<]
TUDelft

Delft University of Technology

Simultaneous Characterization of Two Ultrashort Optical Pulses at Different Frequencies
Using a WSzMonoIayer

Noordam, Marcus L.; Hernandez-Rueda, Javier; Kuipers, L.

DOI
10.1021/acsphotonics.1c01270

Publication date
2022

Document Version
Final published version

Published in
ACS Photonics

Citation (APA)

Noordam, M. L., Hernandez-Rueda, J., & Kuipers, L. (2022). Simultaneous Characterization of Two
Ultrashort Optlcal Pulses at Different Frequenmes Using a WS Monolayer ACS Photonics, 9(6), 1902-
1907. https://doi.org/10.1021/acsphotonics.1c01270

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1021/acsphotonics.1c01270
https://doi.org/10.1021/acsphotonics.1c01270

Downloaded via TU DELFT on July 25, 2022 at 11:20:46 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

HeO®
pubs.acs.org/journal/apchd5

Simultaneous Characterization of Two Ultrashort Optical Pulses at
Different Frequencies Using a WS, Monolayer

Marcus L Noordam, Javier Hernandez-Rueda,* and L. Kuipers*

Cite This: ACS Photonics 2022, 9, 1902-1907 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: The precise characterization of ultrashort laser pulses has been of Simultancous characterization
interest to the scientific community for many years. Frequency-resolved optical
gating (FROG) has been extensively used to retrieve the temporal and spectral
field distributions of ultrashort laser pulses. In this work, we exploit the high, \WI/W
broad-band nonlinear optical response of a WS, monolayer to simultaneously ‘
characterize two ultrashort laser pulses with different frequencies. The relaxed
phase-matching conditions in a WS, monolayer enable the simultaneous T
acquisition of the spectra resulting from both four-wave mixing (FWM) and

sum-frequency generation (SFG) nonlinear processes while varying the time delay

between the two ultrashort pulses. Next, we introduce an adjusted double-blind

FROG algorithm, based on iterative fast Fourier transforms between two FROG traces, to extract the intensity distribution and
phase of two ultrashort pulses from the combination of their FWM and SFG FROG traces. Using this algorithm, we find an
agreement between the computed and observed FROG traces for both the FWM and SFG processes. Exploiting the broad-band
nonlinear response of a WS, monolayer, we additionally characterize one of the pulses using a second-harmonic generation (SHG)
FROG trace to validate the pulse shapes extracted from the combination of the FWM and SFG FROG traces. The retrieved pulse
shape from the SHG FROG agrees well with the pulse shape retrieved from our nondegenerate cross-correlation FROG
measurement. In addition to the nonlinear parametric processes, we also observe a nonlinearly generated photoluminescence (PL)
signal emitted from the WS, monolayer. Because of its nonlinear origin, the PL signal can also be used to obtain complementary
autocorrelation and cross-correlation traces.
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B INTRODUCTION setups, where the laser beam paths overlap, for second-
harmonic generation (SHG),® third-harmonic generation
(THG),4 and noncollinear setups.5 In an autocorrelation
FROG measurement, two copies of the same pulse are
combined inside a nonlinear medium. Alternatively, in a cross-
correlation FROG measurement, a known reference pulse is
combined with an unknown pulse to generate nondegenerate
signals such as sum-frequency generation (SFG) or four-wave
mixing (FWM).*™?

To retrieve the pulse information of two unknown ultrashort

Since the realization of ultrashort laser pulses, there has been
much interest in accurately retrieving their temporal intensity
distribution. Ultrashort laser systems readily produce pulses
with a pulse duration that is too short to be directly measured
with even the fastest photodiodes. Therefore, indirect
autocorrelation methods are used to estimate the laser pulse
duration, where the pulse interacts with itself and the time
delay between two copies of the pulse is varied. However,
autocorrelation methods intrinsically cannot provide the full
pulse information, that is, spectral resolution is needed to
retrieve the spectrum and time-dependent phase of the pulse.
One of the most investigated and commonly used
techniques to characterize ultrashort laser pulses is fre-
quency-resolved optical gating (FROG)."” In a FROG
measurement, two ultrashort laser pulses are combined in a
nonlinear medium. The spectrum of the nonlinear signal, Received:  August 20, 2021 (Phétonics
generated via parametric optical processes, is recorded as a Published: May 10, 2022
function of the time delay between the pulses, resulting in a
FROG trace that contains both spectral and temporal
information. FROG has been implemented using different
optical setups and nonlinear processes including collinear

pulses at different frequencies, the measurement of a FROG
trace based on a single nondegenerate nonlinear process will
not contain enough information. Therefore, cross-correlation
measurements using nondegenerate nonlinear processes
depend on a known reference pulse, a priori. With this
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method, a full characterization of two individual pulses still
involves two measurements: an autocorrelation FROG
measurement to retrieve the intensity distribution and phase
of the reference pulse and the actual cross-correlation FROG
measurement. The pulse shapes of two independent laser
pulses can also be retrieved using multiple FROG traces based
on different nondegenerate processes that are simultaneously
measured.'"™"?

