus.["?! For convenience, in the following, we will re-
fer to this specific component of the third-order susceptibility in
short form as y®. For Q = 0 the term is responsible for electric-
field-induced second-harmonic generation (ESHG). It has been
applied for measurements of y© (w) of gases!?’! relative to refer-
ence gas (He) based on ab initio calculations.[?!] Cook et al. in-
troduced TFISH (Q > 0) as a measurement technique probing
the correlation between hyperpolarizability and dipole moment
fluctuations at equilibrium in liquids.[??) The TFISH technique
was applied by Dai et al. as an efficient way to detect THz wave-
forms using y® of air or a nitrogen atmosphere.!!! They showed
that under special conditions (high intensity of the probe field at
o) the intensity of the 2w signal contains a component propor-
tional to the THz field strength. Karpowicz et al. then extended
the TFISH technique with a static bias field, thereby enabling
easy coherent detection of the THz field by the technique now
known as air-biased coherent detection (ABCD).[2] The oscillat-
ing field at 2w now has a contribution induced by the THz field
and a contribution from the static field. If the bias field is modu-
lated symmetrically as +E,,,. the interference between these con-
tributions leads to an intensity of the generated signal at 2w,

larization oscillating at 20 + Q is E,,_ o o P

Lpio & ()((S)Iw)z [E%HZ + 2By By, + Eﬁias] 1)

Using lock-in detection at the bias modulation frequency, the
interference term is isolated, and the detected signal is propor-
tional to the field strength of the THz signal.

2.1. Determination of TFISH y©) of Solid-State Materials

The nonlinear susceptibility y® of nitrogen (N,) can be as-
sumed to be virtually dispersion-free across the THz range and
the phase-matching between THz frequencies and the probe
frequencies is much better than in solid-state materials. Hence
ABCD of ultrashort field transients with a broad spectral content
across the THz range is a versatile detection technique that offers
high-fidelity measurement of the THz waveform only limited by
the duration and bandwidth of the probe field, I,. In practice,
using 30—40 fs probe pulses, detection bandwidths exceeding 30
THz are routinely achieved.

The ABCD technique’s limitation is that the probe beam’s in-
tensity must be high to generate a detectable signal at 2w due to
the low density and thus low absolute value of y® of gases. Typi-
cally, the probe pulse energy is in the range of 100 pJ, focused to
an intensity slightly below the ionization threshold of the gas.
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Figure 1. Detection geometry for a) ABCD with N, gas as the nonlinear medium, b) SSBCD with SiO, as nonlinear medium, and c) SSBCD with SiN

embedded in SiO, as the nonlinear medium.

Tomasino et al. devised a method to greatly reduce the required
intensity of the probe beam by using fused silica (amorphous sil-
icon dioxide, SiO,) as the nonlinear medium instead of air,[') in
a solid-state analog to the ABCD, coined SSBCD. The orders-of-
magnitude higher nonlinear susceptibility of fused silica lowered
the required energy of the probe pulse to the range of 100 n],
thus enabling femtosecond laser systems with higher repetition
ratel?)] and lower pulse energy. The devices were fabricated with
gold electrodes separated by narrow slits filled with SiO,!1% or sil-
icon nitride (SiN).["!l The narrow-slit geometry further increases
the detection efficiency by broadband enhancement of the THz
field, especially at lower frequencies.

The detection of THz radiation by either ABCD or SSBCD with
lock-in techniques is sensitive to the modulated component of
the TFISH signal intensity

IZw & (1(3) Iw)ZEbias ETHZL2 (2)

where L is the effective distance over which the interaction be-
tween the fields take place (see Supporting Information for a
short discussion of the I dependence). For free-space (ABCD)
detection, the distance can be defined as the overlap between
Rayleigh lengths of the focused probe beam and THz beam (esti-
mated to 2.0 mm in our experiments). For the SSBCD geometry, a
combination of the thickness of the dielectric medium, the phase
matching length, and the geometric extent of the bias field from
the electrodes will determine the effective interaction length L.
Figure 1 illustrates the detection geometries encountered here
(ABCD, SSBCD in SiO, and SiN).

