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Low-Threshold Amplified Spontaneous Emission in Blue
Quantum Dots Enabled by Effectively Suppressing Auger

Recombination

Sheng Wang, Jiahao Yu, Haigiao Ye, Mingbo Chi, Heng Yang, Haihui Wang, Fan Cao,
Wengiang Li, Lingmei Kong, Lin Wang, Rui Chen,* and Xuyong Yang*

The amplified spontaneous emissions in blue quantum dots (QDs) are still
constrained by their high thresholds due to the challenge in engineering alloyed
core-shell interface in the QDs with a wide bandgap to suppress Auger recom-
bination. Compared with their red and green counterparts, the larger reactivity
difference between the alloyed shell precursors makes it hard to regulate

the composition and structure of the shell, and the smaller potential barrier
between the core and the alloyed shell in blue QDs renders charge carriers
tunneling into surface defects easier. Here, we employ a Lewis soft base ligand,
1-decanethiol, to balance the mismatched reactivity between Zn and Cd precur-
sors for crafting a thick gradient alloyed shell with gradually increased poten-
tial barrier, which can not only restrict the charge carriers tunneling but also
smooth the confinement potential. As a result, the resulting blue QDs show

a long Auger lifetime of 1.3 ns, and a low threshold of 6.9 1} cm~2 excited by a
femtosecond laser, which is the record value among all reported blue-emitting

spectral tunability and solution processa-
bility.'> Currently, the low-threshold ASE
of several uj cm 2 based on green and red
QDs have been demonstrated,®” yet the
development of that in the blue region
still lags far behind, thereby retarding the
applications ranging from full-color laser
displays to high-density photomemories.®!
In general, to obtain blue emission, small-
size QDs with stronger quantum con-
finement are required.’) The finite size,
however, aggravates the undesired nonra-
diative Auger recombination (AR), which
is responsible for the degradation of popu-
lation inversion and induces the increase
of ASE threshold.l%-12!

Substantial efforts have been devoted to
mitigating AR process in QDs.* Strik-

nanocrystals and comparable to those of state-of-the-art red and green QDs.

1. Introduction

Semiconductor quantum dots (QDs) are regarded as promising
optical gain media for amplified spontaneous emission (ASE)
and lasing due to their narrow emission linewidths, wide range
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ingly, Cragg et al. theoretically predicted
that the AR rate in QDs can be dimin-
ished for over three orders of magnitude
by smoothing the confinement potential between the core and
the shell materials.'®!% Subsequently, Demir et al. reported a
low threshold of =50 yuJ cm™ in blue-emitting QDs by utilizing
a femtosecond laser to pump ZnCdS/ZnS core/shell QDs with
an unintentionally thin alloyed interface.?>2!l However, it is still a
great challenge to manipulate the alloyed interface in blue QDs to
further reduce the ASE threshold. When compared to green and
red QDs, the alloyed interface engineering in blue QDs suffers
from two issues: first, due to the relative small energy band offset
between the core and the shell, the formation of intermediated
alloyed shells would relax the quantum confinement and result
in more frequent interactions between the core-localized elec-
trons and holes with the surface traps. Second, the engineering
of ZnCdS alloyed shell in blue ZnCdS/ZnS QDs is more diffi-
cult than the case of CdSSe alloyed shell in red CdSe/CdS QDs,
because the reactivity difference between Zn and Cd precursors
is much larger than that between S and Se precursors.*”l When
ZnCdS shell is deposited on the QD core, the rapid formation
of CdS-rich phase leads to the non-uniform circumferential com-
position distribution, which disorders the alloyed shell structure
and is detrimental to the regulation of the potential shape.?223]
Here, we report an elaborate reactivity balance strategy to
fabricate the intermediated alloyed structure in blue QDs,
which enables a record low threshold in all blue-emitting QDs.
According to “hard and soft acids and bases (HSAB) rule”,
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1-decanethiol (DCT), a Lewis soft base ligand, has more affinity
to Cd? ions (soft acid) than Zn? ions (borderline acid), which
reduces the reactivity of Cd precursor and relieves the reactivity
difference between Cd and Zn precursors.l?12] Benefiting from
the well-matched reactivity of precursors, the thick gradient
alloyed shell is achieved through the layer-by-layer growth. The
thick shell with a gradual increased potential barrier provides
both the large charge tunneling barrier and the smooth confine-
ment potential. As a result, the resulting blue QDs with a thick
gradient alloyed shell demonstrate a very low ASE threshold of
6.9 uJ cm™ under excitation by a femtosecond laser.

