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Abstract

Degenerate and nondegenerate two-photon absorption (TPA) in WS, and MoSe,
monolayers are synchronously induced and temporally resolved by femtosecond laser
pump-probe. Differential transmission signals in the first 500 fs consist of negative and
positive components, that originate from direct probe depletion via nondegenerate TPA
and carrier accumulation via degenerate TPA, respectively. Temporal cross-correlation
of pump and probe pulses allows us to fully decouple the ultrafast nondegenerate and
degenerate TPA signals. Subsequently, degenerate and nondegenerate TPA coefficients
are calculated as a function of pump irradiance. Under non-resonant pumping, 100 +

10 cm/GW and 250 £ 25 ¢cm/GW are obtained for degenerate and nondegenerate



TPA coefficients of monolayer WSs, respectively, which both present linearly decreas-
ing trends as increasing pump irradiances. However, under resonant pumping of 2p
excitonic states in monolayer MoSes, degenerate TPA coefficients exponentially de-
crease from 800 to 80 ¢cm/GW as increasing pump irradiances, due to the interplay
between band-renormalization and band-filling effects, while nondegenerate TPA coef-
ficient is about 650 £+ 50 cm/GW. For comparison, a trilayer MoSes is also investigated.
These results set a foundation for precisely measuring TPA coefficients and actively

controlling nonlinear excitonic dynamics via TPA in 2D semiconducting monolayers.
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1. Introduction

Transition metal dichalcogenide (TMD) monolayers possess a sub-nanometer thickness and
appealing optoelectronic properties, such as direct band gaps in the visible region!!! and su-
perior luminescent performances,? facilitated by their large exciton binding energies. 34
Encouraged by their large linear optical-absorption coefficients, tremendous efforts have

demonstrated that TMD monolayers are ideal semiconducting materials for applications

[5,6] (7,8 9,10)

in many fields, such as efficient solar cells, > nanolasers!™®! and biomedical engineering. |

Beyond the linear optical regime, extensive efforts in recent years have been devoted to in-
vestigating nonlinear optical responses of TMD monolayers up to the third-order. These

studies provided valuable information of lattice structure,!*'? nonlinear absorption coeffi-

13-19 20-22

cients, 1*19 fine structures of excitonic levels,?*22 and realized subband photodetection, 2%

[24,25] quantum Coherence,[%’zg] etc.

tunable nonlinear optical response,
In general, third-order nonlinear optical performances of a material, such as saturable

absorption (SA), third harmonic generation (THG) and four-wave mixing (FWM), are dom-
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inated by its third-order susceptibility. Comparing with second-order nonlinear optical stud-
ies, it’s more difficult to perform accurate measurements of third-order susceptibility of TMD
monolayers with a lateral size of micrometer-scale. Taking advantage of giant peak intensity
and spatiotemporal coherence of femtosecond lasers, several nonlinear optical spectroscopy
techniques have been developed for 2D monolayers to study and quantify their third-order
nonlinear optical properties. To obtain the real part of third-order susceptibility, femtosecond
laser THG measurements have been carried out for graphene, 2939 MoS,, B ReS,, M black

s,13233) ete. In addition, to obtain the imaginary part of third-order susceptibility,

phosphoru
which is proportional to two-photon absorption (TPA) coefficient, degenerate TPA Z-scan
technique has been used for uniform films of TMDs grown by chemical vapor deposition
(CVD). 71 Z_scan’s simplicity of one-laser-beam setup has made it widely employed, ?4
while it can suffer from low spatial resolution and limited temporal resolution. 3>-37)

TPA is an elementary third-order nonlinear optical process involving simultaneous ab-
sorption of two photons of same (degenerate) or different (nondegenerate) energies by a
medium. Degenerate and nondegenerate TPA usually dominate 2D semiconducting mono-
layers’ performances when these materials serve as saturable absorber or gain medium in
lasing applications. Inside a laser cavity where light is not monochromatic, degenerate and
nondegenerate TPA can be co-existing, and temporally resolving them as well as measur-
ing their coefficients are fundamentally essential. Besides high light intensity applications,
nondegenerate TPA of 2D semiconducting monolayers are potentially important for subband
photodetections involving extremely low light intensity. Previously, it has been demonstrated
that performances of infrared detections with traditional semiconductors of wide band gap
via nondegenerate TPA were comparable to or even better than that of commercial infrared

[38-40] For instance, Fishman et al. have realized sen-

detectors via one-photon absorption.
sitive detection of weak mid-infrared radiation in GaN via nondegenerate TPA of a gated
visible photon and an infrared photon, ¥ facilitated by strongly enhanced nondegenerate

TPA coefficients. Comparing with traditional semiconductors, intense excitonic resonances



of 2D semiconducting monolayers are expected to further enhance nondegenerate TPA coef-
ficients, making them promising candidate of novel subband photodetectors. Their relatively
wide range of excitonic resonances between the optical gap and electronic gap can also po-
tentially lead to broadband performances of subband photodetection. In addition, intrinsic
properties of 2D semiconducting monolayers, such as atomic thickness, superior mechanical
flexibility and large in-plane anisotropy, provide complementary degrees of freedom that con-
ventional semiconductors or systems can not achieve. Hence, experimental measurements of
degenerate and nondegenerate TPA coefficients of 2D semiconducting monolayers will serve
as a ubiquitous benchmark for both high and low light intensity applications.

