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In this work, we improve the performance of an optically pumped spintronic terahertz emitter (STE)
by a factor of up to 6 in field amplitude through an optimized photonic and thermal environment. Using
high-energy pump pulses (energy 5 mJ, fluence >1 mJ/cm?, wavelength 800 nm, duration 80 fs), we
routinely generate terahertz pulses with focal peak electric fields above 1.5 MV/cm, fluences of the order
of 1 mJ/cm?, and a spectrum covering the range 0.1—-11 THz. Remarkably, the field and fluence values
are comparable to those obtained from a state-of-the-art terahertz table-top high-field source based on
tilted-pulse-front optical rectification in LiNbO;. The optimized STE inherits all attractive features of the
standard STE design, for example, ease of use and the straightforward rotation of the terahertz polarization
plane, without the typical 75% power loss found in LiNbOj5 setups. It, thus, opens up a promising pathway
to nonlinear terahertz spectroscopy. Using low-energy laser pulses (2 nJ, 0.2 mJ/cm?, 800 nm, 10 fs),
the emitted terahertz pulse has a focal peak electric field of 100 V/cm, which corresponds to a 2-fold

improvement, and covers the spectrum 0.3—30 THz.

DOI: 10.1103/PhysRevApplied.19.034018

I. INTRODUCTION

Terahertz radiation, which covers the range 0.1-30 THz,
is a powerful tool to spectroscopically study fundamental
modes of matter, for example, electronic intraband trans-
port, magnons, or phonons in solids [1,2]. Thus, efficient
broadband terahertz sources are of large interest for linear
spectroscopy to extract the linear optical response over a
large spectral range or the thickness of a known material
with high precision [3]. On the other hand, high-amplitude
terahertz sources are important, too, because they enable
one to not only probe but also drive numerous elementary
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excitations. This approach allows one to disentangle fun-
damental interactions between different subsystems or to
push various degrees of freedom into highly nonlinear
regimes [4—7].

Laser-driven table-top terahertz emitters are typically
based on (1) resonantly induced photocurrents or (2) off-
resonant charge motion, also termed optical rectification.
Examples of (1) include photoconductive antennas [8—10],
shift-current emitters [11], laser-ionized gases [12—15],
and spintronic terahertz emitters (STEs) [16-21]. Exam-
ples of (2) are inorganic crystals, such as ZnTe, GaP, and
LiNbO; [19,22,23], and organic materials like N-benzyl-
2-methyl-4-nitroaniline (BNA) [24-27].

Photoconductive antennas are commonly used sources
for linear terahertz spectroscopy, and they can generate ter-
ahertz pulses with peak fields up to 200 kV/cm at kilohertz
repetition rates with a spectral bandwidth that is typically
limited to <6 THz at 10% of the amplitude maximum
[8,9]. More broadband terahertz pulses with fields up to
1 kV/cm at megahertz rates can be generated by ultrafast
shift currents upon resonant interband photoexcitation of
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quantum-well emitters [11]. Organic crystals cover differ-
ent terahertz frequency ranges at large field strengths of
more than 2 MV/cm [24]. They are typically affected by
gaps in the 1-10 THz window [25-27] and often require
infrared wavelengths for pumping and, thus, optical para-
metric amplifiers for prior frequency conversion. Their
long-term stability can be impacted by the applied pump
laser fluence and power [28]. Air-plasma terahertz sources
offer gapless terahertz radiation over the range 1-40 THz
[13] with the peak electric field reaching 0.4 MV/cm [14].
However, they require pump pulses with energies above
around 0.1 mJ and react sensitively to laser and setup
fluctuations [20,29].

In terms of high-field terahertz sources, LiNbOj3 is a
workhorse of nonlinear terahertz spectroscopy and deliv-
ers peak fields beyond 1 MV/cm with a spectrum of
0.1-3.5 THz [22,23,30-32]. Rotation of the terahertz
polarization plane often relies on projection operations by
2 wire-grid polarizers and is accompanied by an amplitude
reduction of up to 50%. The terahertz-source alignment is
challenging because it requires a tilted-pulse-front scheme
for phase matching and a reflective telescope for tight
terahertz-beam focusing [31].

