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Sensitive detection of phase-locked terahertz (THz) pulses is routinely achieved using electro-optic
sampling (EOS), a technique that harnesses second-order optical nonlinearities in a crystalline semicon-
ductor. The thickness and electro-optic coefficient of such a crystal set the detection sensitivity in EOS,
while its linear optical properties often determine the accessible detection bandwidth through the phase-
matching conditions. Here, we demonstrate how a periodically patterned structure on the incident surface
of an EOS crystal can be used to overcome bandwidth limitations by enabling noncollinear propagation
between the THz waves and a near-infrared (NIR) gating pulse. The concept is demonstrated with phase
gratings etched on a 1-mm-thick gallium phosphide (GaP) semiconductor. The use of a diffracted NIR
gating pulse to retrieve the THz waveform results in a sensitivity enhancement of a factor of approxi-
mately 2 with regard to the spectral maximum at 2 THz and exceeding an order of magnitude at 5 THz.
This extends the spectral detection bandwidth up to 5 THz, which is twice as large as that achievable in
a similar configuration with collinear THz and NIR pulses, facilitating the broadband detection of weak

signals in THz spectroscopy.
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Terahertz (THz) science is a fast-growing field with
contributions to the fundamental research into emerging
optoelectronic materials [1-3] and the development of
novel forms of ultrafast microscopy [4—7], as well as
applications in next-generation telecommunications [8].
In this respect, there is continued progress and research
toward the efficient generation, detection, and routing of
THz radiation. Nonlinear crystals remain the workhorse
emitters and receivers for researchers, particularly in the
fields of spectroscopy and high-field generation. Typi-
cally, the second-order nonlinearity of these crystals is
exploited for generation via optical rectification and for
detection through electro-optic sampling (EOS) [9,10].
In the standard EOS configuration, a local THz field
rotates the polarization of a copropagating near-infrared
(NIR) femtosecond pulse via the Pockels effect. The
THz field can then be reconstructed by monitoring the
induced change in polarization of the NIR beam while it
is scanned in the time domain across the oscillating THz
transient.
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The sensitivity and detection bandwidth afforded by
EOS lends great versatility to the technique, resulting in
the widespread application of EOS in THz spectroscopy.
On the one hand, the sensitivity of EOS allows us to
probe very weak nonlinear signals [11] or even fluctua-
tions of the quantum vacuum [12,13]. On the other hand,
the contact-free measurement of the (photo)conductivity
of materials benefits from the broad detection bandwidth
provided by EOS, by allowing a more accurate determina-
tion of the complex conductivity of the sample in question.
EOS detection crystals with extremely high second-order
nonlinear coefficients could greatly facilitate experiments
that demand high sensitivity due to weak signal fields,
while decreasing acquisition times. However, a material
that possesses such a strong nonlinearity as well as linear
properties providing a flat detection response over a large
THz bandwidth is still missing.

The use of thick crystals can improve sensitivity, by
increasing the nonlinear interaction length between the
NIR gating pulse and the THz wave. Maximization of the
bandwidth can also be achieved by using very short gat-
ing pulses or by employing spectrally resolved EOS [14];
however, these approaches are also limited in bandwidth
by material properties. Specifically, the linear optical
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properties of the crystals define the associated phase-
matching conditions for EOS for a given crystal thickness,
setting the effective spectral range for the generation [15]
and detection [16] of THz pulses. For birefringent mate-
rials, the optimization of the phase-matching bandwidth
through angle tuning has previously been applied to EOS
over a vast range of frequencies in the THz spectrum [17],
but this recourse is not available for all crystals. As a
result, experimentalists usually opt for the crystal that
offers the best compromise between sensitivity and spectral
bandwidth based on the nature of the experiment.

