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ABSTRACT: Nanomaterials are promising alternatives to traditional 1 High order
bulk crystals for nonlinear optics and energy conversion materials. In photoluminescence

this study, we report the observation of saturable second harmonic
generation and high-order (up to 10th) multiphoton photo-
luminescence in colloidal MoS, nanoflakes prepared by redox
exfoliation which generates polyoxometalate clusters. Fourier trans-
form nonlinear optical spectroscopy enabled the resolution of these
high-order signals through two-dimensional nonlinear excitation/
detection correlation spectra. Complementary modeling of the
nonlinear interferograms suggested mechanisms for the observed Saturable second
high-order signals, which involve saturation of transitions resonant harmonic
with the harmonic energy and multiple competing orders of generation
multiphoton absorption. The saturable second harmonic generation

and high-order multiphoton photoluminescence, which were not

observed in MoS, prepared by chemical vapor deposition, are related to the formation of polyoxometalate clusters during the redox
exfoliation process. Further studies demonstrated that polyoxometalates can induce high-order nonlinear optical effects in other
colloidal semiconductors with resonances at the harmonic energy, suggesting a general route to drastically alter the nonlinear optical
response of nanomaterials with molecular adsorbates. This response is due in part to the interfacial charge transfer between
polyoxometalate species and the nanomaterial. Fourier transform nonlinear optical spectroscopy offers a route to resolving the effects
of molecular adsorbates, which are obscured in traditional nonlinear optical measurements.
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Bl INTRODUCTION Polyoxometalates (POMs) are a class of macro-ionic metal

Nonlinear optical effects arising from the interaction of intense oxide clusters which are highly redox reactive and have been

laser fields with matter, such as harmonic generation and
multiphoton absorption, are key to modern technologies
including frequency conversion,' photolithography,® and
bioimaging.4 Low-dimensional nanomaterials including tran-
sition metal dichalcogenides (TMDs) and quantum dots are

used in hybrid materials for photocatalysis and electro-
chemistry,”® as well as for redox synthesis of nanoparticles
and layered materials, including TMDs.”~” The charge-transfer
properties of polyoxometalates have also been exploited to
increase the hyperpolarizability of POM—organic molecular

desirable for nonlinear optics because phase matching hybrids."”"" Previous reports have shown that POM clusters
conditions required for nonlinear transduction in bulk are natively present in many TMD systems as surface oxidative
materials are generally relaxed for these systems. Additionally, byproducts.”'* However, to date, their effect on the nonlinear
quantum-confined materials often exhibit intrinsically strong optical properties of nanomaterials has not been investigated.
light-matter interactions that can be used to increase nonlinear

optical signal strengths. Facile incorporation of low-dimen- Received: August 10, 2022

sional nanostructures into multicomponent heterostructures Revised:  October 4, 2022

allows flexibility for tuning the optical and electronic properties Published: October 18, 2022

of composite materials. Robust solution-phase nucleation and
exfoliation has expanded the range of low-dimensional
materials that can be used for applications in nonlinear optics.
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Here we show that doping with polyoxometalates can induce
saturable second harmonic generation (SHG) and up to 10th-
order multiphoton absorption in colloidal semiconducting
nanocrystals and nanoflakes. These high-order perturbative
nonlinear optical effects, which are obscured in conventional
steady-state, power-dependent nonlinear optical measure-
ments, are revealed using Fourier transform nonlinear optical
spectroscopy (FT-NLO). Our results imply that charge
transfer to the adsorbed molecular species and a two-photon
resonance in the semiconductor contribute to the observed
high-order nonlinear optical effects. While previous studies
have demonstrated that improvements in nonlinear optical
yields can be achieved through molecular doping and
functionalization of semiconducting nanocrystals and
TMDs,"*~'¢ these results demonstrate that polyoxometalate
clusters can allow new nonlinear optical processes to be
observed due, in part, to interfacial charge transfer. Given the
ubiquity of POMs for redox chemistry, these results signify
their importance in determining the nonlinear optical response
of nanomaterials. Beyond nonlinear optical applications, our
results implicate interfacial charge transfer, which should
impact the electrochemical, catalytic, and reactivity character-
istics of material heterostructures.

