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ABSTRACT

A synthetic challenge in faceted metal oxide nanocrystals (NCs) is realizing tunable localized surface plasmon resonance (LSPR) near-field
response in the infrared (IR). Cube-shaped nanoparticles of noble metals exhibit LSPR spectral tunability limited to visible spectral range.
Here, we describe the colloidal synthesis of fluorine, tin codoped indium oxide (F,Sn:In,O3) NC cubes with tunable IR range LSPR for around
10 nm particle sizes. Free carrier concentration is tuned through controlled Sn dopant incorporation, where Sn is an aliovalent n-type dopant
in the In, O3 lattice. F shapes the NC morphology into cubes by functioning as a surfactant on the {100} crystallographic facets. Cube shaped
F,Sn:In,O3 NCs exhibit narrow, shape-dependent multimodal LSPR due to corner, edge, and face centered modes. Monolayer NC arrays are
fabricated through a liquid-air interface assembly, further demonstrating tunable LSPR response as NC film nanocavities that can heighten
near-field enhancement (NFE). The tunable F,Sn:In,O3 NC near-field is coupled with PbS quantum dots, via the Purcell effect. The detuning
frequency between the nanocavity and exciton is varied, resulting in IR near-field dependent enhanced exciton lifetime decay. LSPR near-field
tunability is directly visualized through IR range scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS).
STEM-EELS mapping of the spatially confined near-field in the F,Sn:In,O3 NC array interparticle gap demonstrates elevated NFE tunability
in the arrays.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139050

INTRODUCTION

Colloidal synthesis of doped metal oxide nanocrystals (NCs)
has emerged recently as a route for expanding localized surface
plasmon resonance (LSPR) to the infrared (IR) range.l With a
suitable metal oxide NC host material, free electron compensat-
ing point defects are engineered by introducing n-type dopants.
Doping strategies in plasmonic metal oxide NCs involve aliovalent
cation substitution (e.g., Sn:In,03,> Al:ZnO,” and In:CdO* NCs)

and anionic fluorine doping (e.g., F,In:CdO,” F,Sn:In,03,° and
F:In,O3 NCs’) in metal oxide NC host lattices. Spectral advantages
are nascent in doped metal oxide NC systems. Metal nanoparti-
cles intrinsically possess high free-carrier concentrations exceed-
ing 10 cm™, leading to LSPR optical response restricted to the
visible region of the electromagnetic spectrum.” Spectral tunabil-
ity relies on increasing particle size in such metal classes of NCs
to red-shift LSPR modes,'”'" adding dimensional constraints to
nanoassembly architectures. Alternatively, doped metal oxide NCs
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relieve particle size constraints, expanding tunable IR range LSPR
through variable dopant incorporation with free-carrier concentra-
tion control in the 10*' ¢cm™ range.'”"” Intraband and interband
transition effects optically observed in Au nanoparticles' can be
circumvented in doped metal oxide NCs. Due to low free-carrier
concentrations, the LSPR located in the IR range is well separated
from the UV-range optical band edge in wide-bandgap metal oxide
materials.”"”

Shape-dependent optical properties need to be further devel-
oped in doped metal oxide classes of NCs to achieve complete
spectral control in the IR. Colloidal Au and Ag cube nanoparti-
cles sculpted by faceting agents led to the observation of shape-
dependent LSPR and enhanced electromagnetic near-fields at mor-
phological discontinuities.'”'” Halogen anions are capping agents
that have been used for shape control of metal'® and metal chalco-
genide”'w classes of NCs, while shape control in LSPR active
metal oxide”' NCs is only recently being realized.”” Morphologies
reported for colloidal Au and Ag nanoparticles include cubes, *****
where faceted nanoparticles provide shape-dependent LSPR prop-
erties not observed in spherical particles. This includes strong near-
field enhancement (NFE) hot spots around corners and edges'””
that, in well-established metal nanoparticles, have been leveraged
for plasmonic nanoantennas™® and surface-enhanced Raman spec-
troscopy (SERS).”**'¥ Despite well-defined studies in noble metal
NCs, limitations in IR range tunability for noble metal NCs are
inherent. This includes a fixed high free carrier concentration,
intraband or interband losses contributing to spectral linewidth,
and spectral tunability that depends on particle size. Combining
spectral tunability with high NFE may be approached through
alternative materials for optimal performance in the IR spectral
range.

We advance LSPR spectral tunability in the IR range while pre-
serving highly faceted cube morphology via codoped F,Sn:In,O3
NCs. In our previous work, shape control in this developing class
of nanocrystalline materials was investigated using fluorine as an
n-type dopant and as a faceting agent in fluorine-doped indium
oxide (F:In,O3) cube NCs, yet broad LSPR tuning was not realized.”
Leveraging recent synthetic developments employing a continuous
slow injection of indium and dopant precursors into a heated reac-
tion solution, a high degree of NC shape and size control can be
realized.””” The resulting LSPR properties with Sn and F codopants
along with faceting effects are investigated here. We show that the
cationic Sn dopant is simultaneously incorporated with anionic F
into F surface-passivated, cube-shaped In,O3 NCs to spectrally tune
LSPR. The anionic F dopant suppresses divalent scattering cen-
ters, leading to enhanced quality factors and narrow LSPR spectral
linewidths. Controlled Sn dopant introduction in NCs allows tun-
able carrier concentrations around 10*' cm™, resulting in synthetic
access to IR range LSPR tunability control with high quality factors
in NC solvent dispersions.

Having attained advantages in IR range LSPR tunability,
F,Sn:In,O3 NCs are further self-assembled to fabricate dense plas-
monic NC array films. Relieving spatial restrictions from size
dependent LSPR tuning that impacted prior studies of noble
metal nanoparticles, LSPR tunable F,Sn:In,O3 NCs allow realiza-
tion of densely packed nanogap cavities in monolayer film assem-
blies while retaining small particle size. Spectrally tuned dense
nanocavity arrays demonstrating NFE can be used to influence the
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optical properties of other classes of NCs. Based on strides in syn-
thetic chemistry, access to two classes of photophysical light-matter
interactions has been achieved over the past decade through col-
loidal NC synthesis.”’ Excitonic light emission of quantum dot
(QD) NCs is possible through quantum confinement effects, allow-
ing photoluminescence (PL) in inorganic semiconductor materials
(e.g. CdSe,” InP,” PbS,” and HgSJS) through exciton electron-
hole pair recombination. Meanwhile, confinement of electromag-
netic field beyond the diffraction limit has been enabled through
free-electron carrier confining in nanoparticles smaller than one fifth
of the incident wavelength dimension, allowing LSPR-induced NFE
to occur.”” Such maturation in two classes of NCs allows hierar-
chical assembly of matter to be achieved. Here, architectures con-
taining PbS QDs and F,Sn:In,O3 NCs were fabricated by stacking
monolayer films together through a modified liquid-air interface
self-assembly method.”””* Local and long-range NC ordering was,
respectively, observed through scanning electron microscopy (SEM)
and small angle X-ray scattering (SAXS), ensuring film uniformity.
Self-assembled LSPR tunable F,Sn:In,O3 NCs allow a degree of con-
trol in nanocavity film NFE by detuning the frequency to enhance
PbS QD lifetime decay rates at a photoluminescence (PL) wave-
length located in the conventional-band (C-band) low-loss opti-
cal telecommunication window.””"’ Excitonic and plasmonic light-
matter interactions can be optically coupled when the materials are
spatially in the vicinity of each other via the Purcell effect. Strong
NFE from LSPR antennas enhances the PL lifetime decay rate in
excitonic materials in the Purcell weak-coupling regime.”"' The IR
range LSPR near-field of F,Sn:In,O3 NC film arrays is observed to
influence the exciton decay rate in excitonic PbS QDs through time
resolved PL measurements.

The IR range LSPR near-field, expected to be spatially localized
around F,Sn:In,O3 NCs, is directly visualized through monochro-
mated scanning transmission electron microscopy-electron energy
loss spectroscopy (STEM-EELS).” With recent improvement in
monochromator energy resolution,”” * STEM-EELS allows access
to plasmonic near-field mapping at increasingly low-energy scales
and at nanoscale spatial resolution. The intense IR near-field spa-
tially confined between F,Sn:In,O3 NCs in interparticle gaps was
directly visualized through EELS mapping. We observe that the
F,Sn:In,O3 NC ordered array has emergent collective near-field
ensemble behavior, unique from localized in-gap confined near-field
modes. The collective NC film array ensemble was observed to have
a long range spatially delocalized near-field decay length extending
from the edges of the NC array. This was further supported by a
delocalized mode volume extracted from the analysis of the Purcell
enhanced PL decay lifetime in PbS QDs coupled to a F,Sn:In, O3
NC film. The synthesized materials and observed optical charac-
teristics led to IR light near-field localization, making F,Sn:In, O3
NCs a gateway material in emergent IR near-field enhancement
applications.

