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Optical Properties and Ultrafast Near-Infrared Localized
Surface Plasmon Dynamics in Naturally p-Type Digenite

Films

Andrea Villa, Madina Telkhozhayeva, Fabio Marangi, Eti Teblum, Aaron M. Ross,
Mirko Prato, Luca Andena, Roberto Frassine, Francesco Scotognella,*

and Gilbert Daniel Nessim

Copper chalcogenides are materials characterized by intrinsic doping
properties, allowing them to display high carrier concentrations due to their
defect-heavy structures, independent of the preparation method. Such high
doping enables these materials to display plasmonic resonances, tunable by
varying their stoichiometry. Here, plasmonic dynamics is studied in drop-
cast Cu,Ss (digenite) nanocrystals (NCs) film using ultrafast pump—probe
spectroscopy. The NCs are synthesized by thermal annealing of copper

foil using chemical vapor deposition (CVD), followed by sonication and
drop-casting of the isolated few-layered flakes on different substrates. The
samples display a broad localized surface plasmon resonance (LSPR) in the
near-infrared (NIR), peaking at 2100 nm. The free carrier response is further
confirmed by fitting the linear absorption with a Drude—Lorentz effective
medium approximation model. The high temporal resolution allows to
measure the relaxation dynamics of the photo-excited holes, which are
dominated by a fast decay (7 = 360 % 20 fs) and correspond to hole—phonon
scattering processes, followed by a long-lived (7, > 1 ns) signal associ-

ated with phonon-phonon scattering relaxation. These results confirm the
possibility of fabricating CugSs films retaining the plasmonic properties of
individual NCs, anticipating integrating these films into heterojunctions
with suitable hole acceptor materials to build hot-hole-transfer-based opto-
electronic devices.

1. Introduction

Heavily doped semiconductors have
been gaining increasing attention in the
last decades.'! In the 1960-70s, reports
were published on copper chalcogenide
films and single crystals characterized by
remarkable intrinsic doping, also called
“self-doping.”34 In particular, Abdullaev
et al. studied the temperature depend-
ence of several properties in Cu,Se single
crystals, including conductivity, thermo-
electromotive force and Hall constant,
which allowed them to estimate the con-
centration and mobility of the carriers in
the crystals.}l Further studies on copper
chalcogenides by Gorbachev et al. led to
the determination of the effective mass
of holes (my) in Cu,Se and Cu,Te as a
function of both carrier concentration
and temperature, associating the depend-
ence of my, on carrier density to the non-
parabolic character of the valence band of
the materials.! Both these materials are
intrinsically degenerate p-type semicon-
ductors, independently of the preparation
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method, and characterized by carrier concentrations between
10¥ and 1022 cm3, as their Fermi levels lie inside the valence
band.[ This characteristic of copper chalcogenides makes them
very interesting for practical applications, because by acting
on their stoichiometry it is possible to choose the desired bal-
ance between carrier density and my, tailoring the materials
characteristics to better suit the desired application. Specifi-
cally, it has been observed that my, increases progressively with
the density of carriers, due to the material displaying more Cu
vacancies and related defects which hinder the overall mobility
of the holes.P! It is therefore possible to either have low carrier
density with very high mobility, which is preferable for applica-
tions such as high-speed electronics,® or high carrier densities
with low mobility, which leads to strong free carrier absorption
and localization effects which can be of interest for plasmonic
applications.!