Here we report a study of temporally resolving synchronous degenerate and nondegen-
erate TPA with femtosecond laser pump-probe in WSy and MoSe; monolayers. By tuning
photon energies of pump and probe with respect to the optical band gap of the TMD mono-
layers, resonant and non-resonant pumping conditions were selectively applied. We found
time-resolved differential transmission signals evolve from negative to positive within the
first 500 fs, synchronously induced by nondegenerate and degenerate TPA, respectively,
when the probe pulse is temporally scanned across the pump pulse. Moreover, we fully
decoupled degenerate and nondegenerate TPA signals and calculated degenerate and non-
degenerate TPA coefficients. Although nondegenerate TPA coefficients are larger by a few
factors than degenerate TPA cases, excitonic resonance can significantly enhance degenerate
TPA coefficients by one order of magnitude in monolayer MoSe,. Such excitonic resonance
enhancement can be rapidly switched off by increasing pump irradiance, due to the red shift
of 2p excitonic level induced by band renormalization effect. These results are important for
accurately measuring TPA coefficients and actively controlling excitonic dynamics via TPA

in 2D semiconducting monolayers.



2. Experimental Section

Our samples are mechanically exfoliated from bulk crystals purchased from 2D Semiconductors.
Optical contrasts of these samples are recorded by a commercial optical microscope. Facil-
itated by PDMS stamps, these samples are then transferred to three different BK7 glass
substrates, which are all about 0.48 mm thick. To confirm thicknesses of our samples, op-
tical contrast analysis and photoluminescence (PL) measurements are performed. In PL
measurements, samples are irradiated by a continuous-wave (CW) 405 nm laser, which is
tightly focused on samples by an objective lens with a high numerical aperture. Reflected PL

is collected by the same objective lens and sent to a spectrometer, before which a long-pass
filter is deployed to eliminate 405 nm residual.
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Figure 1: Photon energy of the probe is fixed at optical band gap of 2D monolayer FE, to
detect exciton population around 1s excitonic state. (a) When photon energy of the pump
is bigger than electronic band gap E,;, OPA is induced; When photon energy of the pump is
between 0.5F, and E,, (b) Degenerate TPA and (c) Nondegenerate TPA are synchronously
induced.

Degenerate and nondegenerate TPA in 2D semiconducting monolayers are synchronously
induced and accurately measured by femtosecond laser pump-probe technique (see Support-
ing Information). A schematic illustration of our experimental technique is presented in

Figure 1. When the photon energy of the pump pulse is higher than the electronic band gap



E,, an electron can transit from valence band to conduction band by absorbing one pump
photon in a one-photon absorption (OPA) process as shown in Figure 1(a). The photon
energy of probe pulse is tuned to the optical band gap F,, which is the energy difference
between 1s level of A-exciton and the top of valence band, so that photoexcited excitons are
monitored according to the transmission power change of probe going through the sample.
By tuning the time delay between probe and pump pulses, temporal dynamics of injected
carriers is measured. When the photon energy of pump pulse is between 0.5F, and F,,
degenerate and nondegenerate TPA can occur synchronously. The transition of an electron
can be induced by simultaneously absorbing two pump photons, as shown Figure 1(b), that
is degenerate TPA. In the meantime, the transition of an electron can also be induced by
simultaneously absorbing one pump photon and one probe photon, as shown Figure 1(c),
that is nondegenerate TPA. When photon energy of the probe is still fixed at E,, resolv-
ing degenerate and nondegenerate TPA processes rely on different observables of the probe.
To be specific, for degenerate TPA measurement, the differential transmission of probe will
be proportional to the injected carrier density; for nondegenerate TPA measurement, the

differential transmission of probe will be corresponding to direct power depletion of probe.

3. Results and Discussion

To demonstrate our technique, we first carry out measurements on a monolayer WS, sample
in ambient conditions. PL of the exfoliated monolayer WS, on a BK7 glass substrate presents
an asymmetric shape with a peak of about 622 nm as shown in Figure 2(a), indicated by the
red dashed line. The optical contrast of the monolayer region in green channel from the inset
of Figure 2(a) is about 6 %. These results agree well with previous reports*+#2 and confirm
the monolayer nature of our WS, sample. A time-resolved pump-probe setup with two pump
arms and one probe arm, is constructed (see Supporting Information). 388 nm femtosecond