Spintronic terahertz emitters (STEs) offer significant
potential as terahertz sources, since they combine many
benefits of other emitter types [16,20,21,33—48]. In par-
ticular, STEs permit generation of broadband and single-
cycle terahertz pulses independent of the pump wave-
length and pump polarization. The alignment is straight-
forward, and control of the terahertz polarization or even
polarization landscape is easy using an external mag-
netic field [49-52]. Although the approach is easily scal-
able with regard to the STE area and, thus, pump-pulse
energy, peak fields are, so far, limited to 0.3 MV/cm [17].
However, to drive nonlinear processes and achieve suf-
ficient signal strengths, peak terahertz fields exceeding
1 MV/cm and fluences of the order of 1 mJ/cm? are highly
desirable.

In this work, we improve the performance of a STE by
optimizing the management of light and heat flow. Our
photonic and thermal modifications allow us to generate
terahertz pulses with peak electric fields above 1.5 MV/cm
and fluences above 1 mJ/cm? for 800 nm, 5 mJ pump
pulses. The covered spectral range 0.1-11 THz is limited
primarily by the pump-pulse duration. Remarkably, the
field and fluence values are comparable to those obtained
from a state-of-the-art terahertz table-top high-field source
based on LiNbO;. The optimized STE still has all the
attractive features of the standard STE, for instance, the
straightforward rotation of the terahertz polarization plane,
which is important for nonlinear spectroscopic applica-
tions. In particular, the terahertz field can be reversed
easily without the typical 75% power loss found in LiNbO;
setups. We demonstrate the power of the optimized STE in
terahertz-pump optical-probe experiments.

A. Standard STE design

The conventional STE design is shown in Fig. 1(a).
It is based on a substrate, such as glass or sapphire, on
top of which a spintronic trilayer stack W(2 nm)|CoyFeg
By(1.8 nm)|Pt(2 nm) is grown [Fig. 1(b)]. The magneti-
zation M of the ferromagnetic CoygFegoB2o (CFB) layer is
set by an external magnetic field. An incident femtosec-
ond laser pulse deposits excess energy in the electrons of
CFB, resulting in a transient generalized spin voltage that
drives a spin current from CFB into the Pt and W layers
[53-56]. The inverse spin Hall effect (ISHE) of Pt and W
converts the spin current into an ultrafast in-plane charge
current that emits an electromagnetic pulse with frequen-
cies extending into the terahertz range. The terahertz waves
from Pt and W add constructively because Pt and W have
spin Hall angles of opposite sign [16,57].

Building on its success [16,17,20,58—62], the STE
design of Fig. 1(a) can be improved further. First, the
transfer of excess energy into the substrate by heat flow
is suboptimal for glass substrates used previously [17,63].
The energy deposited by the pump beam can lead to
a stationary increase of the working temperature of the
STE. As a consequence, each single pump pulse will
more easily increase the transient electronic temperature
above the Curie temperature of the magnetic layer, result-
ing in saturation of the STE terahertz output versus pump
power [18].

Second, only 50%—60% of the incident pump power
is absorbed in the trilayer. This value can be increased
to >90% by using dielectric cavities [63,64]. The resid-
ual transmitted pump can cause disturbance and is, thus,
usually removed by subsequent filtering [17].

Finally, the terahertz-pulse outcoupling into the forward
direction is not ideal because about 75% of the generated
terahertz electromagnetic power is emitted into the back-
ward direction, i.e., into the substrate. To illustrate this
behavior, we calculate the terahertz electric-field ampli-
tude by a transfer-matrix approach [65], the result of which
is shown by the red solid line in Fig. 1(a).

B. Si-based STE design

To address the three challenges identified above, we
introduce a Si-based STE [Si-STE, see Fig. 1(c)], which
has an optimized photonic and thermal environment. First,
to minimize the steady-state temperature increase of the
metal films due to excess energy accumulation, substrates
with good thermal conductivity at 300 K are required.
Therefore, Si (150 W/m K), diamond (1500 W/m K), and
sapphire (30 W/m K) are very good candidate materials
[66—68], but glass (1.5 W/m K) is not [69]. As shown in
the following, Si is the most suitable choice.