In this study we report on the high-order nonlinear optical
properties of redox-exfoliated transition metal dichalcogenides
(TMDs), which have received attention as candidates for use
in photonic devices due to their linear and nonlinear optical
properties, including strong exciton absorption, saturable
absorption, direct bandgap photoluminescence, and valley-
selective excitation.'” > TMDs, particularly MoS,, have also
been noted as efficient materials for second harmonic
generation (SHG).”' This SHG response is affected by the
intrinsic symmetry breaking of MoS, with an odd number of
layers along with resonance of the harmonic with the C-peak
observed in the optical absorption spectrum, which can result
in sheet second-order nonlinear susceptibilities (+*) in the
range of 0.1-1 nm?/V.>* In addition to the C resonance,
which is attributed to band nesting around the I" point of the
Brillion zone, the extinction spectrum of MoS, exhibits a broad
peak at 3.1 eV corresponding to the D resonance, which has
been suggested to arise from transitions between van Hove
singularities at the M point of the Brillion zone (Figure S1a).*
These transitions which are resonant with the second
harmonic can be saturated, leading to the saturable SHG
effect observed in this work.

While most previous studies of these nonlinear optical
properties have focused on TMDs prepared through bottom-
up approaches, solution-phase preparation of TMDs offers the
advantage of easy integration with existing manufacturing
technologies. Redox-exfoliation of TMDs provides a low-cost,
scalable method to generate colloidally stable few-layer and
monolayer TMDs with generality and high yield.”'? However,
few studies thus far have examined the linear and nonlinear
optical properties of redox-exfoliated TMDs.”* >° As we
demonstrate in this study, the POM clusters produced during
the redox-exfoliation process have a profound effect on the
nonlinear optical properties of TMDs. As a result, redox-
exfoliated TMDs of MoS, and WS, exhibit saturable SHG and
high-order multiphoton photoluminescence (MPPL) as
demonstrated in this work.

In this work, we demonstrate that redox-exfoliated MoS,
exhibits previously unobserved high-order nonlinear optical
effects which are uniquely resolved through FT-NLO. Analysis

of the time-domain interferograms and comparison with
simulated results implicate saturable SHG and high-order
MPPL as responsible for these effects. Based on the nonlinear
emission spectra of these systems and examination of other
POM/nanomaterial systems, we discuss mechanisms of the
high-order nonlinearities involving charge transfer to the
POMs and two-photon resonances in the semiconductor.
These effects are generalizable to other colloidal semi-
conductors interfaced with POMs, and highlight the important
influence of surface-adsorbed molecules on material nonlinear
optical properties. The FT-NLO method also provides a route
to probing and understanding intercomponent charge transfer
in heterostructures, which will affect their electrochemical and
catalytic properties.

B METHODS

Synthesis. Previously described synthesis protocols were
used to prepare redox-exfoliated MoS,”'* and MOCVD
MoS,.””*" H-bn flakes in solution were purchased from 2D
Semiconductors. Solution phase samples were drop cast onto a
glass coverslip for measurement.

FT-NLO Experiments. As described previously,” the 800
nm fundamental beam from a Ti:sapphire oscillator (Coherent,
Vitara) was directed through the pulse replica generator
described in the text, and focused onto the sample with a 0.23
NA aspheric lens. The nonlinear emission was collected with a
1.25 NA oil immersion objective (Amscope) and separated
from the fundamental with a 680 nm long pass filter. The
nonlinear signal was detected with a spectrograph/EMCCD
(Andor, Shamrock 303i/iXon).

FT-NLO data analysis and simulations were performed
using home-written scripts for Igor Pro. Background and
details of the density matrix approach used is given in the
Supporting Information. Simulations were performed with a
carrier wavelength of 800 nm and a pulse duration of 20 fs. A
dephasing time of 10 fs and a nonradiative relaxation time
constant of 50 fs was used for all states. A radiative relaxation
time constant of 500 ps was used for state 1, as described in the
text.

B RESULTS

Fourier Transform Nonlinear Optical Spectroscopy of
MoS,;. We begin by describing how FT-NLO microscopy was
used reveal the high-order nonlinear excitation spectra of
redox-exfoliated MoS,. Our experimental method for FT-NLO
has been described previously,””** and is depicted in Figure
S1b,c. The measurement is centered around a broad
bandwidth Ti:sapphire oscillator, which induces NLO signals
that are collected with a high numerical aperture objective and
directed to a spectrograph/EMCCD for detection (Figure
S1b). For interferometric measurements, a pulse replica
generator is used to generate phase-stable and temporally
separated laser pulse pairs (Figure Slc). Briefly, the parent
pulse generated by the Ti:sapphire oscillator is polarized at 45°
with respect to the lab frame and passes through a pulse replica
generator consisting of a series of birefringent a-BBO wedges
which separates the pulse into x- and y-polarized components
and introduces a time delay, Az. A polarizer projects both
pulses back into the same polarization plane and the pulse pair
is used to generate nonlinear signal.