laser pulse is deployed in one pump arm to induce OPA and 776 nm femtosecond laser pulse
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Figure 2: (a) PL spectrum (blue curve) of monolayer WS, with a peak of 622 nm (red dashed
line). Inset is sample’s optical microscope image, and the blue dot is laser focusing position.
Temporal scans of differential transmission signals in (b) OPA measurements under various
388 nm pump powers (0.1-1.7 gW) and in (¢) TPA measurements under various 776 nm pump
powers (0.23-2.96 mW). Negative signals before 0 fs are induced by nondegenerate TPA of
one pump photon and one probe photon. (d) An example of temporal scans in (b). The
green curve is a Gaussian pulse with FWHM of 250 fs. The solid red line is a bi-exponential
fitting, with a fast and slow decay time of 1 ps and 14 ps, respectively. (e) Differential
transmission signals at 0 fs (black squares) as a function of injected carrier density via OPA.
The solid blue line is a sublinear fitting. (f) Differential transmission signals at 0 fs (black
squares) as a function of 776 nm pump fluence. The solid blue line is a quadratic fitting.



is sent to the other pump arm to induce TPA. A weak 620 nm femtosecond laser pulse serves
as the probe. Considering exciton binding energy of about 320 meV ¥l and optical band gap
E, = 2.0 eV, photon energy of 388 nm pump is higher by 870 meV than monolayer WSy
electronic band gap. In this scenario, final states of electron transition via both OPA and
TPA fall into continuum states in conduction band. Hence, we are applying non-resonant
pumping conditions for monolayer WS, measurements. To study OPA of monolayer WS,
the 776 nm pump arm is blocked. By tuning the time delay between the probe and pump
pulses, temporal dynamics of transient absorption induced by OPA is monitored. Pump
power dependence of temporal dynamics of injected carrier is illustrated in Figure 2(b).
Temporal evolution of transient absorption has two stages: a rising part and a decay part.
The rising part is carrier accumulation process of the pump sensed by differential transmission
of probe, which can be described by a time integral of cross-correlation between pump and
probe pulses. Assuming both pump and probe pulses are Gaussian in the time domain,
we define the ending time of the rising part, that is the peak of positive signals, as 0 fs
for the sake of simplicity in following discussions. The decay part can be fitted by a bi-
exponential functions, corresponding to carrier thermalization and exciton recombination
processes, which have been well discussed in previous reports. (4344

To establish a relationship between maximal carrier density injected by OPA and pump
fluence, we assume each absorbed 388 nm photon only excite one pair of photocarrier, that

is one electron and one hole, maximal carrier density /N can be calculated by

Foeak _ 8In2 P(1 — e L)
N = pea. 1— aly _ 1
hv (1=e™) T W frepw? (1)

where OPA pump power P = 1 W, laser pulse repetition frequency f,.,=80.48 MHz and
full width at half maximum (FWHM) of cross-correlated profile of pump and probe spots w
—= 1.5 ym. Knowing the linear absorption coefficient o = 2.3 x 10® m~',[>%% the thickness
of monolayer WS, L = 0.75 nm, *6*7 and peak fluence of OPA pump Fpear = 0.975 pJ/cm?,

it is straightforward to obtain the injected carrier density N = 3.02 x 10'* cm™2. We can



estimate the 388 nm pump fluence of 1 puJ/cm? will lead to maximal injected carrier density
of about 3.1 x 10" ecm~2. Differential transmission of probe at 0 fs is plotted as a function
of injected carrier density as shown in Figure 2(e), which indicates a sub-linear trend. This

dependence can be fitted by a saturation model, 8!

AT_A N
To, ~N+N,

(2)

where Ny denotes the carrier density of saturation. From the fit indicated by the solid blue
line, we have A = 0.002 and Ny = 7.4 x 10! cm~2. Based on these analyses, a differential
signal of AT—OT = 1.0 x 10~* corresponds to an injected carrier density of about 0.560 x 10!}
cm 2.

Next, we investigate TPA in monolayer WS, with 776 nm pump and the other conditions
are kept the same as OPA measurements with 388 nm pump. Pump power dependence of
probe differential transmission at different time delays, is presented in Figure 3(c) with a set
of negative dips observed before 0 fs. In this scenario, there are two different paths to realize
the electron transition from valence band to conduction band. One is degenerate TPA while
two 776 nm pump photons are simultaneously absorbed, and the other is nondegenerate
TPA while one 776 nm pump photon and one 620 nm probe photon are simultaneously
absorbed. Injected carrier density is a sum contribution of both nondegenerate TPA and
degenerate TPA. However, it should be noticed that in our measurements the power of 620
nm probe is about three orders of magnitude smaller than powers of 776 nm pump. Assuming
nondegenerate TPA coefficient is equal to degenerate TPA coefficient, the contribution of
nondegenerate TPA to total carrier density will be approximately three-order of magnitude
smaller than degenerate TPA contribution. Therefore, in our experiments, nondegenerate
TPA contribution to total carrier density can be neglected. In Supporting Information, a
detailed calculation is presented. To perform an accurate analysis of our TPA results, the
differential transmission signals at 0 fs are plotted as a function of pump fluences in Figure

2(f). The solid blue line is a quadratic fitting, agreeing well with experimental data. This



further confirms that the differential transmission signal at 0 fs is mainly contributed by
degenerate TPA.