Second, to optimize the photonic environment, we note
that the terahertz electric field leaving the STE increases
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FIG. 1. Two photonic and thermal environments of the STE. (a) Standard STE configuration. An incident pump pulse (teal) deposits
50%—60% of its energy in a metallic STE stack (yellow), resulting in the emission of a terahertz electromagnetic pulse (red). The
red solid line indicates the calculated terahertz electric-field amplitude. The backward-propagating terahertz field is strongly atten-
uated in the sapphire substrate but increases abruptly when traversing the interface to air. (b) The STE stack is a metallic trilayer,
W(2 nm)|CFB(1.8 nm)|Pt(2 nm), in which the ferromagnetic CFB layer has in-plane magnetization M. Pump excitation induces a spin
voltage that injects a spin current j, into the adjacent Pt and W paramagnetic layers. In these layers, the ISHE transforms j; into a
transverse charge current j. that acts as a source of a terahertz electromagnetic pulse propagating forward and backward. (c) Si-based
STE (Si-STE) design with a >2 times larger forward-propagating electric field. The enhancement relies on >95% deposition of the
pump pulse in the STE stack, negligible attenuation in the Si, and the discontinuity of the forward-propagating terahertz electric field
at the Si/air interface. (d) Si-STE design details. The STE is sandwiched between a dielectric mirror [SiO,(165 nm)|TiO,(94 nm)]s
and a MgO layer, which minimize pump transmission into Si and reflection into air. (e) Calculated fraction 4, of the incident pump
energy that is absorbed in the STE metal stack (purple curve) and measured pump-pulse intensity spectrum of the low-energy setup

(green).

monotonically with the pump absorptance 4, of the spin-
tronic trilayer and the impedance of the STE, including any
substrates, capping, and buffer layers. The figure of merit
® for the forward-propagating terahertz wave, which is the
direction of interest, can, thus, be written as

Zy
ny + ny + Zy/Ren

eiwnzdz/c 2n2 Ap- (1)
Ny + Mair

b =

The first factor on the right-hand side of Eq. (1) is the
impedance of the STE alone, i.e., as sandwiched between
half-spaces with terahertz refractive indices n; and n; [16].
The second factor accounts for the terahertz-pulse propa-
gation through the window (refractive index n, and finite
thickness d>) behind the STE, while the third factor is
a Fresnel coefficient that quantifies the transmission into
air (refractive index ny,; & 1). Here, Zy ~ 377 Q and ¢
are, respectively, the impedance and light velocity of free
space, and Ry, ~ 140 2 is the sheet resistance of the STE

metal trilayer measured with a 4-point probe. The last fac-
tor, A,, is the fraction of the incident pump-pulse energy
that is absorbed in the STE metal stack.

In the previous STE design [see Fig. 1(a)] [16,17,63],
the first window is the glass or sapphire substrate of the
trilayer, and the second window is air (ny = nyy, dy = 0).
The resulting evolution of the terahertz field amplitude
[red solid line in Fig. 1(a)] shows that the backward-
traveling wave is strongly attenuated by the sapphire win-
dow (see Fig. S1 [70]). Because the refractive index of
sapphire exhibits sharp spectral features and shows up
in the impedance [first factor in Eq. (1)], the spectrum
of the forward-emitted wave is also frequency dependent
[59]. At a wavelength of 800 nm, the pump absorptance
is A, = 0.6, as indicated by the reflected and transmitted
pump pulses in Fig. 1(a).

To enhance the forward-emitted terahertz amplitude, we
propose the Si-STE design of Fig. 1(c), which relies on
the idea that most of the terahertz electromagnetic energy
generated in the trilayer propagates into the adjacent
window with the larger refractive index (see Fig. S2
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[70]). Consequently, we choose air (rn; & 1) as the first
half-space and high-resistivity Si (n; &~ 3.4 > n) as the
second. These 2 media exhibit a spectrally flat refrac-
tive index with negligible attenuation throughout the range
0.3-30 THz. Diamond has similarly promising terahertz-
optical properties as Si, but is not considered further
because of its high cost for upscaling to 5-cm size. Sap-
phire is discarded, too, because of its significant terahertz-
wave attenuation [see Fig. 1(a) and Fig. S1 [70]].

Note that the Si-STE configuration air|Pt|CFB|W|Si
increases the product of the first three factors in Eq. (1) by
44% compared to the previous STE design based on glass
or sapphire substrates [Fig. 1(a)]. The major reason is the
increased transmission from Si (n,) to air (third factor),
which amounts to 1.55. It still overcompensates for the
decreased trilayer impedance (first factor), which equals
57 @ and 53 € in the standard STE and Si-STE designs,
respectively. This effect is confirmed by the calculated spa-
tial evolution of the terahertz field amplitude [red line in
Fig. 1(c)], which exhibits a significant amplitude increase
at the Si/air interface.