Among copper chalcogenides, copper sulfide has been exten-
sively studied.®®! Important characteristics of copper sulfide are
non-toxicity, the abundance of copper and sulfur elements, and
low fabrication costs.*1! Depending on the synthesis method,
the stoichiometric factor (x) in Cu, S varies from the most
Cu-rich Cu,S (chalcocite) to the most Cu-poor CuS (covellite),
including many non-stoichiometric phases in between, such
as Cu;gS (djurleite), CuoSs (digenite), Cu;S, (anilite), etc.'t
Their p-type electronic character is associated with lattice
cation vacancy formation. Doping by copper vacancy forma-
tion happens because of the low chemical potential and high
mobility of copper ions."”! An increase in Cu deficiency in non-
stoichiometric copper sulfides leads to a partial filling of sulfur
3p orbitals, which leads to a higher concentration of holes,
resulting in a progressive blue-shift and increase in the inten-
sity of the localized surface plasmon resonance (LSPR).34
In contrast, the full stoichiometric Cu,S does not exhibit any
LSPR absorbance due to the absence of any free holes, and its
valence band is completely filled. This indicates that the LSPRs
of Cu,,S are highly dependent on their stoichiometries and
hence crystal structures, as was first demonstrated by Zhao
et al., who investigated the optical and structural properties of
CuS, CuygS and Cuy ¢S nanocrystals (NCs).2l Similar proper-
ties were also reported for other copper chalcogenides such as
Cu,_,Se by Dorfs et al.,®l who investigated the possibility of
reversibly tuning the position of the LSPR. This can be done by
acting on the stoichiometry of the NCs, increasing or reducing
the number of copper vacancies through oxidation or addition
of Cu(I) complexes, respectively. Other key parameters to tune
the LSPR are the dimensions and morphology of the NCs, as
demonstrated in Cu,_S quantum dots,!> nanosheets,!®! nan-
odisks,l”] and nanoplates.'® Although synthesis and optical
properties of copper sulfides have been widely explored, espe-
cially in the case of stoichiometric CuS NCs,101920] there is lim-
ited literature on digenite NCs films.

Digenite (CuoSs, x = 0.2) is distinguished as a steady phase,
which exists in two modifications: low-digenite (below 364 K)
and high-digenite (above 364 K).2! Crystals of digenite are
found to be cubic or hexagonal and are based on the fcc sub-
lattice of S. This structure is similar to the one of cubic chal-
cocite (Cu,S), except that only 9/10 of the Cu sites are occu-
pied.??! First studies on the optical properties of copper-based
sulfides were performed by B. J. Mulder, who determined the
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absorption and reflection spectra between 400 and 1200 nm of
CugS; films obtained through controlled oxidation of chalcocite
thin single crystals.?’! Further studies by Rajkanan determined
the optical constants in the range 1.1-2.7 eV of copper sulfide
with different stoichiometries, showing that the imaginary
part of the refractive index (i.e., k) of Cu;7S increases toward
lower energies.?! Grozdanov and Najdoski later confirmed
a decrease in transmission at wavelengths longer than 1 um,
ascribing such absorption feature to interband excitation of free
carriers.?” In all the studies mentioned above, the films under
investigation were obtained through chemical deposition or
conversion of different phases of copper sulfide and not directly
from bulk digenite. Further investigations of the ultrafast
optical properties of stable dispersions of several copper chal-
cogenides, including Cu,_,S NCs, were performed by Kriegel
et al., who demonstrated the possibility of reversibly controlling
and tuning the LSPR of the NCs by acting on their copper defi-
ciency.??l Additional studies on the ultrafast optical response
of colloidal NCs of Cu,_,S and Cu,_,Se were performed by Xie
et al. and Scotognella et al., who investigated the size-depend-
ence of the LSPR,”! and the fluence-dependence of carrier
dynamics following resonant excitation of the plasmonic mode,
respectively.?® Although several studies on the ultrafast carrier
dynamics of colloidal dispersions of NCs were reported, the
possibility of using these NCs to form thin films with strong
plasmonic properties has not been investigated yet.

In this work, we report the fabrication and optical char-
acterization of drop-cast digenite NCs films, which display
near-infrared (NIR) plasmonic absorption at 2100 nm. The
NCs were obtained by powdering bulk CueSs grown by reac-
tive thermal annealing of copper foil using chemical vapor
deposition (CVD), then dispersed in different solvents to iden-
tify the optimum conditions for a stable solution. The solu-
tion was later drop-cast onto various substrates such as glass
and ITO/glass to form thin films, which were subsequently
characterized by different techniques. The transient optical
response of the film following photoexcitation of the NCs’
NIR plasmonic resonance was investigated in the visible and
NIR spectral ranges using ultrafast pump—probe spectroscopy
(Figure 1). Even in the aggregated state, the films display the
typical response of heavily doped semiconductor NCs, with a
faster decay (7, = 360 * 20 fs) associated with hole—phonon scat-
tering processes, followed by a slower one (7, > 1 ns), which can
be explained by phonon—phonon relaxation. This work demon-
strates the possibility of exploiting reactive thermal annealing,
which allows increased and faster bulk material production
compared to wet chemistry synthesis, and drop-casting, an easy
and fast technique, to form CuySs films displaying absorption
in the NIR. We anticipate integrating the CugySs films into hot-
hole-harvesting optoelectronic devices showing NIR absorption
by coupling with suitable hole acceptor materials.

