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ABSTRACT: Nowadays, the accurate and full temporal character-
ization of ultrabroadband few-cycle laser pulses with pulse
durations below 7 fs is of great importance in fields of science
that investigate ultrafast dynamic processes. There are several
indirect methods that use nonlinear optical signals to retrieve the
complex electric field of femtosecond lasers. However, the precise
characterization of few-cycle femtosecond laser sources with an
ultrabroadband spectrum presents additional difficulties, such as
reabsorption of nonlinear signals, partial phase matching, and
spatiotemporal mismatches. In this work, we combine the
dispersion scan (d-scan) method with atomically thin WS, flakes
to overcome these difficulties and fully characterize ultrabroadband
laser pulses with a pulse duration of 6.9 fs and a spectrum that
ranges from 650 to 1050 nm. Two-dimensional WS, acts as a
remarkably efficient nonlinear medium that offers a broad transparency range and allows for achieving relaxed phase-matching
conditions due to its atomic thickness. Using mono- and trilayers of WS,, we acquire d-scan traces by measuring the second-
harmonic generation (SHG) signal, originated via laser—WS, interaction, as a function of optical dispersion (i.e., glass thickness) and
wavelength. Our retrieval algorithm extracts a pulse duration at full-width half-maximum of 6.9 fs and the same spectral phase
function irrespective of the number of layers. We benchmark and validate our results obtained using WS, by comparing them with
those obtained using a 10-ym-thick BBO crystal. Our findings show that atomically thin media can be an interesting alternative to
micrometer-thick bulk crystals to characterize ultrabroadband femtosecond laser pulses using SHG-d-scan with an error below 100
as (attoseconds).
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B INTRODUCTION scan),'”*” and amplitude swing.”' However, the full temporal

The full temporal characterization of ultrabroadband few-cycle
laser pulses is highly relevant in the fields of nanophotonics,'
biology,4 nonlinear optics,s’6 and attosecond science’™’ in
order to investigate ultrafast dynamic processes. Few-cycle
Ti:sapphire (Ti:Sa) lasers typically deliver pulses with
durations below 10 fs and highly structured spectra of a few
hundreds of nanometers bandwidth. Their unique features
make them specially useful to enhance the performance of
techniques such as ultrafast spectroscopy'’~'* or time-resolved
microscopy”” by simultaneously providing an unprecedented
temporal resolution and a broad spectral bandwidth. Over the
past decades, the scientific community has developed several
techniques to characterize lasers with femtosecond pulse
durations, such as frequency-resolved optical gating
(FROG),"*™' spectral-phase interferometry for direct elec-
tric-field reconstruction (SPIDER),"” multiphoton intrapulse
interference phase scan (MIIPS),'® dispersion scan (d-
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characterization of few-cycle lasers is particularly challenging
compared to measuring their temporally longer and spectrally
narrower counterparts. On one hand, the intensity profile of
few-cycle laser pulses changes almost as fast as their electric
field oscillates. On the other hand, they typically possess highly
complex, structured, and broad spectra.

In contrast with other methods, the inline geometry used by
d-scan makes it an advantageous technique to characterize
ultrabroadband few-cycle laser pulses, as it avoids issues related
to aligning multiple laser beams or dealing with a limited
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Figure 1. (a) Schematic of our d-scan experimental setup. The femtosecond-laser oscillator delivers ultrabroadband light pulses that pass through
two opposed BK7 wedges and DCM mirrors, which introduce optical dispersion. The beam is then focused using a microscope objective on the
nonlinear medium (i.e., WS, or BBO) producing SHG. This signal is collected with a second objective and sent to the spectrometer. The insets
present the laser spectrum measured right before entering the microscope and a typical d-scan trace (i.e, SHG intensity as a function of glass
thickness and wavelength). (b) Optical microscopy images of WS, flakes. The marked regions illustrate the precise locations used in the

experiments. (c) PL spectra of the regions marked in panel b.