Third and finally, we embed the trilayer between a
dielectric mirror [SiO,(165 nm)|TiO,(94 nm)]s and an
impedance-matching layer MgO(70 nm) [see Fig. 1(d)]
[63]. In this way, we push the pump absorptance from
A, =60% in the sapphire-based STE [Fig. 1(a)] to a calcu-
lated value >95% in the Si-STE in the range 740—840 nm
[Fig. 1(e)]. The pump reflectance is reduced to <3%, as
indicated by the absence of reflected and transmitted pump
pulses in Fig. 1(c). The dielectric mirror also reduces the
amount of pump-induced free charge carriers in Si to <1%,
which may otherwise attenuate and distort the terahertz
pulse.

The terahertz amplitude evolution [red solid lines in
Figs. 1(a) and 1(c)] summarizes the benefits of the opti-
mized STE [Fig. 1(c)] relative to the previous design
[Fig. 1(a)]. In the standard STE, around 25% of the emitted
terahertz power propagates into the far field in the forward
direction, whereas it is about 55% in the Si-STE design.

II. EXPERIMENTAL DETAILS

A. STE fabrication and characterization

STE trilayers W(2 nm)|Cos¢FegoB2o(1.8 nm)|Pt(2 nm)
are deposited on top of Si|dielectric mirror or sapphire sub-
strates using a Singulus Rotaris magnetron tool with a base
pressure of 4 x 10~% mbar by dc-magnetron sputtering.
Radio-frequency sputtering is used for the MgO(70 nm)
impedance-matching layer from a composite MgO target.
The deposition rates for Pt, W, CFB, and MgO are 0.91,
1.58, 0.66, and 0.09 A s~!, respectively, under the pure Ar
flow used as the sputtering gas. The double-side-polished
Si wafer has a resistivity >10 k2/cm. The dielectric mir-
ror [SiO,(165 nm)/Ti0,(94 nm)]s is grown on top of the
Si (Siegert Wafer GmbH).

For STEs with pump-transparent substrate, such as sap-
phire [Fig. 1(a)], the pump absorptance 4, of the STE
metal stack is experimentally determined by measuring
the fractions of the reflected (R) and transmitted (7) pump
power through 4, =1 —-R—T.

For the Si-STE, we find zero reflectance and transmit-
tance into air within the accuracy of our measurement
of around 1%. Therefore, 100% of the pump power is
absorbed in the Si-STE metal stack and the Si substrate.
To estimate the pump power entering the Si substrate, we
separately measure the reflectance of the dielectric-mirror
stack on top of the Si slab and find it to be >95%. We, thus,
expect a pump transmittance 7 < 5% into the Si substrate
for the Si-STE, resulting in 4, = 1 — R — T > 95%. This
result is consistent with our calculations in the range of the
pump-pulse spectrum [Fig. 1(e)].

B. Low- and high-energy terahertz setups

To put our expectations to test, standard STEs and Si-
STEs (TeraSpinTec GmbH) are excited with femtosecond
laser pulses, and their terahertz emission is measured in
a low-energy (pulse energy 2 nJ, fluence 0.2 mJ/cm?) and
high-energy (5 mJ, 1 mJ/cm?) regime. The dielectric layers
and the STE trilayers are grown by sputter deposition on Si
or sapphire substrates.

In the experiment, a homogeneous distribution of the
in-plane magnetization M of the STE’s CFB layer is
achieved by an external magnetic field of approximately
10 mT, which is provided by a Halbach array of permanent
magnets [71] (see Fig. S3 [70]). As the array is rigidly con-
nected to the STE, rotation of the STE allows us to rotate
the CFB magnetization M in the plane.

For low-energy operation [Fig. 2(a)], laser pulses
[bandwidth-limited duration about 10 fs full width at
half maximum (FWHM) of intensity, center wavelength
800 nm, repetition rate 80 MHz, pulse energy up to 2 nlJ,
intensity spectrum in Fig. 1(e)] are focused onto the STE
surface with a spot size of 30 um, resulting in a maximum
incident fluence of 0.2 mJ/cm?. By using 2 90°-off-axis
parabolic mirrors, the generated terahertz pulse is focused
into a ZnTe(110) crystal (thickness 10 um) glued to a
ZnTe(100) substrate [72], where its electric field is mon-
itored by electro-optic sampling (EOS) with laser pulses
from the same laser.