The most commonly used nonlinear media in FROG
systems are nonlinear crystals due to their high nonlinear
coefficients and broad frequency range of transparency.
However, phase-matching requirements have to be satisfied
in these nonlinear crystals, which can make experimental
implementation difficult and restrict the frequency range of
applicability, making simultaneous measurements of different
nonlinear processes impractical. Nonlinear surface processes
have a shorter interaction length and can overcome these
phase-matching requirements. Therefore, nonlinear media with
a large nonlinear surface response provide a route to generate
and exploit multiple nonlinear processes simultaneously. The
nonlinear surface response of plasmonic nanoantennas has
been used for ultrashort pulse characterization.'> Atomically
thin transition-metal dichalcogenide (TMDC) materials also
show a remarkable high nonlinear surface response,'”~"> along
with an increase in absorption for photon energies above the
semiconductor band gap.'® In addition to the background-free
signals and the broad-band nonlinear response, TMDCs are
also very promising materials for ultrashort pulse character-
ization due to their large atomically flat surface, which allows
for easy beam alignment and transmission measurements.
Since WS, and related TMDC materials have large nonlinear
susceptibilities over the whole visible wavelength range, they
can be used to characterize laser pulses with a wide variety of
wavelengths. Different types of TMDC monolayers or
multilayer materials with different band-gap energies such as
WSe,, MoS,, and MoSe, could be selected depending on the
wavelength of the ultrashort laser pulses and nonlinear
processes employed to generate the FROG trace. Furthermore,
different combinations of nonlinear FROG signals can be
selected depending on the characterization demands at hand,
specifically those related to the laser wavelengths.

Their fabrication process is relatively inexpensive and robust
compared to plasmonic nanostructures. Nonlinear signals
generated in WS, could be further and selectively enhanced
using more complex layered WS, structures'”'® or combining
WS, with plasmonic nanostructures.'” Recently, FROG
characterization of a single pulse using the SHG process has
been performed on a WS, monolayer.”’

In addition to their atomic thickness, WS, monolayers have
another interesting property as nonlinear media that can be
exploited for ultrashort pulse retrieval. The nonlinear
generation of light-induced electron—hole pairs, the so-called
excitons, can be potentially utilized in an autocorrelation
measurement as its spectral width remains constant. The band
structure of WS, monolayers have a direct optical band gap at
the K and K™ points allowing for the (nonlinear) generation of
excitons.”' The radiative recombination of these excitons to
the ground state can be observed as a photoluminescence (PL)
signal."®

In this paper, we exploit the high nonlinear response of a
WS, monolayer over a broad spectral range to characterize two
ultrashort laser pulses by measuring FROG traces based on the
SHG, SFG, and FWM nonlinear processes. The spectra of the
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SFG and FWM processes are simultaneously recorded as a
function of the time delay between two pulses with different
wavelengths using a collinear optical setup. With a newly
developed adaptation of a double-blind FROG algorithm, we
precisely retrieve the pulse shape of two laser pulses at two
different wavelengths, E, and E,, using experimental FROG
traces based on FWM and SFG that were simultaneously
measured. We validate the pulse shape of one of the
fundamental pulses using a separate SHG FROG measurement
and by utilizing autocorrelation traces generated via nonlinear
photoluminescence.

B THEORY

To retrieve the complex pulse shapes E; and E, from
nondegenerate FROG traces, we use an iterative retrieval
algorithm based on the common pulse retrieval algorithm
(COPRA), recently developed by Geib et al.>* The nonlinear
process spectra of a measured noncollinear FROG trace can be
defined as™

IFROG(T; Cl)) = |T{ST[E(t) w)]}l2 (l)
Here, the frequency, @, and the time delay, 7, are the
parameters over which the measurement trace is evaluated.
E(t,w) is the electric field of the laser pulse, S, is the signal
operator that depends on the nonlinear process, and ¥ is the
Fourier transform operator. Although we use a collinear
measurement scheme, the nondegenerate signals are back-
ground-free and thus collinear and noncollinear FROG traces
are the same and therefore eq I still holds. The signal operators
for the SFG (wgpg = @, + ®,) and FWM (wpwy = 20, — @)
processes as observed in our experiment, where the delay time
of E, is varied with respect to E,, can be derived as