Here, we propose to overcome the detection phase-
matching restrictions that limit the use of thicker nonlin-
ear crystals by exploiting a noncollinear phase-matching
geometry, enabled by a periodic index modulation defined
at the surface of the crystal and acting as a phase grat-
ing. The use of a freestanding grating to tilt the pulse
front of NIR pulses has already been demonstrated to
improve conversion efficiency in the THz generation pro-
cess. This improvement can be understood through bet-
ter phase matching of the NIR pulses and the generated
THz fields through a noncollinear geometry, resulting in a
longer coherence length. This geometry has been adopted
as the standard method for high-field THz generation in
LiNbO; [18,19] and has successfully been applied to other
materials [20]. Also in the context of THz generation, the
use of a surface grating on a semiconductor has previously
been considered as an alternative to an external grating.
Theoretical work has shown that this approach can be
used for high-field THz generation in ZnTe [21,22] and
the concept has been demonstrated experimentally with
LiNbO; [23,24].

We consider a phase grating at the surface of a non-
linear semiconductor to achieve enhanced THz detection
by EOS. The surface grating can be used to arbitrarily
tilt the wave vector of the NIR gating pulse inside the
crystal, thereby customizing the phase-matching condi-
tions. Our grating-assisted noncollinear geometry relies on
a standard EOS configuration, with both NIR and THz
pulses normally incident on the EOS crystal. The only
modification to the standard alignment is the collection
of a diffracted beam following the detection crystal for
polarization analysis. Moreover, the possibility of pattern-
ing many phase gratings on the surface of a single EOS
crystal can be useful to vary the phase-matching condi-
tions and tune the detection spectral window. For these
reasons, we believe our scheme to be more flexible and
easier to implement than a fully noncollinear detection
scheme [25].

In our experiments, we use a (110)-oriented gallium
phosphide (GaP) semiconductor as an EOS crystal [26].
Our method could be easily generalized to other materials.
Although the periodic surface modulations considered in
our experiment are optimized for the detection of three fre-
quencies at 3, 4, and 5 THz, our results show a broadening

of the detection spectral window without loss of sensitivity
at the low-frequency range. These results are supported
by numerical simulations. In addition, we demonstrate that
the overall signal-detection efficiency is increased through
another mechanism, which is the removal of the common-
mode signal in the EOS as a consequence of favorable
Fresnel reflections at the back surface of the crystal. In
brief, our approach increases both the bandwidth and sen-
sitivity of nonlinear crystal-based EOS while maintaining
a simple collinear alignment of the incident NIR gating and
the THz pulses.

The experiments are carried out using a conventional
THz time-domain spectroscopy instrument, as shown in
Fig. 1(a). The laser system used for these studies is a
Yb:KGW regenerative amplifier producing laser pulses
at A =1.035 um with an 180-fs pulse duration. The
pulses are launched into an Ar-filled hollow-core kagomé
photonic crystal fiber (HC PCF), in which self-phase
modulation broadens the NIR spectrum. The pulses are
recompressed using chirped mirrors to a duration of 50 fs,
approaching the transform limit for a 10-THz bandwidth.
Similar configurations have recently been demonstrated to
achieve broadband THz generation and detection [26,27].

In the THz spectrometer, the NIR pulses are split along
two arms. In the first arm, THz pulses are generated by
optical rectification inside a (110)-oriented 0.2-mm-thick
GaP crystal. In the second arm, gating pulses are delayed
relative to the THz pulse with a linear-translation stage.
Both the THz and the gating pulses are initially collinear
before they are focused by an off-axis parabolic mirror
onto the detection crystal. The transmitted gating beam is
then collimated with a lens and analyzed using polarization
optics and a balanced photodiode pair.

In most implementations, the thickness of the detection
crystal is chosen on the basis of the bandwidth of interest.
Thicker crystals usually lead to larger signal amplitudes in
EOS due to a longer nonlinear interaction length with the
THz pulse, but the detection spectral range is then reduced
and often structured as a result of phase mismatch. Con-
versely, for a thinner detection crystal, the phase-matching
conditions are less stringent and the spectral response is
therefore broader. This broadening, however, comes at the
expense of detection efficiency, which is reduced due to a
shorter nonlinear interaction length.