The resulting signal S(#) with time ¢ and the terahertz
electric field E(¢) incident onto the detection crystal are in
the frequency domain connected by [72,73]

S(w) = Hios(@)E(w). (2

Here, the tilde denotes Fourier transformation, w/2m is
frequency, and I:IEos(w) is the transfer function of the
EOS process. We note that EOS acts akin to a polarizer
that projects the terahertz electric-field vector E onto a
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FIG. 2. Low-energy STE operation. (a) Schematic of the setup. A laser pulse [bandwidth-limited duration 10 fs, spectrum in
Fig. 1(e)] is focused into the STE (incident fluence 0.2 mJ/cm?). The resulting terahertz pulse is collimated with a parabolic mir-
ror and focused into a ZnTe(110) crystal (thickness 10 pm) for EOS by the probe pulse. (b) Terahertz electro-optic signal waveforms
(probe ellipticity) obtained from a standard STE and a Si-STE [Figs. 1(a) and 1(c)]. (c) Fourier amplitude of the terahertz signals
shown in panel (b). (d) Extracted electric field from the signals shown in panel (b). (¢) Fourier amplitude of the extracted electric field.

direction v with |v| = 1. Therefore,
E@® =v-E@), 3)

where v is given by the azimuthal angle of the ZnTe crystal
and the direction of the probe polarization [74].

For high-energy operation [Figs. 3(a) and 3(b)], pump
pulses (35 fs if bandwidth-limited, 800 nm, 1 kHz, up to
5 mJ) are derived from an amplified Ti:sapphire laser sys-
tem. The collimated pump beam is enlarged to a width of
2 cm (FWHM of intensity) using a telescope, resulting
in an incident fluence of up to 1.1 mJ/cm?. The gener-
ated terahertz beam is focused into a ZnTe(110) crystal
(thickness 10 um) for electro-optic sampling using pulses
(20 fs if bandwidth-limited, 800 nm, 80 MHz, <1 nJ)
from the seed laser oscillator [75,76]. The terahertz power
is measured by a power meter (GenTec THZ9B-BL-DZ-
DO0). The approximate intensity distribution of the beam
cross section in the terahertz focus is obtained by placing a
microbolometer array (Xenics Gobi + 640) at the position
of the electro-optic crystal [Fig. 3(c)].

In both setups, the standard STE is pumped from the
substrate side. The pump radiation traversing the STE is
filtered out by a Ge wafer (low-power setup) or a com-
bination of an ITO dichroic mirror and a Si window at the
Brewster angle (high-power setup). In contrast, the Si-STE
is excited from the air side. As no pump radiation traverses
the Si-STE, no further filtering of the beam is required.

Finally, as a reference of the STE under high-fluence
operation, we employ a state-of-the-art terahertz source
based on tilted-pulse-front excitation of a LiNbO; prism. It
is driven by pump pulses analogous to the STE, but time-
stretched and with slightly less energy (400 fs, 4.2 mJ) to
avoid crystal damage [7,19,22,77].

III. RESULTS

A. Low-energy megahertz operation

Figure 2(b) shows terahertz signal waveforms S(¢) from
a standard STE and a Si-STE. We find that the Si-STE
delivers an amplitude that is a factor of 2 larger than
that from the standard STE. This value reaches almost the
ideal enhancement factor of 2.3 [see Figs. 1(a) and 1(c)].
We ascribe the minor discrepancy to the astigmatism that
arises as the strongly divergent terahertz beam traverses
the Si window of the Si-STE (see Fig. S2 [70]).

The amplitude spectrum |5’ (w)| of the terahertz signal is
shown in Fig. 2(c). The dip at frequency w/2m ~ 5 THz
arises from a zero of the EOS transfer function Hpos(w)
of the ZnTe crystal [Eq. (2)] [72] and results in temporal
oscillations of S(f), as seen in Fig. 2(a) and Fig. S4 [70].

To extract the transient terahertz electric field E(f) in
the beam focus right in front of the electro-optic detec-
tion crystal, we make use of Eq. (2) and deconvolute the
calculated Hgos(w) [73] from the measured terahertz sig-
nal waveform [78-80] (see Fig. S4 [70]). The resulting
field E(¢) is shown in Fig. 2(d). We find a peak field of
approximately 100 V/cm.

