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Reverse Saturable Absorption Induced by Phonon-Assisted

Anti-Stokes Processes

Xiangling Tian, Rongfei Wei, Qianyi Guo, Yu-Jun Zhao, and Jianrong Qiu*

In materials showing reverse saturable absorption (RSA), optical transmit-
tance decreases at intense laser irradiation. One approach to application of
these materials is to protect the sensors or human eyes from laser damage.
To date, research has mainly concentrated on thin films and suspensions of
graphite and its nanostructure (including nanotubes, graphene, and graphene
oxides), which are mainly used as an optical limiter for nanosecond laser
pulses. Moreover, thin individual pieces of semiconductor usually exhibit
increased transmittance due to saturable absorption when the laser energy
(Elaser) is higher than the band gap (Eg). Here, it is shown that indirect gap sem-
iconductor WSe, exhibits high RSA on exposure to a femtosecond laser under
Ej.ser > Eg near band gap excitation, which is attributed to the longitudinal
optical phonon-assisted anti-Stokes transition by the annihilation of phonons
and the absorption of photons. An optical limiting threshold (=21.6 m) cm™)
lower than those reported for other optical-limiting materials currently for

femtosecond laser at 800 nm is observed.

The ability to manipulate the shape and intensity of laser
pulses employing nonlinear optical (NLO) materials opens new
horizons and huge opportunities to practical application in a
number of advanced optical technologies.'* The NLO process
(saturable absorption, SA; reverse saturable absorption, RSA
or optical limiting, OL) is closely connected with the Stokes or
anti-Stokes process, especially for NLO materials based on sem-
iconductors. Carriers (electrons) in semiconductor materials
are excited from the valence band into the conduction band
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through absorbing one or more photons,
and then scattered to an internal state via
the creation or annihilation of phonons
following the relationship,” @iema =
Ophoton T NWphonon (@ is a frequency and
n is an integer), which corresponds to
the Stokes or anti-Stokes process, just
as shown in Scheme 1. When the initial
empty states are occupied by the excited
carriers (electrons), the absorption become
saturated (Scheme 1a for SA), which can
be used to account for the mechanism
of most of saturable absorbers based
on semiconductors.'®7] Excited states
absorption (ESA, Scheme 1b) usually hap-
pens in molecular system to absorb two
photons to create a highly excited car-
rier by using intermediate real electronic
states, which is similar to free carrier
absorption (FCA) in semiconductor.l®*]
Except Cr*:GSGG saturable absorber!!”!
using ESA to account for SA behavior to generate a passively
Q-switched laser, ESA is widely used to illustrate the mecha-
nism of RSA.I'"13] Two-photon absorption (TPA, Scheme 1c)
uses a virtual intermediate state to absorb two photons to
excite a high energy carrier,l”! which contributes to a large RSA
response and breaks the limitation of excitation source. Alter-
natively, the anti-Stokes energy transfer (ET, Scheme 1d) is an
energy shift via a real intermediate state to generate a higher
energy carrier,[*8 which is usually involved in heterostructures
to account for RSA response.*'Y Phonon-assisted (PA) anti-
Stokes (Scheme 1le) is usually used to realize light-induced
cooling in polar semiconductors such as GaAs,' GalnP/
GaAs,!'% and ZnTel! by the annihilation of one or multiple pho-
nons. Up to now, the RSA behavior of semiconductor induced
by the PA anti-Stokes has only reported in a small amount of
semiconductors when the energy of pump laser (E.) is lower
than the band gap (Eg) (Ejuser < Eg).2'7) However, despite PA
optical absorption transition has been theoretically proved in
indirect semiconductor when Fj,, > Fp,!'%2% it is difficult to
achieve RSA induced by PA anti-Stokes when E,q, > Fp in tran-
sition-metal dichalcogenides (TMDCs) system due to the weak
excited carrier (exciton)-phonon coupling, especially in indirect
gap TMDCs semiconductor.