The ratio between the TFISH signal I, () when detected in a
solid, such as SiO,, and air, respectively, can be used to extract the

complex-valued y®/(Q),,, for the solid, assuming that the same
incident THz field strength is used in two consecutive measure-
ments with the two techniques,

Ly I Ly s0.(Q)
3 3) °N o,N 2w,Si0.
)(éig)z (SZ) = Z( ) = - \/ - !

e Lso, lusio, § Lo, ()

Ebias,Nz . 1
tsio, (€2)

3)

Ebias,SiO2

here I, g0,, I, x, are the optical probe intensities, Eyqsio, » Evias,
are the modulated bias fields, and Lsio,, Ly, are the interaction
lengths between the probe and the THz ﬁeld all in the respective
SSBCD and ABCD geometries. The transmission factor tgq (Q)
accounts for frequency-dependent absorption in SiO,, reflection
losses, and field enhancement in the gaps between the bias elec-
trodes (£(Q) is calculated for the SiO, and SiN devices in the Sup-
porting Information).

The ratio L, i, / L, n, is the complex-valued ratio of the spec-
tra of the THz transients recorded by SSBCD and ABCD, respec-
tively. Hence, it is possible to determine both the magnitude and
phase of ;(Sz)z () with this method.

For the specific situation of TFISH detection with our SiN de-
vice, one has to consider that the active SiN layer is buried under
a 0.5-pm SiO, layer, as shown in Figure 1c. In this case, we need
to consider that the TFISH signal is partly generated in the cap
SiO, layer, and partly in the SiN layer. Given that the nonlinear-
ity of SiO, is already determined by Equation (3), the third-order
nonlinearity of the SiN layer can then be extracted (see Support-
ing Information for details) according to

Ebias,Nz

2
XB) (Q) — L IZw,SiN(Q) . ( Iw,Nz >
SiN LSiN Iz{g,N2 (Q) Iw,SiN Ebias,SiN
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] 1 )
. L ) _ ( ) [ ) \
tsio, (€2)Esin (€2) (JKNZ N, ten () Xsio, Lsio, (4)
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Mizrahi and Shelton/?"! used ESHG to measure the third-order
nonlinearity y® (2w; o, », 0) of N, relative to that of helium (He).
The value of the relevant third-order nonlinearity of He can be
deduced from the ab initio calculations by Sitz and Yaris.[*!] As
shown in the Supporting Information, these results lead to the
value ;(](jz) = 1.686 X 102> m?V~2 that we will use in Equations (3)
and (4). It is reasonable to assume that THz-frequency values of
the nonlinear susceptibility of N, gas will be very close to this
value, given that there are no vibrational or rotational resonances
in the N, molecule across the THz band. On the other hand, the
strong dispersion of the linear refractive index (and thus of yM)
of the solid is expected to lead to a frequency dependence of its
nonlinear susceptibility, y® (20 + Q; @, ©, £Q).112]

2.2. Theoretical Estimate of y©) (20 + Q; ®, ®, +Q)

The frequency dependence of the third-order nonlinearity of a
vibrational mode in a solid can be calculated from first principles,
based on the anharmonic oscillator model,**]

%+ 27% + Qox + ax” + bx’ = aE(t) (5)

where x is the ion displacement from the equilibrium position,
7 is damping factor, €, is the vibrational resonance frequency of
the nonlinear medium, E(t) is the applied field and a and b are
the second- and third-order nonlinear coefficients, respectively.

If the driving field E(t) consists of a THz-frequency component
Epy,e" and an optical frequency component E, e, the anhar-
monic oscillator equation can be solved by perturbation theory.
As derived in detail in the Supporting Information, such analysis
leads to expressions of the third-order nonlinearity due to self-
action (THz Kerr effect), y®(Q; Q, —-Q, Q), and the term respon-
sible for TFISH generation, ¥ (2w + Q; w, w, +Q). If the model
now contains three individual resonances (indicated by the index
k) that are not coupled to each other, the total third-order nonlin-
earities will be

www.lpr-journal.org

The magnitude and phase of the third-order susceptibilities
for THz self-action and TFISH, respectively, are plotted in a
semi-logarithmic fashion in Figure 2a,b, respectively, with the
three resonance frequencies Q, /27 = 16.0,24.0, 37.2 THz. The
damping rates are set equal to y, = 5 x 10'2rads™" (k = 1,2, 3).