For both emitters, the spectrum of the electric field cov-
ers the range 0.3-30 THz at the 10% level of the peak
amplitude [Fig. 2(e)]. The Si-STE spectrum is smoother
compared with the standard STE since the frequency
dependence of the Si refractive index is substantially
smoother than that of sapphire, in particular in the range
12—14 THz [59].

To summarize, under low-energy operation, the Si-STE
design provides a factor of 2 higher amplitude of the emit-
ted terahertz field compared with the standard STE. This
increase is only slightly smaller than our expectation of
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FIG. 3.

High-energy STE operation. (a),(b) Schematics of the setups. (a) The collimated pump-pulse beam (35 fs if bandwidth-

limited, 800 nm, 5 mJ, 1.1 mJ/cm?) is partially transmitted by the STE on sapphire and removed by an ITO dichroic mirror and Si
wafer. (b) In contrast, the Si-STE fully absorbs the pump beam. The generated terahertz beam is focused into a ZnTe(110) crystal
(thickness 10 um) for EOS by the probe pulse. (c) Intensity distribution of the Si-STE terahertz-beam focus as measured with a
microbolometer array. (d) Electro-optic signal of STE and Si-STE terahertz pulses and (e) their amplitude spectra. (f) Focal terahertz
electric field of Si-STE extracted from the electro-optic signals for three magnetization directions of the Si-STE. The detector is
insensitive to the terahertz electric field emitted at 90° magnetization orientation. (g) Measured terahertz power and peak electric field

versus incident and, thus, absorbed pump fluence for the Si-STE.

the 1.4-fold higher terahertz outcoupling and the 1.6-fold
higher pump absorptance. According to the photocurrent
generation mechanism of the STE, the amplitude fluc-
tuations of the terahertz pulses scale with the energy
fluctuations of the pump pulses and, thus, the stability
of the pump laser. The fluctuations of the measured tera-
hertz signal waveforms depend, in addition, on the stabil-
ity of the whole terahertz time-domain spectrometer (see
Fig. S5 [70]).

B. High-energy kilohertz operation

Figure 3(c) shows the spatially resolved intensity of the
focused terahertz beam from the large-area Si-STE as mea-
sured by the microbolometer array. The terahertz spot has a
circular shape and a width of about 100 um (FWHM of the
intensity). At the highest excitation fluence (1.1 mJ/cm?),
we measure a terahertz pulse energy of 90 nJ. Remark-
ably, this value is more than 1 order of magnitude larger
than reported previously using a large-area STE design on
a glass substrate [17].

Electro-optic signal waveforms S(f) of the emitted
terahertz pulses and their amplitude spectra |S(w)| are
shown in Figs. 3(d) and 3(e). As in the low-energy case,

the Si-STE is found to outperform the standard STE on
sapphire and provides even a factor >2 larger terahertz sig-
nal strength. At the same time, the temporal [Fig. 3(d)] and
spectral [Fig. 3(e)] shapes of the two STE designs remain
approximately the same.

The extracted electric field E(f) in the beam focus
is shown in Fig. 3(f). We find a peak electric field of
1.7£0.2 MV/cm, which implies a peak magnetic field
of 0.64+0.1 T. Time integration over E%(f)/Z, yields an
incident fluence of 0.7 £0.1 mJ/cm? in the beam center.
This value is fully consistent with the measured spot size
(100 um) and energy (90 nJ) of the terahertz pulse, which
imply a fluence of 0.8 mJ/cm? [70]. Note that both the
microbolometer array and the power meter most likely
have a frequency-dependent response over the large STE
bandwidth, implying some uncertainty of the measured
terahertz power and spot size.

The terahertz field can be perfectly reversed by a 180°
rotation of the emitter. If we rotate the emitter by 90°, the
extracted field approaches zero [Fig. 3(f)]. As the electro-
optic detector is polarization-sensitive [Eq. (3)], this find-
ing indicates that the emitted terahertz pulse is indeed lin-
early polarized. The polarization direction can be directly
controlled by the emitter rotation. Power measurements
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confirm that the emitted terahertz power is independent
of the polarization of the emitted terahertz radiation (see
Fig. S3 [70]).