2. Results and Discussion

The growth kinetics of multi-component alloy materials is
dependent on the relative reactivity between precursors.?> To
achieve the blue QDs with alloyed shell, DCT, an alkane thiol,
is employed as the sulfur precursor and the reactivity-con-
trolling ligand. Based on the HSAB rule, the affinity between
DCT ligand and Cd-OA is stronger than that between DCT and
Zn-OA (soft acid, with Cd>  Zn? ). Consequently, the strong
coordination will form more stable compounds to limit Cd?
reactivity. To evaluate the relative reactivity, the elemental com-
positions of ZnCdS QDs prepared by DCT and trioctylphos-
phine sulfide (TOPS), respectively, are determined by X-ray
photoelectron spectroscopy (XPS) (Figure S1, Supporting Infor-
mation). Compared to traditional TOPS-prepared ZnCdS QDs,
the molar ratios of Zn/Cd in DCT-prepared ZnCdS QDs are
much closer to the precursor feeding molar ratio of 1:1, which
confirms that the reactivity difference between Zn and Cd pre-
cursors is effectively mitigated by DCT ligand and thus enables
the structure regulation of the alloyed shell.

We repeatedly inject the calculated amount of Cd-OA and
DCT at an elevated temperature (310 C) into a reaction Oask
containing ZnCdS cores and excess Zn-OA for the layer-by-
layer growth of alloyed shell. The outer ZnS shell is subse-
quently deposited by adding the mixture of Zn-OA and DCT
(Figure 1a). The Zn-OA in the reaction system not only pro-
vides Zn source but also inhibits QDs ripening during the shell
growth. The morphology evolution of C/GA/S QDs is shown
in Figure 1b. All samples exhibit monodispersed spheres with
gradually increscent diameters from the original ZnCdS core
(5.7 nm) to the final core/shell QDs (100 nm). The thicknesses
of the alloyed shell and ZnS shell are estimated to be =3.2 and
=~0.9 nm, corresponding to 10 and 3 monolayers, respectively.
For unveiling the inCuence of the shell structure on ASE per-
formance, the reference C/S and C/HA/S QDs with identical
sizes are used to rule out the effect of the volume on Auger
decay (Figures S2-SO Supporting Information).

The shell structure determines the confinement potential
shape and plays a vital role in the regulation of Auger decay and
lattice tension. With the increase of the shell thickness, all sam-
ples remain wurtzite phase without phase transformation, and
the magnitudes of the shift of diffraction peaks are dependent
on their shell compositions (Figure 1c and Figure S5, Supporting
Information). Raman spectroscopy is a very sensitive tech-
nique for the detection of the internal structure including inter-
face alloying and structural defects.?l As shown in Figure 2a,
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Figure 1. a) Schematic illustration of the synthesis process of C/GA/S
QDs. Temporal evolution of b) TEM images and c) XRD patterns of
C/GA/S QDs upon shell growth.

Zn,33Cdg 6,S cores present distinctive peaks at 310 cm™ and

around 603 cm™, which corresponds to 1-LO (longitudinal
optical) and 2-LO phonon mode, respectively, keeping in accord-
ance with previous reports.[?-?8l With the deposition of the initial
four ZnS monolayers, the LO phonon modes of C/S QDs gradu-
ally shift to higher energy owing to the interface alloying. As ZnS
shell is further deposited, the shift of the phonon mode can be
negligible. This result indicates that the unintentional alloying
process only occurs within a finite interface region and there-
fore, has limited effect on the regulation of confinement poten-
tial (Figure S6, Supporting Information). By contrast, with the
increase in the alloyed shell thickness, the 1-LO phonon modes
keep fixed in C/HA/S QDs and red-shifted in C/GA/S QDs,
respectively, which provides conclusive evidences for the forma-
tion of homogeneous and gradient alloyed shell (Figure S7, Sup-
porting Information, and Figure 2a). Moreover, the ZnS shell
has a smaller lattice constant than the Zn 33Cd, ¢,S core, and the
accumulated interface strain will induce the lattice defects and
distinctly broaden the Raman linewidths. Compared with the
reference C/S and C/HA/S QDs, the linewidths of 1-LO phonon
modes of C/GA/S QDs maintain narrow consistently, which
reveals that the gradient alloyed shell can significantly release
the interface lattice misfit strain and reduce the lattice defect
density (Figure 2b). The defect density is further estimated by
adopting the space-charge-limited current (SCLC) measurement,
which is performed with the device configuration of indium tin
oxide/1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi)/
QDs/TPBj/lithium Ouoride/Al (Figure S8, Supporting Informa-
tion). The trap state density (N,) is determined by the trap-filled-
limit voltage (Vry;) according to the following equation:

2Vip EE,
Nt — TFL2 0 (1)
qL

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

a b c [~
76|~ —e—CIGAIS QDs | P = N
ﬂ\w +3MLZnS ‘rw""\, il o] o/ \ +3mLzns
] Y [ - i)
P o, i F = - - 315
3 = 9 =0 ]
/MML Zn,,Cd, S 6—¢—o——0—¢—9—¢ |,
S| W :
= 76 : ] i
2 +2ML Zn, Cd, S ¥ —*—C/HA/S QDs {320 § g
Ll St % £ -§
L LT 45
2 e c
3 MM E i Pk —— & y— 4300 g § :
= - N samML7n Cd
£ +2MLZn, Cd, S e o S & = S A +2ML2Zn,Cd, S
76 |- 1 o AN
—o—CIS QDs | - - Nl 1
- - @ - @=rZ -0 i . i
+2ML Zn, Cd,.S Pl 0"'0-— 9 e 2/ ] S +2 ML 2Zn,.Cd,.S
o< = / 4315 i, A |
38 | P 4 s
2n,,,Cd, .S core -0*——0-'—’0_#0/ A N-Cd o
! 100 = as Yo
19 ~
L . i L . L IO [T PO TR |- L PN i i T e T |
300 400 500 600 70 0 2 4 6 8 10 12 14 350 400 450 500 550 600

Raman shift (cm™)

Figure 2. Evolution of a) Raman spectra of C/GA/S QDs, b) FWHMs and
c) absorption and PL spectra of C/GA/S QDs.

where Vrg; is the onset voltage of the TFL region, L is the thick-
ness of the QD emissive layer. g, is the vacuum permittivity,
and ¢ is the relative dielectric constant of QDs. The N; of C/S,
C/HA/S and C/GA/S QDs is gradually decreased and estimated
tobe2 10, 1.5 10 and 1.3 10 cm™, respectively.

The shell growth process is also monitored by photolumi-
nescence (PL) and absorption spectra (Figure 2c). The obtained
PL spectra of the three types of QDs show narrow full width
at half maximum (FWHM) of 18-20 nm, as evidenced by the
uniform morphologies. Due to the different shell structures,
the evolutions of spectral shifts are obviously distinctive. The
spectra of C/S QDs systematically are shifted toward the short
wavelength direction (Figure S9a, Supporting Information),
resulting from the increased bandgap caused by the inward
diffusion of Zn ions from ZnS shell into ZnCdS cores at high
temperatures. In contrast, the spectral redshifts in C/HA/S
QDs (Figure S9b, Supporting Information) are stemmed from
the enhanced delocalization of carriers, due to the small poten-
tial offset between the core and the homogeneous alloyed shell.
However, in the case of C/GA/S QDs, the gradually increased
confinement potential in the alloyed shell enables the PL peak
position almost immobile. The PLQYs of C/S, C/HA/S and C/
GA/S, QDs are 78%, 36%, and 62%, respectively. Combining
with the results of SCLC, Raman, and transient PL measure-
ments (Figure S10, Supporting Information), it is reasonable to
conclude that the relative inferior PLQY of C/GA/S QDs mainly
originated from the slow electron-hole recombination rates,
which is caused by the weak quantum confinement effect rather
than the existence of the abundant defects within crystals.29-32