The nonlinear signal can be imaged as a function of Az, and
Fourier transformed along A7 in order to spatially resolve the
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Figure 1. Fourier-transform nonlinear optical spectroscopy of redox-exfoliated MoS,. (2) nonlinear emission spectrum from MoS, excited with 1.55
eV fundamental. (b, c) Spectrally resolved interferograms centered at 3.1 (b) and 1.9 eV (c) detection energies. (d, e) Excitation/detection
correlation maps obtained by Fourier-transform of the data in panels b and c. (f) Fourier transform spectra in panel d integrated from 2.9 to 3.3 eV
detection energy. (g) Fourier transform spectra in panel e integrated from 1.8 to 2.0 eV detection energy.

resonance response of the sample.”” Alternatively, the
nonlinear signal can be dispersed by a spectrograph in order
to collect the nonlinear emission spectra at each interpulse
time delay. The resultant spectrally resolved interferometric
data from a coherent nonlinear signal is equivalent to an
interferometric frequency-resolved optical gating (IFROG)
trace from a resonant sample.”’ A Fourier transform along At
results in a two-dimensional excitation/detection frequency
correlation. The 2D spectrum can be used to differentiate
parametric signals such as harmonic generation from
incoherent signals such as multiphoton photoluminescence.’”
While nonparametric, incoherent multiphoton photolumines-
cent emission is not correlated with the excitation energy,
coherent harmonic generation signals are characterized by a
correlation between the excitation and detection frequencies
manifesting as a diagonal signal on the 2D frequency map. The
range and resolution of the excitation frequency axis in the 2D
maps are determined by the sampling rate and the maximum
value of A7, respectively. In this study, increments of Az of
approximately 100 as were used, allowing energies over 20 eV
to be resolved. The total range of A7z sampled resulted in a
spectral resolution of approximately 20 meV.

The nonlinear emission spectrum of MoS, shown in Figure
la is dominated by a second harmonic generation (SHG) peak
at ~3.1 eV and a broad emission at lower energies which is
attributed to multiphoton photoluminescence (MPPL).
Collecting this spectrum as a function of At yields the
spectrally resolved interferogram shown in Figure 1b,c. The
excitation/detection correlation map obtained by Fourier
transform along 7 is shown in Figure 1d,e. We focus on the
ranges between 1.80—2.05 and 2.85—3.35 eV in the detection
spectrum as representative of MPPL and SHG emission,
respectively. As expected, harmonic generation and photo-
luminescence signals are distinguishable based on their
excitation/detection correlations. At 3.1 eV detection energy,
the parametric signals are diagonally distributed along the
excitation/detection frequency correlation map (i.e., detection
energy = 2-excitation energy and detection energy = excitation

18038

energy), which are indicated in Figure 1d as dashed lines. This
supports the attribution of the peak at 3.1 eV as second
harmonic generation. The broader emission extending to lower
energies, however, has no correlation with the excitation
energy, manifesting as a vertical signal in the 2D excitation/
detection maps. This uncorrelated signal is consistent with
incoherent, nonparametric emission from MPPL.

The excitation spectrum of MoS, exhibits peaks at several
multiples of @, the fundamental energy, reflecting different
orders of the nonlinear signal. This can be demonstrated by
considering the time-domain signal integrated over a range of
detection energies, which is equivalent to the interferometric
autocorrelation. The interferometric autocorrelation resulting
from an n™-order nonlinear process excited by a pulse with
electric field E(t) is given by

AC™) (7) = /_ : HE(H) + E(t + 1) dt "

The interferometric autocorrelation will contain terms
oscillating at 1w, 2w, .., nw. Figure 1f,g shows the excitation
spectra for SHG and MPPL emission obtained by integrating
the signal between detection energies of 2.90 to 3.30 eV for
SHG and 1.80 to 2.02 eV for MPPL. The SHG excitation
spectra exhibits peaks at 1w, 2w, 3w, and 4®. The 1@ and 2w
peaks are consistent with expectations for a second-order
nonlinear signal, such as SHG. The additional peaks at 3w and
4 are unexpected for emission arising from SHG. The origins
of these additional peaks will be discussed below. The MPPL
excitation spectra also exhibits peaks at multiples of w,
extending past 10w, or 15 eV. The presence of these peaks in
the nonlinear excitation spectrum suggests high-order multi-
photon absorption generates the excited carriers which
eventually radiatively decay to yield the broad photo-
luminescence observed in the nonlinear emission spectrum
(Figure la).