S

T

st = Ej(t)E,(t — 7) (SFG) and (2)

S, rwm = Ei(DE((DE; (t - 7) (FWM) (3)
The COPRA algorithm optimizes the pulses E; and E, so that
the calculated FROG trace I matches the measured trace, I,
as a nonlinear least-squares problem, further described in Geib
et al.”? For a nondegenerate cross-correlation retrieval
algorithm, one of the pulses is optimized, while the second
pulse acts as a reference pulse. In this work, we modified the
COPRA retrieval algorithm to optimize the pulse E, or E, for
both experimental traces, Iessrc and e, pwa While the
second pulse acts as the reference pulse, further described in
the Supporting Information.

To simultaneously retrieve two unknown pulses E; and E,,
we utilize an iterative optimization scheme. Here, we start with
two Gaussian pulses with central wavelengths 4, and 4, as our
initial guess. Next, we start optimizing E; for I . spg and
Ieasrwy While keeping E, as a fixed reference pulse. Since an
initial guess of E, is used as a reference pulse, the pulse
retrieval of E; is not completed but the retrieved pulse shape of
E, is still a better approximation than the initial guess. In the
next step, the newly retrieved approximation of E, is used as a
reference pulse in the retrieval of E, resulting in a better
approximation of E,. This process is iterated until the
improvement of the normalized trace error between the
measured and the retrieved FROG traces between iterations
falls below a predefined value.

https://doi.org/10.1021/acsphotonics.1c01270
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B EXPERIMENTAL METHODS

In this work, we retrieve the pulse intensity distribution and
phase of two femtosecond laser pulses with different central
wavelengths. A femtosecond laser oscillator (Spectra-Physics
Tsunami) generates pulses with a central wavelength of 775
nm. Part of this laser beam is used as our first laser pulse, while
a fraction of it is used to pump an optical parametric oscillator
(Spectra-Physics, Opal) that delivers the second laser pulse at
1200 nm. The pulse distributions of the 775 and 1200 nm laser
pulses are retrieved by simultaneously measuring two cross-
correlation FROG traces based on SFG and FWM signals
using the optical setup sketched in Figure la. In addition to the
nondegenerate FROG traces, we also measure the SHG FROG
trace of the 1200 nm beam to validate the retrieved pulses
from the cross-correlation FROG characterization. We
measure the SHG signal, generated by two copies of the
1200 nm beam created by a beamsplitter, using a collinear
autocorrelation FROG setup, as shown in Figure 1b.

(a)

[Spectrometer

(b)

Spectrometer
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Figure 1. (a, b) Schematic representations of the optical setups. In
panel (a), two laser pulses with wavelengths of 775 and 1200 nm are
combined in a cross-correlation scheme to investigate nondegenerate
nonlinear processes. In panel (b), two pulses with a wavelength of
1200 nm are combined in an autocorrelation scheme to investigate
the degenerate nonlinear SHG process. (c) The measured nonlinear
spectrum using the cross-correlation optical setup shown in panel (a)
is plotted on a logarithmic scale.

In both optical measurement schemes, motorized delay
stages are used to control the time delay between the two laser
pulses before focusing the beams on a WS, monolayer flake
using a microscope objective (Olympus UPlanSapo) with a
numerical aperture of 0.95. The WS, monolayer is
mechanically exfoliated from commercially available bulk
WS, onto a glass substrate (see also ref 15). The emitted
nonlinear signals from the WS, monolayer are collected by the
same objective and pass through a dichroic mirror and
bandpass filters to filter the reflected fundamental light. The
spectra of the nonlinear signals have been measured with a
high-sensitivity cooled CCD-based spectrometer (SpectraPro
2300I). Figure 1c depicts a spectrum measured using the cross-
correlation setup shown in Figure la with zero time delay
between the fundamental pulses. This spectrum contains the
nondegenerate signals of the SFG process around 470 nm,
where @gpg = @775 + @590, and FWM process around 572 nm,
where Wpywy = 20775 — W1500- In addition, a peak can be seen
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around 600 nm originating from the second harmonic of the
1200 nm pulse, where wsyg = 2@,59p. These nonlinear signals
have been well studied in WS, and other 2D-layered
materials.''® Finally, a broader peak at 625 nm is observed,
which can be attributed to the PL signal of the WS, monolayer.
Note that the fundamental laser pulses with wavelengths of 775
nm and 1200 nm have a photon energy that is below the band
gap of a WS, monolayer. With these wavelengths, the band gap
can only be excited via multiphoton excitation. Therefore, the
PL signal observed here is emitted by nonlinearly generated
excitons.