Phonons, which are quanta of lattice vibrations, can inter-
vene in the carrier transition through deformation poten-
tial interaction (acoustic phonons) or Frohlich interaction
(optical/homopolar phonons).?-?’] Because of the high exciton
binding energies in TMDCs system, the deformation cou-
pling related with acoustic phonons is likely to occur with less
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Scheme 1. Electron transition schematics. a) Saturable absorption (SA) induced by Stokes transition (low-conversion). Reverse saturable absorption
(RSA) mainly induced by anti-Stokes transition includes: b) excited states absorption (ESA)-induced upconversion process via a real electronic state to
absorb two photons. c) Two-photon absorption (TPA)-induced upconversion through virtual electronic state to absorb two photons. d) Energy-transfer
(ET)-induced upconversion via a real intermediate state to excite a higher energy carrier. €) Phonon-assisted (PA) anti-Stokes through the absorption

of photons and phonons to generate a higher energy carrier.

efficiency.?*?82%1 When excited by a resonant laser near the
band gap edge of zinc telluride nanorods, the enhancement in
the scattering cross of longitudinal optical (LO) phonon is much
higher than that of the transverse optical (TO) modes, leading a
dominant Fréhlich electron (exciton)-LO phonon interaction.l’]
A large laser cooling by 40 K can be obtained under the strong
coupling through upconversion process accompanied with
the resonant annihilation of multiple LO phonons.?2l More
importantly, the Frohlich interaction in TMDCs systems is
confirmed to be much higher than assumed in previous ab
initio studies,? which are promising to realize RSA through
the absorption of photons and the annihilation of phonons,
i.e., PA anti-Stokes. According to the report by Xiong and co-
workers, 2230 the PA anti-Stokes induced emission exhibits
a largest shift in CdS with the thickness of about 70 nm; that
is, the exciton—phonon coupling is the strongest under the
thickness of =70 nm. Although the monolayer TMDCs have
high efficiency photoluminescence (PL) due to the direct gap
semiconductor,?32 the PL in indirect gap one is rather too
weak®3l to record many details about the carriers (electrons)
transition when the thickness increases. In recent years, Z-scan
technique with femtosecond (fs) pulse is a rapid and sensitive
method to characterize carrier transition in the correlated mate-
rials through recording NLO response.l*133473¢ The intensity
of fs pulse can reach up to be =1 GW cm™2,*1334 which can
cause the PA anti-Stokes process in TMDCs systems. These
signify that the PA anti-Stokes process in multilayer TMDCs
under E,, > Ep can be observed by choosing an appropriate
technique.

In this work, we employed chemical vapor deposition (CVD)
technique to synthesize high quality WSe, crystals with the
uniformity thickness of about 60 nm to enhance the coupling
between the exciton and the phonon. Detailed CVD method
can be found in the Supporting Information. In order to avoid
TPA in TMDCs system, the energy of the pump laser is a little
bit higher than the band gap.’”! According to the calculations
and PL spectrum, the band gap of multilayer WSe, (Ep) is
near 1.44 eV. We used the fs laser with the energy of 1.55 eV
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(800 nm) to facilitate carriers (electrons) from the valence band
to the conduction band, what usually happens is SA response
under the condition. Z-scan NLO measurements display the
RSA response, which is attributed to the excited carriers (elec-
trons) transition into higher excited states by the annihilation of
LO phonons and the absorption of three photons. The demon-
stration of RSA induced by PA anti-Stokes in multilayer WSe,
(indirect semiconductor) exhibits unconventional implications
to NLO, particularly important for pushing OL threshold to
lower values (=21.6 m] cm™). Furthermore, these excellent
NLO properties also afford the demonstration of indirect semi-
conductor as simple and effective components for photoelectric
applications.

