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ABSTRACT: We show the ultrafast photodoping and plasmon dynamics of the near infrared (NIR) localized surface plasmon
resonance (LSPR) of fluorine-indium codoped Cadmium Oxide (FICO) nanocrystals (NCs). The combination of high temporal
resolution and broad spectral coverage allowed us to model the transient absorption (TA) spectra in terms of the Drude model,
verifying the increase in carrier density upon ultrafast photodoping. Our analysis also suggests that a change in carrier effective
mass takes place upon LSPR excitation, as a result of the non-parabolic conduction band of the doped semiconductor with a
consequently high signal response. Both findings are specific to this new type of plasmonic material. The combination of large
transmission modulation with modest pump powers and ultrafast recombination times make our results interesting for all-
optical signal processing at optical communication wavelengths. At the same time, our results also give insights into the physical

mechanisms of ultrafast photodoping and LSPR tuning of degenerately doped semiconductor NCs.

INTRODUCTION

The photo-induced alteration of the plasmonic response
of nanomaterials delivers a tool for all-optical signal pro-
cessing, enabling the design of novel optically controllable
nanophotonic devices.”” The combination of ultrafast sig-
nal manipulation with large transmittance variation is de-
sirable for applications in active plasmonics and optical
switching."** Degenerately doped semiconductor nanocrys-
tals (NCs) are promising materials for these applications, as
their free carrier density is much lower than in metals, so
that the localized surface plasmon resonances (LSPRs) are
more sensitive to absolute changes in the carrier concen-
tration.”™ This enhanced sensitivity to the carrier density
makes doped semiconductors appealing as active optical
components, which require reversible modulation of either
the strength or the frequency of the plasmon resonance
and ultrafast response time for high switching rates.**"

Degenerately doped metal oxide NCs can sustain heavy
doping, reaching carrier concentrations in the range of
~10" ¢m>, which are intermediate between semiconduc-
tors and metals, resulting in LSPRs in the near infrared
(NIR).”™ By controlling the level of doping and choosing
from a library of materials, the LSPR can be designed to

cover the spectral range from the NIR to the mid-IR.>7*"973*
Characteristics of the doped semiconductor nanostructures
such as the non-parabolicity of the conduction band,* the
presence of the bandgap with the associated transparency
window in the visible range exploited for photodoping,**
1183538 and the presence, in some cases, of crystalline ani-
sotropy™ offer new tools for signal manipulation. This,
combined with ultrafast recovery times and large signal re-
sponse, can make such systems interesting candidates for
the development of ultrafast nanodevices.”>**® Of high in-
terest is in particular the option of all-optical switching, for
example via the ultrafast photoexcitation of the LSPR.>**""
' Signal manipulation with photon energy greater than the
bandgap, exciting valence band electrons into the conduc-
tion band and in turn altering the dielectric properties of
the material, is another attractive option.”'*'**3%3® Due to
the small volume of the NC, such photodoping can induce
a switching from purely dielectric to metallic response.”

Most common doped metal oxides are based on a com-
bination of aliovalent doping and oxygen vacancies.”* Cat-
ion-anion codoping is an option to extend the spectral
tunability of LSPRs in doped metal-oxides. Fluorine-
Indium codoping of Cadmium Oxide (FICO) is as an at-



20,40

tractive example.*”** In this way LSPRs across a wavelength
range from 1.5 to 3.3 um are covered. Additionally, high
quality factors of the plasmon resonance with narrow line
widths are reached due to low impurity scattering.*

In this work, we demonstrate ultrafast all-optical manip-
ulation of the LSPR in the NIR range at wavelengths rele-
vant for optical communications. The all-optical photo-
modulation of the LSPR is achieved by exploiting the semi-
conducting and plasmonic properties of FICO NCs and by
inducing two different physical scenarios: interband excita-
tion, i.e. at 400 nm and LSPR excitation, i.e. at 1350 nm,
while probing the LSPR between 1100 nm and 1650 nm. The
combination of high temporal resolution and broad spec-
tral coverage allowed us to model the transient absorption
(TA) spectra and to extract the temporal evolution of the
physical Drude parameters. This enabled us to explain the
physical mechanisms underlying ultrafast signal modula-
tion. While an increase in the carrier density due to ultra-
fast photodoping following interband pumping leads to a
mono-exponential decay of the signal response due to elec-
tron-hole recombination, a change in carrier effective mass
as a result of the non-parabolic conduction band might be
the main reason for the large transient signal following
LSPR pumping. The all-optical signal manipulation at tele-
communication wavelengths combined with large trans-
mission modulation at modest pump powers and ultrafast
recombination times make our results interesting for ultra-
fast all-optical signal processing, and give insights into the
physical properties of photodoping and LSPR tuning of de-
generately doped semiconductor NCs.