As can be seen, for TFISH, the value at low frequency is scaled
down by a factor proportional to QF/w®. The reason is that the
dominant term at low frequency is the term related to the cas-
caded process (first term) in both the THz self-action process
and the TFISH process. For TFISH, four resonance factors dis-
appear compared to THz self-action. Thus, the factor of (1/Q¢)*
is replaced by (1/w?)*. However, the dominant term for THz self-
action and TFISH at the resonance frequency is the direct term
corresponding to b. For TFISH, three resonance factors disap-
pear compared to THz self-action. Thus the factor of (1/Q})* is
replaced by (1/@?)>. However, there is another factor of (1/Q)3,
where Q is the resonance quality factor calculated as Q = Q,/7,
due to the three missing enhancement factors at the resonance
frequency. The resonances related to two-photon absorption in
the THz self-action spectrum near half of each resonance fre-
quency are not replicated in the TFISH spectrum. Hence, there is
no simple relation (such as a scaling law) between the self-action
and the TFISH nonlinearity, although both originate from the
same nonlinear oscillator model.

3. THz-TDS with Air Photonics: Experimental
Setup and Spectroscopic Methods

A typical experimental setup for THz time-domain spectroscopy
(THz-TDS) using femtosecond two-color air plasma as the source
and ABCD or SSBCD as detection is shown in Figure 3. The spec-
trometer is driven by a femtosecond amplifier with output in the
millijoule (m]) range with a typical center wavelength of 800 nm
(Ti:sapphire system) and pulse duration of 35-100 fs. The THz
pulse energy is greatly enhanced by using a longer wavelength

3
1
6O O — —
(2 Q,-Q,Q) = , .
; (Qf, — Q2 = 2iy, QP (Q} |, — Q* +2iy,Q)
gNa? (325, — 8Q - 8iQ) 3(ng, — 1) Q) ©
a -
3 Tk Q) (Q), —4Q, —4iy,Q) 32Nz’ (Q) - o - 2ipw)?
3 2
Na3 2a
o+ Qoee=Y B ———k 2
p 3 (Qo,k - Q? - 2iy,Q) 16w
3(”é,k - 1) Q(l),lk 1 )
32Nhr? (Qf — Q@ = 2ipw)? 408(Q)  — Q2 - 2i,Q)

120 - Qo,0,-Q) = 1720+ 0,0,Q)*

Laser Photonics Rev. 2024, 2301321 2301321 (4 of 11)

© 2024 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH

85U8017 SUOWWIOD aAeaD a|qeal|dde sy} Aq pausench afe ssppiLe YO ‘8sn J0 se|n Joy Aeiq 1T 8uluQ As]i/M UO (SUONIpUOD-pUe-SLILBY W00 A8 | 1M ATe1q 1 U1 |UO//:SdNY) SUONIPUOD Pue SWie | 8Y1 88S *[yZ02/.0/€0] Uo Ariqiaulluo 8|1 ‘188 L Aq TZET0£20Z 10d|/200T OT/I0p/Wod" A3 1M Akelq Ul juo//:Sdny Wl pepeojumod ‘0 ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

a 10—11
10722

I 107 b
> 103 2
P ~
T o E
— —24 —
a¥10-20 10 3
Wi o
5 L 10—25 5

10723

—26 10—25
10 10 20 30 70 50
Frequency [THz]

=300 — THz

& 25 TFISH

B 20

3

=15

3

6>§ 10

= s

o

g

< 0

0 10 20 30 40 50

Frequency [THz]

Figure 2. Theoretical third-order nonlinearities of an uncoupled, anharmonic oscillator system with independent resonances at frequencies of 16.0, 24.0,
and 37.2 THz. a) Magnitudes and b) phases of the self-action (THz) y(®) (Equation (6), blue curves) and TFISH y©) (Equation (7), orange curves).

to drive the air plasma,[?>?¢] so we employ an optical paramet-
ric amplifier (OPA) that generates pump wavelengths in the 1.1-
2.4 ym range. The laser beam is split into two parts for the gen-
eration and detection of the THz pulses, respectively. Part of the
pump energy is frequency-doubled in a second-harmonic gener-
ation (SHG) crystal (BBO), and the polarization of the 2w beam
is rotated by 90 degrees to be aligned with the polarization of the
fundamental w beam by a dual-wavelength wave plate (DWP).
The two colors @ + 2w are focused to an intensity sufficient for
ionization of the nitrogen atmosphere, forming the plasma re-
gion for THz generation. With a few m] pump energy and a fo-
cusing distance 30 cm, the plasma filament is typically 1-3 cm
long and visible by its fluorescence. The THz beam is collimated
by standard reflective optics in the form of off-axis paraboloidal

mirrors. For spectroscopy, a f — 2f — 2f — 2f — f with an inter-
mediate focal plane is used. A reflection geometry can be realized
by inserting a beam splitter and a mirror to pick up the fraction of
the THz beam reflected from the sample, as shown in Figure 3.
The probe beam is focused in the detection focal plane together
with the THz beam, and the TFISH signal centered at 2w is de-
tected by an avalanche photodiode (APD)!?’] or a photomultiplier
tube (PMT). An electric field modulates the TFISH signal from
a high-voltage supply (HV), and the modulated signal is detected
by lock-in techniques while scanning the delay of the probe pulse.