The terahertz peak field and pulse energy as a func-
tion of the incident and, thus, absorbed pump fluence are
shown by Fig. 3(g). The fluence scaling of the terahertz
pulse energy changes from quadratic to linear at a flu-
ence of around 0.2 mJ/cm?. Note that this value is more
than a factor of 3 larger than in previous work in which
a glass substrate was used [17], as expected from the
significantly higher heat conductivity of the Si-STE’s Si
substrate. Therefore, to operate the Si-STE in the field-
linear-with-fluence regime, the pump fluence should be
kept at about 0.2 mJ/cm? or below. Interestingly, in this
mode, the terahertz field in the center of the terahertz
beam focus is independent of the pump-beam diameter
because an increased pump diameter implies a smaller
terahertz focus size that compensates for the decreased
fluence [17,62].

We summarize that, under high-energy operation, the Si-
STE design provides a factor of 2.1 larger amplitude of the
emitted terahertz field compared with the standard STE
on sapphire. This performance improvement agrees well
with our results from low-energy operation. It follows our
expectations of a 1.4-fold higher terahertz outcoupling and
a (1.6)%3-fold higher pump absorptance, where the expo-
nent 0.5 arises from the fluence dependence [Fig. 3(g)].
The remaining amplitude enhancement of 1.2 is ascribed
to the higher heat conductivity of Si as compared with sap-
phire. The 6-fold amplitude enhancement relative to the
previously demonstrated glass-based large-area STE [17]
is even more dramatic. We primarily assign it to the much
higher heat conductivity of Si relative to glass.

C. Terahertz waveform shape

To understand the shape of the terahertz electric-field
waveform E(¢) [Figs. 3(f) and 4], we note that the instan-
taneous terahertz electric field behind the STE metal stack
is proportional to the instantaneous sheet charge current
1.(¢t) in the STE [16,57]. The latter can be described by the
convolution [53]

I(t) o (Hste * E))(0) 4)
of the squared pump electric field EI% (¥) and the STE
response function

Hste(t) = ©(1) (Aese_rest - Aepe_rept)- (5)
Here, ©(¢) is the Heaviside step function, des = (I'es —
rFep)/(Fes - 1—‘ep)a Aep =(1- V)Fep/(res - Fep)a Fe_sl and
F;Dl are material-dependent time constants of electron-spin
and electron-phonon relaxation, and r is the ratio of elec-
tronic and total heat capacity of the metal stack. The tera-
hertz field E(#) in the focus is approximately proportional

_ 1.0r — Measured E({)
3 Modeled E(t)
N Modeled j(f)
@
€ 05t . :
S Te'= 107+ 5fs
£ Tl = 952fs
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i3
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FIG. 4. Measured and modeled dynamics of the focal electric
field from the Si-STE. The blue curve shows the electric field
E(¢) extracted from the electro-optical signal S(#). The red curve
is a fit according to Eqs. (4) and (6) with I'_;! = 107 £ 5 fs and
the pump-pulse duration of 84 fs (FWHM intensity) as fit param-
eters. The gray curve shows the resulting charge current inside
the Si-STE metal stack.

to the time-derivative of 1.(¢) [17], i.e.,

E@t) o .1, (1). (6)
We calculate I'¢, and » according to Ref. [53] and obtain
Fe_pl =950 fs and » = 0.15 for the fluence of 1 mJ/cm?
used in our experiment. We fit the extracted terahertz field
E(f) by Egs. (4) and (6), where ' and the duration of the
Gaussian pump intensity profile Elz7 (¢) are fit parameters.

An excellent fit is obtained for [';! = 107 £ 5 fs and a
pump-pulse duration of 84 4 3 fs (FWHM of the intensity)
as shown in Fig. 4. The pump duration is a factor >2 longer
than that of a bandwidth-limited pump pulse (35 fs) and
likely arises from chromatic dispersion of the telescope
lenses before the STE, which cannot be compensated for
entirely.

To summarize, in the dynamics £(¢) of the focal electric
field of Fig. 4, the width of the first (positive) peak and of
the leading edge of the second (negative) peak is predom-
inantly determined by the pump-pulse duration. The width
of the relaxation tail of the second peak is given by both the
pump duration and the electron-spin relaxation time ;! of
the STE.