EXPERIMENTAL METHODS
Materials

Indium(mm) acetate [In(ac)s, 99.99%], tin(iv) acetate [Sn(ac)4],
lead(n1) chloride (PbCly, 99.999%), sulfur (S, 99.99%), oleic acid
(OA, 90%, technical grade), oleyl alcohol (OlAl, 85%, technical
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grade), octane (98%, reagent grade), 1-butanol (99.9%), ethylene
glycol (99.8%), and tetrachloroethylene (99%, anhydrous) were
purchased from Sigma-Aldrich. Tin(iv) fluoride (SnF4, 99%) was
purchased from Alfa Aesar, and oleylamine (OlAm, 80%-90%)
was purchased from Acros Organics. Hexane (99.9%), acetone
(99.5%, Certified ACS), isopropyl alcohol (99.5%, Certified ACS),
and methanol (99.8%, Certified ACS) were purchased from Fisher
Chemical. Hellmanex-IIT cleaning solution was purchased from
Hellma Analytics. All chemicals were used as received without any
further purification.

Fluorine doped indium tin oxide (F,Sn:In;0z3)
cube synthesis

All synthesis procedures are undertaken by employing standard
Schlenk line techniques using a modification of previously reported
methods for a continuous slow injection synthesis of indium oxide
NCs.””* In(acac)s 1342.97 mg (4.6 mmol), SnF, 48.68 mg (5%, 0.25
mmol), Sn(ac)s 53.23 mg (3%, 0.15 mol), and oleic acid (10 ml)
are loaded in a three-neck round-bottom flask in a N-filled glove-
box. The precursors are stirred with a magnetic bar at 600 rpm and
degassed under vacuum at 120 °C for 15 min. The injection solu-
tion is added at a rate of 0.2 ml/min into 13 ml of oleyl alcohol
maintained at 290 °C vented with a 19-gauge needle under inert
N, gas flow. The reaction mixture turns blue a few minutes into
the injection. Subsequently, growth is terminated by removal of the
heating mantle and cooled by blowing air on the three-neck flask
vessel. The NCs are dispersed in hexane, then ethanol antisolvent is
added, and the mixture is centrifuged at 7500 rpm for 10 min. The
washing procedure is repeated 3 times, and the NCs are redispersed
in 10 ml of hexane. The resultant NC dispersion is centrifuged at
2000 rpm for 3 min to remove nondispersible aggregates, and the
supernatant is collected as the NC stock sample. Larger sized NCs
were synthesized by controlling the volume of injection solution
(1-20 ml) while keeping other reaction parameters identical. A con-
centration series [0%-15% Sn(ac)4] of doped F,Sn:In,O3 NCs was
synthesized by controlling the Sn(ac)s to In(ac); molar precursor
ratio, while SnF4 was maintained at 5% molar ratio, keeping other
reaction parameters identical. The Sn doping concentration in the
NCs is characterized by inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) on a Varian 720-ES ICP optical emis-
sion spectrometer after digesting the NCs with aquaregia solution
(a mixture of 35% concentrated HCI and 70% HNOs in a 3:1 ratio,
respectively).

Lead sulfide (PbS) QD synthesis

The synthetic procedures reported by Weidman et al. employ-
ing standard Schlenk line techniques are used to synthesize PbS
QDs.”* A sulfur hot injection solution is prepared in a N glove-
box with sulfur 20 mg in oleylamine 3.75 ml stirred at 120 °C for
30 min. A lead solution is prepared by combining PbCl, 2.50 g (9
mmol) with oleylamine 7 ml in a three-neck flask. The solution is
degassed at 120 °C for 30 min and pressurized with N until the tem-
perature is stable. 2.25 ml (0.375 mmol) of prepared sulfur solution
is swiftly injected into the lead solution, and the reaction is allowed
to proceed for 5 min. A washing procedure is repeated 3 times by
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dispersion in 20 ml of hexane, precipitation with alcohol antisolvents
(10 ml butanol and 5 ml methanol), and centrifugation at 4000 rpm
for 5 min. Oleic acid 2 ml is added in between wash steps to promote
colloidal stability. Excess PbCl, precipitates are centrifuged out at
4000 rpm for 3 min, and the PbS QD supernatant in hexane is kept
as a stock solution.

Film fabrication

Diced (1 x 1 cm?) undoped silicon (Si) substrates are sonicated
in solvents for 30 min in the following order: Hellmanex-III (5% by
volume) in deionized (DI) water (followed by a DI water rinse prior
to the next step), acetone, isopropyl alcohol, and hexane. Diluted PbS
QD solution (5 mg/ml) in hexane:octane 1:1 by solvent volume is
spincoated onto a Si substrate at 1500 rpm for 90 s, then at 4000
rpm for 2 min to promote drying, producing monolayer PbS films.
F,Sn:In,O3 NC monolayers over PbS films are fabricated by modifi-
cation of the liquid-air interface assembly described earlier by Dong
et al.””* A Teflon well (2 x 4 x 4 cm®) was custom made with a ball
valve at the trough bottom to minimize liquid-air interface perturba-
tion during transfer of the NC assembly to the substrate upon liquid
drainage. A Si substrate with a PbS QD film is placed on an elevated
(1 cm) Teflon platform immersed in an ethylene glycol subphase.
100 yl of dilute F,Sn:In,O3 NC dispersion in hexane (1 mg/ml) is
dropcast onto the subphase surface with a pipette and the trough is
covered with a glass slide. F,Sn:In,O3 NC monolayer self-assembly
is allowed to proceed while hexane gradually evaporates for a dura-
tion of 15 min. The ethylene glycol subphase is allowed to drain out
of the trough by opening the ball valve with minimal perturbation
to the self-assembled NC film. Residual ethylene glycol on the film
is dried in a room temperature vacuum oven for 24 h. The same
procedure is used for NC array fabrication over SiN TEM supports
but in the absence of PbS QDs. Surface organic ligands are removed
by plasma cleaning under Ar for at least 15 min for TEM support
samples.

UV-Vis-NIR/FTIR spectra measurement

UV-Vis-NIR spectral measurement is conducted using an Agi-
lent Cary 5000 UV-Vis-NIR spectrophotometer, and FTIR spec-
tral measurement is conducted using a Bruker Vertex 70 FTIR at
4 cm™ scan resolution for both solution and film samples. Hexane
dispersed NCs are vacuum dried, redispersed in tetrachloroethy-
lene (TCE), and loaded into a 0.05 cm pathlength liquid cell
with KBr windows for solvent dispersion UV-Vis-NIR and FTIR
measurements.

X-ray diffraction analysis

X-ray diffraction (XRD) samples are prepared by drop-casting
20 mg/ml solution of F,Sn:In,O3 NCs on Si substrates. The data
are collected with a Rigaku MiniFlex 600 X-ray diffractometer using
Cu Ka radiation (1.54 A). High resolution of the (222) diffraction
peak is measured in a Rigaku R-Axis Spider diffractometer using
Cu Ka radiation at 1.54 A, with NC powders mounted in a mineral
oil loaded Kapton loop. Rietveld refinement is conducted using the
GSAS-II software.”
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Electron microscopy

F,Sn:In,O3 NCs are characterized by a Hitachi S5500 scan-
ning electron microscope (SEM). Particle size analysis is done with
Image] with a 100 particle count. High resolution transmission
electron microscopy (HRTEM) images and selected area electron
diffraction (SAED) are acquired with a JEOL 2010F TEM at 200
kV. Elemental spectrum acquisition of F,Sn:In,O3 cubes dropcast
on silicon substrates is carried out using a Hitachi S$5500 SEM with a
Bruker XFlash EDX detector attachment at 5 kV. Elemental decon-
volution was performed with Bruker Quantax software reference at
zero-tilt angle P/B-ZAF correction.

X-ray photoelectron spectroscopy (XPS)

Samples are prepared by drop casting NC dispersions on sil-
icon substrates and the measurements are performed in a Kratos
Axis Ultra DLD spectrometer with a monochromatic Al Ka source
(1486.6 eV). Wide survey scans are acquired at an analyzer pass
energy of 80 eV, and the high-resolution narrow region scans are
performed at a pass energy of 20 eV with steps of 0.1 eV. Spectral
acquisitions are performed with a photoelectron take-off angle of
0° with respect to the surface normal and pressure in the analysis
chamber maintained at around 107 torr. Data analysis is performed
in the CasaXPS software using the Kratos relative sensitivity factor
library. The binding energy (BE) scale is internally referenced to the
C 1s peak (BE for C-C = 284.8 eV).