In Fig. 1(b), we experimentally demonstrate the restric-
tion set by the phase-matching conditions in conven-
tional crystals with different thicknesses: the thicker crystal
(1 mm) exhibits a larger detected signal amplitude; how-
ever, the maximum sensitivity shifts toward lower fre-
quencies. The thinner crystal (100 wm) provides a flat
response over a large spectral range, with a somewhat
higher efficiency at higher frequencies compared to that
observed in thicker crystals. The 300-pm-thick crystal cor-
responds to an intermediate case. All measured spectra
are normalized by a reference value corresponding to the
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FIG. 1. (a) The experimental layout. The abbreviations are as

follows: L, lens; HC PCF, hollow-core photonic crystal fiber; BS,
beam splitter; OAPM, off-axis parabolic mirror; Ge, germanium
wafer; Si, silicon wafer; 1/4, quarter-wave plate; WP, Wollas-
ton prism; BPD, balanced photodiode pair. The chirped mirror
compressor consists of a pair of dielectric mirrors used to com-
pensate for group-velocity dispersion and to compress the NIR
pulses. (b) The measured THz spectra for different values of the
detector-crystal thickness (red, 1 mm; green, 0.3 mm; blue, 0.1
mm). A 0.2-mm-thick GaP crystal is used for THz generation.

maximum amplitude detected with the 1-mm-thick GaP
detection crystal.

The general schematic of our noncollinear detection
is illustrated in Fig. 2. The wave-vector diagram cor-
responding to the detection process can be under-
stood through a combination of sum-frequency-generation
(SFG) and difference-frequency-generation (DFG) effects
[10] between the NIR gating beam and the THz field. The
group velocity of the NIR pulses is greater than the phase
velocity of the THz waves for the frequencies considered
here in GaP. By introducing a phase grating, the gating

—
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FIG. 2. The modification of gating-beam propagation due to
diffraction into the first order of a grating. The phase-matching
condition corresponding to the difference-frequency generation
detected using EOS is illustrated using a wave-vector diagram,
where 7{1 is the NIR gating-pulse wave vector, k; is the THz wave
vector, and 7{3 is the DFG-signal wave vector.

beam is deflected by an angle 6, as shown in Fig. 2, and
acquires a pulse-front tilt. Different grating periods allow
us to control the phase-matching conditions in this man-
ner, without modifying the general alignment of the setup
or introducing external angles between the beams before
they interact in the detection crystal.

Gratings are fabricated directly on the surface of a GaP
sample using a standard lithographic technique. A diagram
of the sample fabrication procedure is shown in Fig. 3(a).
First, a positive-tone electron-beam resist ZEP520A is
spun at 2500 rpm for 80 s and then baked at 180°C
for 3 min. The grating pattern is written by a 30-kV
electron-beam-lithography system (Raith), using a dose of
80 1C/cm?. The sample is then developed for 7.5 min in
N-amyl acetate. The grating is transferred into the semi-
conductor by plasma etching using a Samco inductively
coupled plasma reactive-ion-etching (ICP-RIE) system.
We use BClj at 2.5 sccm as the process gas, with a 50-W
ICP power and a 25-W radio frequency power at a pres-
sure of 0.15 Pa. An etching time of 2 min and 20 s results
in an etch depth of approximately 250 nm. The remaining
resist is then stripped using commercially available 1165
remover at 80 °C. In such a way, a phase-grating pattern
is transferred onto the GaP surface. Several gratings with
dimensions of 500 x 500 pum? are fabricated on the same
GaP sample. Figure 3(b) shows an electron micrograph
of the modulation profile of a typical grating used in our
experiments.