EXPERIMENTAL SECTION

Chemicals. Oleic acid (90%), 1-octadecene (90%) and
cadmium(IT) acetylacetonate (Cd(acac),, >99.9%) were
purchased from Sigma-Aldrich. Indium(III) fluoride (InF;,
99.95%) was purchased from Alfa Aesar. Ethanol, toluene
and chloroform were purchased from Carlo Erba. All chem-
icals were used without further purification.

Synthesis of FICO nanocrystals. 1.2mmol of Cd(acac),
was mixed of the desired amount of InF; in 1.67mL of oleic
acid (s.2smmol) and somL of 1-octadecene. The solution
was degassed under vacuum at 130°C for 1h, then it was put
under nitrogen and the temperature was increased up to
315°C. This temperature was maintained for 4smin. The
produced NCs were washed three times by dispersion in
chloroform followed by precipitation by addition of etha-
nol. Eventually the FICO NCs were dispersed in toluene
and an additional cleaning step was performed by centrifu-
gation at 150orpm for 3min to get rid of bulky secondary
products

Transmission electron microscopy (TEM) measure-
ments. For the sample preparation dilute solutions of the
NCs were dropped onto carbon coated copper grids. Low-
resolution TEM measurements were carried out on a JEOL-
1100 transmission electron microscope operating at an ac-
celeration voltage of 100 kV.

X-ray diffraction (XRD) measurements. XRD meas-
urements were performed on a Rigaku SmartLab X-ray dif-

fractometer operating at 40 kV and 150 mA. The diffrac-
tometer was equipped with a Cu source and a Gobel mirror
in order to have a parallel beam and it was used in 2-
theta/omega scan geometry for the acquisition of the data.
Specimens for the XRD measurements were prepared by
dropping a concentrated NCs solution onto a zero-
background silicon substrate.

Elemental Analysis. This was carried out via Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES),
using a iCAP 6500 Thermo spectrometer. All chemical
analyses performed by ICP-OES were affected by a system-
atic error of about 5%. Samples were dissolved in
HCI/HNO,; 311 (v/v).

UV-Vis-NIR absorption Spectroscopy. The UV-Vis-
NIR absorption spectra of the NCs solutions in toluene
were recorded using a Varian Cary 5000 UV-Vis-NIR ab-
sorption spectrophotometer.

Femtosecond TA spectroscopy. The ultrafast TA exper-
iments were performed with a pump-probe setup based on
a commercial Ti:sapphire amplified laser system delivering
100-fs pulses at 1 kHz repetition rate at a central wave-
length of 800 nm. A fraction of the beam was either fre-
quency doubled in a B-Barium Borate crystal to obtain 400
nm pump pulses, or used to drive a non-collinear paramet-
ric amplifier (NOPA) to generate pump pulses in the near-
infrared between 1100 nm and 1400 nm, just off the plas-
monic resonance of the sample (~1600 nm). The probe
pulses were produced by focusing the fundamental beam
into a 4 mm thick YAG plate in order to generate a stable
white light supercontinuum reaching to 1650 nm. A long
pass filter with cut-on wavelength at 950 nm was used to
filter out the residual fundamental and the visible compo-
nents of the probe pulse. The pump and probe beams were
focused onto the sample with a spot size of around 300 pm.
The pump-probe setup employed a computer-controlled
optical multichannel analyzer (OMA) and the measured
signal is a map of the chirp-free differential transmission
AT/T = (Tou-Tog)/To as a function of the pump-probe time
delay for different probe wavelengths; T,, and T, are the
probe spectra transmitted by the excited and unperturbed
samples, respectively. The OMA employed an InGaAs spec-
trometer (Bayspec SuperGamut NIR) that is able to detect
from 870 nm to 1650 nm. All measurements were per-
formed at room temperature on samples dissolved in tolu-
ene prepared under nitrogen atmosphere in a 1-mm-thick
cuvette.