Grazing Incidence Small-Angle X-ray Scattering
(GISAXS)

Grazing incidence small-angle X-ray scattering (GISAXS) is
performed using a SAXSLAB Ganesha SAXS system. Assembled NC
film samples on Si substrates are loaded in the SAXS system vac-
uum chamber. Monochromatic X-ray radiation of wavelength of
1.54 A is used. The incident angle of the beam was 0.2°. Small-angle
scattered photons are collected with a PILATUS3 R 300 K detec-
tor with 487 x 619 pixels and a pixel size of 172 ym x 172 ym
positioned at appropriate distances from the sample (1084 mm for
GISAXS).

Time-resolved photoluminescence

The samples are pumped with a Coherent Chameleon Ultra
Ti:sapphire laser operating at 850 nm and 5 MHz repetition rate,
down-converted from 80 MHz using an AOM-based pulse-picker.
Excitation and collection are in a reflection geometry using a Mitu-
toyo NIR 0.42 NA long working distance objective. The collected
emission is then sent to a fiber-coupled superconducting nanowire
single photon detector (SNSPD) from Single Quantum. Histograms
of the SNSPD signal output are made using a PicoQuant HydraHarp
400 ps event timer triggered by the AOM pulse-picker.

Scanning Transmission Electron Microscopy-Electron
Energy Loss Spectroscopy (STEM-EELS)

Plasmon near-field mapping is performed in a Nion high
energy-resolution monochromated STEM-EELS at the Oak Ridge
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National Laboratory operated at 60 kV and using a Nion Iris spec-
trometer.”** Identical energy resolution of 145 cm™" (18 meV) is set
to optimize the resolution between the plasmon peaks and the signal
in the monochromated beam.

RESULTS AND DISCUSSION
F,Sn:InO3 NC synthesis

The shapes of the F,Sn:In,O3 NCs were controlled by varying
the molar ratio of SnFy4 to Sn(ac)s precursors added to the injec-
tion solution. This determines the extent of fluorine and tin dopant
incorporation into the resulting NC products. F,Sn:In,O3 NCs with
well-defined morphology were produced for 0%-3% Sn(ac)s in the
growth solution, as illustrated in Fig. 1(a). SEM images show that
monodisperse NCs with cubic morphology were obtained exclu-
sively in the presence of SnF; at this dopant range. For comparison,
synthesis in the absence of SnF, and exclusively with Sn(ac)s dopant
precursors was conducted. Spherical Sn:In,O3 NCs were observed
(Fig. S1), implying that fluorine plays a faceting role in shaping
cubic Sn:In, O3 NCs. It was observed that higher amounts of SnF,
led to deterioration of the cubic NC morphology by forming rough
facets. In the absence of Sn(ac)4 precursors, the cube morphology is
retained at adequate concentrations of SnF4 (3% and 5%). Yet, NCs
with evident rough surfaces attributable to F~ ion induced corrosion
pitting'*** are observed under excessive SnF, addition of 10% molar
ratio (Fig. S2). For the sake of retaining high-quality cube shapes
in this study, 5% SnF4; molar precursor ratio is nominally main-
tained while further addition of Sn(ac), as a cationic codoping agent
is made to achieve LSPR tunability.

TEM images of F,Sn:In,O3 NC cubes from 0% to 3% Sn(ac)s
exhibit well-defined facets, as shown in Fig. 1(a). Fast Fourier trans-
form (FFT) of HRTEM images confirms that F:In,O3 NC cubes are
single crystalline particles and allows indexing of dominant surface
exposed facets [Fig. 1(a), inset]. Observations show that the cubes
are terminated with {100} facets of the In,O3 cubic bixbyite struc-
ture, consistent with previously reported fluorine passivated In,O3
NCs.” Crystallinity in NCs is well retained over the full Sn(ac)q
dopant range as shown in FFT patterns collected down the (100)
zone axis. Rounded cube morphology appears above a threshold of
4% Sn(ac)4, until NCs become dominantly spherical in shape near
10% Sn(ac)s. The size of the NCs remained consistent with an edge
length of 12.6 + 0.6 nm (Fig. S3), when synthesized with 10 ml of
precursor solution injected while the Sn(ac)s dopant precursor ratio
was controllably incremented. Versatility in NC cube size control is
demonstrated by varying the amount of precursor solution injected
into hot oleyl alcohol solution between 1 and 20 ml. The cubic
shape is retained as observed in F,Sn:In;O3 NC cube [3% Sn(ac)4]
SEM images, and the size trend with variable injection volume is as
expected (Fig. S4).

To quantify total F and Sn dopant incorporation into
F,Sn:In, O3 NCs, inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) and energy dispersive X-ray (EDX) spec-
troscopy were conducted. Since the emitted X-rays have high energy
after electron beam penetration, EDX has an effective probe depth
of about 200 nm, so the results reflect the overall F composition
of the NC ensemble in the drop-casted sample.”"* Atomic compo-
nent quantification [Figs. 1(b) and S5] shows F atomic composition
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FIG. 1. (a) HRTEM image of F,Sn:In,03 NC with progressively increased 0%-10% Sn(ac), and maintained 5% SnF, dopant precursor molar ratio. FFT (insets) shows {100}
facet orientation of NC cubes, and single particle HRTEM shows NC crystallinity (middle) with scale bars at 10 nm. Wide field view HRTEM image scale bars are at 50 nm
(bottom). (b) Dopant incorporation into F,Sn:In,O3 NC for F and Sn. The fluorine dopant precursor was maintained at 5% SnF;, with controlled Sn incorporation at 0%-15%
Sn(ac)s dopant precursor concentration range. (c) XPS spectra of F,Sn:In,O3 NC Sn dopant concentration series for F 1s and In 3p. (d) XRD pattern of F,Sn:In,O3 NCs, (222)
and (400) peaks labeled with In,O3 powder reference pattern (PDF No. 00-006-0416). (€) XRD pattern for (222) reflection shows a peak shift indicating lattice expansion as

the Sn dopant precursor ratio increases.

being sustained in F,Sn:In,O3 NCs around 6.5 at. % as SnFy fluo-
rine precursor concentration employed during synthesis is main-
tained at 5% molar ratio. With Sn peak signatures being in close
vicinity to In peaks in EDX, ICP-AES trace metal elemental anal-
ysis was employed for Sn dopant quantification. Sn atomic com-
position in NCs is observed to systematically increase as a func-
tion of Sn(ac)s precursor addition (0%-15%), demonstrating the
efficacy of Sn cationic dopant incorporation into the NCs. The
Sn dopant incorporation into NCs shows a monotonic increase as
Sn(ac)s is proportionally increased in the precursor injection solu-
tion. The substantial increase in Sn dopant incorporation observed
between 0% and 1% Sn(ac)4 levels can be attributed to effective lib-
eration of Sn from Sn(ac)s due to soft binding acetate ligands as
compared to harder binding halides when SnF, is the only dopant

1,49,50
precursor. "’

NC surface characterization

Fluoride anions (F~) have been described as facet-directing
agents in metal oxide NCs,”” exemplified in the fluorinated synthe-
sis of TiO, NCs,”"” F doped F:In, 03, and Sn codoped F,Sn:In, O3
NCs.® Metal fluoride precursors, such as SnFs, decompose to form
HF in the presence of oleic acid during the reaction, releasing flu-
oride anions and passivating the In-O surfaces with In-F bonds.”'
Walsh et al. previously determined through density functional the-
ory (DFT) calculations that for bixbyite In, O3, relaxed {111} facets
are energetically preferred over oxygen terminated {100} facets
(Yain) < Yaon)-~ However, surface-passivation by F~ in metal oxide
NCs can be expected to alter the energetic sequence of the facets:
F~ passivation of the {100} facets results in surface energy inversion
(yan > y(loo)).sz Correspondingly, F~ functions as a favorable {100}

J. Chem. Phys. 152, 014709 (2020); doi: 10.1063/1.5139050
Published under license by AIP Publishing

152, 014709-5



The Journal
of Chemical Physics

facet capping agent over {111} surfaces in the bixbyite In,O3 NCs,
hindering In atomic layer growth at F~ terminated {100} surfaces.
This directs the synthesis of well-defined F:In,O3 cube NCs as pre-
viously elucidated when sufficient F~ passivation occurs at the {100}
facets.”