2. Results and Discussion

SEM images were acquired to visualize the morphology of
both bulk and subsequently drop-cast CuySs flakes. Due to
the well-defined stacked-layered structure of the bulk CugSs
(Figure 2a), it could be readily exfoliated into thin 2D flakes
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Figure 1. Scheme of the setup used for the ultrafast pump—probe measurements.

having a dimension of a few hundred of nm with clear and
sharp edges as shown in Figure 2b. Moreover, a sheet-like sub-
structure could be evidenced in those of greater dimensions,
as reported previously for the bulk.l Although SEM does not
allow to determine the thickness of the flakes; the observed
structure suggests that, with the use of the established liquid
exfoliation technique, a greater number of few-atom-thick flakes
could be obtained. To confirm this, we performed AFM analysis
to measure the thickness of the flakes drop-cast on Si/SiO,—
300 nm substrate. Figure S1 (Supporting Information) shows
that thin CugSs flakes are roughly 4 nm thick. The observed
height is slightly larger than the typical thickness of exfoli-
ated transition metal chalcogenides (TMCs) layers (1-2 nm).
Such thickness deviation could potentially be attributed to the
absorbed solvent molecules.?’l Thus, we successfully isolated
the bulk digenite down to few-layered flakes.

Figure 3a reports the results of the UPS measurements per-
formed on the films. The left plot shows the intensity of the
secondary electron emission upon He [ excitation as a function
of the kinetic energy of the photoelectrons. The photoemission
onset is directly correlated with the work function of a material,

which can be identified either directly with the signal onset, or
with the middle point of the sharpest slope close to the signal
onset, in order to account for instrumental and thermal broad-
ening effects, as reported in a previous work by Park et al.*%
The retrieved values for the work function for digenite film
using the two criteria were respectively 4.0 £ 0.1 eV, which
is lower than what was reported in previous literature, and
4.5 £ 0.1 eV, which is in agreement with the reported calculated
work function of CugSs.*! The right plot reports the intensity
of the photoelectron emission as a function of the binding
energy. From this plot, the position of the VBM can be obtained
by extracting the low binding energy onset of the photoelec-
tron emission (magnified in the inset), assuming the Fermi
level is at the zero of the binding energy scale. For the samples
under investigation, the onset of the emission is found to be
very close to zero, confirming that the Fermi level of the films
is close to the VBM, in agreement with the p-type character of
the material.

The linear absorption spectrum of the films in the region
between 500 and 2500 nm is reported in Figure 3b. Scattering
contributions from the samples, which cannot be considered

Figure 2. Scanning electron microscopy (SEM) images of a) bulk and b) drop-cast Cu,Ss flakes.
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Figure 3. Results of ultraviolet photoelectron spectroscopy (UPS) measurements of bulk CugSs and linear absorption of a drop-cast CugSs NCs film.
a) Results of the UPS measurements, where the intensity of the photoelectron emission is reported as a function of both the kinetic and binding energy of
the photoelectrons. Magnifications of the low and high kinetic energy tails are provided along with blue vertical lines to highlight better the values of the
work function and valence band maximum of the material, respectively. b) Results of the linear absorption measurements, where the experimental data
are reported in red, while the black solid curve corresponds to a fit exploiting the Drude—Lorentz model along with the effective medium approximation.

negligible given the highly inhomogeneous nature of the NCs
films, were taken into account using an integrating sphere.
A remarkable absorption band is observed in the NIR region
beyond 1000 nm, with a noticeable peak at 2100 nm. However,
due to experimental limitations, it was not possible to observe
the low energy tail of the peak. Given the sub-stoichiometric
nature of CuoSs, which displays the characteristics of a strongly
degenerate p-type semiconductor, as confirmed by the UPS
analyses described in the previous paragraph, the observed
peak can be ascribed to plasmonic absorption by the free car-
riers of the material. Therefore, the absorption of the films
of deposited NCs is similar to what was reported in previous
works for stable solutions of Cu,_,S quantum dots!™ and NCs
with reversibly tunable LSPR,1?l which were, however, fabri-
cated through wet chemistry synthesis.

