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ABSTRACT: Intermediate band (IB) plasmonic semiconductor nanocryst-

als of Cu,FeS, (x = 3, 5, 7) are investigated by femtosecond transient : \ CB

absorption (fsTA) to correlate the observed LSPR damping behavior with Eg,op?% ,? " LSPR /——

changes in the observed electron—phonon and phonon—phonon relaxation | 400 nm | i 1050 nm [ "7

dynamics when excited at the localized surface plasmon resonance (LSPR) | Pump |~ \ T Pump e
| ERR—— |

and optical band gap (Eg,opt). Changing the Cu:Fe ratio results in a shift of
the Fe 3d IB consistent with an isosbestic shift seen for all fsTA data. While Er N !
different relaxation pathways can be accessed, the Fe intermediate band is [-—--—= <o TNy -
critical for both pump regimes, resulting in an increased hole—phonon (ho- =
ph) coupling constant as a function of increased carrier density and carrier
effective mass (m*). Additionally, evidence is provided for a correlation of
LSPR m* and damping versus ho-ph and ph-ph relaxation, respectively, by
comparing fsTA data with two-temperature modeling which may be used to
guide future development of high photothermal or photoacoustic
conversion efficient plasmonic semiconductor nanomaterials.

VB

in PSNCs affects LSPR relaxation dynamics, the electronic
density of states, and the applicability of PSNCs as optical
materials.

While n-type, direct gap metal oxides dominate the PSNC
literature, the p-type Cu,FeS, (x = 3, S, 7) bornite family,
herein referred to as CFS-Cu:Fe (e.g., CFS-3:1), is an example
of an intermediate band semiconductor (IBSC) that is
plasmonic. IBSCs as a class of materials are increasingly

enhance performance for epsilon-near-zero materials,'

photothermal therapy,4_6 electrochromic windows,” tele-
communications,® infrared neural stimulation,”™'' surface
enhanced Raman scattering,12 refractometric sensing,13 and
photocatalysis'* by resonantly exciting the LSPR mode. The
interest in plasmonic nanomaterials, whether noble metals or
semiconductors, reflects the presence of a localized surface

Interest in plasmonic materials is focused on the ability to

plasmon resonance (LSPR) arising from the collective
oscillation of free carriers, which results in enhancement of

the electric field (E) in the near field."”> Noble metals are the
quintessential standard for plasmonic nanocrystal research'>~"*
but are typically limited to the visible region.'” The LSPR of
plasmonic semiconductor nanocrystals (PSNCs) are widely
tunable across the visible to infrared (IR) spectral region
through composition, size (quantum confinement effects
leading to changes in band structure),””*' doping,** and
morphology.”® The strength of the near field enhancement at
the surface of a PSNC is dependent on the scattering
contributions (surface, phonon, electron, and vacancy
scattering). In PSNCs, nonparabolicity of the bands and
aliovalent ion incorporation lead to the formation of donor—
acceptor states that influence carrier density (1), effective mass
(m*), and carrier mobility (4) by modulating electron
scattering pathways. The presence of donor—acceptor states
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being explored for their thermoelectric properties and are
typically seen as indirect band gap materials, thought to make
them useful toward applications in thermoelectrics and
photovoltaics.”*™° CES PSNCs are attractive due to low
elemental cost, low toxicity,””” and having a biologically
transmissive near-IR (NIR) plasmon frequency.” In CFS, the
intermediate bands are composed of Fe d-orbitals that are
empty due to hole doping. Manna and co-workers evaluated
the relaxation processes in nanocrystal CuFeS,, a related Cu—
Fe—S phase having the chalcopyrite instead of the bornite
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Figure 1. (A) Relaxation pathways of CFS dependent on pump energy and (B) a pictographic representation of how the Fe 3d intermediate
band shifts as a function of Fe content. (C) Electronic band diagram with projected density of states of the paramagnetic CFS-5:1 unit cell

for spin down electrons.

structure, and observed significant photothermal heating is
caused by the Fe IB.” Lee et al. and Kays et al. were the first to
illustrate the oxidative behavior of bornite where a high energy
dielectric resonance (polaronic and chalcopyrite-like) is
observed to unpin and form an LSPR at low energy.””*’
While they performed preliminary DFT studies of the
electronic band structure for bornite as a function of Fe
content, there are still questions regarding how light interacts
and relaxes through the density of states. While similar classes
of IBSCs have been explored such as Cu;MCH, and
CuFeS,,”**"*? literature of bornite, CusFeS,, is still ongoing
and has been described as “puzzling”.”> To date, the band
structure of bornite is still under active research, where
differences in synthetic conditions can modulate the band ga
from 0.5 to 1.25 eV between valence band (VB) and IB.**
Overall, the results from the literature point in the direction
that Fe content in the Cu—Fe—S system should directly
influence the energy and population of IB states, leading to
differences in relaxation dynamics.

