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ABSTRACT: Colloidal II−VI nanocrystals have garnered
significant research attention in nonlinear optical applications
due to their low-cost synthesis, photophysical tunability, and
ease of device integration. Herein, we report that dual-type II
CdSe/CdTe/CdSe colloidal quantum wells (CQWs) with core/
crown/crown structures achieve remarkable nonlinear optical
limiting capabilities driven by an exceptionally large nonlinear
absorption coefficient. Open aperture Z-scan reveals that these
dual-type II CQWs exhibit a third-order nonlinear absorption
coefficient of 33.1 cm/GW and an ultralow optical limiting
threshold (0.71 GW/cm2), which is superior to that of any other
reported colloidal semiconductor nanocrystals while also being
comparable to existing two-dimensional (2D) dichalcogenide sheets. Photophysical analysis indicates that such a remarkable
nonlinear optical performance in dual-type II CQWs can be primarily ascribed to the efficient excited state absorption (i.e., the
sequential two-photon absorption), which benefits from the ultrafast and uniform formation of charge separation states in the
dual type-II heterostructures.
KEYWORDS: optical limiting, colloidal quantum wells, CdSe nanocrystals, optical nonlinearity, type II

INTRODUCTION
Third-order nonlinear optical (NLO) materials are fundamen-
tal to advancements in optoelectronics for optical power
limiting (OL),1−4 nonlinear optical amplification,5,6 and
infrared biolabeling.7,8 Specifically, OL indicates the capability
of an NLO material to attenuate the transmission of intense
light,9 these are essential for safeguarding fragile instruments
and human eyes from damage caused by lasers. In recent
decades, many efforts have been devoted to various types of
organic (e.g., phthalocyanines,10 porphyrins11), inorganic (e.g.,
carbon derivatives,12 metal oxides,13 metal dichalcogenides
semiconductors14), and inorganic−organic (e.g., metal−
organic frameworks,15 hybrid halide perovskites16) materials
to promote the OL performance. Besides the above-mentioned
materials, colloidal semiconductor nanocrystals are also good
candidates considering the combination of quantum-confine-
ment enhanced optical nonlinearity17 with their intrinsic
advantages (i.e., low-cost synthesis, photophysical tunability,
and ease of device integration).18−23 However, constrained by
relatively low cross sections of two-photon absorption (TPA),
efficient linear carrier recombination, and ultrafast Auger
effects, II−VI colloidal quantum dots (CQDs) or nanorods
(CNRs) only exhibit poor OL responses (e. g., the third-order

nonlinear absorption coefficient of ∼1 cm/GW and an OL
threshold up to 100 GW/cm2).24−27

A viable strategy to improve the third-order optical
nonlinearity of colloidal semiconductor nanocrystals lies in
the formation of type-II heterostructured colloidal quantum
wells (CQWs) due to their unique properties: (i) both the
local field effect (i.e., the geometrical contribution) and the
electronic confinement (i.e., the electronic contribution) favor
the anisotropic two-dimensional (2D)-shape of nanoplatelets,
resulting in an improved TPA cross-section compared to
CQDs and CNRs with similar volumes;28,29 (ii) the spatially
separated electrons and holes in the type-II CQWs allows a
linear carrier recombination extended lifetime to hundreds
nanoseconds,30,31 which increases the probabilities of the
sequential TPA (i.e., excited state absorptions) in the third-
order nonlinear process; and (iii) the heterobarrier with a
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complicated energy conservation requirement and reduced
carrier wave function overlap in the type-II CQWs renders the
Auger process inefficient compared to the type-I CQWs.32,33

Recently, our group34,35 and Ithurria et al.36,37 reported the
successful synthesis and emission applications of multicrowned
CdSe/CdTe/CdSe CQWs with the advantage of dual type-II
transition channels. These novel CQWs not only possess the
necessary criteria discussed above but may also present unique
advantages to open exciting new prospects for OL applications.
In this work, we have revealed that CdSe/CdTe/CdSe

multicrowned CQWs exhibit strong reverse saturation
absorption (RSA) responses driven by a giant third-order
nonlinear absorption coefficient up to ∼33.1 cm/GW under
nanosecond laser pulse excitations, making them excellent
candidates for OL applications. The OL performance test
demonstrates that these dual type-II CQWs possess an onset
excitation density of ∼0.04 GW/cm2 and a limiting threshold
value of ∼0.71GW/cm2, which signifies an improvement of
more than 1 order of magnitude compared to the previous best
results in colloidal nanocrystals. We have validated the
underlying mechanism responsible for this outstanding OL
performance with the unique dual type-II band alignment by
analyzing the contributions of genuine TPA and sequential
TPA in the third-order optical nonlinear process. Compared
with typical CdSe/CdTe CQWs, these dual type-II CQWs
exhibit a density of type-II charge-transfer states approximately
five times larger, more uniform separation of both carriers, and
less band bending at the interface, these greatly enhance their
third-order nonlinear absorption coefficient with higher
probabilities of excited-state absorption.