To fully decouple the nondegenerate TPA components in the time domain, we take ad-
vantage of the temporal cross-correlation between pump and probe pulses. First of all, initial
states in the valence band and final states in conduction band of electron transition via de-
generate TPA should be the same as OPA case, because OPA pump originates from SHG of
degenerate TPA pump. As a result, temporal dynamics of carrier injection and relaxation
processes via degenerate TPA should be also the same as OPA case. Assuming both pump
and probe pulses are Gaussian in the time domain, carrier injection via degenerate TPA be-
fore 0 fs is expected to behave exactly the same as the transient absorption of OPA showing a
positive rising trend. This positive rising trend accounts for carrier accumulation in the time
domain, and can be fitted by an integral of the temporal cross-correlation between pump
and probe pulses. To estimate the temporal cross-correlation of pump and probe pulses in
TPA measurements, we fit the rising part of OPA temporal dynamics of probe differential
transmission before 0 fs in Figure 2(b). A fitting example is illustrated in Figure 2(d) when
pump power is about 1 4W, indicating FWHM of cross-correlation between pump and probe
pulses for OPA measurements is about 250 fs. Secondly, nondegenerate TPA directly points
to irradiance depletion of 620 nm probe pulses, which will induce negative signals of probe
differential transmission before 0 fs. The temporal evolution of negative dips in Figure 2(c)
should be a negative convolution between pump and probe pulses. Therefore, probe differ-
ential transmission we have observed before 0 fs can be described by a negative Gaussian
function plus an integral of positive Gaussian function, corresponding to probe irradiance
depletion process caused by nondegenerate TPA and carrier accumulation process induced
by degenerate TPA, respectively. Such unique features allow us to completely decouple the
degenerate and nondegenerate TPA processes, both synchronously occurring before 0 fs.

In Figure 3(a), we present an example of the decoupling process, where the black squares

are the observed data in Figure 2(c) when the 776 nm pump power is 2.96 mW (correspond-
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Figure 3: (a) An example of decoupling process when 766 nm pump power is 2.96 mW.
Black squares are original data, and blue dots are degenerate TPA component obtained by
integrating a Gaussian pulse with FWHM of 250 fs. Red triangles are obtained by subtracting
blue from black. (b) Decoupled nondegenrate TPA components under 776 nm pump powers
from 0.23 mW (top) to 2.96 mW (bottom). (c) 2D contour plotting of (b). (d) Temporal
cross-correlation of pump and probe pulses by SFG of a BBO crystal. Insets are steady
spectra of Ti: sapphire oscillator output (red suqares) and SFG (green squares). (e) Probe
depletions at - 250 fs (red diamonds) induced by nondegenerate TPA as a function of 776
nm pump irradiance. Blue triangles are FWHM of fitted curves in (b). (f) Degenerate TPA
coefficients (black squres) and nondegenerate TPA coefficients (red circles) under different
776 nm pump irradiances. Solid lines are linear fittings.
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ing pump irradiance is 5.43 GW /cm?). Blue circles, positive signals of carrier accumulation
process, are fitted by a function of Gaussian integral, since we know that FWHM of the
Gaussian function, that is temporal convolution of pump and probe pulses, is about 250 fs.
Decoupled nondegenerate TPA signals, red triangles, are then obtained by subtracting the
blue circles from the black squares. In this way, nondegenerate TPA signals under other
pump irradiances can be decoupled. We emphasize that negative signals of nondegenerate
TPA, indicated by red triangles in Figure 3(a), are fitted by appointing the directly observed
peak position of probe differential transmission as the reference position. So it is straight-
forward and reasonable to define the peak position as zero delay (0 fs) instead of the valley
position of fitted nondegenerate TPA signals to elaborate our decoupling process. In Figure
3(b), decoupled nondegenerate TPA signals under 776 nm pump powers from 0.23 mW (top)
to 2.96 mW (bottom) are fitted by negative Gaussian functions, fitted curves of which are
indicated by solid lines. With decoupled nondegerate TPA signals in the time domain, a 2D
contour plotting is generated in Figure 3(c) for visualization purpose. To verify the above
interpretation, we perform a direct measurement of cross-correlation between pump and
probe pulses, which is determined by pulse widths of our laser system. With a beta barium
borate (BBO) crystal, time-dependent sum frequency generation (SFG) of a 810 nm pulse
from the Ti: sapphire oscillator and a 1525 nm pulse from the optical parametric oscillator
is recorded, as shown in Figure 3(d). It should be noticed that pump and probe pulses for
monolayer WS, measurements are from the same Ti: sapphire oscillator and optical paramet-
ric oscillator (see Supporting Information). According to Gaussian fitting of the black line,
FWHM of cross-correlation of pump and probe pulses turns out to be about 227 fs. In Figure
3(e), we plot FWHM (blue triangles) and minimal values (red diamonds) of fitted curves in
Figure 3(b) as a function of 776 nm pump irradiance. Observed FWHM of nondegenerate
TPA signals, fluctuating between 200 fs and 250 fs, are satisfactorily consistent with SFG
cross-correlation observation. What’s more, minimal values of nondegenerate TPA signals

are linearly decreasing with pump irradiances. At this point, we have completely decoupled
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nondegenerate TPA signals from degenerate TPA signals in monolayer WSs.
To derive degenerate and nondegenerate TPA coefficients of the monolayer WS,, degen-

erate and nondegenerate TPA induced by the pump and probe beams for a thin sample can

be described as, 49!

