RESEARCH ARTICLE

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Broadband and High-Sensitivity Time-Resolved THz
System Using Grating-Assisted Tilted-Pulse-Front Phase

Matching

Wei Cui, Kashif Masud Awan, Rupert Huber, Ksenia Dolgaleva, and Jean-Michel Ménard*

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

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

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

1. Introduction

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

tors,> topological insulators,”% heavy
fermions,™13] ferroelectrics,™ antifer-
romagnets,® and metal-organic com-
pounds.l”18] One configuration commonly
used for these experiments relies on a
near infrared (NIR) ultrafast source and
a pair of second-order nonlinear crystals
to generate and detect phase-locked THz
transients.!"”)

Recently, there have been consider-
able efforts to improve time-domain THz
systems by broadening their spectral
window toward the high-frequency part
of the spectrum without losing sensitivity
at low frequencies.?*?’l In some cases,
the spectral bandwidth and duration of the pulses delivered by
the NIR ultrafast source determine the highest THz frequency
that can be efficiently resolved by the system. This issue can
be addressed with self-phase modulation inside a nonlinear
medium broadening the spectrum of these ultrashort pulses
and with dispersion compensation optics recompressing the
pulse in the time domain.[?"222% In other cases, it is the second-
order nonlinear crystals used for THz generation and detection
that limit the accessible THz bandwidth. However, there is only
a short list of candidate crystals suited for these applications
since they must possess specific linear and nonlinear optical
properties, including a relatively large second-order nonlinear
coefficient, a high optical damage threshold (to sustain intense
NIR pumping), and a low optical absorption in both the NIR
and THz regions. Furthermore, the dispersion and thickness of
the crystals are additional parameters that determine the non-
linear interaction length, the coherence length, and, ultimately,
the THz signal strength. Interestingly, these latter parameters
can be adjusted with the experimental configuration without
modifying the crystal material properties. One simple method
consists in selecting a crystal thickness equal to the coher-
ence length. This ensures a constructive nonlinear build up
during the THz generation and detection processes. However,
for broadband applications, this condition often involves a very
thin crystal,?”?% resulting in a low THz signal amplitude due
to the short interaction length. A more versatile approach con-
sists in implementing a noncollinear geometry where an angle
is formed between the directions of propagation of the NIR and
THz pulses. Not only can this scheme be used to adjust phase-
matching conditions, and therefore control the accessible THz
bandwidth, but it can also be carried out inside a thick crystal to
enable a long and efficient nonlinear process.
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The tilted-pulse-front THz generation technique in LiNbO,
is an example of noncollinear scheme utilized to generate
high-field THz pulses centered around 1 THz.?*2 A similar
concept involving a phase grating located at the surface of the
generation crystal has also been proposed theoretically®*-38l
and demonstrated experimentally.?**) This surface grating
design can eliminate the imaging distortions occurring in the
conventional tilted-pulse-front THz setup, thus leading to an
improved THz beam quality.?*3¢3° In this configuration, the
grating diffracts the normally incident NIR pulse, which then
propagates in a different direction than the emitted THz pulse
inside the crystal. While the nonlinear interaction is intrinsi-
cally noncollinear, the general setup can remain essentially col-
linear,>3>383% thus easier to align since both incoming NIR
and emitted THz pulses are impinging on the front surface
of the crystal at normal incidence. Recently, a similar phase
grating was used on the surface of a THz detection crystal to
extend the accessible spectral window and enhance the overall
system’s sensitivity.[*!

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

2. Theory

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

Ak:k(leR)_k(wN[R_wTHZ)_k(wTHz) (1)

where k=|k| is the magnitude of the wavevector and @ is the
radial frequency corresponding to any spectral component of
the incident NIR pulse (wyr) or the generated (or detected)
THz pulse (@ry,). In a noncollinear geometry, the phase mis-
match has been defined asi30:314:42]
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k (wN]R ) -k (wNTR - wTHz)
cos6

Ak = —k(wTHZ) (2)

where 6 is the angle formed by the direction of propagation of
the diffracted NIR pulse relative to the direction of propaga-
tion of the THz pulse. The condition to achieve perfect phase
matching can be expressed as*!