A spectroscopic measurement is performed by recording a
THz pulse in a reference condition, E,(t), and a THz pulse in
a sample condition, E (). For a transmission measurement,

S
the reference condition can be to remove the sample from the

fs laser/amplifier Bs| OPA
L1 pwp I -------------------------
N 1R plasma
BBO

T beam block

nitrogen/dry air
1 purged environment

reflection J

D transmission
— —

sample

Figure 3. Schematics of a generic THz air photonics setup with two-color air plasma generation and ABCD/SSBCD detection components.
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Figure 4. a) Photograph of the complete SSBCD device for ultra-broadband THz waveform detection and cross-section diagram of the electrode region
on the chip for the SiO, (top) and SiN (bottom) device. b) Voltage divider circuit and electrode arrangement. c) Microscope image of electrode area.
d) Simulated electrostatic potential in the plane of the electrodes. e) In-plane bias electric field in the electrode region. f) Bias dependence, g) THz field
strength dependence, and h) Optical probe pulse energy dependence of the detector signal.

beam path, or in the case of a measurement of a thin film on
a substrate, move the sample to a position where the beam is
transmitted through the substrate alone. In reflection geometry,
a reference condition can be a reflection from a known material,
typically a smooth metallic film.

The mathematical framework for analysis of THz spectro-
scopic measurements is based on Fresnel reflection and trans-
mission coefficients and propagation of plane waves in a medium
with a complex-valued index of refraction. The techniques for
THz-TDS are reviewed in many overview articles, e.g., [28]. The
starting point of the analysis is the Fourier transforms of the sam-
ple and reference signals, E, () and E_, () with correctly un-
wrapped phases.[’]

4, Solid-State Biased Coherent Detection Device

In a solid-state biased coherent detector with a single sub-pm slit
design, the relatively low THz frequencies experience significant
field enhancement and can therefore be effectively detected. This
design was previously used for detecting THz frequencies up to
10 THz (at the —30dB relative intensity level).!>!!] For THz fre-
quencies above 10 THz, the field enhancement effect from the
slit is rather limited and mostly localized to the edge area, and
the small throughput flux (for both optical and THz waves) from
the single narrow slit may greatly limit the TFISH signal gen-
eration and thus detection of high THz frequency components.
To facilitate efficient detection of high-frequency THz waves, we
implemented a THz-SSBCD design as shown in Figure 4.

We utilize a large active detection area consisting of an elec-
trode array with gaps filled by SiO, or SiN. A complete detector,
mounted on a printed circuit board, is shown in Figure 4a. Each
of the six electrodes is biased with a linearly decreasing poten-
tial spanning from the applied external bias to 0 V by a simple
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chain of resistors (R = 540 kQ, split over two resistors in series),
as shown in Figure 4b. A microscope image of the electrode struc-
ture is shown in Figure 4c. In this manner, the electrostatic poten-
tial between the electrodes is distributed as shown in Figure 4d
(finite element simulation with 100 V external bias, see further
details in the Supporting Information), leading to a distribution
of the bias electric field as shown in Figure 4e.