Observation through electron microscopy strongly indicates
that F functions as a facet-directing agent in the synthesis of
F,Sn:In,O3 NCs, and X-ray photoelectron spectroscopy (XPS) was
used to further probe the presence of F on their surfaces [Figs. 1(c)
and S5]. XPS is sensitive to surface composition, since the escape
depth of photoelectrons is only a few nanometers.”* The existence of
F on the F,Sn:In, O3 NC surface is revealed by XPS spectra acquired
in the In 3p and F Is regions [Fig. 1(c)]. The intensity of the F 1s
peak at 684.6 eV, flanked by the In 3p doublet peaks, is consistent
as the fluorine precursor concentration is maintained at 5% SnF,
in NC synthesis. As shown in Fig. S6, In 3ds/, signal components
are assignable to lattice In-O (444.3 eV), In-OH (445.0 eV), and
In-F (445.8 eV) species.”” O 1s signal components are assignable
to lattice oxygen (530.0 eV), oxygen adjacent to oxygen vacancies,
or other charged defects, such as Fy (531.0 eV), surface hydroxyl
(531.8 eV), and carbonyl (533.1 eV) species, respectively.’ﬁ’%S The
presence of Sn near the NC surface can also be observed through
the Sn 3d XPS signal indicating the coexistence of Sn and F near
the NC surface (Fig. S6). XPS characterization thus supports the
adsorption of fluorine on the In,O3 NC surfaces, which is linked
to the stability and prevalence of {100} facets in cube-shaped
NCs.

The cube shape of F,Sn:In,O3 NCs can thus be rationalized
through the shape control model demonstrated for halide-passivated
NCs.'"* The {100} group facets become strongly passivated by F~
capping on the F,Sn:In,O3 cube NC surfaces when adequate SnF,
fluoride precursor is present during the NC growth reaction. Fluo-
rine terminated {100} surface exposure becomes favorable, minimiz-
ing total surface energy and resulting in well-defined cube-shaped
NCs. Under Sn codoping, stable surface faceting is observed to con-
tinue to be prevalent in the range from 0% to 3% Sn(ac)s dopant pre-
cursor concentration as observed through XRD [Fig. 1(d)] through
the prevalence of the (400) crystalline index indium oxide bixbyite
peak for drop-casted NC samples. Sn(ac)s precursor concentration
over 4% results in rounding of the cube shape until spherical mor-
phology becomes dominantly observed in TEM and a weaker (400)
diffraction peak is seen in XRD. This can be explicated by the differ-
ence in preferred surface energy in Sn-rich surfaces, as compared to
pristine In,Os. Fluorine termination of SnO; surfaces is reported to
cause preferential surface energy stabilization of {102} facets rather
than stabilizing {100} surfaces.”””" Excessive Sn doping will make
In, 03 surfaces prone to forming Sn-rich surfaces that more resem-
ble the SnO; tetragonal rutile phase, as compared to cubic bixbyite
In; 03, leading to perturbed non-{100} facet fluorine terminated
NC surface stabilization. Thus, the presence of Sn near the surface
results in rounded cube NC morphologies at higher Sn(ac)s con-
centration (4%-5%) and spherical NC shapes at excessive Sn dopant
incorporation (10%) as observed in Fig. 1(a).

NC dopant incorporation

As is prevalent in n-type doped metal oxide NC systems,"”
substitutional Sn and F dopants incorporated in In,O3 NCs can be
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charge compensated by free electrons. During codoping of Sn and
F in the In,O; lattice, Kroger-Vink defect equilibrium equations
demonstrate that deliberate codoping may promote additional free
carriers over a single dopant.” The added Sn cationic dopant allows
additional free-carrier compensation beyond previously reported F-
doped In,O3 NCs,” leading to LSPR tuning to higher frequency due
to higher free carrier concentration within the NCs. Sn is a well-
established cationic n-type dopant that induces high free electron
concentration in tin doped indium oxide (Sn:In,O3) transparent
conductive oxide films."”®" Substitutional F dopants incorporated
in the NCs can also be charge compensated by free electrons. F is
a similarly established anionic n-type dopant analog to Sn, induc-
ing a high free electron concentration in fluorine doped tin oxide
(F:SnO,) transparent conductive oxide films.””"" A Kroger-Vink
defect notation equation”” demonstrates that deliberate In site sub-
stitution by Sn cations [Eq. (1)] and substitution on O sites by F
anions [Eq. (2)] induce one free electron per site,*>%*

. 1
(28n1n+ 0i)" = 280 + 2 Oay) + 26, 1)
X X X - 3 !
InIn + 300 133 ZInIn + 3F0 + EOz(g) +3e. (2)

It is expected that the extent of dopant incorporation will affect
strain of the crystalline lattice. The impact on crystal lattice strain-
ing when F~ and Sn*" are incorporated into In,O3 NCs is observed
by analyzing XRD as a function of Sn incorporation. F,Sn:In,O3 NC
[1%-12.5% Sn(ac)s] XRD patterns confirm that the cubic bixbyite
In; O3 crystal structure is well maintained throughout the Sn dopant
range [Fig. 1(d)].*” With the fluorine crystal ionic radius of F~
(1.19 A) being smaller than that of 0* (1.28 A) in bixbyite phase
In; 03, lattice contraction is expected when fluorine occupies oxy-
gen sites.”® Since the Sn** (0.83 A) ionic radius is smaller than In>*
(0.94 A), Sn** cations substituting In** are also expected to cause
lattice contraction to occur.

However, lattice expansion was observed instead of the
expected lattice contraction due to F~ and Sn** incorporation when
XRD peak shifts were analyzed through Rietveld refinement. XRD
patterns revealed the displacements of the (222) reflections that cor-
respond to lattice expansion induced by Sn** doping [Fig. 1(e)].
Through Vegard’s law fitting, the y-intercept for F,Sn:In,O3 NC is
at 10.164 A, indicative of an expanded lattice constant when assum-
ing F is present and Sn dopants are not present in the lattice for
NCs with similar size, to exclude size effects (Fig. $7).%” This is
larger than the reported bulk In,O; value of a = 10.119 A,** with
the expansion attributed to electrostatic repulsion of F ion dopants.”
Lattice expansion is observed to occur in F,Sn:In,O3 NCs, similar
to structural trends reported in F:SnO; and Sn:In, O3 films.”®*’ This
expansion can be explained by electronic repulsion of doped impu-
rity centers, as observed in bulk tin doped indium oxide by Frank
and Kostlin™® The observed trend indicates that at incremental dop-
ing levels, the high effective charge of the Sn ions causes a repul-
sion force that cannot be completely screened by the free electron
gas.

F,Sn:In,Oz NC LSPR optical properties

LSPR spectral tuning is achieved by dopant incorporation con-
trol. Incremental addition of Sn results in the generation of free
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carriers [Eq. (1)], leading to higher free charge carrier concentration
within the NCs.”” With the naked eye, NC solvent dispersions are
observably bluer in color as the Sn dopant concentration is increased
[Fig. 2(a), bottom]. UV-Vis-NIR spectra show blue-shifting of LSPR
extinction as the Sn(ac)4 dopant precursor is increased [Fig. 2(a)]. At
a high Sn dopant concentration [4%-15% Sn(ac)s], the NC shape is
progressively more spherical, leading to observation of a single mode
LSPR peak characteristic of sphere shaped plasmonic nanoparticle
ensembles. At a lower 0%-3% Sn(ac)4 dopant concentration, a well-
defined multimodal lineshape is observed arising from the cubic NC
morphology.” The faceting effect of the F dopant in this low Sn
dopant concentration window allows cube NC morphology to be
retained while Sn is incrementally doped,

2

- . )
€ = Coo w? +iyw’
- w- I3
Y=L - " ﬂyH [arctan(yww()+2]. (4)

The optical properties in plasmonic metal oxides are deter-
mined by the dielectric function [Eq. (3)]. It is often described by
the Drude model for a collective free electron gas oscillation under
an externally applied electromagnetic field. This depends on the
bulk plasma frequency w,, which is a function of the free electron
concentration n, within the NCs, and the high frequency dielectric

background €o. This model has been broadly applied for
Sn:In;03."”"""" The relation between plasma frequency and free
e
gm*’>
concentration, e is the elementary electronic charge, & is the permit-
tivity of free space, and m” is the effective mass, allows assessment
of free carrier concentration within the NCs.””' In the extended
Drude model, an empirical frequency-dependent damping function
[Eq. (4)] is used to model ionized impurity scattering of the free elec-
trons.”””” Under the excitation of external electromagnetic waves
with frequencies lower than the plasma frequency, oscillating free
electrons are strongly influenced by screened ionized impurity scat-
tering effectively akin to a direct current electrical field.”’ Tonized
scattering centers include intrinsic divalent ionized oxygen vacancy
donors’" and substitutional monovalent dopant ions (Snj, and F)
in the synthesized NCs,””" leading to changes in y; low frequency
damping. In the high-frequency regime and above the crossover fre-
quency yx, the free electrons no longer interact as strongly with local
ionized impurity centers, and damping levels off to a constant high
frequency damping value, yu, due to reduced scattering probability
at a higher oscillatory frequency.”””*