In InN, it has been observed that simultaneous changes in
m* with n occurs, leading to the observation that LSPR
frequency can remain the same even as n is reduced.’
Furthermore, m* is directly impacted by changes in the
carrier—phonon interaction in a given material and can chan§e
with size as demonstrated in CdSe quantum dots.”””®
Understanding how the values of n, m*, and 7 are influenced
by PSNC composition is critical for tailoring the physical
properties of PSNCs for future electronic and photonic
applications. The LSPR frequency in CFS can be modeled
using the simplified Drude model, wherein the plasma
resonance frequency (®,) (eq 1)

2
ne

P *
m-e,

1

is assumed to be primarily dependent on both n and carrier
effective mass m*, in which e is the elementary charge of an
electron and &, is the vacuum permittivity constant.”” The
reported p-type CFS carrier densities are on the order of 10*!
to 10** carriers based on one-electron reductant chemical
titration of the LSPR extinction centered at ~9600 cm™". The
change in the LSPR with Cu:Fe ratio is caused by a
simultaneous modulation of n and m* validated by chemical
titration comparison to Drude model fitting of the LSPR in the
3:1, 5:1, and 7:1 compositional series.’® The modulation of m*
is consistent with the observation of Fe vacancy population
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changing with Cu:Fe ratio, as evidenced by repeated
observations of Fe leeching.””*”*’ The impact of Fe vacancies
is hypothesized to lead to subsequent hole pinning and polaron
type carrier coupling, thus increasing the overall m* for CFS
dependent on the degree of vacancy presence and strength of
carrier coupling. The effect of m* is not only impactful on the
fitting of LSPR, but it also plays a critical role in carrier

mobility, y (eq 2)

(42
*
m

g @
where 7 is scattering lifetime, which is impacted by carrier
coupling, crystal structure defects, interstitial sites, and surface
depletion effects for PSNCs.”>*'~* While y is difficult to
measure directly in a nanocrystal, the change in LSPR
relaxation dynamics provides an indirect assessment of changes
in the carrier mobility with changes in Fe vacancy content. The
ability to modulate the Cu:Fe ratio in CFS allows the
evaluation of n, m*, and y in a single lattice structural type to
be evaluated.

In this work, femtosecond transient absorption (fsTA) is
used to explore the relationship between n, m*, damping, and
the relaxation kinetics of CFS-3:1, CFS-5:1, and CFS-7:1 in
the bornite phase for the optical band gap (Eg,opn CB to VB)
versus LSPR excited pathways. Phonon—phonon (ph-ph)
relaxation of hot holes is shown to linearly depend on LSPR
damping, while hole—phonon (ho-ph) relaxation is observed to
correlate with changes in m* that are validated with variable
field magnetic circular dichroism measurements. Additionally,
the fluence-dependent measurements shed light on the
interplay between carrier mobility, carrier density, and
relaxation lifetimes with respect to the hole-phonon coupling
constant. The Fe intermediate band is shown to play a critical
role in the availability of relaxation pathways for CFS agnostic
of excitation energy and can be identified by noting similarities
in relaxation kinetics between LSPR and E . pump regimes.
As Fe content decreases, n and m* simultaneously increase,
resulting in improved carrier mediated thermal conductivity,
which may be responsible for the enhanced performance of
CES in applications such as photoacoustic imaging and
photothermal therapy.