6 = cos™t e\ Ouir) () 3)

n wTHZ)

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

3. Experiments

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

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

4, Results and Discussion

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

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

In another series of experiments involving the same three
crystals presented above, we change the detection crystal in
the electro-optical sampling part of the time-domain THz
setup, while keeping C,, as the generation crystal. Results in
Figure 3 obtained with the detection crystals C,, (black curve)
and C,(orange curve) show a strong signal dependence on the
crystal thickness, which is similar to the one seen in Figure 2
when the positions of the generation and detection crystals
were inverted. In a grating-assisted noncollinear THz detection
geometry, provided by C}° (blue curve), we observe a relatively
large spectral bandwidth comparable to the one obtained with
Cy,- More importantly, the relative signal amplitude is now
much larger. At the peak amplitude, the signal is a factor of
=9 higher than the one measured with C,,, and also a factor
of =2 higher than the one measured with C,. This increase
is due to an intrinsic polarization filtering effect occurring at
the back surface of the detection crystal.l*+46#] Briefly, partial
reflection of the s-polarized component of the diffracted NIR
pulse reduces the total power on the photodiodes, while the
p-polarized component containing the THz information, is
preferentially transmitted. Since the THz signal is normalized
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Figure 3. THz spectral amplitude measured with three different THz
detection GaP crystals: Cy, G, and C, are unpatterned and have
thicknesses of 0.2, 1, and 2 mm, respectively, while C{°!l and C5C are
1 and 2 mm thick, respectively, and have a phase grating (PG) on their
incident surface. Nonlinear THz generation is performed inside another
Co, crystal. The displayed THz spectral amplitudes are normalized by
the maximum signal obtained when Cg, is used for both THz generation
and detection processes.

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

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

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

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

DR =|E (o) /¢ (w) )

We focus on the two configurations in Figure 4 providing
the largest spectral bandwidth: C;,/Cy, and C;°/C}°. Figure 5a
shows on a log scale that both configurations yield similar
spectral bandwidth, with a signal extending up to 6.5 THz,
after which the spectral power approaches the noise level cor-
responding to the fluctuations in the THz signal amplitude.
The noise floor (thinner lines in Figure 5a) is obtained by
performing a regular time-resolved scan while blocking the
THz beam. The noise is fitted with the model: A*(1/f + B),
where both A and B are fitting parameters and f is the fre-
quency. This model includes a term inversely proportional
to the frequency to account for the flicker noise (1/f noise
or pink noise).*% Using the fitted noise curves and spec-
tral power curve, we extract the DR, which has a maximum
of 60 dB with the C,,/C,, configuration, and 90 dB with the
C5¢/C5¢ configuration. This 30 dB improvement is mainly due
to the higher-amplitude signal generated and detected in a
thick nonlinear crystal, but also partially due to the intrinsic
polarization filtering effect at the back surface of the detec-
tion crystal enhancing the detection sensitivity. Overall, the
dynamic range obtained with the dual grating configuration
is >80 dB over a relatively broad bandwidth extending from 1.1
to 4.3 THz.
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Figure 5. a) THz spectral intensities and the noise floors measured with 2 pairs of identical generation and detection GaP crystals having a thickness of
0.2 and 2 mm. A phase grating (PG) on the incident surface of a 2 mm thick crystal modulates phase-matching conditions to enhance THz generation
and detection above 2 THz. The dashed lines are the noise floors fitted with the model A*(1/f+ B), where both A and B are fitting parameters and fis
the frequency. b) Dynamic ranges calculated based on Equation (4) and the measurement results in (a).

5. Conclusion

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

Our system sensitivity could be further improved by com-
bining our technique with other techniques, including a contin-
uous data acquisition technique.P"54 Our concept can be easily
implemented in a standard THz-TDS system, since the crystals
with an etched phase grating can simply replace the conventional
(unpatterned) generation and detection crystals. Only minimum
adjustments are required in the detection stage to direct one of
the first diffracted orders into the EO detection system.

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

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

from the author.
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