RESULTS AND DISCUSSION

FICO NCs were synthesized by following a procedure
published elsewhere® (see the Experimental Section for
details). Two different FICO samples were prepared by var-
ying the molar ratio of InF;, employed as both indium and
fluorine dopants precursor, from 20% to 30% with respect
to Cd(acac),. In Figure 1 we show the absorption spectrum
of two typical samples of FICO NCs with LSPRs in the NIR
peaking at 1625 nm and 1550 nm, respectively. The resulting
NCs had a spherical shape (see inset in Figure 1a) with di-
ameters around 10 nm and their crystal structure was as-



signed to bulk CdO, as evidenced by our XRD measure-
ments (see Figure 1a-b). The molar concentration of In do-
pant, as determined by ICP elemental analysis and calcu-
lated as In/(In+Cd), was 7.5 % for the longer wavelength
LSPR sample and 15.5% for the shorter wavelength LSPR
one. The blue-shift of the plasmon resonance is in agree-
ment with the measured higher level of doping that leads
to an increased carrier density.
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Figure 1. (a) Steady state absorption spectra of two typical
FICO NC samples with different doping levels with their LSPR
peaking at 1550 nm (blue - 15.5% In) and 1625 nm (red - 7.5%
In), together with a typical TEM micrograph (the scale bar is
50 nm). The thin black curves represent their spectral fits with
the Drude model and the Mie theory in the quasi-static ap-
proximation. (inset) The inset shows the (ahv)*hv plots, for
the two FICO samples. The value of the optical band gap
(Egopr) can be derived from the extrapolation to a=o. (b) XRD
pattern of the FICO NCs, with crystal structure matching that
of bulk CdO (ICSD number 24802). (c) Illustration of the band
diagram of the doped NC, where shaded blue areas depict oc-
cupied states in the valence and the conduction band (VB and
CB, respectively), separated by the energy gap E,,,. In this
work we performed two sets of experiments, by pumping ei-
ther the interband transition, i.e. with 400 nm pulses, or the
intraband region, i.e. with 1350 nm pulses, as depicted by blue
and red arrows, respectively.

The steady state absorption spectra of the FICO NCs in
the NIR region were quantitatively modeled using the qua-
si-static approximation of the Mie theory, according to
which the absorption cross section o, can be expressed as:
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where ¢ is the frequency independent dielectric con-
stant of the environment (the solvent for measurements in
solution), &,(®) the frequency dependent dielectric func-

tion of the material, R the nanoparticle radius, c the wave-

length of light, and w the frequency. The absorption of the

NC solution was then calculated according to the Lambert-
Beer law as:
Noal
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where N is the number density of NCs in solution, L rep-
resents the path length of the cuvette and vy is the fill fac-
tor. The dielectric function ¢,(w) of the free carriers in the
FICO NCs in the NIR is described by the Drude model:

% __(3)
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where the parameter ¢., depicts the high frequency die-
lectric constant, and 7”is the free carrier damping constant.
The plasma frequency w, of the free carriers is given by

(4)

with e being the electron charge, m* the effective mass, ¢,
the vacuum dielectric permittivity, and n the carrier densi-
ty. As seen in Figure 1a (black thin curves), excellent fit re-
sults were obtained. The extracted value of /=540 cm™
(0.07 €eV) illustrates the very narrow linewidths of the NC
LSPRs. The LSPR quality factor for these FICO NCs, de-
fined as the ratio between the peak energy position E(eV)
and the width AE(eV) of the LSPR, is in the range of 10.
Similar quality factors have been published by Ye et al.* for
the same material, and are among the highest for the class
of heavily doped semiconductor NCs. We calculated a val-
ue of &, =5.6 that is in agreement with what is reported for
Cadmium Oxide bulk materials.*** The plasma frequency
w,, that depends on the level of doping, was calculated to
be between 18700 and 19700 cm™ (2.32-2.44 eV). Eventually,
using m* = 0.43m, as the effective mass of the carriers, the
carrier density could be estimated to be around 1.68 -
1.86:10" cm?>.**