ol

8_; - _B<wp)jp2 — 28(wp; we) Iple, 3)
ol
92 = _ﬁ(we)jg - 2ﬁ(we;wp>jelpv

I,, and I, are the pump and probe irradiance, respectively. Since we have fully decoupled the

nondegenerate TPA signal from transient absorption signals induced by degenerate TPA,

equations of pump and probe beams can be simplified to,

0l
8_p = _5<Wp)]p2a
o1 (4)
8: = —2f(we; wp) LI,
The solutions are,
1,(0)
I,(z) = P ,

L(2) = L(0)e20esn)lpz.

Thus absorptances of pump and probe irradiances become

L,0) —L(2) _ Bw)h(0)z o .
LO) 1+ Bl h(0): = P02 (6)
L(0) ~ Ie(2)

| 2B e
1.(0) ‘ ’

where the approximation is made based on the fact that %(OI)”(Z) < 1 and f(wp)1,(0)z < 1.
p

Hence, degenerate and nondegenerate TPA coefficients account for absorptances of pump and

probe irradiances, respectively. Absorptances of pump irradiances induced by degenerate

TPA as well as degenerate TPA coefficients can be immediately obtained by scaling injected

carrier densities via degenerate TPA with that via OPA, since electron transitions via both
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OPA and TPA processes have the same initial and final states. Meanwhile, nondegenerate
TPA coefficients can be directly calculated by decoupled nondegenerate TPA signals before
0 fs, that are absorptances of probe irradiances. Details of our calculations are presented in
Supporting Information.

In Figure 3(f), under non-resonant pumping conditions, calculated degenerate and non-
degenerate TPA coefficients of monolayer WS, are plotted as a function of 776 nm pump
irradiance in black squares and red circles, respectively. Both of them indicate linearly
decreasing trends with increasing pump irradiances. From the sub-linear trend of carrier
saturation observed in Figure 2(e), we attribute decreasing TPA coefficients of monolayer
WS, to band-filling effects. Estimated by intercepts of linear fittings (solid lines) in Figure
3(f) when pump irradiance is zero, intrinsic magnitudes of degenerate and nondegenerate
TPA coefficients in monolayer WSy are about 100 + 10 cm/GW and 250 + 30 cm/GW,
respectively. Nondegenerate TPA coefficient is about a factor of 2.5 larger than degenerate
TPA coefficient, when 1s excitonic level serves as a real intermediate state for nondegenerate
TPA.

To investigate excitonic resonance enhancement of TPA, we apply resonant pumping con-
ditions for a monolayer MoSe; sample and perform similar measurements. In the meantime,
a trilayer MoSey sample is studied for comparison. The PL spectra of these two samples
fabricated on BK7 glass substrates are presented in Figure 4(a). The PL peaks of monolayer
and trilayer MoSe, are at 792 nm and 812 nm, respectively. Intensity of trilayer MoSe; PL
is about two-order of magnitude weaker than that of monolayer, agreeing well with previous
reports. °*°1 In pump-probe measurements, we choose 790 nm pulse as the probe, 750 nm
pulse as the OPA pump and 1500 nm pulse as the TPA pump (see Supporting Information).
Photon energy of 750 nm pump, that is equivalent to two photons of 1500 nm pump, is
higher by 84 meV than monolayer MoSe, optical band gap E, = 1.57 eV but much less than
electronic band gap, 215253 5o that electron transitions fall into excitonic levels. According

to observations of excitonic levels in monolayer MoSe, at 4 K by Wang et al.,®? 2p level of
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Figure 4: (a) PL spectra of monolayer and trilayer MoSe, samples denoted by blue and green
curves, respectively. The green curve is a lorentzian fitting of original data in black. Insets are
optical microscope images of samples, where blue and green dots are laser focusing positions.
(b) and (c) are OPA and TPA measurement results of monolayer MoSe,, respectively. (d)
Temporal scans of differential transmission signals in monolayer (blue circles) and trilayer
(green squares) MoSe, under equal 750 nm pump fluence of 1.82 uJ/cm?. The magnitude of
differential transmission signal at 0 fs in trilayer MoSe; is three times of that in monolayer.
Blue and green lines are a temporal integral of Gaussian pulses with FWHM of 300 fs. (e)
and (f) are OPA and TPA measurement results of trilayer MoSe,, respectively.