The experimental data were fitted using the Drude-Lorentz
model along with the effective medium approximation:*2l the
drop-cast film was assumed as composed of CugSs NCs and air
voids, with starting parameters retrieved from existing litera-
ture.l The retrieved carrier density was N = 4.5 x 10?lcm, the
hole effective mass my, =0.95m, (where m, is the free electron
mass), the high frequency dielectric function €., = 2.0, and the
band linewidth I" = 0.56 eV, from which the plasmon dephasing
time could be estimated at around T, = 2.35 fs. The thickness
of the flakes was found to be around 5 nm, while the porosity,
intended as the fraction of volume occupied by air in the film,
was estimated to be 0.12. To account for any residual scattering
from the nanocrystalline film, a term with E* dependence was
added to the fitted curve, E being the energy.

Results of the ultrafast pump-probe measurements per-
formed on the drop-cast CugSs NCs film for the infrared (IR)
and visible probe configurations are presented in Figures 4
and 5, respectively, with the retrieved differential transmis-
sion maps for pump—probe delays below 3 ps as displayed in
Figures 4a and 5a. Since the optical bandgap of CueSs is greater
than 1.1 eV while excitation is performed with pulses cen-
tered at about 1800 nm, which corresponds to a photon energy
of 0.69 eV, the retrieved signal can be ascribed to intraband
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excitation of the free carriers of the material. The measured
signal can be interpreted by exploiting the two-temperature
model for the ultrafast thermal response of photoexcited plas-
monic materials.?$33 Immediately following excitation, the
plasmon oscillations rapidly dephase through Landau damping
in a few femtoseconds, generating a non-thermal distribution
of hot holes in the valence band of Cu,Ss. Said hot carrier dis-
tribution then proceeds to cool down through hole-hole scat-
tering processes on a timescale below 100 fs to a Fermi-Dirac
distribution characterized by a high-temperature T;, for the
hole gas. This hot distribution later further relaxes through
hole-phonon scattering, cooling down by transferring energy
to the material’s lattice, heating it up on a timescale of a few
picoseconds. The lattice then releases heat to the environment,
completely relaxing on timescales between hundreds of pico-
seconds and few nanoseconds. While the duration of the pump
of 50 fs does not allow to resolve the plasmon dephasing and
hole-hole scattering processes taking place immediately after
photoexcitation,™ the dynamics of the slower hole—phonon
and phonon—phonon scattering relaxation can be fully resolved
(Figures 4b,c and 5b,c).

In general, by pumping the plasmonic resonance and
probing in the NIR, the sample displays bleaching across the
entire spectrum, which can be explained as a reduction in
the number of holes available for promotion to higher energy
states after photoexcitation and a consequent redshift of the
plasmonic resonance (Figure 4). Instead, by pumping in the IR
and probing in the visible, a negative differential transmission
signal is observed in the entire 530-730 nm region (Figure 5).
This signal can be explained by an increased possibility for
electrons in the valence band to be promoted to the conduction
band after IR photoexcitation, as new transition pathways are
made available for electrons initially promoted to the top of the
valence band by the IR pump pulses. The signals in visible and
IR display similar dynamics and timescales, as it can be esti-
mated from the results of the global analysis fits performed on
the retrieved pump-probe maps (see “Global Analysis” Section,
Supporting Information), confirming that they both originate
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Figure 4. Results of the ultrafast differential transmission measurements performed on the drop-cast CugSs NCs film probing between 1200 and
1800 nm. a) Pump—probe map for delays below 3 ps. b) Dynamics at different wavelengths for delays up to 10 ps. c) Differential transmission spectra
at increasing pump—probe delays. d) Results of the global analysis fit performed using a bi-exponential decay.

from the excitation of the plasmonic resonance of the free car-
riers of the material. Given the available temporal resolution
guaranteed by the pump-pulses used in the experiment, a bi-
exponential fit was performed to retrieve the hole-phonon scat-
tering rate while also considering the long-lived component
associated with phonon—phonon scattering. The fastest process
is characterized by a time constant 7; = 302 % 20 fs in the visible
and 7 = 359 £ 20 fs in the IR, so that the hole—phonon scat-
tering is completely exhausted within the first 1.5-1.75 ps after
photoexcitation, while for the long-lived component, a lifetime
7, > 10 ps was retrieved. Since this lifetime is much longer
than the maximum pump-probe delay used for the measure-
ment, it is safe to assume that this second component is associ-
ated with phonon-phonon scattering, which is usually charac-
terized by much longer lifetimes. Single wavelength measure-
ments (Figure S2, Supporting Information) performed at 1200
and 1300 nm (Figure S3, Supporting Information) with the
same excitation pulses but a much longer delay range showed
that the long-lived component is not completely decayed even
after 1 ns. For additional information see the “Single Wave-
length Measurements” Section (Supporting Information).
Further measurements were performed to try to investigate
the plasmon dynamics close to the resonance peak, using a
2000 nm probe (Figure S5, Supporting Information), but the
excessive noise made the measurement not completely reliable.
While the signal at short times looks very similar to what is
observed at other IR wavelengths, at longer times there might
be a reversal of the sign, with the signal becoming negative.
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Nonetheless, further experiments should be performed with a
stronger and more red-shifted IR probe to properly confirm the
nature of the signal at longer times. The results of the measure-
ment are reported in the “Plasmonic Peak Dynamics” Section
(Supporting Information).