The nonlinear spectra are recorded for several time delays
between the pulses to obtain the experimental FROG traces
with an exposure time of 1 s. Here, we use an optical power of
2.4 mW for the 1200 nm laser beam and an optical power of
22.6 mW for the 775 nm beam that are below the damage
threshold of the WS, monolayer. The power dependency on
the nonlinear response is more extensively described in
Hernandez-Rueda et al.'> For both setups, the time delay is
created by a motorized delay line in the 1200 nm beam path
with spatial delay steps of 400 nm, equivalent to ~1.3 fs. The
spectrometer is calibrated by a rigid shift of the recorded
spectrum. To reduce experimental noise, we fit a Gaussian
shape over the nonlinear signals, and afterward, we
interpolated the data onto a 1024 by 1024 matrix for the
pulse retrieval algorithm.

The top row of Figure 2 displays false color maps of the
experimentally measured traces based on the FWM, SFG, and
SHG nonlinear processes. On the x-axis, the wavelength of the
nonlinear spectrum is plotted, and on the y-axis, the delay time
between the two laser pulses is plotted. The top-left and
middle panels depict the FWM and SFG traces, respectively,
that are simultaneously collected from the same spectrum for
each time delay using the optical setup sketched in Figure la.
For both the experimentally measured FWM and SFG traces,
an asymmetric pattern over the delay time can be observed.
This asymmetric pattern indicates a frequency shift over the
duration of at least one of the pulses, also referred to as a pulse
chirp. Interestingly, a chirped pulse signal can be easily
identified using nondegenerate FROG traces because the
nonlinear frequency shifts over the delay time, while
degenerate FROG traces are symmetric over the delay time
and a chirped signal can only be deduced from the time—
bandwidth product of the trace. The top-right panel in Figure
2 depicts a trace based on the SHG nonlinear process, which is
measured independently using the optical setup sketched in
Figure 1b. The SHG trace indeed shows a symmetric pattern
over time delay.

B RESULTS

The collected FROG traces of the SFG and FWM processes
can now be used to extract the pulse intensity distribution and
phase, E, and E,, using the algorithm described in the Theory
section. We initialize the pulse retrieval routine using two guess
pulses with a Gaussian intensity distribution in the frequency
domain, with a preset bandwidth of ~ 16.7 nm full width at
half-maximum (FWHM) and central wavelengths at 775 and
1200 nm. We first retrieve E, with E, as a reference pulse and
then retrieve E, using E, as a reference pulse and iterate these
two retrieval algorithms 15 times.

In Figure 2, the calculated SFG and FWM traces, generated
using the retrieved pulse shapes, are presented below the
experimental traces of the same processes. Good qualitative

https://doi.org/10.1021/acsphotonics.1c01270
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Figure 2. Top row displays the experimental FROG traces, where the FWM (left), SFG (middle), and SHG (right) signals are presented as a
function of wavelength and time delay. The FWM and SFG FROG traces are simultaneously collected using the cross-correlation measurement
scheme, shown in Figure la. The SHG spectra are collected using an autocorrelation setup (see Figure 1b). The bottom row displays the calculated
FROG traces from the retrieved pulse shapes. For the FWM- and SFG-calculated FROG traces, both pulses were retrieved from the FWM and SFG
measurement traces using an iterative cross-correlation FROG algorithm. For the SHG-calculated FROG trace, the 1200 nm pulse is retrieved from
the SHG measurement trace using an autocorrelation FROG algorithm.

agreement can be observed between the measured and the
calculated traces in Figure 2. To quantify the error of the
retrieved FROG traces, we use a normalized root-mean-square
trace error, R, that can be calculated from the measurement
and retrieved traces. This normalized trace error is equivalent
to the commonly used FROG error (see ref 22 for more
details).

The retrieved traces have a normalized error of 0.3% for
both the FWM and SFG processes. In Figure 3, the retrieved
complex temporal and spectral distributions of the two initial
pulses are plotted. We observe a quadratic spectral phase signal
in both the 775 and 1200 nm pulses, commonly referred to as
chirp. In Figure 3a, we observe that the 775 nm pulse exhibits a
more pronounced chirp. The chirp in both laser pulses is most
likely caused by the various optical elements included in the
optical setup and the laser system, ie., the microscope
objective that can be replaced by off-center parabolic mirrors
to reduce the amount of chirp. We retrieve a longer pulse
duration for the 775 nm pulse of 389 fs FWHM compared to
the pulse duration of the 1200 nm of 115 fs FWHM.