A exciton was not only higher by 180 meV than 1s level of A exciton, but also overlapping
with 1s level of B exciton. It should be noticed that our measurements are performed at
room temperature (300 K). Since all excitonic resonances in TMD semiconducting monolay-
ers would broaden as temperature increases from 4 K to 300 K, it is possible that the tails
of 1s states of B exciton and 2p states of A exciton fall into our laser wavelengths. Since 1s
states of B exciton are parity forbidden for a TPA process, degenerate TPA in monolayer
MoSe; is then realized by resonantly exciting electrons from valence band to 2p states of A
exciton.

We first investigate monolayer MoSe, by measuring temporal dynamics of carriers under

different 750 nm and 1500 nm pump powers, corresponding results of which are shown in
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Figure 4(b) and (c), respectively. Subsequently, we carry out the same measurements in
trilayer MoSey, results of which for OPA and TPA are illustrated in Figure 4(e) and (f), re-
spectively. In Figure 4(d), we compare temporal dynamics of probe differential transmission
in monolayer and trilayer MoSe,, taken under equal 750 nm pump fluence of 1.82 uJ/cm?.
Solid blue and green lines are fittings for rising parts with Gaussian integral, and obtained
FWHM of cross-correlation of pump and probe pulses in both cases are about 300 fs. In
addition, the magnitude of probe differential transmission at 0 fs in trilayer MoSey are ex-

actly three times of that in monolayer, as illustrated by black double-arrows, which further
confirm relative thicknesses of these two samples.

750 nm Pump Fluence (uJ/em?)
0.53  1.06 1.59 2.12 2.65 3.18 3.1

o
S
8

™ 13.50

1.64 129~ OO0

2
o
8

=
0w
*

S

°
4
107)
S

< 1.04
=

4

?
Y
1=
3

AT/T, @0 fs (107)
@
s
S
S
B
4

o
b

ol
o N
g 3

1 (a) 0.2 (b) {0 =2 £
0.
7

T T T T —0.00
500 1000 1500 2000 2500
1500 nm Pump Fluence (uJ/cm?)

Probe Depletion AT/T, (107)

o
2
T,

Injected Carrier Density (10" cm

I IR 600
f y - [T
Injected Carrier Density (10" cm™)

750 nm Pump Fluence (uJ/cm?)
71 5.57 7.

450 300 150
Time Delay (fs)

000 136 43929 4
5 g ) i 0.00
T 124 [ o
4 & 20251
o 7 N =
=] Py 2 i <]
2 a =09 &
= “ & [] <050
S S 5
N ,:A“; 2061 ; 5
£, o £ g
£ g . :
< o~ ‘q.g
&

bt
o

D] ’ (e)

=
i

| L/
: :
: 7 ®
“Piine Belay

) ] 200 400 600 800 1000 1200 G
1500 nm Pump Fluence (uJ/cm?)

0 -600 -500 400 -300 200 -100 0 100

40 50
Injected Carrier Density (10'' cm™?) Time Delay (fs)

Figure 5: Differential transmission signals at 0 fs in monolayer MoSe, (a) as a function of
injected carrier density in OPA measurements and (b) as a function of 1500 nm pump fluence
in TPA measurements, where blue lines are sublinear and quadratic fittings, respectively.
(¢) Decoupled nondegenerate TPA signals in monolayer MoSe; when 1500 nm pump powers
increase from 0.53 mW (top) to 4.80 mW (bottom). Inset is an example of decoupling process
when 1500 nm pump power is 4.80 mW. In a manner of the same style, corresponding results
of trilayer MoSe, are illustrated in (d), (e) and (f). In (f), 1500 nm pump powers are from

0.53 mW (top) to 4.80 mW (bottom). Inset is an example of decoupling process when 1500
nm pump power is 4.26 mW.

Next, we process results of monolayer and trilayer MoSe, similarly as we have discussed

above for monolayer WS,. Pump fluence dependences of OPA, degenerate TPA and nonde-
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generate TPA in monolayer MoSe, are listed in Figure 5(a), (b) and (c), respectively. From
injected carrier density dependence of probe differential transmission at 0 fs via OPA of mono-
layer MoSe, in Figure 5(a), carrier saturation parameters of A = 0.005 and Ny = 2.4 x 10'2

2 are obtained by fitting black squares with Equation (2). For pump fluence depen-

cm™
dence of probe differential transmission at 0 fs via TPA of monolayer MoSe, in Figure 5(b),
a quadratic fitting matches well with black squares. As shown in Figure 5(c), decoupled
nondegenerate TPA signals when 1500 nm pump powers increase from 0.53 mW (top) to
4.80 mW (bottom) are fitted with negative Gaussian functions, and fitted curves are in solid
lines. Inset is an example of decoupling process when 1500 nm pump power is 4.80 mW,

2. In a manner of the same style, corresponding

pump irradiance of which is 5.63 GW/cm
results for trilayer MoSe, are listed in Figure 5(d)-(f). Obtained carrier saturation parame-
ters in trilayer MoSe, are A = 0.009 and Ny = 4.3 x 10'2 cm~2. In Figure 5(f), decoupled
nondegenerate TPA signals when 1500 nm pump powers increase from 0.53 mW (top) to
4.80 mW (bottom) are fitted with negative Gaussian functions, and fitted curves are in solid
lines. Inset is an example of decoupling process when 1500 nm pump power is 4.26 mW,
pump irradiance of which is 5.00 GW /cm?.