3. Conclusion

We investigated the optical properties and ultrafast carrier
dynamics in drop-cast CugSs NCs film, retrieving the lifetime
of the photoexcited carriers following resonant excitation of
the plasmonic resonance of the material. UPS characterization
confirmed the strongly degenerate p-type character of the mate-
rial, which along with its layered crystalline structure, makes
this copper chalcogenide promising for integration into thin
p—n heterojunctions with TMCs and other similar 2D mate-
rials.l'%34 We demonstrated that drop-casting of a stable disper-
sion of the ground bulk material in DMF is a viable solution
for fabricating thin films consisting of a few layers of CuySs,
which allows avoiding more complex fabrication techniques
involving chemical deposition and processing or wet chem-
istry synthesis. The fabricated films displayed a broad IR plas-
monic resonance located at around 2000 nm, arising from the
excess of free holes of CuySs induced by its stoichiometry. The
ultrafast optical properties of the films after intraband excita-
tion of their free carriers were inspected through pump—probe
spectroscopy, and the response was interpreted according to the
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Figure 5. Results of the ultrafast differential transmission measurements performed on the drop-cast CugSs NCs film probing between 520 and 750 nm.
a) Pump—probe map for delays below 3 ps. b) Dynamics at different wavelengths for delays up to 8 ps. c) Differential transmission spectra at increasing
pump-—probe delays. d) Results of the global analysis fit performed using a bi-exponential decay.

two-temperature model. The lifetimes 7; and 7, for the hole—
phonon and phonon-phonon scattering processes happening
after the dephasing of the LSPR were retrieved, estimating
values of 7, = 359 + 20 fs and 7y = 302 £ 20 fs for IR and visible
measurements, respectively, while 7, was found to be much
larger than the longest scanned pump-probe delay. Deter-
mining these values, which are consistent with previous litera-
ture on colloidal NCs of copper chalcogenides, ! constitutes
the first step in understanding the dynamics of free carriers in
thin films of CuySs before their integration in optoelectronic
devices.

4. Experimental Section

Synthesis of Bulk CugSs: All reagents used in the synthesis were
of analytical grade without further purification. Bulk digenite was
synthesized using atmospheric pressure CVD composed of two furnaces
(Lindberg Blue). The furnaces were equipped with a quartz tube, while
the temperatures were monitored using built-in furnace thermocouples.
Synthesis of bulk CugSs was reported in a previous work.' Typically, the
temperatures were set at 450 °C for the furnace with elemental sulfur
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and 650 °C for the furnace with copper foil. The growth was performed
for 15 min in an inert atmosphere (Ar, 99.9999%, Gas Technologies). The
S source (sulfur powder, Alfa Aesar, 99.5%) was positioned upstream
of the gas flow in the first furnace, and a T cm x 1 cm piece of copper
foil (Alfa Aesar, 99.9%) was placed downstream in the second furnace.
Before the experiment, the quartz tube was purged with Ar gas until the
furnace reached equilibrium at given temperatures in two zones. At the
end of the reaction process, the “fast heat” technique was used.l*’]

Sample Preparation: The fabrication of the samples for further
characterizations was carried out starting from the bulk material. A
small amount of material was powdered to get finer grain sizes using
a mortar and then dispersed in various solvents. Stable dispersions
of copper sulfide nanostructures of different shapes and dimensions
were reported in water, ethylene glycol, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO).3¢% Similarly, copper sulfide powder was
dispersed in these solvents at different concentrations. The most stable
dispersion, which could then be drop-cast, was the one in DMF, with a
concentration of 7.5 mg L. Samples for linear absorption and pump-
probe measurements were obtained by drop-casting the dispersion on
pre-heated glass slides, while those for other measurements were drop-
cast on ITO/glass and Si/SiO,-300 nm substrates.