Our design is based on a rectangular phase grating,
where the phase modulation approaches 7 to suppress the
zeroth transmission order, hence optimizing the diffraction
efficiency into the first order. We select a rectangular grat-
ing geometry (over a sinusoidal or blazed geometry) since
it can be fabricated using standard nanofabrication proce-
dures and it yields a high diffraction efficiency. We mea-
sure an efficiency of approximately 20% into each of the
first-order beams, approaching the theoretical limit when
Fresnel reflections are considered [28]. In our setup, the
upper first-order beam is collimated by a lens before being
routed to the EOS stage for polarization characterization.
The collection of the diffracted beam also conveniently
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FIG. 3. (a) The fabrication process of phase gratings. (b) A
scanning-electron-microscope image of a fabricated grating with
apitch A = 1.635 um.

reduces “etaloning” of the gating beam in the detection
crystal, hence simplifying the subsequent analysis [29].
The precise effect of the grating period on the phase-
matching efficiency can be directly calculated from the
optical properties of GaP at both NIR [30] and THz [31,32]
frequencies. By changing the period or pitch (A) of the
grating, it is thus possible to define the region of the
THz spectrum in which phase mismatch Ak is minimized.
We calculate the spectrum detected using electro-optic
sampling, for the DFG phase-matching condition:

Ak = ki(onr) — k3 (onR — 0THZ) + ko (0TH,) (1)

If we consider the diffraction angle of the gating pulse
to be 6, we can rewrite the phase-matching condition to
account for the noncollinearity introduced by the grating
in the crystal, as depicted in Fig. 2:

Akg = ki (wnir) €0s(8) — k3 (wnir — @rH,) c0s(6)
+ ka(wtHz) 2

Here, Ak, represents the phase mismatch for the patterned
samples and 6’ is the angle of the DFG signal wave relative
to the optical axis, as dictated by the wave vector of the
diffracted gating beam. We show the calculated effect of
the grating on the phase mismatch in Fig. 4. In panel (a),
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FIG. 4. (a) The phase-matching factor calculated for an unpat-

terned GaP crystal (black, dashed) and three patterned samples
possessing A} = 1.935 um (red), A, = 1.635 um (green), and
A3 = 1.335 pum (blue). All values are computed using mate-
rial properties taken from Refs. [30-32]. (b) Calculation of the
detected THz spectra based on the phase-matching curves, mod-
eled in panel (a), and a 10 THz gating-pulse bandwidth. The
values in (a) and (b) for patterned samples are normalized to the
maximum values calculated for the unpatterned crystal.

we plot the absolute value for the phase-matching factor
fpwm 1n a 1-mm-thick GaP crystal, given by

exp (IAKL — 1)
Jom = AL ; 3)
for patterned and unpatterned samples, where Ak is the
phase mismatch as described in Eqgs. (1) and (2) and
L is the length of the crystal. We consider three grat-
ings, designed for optimized detection at 3 THz (A, =
1.935 um), 4 THz (A, = 1.635 um), and 5 THz (A3 =
1.335 um), respectively. These pitch values are chosen for
their corresponding diffraction angle 6 minimizing Ak, in
Eq. (2).

Numerical calculations clearly show that grating-
assisted noncollinear EOS can allow phase-matching con-
ditions to be satisfied at higher THz frequencies. As
the pitch is reduced, the THz detection efficiency moves
toward higher frequencies due to the enhancement of fpy;.
More importantly, this enhancement comes at no cost:
there is no reduction in detection efficiency at the lowest
end of the THz window.