At first, these high-order nonlinearities in the FT spectra
appear inconsistent with the fluence-dependence of the
nonlinear signals. The SHG and MPPL intensity were

https://doi.org/10.1021/acs.jpcc.2c05739
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Figure 2. Power dependence of SHG (a) and MPPL (b) signals in redox-exfoliated MoS,. Time-domain interferograms showing the intensity of
the SHG (c, d) and MPPL (e, f) signals as a function of interpulse time delay with an average excitation power of approximately 4 MW/cm?
Modeling results for 2- (blue), S- (orange), and 10-photon (pink) absorption are shown in panel (f). The experimental data is shown in green.

measured as a function of the excitation power (Figure 2a,b).
For a perturbative nonlinear process, the photon order n can
be obtained by fitting the measured nonlinear intensity, Iy o,
to Iypo = Ix, where I, is the excitation intensity. In Figures
2a,b, the log(Iy.o) is plotted versus log(I.,), which should have
a linear relationship with slope n. For the SHG signal, we
obtain n = 2.29 + 0.03 over most of the incident intensity
range, which is close to the expected value of 2. At high pump
fluences, the SHG power dependence deviates from the
expected quadratic behavior. For the PL, however, the signal
power dependence cannot be described by a power law fit with
a single photon order n. From the data we obtain n ranging
from 1.9 + 0.15 at low I, up to 5.7 #+ 0.19 at high I.,. Thus,
the harmonic peaks at 3—4w and 6—10w in the SHG and
MPPL Fourier transform spectra, respectively, are not
explained by the steady-state power-dependent data.

We next focus on understanding the unexpected higher-
order nonlinearities, beginning with the SHG FT spectrum.
The peaks at 3w and 4w excitation energies are distributed
diagonally in the 2D detection-excitation correlation map
(Figure 1d), indicating that they do not arise from overlapping
SHG and MPPL signals. However, these peaks have a slope of

18039

approximately 1, which indicates that they do not arise from
third or fourth harmonic generation, which would have a slope
of 2/3 or 1/2, respectively. The time-domain interferograms
(Figure 2c,d) offer insights into the origins of the 3w and 4w
peaks. The envelope of the SHG-detected interferogram
exhibits a decrease in intensity around zero interpulse delay
(Figure 2c). This is in contrast with the envelope of the MPPL
interferogram, which exhibits a maximum at 7, (Figure 2e). A
closer look at the SHG interferogram also reveals asymmetries
in the oscillating signal, which are not present in the MPPL
interferogram (Figure 2d,f).

Next, we investigate the power dependence of these
unexpected nonlinearities in the interferometric SHG signal.
Figure S2a shows the SHG interferogram from redox-
exfoliated MoS, under different average excitation fluences.
The fluences indicated in the legend correspond to the average
fluence for long interpulse delays; at 7, constructive
interference of the two pulses will result in fluences of nearly
10 MW/cm? From Figure S2a it is apparent that the decrease
in signal around 7, occurs only at high fluences; the third and
fourth peaks in the FT spectra also become more prominent at
higher fluences (Figure S2b). The observation of the decrease

https://doi.org/10.1021/acs.jpcc.2c05739
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in signal around time zero suggests that a saturation of the
SHG signal at high fluences is involved in the peaks at 3w and
4w in the SHG FT-spectrum.