To further determine the inCuence of the interfacial struc-
ture on AR process, transient absorption (TA) measurements
of the three types of QDs are carried out. The QDs are dis-
solved by hexane in 1 mm path length cuvettes for the meas-
urements. The samples are pumped by a femtosecond laser
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spectral shifts of the 1-LO phonon modes of the three types of QDs, and

with a pulse width of 100 fs at 355 nm. By changing the pump
Ouence during the measurement, the single exciton and the
multi-exciton carrier dynamics are studied. TA spectra of these
QDs at 10 ps are shown in Figure S11, Supporting Information,
where the photobleaching (PB) signals can be clearly observed.
In order to understand the relationship between the pump Ou-
ence and the multi-exciton process in QDs, the average gener-
ated electron-hole pair per QD ( N ) is introduced, which is
determined by the expression N j,0,, where j, is the pump
Ouence and o is the absorption cross section.'% The pump
Ouence-dependent PB signal amplitude is used to estimate the
value of <N>, following previous research reports.>* At long
delay time after the QDs are excited, the multi-exciton process
completes relatively quickly so that only single exciton condi-
tion is remained. The amplitude of the PB signal at this time
scale is proportional to the pump Ouence. According to the
Poisson distribution, the relationship between the amplitude of
the PB signal and the pump Ouence can be described by the
following equation:

AA; <[1-¢ ] (2)

Figure 3a demonstrates the data of the PB signal amplitude
of C/GA/S QDs at a delay time of 3000 ps as a function of
the pump Ouence. By fitting the experimental data by the above
equation, the value of the absorption cross section is obtained,
which can be further used to calculate <N>. The fitting results
of C/S and C/HA/S are shown in Figures S12a and S13a,
respectively, Supporting Information.

Figure 3b shows the PB signal kinetics of the C/GA/S QDs
sample under different pump Ouences. A rapid decay part
gradually appears with the increase of <N>, which is attributed
to the generation of multi-excitons. According to the Poisson
distribution, when <N> is 0.1, more than 99% of the excited

(3 of 7) © 2021 Wiley-VCH GmbH
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Figure 3. a) PB signal amplitude of C/GA/S at long delay time (30000ps) as a function of pump Ouence. The red solid line is the fitted curve based on
the Poisson distribution. b) PB kinetics of C/GA/S QDs at dilerent pump Ouence (expressed by <N>value). c) Biexciton dynamics of C/GA/S QDs
extracted from two PB kinetics (<N>0 0.49 and <N>0 0.17) through the subtraction method. The solid red line is the result of fitting through a single
exponential decay. d) Biexciton Auger lifetimes of three dillerent types of QDs.

QDs in the sample are in the single exciton state. When <N>
is 0.5, the percentages for the single-exciton state, the biex-
citon state and the multi-exciton state in the excited QDs
are 771%, 19.3%, and 3.6%, respectively, which implies that
the single exciton and biexciton processes dominate the PB
decay dynamics. The biexciton lifetime can be determined by
a subtraction method, which has been used in the previously
reported literature.1%35-382-5] The biexciton decay kinetic of
C/GA/S QDs is extracted through subtracting the PB kinetics
when <N> 0.11 from the PB kinetics when <N> 0.0D, and
the result is shown in Figure 3c. The biexciton decay kinetic
can be well-fitted by a single exponential decay, as indicated by
the solid red line in Figure 3c, and the fitted biexciton lifetime
(Twx) of C/GA/S QDs is 1131 53.0ps. Using the same method,
the biexciton lifetimes of C/S and C/HA/S QDs are also
obtained, which are 306.0 22.6 and 8503 56.3 ps, respec-
tively (Figures S12 and S13, Supporting Information). The
biexciton decay process has two decay channels, namely, the
biexciton radiative recombination and the non-radiative AR.
Assuming a quadratic scaling of radiative time constant with
exciton multiplicity, the biexciton radiative recombination
lifetime (7,,,) is about a quarter of the single exciton lifetime
(7). Therefore, the biexciton Auger lifetime (7, ) can be
calculated through 1/7,, 4  1/7,~1/ %, The Auger lifetimes
of C/S, C/HA/S and C/GA/S QDs are 3572 202, 930 67,
and 1268.2 675 ps, respectively (Figure 3d). As we expected,
C/GA/S has the longest AR lifetime, which implies that the
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controllable engineering alloyed interface can suppress the AR
process in QDs effectively.