The spherical p-type CFS samples at 3:1, S:1, and 7:1
copper to iron were prepared as previously reported and
oxidized as described in the Supporting Information.”® The
CFS nanocrystals are isolated as nanocrystals passivated by
oleic acid and are of cubic bornite crystal type. The LSPR
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Figure 2. Characteristic two-dimensional transient absorption maps of (A) CFS-7:1, (B) CFS-5:1, and (C) CFS-3:1 with the steady-state
extinction spectrum overlaid on top in black and Amgp = 0 indicated by a white line. (D) LSPR pumped (1.18 €V, 1050 nm) fsTA spectra
for Cu,FeS, (x = 3,5,7) are compared, all displaying two characteristic PIA features assigned to IB-II (PR2) and IB-I (PR1) relaxation
transitions, where the first is observed near 2.9 eV and the second near 2.2 eV. When a near-infrared (NIR) probe pulse is used, the LSPR
bleach is observed (PB) centered near 1.1 €V, qualitatively matching the LSPR extinction spectrum (pink dotted line). Additionally,
intraband PIA transitions are observed for all samples below 1.0 eV. (E) E, . pumped (3.1 eV, 400 nm) fsTA spectra for all CFS are also
compared, all displaying one characteristic PIA feature assigned to a IB-II - VB relaxation transition (ER) centered near 2.2 eV. The NIR

probe of E
relaxation.

g opt

pumped fsTA showcases one GSB assigned to IB-I depopulation (EB) while the low energy PIA is attributed to intraband

frequency for all three samples is located between 1000 to
1100 nm, shifting to lower energy with increasing Cu:Fe ratio,
shown in Figure S1. The observed composition-dependent
LSPR shift was previously attributed to a combined change of
carrier density and carrier effective mass with CFS-7:1 having
both the highest n and m*, while CFS-3:1 has the lowest n and
m* based on simple Drude approximation (SDA) fitting.*’
The Fermi level (Eg) is observed to be within the valence
band, in agreement with the p-type, hole-based LSPR
assignment. Additionally, the Fe intermediate bands are
adjacent and slightly overlapping with the conduction band.
The IB can be broken down into two regimes, IB-II and IB-I
with higher and lower energies, respectively. Due to the
tetrahedrally coordinating Fe site in bornite, IB-II and IB-I are
also assigned as the Fe t,, and e, levels, respectively, as
previously reported.”* While the crystallographic structure of
the CFS family is identical (Figure S1) and each possess an
identifiable LSPR, the relaxation dynamics from LSPR
excitation are anticipated to differ due to changes in scattering
contributions from hole-phonon (ho-ph) and phonon—phonon
(ph-ph) processes as well as compositionally induced changes
to the density of states leading to modification of hot carrier
relaxation pathways into the electronic manifold and lattice

phonon bath.
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The relaxation pathways for LSPR and optical band gap
(Egope) pumped CFS samples are schematically illustrated in
Figure 1A. As the Fe content in CFS changes, it is expected
that intermediate band Fe levels will decrease in energy with
respect to Ep, as represented in Figure 1B. This also causes the
VB to shift lower in energy, resulting in a decrease in hole
carriers. The electronic band diagram with projected density of
states for paramagnetic, spin-down CFS-5:1 is shown for
reference in Figure 1C with k-space dependence of the bornite
IBSC arising from empty tetrahedrally coordinating Fe sites in
bornite. The Fe t,, and e, levels that comprise the intermediate
band are herein referred to as IB-II and IB-I, respectively,
identified and assigned as previously reported.””** As observed
in the computational band diagram, the Fe intermediate bands
are predicted to be adjacent and slightly overlap with the
conduction band.

In Figure 2A—C, a color contour plot overlapped with the
LSPR extinction spectra for each CFS ratio is shown along
with the femtosecond transient absorption spectral map for
LSPR (1.18 eV, 1050 nm) and Eg opt (3.1 eV, 400 nm) pump
regimes in Figure 2D, E. The ground state spectrum can be
described by a NIR LSPR mode at ~1100 nm and UV—vis
features attributed to optical band gap (E,,), intermediate
band, and ligand passivation layer absorption. Figure 2A—C
qualitatively highlights the increased O.D. response with
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Table 1. Bi-exponential Lifetimes and Populations for All Identified LSPR Pumped fsTA Features