As described above, the MPPL interferogram of redox-
exfoliated MoS, does not demonstrate the same features as the
SHG interferogram. As shown in Figure 2e,f, the envelope of
the interferogram peaks at 7, and the interference peaks
around 7, are symmetric with respect to time. There is an
overall decrease in the signal intensity at positive time delays;
this is attributed to sample photodegradation likely occurring
around 7, where the excitation fluence is highest. As shown in
eq 1 above, the exact form of the interferometric
autocorrelation is determined by the specific characteristics

1 .
of the pulse. However, between 7 = _—~ to zi the interfero-
0]

gram can be modeled as Iy o = (cos w7)*". Figure 2f compares
the anticipated lineshapes for n = 2, 5, and 10. It is apparent
that no single photon-order n can accurately fit the
experimental data. While the n = 2 trace most closely

. ) S U
reproduces the signal at approximately 7 = + - (r = 13

fs), where destructive interference of the pulse pair leads to
lower fluences, at 7 = 0 the signal is more closely matched by a
n = 10 dependence.

Modeling the Nonlinear Response of MoS,. To obtain
more insight into the mechanism responsible for generating
the high-order nonlinearities observed in the SHG and MPPL
from redox-exfoliated MoS,, modeling of the interferometric
signal of a four-level system was performed using a density
matrix approach. A schematic of the four-level model system
used to simulate the interferometric response is shown in
Figure 3. In this model, states |0) and [2) are connected by a

[3)
HozE(O" ka2 ka1
[2) \531
kol | — T 1D
Ho2E(£)? K20
ke
|0)

Figure 3. Schematic illustrating the four-level system described in the
text.

two-photon interaction, while state I3) is coupled to the
ground state by an n-photon interaction, where n is an
adjustable parameter. Because peaks up to 10w were observed
in the experimental FT spectra, n = 10 was chosen for these
simulations. Once excited, carriers in 12) (I3)) can relax to state
[1) with rates k,; (k;;) or relax to the ground state with rate ky,
(ko). Carriers in state 11) can radiatively relax to the ground
state with rate k. In the model, we stipulate that carriers
cannot be directly excited to state |1), because the energy of
the fundamental is lower than the observed experimental
emission, but must be excited to state [2) or I3) through
multiphoton absorption. The interferometric nonlinear optical
signal from this system was modeled through a density matrix
approach, as described in the Methods.

We find that the model described above can reproduce the
features of the experimental data when the population
inversion of 12) is increased and states 12) and I3) both
contribute to the radiative state |1), giving insight into the
mechanism of the higher-order nonlinearities observed in the

coherent and incoherent emission of redox-exfoliated MoS,.
Figure 4 shows the comparison of the experimental and
modeled SHG signal. The model reproduces the decrease in
SHG intensity around 7, as well as the asymmetries in the
interferometric signal and the peaks at 30w and 4w in the
Fourier transform spectrum. Experimental and modeled SHG
interferograms are shown in Figure 4a and b, respectively.
Experimental 2-D excitation/frequency detection correlation
maps (Figure 4c) are also reproduced by modeling (Figure
4d). In addition, the integrated FT intensities obtained from
experimental interferograms (Figure 4e) were reproduced by
modeling (Figure 4f). Also, in agreement with the experimental
results, the modeled interferograms have a power dependence,
with the high-order nonlinearities becoming more prominent
at higher powers. The high-order nonlinearities decreased
SHG intensity near 7, observed in the modeled SHG signal can
be explained as saturation of SHG signal as the population
difference in states 10) and 12), p,, — pyo (referred to in the
optical Bloch formalism as the inversion) increases. This can
be observed in Figure 4g, which shows the relationship
between the inversion and SHG intensity, calculated for the
first half cycle (z = 0 to 1/w) for a series of interferograms
simulated using different excitation powers. As expected from
eq S9, the rate of transition between the ground state and
resonant harmonic state (state [2)) decreases when the
inversion increases. This observation suggests that a saturation
of the SHG signal due to an increase in the value of p,;, — py is
responsible for the high-order nonlinearities observed in the
SHG of redox-exfoliated MoS,. This explanation is also
supported by the power-dependent data shown in Figure 2a,
which exhibits signatures of saturation at high powers.
Discrepancies between the model and experimental data may
arise from the simplifying assumptions in the model of a
transform-limited Gaussian pulse profile and the coherence
times chosen for the various levels of the model.