Figure 1a shows a typical optical image of the as-grown
WSe,. The most investigations of WSe, relied on mechanically
exfoliated samples for now;33383 however, the size of the exfo-
liated WSe, is too small with lack of uniformity to be used to
investigate NLO properties, particularly to detect PA anti-Stokes
transition. By contrast, a uniform thickness WSe, with the con-
trollable layer can be obtained using CVD method.[%3? Atomic
force microscopy ( Figure 1b) image reveals that the thickness
of the crystal is =57.8 nm, corresponding to =82 sandwiched
Se-W-Se layers.[*l Similar to graphite, bulk WSe, possess a
laminated structure with monolayer stacking, where the indi-
vidual layer is bonded to another via weak van der Waals inter-
actions, 383941 a5 shown in Figure 2b,c. Arora et al.l*?l recently
reported that the strength of excitonic binding as well as the
character of excitonic state varies from non-Rydberg states in
monolayer to rather like Rydberg states in bulk, indicating the
enhancement in coupling of exciton and phonon for multilayer
WSe, compared to the monolayer. Two photoluminescence (PL)
peaks located at =1.41 and =1.49 eV are exhibited in Figure 1c,
where the former is related to the indirect band gap (I" to I'-K)
and the latter is according to the direct band gap transition
(K to K),13339%3] respectively. Since multilayer WSe, is an indirect
band gap semiconductor, phonon absorption or release should
be required for carrier transition between the valence band and
the conduction band to change carriers’ momentum.?** For
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Figure 1. a) Optical image of WSe, crystal and the inset is enlarged image. Scale bar are 200 and 20 um, respectively. b) Atomic force microscopy
(AFM) height showing the thickness of the crystal is about 57.8 nm. The inset is image of the crystal on SiO,/Si substrate. Scale bar: 10 pm. ¢) PL
spectrum excited by a laser with 532 nm at room temperature. PL spectra excited by an 800 nm laser can be found in the Supporting Information.

d) Optical absorption of WSe, crystal.

precisely this reason, PL signal is expected to be rather weak
in intensity for multilayer WSe, as compared to that for mon-
olayer or bilayer.33l The main PL peak shifts to 1.46 eV when
the excitation wavelength is 800 nm, as depicted in Figure S3b

(a) * (b):xxxxxx
R S 5 & & 378"
S 6 & & &S <
S B & &S S

ow

0

Energy (eV)
o

Energy (eV)

DOS(1/eV)

Figure 2. a) Electronic band structure calculated from first-principles
density functional theory (DFT) for bulk-WSe,. An indirect band gap of
=1.11 eV is shown, which occurs at K and K-T". b) Side view of multilayer
WSe,. c) Brillouin zone of WSe,. d) Electronic band structure and e) corre-
sponding total and partial density of states of multilayer WSe,. An indirect
band gap of =1.44 eV is shown. The total density of state (DOS) is divided
by 4 and the Fermi level is set to 0 eV.
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of the Supporting Information. The prepared WSe, contains a
band gap of =1.44 eV with strong hybridization between d states
of “W” and s states of “Se” around Fermi energy, as shown in
Figure 2d,e, which is differentiable from the bulk sample with
a band gap of =1.11 eV (Figure 2a). As one of layered TMDCs,
monolayer WSe, has large electron-hole binding energies E, of
=0.5 eV at low temperature;[*! that is to say, the lowest energy
representing optical transition is about 0.5 eV below the elec-
tronic band gap Ep. Since the Coulomb interaction decreases
due to the increased dielectric screening, the binding energy
greatly reduces for multilayer WSe,.3345401 At room tempera-
ture, the binding energy also greatly reduces due to the thermal
effect, compared with the case at low temperature.[?8394345:46]
PL spectroscopy is a direct and powerful technique to identify
the band gap in semiconductor systems.*>*’] As such, there is
a tiny distinction between the PL measurement value and the
calculation value. Figure 1d shows the ultraviolet-visible-near
infrared absorption spectrum of multilayer WSe, on the quartz
substrate, exhibiting a main absorption near the band gap.!*¥l
The absorption spectrum was acquired using a spectropho-
tometer versus an uncoated quartz substrate as reference. The
wavelength of fs laser (800 nm) just locates at the main absorp-
tion region, i.e., the incoming electromagnetic wave is reso-
nance with the energy of the exciton states.’”*! The exciton—
phonon coupling can be enhanced when the irradiation laser
is in resonance with excitons, and the enhancement increases
with an increasing number of layers,*! which is consistent with
our design. The characteristic Raman peak intensity at around
250 cm™! excited by 785 nm (near the band gap edge) enhances
about tens of times than that at the excitation wavelength of
532 nm, as shown in Figure S3 of the Supporting Informa-
tion, suggesting the occurrence of the resonance enhance-
ment effect.?24830 To clearly display the resonance effect, PL
spectra were conducted under different irradiation powers at
the excitation wavelengths of 800 nm (Figure S3b, Supporting
Information), presenting the similar enhancement pattern
when compared to that excited by a 532 nm laser. The linear
dependence on excitation power of the luminescence confirms
the one-photon related PL,*" showing the irradiation energy of
800 nm is higher than the gap, i.e., E,s > Eg. Compared to
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Figure 3. a) Open-aperture (OA) Z-scans of the WSe,/quartz substrate under the excitation of 800 nm with different pulse intensities (from =0.847 to
~1003.7 GW cm~2). b) Three-photon absorption-induced nonlinear transmission as a function of the input intensity. The red line is the best fits given
by the three-photon absorption model in the Supporting Information. c) RSA response process of the multilayer WSe, crystals.