temporal resolution when using optical delay lines (i.e., limited
step size in motors). The d-scan method uses nonlinear optical
signals that result from the interaction of a single laser beam
(i.e.,, inline geometry) with a thin nonlinear medium while
introducing a controlled amount of optical dispersion.'”*’
Second-harmonic generation (SHG) is the most common
nonlinear signal used in this method, although other nonlinear
signals have also been explored.””** The dispersion experi-
enced by the laser pulses is carefully controlled by varying the
insertion of a pair of glass wedges (ie, the glass thickness
traversed by the pulse) and the number of bounces on chirped
mirror pairs. Therefore, d-scan measurements register the
intensity of a certain nonlinear optical signal as a function of
wavelength and optical dispersion, ie., d-scan traces, from
which the full information on the electric field of the laser pulse
can be retrieved. To that end, simulated traces are generated
using an iterative retrieval routine that uses (a) an algorithm to
emulate the specific nonlinear optical process at play and (b)
specific optimization schemes that minimize the difference
between experimental and simulated traces.' ">~

d-scan systems usually employ very thin nonlinear crystals
(around 10—20 um), such as -barium borate crystals (BBO).
Nonlinear media based on nanosystems, like ensembles of
dielectric nanoparticles, have also been used in order to
achieve relaxed phase-matching conditions for a wide spectral
bandwidth.”® However, nanosized media can only be used at
the expense of adding an additional incoherent term to
retrieval algorithms, which represents the scattering of laser
light by nanoparticles.”” The use of two-dimensional (2D)
materials poses an interesting alternative as their unique optical
properties’” can help to simultaneously overcome several
limitations intrinsic to other nonlinear media or temporal
characterization methods. Their atomically thin nature allows
for achieving relaxed phase-matching conditions while
presenting an extremely high nonlinear optical response.”®
For example third-harmonic generation (THG) generated in

graphene has been used to characterize few-cycle laser pulses
in the near- to mid-infrared using d-scan.”’ However, larger
nonlinear optical signals can be obtained from second-order
processes in noncentrosymmetric 2D materials, such as SHG
in TMDCs. Such processes lead to a higher conversion
efficiency compared to their higher order counterparts (i..,
THG in graphene) and consequently require a lower laser
intensity to generate light; thus, these are less susceptible to
damage the nonlinear 2D medium. Several degenerate and
nondegenerate second-order nonlinear mechanisms have been
studied in a variety of 2D materials”” ™" and exploited in
FROG systems to characterize laser pulses with pulse durations
above 100 fs and bandwidths of ~10 nm.>***? In addition, 2D-
layered transition metal dichalcogenides (TMDCs) present a
broad spectral range of transparency,””*" which can help to
minimize reabsorption of the nonlinearly generated signals.
Therefore, these materials offer an attractive alternative for
spectral regions in which nonlinear crystals may not be
available. From a technical point of view, 2D TMDCs offer a
relatively high damage threshold"” and their exfoliation-based
fabrication is relatively inexpensive when compared to the cost
of ultrathin nonlinear crystals or nanostructured metallic
materials used for laser pulse characterization in d-scan and
FROG systems. In contrast, ultrathin nonlinear crystals achieve
a superior conversion efficiency of nonlinearly generated
signals due to their dramatically longer interaction length. In
addition to these advantageous features, the number of atomic
layers in 2D TMDC samples can be readily characterized by
measuring their photoluminescence (PL) spectral signature
when excited using a low-power continuous-wave (cw)
laser. =%

In this paper, we combine the SHG-based d-scan method
with atomically thin flakes of WS, in order to fully characterize
ultrabroadband few-cycle femtosecond-laser pulses (see Figure
la). We make use of atomically thin WS, flakes to take
advantage of their remarkably high nonlinear second-order
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susceptibility and transparency over a broad spectral range.
Besides, their atomically thin nature allows for achieving
relaxed phase-matching conditions. We measure d-scan traces
using mono- and trilayers of WS, and find excellent agreement
among the retrieved temporal intensity distributions. We
validate the results extracted from traces measured with WS,
by comparing them with those obtained using a BBO crystal,
illustrating that WS,, and TMDCs by extension, can be used as
new nonlinear media in d-scan systems. The full temporal
information on our laser field is extracted from the
experimental traces using a retrieval algorithm which is well
established in the literature.*® Furthermore, using our method,
we are able to systematically characterize the laser pulse
duration with an error below 100 as (attoseconds).