RESULTS
The multicrowned CdSe/CdTe/CdSe CQWs investigated in
this work are synthesized by using the 4 monolayers (ML) core
CdSe CQWs (i.e., consisting of 5 Cd layers and 4 Se layers,
arranged such that each pair of Cd layers sandwiches one Se
layer) as a seed, enabling a one-pot growth process for the
inner CdTe crown and outer CdSe crown layers (see Methods
Section for details). The crown layer describes a lateral
expansion of the core CQW that enhances the optical
properties and absorption cross-section of as-synthesized
core CQW. As schematically shown in the left panel of Figure
1a, this multicrowned CQW architecture supports two
different type-II transitions: one from the CdSe core to the
CdTe crown and another from the CdTe crown to the CdSe
crown, which benefits the third-order nonlinear optical process
and will be discussed later. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
image of dual type-II CQWs is presented in Figure 1a, which
indicates that, after the growth of two crowns, the lateral extent
is uniform and the lateral size reaches 23.9 nm by 29.6 nm on
average. The steady-state optical spectra of dual type-II CQWs
are shown in Figure 1b. The absorbance of these dual type-II
CQWs exhibits three distinct excitonic peaks, corresponding to
the electron/heavy-hole (HH) transition of CdSe at 512 nm,
the electron/light-hole (LH) transition of CdSe at 480 nm,
and the electron/HH transition of CdTe at 570 nm, consistent
with the confinement nature of 4 ML CQWs in the vertical
direction.32,33

The featureless absorption band observed from 600 to 700
nm, absent in CdSe or CdTe CQWs, is ascribed to the
transition of charge transfer (CT) states and accounts for the

Figure 1. Optical and structure properties of dual type-II CQWs. (a) The core/crown/crown structure (left panel) and the representative
HAADF-STEM image (right panel). (b) Normalized photoluminescence (red line) and absorption (blue line) spectra. For
photoluminescence, excitation is at 400 nm. (c) TA spectra at a probe delay of 1.5 ps of dual type-II CQWs pumped with a 600 nm
pulse. The excitation fluence is about 10 μJ/cm2. (d) TRPL of CdSe/CdTe CQWs (red dots) and dual type-II CQWs. (blue dots) with
exponential fittings (solid lines).
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Stokes-shifted broad emission at 645 nm.38,39 We have also
conducted the transient absorption (TA) measurement under
600 nm excitation (i.e., selectively pumped CT states). As
shown in Figure 1c, using excitation energies below the
bandgap of the core and crowns, photobleaching (PB) of LH-
CdSe, HH-CdSe, and HH-CdTe can be well-resolved and
emerge instantaneously with a temporal resolution limited rise
time of ∼100 fs (see the pulse width of the fs pumping laser in
Figure S1), indicating direct carrier generations38,39,43 and
validating the assignment of CT states. More importantly,
these CT states with spatially indirect recombination of
carriers across the interface (i.e., holes in the CdTe domain
and electrons in CdSe domains) could significantly prolong the
linear carrier recombination lifetime and thus, boost the
probabilities of the sequential TPA (i.e., excited state
absorptions) in the third-order nonlinear process. Time-
resolved PL (TRPL) measurements shown in Figure 1d reveal
a radiative lifetime of ∼73.3 ns for dual type-II CQWs, which is
more than one magnitude longer than single component or
type I heterostructured colloidal nanocrystals.40−42 It should
be noted that the PL lifetime of typical CdSe/CdTe CQWs
(∼46.2 ns) is much shorter compared to the dual type-II
sample, implying their different carrier properties and distinct
OL performances.
Following the standard test procedure for OL perform-

ance,44 open-aperture (OA) Z-scan transmission measure-
ments of the dual type-II CQW solution are carried out with
the 532 nm nanosecond pulse excitation (see experimental
details in Methods Section). Please note that we calibrate our
Z-scan system using liquid carbon disulfide as the reference45