direct semiconductors, the cutoff wavelength (A..f) is fuzzy,
indicating that in addition to the intrinsic absorption of the
semiconductor, there exist other absorption styles, such as
impurity absorption, lattice resonance absorption and FCA,
which usually occurs in the long wavelength region (A > Ay
where Ao = 1240/ Eg nm).[#14>5253] Here, the operating wave-
length of 800 nm (Ajyser < Acutofts OF Elaser > Ep) We employed
can avoid the influence of these factors above. Raman spec-
trum, XPS, and TEM are also investigated to characterize the
as-grown WSe, (in the Supporting Information).

Next we explore the nonlinear characteristics of the as-grown
WSe, crystals using Z-scan measurements with the fs pulse
at 800 nm under a range of input intensities from =~0.847 to
~1003.71 GW cm2. More details can be found in the Supporting
Information as well as our previous work.*1354 Shown in
Figure 3a, all the transmittance exhibit a decrease at the position
close to the focus, suggesting the occurrence of RSA response;
that is, the total transmittance decreases as the intensity of the
irradiation beam increases (the WSe, moves from nonfocus to
on-focus, Z—0). In other words, the multilayer WSe, can sup-
press high intensity beam but allow high pass for low inten-
sity light. For TMDCs"'*37] or black phosphorus (BPs),®*! they
usually present SA response when the Ej, > Ep; however, the
pronounced RSA are observed for the prepared multilayer WSe,.
Several mechanisms are generally accepted to explain the RSA,
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including TPA or multiphoton absorption (MPA), ESA, FCA,
nonlinear scattering, and thermal lensing.*13°% Since the TPA/
MPA only occurs when Ej,., < Ep through the simultaneous
absorption of two or more photons via virtual states, TPA/MPA
cannot be used to explain the RSA of the as-grown WSe, due
t0 Fjager > Ep.P% For the case of Ej,e; > E, SA behavior can be
obtained; on increasing the incident intensity, ESA induced by
higher intensity can translate the SA into RSA behavior.'>>]
Only RSA behavior is recorded when the irradiation intensity
increases over three orders of magnitude range from =0.847
to =1003.71 GW cm™. ESA in semiconductor materials with
quasi-continuous levels is one kind of sequential single-photon
absorption process in the absorption of excited state is larger
than that of the ground statel>!3°7>8! According to Zhang et al.,[®!
the character can be confirmed using the relationship curve of
Z-scan normalized transmittance change (AT) and the excita-
tion power. As shown in Figure S5a of the Supporting Infor-
mation, the slop (slop =0.34 for three photons absorption)
derived from a linear fit (log-log scale) is three-photon absorp-
tion behavior,®l suggesting ESA not the cause of RSA in multi-
layer WSe, under Ej,, > Ep. Additionally, an RSA behavior
was found for BPs nanosheets dispersed in NMP as the laser
intensity increased under Ej,., > Ep, which is caused by bub-
bles around BPs induced by thermal effect under high power
irradiation.’”) The WSe, on the quartz for measuring has no
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organic-solvent around, which decides nonlinear scattering or
thermal lensing caused by microplasma and microlens to be
not the cause of RSA.%% FCA is ineffective against causing
RSA characteristic of WSe, under the Ajqer < Acutofs due to its
intrinsic intraband transition located in the long wave region
outside the intrinsic limit (i.e., Ajger > Acutorr), and semicon-
ductor impurity absorption have the same reason not causing
RSA response.”>%] Therefore, new mechanism must be deliber-
ated based on the results and discussions above.