Based on the results in Figure 5, we are able to calculate the degenerate and nondegen-
erate TPA coefficients under different pump irradiances (see Supporting Information). In
monolayer MoSe,, probe depletions at -300 fs, depicted in red diamonds and fitted in solid
red line in Figure 6(a), present a linear dependence of pump irradiance. Fitted FWHM of
pump-probe cross-correlation from probe depletion curves of Figure 5(c), denoted by blue
triangles in Figure 6(a), remain a horizontal trend, which strongly validates the quality of
our experimental measurements and temporally decoupling model.

Calculated degenerate and nondegenerate TPA coefficients of monolayer MoSe; under
different 1500 nm pump irradiances, are denoted by black squares and red circles, respec-
tively, in Figure 6(b). Different from monolayer WS,, considerably large degenerate TPA

coefficients of monolayer MoSe; under resonant pumping conditions, not only emerge when
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Figure 6: (a) Probe depletions at -300 fs (red diamonds) in monolayer MoSe, induced by
nondegenerate TPA as a function of 1500 nm pump irradiance. Blue triangles are FWHM
of fitted curves of nondegenerate TPA signals. Solid lines are linear fittings. (b) Degener-
ate TPA coefficients (black squares) and nondegenerate TPA coefficients (red circles) as a
function of 1500 pump irradiance. Solid black and red lines are an exponential fitting and a
linear fitting, respectively. Corresponding results in trilayer MoSes are illustrated in (c¢) and
(d) in a similar style. (e) Red-shift of 2p excitonic level induced by band renormalization ef-
fect when increasing pump irradiance, rapidly switches off excitonic resonance of degenerate
TPA in monolayer MoSes.

1500 nm pump irradiances are below 2 GW/cm?, but also present a rapidly decreasing
trend. The solid black line in Figure 6(b) is an exponential fitting. To interpret this result
of monolayer MoSes, we can bring up a hypothesis by the following discussions. First of all,
higher order nonlinear optical effects, such as three-photon absorption, is less likely to affect
our measurements of monolayer MoSe,. Three-photon absorption would fall into continuum
states of monolayer MoSe; instead of excitonic states. More importantly, their contributions
to total carrier density are expected to be at least three orders of magnitude smaller than
TPA, due to the nonlinear optical susceptibility scaling rule. Secondly, according to sev-
eral recent observations, ®* excitonic levels of TMD monolayers significantly deviate from
2D Rydberg model for a hydrogen atom. As a result, exact positions of excitonic levels
as well as intrinsic values of exciton binding energy are still an un-settled issue. Different

screening effects of sample dielectric environment, reshaping the electron-hole interaction
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potentials, might be a possible reason. We notice in a very recent work that giant bind-
ing energy modulation of exciton complexes has been realized by varying dielectric medium
around monolayer MoSe,. P4 About 60 % reduction of A exciton binding energy in monolayer
MoSe;, was observed. ®¥ Noticing that our monolayer MoSe, sample was fabricated on a 0.48
mm thick BK7 glass substrate instead of a SiO,/Si substrate employed by Wang et al., %
a different 1s-2p separation can be reasonably expected. Last but not the least, comparing
with linearly decreasing trends of degenerate TPA coefficients in monolayer WS, and trilayer
MoSe,, observed exponentially decreasing trend of degenerate TPA coefficients in monolayer
MoSe,; under resonant pumping, indicates the excitonic resonance of 2p states was turned
off when increasing pump irradiance. This phenomenon can be possibly attributed to the
red-shift of 2p states induced by band renormalization under increasing pump irradiances,
as illustrated by the schematic diagram in Figure 6(e). When 1500 nm pump irradiance
is above 4 GW/cm?, absorption saturation caused by band-filling effect will dominate and
lead to a linearly decreasing trend of degenerate TPA coefficient, which is similar to the
case of monolayer WS,y. Therefore, based on these discussions, the observed exponential
decrease of degenerate TPA coefficients in monolayer MoSe, is possibly induced by the in-
terplay between band renormalization effect and band-filling effect. It is also interesting that
when 1500 nm pump irradiance gets higher than 6 GW /cm?, degenerate TPA coefficients
of monolayer MoSes drop to a magnitude of about 80 cm/GW, which is almost equal to
the degenerate TPA coefficients observed in monolayer WS, in Figure 3(f). Overall, under
resonant pumping of 2p excitonic states, degenerate TPA coefficient of monolayer MoSes is
enhanced by at least one order of magnitude, and by simply increasing pump irradiance,
one can actively control degenerate TPA coefficient as well as fine structures of excitonic
levels. Thus it is confirmed that our time-resolved technique can effectively initiate and sen-
sitively monitor dynamical change of 2p excitonic levels via degenerate TPA in monolayer
MoSe,, demonstrating its potential for actively controlling nonlinear excitonic dynamics in