and no clear Z-scan curves are recorded with the pure solvent
(hexane). The two-dimensional contour map of the trans-
mission curves depending on the on-axis scanning distance
(the focal point defined as Z = 0) and the input intensity
(ranging from ∼0.03 to ∼1.96 GW/cm2) is shown in Figure
2a, which shows a reduction in transmittance as the focus is
approached, indicating the occurrence of reverse saturable
absorption (RSA). It is worth mentioning that when the input
intensity is low enough (e.g., ∼MW/cm2), saturable absorption
(SA) due to the Pauli blocking has also been identified in dual
type-II CQWs (see Figure S2 for details). Assuming a Gaussian
intensity distribution for the laser beam, the normalized OA Z-
scan transmittance is given by the following equation16,46,47
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where I0 represents the input laser intensity at Z = 0, n is the
number of absorbed photons in the nonlinear process, Z0 is the
Rayleigh length of the laser beam, L is the sample length, α
denotes the linear absorption coefficient, and β is the effective
multiphoton absorption coefficient.
The solid black curves in Figure 2b represent the theoretical

fits obtained using eq 1 with n = 2 (i.e., two-photon absorption,
TPA) for three representative input intensities (see the fitting
for other input intensities in Figure S3), which show good
agreement with the experimental results. The relationship

Figure 2. OA Z-scan measurements of dual type-II CQWs with different excitation densities. The measured optical transmittance is
normalized based on the value when the sample is far away from the focal point. (a) Two-dimensional contour map of 532 nm laser pulse
transmittance. X-axis: the scan distance. Y-axis: the excitation density. (b) Three representative transmittance curves (dots) fitted with the
nonlinear transmission equation (black lines). (c) Excitation density-dependent third-order nonlinear absorption coefficient (β). (d)
Excitation density-dependence of the normalized transmittance at the focal point (Z = 0).
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between the determined parameter β (i.e., TPA coefficients)
and the input intensities is shown in Figure 2c, which shows an
initial increasing trend followed by a decreasing trend. If only
the genuine TPA process (i.e., two photons are concurrently
absorbed via an intermediate virtual energy state) is
considered, β will decline monotonically with higher input
intensities due to a greater depletion of the carrier populations
in the ground state.3,9,14,17,29 Consequently, such a unique
behavior of β in dual type-II CQWs implies an indispensable
contribution to the sequential TPA process (i.e., the so-called
excited state absorption (ESA)), in which the accumulation of
carriers at the excited state with increasing input intensities
could enhance the third-order nonlinear optical absorption.
Meanwhile, as shown in Figure 2d, the OL performance of dual
type-II CQWs has been evaluated when the transmittance
begins to drop (i.e., the limiting onset, Fon) and decreases to
half of its linear value (i.e., the limiting threshold, Fth). For a
quantitative comparison, Table 1 lists the values of β, Fon, and

Fth in different types of low-dimensional nanomaterials at
similar excitation conditions. It can be seen that dual type-II
CQWs show an improvement of more than 1 order of
magnitude in third-order optical nonlinearity compared to
typical CdSe/CdTe CQWs (see the OA Z-scan analysis and
OL performances in Figure S4) and other colloidal nanocryst-
als,24−26,28−30,49,50 which also becomes comparable to the
performance of state-of-the-art perovskite nanocrystals6,16,51

and two-dimensional transition metal dichalcogenides.46,52

In order to understand the origin of such a superior third-
order optical nonlinearity, we have first investigated the
contribution of the genuine TPA process by exciting CdSe/
CdTe/CdSe CQWs at 800 nm. As shown in Figure 3a, these
dual type-II CQWs exhibit red emission with an 800 nm laser
excitation, which implies the observation of genuine two-
photon excited emission considering the absence of energy
levels close to the excitation wavelength.53 It should be noted
that unlike other emission species with charge transfers,54,55

the similarity between the two-photon and one-photon excited
PL spectra in dual type-II CQWs suggests that the photo-
excited carriers in both cases relax to the same lowest energy
level (i.e., the CT state), indicating an efficient and uniform
charge separation. The genuine two-photon excited emission is
further confirmed via the log−log plot of the emission integral
as a function of the excitation fluences (see the bottom panel
of Figure 3a), where the nearly quadratic dependence rules out
the Auger-type PL upconversion.4 Therefore, the genuine TPA

coefficient (β) can be quantitatively evaluated based on OA Z-
scan measurements excited at 800 nm.
The top panel of Figure 3b shows the OA Z-scan curves of