Our SSBCD device is fabricated on top of a 0.5-mm fused silica
substrate. The six-electrode finger structure (Ti/Au/Ti, 20/200/20
nm, length 1 mm, width 2 pm, gap spacing 10 um) was fabricated
by standard UV lithography together with gold fan-out structures
for connection of the electrodes to the external circuit. Two dif-
ferent dielectric thin-film deposition processes were applied. For
the SiO,-based detector, a 1-um SiO, film was deposited on top
of the electrode finger structures, and for the SiN-based detec-
tor, a 0.5-um SiN film was deposited on the electrode structure
and capped by an extra 0.5-pm SiO, layer. The total active area
of the detectors is then 1 mm by 50 pm, with its width compa-
rable to the diameter (FWHM) of the optical probe beam focus
(approximately 40 pm) and thus facilitates optimal TFISH gener-
ation in the active area. Compared to a narrow slit detector,!1%11]
THz field enhancement effect in our detector implementation is
insignificant, with some enhancement near the electrodes (see
Supporting Information). However, the enlarged active detecting
area utilizes the full overlapping area between the optical probe
and THz focus spot and enhances the overall TFISH signal gen-
eration. Detectors with a single wide slit (e.g., 50 pm) can have the
same large detecting area, but the highest applicable bias voltage
is lower due to the larger penetration of the bias field lines into
the air region above the dielectric (see Supporting Information).
A thicker dielectric layer can, in principle, be deposited to allow
for a higher bias voltage, with the drawback that high-frequency
THz waves will be strongly attenuated due to absorption. The ba-
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sic functionality of the detector in terms of its linear response to
bias voltage and THz field strength, as well as the quadratic re-
sponse to the intensity of the probe beam, is as expected from ear-
lier work,[1®11] and is shown in Figure 4f~h. See the Supporting
Information for details on this characterization of our devices. In
line with the expected higher absolute value of ¥ of SiN com-
pared to SiO, under the same conditions of optical probe energy
and THz pulse field strength, we observe that the intensity of
the TFISH signal from the SiN detector is approximately 14-17
times larger than the signal from the SiO, detector. As has also
been reported earlier,[!!] the SiN detector thus offers much better
sensitivity and overall performance. The much higher applica-
ble bias electrical field strength in the solid-state detector is par-
ticularly important, not only for the general signal strength and
dynamic range of the detector but also for its linearity with re-
spect to the THz field strength. As the peak THz electrical field
strength at the focus of the air-plasma THz source can readily
reach MVem™! levels, the maximal bias electrical field allowed
in air (30 kVem™) is too small to modulate the high THz field
efficiently. With the ABCD technique, significant attenuation of
the incident THz wave can therefore be necessary to obtain lin-
ear waveform detection, which may compromise a good signal-
to-noise level. In the case of the SSBCD device, due to the much
higher dielectric breakdown strength (the maximum bias elec-
trical field reached 212 kVem™! in our detector before dielectric
breakdown), attenuation of the incident THz wave is not as criti-
cal for efficient lock-in detection of the modulated TFISH signals.

A typically measured THz waveform with the SiN detector is
shown in Figure 5a together with a background scan recorded
with the THz beam blocked by a metal screen. The THz pulse en-
ergy measured at the detector was 0.62 pJ from a 1.4-pm-driven
two-color air-plasma, optical probe pulse energy was 140 nJ with
a pulse duration of 40 fs, and the total bias voltage on the detector
was 970 V. The peak dynamic range (DR) of the measured THz
waveform is >10* (>60 dB power DR) as seen in the comparison
of the spectral amplitude to the background in Figure 5b. The de-
tected spectra show an ultra-broadband detection bandwidth well
exceeding 30 THz, which, to the best of our knowledge, is the
broadest detection range reported so far with the SSBCD tech-
nique. As a side note, we could record a THz time trace even
with sub-nJ (0.9 nJ) optical probe pulse energy (see Supporting
Information) by pushing the bias voltage close to the dielectric
breakdown limit (1060 V). This low probe energy is an order of
magnitude lower than previously reported.['!]

It is worth noting that both DR and signal-to-noise ratio (SNR)
are crucial for accurately extracting THz frequency nonlinear-
ity from ABCD and SSBCD measurements. In our experiments,
ABCD and SSBCD were conducted under the same conditions,
differing only in the active media used and the energy require-
ments of the probe pulses for the TFISH generation process.
We observed no significant differences in SNR or DR between
the two methods when optimally tuned. In the time domain the
SNR reached approximately 87, while the DR reached 1748 (see
Supporting Information for the detailed SNR and DR charac-
terization). Waveform acquisition generally took 1-2 min at a
laser repetition rate of 1 kHz. When employing slower waveform
acquisition to increase signal averaging, DR improved substan-
tially. However, SNR tended to decrease due to the slow drift in
the output of the driving Ti:sapphire laser amplifier. These DR
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Figure 5. THz waveform measurement based on the SiN detector. a) Mea-
sured THz waveform signal and background measurement with blocked
THz beam. b) Corresponding spectra indicate ultra-broadband detection
and a peak dynamic range of >10.

and SNR characteristics are on par with those reported for kHz-
repetition-rate laser amplifier-driven THz-TDS systems, whether
they use ABCD,*% SSBCD,!"*!!] or EO-sampling detection. In
systems utilizing quieter and MHz-repetition-rate fs oscillators,
both SNR and DR can be enhanced further when operating un-
der ideal conditions.[3132]

