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ABSTRACT: Correlating changes in carrier density arising from incorporat-
ing dopant ions into the lattice of a plasmonic semiconductor nanocrystals
(NCs) with the observed physical properties at the elemental level can
improve our understanding of these materials. Here, we investigate Sn:In2O3
(ITO) NCs, a well-known near-infrared plasmonic system, by analyzing the
induced carrier density changes that occur in the optical response and the
119Sn nuclear relaxation rates. The carrier density, as evaluated by a chemical
titration method, is correlated to the Burstein−Moss shift and the plasmon
frequency to evaluate the effectiveness of the Drude-Lorentz model.
Comparison of the values for carrier density extracted from these methods
suggests the Drude and Burstein−Moss models underestimate the actual
carrier density, particularly at higher concentrations, and that the parabolic
approximation to the band structure is not appropriate for the ITO samples.
The error in the fits can be accommodated using a modification in the Drude-Lorentz model to incorporate an additional correction
value to account for the change in the local band shape as the Fermi level is moved with increasing carrier incorporation. The
chemical shift and broadening of the 119Sn solid-state NMR features provide a direct measure of the effects of carrier density on
nuclear spin relaxation pathways. The 119Sn signal of ITO NCs exhibits an increase in the full width at half-maximum with increasing
carrier density, which can be related to the carrier-dependent T2* effects. The experimental results indicate the simple models are
empirically predictive but require further evaluation to be quantitative.

■ INTRODUCTION

A growing interest in plasmonic semiconductor nanocrystals
(PSNCs) generated by aliovalent doping of wide band gap
semiconductors has appeared due to the observation that the
localized surface plasmon resonance (LSPR) frequency and
extinction are directly dependent on the carrier density at the
Fermi level.1−8 In PSNCs, the LSPR extinction feature arises
from the coherent oscillation of carriers introduced at the
Fermi level by carrier delocalization into the valence (p-type)
or conduction (n-type) band upon doping. LSPRs are well-
known in coinage metals, where the carriers are treated as a
Fermi gas and an extinction feature in the visible regime is
observed that is dampened by electron−electron and
electron−phonon interactions.9−16 The observed frequency is
attributed to the interference of the real and imaginary terms of
the dielectric function. In PSNCs, the LSPR feature is highly
tunable but occurs in the infrared instead of the visible due to
their lower carrier density when compared to metals such as
Au and Ag.1,4,17,18

The incorporation of n- and p-type dopants into semi-
conductors results in changes to the Fermi level and should
produce changes in the UV−vis (band edge) and NMR
features that scale with carrier density. A shift in the band edge
absorption has been observed in degenerately doped n- and p-

type semiconductors and should appear in aliovalent doped
metal oxides that exhibit an LSPR. The absorption shift arises
from the nonzero occupancy of states at the conduction band
minimum that scales with carrier density, which results in a
change to the energy required to excite an electron from the
valence band into the conduction band.19,20 The change in
energy can be fit to the Burstein−Moss expression, and the
shift in the optical band gap is treated as a Coulombic
repulsion term renormalizing the band gap.21−24 In terms of
NMR, free carriers can induce changes to the nuclear
relaxation rates (T1 and T2), due to a paramagnetic relaxation
enhancement, as well as shift the NMR resonance by altering
the local electric shielding due to an induced metallic character
of the observed nuclei.25,26

Optical methods are convenient for carrier analysis within a
sample; however, such methods require approximations to
extract actual carrier density. The LSPR shift with carrier
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density has been shown to be adequately fit by the Drude-
Lorentz model for Sn:In2O3 (ITO) NCs at less than 10%
donor incorporation.18,27 Although the LSPR fit follows the
square root of dopant concentration, as expected from the
Drude-Lorentz model, recent studies have questioned whether
the extraction of carrier densities from the model is
accurate.28,29 Millstone and co-workers reported that the
carrier densities extracted from the Drude model were
inconsistent with a 77Se solid-state nuclear magnetic resonance
(ssNMR) analysis of a Knight shift and decreasing T1
relaxation rates in vacancy-doped Cu2−xSe.

29−31 Beaulac and
co-workers suggested in InN that chemical titration is
necessary to accurately measure the carrier densities in
PSNCs.28 Although correlations between each method and
carrier densities have been observed, accurately measuring
carrier densities using chemical titrations can allow for direct
correlation of the physical properties observed by carrier-
induced band edge shift, LSPR changes, and NMR effects.
Comparison of the change in the LSPR1,32,33 and the shift in
the band gap absorption edge19,22,24 as a function of the actual
carrier density may allow the incorporation of a correction
factor in analogy to the use of a dampening term (Γ) to explain
the size-dependent plasmon response in gold.10 By comparing
the chemically measured carrier density to the observed
plasmon frequency, band edge energy, and NMR properties, a
correlated picture of the physical property changes that occur
with increasing dopant concentration can be evaluated.
In this manuscript, the electronic and nuclear perturbations