Modeling also provides insight into the features of the
MPPL photoluminescent signal. In the model, both two-
photon and n-photon absorption to states 12) and I3) can
contribute to the population of state |1), which is radiative.
Based on the observation of peaks up to 10th order in the
experimental FT spectrum, we choose n = 10 to model the
results shown in Figure 5 and optimizing the relative weights of
the 2- and 10-photon absorption by varying the transition
matrix moments iy, and pg. As discussed above, photo-
luminescence originating solely from 2 or 10 photon
absorption cannot reproduce the experimental interferograms,
indicating the contribution of a mixture of photon-orders. The
Fourier transform spectrum of this model with mixed-order
multiphoton absorption also qualitatively reproduces the
features of the experimental spectra (Figure S). However,
differences in the relative amplitudes of the Fourier transform
peaks between experiment and modeling may suggest that
more multiphoton absorption processes may also contribute
along with the 2- and 10-photon cases considered in the
model. While the high-order peaks in the FT spectrum can be
reproduced by a model that includes saturation of the
multiphoton absorption similar to what was proposed for the
SHG-detected FT spectrum, the time-domain interferogram
for this case is not consistent with the experimental
observation.

Influence of POMs on the Nonlinear Response of
Nanomaterials. Comparison of the results from TMDs
prepared by redox-exfoliation and metalorganic chemical vapor
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Figure 4. Comparison of experimental and modeled SHG-detected FT-NLO data on redox-exfoliated MoS,. Experimental (a) and modeled (b)
interferogram. Experimental (c) and modeled (d) 2-D excitation/detection frequency map. Experimental (e) and modeled (f) integrated FT
spectrum. (g) Relationship between modeled SHG intensity and population inversion for the first cycle of the modeled interferogram performed

with different excitation powers.

deposition (MOCVD) implicate the synthesis method in the
saturable SHG and high-order MPPL described above.
Monolayer and bilayer MOCVD-grown MoS, does not exhibit
the high-order nonlinearities observed in redox-exfoliated
MoS,. Our analysis is limited to the SHG emission because
no detectable MPPL was observed from MOCVD MoS, under
our experimental conditions, possibly due to our detection
window which is limited to <1.8 eV. The SHG-detected FT
spectrum of MOCVD MoS, does not exhibit higher-order
peaks indicative of saturation effects as discussed previously
(Figure S3). However, redox-exfoliated WS, has a similar

18041

nonlinear emission spectrum to redox-exfoliated MoS, and
exhibits both high-order MPPL and saturable SHG (Figure
S4). This suggests the importance of the redox-exfoliation
method in influencing the nonlinear optical properties of
TMDs.

We hypothesized that POM species formed during the
TMD synthesis were responsible for the differences in the
nonlinear optical response of redox-exfoliated TMDs com-
pared to CVD-grown samples. Mild oxidation of TMD
powders leads to the formation of soluble metal-oxide
precursors (MOPs), which adsorb to the surface of the
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TMD crystals. Upon the addition of a reducing agent, MOPs
assemble to form POM clusters, which drive the delamination
of TMD crystals through Coulombic repulsion.'” The resulting
TMD flakes have an average thickness of under 3 nm and
lateral dimensions of about 100—200 nm (Figures SS and S6).
These species adsorb onto the TMD flakes, and thus are likely
present in the redox-exfoliated samples studied above.

To confirm the role of POMs in the high-order non-
linearities observed in redox-exfoliated TMDs, we studied
other semiconductors decorated with POMs. Oxidation of
MoS, with a mild oxidant affords soluble MOP precursors.
These MOP precursors are separated from bulk MoS, powders
and can be assembled via addition of a reducing agent.'” After
addition of reductant, the MOPs assemble into macroanionic
POM species. These assembled POMs were then dropcast on
films of colloidal CdSe nanocrystals to study their effects on
the nonlinear optical properties. Before the addition of POMs,
the CdSe nanocrystals exhibit strong MPPL through the 1s
exciton state at approximately 2.2 eV, along with SHG at 3 eV
(Figure 6a). FT-NLO spectroscopy confirms that the SHG and
MPPL are second and third-order nonlinear signals,
respectively (Figure 6b,c). After the addition of POMs, the
MPPL from the CdSe exciton is quenched and photo-
luminescence is observed at lower energies, with the nonlinear
emission spectrum (Figure 6a) appearing similar to that of
redox-exfoliated MoS, and WS,. Higher-order peaks indicative
of saturation are observed in the SHG-detected FT spectrum
(Figure 6b) and up to 10th-order peaks are present in the
MPPL-detected FT spectrum (Figure 6c). High-order
excitation is not observed in POMs alone, which exhibited
weak second-order MPPL, and no SHG (Figure S7). These
results suggest that the high-order nonlinear optical properties
observed in redox-exfoliated TMDs can be generalized to other
semiconductors through adsorption of molecular POM
clusters.