In the UV-vis region of the spectra the onset of the inter-
band absorption of FICO NCs was observed to blue-shift
with increasing the amount of In doping (see Figure 1a).
The blue-shift of the optical bandgap, better illustrated by
the Tauc plots in the inset of Figure 1a, is a result of the
well-known Moss-Burstein effect of heavily doped semi-
conductors and confirms, once again, the effective increase
in free carriers concentration when going from 7.5% to 15.5%
of In doping.”"****"* Notable is the transparency region be-
tween the interband absorption onset and the LSPR peak.
The fact that the bandgap is well separated from the LSPR
allowed us to perform experiments where the interband
and the intraband regime could be excited separately,
while probing in the region of the LSPR. Thus, we had two
distinct ways to induce an ultrafast modification of the
LSPR in the NIR. Figure 1c sketches the band diagram of
the FICO NCs separated by the energy gap E,, where shad-
ed areas depict filled states in the valence band (VB) and in
the conduction band (CB). For the bandgap excitation, we
chose to pump at 400 nm, which is just above the bandgap,
in order to avoid the creation of carriers with excess energy
and thus sample heating (blue arrow in Figure 1c). For the
excitation of the LSPR we selected a pump wavelength just

&p(w) = &g

ne?

a) —
p gom*



off the LSPR maximum at around 1350 nm (red arrow in
Figure 1c). For the following experiments we chose a sam-
ple with the maximum LSPR at 1610 nm.
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Figure 2. Transient optical response of FICO following intra-
band excitation. a) Representative TA spectrum at the maxi-
mum rise time around 100 fs after photoexcitation, exhibiting
a derivative shaped curve (left) together with the two-
dimensional A T/T map (right), showing the signal as a func-
tion of pump-probe delay and probe wavelength for FICO NCs
excited at 1350 nm with an excitation density 0.13 mJ/cm®. The
steady state LSPR absorption spectrum is also given in grey for
comparison. (b) Transient decay dynamics at 1580 nm together
with a bi-exponential fit (black and blue curve, respectively,
upper panel) and 1650 nm (red curve lower panel), illustrated
by the horizontal cuts (dashed lines) depicted in panel (a). (c)
AT/T time traces extracted at the selected probe wavelengths
to the red (around 1600 nm) and the blue (1500 nm) of the
maximum PB signal after subtracting the bi-exponential decay,
along with their fits by a damped sinusoidal function (black
curves). The extracted oscillating period is T = 4.4 ps and
the damping time constant is = 7 ps.

Figure 2 depicts the results of the TA experiments follow-
ing intraband LSPR excitation with 1350 nm pump pulses.
The transient spectrum at around o.1 ps delay time (corre-
sponding to the maximum of the TA signal) is presented
together with the two-dimensional AT/T map showing the
signal as a function of the pump-probe delay and the probe
wavelength. In grey is given the steady state spectrum
around the LSPR for comparison. The signal can be de-
scribed by a derivative shape with a photobleaching (PB)
maximum to the blue of the LSPR and a photoinduced ab-
sorption (PA) to the red. As a reminder, a positive AT/T