5. Measurement of y©)(Q) Across the THz
Frequency Range

Figure 6a shows three THz waveforms, which are proportional
to the intensity of the generated TFISH signal near 400 nm,
detected with different active materials for the TFISH in ABCD
or SSBCD. The air detection (ABCD, blue curve) waveform
is a rather smooth, asymmetric single-cycle pulse. Since air
(essentially pure nitrogen in our experimental conditions) is
dispersionless regarding its third-order nonlinearity in both the
optical and THz frequency ranges, the THz spectra based on air
detection can serve as a reference for the characterization of other
nonlinear detection media. For the SiO,-based SSBCD detector,
a very pronounced ringing feature is observed in the detected
time-domain trace (orange curve in Figure 6a), and prominent
enhancements are observed in the spectrum of the detected sig-
nal, which indicates resonant enhancement of y© induced by the
vibrational modes (see Supporting Information for data on linear
SiO, spectroscopy). The frequencies of these enhancements are
on the high side of the infrared absorption frequencies due to
a combination of enhanced nonlinearity, increased absorption,
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Figure 6. a) THz waveform detection from three active detecting materials: N, atmosphere (blue), SiO, (orange), and SiN (green). The THz source is the
same for all detectors, but detector parameters vary between the scans. b) The spectra of the measured waveforms. Compared to the air-based detection,
the SiO,-based detection shows spectral features near 13, 16, 25, and 40 THz (black dashed lines). c) real and imaginary parts of the parametrized
Lorentz models of the refractive index of our SiO, thin film (own measurements, see Supporting Information) and SiN (Cataldo et al.33l). Measured
| 7@ (20 + Q; w, ®, Q)| as function of the THz frequency Q/2x for d) SiO, and e) SiN (LPCVD, green and PEVCD, red), with a probe wavelength of 800
nm (w = 2z - 375 THz). Dashed lines guide the eye to show that resonance frequencies in SiO, are not identical to those nearby resonances in SiN.
f) Phase of ¥ 2w + Q; ®, w, Q) for SiO, and SiN. See main text for discussion of uncertainty intervals (gray, shaded areas).

and possibly phase matching in the vicinity of each resonance.
Compared to the air-based detection, the SiO,-based detection
thus shows enhancements near 16, 25, and 39 THz. For the
SiN-based SSBCD detector, the known vibrational features in the
relevant range are at 15 THz and 27-28 THz. The index of refrac-
tion and extinction coefficient of SiO, (own data, see Supporting
Information) and SiN (Cataldo et al.*3]) are shown in Figure 6c.

Based on the known detection parameters for each recorded
time trace, we can use Equation (3) to calculate the absolute value
of ¥ of silica across the bandwidth of the detected signals, and
following this, Equation (4) is used to calculate the value of y©)
for SiN across the THz signal bandwidth. All the presented wave-
forms via either ABCD or SSBCD are directly detected THz wave-
forms without deconvolution of the 40-fs optical probe pulse.
This deconvolution has no influence on the y©® calculation since
they are identical for ABCD and SSBCD, so they naturally cancel
each other. This being said, this deconvolution effect essentially
sets the upper frequency limit of the detected waveform, and thus
of the y©) determination.

Figure 6d shows y©®)(Q) for SiO, and Figure 6e shows y®
for two variations of thin-film SiN (red and green curves), us-
ing identical focusing conditions and L = (2000, 1,0.5) ym, P =
(1.2,1.2,0.19) mW, E,,.. = (30,120, 160) kVem ™" for the N,, SiO,

Laser Photonics Rev. 2024, 2301321 2301321 (8 of 11)

and SiN, measurements, respectively. The two variations of the
SiN material correspond to the two known extremes of the
refractive index in the visible and near-UV of thin-film SiN
grown in our clean room (LPCVD = liquid-phase chemical va-
por deposition, PECVD = physically enhanced chemical vapor
deposition).?*l As shown by Beliaev et al.,[**! the refractive index
in the visible and near-UV varies significantly with the fabrica-
tion method and the film thickness, which introduces the indi-
cated uncertainty on the extracted nonlinearity due to the specific
phase matching conditions. For each device, we have calculated
the best estimate of the coherence length of the TFISH process
for these two material variations (Ak = k,, — k, — kg, see Sup-
porting Information), and for each THz frequency used the min-
imum value of the coherence length and physical film thickness
as the effective interaction length. The transmission functions
tsio, () and #g;(Q) are calculated in an FEM simulation where
the frequency-dependent refraction and absorption of the materi-
als, as well as field enhancement near the bias electrodes is taken
into account. For details, see Supporting Information.