B METHODS

The nonlinear media employed in the experiments consist of
WS, flakes exfoliated on a thin glass slide and a 10-pm-thick
commercial BBO crystal. We carry out the WS, sample
preparation in a cleanroom environment where bulk WS, is
mechanically exfoliated and deposited onto a glass slide using
the adhesive tape technique.** Prior to transferring the WS,
flakes, we clean the glass substrate using diluted acid solutions
and an oxygen plasma cleaner. We use a home-built optical
microscope, described in Figure 1la, to locate flakes of interest
that contain thin layers of WS, (see Figure 1b) and
subsequently measure their PL signal to identify their thickness
(Figure 1c). The sample can be illuminated using light
generated by either a white LED or a cw diode laser at 532 nm,
which is introduced by a quartz window or a flip mirror,
respectively. The white LED serves as the illumination source
for the in situ visualization system (removable mirror, imaging
lens, and CCD camera) that is used to inspect the sample
surface, locate flakes, and aim the lasers at the desired spot.
Using the green laser, we measure the PL emissions shown in
Figure 1c that we use to characterize the WS, layer thickness.
Figure lc presents the PL spectra of the marked areas of the
WS, flakes shown in Figure 1b with 1 (orange) and 3 (brown)
atomic layers. The spectrum of the monolayer illustrates a sole
peak centered around 625 nm, which corresponds to the A
exciton.” The spectrum of the trilayer also illustrates the A
exciton peak and presents an additional peak centered at 800
nm that corresponds to the indirect band-gap emission. More
details of the relationship between the PL spectral signature of
WS, and the number of atomic layers can be found in Zeng et
al.” and Gong et al.**

For the laser—WS, interaction experiments, we use the
experimental setup shown in Figure la. We employ a home-
built Ti:Sa oscillator that delivers horizontally polarized few-
cycle femtosecond-laser pulses with a pulse duration of ~6.9 fs
and a spectral range from 650 to 1050 nm at a repetition rate
of 78 MHz. The laser operates in TEM,; mode with a beam
diameter of 840 um at full-width half-maximum (fwhm).*” The
d-scan setup combines an optical compression unit, a
microscope, and a spectrometer.

First, the laser passes through the compression unit, a
dispersion-control system, which uses a BK7 wedge pair (8°)
mounted on two opposed motorized translation stages and two
rectangular chirped mirror pairs (DCM7 from Venteon, 19
bounce pairs in total). These elements introduce a controlled
amount of optical dispersion by modifying the glass thickness z
through the insertion of the wedges while keeping a constant
number of bounces for the mirrors. As a result, an additional

spectral phase @(w, z) is added to the laser field. We use a
reflective neutral density gradient filter wheel to attenuate the
laser average power down to 3 mW, which is well below the
damage threshold (~20 mW for WS, under our focusing
conditions). We neglect a significant inhomogeneity imprinted
on the laser spatial distribution due to (a) the reduced
millimeter size of the beam and (b) aligning the beam at the
edge of the filter wheel. Afterward, the laser beam is steered
toward a home-built microscope and is focused onto the WS,
sample using a microscope objective (Olympus Plan N, 20X,
NA = 0.40, USI2), resulting in a SHG signal centered around
385 nm. The frequency-doubled signal is collected by a second
objective (Olympus LUCPlanFL N, 40X, NA = 0.6, FN22),
filtered (2X Schott BG40 and Schott BG23 filters), and
focused (UV fused silica lens, f = S cm) onto an optical fiber
head (Thorlabs, M114L02, solarized, core size 600 um, NA =
0.22) that guides the light toward a spectrometer (Horiba
iHRSS0 equipped with a low-noise cooled camera, model
Syncerity). We checked that the intensity of the SHG signal
(Isug) depends on the second power of the input laser
intensity I following the law Igg o I”. Note that the green laser
and the femtosecond laser are spatially overlapped, and thus,
both the PL spectra and the d-scan traces were measured at the
exact same location. The experimental data acquisition routine
is typically limited to a time span of a few hours in which the
stability of the laser is periodically monitored by recording the
laser spectrum. d-scan data acquired using WS, and BBO
media are always measured during the same experimental run.
This procedure avoids issues related to potential instabilities
and minute temporal variations of the femtosecond-laser
oscillator.