1050 nm pump material
probe feature (nm) lifetime CFS-7:1 CFS-5:1 CFS-3:1
(PR2) 400 7, (fs) 568 + 23 (84.2%) 573 + 76 (79.9%) 641 + 21 (89.9%)
7, (ps) 202 + 0.5 (15.8%) 17.4 + 1.1 (20.7%) 143 + 0.4 (10.1%)
(PR1) 535 7, (fs) 371 + 6 (98.8%) 387 + 5 (98.0%) 376 + 7 (99.5%)
7, (ps) 20.9 + 0.6 (1.2%) 19.6 + 0.5 (2.0%) 13.8 + 0.3 (0.5%)
(PB) 1000 7, (fs) 434 + 5.1 (91.7%) 472 + 8.9 (90.8%) 499 + 9.1 (93.7%)
7, (ps) 25.1 + 1.9 (8.3%) 27.0 + 3.3 (9.2%) 20.5 + 3.3 (6.3%)
Table 2. Bi-exponential Lifetimes and Populations for All Identified E,,, Pumped fsTA Features
400 nm pump material
probe feature (nm) lifetime CFS-7:1 CFS-5:1 CFS-3:1
(ER) 550 7, (fs) 656 + 18 (93.0%) 690 + 20 (92.0%) 747 + 20 (88.5%)
7, (ps) 28.1 + 6.4 (7.0%) 29.3 + 6.5 (8.0%) 18.5 + 2.3 (11.5%)
(EB) 1000 7, (fs) 523 + 20 (90.3%) 594 + 24 (87.6%) 620 + 30 (92.8%)
7, (ps) 24.8 + 2.8 (9.7%) 369 + 4.9 (12.4%) 15.1 + 3.1 (7.2%)

decreased Fe content in fsSTA measurements, which corre-
sponds with a decrease in LSPR damping and subsequent
increased electric field enhancement with LSPR pumping.
The LSPR pumped fsTA spectra (Figure 2D) for the three
CES samples can be deconvolved into three photoinduced
absorptions (PIA) and one ground state bleach (GSB). The
fsTA spectra are spectrally similar regardless of changing Cu:Fe
ratio, but energy shifts observed for all features are consistent
with the different shifts in the linear absorption spectra
reflecting the shifting Fe IB and LSPR frequency. For all
spectra, there is also a small hypsochromic shift occurring over
long time, as observed in the TA data for WO,_, PSNCs.*”
The LSPR pumped PIA transitions are assigned to
intermediate band relaxation of LSPR generated hot holes
from IB-II and IB-I to the ground state, labeled PR2 and PRI,
respectively. The GSB is identified as the LSPR bleach due to
its matching profile with steady-state extinction spectra and
labeled PB. Inspection of the 2D plots show the expected shift
in the energy for PR2 and PR1 based on the energy shift of Fe
IBs as a function of Fe content, recalling Figure 1B. Likewise,
PB and the low energy intraband PIA shift proportionally
reflecting differences in n and m*. To verify the assignment of
hot hole relaxation for PR2 and PR1, the change in spectral
and temporal relaxation dynamics for the PIAs was measured
following the addition of a sacrificial reductant, EtOH. The
EtOH decay dynamics and kinetics of CFS-3:1 are shown in
Figure S2. Upon addition of EtOH, a new, broad GSB growing
at long times is assignable to the trapping of hot hole species
by EtOH. Trapping of the hot hole prevents the ground state
of CFS from fully recovering within 1 ns. The observed
response to EtOH is consistent with behavior reported for CuS
with the addition of alkanethiol as a hole acceptor, where a
long time GSB was also observed at times longer than 20 ps.*’
The kinetics of all other identified features are invariant with
the addition of EtOH, meaning that only PR2 and PR1
transitions possess hot enough holes to be captured by EtOH.
Biexponential kinetics for the LSPR pumped regime are
tabulated in Table 1 while kinetic fits are shown in Figure
S3A,B. Steady-state LSPR spectral features (plasmon damping
(T"), plasmon frequency (@;gpr), 1, and m*) are compiled in
Table S1 based on the CFS PSNCs measured in this study and
in a previous publication.”® Observation of biexponential
decays for LSPR pumped CEFS is consistent with earlier fsSTA
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data obtained for ICO, Cu,_S, and WO;_,, where fsTA
dynamics are typically identified by a three-step process which
includes a < 100 fs carrier—carrier formation called Landau
damping, followed by LSPR electronic relaxation via carrier—
phonon scattering, followed by phonon—phonon thermal-
ization undergone within the nanocrystal lattice.”~*" As CFS
features a hole (ho) majority LSPR, the decay dynamics are
described as hole—phonon (ho-ph, 7;) and phonon—phonon
(ph-ph, 7,) relaxation. Inspection of the lifetime data for the
CES samples in Table 1 reveals that overall, as the Fe content
increases, 7; is observed to increase in lifetime, while 7, tends
to decrease. The increase in 7, is consistent with an overall
decrease in both n and m*, where less scattering centers leads
to an increase in mean free path and carrier lifetime and a
lower m* represents less coupling of the carrier to external
forces which could cause it to relax faster. PR2 and PRI have 7,
lifetimes that are comparable across the CFS series, while PR2
has nearly double the 7, lifetime compared to PR1. As IB-I is
on resonance with the LSPR, it is expected that free holes
localized in IB-I experience an overall greater density of hole
scatterers with the concomitant restoration of hole population
for the LSPR immediately after excitation, resulting in a faster
7, for PR1 compared with PR2. The observed decay dynamics
for PR1 7, are strongly correlative with the steady-state LSPR
damping (I') observed in extinction spectroscopy (Figure S4,
R* = 1.0000). The observation of a strong correlation is
reasonable, as higher I" equates to higher carrier scattering in
the PSNC dictated by a combination of bulk, surface, and
chemical interface terms.>® Therefore, the observation of faster
ph-ph relaxation serves as a proxy for I'. This association can
also be attributed to the LSPR energy being on resonance with
the IB-I intermediate band, and therefore, it is likely the most
sensitive to the lattice scattering that originates from Fe t,,.
While the PR2 transition 7, is also correlative (R? = 0.9588), it
does not have a linear relationship as strong as that observed
for the PRI transition.