To verify the validity of our results, we also measured a SHG
FROG trace of the 1200 nm beam separately using the setup
described in Figure 1b. The interference between the second
harmonic of the two copies of the 1200 nm beams, caused by
the collinear setup, is digitally filtered out to retrieve the
FROG trace of a noncollinear setup, similar to the method
employed by Janisch et al.”* Now, a noncollinear SHG FROG
algorithm can be used to retrieve the pulse shape of the 1200
nm pulse. The right-most panels of Figure 2 depict the
measured and retrieved traces of the SHG process. In Figure
3b, the temporal and spectral distributions of the intensity and
phase of the retrieved 1200 nm pulse are presented. A good
resemblance of the intensity distribution and phase between
the retrieved pulses using SHG and SFG/FWM nonlinear
signals is observed in Figure 3b. A retrieved pulse duration of
140 fs FWHM using SHG FROG is also similar to the 115 fs
FWHM pulse duration obtained with the nondegenerate
FROG measurement. In conclusion, we retrieve the pulse
shapes of both laser pulses using the FWM and SFG FROG
traces. The pulse shape of the 1200 nm beam determined in
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Figure 3. Retrieved temporal and spectral intensity distributions and
phase of the ultrashort laser pulses at 775 nm (a) and 1200 nm (b).
The pulse distributions plotted in purple (intensity) and light green
(phase) are retrieved from the FWM and SFG measurement traces
using an iterative cross-correlation FROG algorithm. The separately
retrieved pulse distribution of the 1200 nm pulse from the SHG
measurement trace using an autocorrelation FROG algorithm is
plotted as a dashed red line (intensity) and dark green (phase).

this way is reproduced with an independent FROG measure-
ment using the SHG process in monolayer WS,.

B NONLINEAR PHOTOLUMINESCENCE

Nonlinear excitation pathways similar to those in SFG, SHG,
and FWM mechanisms can mediate the generation of excitons
through nonparametric processes. For frequencies above the
band gap, light is absorbed; subsequently, the radiative
recombination of the A-exciton also causes the characteristic

https://doi.org/10.1021/acsphotonics.1c01270
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Figure 4. Experimental traces based on photoluminescence signals, where the PL signal is recorded using a nondegenerate measurement scheme
(a) (see Figure la) and degenerate measurement scheme (c) (see Figure 1b). In panels (b) and (d), the projections over the wavelength axis are
plotted for the measurement traces in panels (a) and (b), respectively. In panel (d), the interference pattern between the two 1200 nm beams is

visible, where the DC component of the PL signal is plotted in red.

photoluminescence signal at 625 nm, as observed in Figure Ic.
Note that the band gap acts as an effective low-pass filter for
our technique. The excitons can only be excited by
multiphoton absorption (i.e., 201500, 20775, @1ag0 + D775,
2W;;5 — M1590) because the photon energies at the fundamental
wavelengths are smaller than the exciton band gap.'>**** The
intensity of the photoluminescence therefore also changes with
the time delay between the laser pulses due to the contribution
of nondegenerate multiphoton excitation pathways, allowing
for direct (cross-)correlation measurements.

In Figure 4a, an experimental trace of the PL signal is shown,
which is measured using the nondegenerate cross-correlation
layout, where both 775 and 1200 nm beams are focused on the
WS, monolayer sample, as illustrated in Figure la. Figure 4b
depicts the projection of the measurement trace in Figure 4a
along the wavelength axis. The PL signal at zero time delay can
be attributed to the generation of excitons from a combination
of degenerate excitation pathways (i.e., 2wy 2075) and
nondegenerate excitation pathways (i.e., @100 + @775, 20775 —
®1290)- For long time delays, for which the individual pulses do
not overlap in time, the PL signal is solely generated by
degenerate multiphoton absorption mechanisms.