At higher Sn dopant concentrations, F,Sn:In, O3 NCs are nearly
spherical, so their LSPR spectra were fit to a single peak using the
extended Drude model. The experimentally collected spherical 10%
Sn(ac)s NC spectrum was fitted using MATLAB, implementing the
extended Drude model and a reduced square method used to extract
the free carrier concentration determined by the plasma frequency

electron concentration wp = where n, is the free electron
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FIG. 2. (a) F,Sn:In,O3 NC UV-Vis-NIR/FTIR extinction spectra. Tunable blue-shifted LSPR response is observed as Sn(ac), dopant concentration is increased, until the blue
shift saturates beyond 10% Sn(ac)s. (Bottom) Photograph of hexane dispersed F,Sn:In,03 NCs (3 mg/ml) [0%-5% Sn(ac)s, right to left]. (b) UV-vis-NIR/FTIR measured
extinction spectrum (solid line) for F,Sn:In,03 [3% Sn(ac)s] NC cubes and simulated extinction spectrum (dotted line). (Inset) IR camera photograph of hexane at left, and
dispersed F,Sn:In;03 NC 3% Sn(ac)s (0.1 mg/ml) in hexane at right demonstrating strong, spectrally selective extinction in the IR. (Bottom) Near-field maps showing FEM
simulated corner (left), edge (middle), and face (right) modes, with 4800 cm~" corner, 5600 cm~" edge, and 6600 cm~" face centered eigenmodes, respectively. (c) Extended
Drude model damping parameter extracted from extinction spectra for F,Sn:In,O3 3% Sn(ac)s NC (blue) demonstrating low damping, benchmarked to damping parameters
from Sn:In,O3 NC (red) at a similar plasma frequency. (Bottom) Schematic of F dopant monovalent ionized impurity occupying divalent oxygen vacancy center, reducing

ionized impurity scattering in indium oxide.
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wp and impurity scattering-influenced frequency dependent damp-
ing parameters yy at high and yr at low frequencies.””” Plasma
frequency parameter extraction allowed the determination of a free
carrier concentration of ne = 1.15 x 10 ¢m™ in the NCs. The
plasma frequency of w, = 17 155 cm™! in this F,Sn:In,O3 NC sam-
ple is noticeably blue-shifted compared to previously reported highly
doped Sn:In,O3 NCs at w, = 15841 cm™Y,”” which is associated
with anionic fluorine codoping affecting additional free carriers in
F,Sn:In, O3 NCs.*”

Shape induced LSPR modes become dominant in well-faceted
cubic particles, with oscillatory near-field eigenmodes becoming
apparent in corner-, edge-, and face-centered modes in each NC."”
Spectral simulation was conducted with the finite element method
(FEM) in the COMSOL wave design module inputting MAT-
LAB extracted dielectric function parameters, reproducing the main
absorption spectral feature of the spherical NCs (Fig. S8). For the
multimodal extinction spectra in cubic shaped F,Sn:In,O3 NCs, sim-
ulations using the FEM based COMSOL wave design module were
iteratively refined with the extended Drude model initial parameters
from the MATLAB least squares method.”’® A simulated spectrum
showing the three distinct LSPR modes induced by shape, com-
parable to the experimental extinction spectrum [Fig. 2(b)], was
obtained for a F,Sn:In, O3 [3% Sn(ac)4] NC. The main peak observed
at 4750 cm™! is attributed to the corner mode (red), 5600 cm™'
the edge mode (green), and 6600 cm™! the face mode (blue). In
F,Sn:In,O3 NCs synthesized using variable Sn dopant precursor lev-
els, the free carrier concentrations are observed to increase with Sn
dopant concentration until the observed blue-shifting saturates at
the maximum observed value of n, = 1.32 x 10?! cm™> for 10%
Sn(ac)4 and red-shifts again for higher Sn dopant precursor concen-
trations (Table I). This demonstrates the viability of LSPR tuning in
faceted NCs through synthetic dopant incorporation control, while
the cubic shape is retained within the range of fluorine induced
faceting effects.

The low-frequency damping parameter is substantially reduced
by F codoping, leading to narrower LSPR modes as compared to only
Sn doped In, O3 [Fig. 2(c)]. The damping function [Eq. (4)] incorpo-
rates the low frequency damping y; that reflects the strength of inter-
nal scattering of free electrons.”””” The scattering cross section in
ionized impurity scattering is proportional to the square of the ionic
charge (Z?). Fluorine induced substitutional Fy defects, according

TABLE I. F,Sn:In,O3 NC [0%-12.5% Sn(ac),] dopant series LSPR spectral peak
position (w, spR), free carrier concentration (ne), and NC quality factor (Q) values.

F,Sn:In,O3; NC WLSPR (cmfl) e (cm73) Q

0% Sn(ac), 3744 0.69 x 10%! 3.59
0.5% Sn(ac)s 3845 0.74 % 10*! 4.04
1% Sn(ac)y 4338 0.94 x 10% 3.77
3% Sn(ac)y 4789 1.15 x 10! 5.22
4% Sn(ac), 5066 1.17 x 10*! 4.26
5% Sn(ac)y 5216 1.25 x 10! 2.65
10% Sn(ac), 5858 1.32x 10% 5.61
12.5% Sn(ac)y 5737 1.26 x 10%! 433
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to Eq. (2), reduce the concentration of divalent oxygen vacancies Vy,
and allow suppressed ionized impurity scattering to occur within
the codoped F,Sn:In,O3 NCs [Fig. 2(c), bottom].""_o As compared
to fluorine-free uniformly doped Sn:In,O3 NCs previously reported
in the literature,”” the damping parameter in fluorine-containing
F,Sn:In,03 [3% Sn(ac)s] NCs is observed to be significantly lower
with yp = 585 cm ! [Fig. 2(c)]. Similarly, F,Sn:In,O3 NCs at var-
ious Sn dopant precursor levels consistently demonstrate reduced
impurity scattering near y;, = 650 cm™" between 0% and 10% Sn(ac),
(Table S1). In uniformly doped Sn:In, O3 NCs, oxygen vacancies and
neutral defect clusters (Snj, — O”)* cause noticeable ionized impu-
rity scattering induced damping in the low frequency regime.””””
Previous work demonstrated that damping parameters in Sn:In, O3
NCs with surface segregated dopants approach those of oxygen
vacancy (V) doped In,O3 NCs, around 1000 cm ™ 1,°*”7 which was
lower than the reported damping in Sn:In,O3 NCs with uniformly
distributed dopants. The damping parameter of fluorine incorpo-
rated F,Sn:In, O3 NCs is less than the reported values in these surface
segregated Sn:In,O3 NCs, due to the suppression of Vi, divalent
oxygen vacancies with Fo monovalent ionized defect incorpora-
tion. This favorable reduction in ionized defect scattering enables
high NC quality factor Q = “’L—;’“ (Table T), where narrow spec-
tral linewidth x and high energy LSPR peak frequency wrspr are
achieved.”

Since F,Sn:In,O3 NCs exhibit narrow LSPR optical response,
it is expected that they can create strong near-field enhancement
(NFE) in the IR range. NFE is prominent in the near-field simu-
lations, with intense electromagnetic hot-spots localized at the dis-
tinctive morphological features of the NC cube. NFE is observed in
cubic F,Sn:In; O3 [3% Sn(ac)s] NCs at the geometric corner, edge,
and face-centered eigenmodes with NFE factor (logio|E/Eo|*) values
of 2.43, 1.71, and 1.34, respectively [Fig. 2(b), bottom]. At lower Sn
dopant precursor levels, e.g., F,Sn:In,O3 [0% Sn(ac)s] NCs, lower
NEE factor values of 2.23, 1.57, and 1.21 are, respectively, obtained
for corner, edge, and face modes (Fig. S9). In spherical F,Sn:In, O3
[10% Sn(ac)s] NCs with a single LSPR mode, a comparatively low
NEFE value of 1.92 was obtained due to the absence of high-curvature
sharp morphological corner features. To experimentally probe IR
near-field effects in ensemble F,Sn:In,O3 NC structures, NCs were
assembled to form nanocavity architecture arrays.