In Figure 2E, the E, . fsTA spectra exhibit a similar spectral
pattern, however with only 2 PIAs and one GSB. Most notably,
there is no evidence of a higher energy PIA in the E_ spectra,
and the GSB is blue-shifted, centered near 900 nm. The high
energy PIA does undergo a long-time hypsochromic shift;
however, the GSB does not shift in energy, indicating that the
transition is fundamentally different from the previously LSPR
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pumped GSB. The E,, pumped regime PIA and GSB are
assigned to intermediate band relaxation of IB-II to VB and IB-
I bleaching, labeled ER and EB respectively. Although the
energy of ER is lower than that of PB2 by ~0.7 eV, it is
important to remember that fsSTA monitors the energy
differences that arise from transitions and not an energy with
respect to Ey or the ground state. Because the LSPR generates
hot holes and electrons deep within the VB and in the IB,
respectively, the energy difference that can be achieved
between hot hole and electron recombination is much greater
than the pump energy limited E,,, excitation, as illustrated in
Figure 1A. The 2.2 eV ER transition is the expected energy
from Eg to IB-II in Figure 1C and is, therefore, assigned as the
IB-II to VB transition.

The E,, pumped regime also exhibits biexponential decay
kinetics, shown in Table 2 and plotted in Figure S3C,D. For
the E, ,,, pumped regime, the PIA at an energy near the IB-I to
VB transition has distinctly different relaxation kinetics than
observed in LSPR pumped. 7, is comparable to the PR2
transition, as carriers for both processes encounter the same Fe
3d ty, orbital environment while encountering similar kinetic
changes with changing Cu:Fe ratio. The IB-II to VB
assignment of ER is supported by noting the increasing
isosbestic point as a function of increasing Cu:Fe ratio, where
it is expected that the isosbestic energy of ER shifts to higher
energy as Fe content decreases, as shown in Figure 1B. The
identity of EB is less straightforward. The observed offset of EB
relative to PB in the fsTA data is suggestive of either a
photodoping phenomenon previously observed for n-type
plasmonic systems due to interband excitation*”>"** or could
be depopulation of the underlying IB-I transitions that is
otherwise dominated by the LSPR extinction feature.
Considering that at long times the LSPR does not relax to
the energy of the LSPR, photodoping seems unlikely in this
case, and therefore, the assignment of an IB-I bleach transition
is made for EB. ER and EB 7;s show the same Fe content
dependence as the LSPR pumped regime, where lifetime
increases with greater Fe content, likely also due to n and m*
changes as discussed previously, as the presence of hole free
carriers should still impact exciton recombination.