We further investigate the effects of the shell structures on
ASE performance. Figure 4a—c present the schematic diagrams
of the three types of QDs and their corresponding approxi-
mate shapes of the conduction- and valence-band confinement
potentials. Theoretically, the gain threshold is affected by many
factors, including the fine energy level structure of single exci-
tons and biexcitons, and the photon energy of pump light.>Y!
Herein, a laser with 1 ns pulse width at 355 nm (3.0D eV)
and 20 Hz repetition rate is selected as the excitation source
to exclude the infuence of band edge pumping on the gain
threshold. We utilize a laser with 1 ns pulse width at 355 nm
and 20 Hz repetition rate as the excitation source. The pump
intensity-dependent PL spectra for these samples reveal that the
spontaneous emission dominates PL spectra at low pump inten-
sities (Figure Cd—f). When the pump Ouence exceeds the ASE
threshold, both the narrow-linewidth ASE emission peaks in
C/S and C/GA/S QDs are appeared at the low-energy shoulder
of the corresponding spontaneous emission peaks, due to the
attractive (type-I-like) nature of X—X interactions. By contrast,
the C/GA/S QDs present the ASE threshold of 16.5 uJ cm™
pumped by the same laser, which is lower than those of C/S
and C/HA/S QDs by a factor of =10 and O respectively. More-
over, it is further reduced to 6.9 uj cm™ under the excitation
of a femtosecond laser (Figure S100 Supporting Information),
which is not only the lowest value from all blue-emitting

© 2021 Wiley-VCH GmbH
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Figure 0. a—c) Structure diagram of C/S, C/HA/S, and C/GA/S QDs, respectively. The corresponding d—f) ASE spectra pumped by a nanosecond laser
at dillerent excitation Ouences, and g-i) integrated PL intensity and FWHM as a function of the pump intensity.

Table 1. Comparison of representative threshold values reported for dillerent blue-emitting nanocrystals.

Material Morphology Cavity type Laser Threshold [u) cm™?] Year Ref.
CdS/ZnS QDs Spherical resonator ~ 400thm/100 fs/1 kHz 3700 2005 [48]
CdSe/ZnCdS QDs ASE 400thm /100 fs/100 kHz 800 2012 49]
CdSe/znCdS QDs DFB 3550hm/4000bs/1 kHz 330 2014 [50]
ZnCdS/ZnS QDs ASE 400thm /120 fs/1 kHz 60 2014 2]
CdSe NPLs ASE 400thm/35 fs/ 100 Hz 50 2015 [57]
CsPb(BrCl); QDs ASE 400thm;/100 fs/1 kHz 3-13 2015 152]
CdS/ZnS NPLs ASE 400hm/120 fs/1 kHz 75 2017 [53]
CsPb(BrCl); QDs Vertical cavity 400hm/100 fs/1 kHz 25.5 2017 [54]
ZnSe NWs ASE 400thm;/150 fs/1 kHz 29.3 2019 55]
ZnCdS/Zn,_,C,dS/ZnS QDs ASE 355thm/1hs/20 Hz 16.5 This work

ZnCdS/Zn,_,C,dS/ZnS QDs ASE 355thm/100 fs/20 Hz 6.9 This work
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nanocrystals (Table 1), but also comparable to the best values
reported in green- and red-emitting QDs. The dramatically
enhanced performance can be ascribed to the multifunction
of the intermediated gradient alloyed shell, which suppresses
the Auger decay, charge tunneling routes, and lattice defects
simultaneously.

3. Conclusion

In summary, we have demonstrated that our reactivity bal-
ance strategy can precisely engineer the alloyed shell structure.
Benefiting from the effect of thick gradient alloyed shell on
suppressing the charge tunneling, Auger decay and lattice
defects, a long Auger lifetime of 1.3 ns is obtained. Under exci-
tation by a femtosecond laser, the C/GA/S QDs present an ASE
threshold of 6.9 uj cm™ which is the record value reported
in all blue-emitting nanocrystals, and even comparable to the
best values from red and green QDs. This work sheds light
on the core/shell interface engineering and opens a new path
for manipulating the composition and the structure of alloyed
shells for diverse optoelectronic applications.

0. Experimental Section

Chemicals: Cadmium oxide (CdO, 99.999%), zinc acetate (Zn(Ac),,
99.99%), zinc oxide (ZnO, 99.99%), 1-octadecene (90%, ODE), oleic
acid (90%, OA), sulfur (S, 99.99%), DCT (98%) were purchased from
Sigma-Aldrich. Acetone (analytical grade), chloroform (analytical grade)
and hexane (analytical grade) were purchased from Beijing Chemical
Reagent Ltd., China.