Figure 4c,d presents the PL measurement trace using the
setup sketched in Figure 1b and its integration over the
wavelength, where two sub-pulses of the 1200 nm beam are
used. Because we use a collinear setup, the SHG measurement
trace exhibits interference fringes, and since the excitons are
now generated solely by the nonlinear processes, the fringes
are also present in the PL signal (see Figure 4d). The period of
these fringes agrees well with the 1200 nm wavelength of the
initial laser beam. The DC component of the photo-
luminescence signal generated by the two-photon absorption
is plotted as a red line in Figure 4d and can be understood as
an effective SHG autocorrelation signal of the 1200 nm laser
pulse. From the DC component, we extract a FWHM value,
ATYEM of 227 fs. This corresponds to a pulse duration,
AT}EWHM, of 161 fs assuming a Gaussian pulse distribution of
the 1200 nm pulse. This pulse duration is in close agreement
with that extracted from the nondegenerate FROG method
and the SHG FROG method.
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B CONCLUSIONS

We have exploited the broad-band nonlinear response of an
atomically thin WS, monolayer due to its relaxed phase-
matching conditions for ultrashort pulse characterization.
Using a collinear optical setup, we measure both degenerate
(SHG) and nondegenerate (FWM, SFG) nonlinear signals
simultaneously by illuminating a WS, monolayer with
ultrashort laser pulses at two different wavelengths. We
measure the nondegenerate nonlinear signals as a function of
the time delay between the laser pulses to perform collinear
(cross-) correlation FROG measurements. Using a novel
adaptation of the COPRA FROG algorithm, we retrieve the
complex pulse distribution of both laser pulses. An agreement
is found between the retrieved pulses from the degenerate and
nondegenerate FROG retrieval methods. We demonstrate the
advantages of the simultaneous measurement of multiple
nonlinear processes for ultrashort pulse characterization
facilitated in 2D materials. In addition to the nonlinear
parametric signals, we also measure the nonlinearly generated
PL signal from the WS, monolayer. The high nonlinear surface
response over a broad range of wavelengths on an atomically
thin TMDC allows for the implementation of novel retrieval
methods simultaneously using multiple (non)degenerate
nonlinear signals and PL emission, i.e., by also recording the
spatial chirp of the nonlinear spectrum.”

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270.

Detailed derivation of the gradient steps for the SFG and
FWM nonlinear processes (PDF)

(PDF)

B AUTHOR INFORMATION

Corresponding Authors
Javier Hernandez-Rueda — Kavli Institute of Nanoscience
Delft, Department of Quantum Nanoscience, Delft University
of Technology, 2628 CJ Delft, The Netherlands;

https://doi.org/10.1021/acsphotonics.1c01270
ACS Photonics 2022, 9, 1902—1907


https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01270/suppl_file/ph1c01270_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01270/suppl_file/ph1c01270_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Hernandez-Rueda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8723-4832
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

orcid.org/0000-0002-8723-4832; Email: fjavihr@
gmail.com
L. Kuipers — Kavli Institute of Nanoscience Delft, Department
of Quantum Nanoscience, Delft University of Technology,
2628 CJ Delft, The Netherlands; © orcid.org/0000-0003-
0556-8167; Email: L. Kuipers@tudelft.nl

Author
Marcus L Noordam — Kavli Institute of Nanoscience Delft,
Department of Quantum Nanoscience, Delft University of
Technology, 2628 CJ Delft, The Netherlands; © orcid.org/
0000-0002-0234-5438

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.1c01270

Funding

This work is part of the research program of the Netherlands
Organization for Scientific Research (NWO). The authors
acknowledge funding from the European Research Council
(ERC Advanced Grant No. 340438-CONSTANS).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Irina Komen for the fabrication of the WS,
monolayer and Rosa Weigand and Oscar Pérez-Benito for
fruitful discussions.

B REFERENCES

(1) Trebino, R.; DeLong, K. W,; Fittinghoff, D. N.; Sweetser, J. N.;
Krumbiigel, M. A,; Richman, B. A.; Kane, D. J. Measuring ultrashort
laser pulses in the time-frequency domain using frequency-resolved
optical gating. Rev. Sci. Instrum. 1997, 68, 3277—329S.

(2) Kane, D. J; Trebino, R. Characterization of arbitrary
femtosecond pulses using frequency-resolved optical gating. IEEE J.
Quantum Electron. 1993, 29, 571—-579.

(3) Amat-Roldén, I; Cormack, I. G.; Loza-Alvarez, P.; Gualda, E. J.;
Artigas, D. Ultrashort pulse characterisation with SHG collinear-
FROG. Opt. Express 2004, 12, 1169—1178.

(4) Hyyti, J; Escoto, E.; Steinmeyer, G. Third-harmonic
interferometric frequency-resolved optical gating. J. Opt. Soc. Am. B
2017, 34, 2367-2375.