It is not surprising that a strong correlation between the
relaxation dynamics and CFS composition is observed. The
correlation is anticipated to extend to the m* values and vide
infra to the observed LSPR damping constant (I"). Variable
field magnetic circular dichroism (VH-MCD) was performed
on all CFS to optically probe m* as a function of the applied
magnetic field. Details of the fitting procedure are discussed in
other works and in the Supporting Information.** Figures 3
and S5 showcase the composition dependent m* results and
raw VH-MCD spectra respectively, where m* for CFS-5:1 is
reproduced from literature.** CFS-3:1 and CFS-7:1 display no
magnetic field dependent m* but can be averaged over
magnetic field strengths to obtain m*/m, values of 1.56 + 0.10
and 2.00 + 0.16, respectively, shown in Figure 3. The VH-
MCD m* values track reasonably well with the SDA extracted
values, with a small scalar difference of ~0.5. Table S1
compares the simple Drude approximation extracted m* with
MCD obtained m*. Assuming the linear relationship between
CFS samples from the Drude results is consistent with the
MCD results, an interpolated m* of 1.74 is extracted for CFS-
S:1, as the magnetic field-dependence of CFS-5:1 prevents a
reliable extraction of a zero-field m™* for comparison, but the
deviation from the experiment may explain why CFS-5:1
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Figure 3. VH-MCD for all three bornite ratios (CFS-7:1, 5:1, 3:1
from top to bottom respectively) were fit with simulated MCD
spectra to obtain a Zeeman splitting energy for all collected fields.
CFS-3:1 and CFS-7:1 show no field-dependent m* behavior and
are thus averaged to obtain m*/m, values of 1.56 and 2.00,
respectively. (CFS-5:1 data is reproduced with permission from ref
44. Copyright 2022 American Chemical Society.)

deviates the most from the PB linear correlation in Figure S4
(R* = 0.6918). Interestingly, the deviation in m* is reminiscent
of a previous report where p-type Cu,_,Se m* from MCD
versus bulk was measured to have a similar 0.5 m*/m,
difference.>® From these results, it would be worthwhile to
carefully examine why these copper based PSNCs are
repeatedly observed to have some offset from bulk or Drude
analyzed results.

The free carriers that constitute the LSPR are also
descriptive of the electronic properties of the host nanocrystal
as well. To this end, a comparison of LSPR m* and I" can be
analyzed relevant to the ho-ph and ph-ph relaxation lifetimes
(Figure S4). Remarkably, there is a linear correlation observed
for a majority of the relaxation pathways observed for both the
LSPR and E, pumped regimes. Ho-ph relaxation tracks with
m* as the mobility of free carriers are directly correlated with
their lifetime, as shown previously in eq 2. Considering that
carrier scattering in this size regime has an up to 49% chemical
interfacing damping component,50 it is unsurprising that ph-ph
relaxation tracks well with overall LSPR damping due to the
coupling of host nanocrystal with surrounding passivating
ligands and solvent medium thermalization.

The degree of hot carrier relaxation as a function of CFS
composition can be evaluated by using the PB fluence
dependence. The biexponential fits are shown in Figure S6
for the power dependent response and lifetimes are plotted in
Figure 4A. From the fluence dependence, a ho-ph relaxation
rate at zero fluence (z,) can be extracted for all CES which
allows for the calculation of a hole-phonon coupling constant,
G, analogous to the electron-coupling constant previously
obtained by Milliron and co-workers for plasmonic systems.”*
Using eqs 3 and 4

ﬁ _ 7’”1\/”—1

}/2 mZ\/n—Z (3)
1D

e (4)

G and y, hole heat capacity, can be calculated by using the
known n, m*, and y from other plasmonic systems, such as Au
or Ag, and are used to calculate y for CFS in comparison to
gold nanoparticles (AuNPs) where subscript 1 represents a
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Figure 4. (A) Fluence dependent measurements are performed for all CFS samples, where 7,s are obtained from linear fits of the three lowest
fluences. The 7,s obtained are 304, 227, and 246 fs for CFS-3:1, CFS-5:1, and CFS-7:1, respectively. Once the ho-ph coupling constant is
calculated using 7,, (B) the TTM is used to compare carrier and lattice temperature as a function of time using 100 x#J/cm?” photon incidence
for all CFS samples. From the model, a clear trend between Fe content and ho-ph relaxation is observed where CFS-3:1 is predicted to have
the longest ho-ph relaxation and greatest lattice temperature increase of all samples.

known material and subscript 2 an unknown material. T} is the
temperature of the PSNC environment (T, = 298 K)