signal corresponds to an increased transmission, which in-
deed is a result of the bleaching of the signal, hence PB.
The decay dynamics of the TA signal is shown in Figure 2b
for the PB maximum at 1580 nm together with a bi-
exponential fit with the time constants of 0.23 and 38 ps,
respectively (black curve). The maximum PA signal at 1650
nm instead is decaying within less than 1 ps (red curve,
lower panel). Indeed, the non-linear optical response of
plasmonic resonances follows a specific trend correspond-
ing to two well-separated temporal dynamics: a short-time
dynamics in the picosecond time range and a longer decay
dynamics of several tens to hundreds of picosec-
onds.*****>* The excitation of the free carriers with an in-
tense laser pulse (pump pulse) in the region of the LSPR
results in the creation of a non-thermal distribution of the
Fermi gas. Strong carrier-carrier scattering leads to the es-
tablishment of a new Fermi distribution with a higher car-
rier temperature, observed as the maximum non-linearity
of the transient signal. Subsequently the carriers cool down
via the emission of phonons to the NCs lattice (initial fast
decay) and by the following release of energy to the sur-
rounding via phonon-phonon coupling (second slower de-
cay).** The change in carrier and lattice temperatures af-
ter excitation causes a temporal modification of the dielec-
tric function of the material, probed at controlled time de-
lays after excitation.***” The non-linearities observed by us
in the region of the LSPR have a very similar modulation,
showing an initial fast decay within 1 ps, ascribed to the ini-
tial phonon emission (carrier-phonon), and the subse-
quent slower decay, ascribed to phonon-phonon scattering
and heat dissipation into the solvent.**"™ Generally the
initial fast decay dynamics is rather fast with respect to no-
ble metals, which display time constants of the order of 1 ps
for electron phonon coupling. This is explained by the low-
er heat capacity of the carriers in the doped semiconductor
and the lower carrier density with respect to noble metals,
as also shown for indium tin oxide (ITO) nanopillars* and
Cu,,S NCs.?” We observe a linear increase in the AT/T
signal with pump power (see Supporting Information Fig-
ure Sz2), reaching 80% for an excitation density of
0.3 mJ/cm” only. Power dependent measurements reveal a
slight increase in the fast initial decay time, due to the
higher density of photoexcited carriers. A careful compari-
son of the spectra reveals a slight blue shift of the TA spec-
tra with increasing the pump power (see Supporting In-
formation Figure S3). We will refer to this point later.

Notably, the ultrafast increase in the lattice temperature
due to carrier-phonon coupling leads to a change in the
equilibrium volume of the NC and the impulsive excitation
of coherent vibrational (breathing) modes.**** As a result
of the heat induced NC volume change the surface plas-
mon resonance condition is affected, leading to a temporal
shift of the LSPR, which is observed as oscillations to the
red and to the blue of the maximum bleach non-linearity
overlaying the second slower decay. Indeed, we observed
such oscillations at around 1500 nm and at 1655 nm, as
shown in Figure 2c. By fitting the period of the oscillations
with a damped sine function and by previously subtracting



the slowly varying second exponential decay, the period T
and the damping 7 of the oscillation can be extracted:**>>>

F(t) = A-e”/r-sin (2 + ) (5)

where A is the initial amplitude, and ¢ is the initial phase.
The oscillations after subtracting the underlying two-step
decay dynamics together with the fit results are plotted as
in Figure 2c. It is worth noting that a m phase shift occurs
for wavelengths at different sides of the LSPR, as expected
from oscillations arising from a periodic shift of an optical
resonance. Taken together, these results follow the typical
transient dynamics of plasmonic materials.
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Figure 3. Transient optical response of FICO following inter-
band excitation. (a) TA spectrum at the maximum signal (0.6
ps) showing the typical derivative shaped curve together with
the two-dimensional AT/T map showing the signal as a func-
tion of pump-probe delay and probe wavelength for FICO NCs
excited at 400 nm for the excitation density 2.35 mJ/cm® The
steady state LSPR absorption spectrum is also given in grey for
comparison. (b) Transient decay dynamics at 1625 nm (blue
curve upper panel) and 1550 nm (red curve lower panel) to-
gether with the mono-exponential fits (black curve), illustrat-
ed by the horizontal cuts (dashed lines) depicted in panel (a).