2D semiconducting monolayers.
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Furthermore, final state of nondegenerate TPA in monolayer MoSe, falls into conduction
band and non-resonant pumping conditions are applied, so that band renormalization effect
plays a minor role than band-filling effect to decrease nondegenerate TPA coefficient. As a
result, nondegenerate TPA coefficients still maintain a linearly decreasing trend, as shown
by red circles in Figure 6(b). Intrinsic nondegenerate TPA coefficient of monolayer MoSe,
is about 650 £+ 50 cm/GW, which is estimated by the intercept of the linearly fitting line.
Magnitude of nondegenerate TPA coefficients are larger than degenerate TPA coefficients
by a factor of about 5 when 1500 nm pump irradiance is above 6 GW /cm?. For comparison,
according to results in Figure 6(c) and (d), degenerate TPA coefficients of trilayer MoSesy
present a linearly decreasing trend instead of exponentially decreasing trend as observed in
monolayer. This is reasonable for trilayer MoSe; because the pump is no longer resonant
with the direct exciton transition. When 1500 nm pump irradiance is below 1 GW/cm?,
degenerate TPA coefficient is estimated to be about 260 cm/GW, which is % of monolayer
magnitude. Above 6 GW/cm?, degenerate as well as nondegenerate TPA coefficients of
trilayer are almost equal to monolayer values. These results suggest that carrier injection
via TPA in monolayer and trilayer MoSes tend to reach comparable efficiencies when pump
irradiances are around 6 GW /cm?,

To justify the negligible contribution of nondegenerate TPA to injected carrier density, in
Supporting Information we calculate injected carrier densities via nondegenerate TPA for all
the three samples we have studied. Although nondegenerate and degenerate TPA are syn-
chronously induced in our experiments, our calculations indicate that injected carrier density
via nondegenerate TPA is about two-order of magnitude smaller than that via degenerate
TPA. We notice that degenerate and nondegenerate TPA coefficients of monolayer WS, and
MoSe; we have observed, are considerably large. For instance, degenerate TPA coefficients
of monolayer MoSe, are about two-order of magnitude higher than traditional semiconduc-

tors, such as Si: 2 cm/GW, P Zn0O: 5 cm/GWPS and GaAs: 26 cm/GW.P7 Facilitated

by their large TPA coefficients, one could expect that TMD monolayers with band gaps in
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visible region could be utilized for subband photodetection in the infrared region. We also
notice that degenerate TPA coefficient of 525 + 205 ¢cm/GW in 1-3 layer CVD WS, has
been reported in degenerate TPA Z-scan measurements by Zhang et al.'”) The degenerate
TPA coefficients measured in exfoliated monolayer WS, with femtosecond laser pump-probe

technique in this paper are on the same order of magnitude and reasonably consistent.

4. Conclusion

In conclusion, utilizing femtosecond laser pump-probe, we have realized simultaneous ob-
servations of degenerate and nondegenerate TPA processes in WS, and MoSe, monolayers,
that are synchronously induced and recorded by temporally scanning a probe pulse across
a pump pulse. A decoupling model has been established to fully separate co-existing posi-
tive and negative components of differential transmission signals in the first 500 fs, enabling
us to extract both degenerate and nondegenerate TPA coefficients from only one temporal
scan. Calculated degenerate and nondegenerate TPA coefficients of monolayer WS, under
non-resonant pumping are 100 + 10 cm/GW and 250 + 25 cm/GW, respectively, which are
about two orders of magnitude higher than that of conventional semiconductors. In addition,
they both monotonically decrease as a function of pump irradiance due to band-filling ef-
fects. However, under resonant pumping of 2p excitonic states in monolayer MoSe,, although
nondegenerate TPA coefficients still linearly decrease with an intrinsic magnitude of 650 +
50 ecm/GW, degenerate TPA coefficients exponentially decrease from 800 to 80 cm/GW

when pump irradiances increase from 0.6 to 12.5 GW /cm?

. By comparison measurements
of a trilayer MoSe,, such exponential dependence on pump irradiance is attributed to the
interplay between band-renormalization and band-filling effects. Overall, our measurements
suggest that excitonic resonance can not only enhance the degenerate TPA coefficient of 2D

semiconducting monolayers by at least one order of magnitude, but also be readily switched

on and off through simply adjusting pump irradiance. Therefore, our results could pave
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the way toward sensitive measurement of TPA coefficients and active control of nonlinear

excitonic dynamics via TPA in 2D semiconducting monolayers.
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