Using the experimental setup, we measure both the
fundamental laser spectrum I(®) at the entrance of the
microscope and d-scan traces, which are fed to our algorithm
allowing us to retrieve the spectral phase ¢(w) of the
laser.'”**> The inset of Figure la depicts an example of a
typical d-scan trace. The experimental traces S, consist of
false-color maps of the SHG intensity as a function of
wavelength and glass thickness z (i.e., optical dispersion). In
general, z = 0 is assigned to the maximum compression point,
where the laser pulse is closest to be Fourier transform-limited.
The glass thickness axis is set with respect to this z = 0 value,
and hence, the axis range may take negative values. The
simulated trace S, can be expressed as

+o0 +o0 ; 3 2 .
/ (/ E(Q)e—xk(Q)zeth dQ] e—z{ur dt

sim
2

Sunl®@, 2) = ()

(1)

where E(w) = I(w) ¢ stands for the complex electric
field of the laser pulse in the spectral domain and @(w, z) =
k(w)z accounts for the spectral phase introduced by the glass
wedges. The function u(w) contains information on the
spectral response of different optical components (lenses,
mirrors, etc.) as well as encodes the SHG efficiency curve of
the nonlinear material. This function is calculated within the
retrieval process. Equation 1 is embedded in a retrieval
algorithm, which through an iterative routine proposes
different spectral phases ¢(w). More details of the d-scan
retrieval algorithm, the minimization routine, and the error
calculation can be found in the Supporting Information and in
Pérez-Benito and Weigand.”® The criterion to update ¢(w) is
to minimize an error G, which evaluates the difference between
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the simulated and the experimental traces (S, and Sexps
respectively). If the calculated error is below the criterion of G
< 0.03, the retrieval is considered successful, and by applying
an inverse Fourier transform to the extracted field in the
spectral domain E(w), we obtain the electric field in the
temporal domain E(f) and the intensity distribution of the
laser pulse I(t).

B RESULTS

Figure 2 shows SHG d-scan traces measured using a WS,
monolayer (Figure 2a) and a 10-um-thick BBO crystal (Figure
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Figure 2. Experimental d-scan traces obtained using (a) a WS,
monolayer and (b) a 10-um-thick BBO crystal. (c and d) Retrieved
traces after applying our spectral-phase-retrieval algorithm to the
traces depicted in (a) and (b), respectively. (e) Time—intensity
distributions of the laser pulses. (f) Laser spectrum (red) and spectral
phases.

2b) in combination with our few-cycle laser oscillator. The
experimental traces S, (®, z) were acquired for a total glass
thickness range of Az = 8 mm. The SHG spectra were
measured from 350 to 450 nm and are sensitive to the spectral
phase. Qualitatively, the experimental traces present a similar
shape for both nonlinear media, although WS, illustrates a
higher relative SHG efliciency for shorter wavelengths than
BBO, evidencing the different spectral response of these media.
Figure 2c and 2d corresponds to the retrieved traces S, (w, z).
These traces are obtained by our algorithm and allow us to
extract the electric field of the laser E(w), as detailed in the
Methods section. We reiterate that our algorithm only requires
one to use a coherent field to describe the laser—WS,
interaction. This renders our WS,-based d-scan as an
alternative method that does not need to take into account
incoherent fields within the algorithm, as it is required when
using clusters of dielectric nanoparticles.”® This is due to the
fact that the area of the flakes is large enough to avoid border
effects that potentially give rise to scattering. The average
errors found for the WS, and BBO trace retrievals are G =

0.025 and 0.021, respectively. From this point forth, we present
the results of the retrievals in Table 1 in order to facilitate a

Table 1. Results Obtained Using WS, or BBO

medium thickness pulse duration (fs) error G
BBO 10 pm 6.9 + 0.1 0.021
WS, monolayer 6.9 + 0.1 0.025
WS, trilayer 6.9 + 0.1 0.023

direct comparison among results attained using different
nonlinear media. Each pulse duration presented in Table 1 is
the average of the pulse durations obtained from 10
independent retrievals of its corresponding d-scan trace,
while the errors have been estimated by calculating the
standard deviation of those pulse durations. Figure 2e
illustrates a good correspondence for the retrieved temporal
intensity distributions, which both lead to a pulse duration at
fwhm of 6.9 + 0.1 fs. Figure 2f shows the laser spectrum and
the retrieved spectral phase, which also evidence a good
agreement between the results extracted from both d-scan
traces. The relative errors between the pulse profiles obtained
using WS, flakes and BBO are below 5%. We calculate these
using the expression |y (t) — Igpo(t)l/Igpo(t) in a time range
equivalent to four times the retrieved pulse duration. Here, we
provide evidence that results independently obtained using a
WS, monolayer and a thin BBO crystal show excellent
agreement, which serves to benchmark the validity of using
atomically thin WS, flakes as nonlinear media.