The gray band surrounding the SiO, data in Figure 6d indi-
cates a conservative combined 10% uncertainty due to uncontrol-
lable factors such as the limited precision of the SiO, film thick-
ness.
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We observe three features in the measured )(ggz, at 13.7, 15.7,
and 23.8 THz. The measured ;(SI)\I displays an overall magnitude
that depends on the composition due to the fabrication details
(LPCVD or PECVD) chosen as the basis of the phase matching
calculation, and we see spectral features at 13.4 and 24.7 THz.
The overall nonlinearity is 10-15 times higher than for SiO,. The
dashed, vertical lines in Figure 6d,e shows that the spectral posi-
tions of the resonances in SiO, and SiN are close to each other
but not identical.

The experimental peak magnitude of the ;(S())z within our

range is (5.3 +0.5) - 10722 m?*V~2, with an increasing trend to-
ward the highest frequencies, possibly due to the 31-THz vi-
brational resonance that is just outside the useful data ex-
traction range. The theoretical nonlinear susceptibility in the
TFISH spectrum at resonance shown in Figure 2a is equal to
310722 m?*V~2, which is in good qualitative agreement with the
experimental values. On the other hand, away from the reso-
nance, the theoretical model predicts orders-of-magnitude lower
nonlinearity than observed in the experiment, where the varia-
tion of the magnitude of the nonlinearity is within a factor of
three of the peak value.

We believe that this discrepancy is due to the fundamental sim-
plification in the theoretical model that there are only a few active
vibrational modes in the glass. This is not true in fused silica (or
other amorphous materials). The Raman spectrum of crystalline
SiO, (quartz) has a sharp resonance at 465 cm™! (13.95 THz),3]
whereas fused silica has a broad, low-frequency tail in its Raman
spectrum below the 465-cm™! line.[*®! This low-frequency tail to
the Raman activity is also seen in the Raman gain spectrum of
fused silica fibers.[?”:38]

The additional low-frequency contributions to Raman pro-
cesses in amorphous SiO, can be attributed to a significant
disorder-induced vibrational density of states*! that spans the
entire 1-25 THz range. Inspecting Equation (7), we see that the
nonlinearity is proportional to the number density of the vibra-
tional modes N. Hence, as a rough first estimate, introducing a
vibrational density of states instead of three distinct resonances,
it can be expected that such a model for y® will be much closer
to the experimentally determined TFISH y©). Further theoreti-
cal development in this direction is beyond the scope here, but
will certainly be valuable for a deeper understanding of the THz-
induced nonlinearities of amorphous materials.

6. Benchmarking of SSBCD Device Performance in
Quantitative Spectroscopy

GaAs is one of the most studied semiconductors. It is a direct
bandgap semiconductor with a zincblende crystal structure, and
a bandgap of 1.42 eV. Due to the simple crystal structure, the
phonon spectrum of GaAs is at first glance rather simple, with a
transverse optical (TO) phonon in the far infrared as the strongest
feature. Hence, in its undoped form, the dielectric properties of
GaAs are determined by the TO phonon. To benchmark the ca-
pabilities of THz air photonics with the SSBCD device in spec-
troscopy we first performed a reflection measurement at normal
incidence and at room temperature on a high-resistivity GaAs
wafer with our standard ABCD setup, and then a transmission
measurement of the same sample using the SSBCD device for
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detection of the THz field. For the reflection measurements, we
evaporated a 200-nm gold film on half of the wafer as a refer-
ence reflection area. The wafer was then translated perpendicular
to the incoming beam between measurements. Measurements
were performed with a temporal step size of 3.33 fs over a time
window of 10 ps. The details concerning the extraction of the per-
mittivity from the time-domain data are given in the Support-
ing Information.

The permittivity as determined with the reflectivity measure-
ments is shown in Figure 7a. The real and imaginary parts of the
permittivity are shown as blue and orange curves, respectively.
The light-colored bands indicate the standard deviation of the
calculated permittivity, based on error propagation through the
underlying equations. The inset to the right in Figure 7a shows
the region close to the TO phonon.

The black, dashed curves in Figure 7a represent a fit of the
Lorentz oscillator model to the experimental data, €(Q) = €, +
A/ Q) — Q? —iQT), where Q, is the resonance frequency, T
is the damping rate, and A is the oscillator strength. The best-
fit parameters are e, = 10.99 + 0.08, A = (4897 + 32) ps ™2, Q, =
(50.607 + 0.002) ps~!, T" = (0.471 + 0.004) ps~".