Monolayer F,Sn:In,O; NC film assembly

Spectral tunability can be advantageously used in monolayer
NC film array architectures, realizing tunable IR range near-field
nanocavities between the NC arrays and substrate without being
restricted by particle size dependent tuning.'" Spectral LSPR tun-
ability in solution dispersed NCs was achieved as discussed above
through chemical Sn dopant incorporation control during colloidal
synthesis. By assembling LSPR tuned F,Sn:In,O3 NC monolayer
films on top of PbS QD monolayer films, self-assembled nanocavities
can be fabricated, sandwiching PbS QD emitters between the sub-
strate and LSPR active cube NC monolayers. To assemble a nanocav-
ity layer over excitonic PbS QDs, a F,Sn:In,O3 cube NC monolayer
is fabricated using a modified two-phase assembly method,”””” and
NCs dispersed in an immiscible nonpolar hexane phase (1 mg/ml,
100 ul) were floated on top of a polar ethylene glycol phase [Figs. 3(a)
and S10]. Separately, PbS QD monolayer films were fabricated from
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FIG. 3. (a) Liquid-air monolayer NC assembly schematic of Teflon trough, hexane dispersed F,Sn:In,03 NCs on ethylene glycol, and spin-coated PbS QD substrate (top).
Ethylene glycol is drained to place a monolayer F,Sn:In,O3 NC assembly on top of the PbS QD layer (bottom). (b) UV-Vis-NIR spectrum of 1s exciton absorption peak of PbS
NCs (dotted) dispersed in tetrachloroethylene with 1540 nm PbS NC film photoluminescence (solid). IR photo (inset) shows photoemission of the PbS sample dispersed in
hexane. (c) FTIR extinction spectrum of the F,Sn:In,03 NC monolayer assembled film on a Si substrate (dotted) and the F,Sn:In,O3 NC monolayer film overlayered on the
PbS QD film on a Si substrate (solid) exhibiting very similar extinction. (d) SEM images of PbS QD films, and F,Sn:In,03 [0%, 3%, 10% Sn(ac)s] NC monolayers over PbS
NC films. Bars correspond to 100 nm (top). Wide field SEM images of the same films showing monolayer uniformity of film architecture. Bars correspond to 500 nm (bottom).
(e) GISAXS of NC monolayer films on Si substrates for (far left) PbS QDs, (middle left) F,Sn:In,O3 cubes [0% Sn(ac),], (middle right) F,Sn:In,O3 cubes [3% Sn(ac),], and

(far right) F,Sn:In,03 [10% Sn(ac)4] layered over PbS QD films. Monolayer NC cube arrays show first, second, and third order scattering peaks corresponding to regular NC
packing in a planar array.
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a dilute hexane-octane dispersion (5 mg/ml) by spin-coating. The
ethylene glycol subphase layer was drained through a connected ball
valve near the bottom of the Teflon trough. This approach mini-
mizes perturbation of the PbS QD layer and of the liquid-air inter-
face assembled film that forms after hexane evaporates under a glass
cover. Although it may also be possible to spincoat the top layer from
a solvent that leaves the PbS QD layer in place, this alternative would
require postsynthetic NC ligand stripping to transfer the NCs to a
polar solvent.

In simulations, dopant controlled tunable LSPR nanocubes
show NFE at well-defined morphological features. To experimen-
tally probe an enhanced electromagnetic field due to F,Sn:In,O3 NC
arrays, emission of PbS QD films is used as a probe. The dependence
of the quantum transition rate of the emitters on nanocavity elec-
tromagnetic field intensity and the relationship between detuning
frequencies of the LSPR cube array can be experimentally interro-
gated via plasmon-exciton coupling effects. PbS QDs are a direct
bandgap semiconductor material with tunable IR photoemission
influenced by size-dependent quantum confinement.”** PbS QDs
are synthesized to tune the 1s exciton peak position and correspond-
ingly the PbS film photoluminescence peak frequency [Fig. 3(b)]
toward longer wavelengths near the F,Sn:In,O3 cube NC cavity
resonance.”

LSPR spectral tunability in self-assembled F,Sn:In,Os3 NC
monolayer films is characterized using UV-Vis-NIR spectroscopy
[Fig. 3(c)]. The F,Sn:In,O3 and PbS composite film LSPR extinc-
tion feature is only modestly perturbed compared to the F,Sn:In, O3
NC only films. The F,Sn:In, O3 cube [0% Sn(ac)s] monolayer assem-
bly shows a nanocavity mode LSPR peak at wce, = 3030 cm ™,
F,Sn:In, O3 cube [3% Sn(ac)4] at wey = 3740 cm™Y, and F,Sn:In, O3
NC [10% Sn(ac)4] at weay = 4527 cm™ . Monolayer NC film arrays
show LSPR red-shifting due to interparticle plasmon coupling with
adjacent NCs when compared with noninteracting TCE solution
dispersed NCs. Monolayer F,Sn:In,O3 cube [0% Sn(ac)s] arrays
show LSPR peak shift of Awrspr = 714 cm™!, F,Sn:In,O;3 cube [3%
Sn(ac)4] of Awrspr = 1049 cm™}, and F,Sn:In, O3 NC [10% Sn(ac)4]
of Awrspr = 1331 cm™ L. This trend is consistent with stronger red-
shift due to coupling for NCs with higher overall dopant concentra-
tion.”* The interparticle plasmon coupling resulting in LSPR red-
shifting indicates that the NC arrays form a collective ensemble
as a nanocavity that can be probed through PbS emissive lifetime
measurement correlation.

SEM images of assembled films show the local ordering in
F,Sn:In,O3 NC monolayers on PbS QDs, with micrometer range
uniformity [Figs. 3(d) and S11]. The F,Sn:In,O3 NC cube [0%,
3% Sn(ac)s] monolayers show planar cubic packing, while the
F,Sn:In,O3 NC spheres [10% Sn(ac)s] show monolayer hexago-
nal packing over the PbS QD layers. The PbS QD monolayer is
maintained after the F,Sn:In,Os cube NC monolayer film layer is
deposited using the two-phase solution assembly method (Fig. S11).
To further characterize the uniformity of the films, GISAXS was
used to observe the ordering of layered F,Sn:In,O3 cubes and PbS
QD films [Fig. 3(e)].”"" The scattering peaks for these compos-
ite F,Sn:In,O3 cubes and PbS QD films are consistent with reg-
ular particle spacing of the F,Sn:In,O3 NC cubes, with periodic-
ity representing the interparticle NC center-to-center distance. For
F,Sn:In,O3 cubes [0% Sn(ac)s], the periodicity is measured as a =
17.2 + 0.3 nm with scattering peaks consistent with the first, second,
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and third order in-plane peaks. Higher Sn doped F,Sn:In,O3 cubes
[3% Sn(ac)4] are observed to have a = 16.7 + 0.1 nm with a sim-
ilar planar array structure. For the F,Sn:In,O3 NCs [10% Sn(ac)a],
periodicity is measured as a = 13.4 + 0.1 nm with scattering peaks
consistent with first, second, and third order (Fig. S12). The inter-
particle distances and structures of F,Sn:In,O3 NC layers on top
of PbS QD films are the same as F,Sn:In,O3 only monolayer film
arrays. For example, a pristine F,Sn:In,O3 cube [0% Sn(ac)4] mono-
layer array is observed to have interparticle distance of a = 17.5 +
0.1 nm with apparent first, second, and third order scattering peaks,
which is nearly identical to the structure of a NC cube array overlay-
ered on a PbS QD film. Similar results were also observed for other
pristine films, with F,Sn:In,O3 cube NC [3% Sn(ac),] interparticle
distance at a = 16.8 + 0.3 nm and F,Sn:In,O3 NC [10% Sn(ac)4]
films at @ = 13.2 + 0.4 nm. In a pristine PbS QD film, an interpar-
ticle distance of a = 8.1 nm is observed. GISAXS reveals that the
F,Sn:In;O3 NC cube monolayer films’ local architecture observed
through SEM is sufficiently uniform over a wide area for nanocavity
spectral characterization.

Plasmon-exciton coupling and nanocavity effects

F,Sn:In;O3 cube NCs exhibit IR range LSPR tunability, and
simulations predict they will create emergent NFE. These proper-
ties can be leveraged to realize dopant induced spectrally tunable IR
nanocavities in monolayer film architectures, which has been diffi-
cult to access using materials such as Ag or Au noble metal nanopar-
ticles that have high, fixed free carrier concentrations. By placing a
PbS QD layer under LSPR active F,Sn:In,O3 NC monolayers, QDs
can be used to realize exciton-plasmon coupling and to act as pho-
toluminescent probes to understand tunable IR near-field nanocavi-
ties."! The photoluminescence decay lifetime (7¢) is representative
of the population relaxation rate from the exciton to the ground
state, i.e., hole-electron pair recombination, in PbS QDs. Coupling
the LSPR induced enhanced near-field with photoluminescent exci-
ton recombination () = %) leads to accelerated lifetime decay rate

1 82,83
(Ftot = Toor :F0+Fcuv))