(5) Johnson, A. S.; Amuah, E. B.; Brahms, C.; Wall, S. Measurement
of 10 fs pulses across the entire Visible to Near-Infrared Spectral
Range. Sci. Rep. 2020, 10, No. 4690.

(6) Lanin, A. A.; Fedotov, A.; Zheltikov, A. Ultrabroadband XFROG
of few-cycle mid-infrared pulses by four-wave mixing in a gas. J. Opt.
Soc. Am. B 2014, 31, 1901—1905.

(7) Nakano, Y.; Imasaka, T. Cross-correlation frequency-resolved
optical gating for characterization of an ultrashort optical pulse train.
Appl. Phys. B 2017, 123, No. 157.

(8) Tsermaa, B,; Yang, B.-K,; Kim, M.-W.; Kim, J.-S. Character-
ization of supercontinuum and ultraviolet pulses by using XFROG. J.
Opt. Soc. Korea 2009, 13, 158—16S.

(9) Weigand, R,; Mendonca, J.; Crespo, H. M. Cascaded
nondegenerate four-wave-mixing technique for high-power single-
cycle pulse synthesis in the visible and ultraviolet ranges. Phys. Rev. A
2009, 79, No. 063838.

(10) Wong, T. C.; Ratner, J.; Chauhan, V.; Cohen, J.; Vaughan, P.
M,; Xu, L.; Consoli, A,; Trebino, R. Simultaneously measuring two
ultrashort laser pulses on a single-shot using double-blind frequency-
resolved optical gating. J. Opt. Soc. Am. B 2012, 29, 1237—1244.

(11) Wong, T. C,; Ratner, J,; Trebino, R. Simultaneous measure-
ment of two different-color ultrashort pulses on a single shot. J. Opt.
Soc. Am. B 2012, 29, 1889—1893.

1907

(12) Gennaro, S. D.; Li, Y.; Maier, S. A.; Oulton, R. F. Double blind
ultrafast pulse characterization by mixed frequency generation in a
gold antenna. ACS Photonics 2018, S, 3166—3171.

(13) Wang, G.; Marie, X; Gerber, L; Amand, T.; Lagarde, D.; Bouet,
L.; Vidal, M.; Balocchi, A.; Urbaszek, B. Giant enhancement of the
optical second-harmonic emission of WSe 2 monolayers by laser
excitation at exciton resonances. Phys. Rev. Lett. 2015, 114,
No. 097403.

(14) Autere, A.; Jussila, H.; Dai, Y.; Wang, Y.; Lipsanen, H.; Sun, Z.
Nonlinear optics with 2D layered materials. Adv. Mater. 2018, 30,
No. 1705963.

(15) Hernandez-Rueda, J.; Noordam, M. L.; Komen, L; Kuipers, L.
Nonlinear Optical Response of a WS2 Monolayer at Room
Temperature upon Multicolor Laser Excitation. ACS Photonics
2021, 8, 550—556.

(16) Khurgin, J. B. GrapheneA rather ordinary nonlinear optical
material. Appl. Phys. Lett. 2014, 104, No. 161116.

(17) Lin, X,; Liu, Y.; Wang, K.; Wei, C.; Zhang, W.; Yan, Y,; Li, Y. ] ;
Yao, J; Zhao, Y. S. Two-dimensional pyramid-like WS2 layered
structures for highly efficient edge second-harmonic generation. ACS
Nano 2018, 12, 689—696.

(18) Fan, X,; Jiang, Y.; Zhuang, X.; Liu, H.; Xu, T.; Zheng, W.; Li,
H.; Wy, X,; Zhu, X,; et al. Broken symmetry induced strong nonlinear
optical effects in spiral WS2 nanosheets. ACS Nano 2017, 11, 4892—
4898.

(19) Shi, J.; Liang, W.-Y.; Raja, S. S.; Sang, Y.; Zhang, X.-Q.; Chen,
C.-A,; Wang, Y,; Yang, X,; Lee, Y.-H.; Ahn, H.; Gwo, S. Plasmonic
enhancement and manipulation of optical nonlinearity in monolayer
tungsten disulfide. Laser Photonics Rev. 2018, 12, No. 1800188.

(20) Janisch, C.; Mehta, N.; Ma, D.; Elias, A. L.; Perea-Lépez, N.;
Terrones, M.; Liu, Z. Ultrashort optical pulse characterization using
WS 2 monolayers. Opt. Lett. 2014, 39, 383—38S.