The TA results following intergap excitation at 400 nm
are given in Figure 3. Figure 3a depicts a TA spectrum at
the maximum of the signal rise time at 0.6 ps, correspond-
ing to the peak to the signal build-up, together with the
two-dimensional AT/T map showing the signal as a func-
tion of the pump-probe delay and the probe wavelength.
The spectrum is described by a derivative shaped signal
modulation with negative signal, i.e. a PA at wavelengths to
the blue of the maximum of the steady state LSPR spec-
trum and a PB signal to the red, displaying the opposite
modulation as observed for the intraband LSPR pumping.
We will come back to this point later. For comparison we
give in grey the steady state spectrum around the LSPR.
Figure 3b displays the decay dynamics for the PA maximum
at 1550 nm (blue curve) and the PB maximum at 1625 nm
(red curve), illustrated by the horizontal cut (dashed line)
in panel (a). The decay can be fit by a mono-exponential
curve with a time constant of 1.7 ps (black curves in Figure
3b), showing a fundamentally different recovery mecha-
nism occurring here in comparison to what is observed in
the LSPR pumping. Note that the time axis in the two-
dimensional AT/T map of Figure 2a for the LSPR excitation
is only 2 ps compared to the 10 ps here, evidencing the
much faster signal modulation when pumping the LSPR
versus the interband transition. A short rise time of the
signal in the range of 600 fs is observed followed by a
mono-exponential decay. Pump power dependent meas-
urements reveal no changes in the decay dynamics (see
Supporting Information Figure S4 for details) and a linear
increase of the signal intensity. Interband pumping at 400
nm excites electrons from the valence band to the conduc-
tion band. This increases the carrier density by capacitive
charging and in turn results in the modification of the
LSPR. We propose that the mono-exponential decay is a
result of the temporarily increased carrier density n after
the ultrafast photodoping that decays with the electron-
hole recombination time. Pump-power dependent meas-
urements display an additional red-shift of the derivative
shaped signal with increasing the pump power in corre-
spondence with a further increased carrier density (see
Figure S5 in the Supporting Information). These findings,
thus, are the first demonstration of ultrafast photodoping
of degenerately doped semiconductor NCs, and a way to
control the LSPR specific to degenerately doped semicon-
ductors.”*3>%
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Figure 4. (a) Upper panel: Comparison of the experimental results of the two different pump scenarios: bandgap pumping (400
nm pump - interband, blue curve) and LSPR pumping (1350 nm pump - intraband, red curve). The pump induced modification
of the transient spectra at the early times displays the reverse modulation of the spectra, indicating a fundamentally different
origin of the TA signal. Lower panel: the corresponding fits according to the model described in the text. (b) Fit results plotted
as a two-dimensional AT/T map showing the signal as a function of pump-probe delay and probe wavelength for the excitation
with 1350 nm (upper panel) and the excitation with 400 nm (lower panel). c) Fit parameters of the LSPR pumping (1350 nm
pump -, intraband) plotted versus time. Upper panel: fit with varying dielectric constant €., and damping parameter I'; lower
panel: fit with varying plasma frequency w, and damping parameter I'. d) Fit parameters of the bandgap pumping (400 nm pump
-, interband) plotted versus time. e) Sketch of the non-parabolic (solid lines) versus the parabolic band Eeck® (dashed line) after
1350 nm excitation. The non-parabolic band structure has the effect that the effective mass increases for higher energy states in-
stead of being constant in a parabolic band. f) Illustration of the bandgap renormalization due to the presence of an electron in
the valence band and an electron in the conduction band after 400 nm excitation, which in turn influences the absorption prop-

erties in the high frequency range, i.e. €.

To shed light on the exact mechanisms of LSPR modifica-
tion we performed optical modeling of the TA spectra. The
transient signal is triggered by the pump induced modula-
tion of the FICO NCs’ dielectric function. For this we take
into account the modified Drude dielectric function &,(w,t),
which is varying with time ¢:

wp(t)
w2+T2(t)

wp (O (L)
w(w?+T2(t))

&p(w,t) = €x(t) + (6)
The TA results are then modeled by taking into account
the sample transmission

—04(w)'N-L
log(10)

T(w) = exp (7)

retrieved from the steady state absorption spectrum (Equa-
tions 1-4). The transient variation of the absorption cross
section Aou(w,t), due to the variation of the material dielec-
tric constant €,(w,t), then allows to calculate the transient
transmission of the sample by

—Acy(w,t)-N-L
log(10) -1

In the upper panel of Figure 4a the experimental results
of the two different pump scenarios are compared at early
times. Both TA show a derivative shape while the reverse
modulation is observed for the 400 nm pump (blue curve)
with respect to the 1350 nm pump (red curve), indicating a
fundamentally different origin of the pump-induced signal
variation. The fits of the spectra (400 nm pump, blue curve
and 1350 nm pump, red curve in Figure 4a, lower panel)