For all CFS samples, G is observed to be higher than
previously measured AuNPs,”> which may partially contribute
to the S-fold signal increase in photoacoustic imaging signal
observed by CFS-5:1 compared to AuNPs.*° Interestingly, as
the Fe content decreases, notable increases in G and y are
observed for the CFS system. This trend reflects the increase in
n and m* as the Fe content decreases from CFS-3:1 to CFS-
7:1. With greater n, a greater number of hot holes can be
produced with LSPR excitation, and thus, a greater amount of
heat can be dissipated and relaxed through the lattice of CFS
nanocrystals. Additionally, with greater m*, the greater holes
couple with the nanocrystal lattice; therefore, they can more
efficiently conduct heat. Applying the two-temperature model
(TTM) to the experimental data provides further insight into
the interaction of the CFS hot carriers and the lattice relaxation
pathways as reported by carrier and lattice temperature (T,
T,). TTM is a popular approach to model plasmonic systems
and is performed b_?r solving for a pair of differential equations

(egs 5 and 6)"°*°

9% _ _Gir - 1)

ycdt - c L (5)
dr,

— = G(T, - T,

Pdt (c L) (6)

where C, is the material bulk heat capacity. For CFS, C, is
calculated by using the room temperature result of heat
capacity from Robie et al.’® and converting to units of J K
cm™? using the density of bornite and the stoichiometric molar
mass dependent on Fe content. The G and y parameters are
listed in Table 3. As Fe content increases for equal photon
absorption and volume fraction, Figure 4B shows an increase
in the lifetime of ho-ph relaxation, analogous to the trends
observed in fsTA for 7, for all regimes. The long time T is

Table 3. Hole—Phonon Coupling Parameters for CFS
Samples Compared with AuNPs from Literature

Pparameter CFS-3:1 CFS-5:1 CFS-7:1 AuNPs>®
7o (fs) 304 227 246 650
y J K% em™) (x107°%) 321 429 5.79 5.88
G (JK!'s!em™) (x10) 3.14 5.63 7.01 2.70
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shown to have a greater baseline as Fe increases as well,
indicative of greater lattice heating, supporting claims by this
work and others”®*” indicating that the Fe IB indeed plays a
critical role in the photothermal effects of CFS.

Excitation of the LSPR and E, , leads to discrete relaxation
pathways as shown in Figure 1A. A study on p-type CuS
observed a similar bimodal fsTA spectrum with opposite
relative intensities.* In CuS, an isosbestic points at the edges
of their fsSTA spectra, and the formation of new excited state
species after 2 ps was observed. For the CFS materials, we
observe no later speciation occurring; rather, all excited states
appear to decay concomitantly. Additionally, the isosbestic
points in this work shift as a function of time from low to high
energy, also indicative of hot carrier relaxation as observed
previously in WOj;_,, shifting within several ps and stabilizing
at long time.** These observations in CFS points to a different
relaxation pathway rather than the S- or ligand-based hole
trapping in a defect state lying between CB and VB, as
suggested in CuS.*® Rather, the concomitant decay across the
entire spectrum implies that there are no new species formed
(i.e., no trap sites), and instead the intermediate band serves as
a carrier sink for electronic and thermal relaxation. Consistent
with this, the experimental data supports a shift in the
intermediate bands as a function of the Cu:Fe ratio, with the
Fe 3d IB shifting to higher energy with respect to the CB and
E,

For the first time, a plasmonic p-type IBSC system has been
investigated for its ultrafast relaxation pathways in the LSPR
versus E, ., pumping regimes. From this work, it is confirmed
that the Fe IB plays a critical role in allowing both hot holes
and excitonic carriers to relax back to the ground state. The
hole—phonon coupling constants for CFS as a function of Fe
content were calculated from fluence dependent measure-
ments, where CFS-7:1 had the highest G due to having the
greatest carrier density and carrier effective mass. The TTM
was performed from the calculated G and y parameters,
providing additional explanation as to why an increase in the
lifetime is concomitantly observed with increasing Fe content.
Additionally for the first time, a correlation was made between
LSPR m* and damping with ho-ph and ph-ph relaxation
respectively. This work paves the way for further investigation
of p-type IBSC materials, where applications that require high
m* values, such as photoacoustic imaging and photothermal
therapy, may be further improved.
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