The addition of POMs to other nanomaterials did not
induce saturable SHG or high-order MPPL, giving insight into
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Figure 6. Nonlinear spectroscopy of CdSe/POMs. (a) Nonlinear
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and without POMs. (c) MPPL-detected Fourier transform spectra of
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the mechanism of the nonlinear signals. Isolated POMs were
added to films of metallic gold nanorods (AuNRs) and wide
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bandgap hexagonal boronitride flakes (h-bn). FT-NLO
spectroscopy demonstrates that AuNRs have third-order
MPPL both before and after the addition of POMs (Figure
S8). In h-bn, the SHG-detected FT spectra exhibit no
saturation effects both before and after the addition of
POMs (Figure S9). H-bn, which has been decorated with
POM:s, does exhibit a weak MPPL, which is not present in the
pristine sample; however, this signal is only third-order based
on FT measurements (Figure S9).

B DISCUSSION

The combined experimental data and modeling results
presented above demonstrate that redox-exfoliated MoS,
exhibits rich nonlinear optical phenomena which are uniquely
revealed by FT-NLO spectroscopy. Spectral resolution of the
nonlinear emission allows the photophysical and chemical
mechanisms of SHG saturation and MPPL to be examined.
The SHG interferograms are reproduced by a simple model
which suggests that the higher-order features observed in the
Fourier transform spectra are consistent with saturation of the
SHG intensity as the relative difference in population, or
inversion, p,, — Py, increases. The apparent 3rd to 4th-order
power dependence of SHG is reproduced within the density
matrix approach, suggesting that strong-field effects or
nonperturbative high harmonic generation are not required
to account for the multiphoton interactions. However, the
observation of SHG saturation may imply that nonperturbative
effects are necessary to fully reconcile the nonlinear response.
There are several potential mechanisms through which the
increase in inversion can occur, depicted in Figure S10 as A, B,
and C. In the first mechanism, A, there is a strong two-photon
absorption resonant with a state at the harmonic energy, 12),
which simultaneously increases p,, and decreases pg,
increasing the inversion. In mechanism B, while there must
still be some finite population p,,, the inversion is increased
mainly by the strong n-photon absorption to state 13), which
depletes the ground state population, py,. Finally, mechanism
C depicts the case where carriers are excited mainly to state |
3), but a fast (within the duration of the laser pulse) carrier
transfer to state 12) increases the inversion. Based on the
results of the present study, we cannot conclusively assign a
mechanism. However, mechanism B appears less likely than
the other two options, since depletion of carriers in the ground
state can be expected to result in saturation of the MPPL
signal, which is not observed. Also, although mechanism A is
plausible, the appearance of high-order MPPL and SHG
saturation effects under the same experimental conditions
suggests that the higher lying state I3) may be involved in the
SHG saturation mechanism, as in mechanism C.
Consideration of the results for CdSe nanocrystals, AuNRs,
and h-bn also yield insights into the mechanisms of high-order
nonlinearities in POM-decorated nanomaterials. We note that
all of the mechanisms presented in Figure S10 require that
state |2) is real in-order to have saturable SHG. MoS,, CdSe
nanocrystals, and AuNRs all have resonances at 2w. The
bandgap of h-bn, however, is approximately 6 eV, which is
larger than the harmonic energy. The lack of saturable SHG in
POM-doped h-bn is consistent with our model which requires
a real state resonant with the harmonic frequency. The
presence of third-order MPPL in the POM/h-bn sample
suggests that this state is also important for allowing the high-
order excitation observed in TMDs and CdSe. A further
consideration for the excitation scheme is that in order to

achieve efficient multiphoton absorption as is observed in our
MPPL data, real resonances at nw are likely needed. These
resonances could be provided by either the semiconductor or
the POM clusters.