(21) Wang, G.; Chernikov, A.; Glazov, M. M.; Heinz, T. F.; Marie,
X.; Amand, T.; Urbaszek, B. Colloquium: Excitons in atomically thin
transition metal dichalcogenides. Rev. Mod. Phys. 2018, 90,
No. 021001.

(22) Geib, N. C; Zilk, M.; Pertsch, T.; Eilenberger, F. Common
pulse retrieval algorithm: a fast and universal method to retrieve
ultrashort pulses. Optica 2019, 6, 495—505.

(23) Trebino, R. Frequency-Resolved Optical Gating: The Measurement
of Ultrashort Laser Pulses: The Measurement of Ultrashort Laser Pulses;
Springer Science & Business Media, 2000.

(24) Zhu, B.; Chen, X; Cui, X. Exciton binding energy of monolayer
WS2. Sci. Rep. 2015, S, No. 9218.

(25) Hyyti, J.; Perestjuk, M.; Mahler, F.; Grunwald, R; Giiell, F;
Gray, C; McGlynn, E; Steinmeyer, G. Field enhancement of
multiphoton induced luminescence processes in ZnO nanorods. J.
Phys. D: Appl. Phys. 2018, 51, No. 105306.

(26) Akturk, S.; Kimmel, M.; O’Shea, P.; Trebino, R. Measuring
pulse-front tilt in ultrashort pulses using GRENOUILLE. Opt. Express
2003, 11, 491—501.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on May 10, 2022. Incorrect datasets
were inadvertently plotted in Figure 4; the panels have been
updated using the correct data. The corrected version was
reposted on June 15, 2022.

https://doi.org/10.1021/acsphotonics.1c01270
ACS Photonics 2022, 9, 1902—1907


https://orcid.org/0000-0002-8723-4832
mailto:fjavihr@gmail.com
mailto:fjavihr@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="L.+Kuipers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0556-8167
https://orcid.org/0000-0003-0556-8167
mailto:L.Kuipers@tudelft.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcus+L+Noordam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0234-5438
https://orcid.org/0000-0002-0234-5438
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01270?ref=pdf
https://doi.org/10.1063/1.1148286
https://doi.org/10.1063/1.1148286
https://doi.org/10.1063/1.1148286
https://doi.org/10.1109/3.199311
https://doi.org/10.1109/3.199311
https://doi.org/10.1364/OPEX.12.001169
https://doi.org/10.1364/OPEX.12.001169
https://doi.org/10.1364/JOSAB.34.002367
https://doi.org/10.1364/JOSAB.34.002367
https://doi.org/10.1038/s41598-020-61620-z
https://doi.org/10.1038/s41598-020-61620-z
https://doi.org/10.1038/s41598-020-61620-z
https://doi.org/10.1364/JOSAB.31.001901
https://doi.org/10.1364/JOSAB.31.001901
https://doi.org/10.1007/s00340-017-6732-9
https://doi.org/10.1007/s00340-017-6732-9
https://doi.org/10.3807/JOSK.2009.13.1.158
https://doi.org/10.3807/JOSK.2009.13.1.158
https://doi.org/10.1103/PhysRevA.79.063838
https://doi.org/10.1103/PhysRevA.79.063838
https://doi.org/10.1103/PhysRevA.79.063838
https://doi.org/10.1364/JOSAB.29.001237
https://doi.org/10.1364/JOSAB.29.001237
https://doi.org/10.1364/JOSAB.29.001237
https://doi.org/10.1364/JOSAB.29.001889
https://doi.org/10.1364/JOSAB.29.001889
https://doi.org/10.1021/acsphotonics.8b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.114.097403
https://doi.org/10.1103/PhysRevLett.114.097403
https://doi.org/10.1103/PhysRevLett.114.097403
https://doi.org/10.1002/adma.201705963
https://doi.org/10.1021/acsphotonics.0c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4873704
https://doi.org/10.1063/1.4873704
https://doi.org/10.1021/acsnano.7b07823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/lpor.201800188
https://doi.org/10.1002/lpor.201800188
https://doi.org/10.1002/lpor.201800188
https://doi.org/10.1364/OL.39.000383
https://doi.org/10.1364/OL.39.000383
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1364/OPTICA.6.000495
https://doi.org/10.1364/OPTICA.6.000495
https://doi.org/10.1364/OPTICA.6.000495
https://doi.org/10.1038/srep09218
https://doi.org/10.1038/srep09218
https://doi.org/10.1088/1361-6463/aaaabe
https://doi.org/10.1088/1361-6463/aaaabe
https://doi.org/10.1364/OE.11.000491
https://doi.org/10.1364/OE.11.000491
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