T

4¢° 1
Fcav:(i)iz:rtat_rm (5)
1+

e (R)

g- N (o~ 1)1+ (2) e ©

The modulation of electromagnetic field in a confined cav-
ity exerts an influence by enhancing the excited state to ground
state transition rate (I'csy) according to Fermi’s golden rule, which
can be reiterated into the Purcell effect. The coupling strength
can be extracted from the experimental photoluminescence life-
time decay rate using Eq. (5). The off-resonance frequency between
the plasmonic nanocube monolayer cavity (wcay), with LSPR cavity
linewidth «, and QD emitter (wemir) is termed detuning frequency
(0 = weay — wemn).82 To assess the interaction strength between LSPR
and excitons, Eq. (5) can be reorganized to give coupling strength (g)
in Eq. (6).°*" Controlled dopant incorporation into NCs is advan-
tageous as LSPR frequency can be tuned in the IR, without relying
on size induced tuning as in Ag or Au nanoparticles.
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Empirical coupling strength is assessed through IR photolu-
minescence lifetime measurement with stretched exponential decay
curve ﬁ'[ting."11 A layered assembly of F,Sn:In,O3 cube NCs [3%
Sn(ac)4] on a PbS QD film was observed to have a shortened life-
time of 7o = 0.016 ns as compared to a PbS-only film at 7o = 0.365 ns
[Fig. 4(a)]. For reference, a PbS quantum film (wemir = 6944 cm™)
overlayed by highly off-resonant F,Sn:In,O3 [0% Sn(ac)s4] NC cubes
(weay = 3051 cm™l, k = 28.8 THz) showed little evidence of cou-
pling. The lifetime decay was only weakly enhanced, giving ¢ = 0.99
THz (4.09 meV), indicating limited coupling behavior under high

a) b)

FITOO% T1=0209ns g=0988THz
FITO3% 1=0016ns g=4075THz
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detuning frequency (6 = 3893 cm™"). In the case of closer spectral
overlap between the LSPR nanocavity and excitonic QD emitters, the
F,Sn:In,03 [3% Sn(ac)s] NC cube monolayer (weay = 3808 cm L k=
32.7 THz) showed enhanced exciton lifetime decay with a coupling
strength of ¢ = 4.08 GHz (16.85 meV) at § = 3136 cm™!. In a sam-
ple wherein PbS QDs are coupled to a film of spherical F,Sn:In,O3
[10% Sn(ac)4] NCs (weqy = 4521 cm ™} k=333 THz), despite a lower
detuning frequency at 8 = 2423 cm™" and closer resonant overlap,
the coupling strength was observed to be noticeably reduced at g =
1.40 THz (5.78 meV). This is due to spherical shaped NCs having
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FIG. 4. (a) Photoluminescence lifetime measurement of PbS QD films coupled with F,Sn:In,O; NC monolayer assembly nanocavities. Enhanced decay lifetime is observed
when LSPR active F,Sn:In,03 NC cubes are present. (Red) PbS QDs coupled to a detuned F,Sn:In,03 [0% Sn(ac)s] NC cube monolayer exhibit weak decay enhancement
behavior, while those (green) coupled to a F,Sn:In,03 [3% Sn(ac)s] NC cube monolayer demonstrate high Purcell enhancement. (Blue) PbS QDs coupled to spherical
F,Sn:In,03 [10% Sn(ac)s] NCs show intermediate decay rates. The laser excitation wavelength was 850 nm, exciting across the PbS bandgap, at 25 uW intensity and 5
MHz repetition rate. (b) STEM-EELS maps of F,Sn:In,O3 NC arrays. Columns represent (left) F,Sn:In,03 [0% Sn(ac)s] NC cube, (middle) F,Sn:In,03 [3% Sn(ac)s] NC cube,
and (right) F,Sn:In,03 [10% Sn(ac)s] NC sphere arrays, with intensity maps normalized to the observed mode. Distinct spatially delocalized, interparticle gap edge localized,
and NC localized face breathing modes are observed at the respective labeled frequencies. Scale bars are 5 nm. (Bottom) EELS spectra demonstrate near-field tunability
observed in the delocalized average mode, localized gap edge, and face breathing mode in a demarcated reduced map area for the respective F,Sn:In,O3 NC arrays. (c)
STEM-EELS map of F,Sn:In,03 [0% Sn(ac)s] NC cube assembly array edge. A modified Bessel function of the second kind curve fit of the linear intensity profile shows the
observation of delocalized LSPR 50% decay length impact parameter of 45 nm and 10% decay length impact parameter of 158 nm. Scale bar is 50 nm.
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less NFE as compared to cube shaped NCs, later to be discussed
in NC array simulations. The narrow cavity linewidth x being in
the 30 THz range for all monolayer film assemblies [Fig. 3(c)] is
representative of the photonic mode decay rate, affirming that the
IR nanocavity architecture is in the weak coupling regime by com-
paring the coupling strength to cavity linewidth (g < ). " The
localized photonic mode in the cavity decays faster than the exci-
ton to LSPR coupled oscillation” leading to enhancement of the
accessible pathway in photonic modes of decay and thus enhanced
exciton photoluminescence decay rate induced by F,Sn:In,O;
NCs.

To further address the nanoscopic localized nature of
F,Sn:In; O3 NC cube electromagnetic field coupling to PbS QD exci-
tons, the Purcell enhancement™ in Eq. (7) is evaluated with assis-
tance from simulation models and direct STEM-EELS observations.
In free space, unperturbed by the local electromagnetic field envi-
ronment, spontaneous emission can be expressed by Eq. (8)."” From
Fermi’s golden rule, the hole-electron pair recombination rate can
be perturbed by the local electromagnetic field in a photonic cav-
ity environment. This interaction is described in Eq. (9) as a time-
independent term expressed by the enhanced local electromagnetic
field (E) and exciton transition dipole moment (ylz),‘%’%

Ftot

F,=—, 7
P (7)

32
- b (8)

meghc

21 A2 2 2

Lot = 25 [{fld-Eli)["p(wo) = 25 {pnE)p(wo). 9)

The nanocube morphology of infrared LSPR active F,Sn:In, 03
NCs allows intense near-field localized resonance, allowing confine-
ment of light beyond the diffraction limit. In a monolayer assembly
array of cubes, the near-field enhancement effect is used to localize a
high density of IR range light around the PbS QD array in a nanocav-
ity.”>*! Whereas photonic modes in free space would be broadly
distributed over a wide frequency range, the infrared LSPR active
F,Sn:In,O3 NCs allow photonic modes to be localized near a con-
trollably tuned resonant frequency. The photonic density of states
[p(wo)] in a nanocavity is confined and centered around an LSPR
resonance frequency (wes) of quality factor Q = “2, expressed
as a Lorentzian distribution [Eq. (10)] corresponding to the exper-
imentally observed LSPR cavity extinction spectra. The confined
cavity electromagnetic field (E) is expressed as below and related
to a normalized mode volume (V) in Eq. (11) for a nanocavity
architecture,”"”?

plwo) = — () (10)
TTK (%)2 + (wcuv - wemit)z
2 M122hw0 2
[(u2E)[" = I (11)

Intraband energy dissipation losses commonly observed in Au
and Ag nanocavities can be advantageously avoided in the doped
metal oxide nanocavity system. The IR range LSPR is well separated
in frequency from band edge loss features, which are located in the
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near UV spectral range.”"”’ Therefore, emitter to cavity detuning

components can be incorporated in Eq. (12) to fully describe the
Purcell enhancement factor F,. To account for the assumed random
isotropic orientation between the exciton dipole of spherical QDs in
a cavity, a £ dipole orientation factor of 1/3 is included in the Purcell
factor expression. The nanocavity confinement of electromagnetic
field modifies the mode volume (V) in Eq. (13), which is a pure elec-
tromagnetic property describing the effectiveness of the nanocavity
in concentrating the electromagnetic field in confined space.”””* The
local relative field amplitude of the cavity mode expressed as E is
normalized so that the norm is unity at the maximum amplitude
antinode of the incident electric field (Eo),% 91