T (@) =exp



show an excellent agreement with the experimental results.
By fitting the transient optical response of FICO NCs with
time we were able to plot the two-dimensional AT/T map
as a function of the pump-probe delay and the probe wave-
length for both pump wavelengths: (upper panel) intra-
band pumping at 1350 nm and (lower panel) interband
pumping at 400 nm. For comparison we give the experi-
mental maps of this set of data in the Supporting Infor-
mation (Figure S6). The fit parameters of £.(t), w,(t), and
I'(t) are given in Figure 4¢ (1350 nm pump) and Figure 4d
(400 nm pump). We first consider the case of the LSPR
pumping at 1350 nm. We were able to accurately model the
TA spectra by increasing the high frequency dielectric con-
stant &,(t) from its original value of 5.6 to 6.2 and the re-
sulting time dependent &,(t) is shown in the upper panel of
Figure 4c¢ (blue curve). An ultrafast recovery of the initial
value within less than one picosecond is observed, thereaf-
ter a tail with a minor variation remains. Notably, the max-
imum modulation is reached within 100 fs. Thereafter it
decays with a time constant of less than o.2 ps. Together
with the decay of the high frequency dielectric constant an
increase of the damping term I' is prompted reaching its
maximum value at around o.25 ps, before it decays rapidly,
remaining quasi constant at slightly elevated values after
around 2.5 ps. Our results fit well with the assumptions of
the Drude-Sommerfeld model of the free electron, stating
that the heating of the carriers, and subsequently, of the
lattice induce a change in the dielectric function of a me-
tallic material. Such picosecond variations, due to the cool-
ing of the hot carriers, and the subsequent heat transfer to
the lattice, are quantitatively accounted for by the two-
temperature model.** The initial heating of the carrier gas
leads to a non-thermal distribution of the carriers and a
smearing of the Fermi distribution, which, in turn, results
in the modulation of the interband transition, and thus of
the high frequency dielectric constant &.,(t).*° The heating
of the lattice instead causes a modulation of the I" parame-
ter because of the increased electron-phonon scattering
rate with temperature.* Thus, the initial fast decay, extract-
ed for the variation of the high frequency dielectric con-
stant &,, can be ascribed to the cooling of the hot carriers
that modifies the absorption in the high frequency range,
and in turn induces the heating of the lattice observed as
increased damping I'.

It is notable that we were equally able to fit our transient
spectra by varying the plasma frequency w,, whilst obtain-
ing very similar values for the damping term I (see Figure
4¢, lower panel). Indeed, in a recent work by Guo et al.* on
ITO nano rod arrays, the authors relate the observed non-
linear optical response to a change of the plasma frequency
of ITO, instead of the Fermi-surface smearing and the re-
lated change in ¢,. As a variation of the carrier density n
cannot be induced via intraband pumping, the observed
pump-induced redshifts of the LSPRs have been ascribed to
the change in the effective mass of the carriers m** The
latter is ascribed to the conduction band non-parabolicity,
an effect observed in several highly-doped metal oxides.**
The non-parabolic band structure has the effect that the
effective mass increases for higher energy states as it be-

comes k-vector dependent, while in the parabolic band
limit it would remain constant. This effect is illustrated in a
sketch in Figure 4d. As a result of the lower carrier density
with respect to noble metals, a remarkable change is in-
duced to the electron distribution upon LSPR pumping and
a significant plasma frequency modulation is observed. Al-
so for indium doped cadmium oxide (ICO) a non-parabolic
band has been determined,* which means that the varia-
tion of w, due to a change in the effective carrier mass after
the excitation might be the physical origin of the transient
response following the LSPR excitation. Indeed, we observe
a more marked red shift at higher pumping power indicat-
ing that a higher fraction of free carriers are probing re-
gions of higher momentum in the conduction band, hence
have their effective mass increased. Similar findings have
been made by Guo et al.* and support the picture of the
non-parabolic band for FICO NCs.