Scanning Electron Microscopy (SEM): The morphology of the samples
was investigated using SEM. The images were acquired by using a SEM
Tescan Mira 3 instrument.
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Atomic Force Microscope (AFM): AFM measurements were carried out
by a Bio FastScan scanning probe microscope (Bruker AXS). All images
were obtained by using PeakForce QNM (PeakForce Quantitative
Nanomechanical Mapping) mode with a FastScan-C (Bruker) silicon
probe (spring constant of 045 N m™). The measurements were
performed under environmental conditions in the acoustic hood to
minimize vibrational noise. The images were captured in the retrace
direction with a scan rate of 1.6 Hz. The resolution of the images was
512 samples per line. For image processing and thickness analysis,
Nanoscope Analysis software was used. The “flatting” and “planefit”
functions were applied to each image.

Ultraviolet Photoelectron Spectroscopy (UPS): UPS analyses were
carried out using a Kratos Axis UltraP'P spectrometer, using a He
| (21.22 eV) discharge lamp on an area of 55 um in diameter, at pass
energy of 5 eV and with a dwell time of 100 ms. The work function was
measured from the threshold energy for the emission of secondary
electrons during He | excitation. A negative bias of 9.0 V was applied
to the sample to determine the low-kinetic-energy cutoff precisely. Then,
the position of the valence band maximum (VBM) versus the vacuum
level was estimated by measuring its distance from the Fermi level.

Linear Absorption: UV—vis—NIR absorption spectra were acquired with
a Perkin Elmer Lambda 1050 WB spectrophotometer. The instrument was
equipped with deuterium (280-320 nm) and tungsten (320-3300 nm)
lamps. The signal was recorded by three detectors working in different
spectral regions (photomultiplier [180, 860] nm, InGaAs [860, 1300] nm,
and PbS [1300, 3300] nm), with the possibility of taking into account
scattering contributions by using an integrating sphere.

Ultrafast Transient Absorption (TA): TA pump—probe measurements
were performed on the samples to investigate the plasmonic dynamics
of the drop-cast CugSs film by retrieving the differential transmission
AT/T. The scheme of the setup used for the measurements is shown
in Figure 1. The measurements were carried out by exciting the samples
with pulses generated by a two-stage optical parametric amplifier
(OPA) supplied by a regeneratively amplified Yb laser (Pharos, Light
Conversion), which provides 50 u), 220-fs-long pulses at 1030 nm and
100 kHz repetition rate.ll For the generation of pump pulses, the OPA
was tuned to provide 50-fs-long pulses centered at around 1800 nm in
the region of the plasmonic resonance of digenite. The repetition rate
of said pulses was set to 50 kHz using a Pockels cell (Eksma Optics),
inserted in the OPA before the generation of the seed, and driven by
a digital delay generator (Model 525, Berkeley Nucleonics). The probe
pulses were achieved at 100 kHz repetition rate, exploiting white light
generation in two different YAG crystals pumped by a fraction of the
energy of the pulses coming from the laser. Two different spectral
regions were inspected in the infrared between 1200 and 1750 nm using
white light obtained from a 1-cm-long YAG and visible range between
530 and 730 nm exploiting pulses generated in a 4-mm-long YAG.I*2l The
detection system consisted of an interferometric spectrometer based on
a birefringent delay line (GEMINI, Nireos),[*~# followed by two different
detectors, depending on the spectral region of interest. Measurements
in the infrared were performed using an amplified thermoelectrically
cooled InAsSb detector (PDAIOPT, Thorlabs) sensitive between 1000
and 5800 nm, while those in the visible exploited a Si biased photodiode
(DET100A2, Thorlabs) connected to a transimpedance amplifier. The
signals from the detector were subsequently demodulated by a lock-in
amplifier (Zirich Instruments MFLI) triggered by the digital delay
generator to retrieve the T g and AT signals. This arrangement provides
a high signal-to-noise ratio by fully exploiting the high repetition rate of
the system. Detailed information on the data processing of collected
pump—probe data is described in the “Broadband Pump-Probe Data
Processing” Section (Supporting Information) (Figures S5-S10,
Supporting Information).

Supporting Information

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