The uncertainties indicate the 95% confidence intervals of
the fit. The oscillator strength is related to the overall change
of the real part of the permittivity across the resonance, Ae =
A/Q% =1.912 + 0.012. The LO frequency can be estimated via
A=e (Q, - Q%) sothat Q , =54.83 ps~' (8.727 THz).

The damping rate corresponds to a decay time z=1/' =
2.12 ps. The remarkably good fit to the experimental data indi-
cates that the TO phonon in GaAs is well described by the Lorentz
model, and we are not able to determine any systematic devia-
tions from this simple, classical model. However, the good agree-
ment between model and experimental data does not necessarily
settle the best value of the oscillator parameters. For instance, our
value of the damping rate is lower than that measured by CARS
spectroscopy, where a room-temperature value of I' = (0.703 +
0.132) ps~! was reported.l*?] The lower damping rate we observe
follows the trend from earlier THz-TDS measurements.!**) How-
ever, we do not observe a deviation from the Lorentzian shape of
the resonance as reported in ref. [43].

We then used the same high-resistivity GaAs wafer (640
pm thickness) to benchmark the practical performance of the
developed solid-state THz detector for spectroscopy against
the reflection measurement. We implemented the SiN-based
SSBCD device in our transmission-mode air-plasma-based
THz-TDS system, with the extracted permittivity (real and
imaginary parts) shown in Figure 7b. Details on the data set
(time traces, spectra of the signals) are shown in the Supporting
Information. black, dashed curves represent the same fit as
shown in Figure 7a. The overall agreement between the fit with
the measurement, especially with the real part of the measured
permittivity, is convincing.

The very good agreement shows the capability of the SSBCD
device in terms of signal-to-noise ratio and, importantly, linearity
for quantitative spectroscopy across the 1-20 THz region. Inter-
estingly, the transmission measurement deviates systematically
from the Lorentz fit from the reflection measurement and re-
veals very weak but significant dispersive features in the imag-
inary part of the measured permittivity (orange data points in
Figure 7b) both below and above the fundamental TO phonon
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Figure 7. Permittivity of GaAs, measured a) in reflection geometry with ABCD. Solid curves (blue, orange) show the measurement, dashed curves show
a Lorentz fit, and shaded areas indicate the 95% confidence interval of the fit. The Inset zooms onto the frequency region near the TO phonon resonance.
b) Permittivity measured in transmission geometry with SSBCD. Blue and orange symbols show the measured data and the dashed curves show the
same Lorentz fit as in (a). Vertical lines indicate known phonon combination band frequencies(*%#1] related to the symmetry points (L, X, W, T') indicated

in the Brillouin zone illustration inset of (a).

band that are not visible in a reflection measurement. These fea-
tures are known phonon combination bands,[***!l as indicated
in the figure with the notation used by Abdullah et al. The most
prominent combination band observed here are the W1+W2,
LO(L,X)+LA(L,X), 2LA(L) bands, with indications of several other
bands contributing to the background absorption in the 10-17
THz range. The Brillouin zone with the relevant symmetry points
is shown as inset in Figure 7a.

7. Conclusion

In summary, we have shown a novel method for the quanti-
tative determination of THz-frequency dispersion of the third-
order nonlinearity y©®((2w + @ », ®, Q) of thin films of amor-
phous SiO, and SiN in the Q/27 = 1 — 28 THz frequency range,
based on a calibrated comparison of detected THz signals from
ABCD and detection in solid-state devices based on the two ma-
terials. We show that the vibrational modes in SiO, and sili-
con nitride in the THz range lead to the strong resonant en-
hancement and dispersion on nonlinearity, indicating promis-
ing nonlinear phenomena by utilizing the high y©® for a vari-
ety of nonlinear optical investigations on the resonance frequen-
cies. The method is generally applicable to other dielectrics and
thus represents a significant advance of the characterization tool-
box available for the development of new THz-frequency tech-
nology. The solid-state detectors implemented here use a modi-
fied electrode structure for distribution of the bias field, result-
ing in significantly enhanced detection bandwidth to above 40
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THz and record-low requirements on the probe pulse energy that
was pushed to the sub-nJ level. We have shown that solid-state
detectors are capable of quantitative, nontrivial spectroscopy by
comparing a reflection-based measurement of GaAs using ABCD
with a transmission-based experiment of the same material using
a solid-state detector, and found quantitative agreement across
the available, extended frequency range. We believe that these de-
velopments will be beneficial for advanced pulse detection con-
cepts, as well as static, pump-probe, and nonlinear multidimen-
sional spectroscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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