hexane as a reference and the CQWs solution with the
excitation intensity of 1.96 GW/cm2. The horizontal Z-scan
curve of the hexane suggests that the solvent’s nonlinear
absorption is minimal. To further prove that the Z-scan
response with 800 nm excitation comes from the genuine TPA
process, we plotted ln(1−Tz) versus ln (Iz) (see the bottom
panel of Figure 3b), where a slope of 1 is consistent with the
model proposed in ref 56. (i.e., the slope for three-photon
absorption will be 2). Similar to the analysis in Figure 2, we
have collected the OA Z-scan data with 800 nm excitation as a
function of input intensities (see the pseudocolor plot in the
top panel of Figure 3c and the individual Z-scan curves in
Figure S5). Through the analysis of each nonlinear absorption
response curve using eq 1 with n = 2, we have determined the
genuine TPA coefficients and the corresponding OL perform-
ance of dual type-II CQWs. As shown in the bottom panel of
Figure 3c, the genuine TPA coefficient of dual type-II CQWs is
only ∼1 cm/GW, which slightly exceeds or is comparable to
those of previously studied colloidal nanocrystals.24−30,47−50

Such a genuine TPA coefficient only causes a 5% transmittance
reduction with an input intensity of 1.96 GW/cm2 (see the
transmittance analysis at Z = 0 in Figure S6). As a result, it is
plausibly attributed to the remarkable OL performance of dual
type-II CQWs due to the sequential TPA process (i.e., excited-
state absorption with long-lived excited states).
Next, we investigated the photophysics of excited-state

carriers in dual type-II CQWs by performing femtosecond
transient absorption (TA) measurements excited at 400 nm
(see experimental details in Methods Section). Please note that
to suppress the impact of multiexciton effects, a weak
excitation fluence of ∼20 μJ/cm2 is adopted, which
corresponds to generating approximately 0.3 electron−hole
pairs.28,31,39 Here to confirm the advantage of dual type-II
CQWs, TA results of typical type-II (CdSe/CdTe CQWs) are
also presented for comparison. As shown in Figure 4a,b,
negative photobleaching (PB) features of HH-CdSe, HH-
CdTe, and CT arising from the Pauli blocking are identified for
both kinds of CQWs with peak positions matching well with
the steady-state absorption spectra (see Figure 1b). More
importantly, CdSe/CdTe/CdSe CQWs with the dual type-II
transitions expectedly exhibit a much stronger TA signal from
CT transitions compared to CdSe/CdTe CQWs. Based on the
normalized PB intensity integral of the CT band in the TA
spectra,43 we can roughly estimate that the ratio of CT state
density in these two CQWs is about 5:1. Moreover, it can be
seen that the amplitudes of the TA signal from the CdSe
domains are almost identical for these two CQW hetero-
structures, while the PB band of HH-CdTe in dual type-II
CQWs becomes shallower and broader compared to that in
CdSe/CdTe CQWs. This observation is consistent with recent
wave function distribution calculations,34,35 which indicate that
the hole wave function in dual type-II CQWs is less
accumulated at the interface and more uniformly distributed
throughout the CdTe domain.
In addition to the difference in transient spectra difference,

dual type-II CQWs also exhibit unique carrier separation
kinetics. As shown in Figure 4c, the PB bands of HH-CdSe and
HH-CdTe for both CQWs show a rapid rise (0.25 ± 0.03 ps),
which further validates the direct carrier generation under 400
nm excitation. Note that a rise time longer than the pulse

Table 1. Comparison of β and OL Performances (i.e., the
Onset and Threshold Input Densities) in Different
Materials

β (cm/GW)
Fon

(GW/cm2) Fth (GW/cm2)

dual type-II CQWs (this
work)

33.1 0.036 0.71

CdSe CQDs/CQWs
24−2526,28,29

0.07−0.26

type I CQDs/CQWs47,48 0.46−1.48 10.45 82.3
type II CQDs/CQWs
30,49,50

0.83−3.77 1.48 5.25

lead halide perovskite
CNCs6,16,51

0.45−35 0.04−0.78 0.68−20.34

TMDC46,52 1.69−120 0.004−0.25 0.07−4.53
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width can be ascribed to the hot carrier cooling process.43,57,58