Based on the nonlinear emission spectra of CdSe, MoS,, and
WS,, we attribute the MPPL emission to radiative recombi-
nation by the surface-adsorbed POM cluster. The quenching of
the CdSe exciton emission upon addition of the POMs
suggests charge transfer from CdSe to the POMs. This is
consistent with literature reports of POMs behaving as electron
acceptors.””>* While electron transfer may occur in either
direction at equilibrium depending on the relative alignment of
the CdSe and POMs Fermi levels, the observation of CdSe
photoluminescence quenching suggests that the POMs act as
an acceptor for excited carriers. The similar emission for MoS,
and WS, compared to the POMs emission (Figure S7)
suggests that a similar charge transfer mechanism also occurs in
the TMD/POMs systems. In contrast, we expect electron
transfer to the POMs from AuNRs to be much less likely; gold
nanoparticles are typically photoluminescence quenchers.*®
This may explain why AuNR/POM samples do not exhibit
high-order nonlinearities, despite the 2@ resonance with the
AuNR interband transition. Taken together, the photophysical
and chemical mechanisms described here highlight the
importance of both the semiconductor and the surface-
adsorbed POM:s for influencing the nonlinear optical proper-
ties of these solution-exfoliated heterostructures. The 2w-
resonant MoS, C-transition provides an efficient pathway for
SHG and multiphoton excitation, and the electron accepting
POMs enable an increase of the population inversion in the
heterostructure. Combined with efficient high-order photon
absorption, the synergistic nonlinear optical and charge
transfer characteristics of the composite POM/MoS, system
are responsible for the optical properties described in this
Article.

The high-order nonlinear optical phenomena described in
this work are unusual to observe in the perturbative regime.
The 10th-order MPPL in redox-exfoliated MoS, described
here is to our knowledge the highest photon order observed in
the perturbative regime using a NIR laser fundamental.
Previous work has demonstrated 11-photon absorption at the
bandgap of chalcogenide glasses using laser wavelengths in the
mid-IR.** The high-order MPPL observed in this work is
unique in that it suggests excitation energies above 15 eV,
which is far above the bandgap and even the ionization
potential of few-layer TMDs and CdSe nanocrystals.”” =" This
observation was enabled by the use of FT-NLO spectroscopy,
which revealed 10th-order excitation that was obscured in the
excitation power dependence; the steady-state power depend-
ence only reports on the average photon-order. FT-NLO
spectroscopy allowed us to resolve high-order excitation,
despite strong contributions at lower photon-orders due to real
material resonances that exist due to 2w being above the
bandgap threshold.

In addition to high-order MPPL, we observed saturable
SHG. Previous studies have shown that saturable SHG can be
observed in quantum wells,*”*" nanopatterned dielectric/metal
structures,”” and ZnO nanoparticles.”” Previous work has
discussed saturable SHG in the context of limitations on the
performance of multiple quantum well structures for intersub-
band SHG. However, saturable SHG, as a wave mixing
analogue to saturable absorption, could have implications for
applications including pulse shaping and optical limiting
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technologies. This work demonstrates that saturable SHG can
be straightforwardly induced in semiconducting nonlinear
optical materials through the addition of POMs.

B CONCLUSIONS

The nonlinear optical properties of redox-exfoliated MoS, were
studied with Fourier transform spectroscopy, revealing high-
order multiphoton absorption and saturable second harmonic
generation. Through examination and modeling of the
nonlinear interferograms, these high-order signals in the
excitation spectra were understood to originate from mixed-
order excitation, resulting in MPPL up to and including 10th
order. High-order excitation was also implicated as one
component that resulted in saturable second harmonic
generation. These effects arise through the formation of
POM-cluster adsorbates during the redox-exfoliation process
for TMDs. The surface-adsorbed POMs provide a critical
electron accepting function, that are essential to increasing the
population inversion in the material heterostructure. These
results demonstrate the importance of synthetic method and
material composition in determining the structure and
properties of 2D materials. The ability of POM adsorption
to generate high-order MPPL and saturated SHG is general-
izable to other semiconducting nanomaterials with resonantly
enhanced SHG, indicating an avenue to easily alter the
nonlinear optical and electronic properties of nanomaterials for
sensing, optical limiting technologies, electrochemical, and
integrated photonic circuits.

This study also demonstrates the power of Fourier transform
based nonlinear optics for understanding the optical and
electronic properties of complex materials. The high-order
effects in both SHG and MPPL were obscured by conventional
power-dependent studies, and uniquely observed using Fourier
transform methods. The use of interferometric Fourier
transform nonlinear optical spectroscopy has potential to
resolve important multiphoton excitation and chemical charge
transfer mechanisms that may be obscured by conventional
imaging techniques. Therefore, the Fourier transform methods
described here can have impacts in resolving both photo-
physical and chemical mechanisms that underlie function in
many photonic materials.
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