As the multilayer WSe, moves from nonfocus to on-focus,
the intensity of the incident beam varies from the low intensity
to the high intensity, corresponding to Stokes and anti-Stokes
in the WSe,, respectively. For the low intensity case, electrons
are pumped from the valence band to the conduction band
and subsequently occupy the empty energy states.'l The
excited electrons can simultaneously return to the valence
band, accompanying with Stokes emission. Due to the low
concentration of the excited carriers and free photons in the
conduction band (low intensity of the irradiation beam), the
multilayer WSe, does not experience the NLO response (SA
or RSA response). By contrast, when the WSe, suffers from
the irradiation of the high intensity (Z—0), on the one hand,
the concentration of the excited carriers (electrons) increases
drastically, as well as free photons; on the other hand, it
enhances the resonance coupling between the excited car-
riers and the phonons when the TMDCs with the thickness
of =60 nm are subjected by an 800 nm fs laser near the band
gap edge.[16:18-20224961] [ semiconductors, FCA is also assisted
by phonons; that is, when Aj;eer > Acuor €lectrons (holes) can
be promoted into higher (lower) states by absorbing addition
photons in the conduction (valence) band, which is assisted by
phonons during the process.”!”] For TMDCs, the formation
of exciton occurs at the noncentral points in the momentum
space, which is different from the conventional semiconduc-
tors (such as GaAs) mainly at the center of the Brillouin zone
center.?*62 The electrons jump into the conduction band with a
nonzero wavevector when TMDCs are excited by the irradiation
energies higher than the band gap. The exciton electrons can
relax to the zero wavevector state through emitting LO phonons
(acoustic phonons with less efficiency),?3! which is Stokes pro-
cess (corresponding SA or PL emission). Furthermore, under
strong coupling between electrons and LO phonons when the
irradiation resonances with the exciton near the band gap, the

www.advmat.de

electrons with higher energies can be obtained via upconver-
sion process accompanied with the resonant annihilation of
multiple LO phonons;?? that is, the excited electrons (or exci-
tons) jump into higher states by the absorption of photons and
the annihilation of phonons, which corresponds anti-Stokes
process (RSA), as depicted in Figure 3c. Benefitting from the
PA anti-Stokes transition, SA response never happened under
the condition of Ej,e, > Eg. This process is similar to the
report by Xiong and co-workers about laser cooling of CdS by
the resonant annihilation of multiple phonons in upconver-
sion process, stimulating carriers located at low excited state
to transfer into higher excited state.??l The higher excited state
means the more empty state for carriers to achieve RSA.[*%13]
The transition from the low excited states to high excited states
in the conduction band, not only increases the energy of the
excited carriers, but also changes the momentum, especially in
indirect semiconductor.®3*l The transition is on ultrafast time
scale, 9364 and the excellent NLO performance is induced by
PA-anti Stokes process, which has great potential in practical
applications.