Preparation of 0.0 O Zn-Oleate: ZnO (400mmol), 400mL OA, and
600mL ODE were mixed in a 2500mL three-neck Oask. The mixture was
heated to 1400 C for 1 h with N, Dowing to remove water and low-boiling
point solvents. Then, the mixture was further heated to 3100 C to form
golden-yellow transparent solution. Finally, the ZnOA precursor solution
was cooled down to 1400 C for further use.

Preparation of 0.0 O Cd-Oleate: CdO (200mmol), 200mL OA, and
800nL ODE were mixed in a 2500mL three-neck Oask. The mixture was
heated to 1400 C for 1 h with N, Dowing to remove water and low-boiling
point solvents. Then, the mixture was further heated to 2600 C to form
golden-yellow transparent solution. Finally, the CdOA precursor solution
was cooled down to 800 C for further use.

Preparation of Sulfur-ODE: 160mmol sulfur powder was mixed with
240mL ODE in a 500mL three-neck Dask. Subsequently, the Dask was
heated up to 1600 C for 300min to obtain a clear solution. Finally, the
S-ODE precursor solution was cooled down to 600 C for further use.

Preparation of ZnCdS Core QDs: 1Immol of CdO, 10immol of Zn(Ac),,
70mL OA, and 250mL ODE were mixed in a 1000mL 3-neck Oask. This
mixture was heated to 1400 C with N, Oowing. Then, the reaction
solution was heated to 3100 C, and 2.40mL S-ODE was swiftly injected
into the Dask. The reaction was maintained at 3100 C for 2 h for ZnCdS
core QDs growth.

Preparation of ZnCdS/ZnS Core/Shell QDs: For ZnS shell growth, a
mixture of 60nmol DCT and 200mL ODE was added to the hot reaction
solution at a rate of 80mL h™" by a syringe pump. Subsequently, 250nL
ZnOA and 20mL DCT were slowly added by syringe pump. After the
precursors were added, the reaction was annealed at 3100 C for 1 h, and
then allowed to cool to room temperature.

Preparation of ZnCdS/ZnynCdypS/ZnS (C/HA/S QDs) and ZnCdS/
Zm_,Cd,S/ZnS Core/Shell QDs (C/GA/S QDs): For ZnS shell growth, a
mixture of desired amounts of CdOA and DCT was added into the hot
reaction solution at a rate of 8mL h~' by a syringe pump. Subsequently,
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250nL ZnOA and 20mL DCT were slowly added by a syringe pump. After
the precursors were added, the reaction was further annealed at 3100 C
for 1 h, and then allowed to cool to room temperature.

Purilcation: All the QDs were added into an eightfold volume of hot
acetone, and then centrifuged for 50min at 75000rpm. The supernatant
was discarded, and the precipitate was dispersed in chloroform. The
process was repeated another five times.

Characterization: Steady-state and time-resolved PL measurements,
including the determination of the absolute PLQYs, were carried out
by an Edinburgh FLS920 PL spectrometer. Absorption spectra were
performed on a PerkinElmer Lambda 950 UV-vis—NIR spectrometer.
XPS measurements were carried out on a ULVAC-PHI 5000 VersaProbe
instrument with an achromatic Al Ko source (1486.60eV) and a double
pass cylindrical mirror analyzer. TEM measurements were performed on
a FEI Tecnai G20 transmission electron microscope. XRD patterns were
collected on a Bruker D8 Advance dillractometer with a Cu Ko source.
Raman spectrum was carried out by a self-bulit Raman spectrometer.
The excitation radiation from a He—Ne laser (5320nm, 2000mW), was
directed by an Olympus microscope and focused on samples by a
50 microscope objective. For the ASE measurements, the samples were
excited at room temperature with a 355thm pulse laser (CryLas FTSS355-
300-STA) at 200Hz repetition rate and 1ns pulse width. The emission
spectra were detected by a Newton CCD (model no. DU920P-BU)
integrated with a Shamrock spectrometer (model no. SR-750-D1-R). TA
was measured by the ExciPro femtosecond TA pump-probe spectrometer
(CDP Systems Corp.). The 3550nm excitation laser was transformed
through an Astrella ultrafast Ti:sapphire amplifier (Coherent, 8000nm,
1 KHz, 100 fs) by an ultrafast optical parametric amplifier (Coherent
OperA Solo).
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