For CdSe/CdTe CQWs, the formation of the slow PB band
for CT (0.62 ± 0.05 ps) closely matches the fast decay process
of CdTe-HH PB (0.63 ± 0.05 ps), aligning with electron
transfer from the CdTe crown to the interface. There is also a
long lifetime component in PB kinetics, due to the state filling
of carriers.38,39 It is worth mentioning that the PB band of
CdSe-HH does not show a noticeable fast decay process,
indicating a minimal hole transfer process from the CdSe core
to the interface (i.e., an inefficient carrier separation process).43

In contrast, for dual type-II CQWs, the more rapid decay
process of CdSe-HH PB (0.41 ± 0.04 ps) and CdTe-HH PB
(0.52 ± 0.04 ps) both contribute to the PB band formation
process of CT states (i.e., two rising lifetime components of
0.38 ± 0.04 ps and 0.47 ± 0.04 ps are resolved), suggesting
that holes and electrons are transferred and separated in a
faster, more efficient, and uniform manner.
The uniform distributions of carriers in dual type-II CQWs

can be further validated by the transient peak energy shifting of
the CT bands. In typical type-II heterostructures, the creation
and decay of the transient electric field cause a blueshift−
redshift crossover due to band bending31 (see the schematic
illustrations in Figure S7). Please note that the time-
independent peak positions of single domain-related transition
features are understandable in type-II CdSe/CdTe CQWs
since the quickly spatially localized photoexcited carriers
hinder the formation of single domain multiexcitons and the
transient electric field accumulated at the domain interface will
mainly affect the interdomain transitions (i.e., CT bleaching

band). As shown in Figure 4d, the peak energy diffusion for a
CT transition crossover in CdSe/CdTe/CdSe CQWs has been
largely suppressed, and more importantly, such a CT energy
shift is almost independent of increased excitation fluences
(see the fluence-dependent TA results and CT energy shifts in
Figures S8 and S9), violating the linearly increasing trend with
the cube-root fluence in CdSe/CdTe CQWs. Therefore, as
illustrated schematically in Figure 4e, in comparison to the
conventional CdSe/CdTe type-II CQWs, we can briefly
conclude that CdSe/CdTe/CdSe CQWs with the dual type-
II band alignments not only support an increased density of
CT states (i.e., 5-fold enhancement) but also induce an
efficient charge transfer process (i.e., both carriers are
transferred with faster kinetics) and fewer carrier accumulation
at the interface (i.e., the suppressed band bending effect),
resulting in a prolonged lifetime of the excited carriers (see the
comparison of CT PB dynamics in Figure S10 and TRPL in
Figure 1d) and suppressed Auger recombination, which
enhances the sequential TPA contributions to the third-order
optical nonlinear process.

CONCLUSIONS
In summary, the third-order nonlinear optical response of
CdSe/CdTe/CdSe CQWs has been systematically investi-
gated. Open aperture Z-scan measurements reveal that these
dual type-II CQWs have a strong RSA response with optimized
optical limiting performance. The optical limiting threshold of
0.71 GW/cm2 with a third-order nonlinear absorption
coefficient up to 33.1 cm/GW is vastly higher than those of

Figure 3. Characterizations of the genuine TPA process in dual type-II CQWs. (a) Top: Excitation fluence-dependent PL spectra of dual
type-II CQWs with an 800 nm excitation. Bottom: The log−log fitting of the excitation fluence-dependent emission integral intensity with a
slope of ∼2.1. (b) Top: OA Z-scan curves of dual type-II CQWs (red), and hexane (black) with an 800 nm excitation. The excitation
intensity is ∼1.96 GW/cm2. The solid lines correspond to the theoretical fits derived from the Z-scan analysis. Bottom: The plot of ln (1−Tz)
versus ln (Iz) at various input intensities. A linear fitting using the genuine TPA model is shown as the dashed line. (c) Top: two-dimensional
contour map of 800 nm laser pulse transmittance. X-axis: the scan distance. Y-axis: the excitation density. Bottom: The genuine TPA
coefficient (β) versus the input density.
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all the previously reported colloidal nanocrystals. Importantly,
transient absorption combined with two-photon excitation
spectroscopy has clarified the dominant roles of excited-state
absorptions over genuine two-photon absorptions. As a result,
the remarkable nonlinear optical performance of dual type-II
CQWs is mainly attributed to the ultrafast, efficient, and
uniform separation of photoexcited carriers, which boosts the
sequential TPA process. These findings not only present a new
candidate for optical limiting materials but also enhance the
understanding of optical nonlinearity in colloidal nanocrystals.