The values of fpy are independent of the NIR input
bandwidth, which plays a role in truncating the detected
THz spectrum at both high and low frequencies. In
Fig. 4(b), we use the autocorrelation function of the
employed NIR pulses to calculate the detected THz spec-
tral amplitude [10]. By accounting for the finite bandwidth
of the gating pulse, as well as the spectral dependence
of the electro-optic coefficient of GaP [32], we determine
that the detected spectral amplitude Aq4; for an unpat-
terned crystal should peak at roughly 2.2 THz, with a
significant drop at approximately 3 THz. Meanwhile, the
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detected spectra using the patterned GaP crystals should
peak at approximately 3 THz, 3.5 THz, and 4.6 THz,
respectively. While our laser bandwidth is approximately
10 THz, for GaP the enhancement of detection toward yet
higher frequencies than 5 THz becomes impeded by sev-
eral factors. First, the electro-optic coefficient vanishes at
approximately 7.5 THz [33]. While it becomes apprecia-
ble once more at higher frequencies, the strong absorption
due to phonons around 11 THz poses a challenge for phase
matching [31]. Finally, at higher frequencies, the phase
velocity of THz waves is larger than the group velocity
of the NIR pulses, such that the grating becomes unhelpful
in achieving phase-matching conditions.

Following these calculations, we fabricate the gratings
described above and measure the detected THz spectra
as a function of the pitch of the grating. Figure 5 shows
the three corresponding sets of measured THz spectra for
A (red), A, (green), and A; (blue). The black dashed
line is a reference trace taken using an unpatterned region
on the same GaP crystal. For all traces, the signals are
first normalized to the fluence of the NIR pulse incident
on the balanced photodiode pair during EOS and then
divided by the maximum amplitude of the reference sig-
nal. The results obtained with the grating-assisted EOS
show a significant enhancement of the detection efficiency
at THz frequencies above 2.5 THz. With shorter grating
periods, we also observe that the spectral detection window
consistently extends toward higher frequencies, in agree-
ment with the phase-matching calculations. Furthermore,
we gain one order of magnitude in detection sensitivity at
5 THz. The bandwidth of the detected THz spectra now
extends over 5 THz, twice that of the reference spectra, in
good agreement with the model in Fig. 4.

By comparing the reference to other results in Fig. 5,
we note that grating-assisted EOS also provides an overall
increase in detection efficiency. This is due to a filtering
effect that separates the signal from the background, as has
been previously demonstrated [34,35]. In our scheme, the
incident gating beam is s-polarized. Following interaction
with the THz field, a p-polarized frequency-shifted replica
of the gating pulse is generated. At the back surface of the
crystal, s-polarized NIR photons that do not participate in
DFG are preferentially reflected, thus reducing the back-
ground such that the NIR light reaching our BPD contains
proportionally more signal.

In summary, we demonstrate a grating-assisted EOS
method relying on a periodically structured nonlinear crys-
tal to customize the phase-matching conditions. Using this
method, we achieve a detection spectral window reach-
ing 5 THz, for a crystal possessing a thickness that would
otherwise prohibit efficient detection above 3 THz. This
enhancement in detection bandwidth does not occur at the
expense of sensitivity to low frequencies. On the contrary,
we observe an overall increase in the detection efficiency,
which further motivates the use of contact gratings for
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FIG. 5. Experimentally measured THz spectra for a 1-mm-
thick GaP crystal, for grating pitches A; = 1.935 um (red),
Ay = 1.635 um (green), and Az = 1.335 um (blue), as well as
on an unpatterned reference (black, dashed). The detection effi-
ciency increases for all patterned samples, while the detection
spectrum shifts to higher frequencies as the pitch is decreased.

spectroscopy. The gratings can be fabricated by a series of
nanofabrication techniques and the general scheme is easy
to introduce into conventional THz instruments. While
the material GaP restricts further enhancements toward
broader bandwidths, the fabrication can be adapted to
other crystals, potentially widening the range of electro-
optic materials for broadband THz spectroscopy. Finally,
since the fabrication is scalable, it is straightforward to
extend the proof-of-concept results shown here to more
complex patterns, such as chirped gratings for easily tun-
able detection sources. This method shows great promise
to increase the detection efficiency in low-power exper-
iments, such as those involving oscillator sources. We
expect this approach to become broadly used for sensitive
and broadband applications in ultrafast terahertz photonics.
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