In Figure 3a and 3b, we present d-scan traces obtained using
WS, flakes with one (Figure 3a) and three (Figure 3b) atomic
layers. Qualitatively, the traces show the same appearance

Measured trace
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Figure 3. (a and b) Experimental d-scan traces obtained using a
monolayer (top) and trilayer (middle) of WS,. (c and d) Retrieved d-
scan traces of the experiments shown in the right column. (e) Time—
intensity distributions of the laser pulses. (f) Laser spectrum (red)
and spectral phases.
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irrespective of the number of atomic layers. Quantitatively, we
observed a higher SHG signal for WS, monolayers. It is worth
noticing that under the same experimental conditions, we did
not observe a measurable SHG signal originated at the glass
substrate nor for flakes with an even number of layers, as these
flakes are centrosymmetric.”> Besides, bulky and thicker (>5
atomic layers) WS, flakes yield a dim SHG signal that is almost
entirely reabsorbed when performing measurements in trans-
mission mode. We reiterate that the traces were measured at
the precise locations where the PL measurements were done as
shown in Figure 1b. The left and right panels again depict
experimental and retrieved traces, respectively. The errors of
the trace retrieval in Figure 3¢ and 3d are both close to G =
0.025. We find good agreement among results consisting of the
retrieved temporal intensity distribution or spectral phase
extracted from traces measured for different layer number, as
shown in Figure 3e and 3f. We consistently find a pulse
duration (fwhm) of 6.9 + 0.1 fs for the regions of WS, with 1
and 3 atomic layers, as summarized in Table 1. These findings
are in line with the pulse duration retrieved from traces
measured using a BBO crystal as discussed in Figure 2. In
addition to the measurements shown in Figure 3, we also
performed a set of measurements of laser pulses with a pulse
duration of 12 fs by setting the spectrum of the laser oscillator
to be narrower (see Supporting Information), illustrating the
validity of our method for other experimental conditions. Our
results provide evidence of the high accuracy and reproduci-
bility of using atomically thin WS, within a d-scan setup with
the purpose of characterizing few-cycle Ti:Sa laser pulses. We
note here that the use of chemical vapor deposition allows one
to fabricate flakes with a larger area than those produced by the
exfoliation method, thus facilitating the spatial overlap between
the laser beam and the TMDC flakes. Other atomically thin
TMDCs have potential to be exploited as alternative nonlinear
media for ultrabroadband few-cycle laser pulse characterization
in other spectral ranges, which can be achieved by carefully
selecting a TMDC whose excitonic emission does not overlap
with the SHG signal.

B CONCLUSIONS

We have used atomically thin WS, flakes combined with d-scan
to fully characterize ultrabroadband few-cycle femtosecond-
laser pulses from a Ti:Sa oscillator in the VIS—IR range with a
pulse duration of 6.9 fs. Atomically thin flakes of WS, favor the
characterization of laser pulses with a few optical cycles over
other nonlinear media as they simultaneously (i) exhibit an
extraordinarily high nonlinear optical response, (ii) exhibit a
broad spectral range of transparency, and (iii) allow for
achieving relaxed phase-matching conditions. WS, monolayers
provide a higher SHG efficiency and a larger transmission
coeflicient compared to their thicker counterparts, easing the
acquisition of d-scan traces. The absence of scattering within
2D flakes of WS, allows us to consider only the same physical
processes (SHG) and retrieval techniques used for bulk
crystals without the need to consider additional physical
processes to describe the laser—layers interaction, such as
scattering. This aids one to retrieve pulse durations with a
temporal accuracy on the order of 100 as. This work opens up
a new venue to employ other 2D semiconductor materials to
characterize few-cycle femtosecond-laser pulses with ultra-
broadband spectra in different spectral regions.
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