METHODS
Synthesis of CdSe/CdTe/CdSe CQWs. Core CdSe and CdSe/

CdTe CQWs were prepared similarly to our previous report.31 For
the synthesis of CdSe/CdTe/CdSe CQWs, we modified the one-pot
synthesis of the multicrowned recipe, which we reported previously.34

In a typical synthesis, 1 optical density CdSe core CQWs were used as
a seed to grow the multicrowned heterostructure. For the core CQWs,
a mixture of 0.45 μL of oleic acid, 30 mg of cadmium acetate
dihydrate, and 4 mL of octadecene (ODE) was prepared in a flask,

which was degassed for 30 min at 100 °C. The inert atmosphere was
re-established with the temperature raised to 215 °C. Once the
temperature reached, a 0.03 M TOP-Te solution in ODE was
introduced at a rate of 15 mL/h with the help of a syringe pump. The
solution was kept for 3 min to ensure the depletion of the remaining
Te precursors, after injecting the required amount of Te precursor
corresponding to the lateral area of the CdTe crown. Once the CdTe
layer had grown, the precursor was changed to a 0.03 M TOP-ODE-
Se solution, and injection was sustained until the outer CdSe layer
reached the desired lateral size. The reaction was annealed for 3 min
after the CdSe crown growth reached the target, followed by cooling
to room temperature in a water bath. Hexane (3 mL) was injected at
80 °C. Afterward, ethanol was added to wash the products, which
were then centrifuged at 6000 rpm for 5 min. The obtained CdSe/
CdTe/CdSe CQWs were redissolved and stored in hexane. Please
note that the term “core/crown/crown” mainly describes the
structure information of CdSe/CdTe/CdSe CQWs, which highlights
the formation of two heterointerfaces in these CQWs. While on the
other hand, the term “dual type-II” mainly accounts for the band
alignment of CdSe/CdTe/CdSe CQWs, which highlights the unique
carrier transition/separations process in these CQWs.

Figure 4. Characterizations of the sequential TPA process in dual type-II CQWs. (a) Top: Pseudocolor TA map of dual type-II CQWs.
Bottom: Pseudocolor TA map of CdSe/CdTe CQWs. The pump wavelength is 400 nm and the pump fluence is 20.4 μJ/cm2. (b) Top: TA
spectra of dual type-II CQWs at different delay times. Bottom: TA spectra of dual type-II CQWs with different delays. (c) Top: Bleaching
kinetics of HH-CdSe, HH-CdTe, and CT in dual type-II CQWs. Bottom: Bleaching kinetics of HH-CdSe, HH-CdTe, and CT in CdSe/CdTe
CQWs. (d) Top: Peak wavelength of CT bleachings at different delay times in dual type-II CQWs. Bottom: The peak wavelength of CT
bleachings at different delay times in CdSe/CdTe CQWs. (e) Schematic illustration of the carrier distributions in dual type-II (left) and
CdSe/CdTe (right) CQWs.
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Open-Aperture Z-Scan Spectroscopy. To investigate the
nonlinear optical properties of CdSe/CdTe/CdSe and CdSe/CdTe
CQWs at 532 and 800 nm, a homemade Z-scan system was utilized.
The CQW ensembles were dissolved in hexane to make 0.3 μM
solutions and placed in a 1 mm quartz cuvette. For excitation, we used
either the second harmonic output from a Q-switched Nd/YAG laser
with a 5 ns pulse width or the output from a Ti/sapphire amplifier
with a 100 fs pulse width. A 150 mm focal length lens focused the
laser pulse onto the sample. The beam waist at Z = 0 was measured to
be about 12.2 μm using the knife-edge method. A high-precision
translation stage held the sample in place, and the transmitted light
intensity was measured with a lock-in amplifier (Stanford Research
Systems, SR830).
Transient Absorption Spectroscopy. A 1 kHz regenerative

amplifier with an 800 nm output wavelength and a 100 fs pulse width,
which is seeded by the 80 MHz mode-locked Ti-sapphire oscillators,
was used to produce the pump pulse with the maximum energy up to
mJ. To generate the white light continuum probe beam spanning from
400 to 1500 nm, we have split a small portion of the fundamental 800
nm pulse from the regenerative amplifier with an energy of ∼10 μJ
and then incident on sapphire crystals with different thickness for the
continuum probe beam generations. A commercial spectrometer was
used to collect the probe beam spectra in the ultraviolet−visible
region with and without the pump excitations.
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