The normalized transmission as a function of input laser
intensity is shown in Figure 3D, and the data can be well fitted
using three-photon model in the Supporting Information.
The extracted unsaturated three-photon absorption coefficient
(%) is about —3.05 cm® GW~2 (without saturable in Figure 3b).
Figure S5b of the Supporting Information shows reciprocal
transmission versus irradiance in a wider range. The dashed
line is the theoretical variation for a constant y, whereas the
red solid line is the theoretical variation of y on increasing the
irradiation power. From the fit, we obtain ¥ = —7.36 cm® GW™2
and I, = 865.31 GW cm™ for high irradiation power. The
change of 7, stimulates us to explore the three-photon absorp-
tion coefficient (7) with varying irradiance. The coefficient
Y can be extracted from the fitting curves in Figure 3a using
Equation (S9) in the Supporting Information, presenting a
monotonic variability (shown in Figure 4a) which is attributed
to a giant exciton effect and the resonance effect near the band
edge.[26:27:45:48-50] Another critical parameter to evaluate the NLO
property, OL threshold (Fo), which is defined as incident flu-
ence while the normalized transmittance decreasing to 50%,°)
can be extracted from Figure 4b. The OL threshold is about
21.6 m] cm™2 under fs pulse at 800 nm, with the threshold
lower than those of previously reported for other OL materials,

20
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Figure 4. a) Corresponding three-photon absorption coefficient as a function of the input intensity. b) The normalized transmission as a function of
input fluencies. c) Dependence of n, on the input intensity for multilayer WSe,.
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for example conjugated organic molecules (=117 m] cm™2),1
metal nanoparticles (=26 000 m] cm™),[%] carbon nanodots
(=74 m] cm™)%] graphene oxide (=37 mJ] cm™2), and MoS,
nanosheets (=44 m] cm™2),10%! indicating the WSe, has a great
potential practical application in fs lasing safety, such as the
protection of eyes and sensor focal-plane arrays. Furthermore,
typical closed-aperture (CA) Z-scan curves and its dividing
curves by OA Z-scan (CA/OA) were also investigated. Figure S6
of the Supporting Information shows the classifications under
the irradiation of =11.4, =182.9, and =1003.71 GW cm?,
respectively. The extracted nonlinear refraction n, under dif-
ferent irradiances are summarized in Figure 4c, showing a
monotonic decreasing behavior which may be attributed to
the exciton effect as well as the resonance effect near the band
edge 26274548501 Sych large n, and low Fy; indicate a giant
promising application as advanced optoelectronic device, par-
ticularly as optical limiter for fs laser. The demonstration of PA
anti-Stokes induced RSA also suggests indirect semiconductor
promising photoelectric applications without worrying low PL
efficiency.

In summary, the reverse saturable absorption induced
by phonon assisted anti-Stokes in multilayer WSe, under
Epser > Ep, has been investigated by Z-scan technique with
femtosecond laser pulses. Uniformity thickness of WSe, is
controlled as about 60 nm via chemical vapor deposition tech-
nique to enhance the coupling of excited carriers (excitons) and
phonons. Carriers are resonantly injected by femtosecond laser
with the wavelength of 800 nm. The observed reverse saturable
absorption is attributed to the transition of the excited carrier
into a higher state by the annihilation of phonons and the
absorption of photons in the conduction band. Furthermore, we
observed optical limiting threshold (=21.6 m] cm™2) lower than
those reported for other optical limiting materials currently
for femtosecond laser pulse at 800 nm, making the indirect
semiconductor WSe, promising as advanced nonlinear opto-
electronic components, especially for femtosecond lasing safety.
The demonstration of RSA induced by PA anti-Stokes exhibits
unconventional implications to NLO in WSe,, particularly
important for comprehensive understanding NLO, as well as for
pushing indirect semiconductor for photoelectric applications.

Supporting Information

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