Besides the effective mass m*, a change in carrier density
can also alter the plasma frequency w,. Indeed, by prompt-
ing interband transitions the carrier density in the conduc-
tion band of a metal oxide can be optically enhanced via
photodoping.®*®3® As the free carrier density in doped sem-
iconductors is much lower than in metals their LSPRs are
more sensitive to absolute changes in the carrier concen-
tration and LSPR blue-shifts are observed.®*® The direct
photoexcitation of a doped semiconductor at energies near
the bandgap increases the carrier density and thereby in-
creases wy, resulting in a blue-shift of the LSPR. Thus, we
assume that the 400 nm excitation, i.e. above the band
edge of FICO NCs, manipulates their plasma frequency on
the ultrafast time scale by the injection of electrons into,
and their subsequent decay from, the conduction band.
This is further supported by an additional blue shift of the
signal with higher pump power (see Figure S 5 in the Sup-
porting Information). Indeed, by fitting the TA spectra we
find that the signal modulation is reproduced by increasing
w,. The maximum modification Aw, would then result in an
increase in carrier density by 7.5 % (see Equation (4) and
by assuming a constant effective mass of 0.43m,). The tem-
poral evolution of w,(t) with time shows a mono-
exponential dynamics, which displays a similar temporal
evolution as the decay of the maximum PB and the PA sig-
nal shown in Figure 3b. This indicates that, indeed, the
change in w, is inducing the signal modulation and it con-
firms our picture of the transient increase of carrier densi-
ty. Remarkably, we found that simultaneously with the
w,(t) we had to adjust also the high frequency dielectric
constant £.,(t). The variation shows the same behavior as
w,(t) thus displaying a linear relationship between &., and
w,. While in doped metal oxides ., has been shown to line-
arly decrease by increasing the doping level, in our case we
observed the opposite trend. The former is understood in
terms of the widening of the bandgap as a consequence of
the Moss-Burstein effect, which leads to higher transparen-
cy at higher frequencies.** However, in our case we are
considering a slightly different system in which the extra
carrier added through photodoping is connected to the
formation of a hole in the valence band. Coulomb interac-
tions between electrons and holes, or band gap renormali-
zation due to the occupation of states in the system, might



be responsible for the observed increase in e..>* This effect
is illustrated in Figure 4f showing a sketch of valence and
conduction band and the electron and hole pair after pho-
toexcitation with 400 nm pump pulses. Our finding illus-
trates a fundamental difference between chemical doping
and capacitive charging via photodoping, and a deeper
evaluation of this finding would involve the observation of
the spectral and temporal evolution with the addition of a
hole scavenger to the solution or upon surface modification
of the NCs, which results in an influence of the electron-
hole interaction.”>*>* We remark here that also the carrier
damping was slightly adjusted during the spectral fits
showing an initial rise and an immediate decay within the
first hundreds of femtoseconds, which might be assigned
to the cooling of carriers with excess energy and also ex-
plains the initial signal rise time.

Conclusion

Ultrafast all-optical signal modulation at telecommunica-
tion wavelengths was shown in FICO NCs, a material sys-
tem possessing extremely narrow and high quality LSPRs
that are tunable in the NIR. Bandgap (at 400 nm) and LSPR
(at 1350 nm) pumping allowed us to induce ultrafast signal
modulation of the LSPR, according to two fundamentally
different excitation processes. LSPR pumping results in the
typical two-step decay due to carrier and lattice heating
and to the impulsive excitation of the radial breathing
mode. In contrast, a mono-exponential decay of the signal
was observed after bandgap pumping assigned to the ultra-
fast photodoping induced carrier density increase, con-
firmed by rigorous optical modeling. Photodoping is a
means of LSPR control based on capacitive charging of the
semiconductor, specific to doped metal oxides. Notably,
the temporal evolution after the LSPR excitation at early
times could be ascribed to the change of ¢.., as known from
noble metals and other plasmonic material.*"*"* Howev-
er, we were equally able to reproduce the spectra by a de-
crease of the plasmon frequency w,, which is a result of the
k-vector dependent effective mass in the non-parabolic
band of indium doped cadmium oxide, a characteristic that
is specific to metal oxides and delivers a new physical vari-
able for LSPR modification.* Taken together the observed
combination of ultrafast recovery times and large transmis-
sion change make FICO NCs interesting candidates for the
development of all-optical modulators in novel nanodevic-
es functioning at wavelength relevant for optical communi-
cation.
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