D. Comparison with LiNbO3 source

To evaluate the Si-STE performance, we compare it with
the gold standard of laser-driven table-top high-power ter-
ahertz sources: a state-of-the-art LiNbO; source. Figure
5(a) shows the transient terahertz electric field generated
by the Si-STE and the LiNbO3 source. We find similar ter-
ahertz peak fields above 1 MV/cm for LiNbO;3 [22,81] and
1.5 MV/cm for the Si-STE.
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Quantitative back-to-back comparison of nonlinear terahertz spectroscopy with terahertz pulses from an Si-STE (blue solid

lines) versus a LiNbO; source without (red solid lines) and with polarizers (light-red solid lines) enabling terahertz field reversal from
E(?) to —E(?). (a) Electric fields obtained with a ZnTe(110) detector (thickness 10 um). The inset shows the Fourier amplitude of the
electric fields. (b) Signal of terahertz Kerr effect ocE? in a diamond window (thickness 200 um). The resulting optical birefringence is

probed by a pulse polarized at 45° with respect to the direction of E.

However, the two sources are complementary in terms
of spectral content as they cover the different spectral
ranges 0.1-3.5 THz (LiNbOs3) and 0.1-11 THz (Si-STE)
at the 10% amplitude level. Accordingly, the pulses have
durations of 500 fs (LiNbOs3) and 200 fs (Si-STE) FWHM
of the field envelope (see Fig. S6 [70]). The terahertz
fluences are comparable, too, and amount to 1.1 mJ/cm?
(LiNbO3) and 0.7 mJ/cm? (Si-STE).

As a further check, we use the terahertz pulses from the
Si-STE and LiNbOj sources as pump pulses to induce a
transient birefringence that scales quadratically rather than
linearly with the instantaneous off-resonant terahertz pump
field: the terahertz Kerr effect in a diamond window (thick-
ness 200 um) [77,82]. The probe is polarized at 45° relative
to the terahertz field, and we measure the induced linear
birefringence by the ellipticity the optical probe acquires
upon propagation through the sample.

Typical signals are displayed in Fig. 5(b). As expected,
they are unipolar and approximately proportional to the
squared terahertz electric fields [Fig. 5(a)], resulting in sub-
stantially faster dynamics for the Si-STE than the LiNbO3
pulse. Deviations from the instantaneous scaling ocE?(f)
are ascribed to a mismatch of the propagation velocities
of pump and probe pulses (see Fig. S7 [70]) and, possi-
bly, a noninstantaneous terahertz Kerr effect of diamond
[83]. Consistent with Fig. 5(a), the responses are of similar
amplitude.

We emphasize that, in a substantial number of nonlinear
terahertz experiments, odd and even signal contributions
in the driving terahertz field occur. To separate them, one
needs to measure the sample response to both the tera-
hertz field E(¢) and its reversed version —E(#). Examples

are studies in ultrafast magnetism [75,84] and terahertz
scanning tunneling microscopy [85,86].

The terahertz electric field from the Si-STE can be
reversed without loss in terahertz power by rotating the
external magnetic field by 180°. In contrast, to reverse the
terahertz waveform from the LiNbO; source, we make use
of 2 wire-grid polarizers at angles of, respectively, £45°
and 90° relative to the polarization of the incident tera-
hertz beam. We note that this commonly used projection
approach leads to terahertz amplitude losses of >50%.

To demonstrate the implications of such field rever-
sal, we measure the electro-optic signal and terahertz-Kerr
effect again for terahertz pulses from LiNbO; after the 2
polarizers for field reversal. The result is shown by the pink
solid lines in Figs. 5(a) and 5(b): the terahertz electric field
is reduced by about 50% [Fig. 5(a)], while the terahertz-
Kerr-effect amplitude reduces to <25% [Fig. 5(b)], con-
sistent with expectations. Such signal reduction does not
occur for the STE setup.

IV. CONCLUSION

Our results demonstrate a significant performance
improvement of STEs, which is a direct consequence
of the improved thermal and photonic configuration. For
high-energy and large-area operation, the Si-STE design
exhibits a 4-fold and even 36-fold enhancement in terms
of terahertz power compared to a standard STE on sapphire
and glass, respectively [17]. The broadband terahertz fields
from this easy-to-use source are highly interesting for
spectroscopic studies of the linear and nonlinear response
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of fundamental modes of all phases of matter over a broad
range of frequencies and pump fluences.
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