SO e

=
4m? (g)z + (wcuv - wemit)z

1
V:&)?fs(r)\E(r)fcfr. (13)

STEM-EELS allows direct observation and verification of
energy loss signatures associated with the spectrally tunable near-
field existing in the assembled NC cube arrays [Fig. 4(b)]. Near-field
intensity was simulated for the interparticle nanocube facet gaps.
The emergent delocalized nature of near-field modes was directly
observed. Near-field intensity in array assemblies is observed to
be stronger compared to a single particle in both simulations
and STEM-EELS measurement. In single particle F,Sn:In,O3 [10%
Sn(ac)s] STEM-EELS, a near-field energy loss peak located at 0.8 eV
is weak (Fig. S14), while an eleven-fold near-field intensity increase
was observed in the energy loss peak located at 0.6 eV for assembled
NC gaps (Fig. S14). The interparticle NC array gap near-field shows
higher NFE factor (logio|E/Eo|*) values of 2.35 [Fig. 5(a)], while a
single NC shows NFE factor of 1.92 (Fig. S9). A secondary higher
energy mode centered at 0.98 eV emerges from STEM-EELS map-
ping in NC film arrays that is attributable to a localized gap confined
near-field mode [Fig. 4(b)], while map profiles show that the main
peak mode centered at 0.6 eV is a delocalized near-field ensemble
mode. These maps in Fig. 4(b) show elastic scattering contrast due
to a relatively significant portion of the electron beam undergoing
high angle scattering when positioned on the particles. Hence, while
less signal appears to be present when inspecting the map for the
delocalized mode, this plasmon is essentially uniform in intensity
across the entire ensemble. Figure S15 shows this by comparing the
zero loss peak map with this delocalized map. The F,Sn:In,O3 NC
monolayer film series observed by STEM-EELS demonstrates that
the near-field is spectrally tunable, noticeable by the blue-shift in the
primary energy loss at higher Sn dopant concentration, while the
localized secondary mode is also observed in all three F,Sn:In,O;
NC assemblies [Figs. 4(b) and S15]. A high energy breathing mode
was observed localized within the NC volume, which is a nonradia-
tive dark mode that evades light scattering due to a symmetrical zero
net dipole moment, but is exclusively observed through EELS."*”
Through STEM-EELS, long-range plasmonic near-field decay is
directly observed at the edge of the nanocube assembly [Fig. 4(c)].
Simulated NFE factor values of 2.12 in F,Sn:In,O3; [0% Sn(ac)4]
NC arrays and 2.09 in F,Sn:In;O3 [3% Sn(ac)s] NC arrays were
derived for the interparticle nanocube gaps [Fig. 5(a)]. Secondary
localized modes experimentally observed through STEM-EELS were
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FIG. 5. (a) Simulated local NFE maps of F,Sn:In,O; NC assemblies. Top-down view of F,Sn:In,O3 NC arrays and interparticle gaps simulating STEM-EELS environmental
configuration without coupling to PbS QDs. Delocalized (top) and localized (middle) mode NFE maps at the respective frequencies, as observed through STEM-EELS. (b)
Cross section NFE maps of coupled nanocavity assemblies, with PbS QDs coupled between the substrate and F,Sn:In,O3 NC array. Columns represent (left) F,Sn:In,O3
[0% Sn(ac)s] NC cube, (middle) F,Sn:In,O3 [3% Sn(ac)s] NC cube, and (right) F,Sn:In,05 [10% Sn(ac)s] NC sphere arrays.

simulated, with NFE factor values of 0.34 between the cube facet
gaps in F,Sn:In,O3 [0% Sn(ac)s] NC arrays, 0.36 in F,Sn:In,O3
[3% Sn(ac)s] NC arrays, and 0.68 in F,Sn:In,O3 [10% Sn(ac)s] NC
arrays.

The collective electromagnetic mode volume in spectrally
tuned NC films is correlated and quantified with the above Pur-
cell effect lifetime decay enhancement measurements. The assem-
bled cube array nanocavity local electromagnetic field intensity pre-
dicted through FEM simulation [Fig. 5(b)] is used to quantify the
near-field enhanced electromagnetic field (E) from incident exci-
tation (Eo).(”’%‘% With the PbS QD emitters (wemir = 6944 cm” !,
A = 1540 nm) coupled to a F,Sn:In,O3 [3% Sn(ac)s] cube NC
cavity (Q = 3.49), the components of Eq. (12) can be evaluated.
With locally enhanced electromagnetic near-field simulations under
Eo = 0.125 V. m™ ! incident intensity from the 25 yW excitation
source (I = %|E0\2), the delocalized photonic mode volume of
the F,Sn:In, O3 NC array can be extracted. With the PbS QDs placed
in the gap cavity between a cube array and the substrate, excitonic

QDs experience an averaged near-field enhancement of E/Ey = 1.30
[Fig. 5(b)]. With the coupled energy exchange between the plas-
mon and exciton, electromagnetic waves may migrate ballistically
at a surface plasmon resonance over micrometer length scale.”” The
electromagnetic wave can be planarly confined in the nanocavity gap
between the NC array and substrate, giving rise to a characteristic
photonic mode volume.”**” The ensemble photonic cavity mode can
be estimated [Eq. (13)],"" and the delocalized nanocube mode vol-
ume for F,Sn:In, 03 [3% Sn(ac)s] NCs corresponds to a 49 x 49 nm?
LSPR-exciton coupled real-space delocalization range.”” The further
detuned F,Sn:In,O3 [0% Sn(ac)4] NCs with E/Ey = 1.35 had a 117 x
117 nm? delocalization range, when a nanocavity thickness of 10 nm
is assumed for each case. For the spherical F,Sn:In,O3 [10% Sn(ac)4]
NC nanocavity (Q = 4.07), a lower NFE enhancement of E/Ey = 1.03
was simulated and the delocalized NC cavity array is calculated to
have 76 x 76 nm? real-space delocalization range. This explains the
observed differences of the LSPR energy in FTIR extinction spec-
tra between solution dispersed F,Sn:In,O3 NCs and the red-shifted
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spectra of the monolayer film assemblies. Through the photolu-
minescence lifetime analysis, the local near-field environment was
probed to quantify the delocalized photonic cavity environment in
the monolayer film architectures. The existence of near-field delo-
calization in a NC array was directly observed at the edge of the
assembly through STEM-EELS. The intensity of the plasmonic near-
field decays exponentially with a decay length of 113 nm [Figs. 4(c)
and S14] as compared to a single particle characteristic decay length
of only 9.1 nm. This dramatic difference further supports that
the near-field cavity is not individually confined around each NC,
but an ensemble collective behavior is existent in the nanoassem-
bly array leading to a delocalized nanocavity mode volume with
an optical effect that is readily apparent through exciton lifetime
correlations.

CONCLUSION

Sn codoping allows LSPR spectral tunability to be achieved in
cubic faceted F-doped In;O3 NCs. The F dopant plays a role in
selectively passivating {100} crystallographic facet surfaces of In,O3,
while addition of a Sn codopant precursor creates a synthetic han-
dle for controlling LSPR tunability. In these colloidally synthesized
F,Sn:In,O3 NC cubes, shape-dependent LSPR multimodal extinc-
tion features arise at the well-defined corners, edges, and faces of
the NCs. Near-field enhancement effects arise at these morphologi-
cal features while retaining spectral tunability. The dopant-induced,
size-independent spectral LSPR tunability observed in solution dis-
persed F,Sn:In,O3 NCs can be further exploited in self-assembled
films. The tunable near-field effect can be leveraged and enhanced
by fabricating dense plasmonic nanocavity arrays in long-range
ordered monolayer architectures, prepared by a liquid-air interface
assembly. IR range photoluminescent PbS QDs were coupled with
the LSPR near-field tunable F,Sn:In,O3 NC nanocavity structure,
inducing plasmon-exciton coupling. By controlling the detuning fre-
quency between PbS QD emitters and LSPR active F,Sn:In,O3 NC
nanocavities, variable Purcell enhancement of the exciton decay rate
was observed. To further understand the spatial near-field nature
of assembled NC arrays, direct observations of LSPR near-field
spatial distributions were made by monochromated STEM-EELS
mapping. An intense localized near-field was observed between
F,Sn:InO3 NCs in the interparticle gap arrays, while ensemble plas-
monic behavior was emergent. Extensive LSPR delocalization was
apparent within and at the edge of F,Sn:In,O3 NC array assemblies,
which creates a delocalized collective mode volume as supported by
Purcell enhancement analysis.

F,Sn:In,O3 NC nanocubes induce a strong LSPR near-field
response in the IR range, a property that can be further amplified
by creating spatially dense and tunable nanocavity arrays, with-
out relying on size dependent tuning as in conventional Ag and
Au noble metal nanomaterials. The optical properties observed in
F,Sn:In,O3 NCs have the potential to be harnessed in photocat-
alytic applications,'’" ultrafast photonic switching," and plasmonic
molecular sensors.'”” Coupling excitonic photoemission and LSPR
near-field enhancement, derived from QD and plasmonic material
classes of particles, respectively, can enable photonic “assembly of
light” toward hybrid forms of light-matter interaction.”” By syn-
thetically tuning LSPR across an extended IR spectral range, faceted
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NCs with enhanced near-fields may have potential for coupling to
low-energy elementary excitations beyond excitons found only in
the IR range. These may include phonons,"”” polarons,'” polari-
tons,'”” and molecular vibrations,'"® which were previously hard to
approach with conventional noble metal classes of plasmonic nanos-
tructures. The extended synthetic tunability of LSPR in doped metal
oxide NCs, including F,Sn:In, O3 nanocubes, may enable this class of
materials to unlock previously unrealized LSPR coupled light-matter
interactions and phenomena.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
regarding NC sample SEM, EDX, XPS, XRD, and UV-Vis-NIR char-
acterization methods, extended Drude parameters, and FEM simu-
lated NFE. Additional NC film SEM, SAXS, FEM simulated NFE,
and STEM-EELS characterization results are included.
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