that arise from changes in the Fermi level upon incorporating
an aliovalent ion into a semiconductor lattice is evaluated in
spherical, oleic acid-passivated, SnxIn2−xO3 (ITO, 5 ± 0.5 nm).
The carrier density, as measured by chemical titration with a
one-electron oxidant, is compared to the observed spectral
shifts in the NIR LSPR, the absorption edge in the UV−vis,
and the 119Sn NMR resonance. Analysis of the LSPR shift
using the Drude model and the absorption band edge shift via
the Burstein−Moss relationship reveal that, while the
anticipated relationships with carrier density are observed for
the optical features, both models either underpredict the
carrier density or require a correction term to be quantitative.
A linear dependence of the 119Sn line width and Knight shift on
carrier density is observed in the 119Sn NMR spectra. The
small Knight shift (<10 ppm) most likely reflects the band
structure lacking Sn s-orbital contributions in the conduction
band. The observed linear dependence on the NMR line width
for the 119Sn features with carrier density indicates that the T2
relaxation is enhanced with increased carrier density. This
behavior is anticipated in n-type ITO NCs, confirming the
chemical titration values are valid. Although T1 is also an
important relaxation pathway, T1 is observed to be too long to
be directly measured for the Sn:In2O3. The experimental
observations are consistent with the expectation that when
Sn(IV) is doped into In2O3, the presence of carriers at the
Fermi level will impact the optical spectra and nuclear spin
relaxation rate due to a paramagnetic enhancement.
This study allows a direct correlation of carrier density

measured by chemical titration with the observed changes in
the optical and NMR spectral response to increasing carrier
density in ITO NCs and illustrates the power of ssNMR to act
as a local probe in plasmonic systems, providing a deeper
insight into structure and carrier relaxation pathways. The
study extends the use of ssNMR probe methods to analyze
commercially relevant ITO NCs in an important step to

developing a full understanding of the plasmonic behavior
outside of the confinement limit and the role of T2 on carrier
relaxation in an n-type semiconductor induced by aliovalent
doping. Developing probe techniques that measure carrier
density and carrier relaxation rates is important for the
continued development of electrochromic windows,34,35

photocatalysis,36,37 and biomedical treatments.38,39

■ MATERIALS AND METHODS
Indium(III) acetate (In(OAc)3, 99.99%), oleic acid (90%,
technical grade), 1,2,4,5-tetrafluorobenzene (C6H2F4, 99%),
and tetrachloroethylene (spectrophotometric grade, 99+%)
were purchased from Alfa Aesar. Tin acetate (Sn(OAc)4, 98%)
and chloroform (high-performance liquid chromatography
(HPLC) grade) were purchased from Thermo Fisher
Scientific. Oleyl alcohol (80−85%, technical grade) and
nitrosonium tetrafluoroborate (NOBF4) were purchased from
Beantown Chemical. Acetone (≥99.5%), ethanol (95%),
acetonitrile (≥99.9%, anhydrous), and nitric acid (67−70%,
for trace metal analysis) were purchased from VWR. Toluene
(≥99.5%) was purchased from Sigma-Aldrich. Tin acetate was
dried in a vacuum oven at 120 °C for 4 h prior to use and
stored in a desiccator. Tetrachloroethylene was stored with 3 Å
molecular sieves. All other chemicals were used as received.

Synthesis of X% ITO Nanocrystals. ITO nanocrystals
(NCs) of various doping concentrations were synthesized as
previously reported by Hutchison and co-workers.40 Metal
oleate precursors are formed in oleic acid under N2 and then
added dropwise at a rate of 0.2 mL/min to 12.5 mL of oleyl
alcohol kept at 230 °C, while N2 is continuously run over the
reaction. After the injection is complete, the solution was kept
at 230 °C for an additional 20 min, followed by cooling to RT
and isolation/cleanup of the NCs using toluene/acetone (three
times) and centrifugation.

Elemental Analysis. Inductively coupled plasma-mass
spectrometry (ICP-MS) was performed using a Thermo
Scientific iCAP RQ ICP-MS to confirm the ratio of Sn/In in
the NCs. Samples were digested in concentrated nitric acid and
then diluted to 2% HNO3. Calibration curves were prepared
from serial dilutions of a Sn/In standard dissolved in 2% nitric
acid with R2 values greater than 0.999 for both ions. Each
sample was measured in triplicate after an initial survey run,
and there was a minimum of 30 s wash time between samples.

Powder X-ray Diffraction (pXRD). pXRD patterns were
collected with a Rigaku MiniFlex powder X-ray diffractometer
using Cu Kα. Samples were dried out, crushed into a fine
powder, and then loaded onto a zero-background micro-
powder plate. Scans were collected from 15 to 80° 2θ at a rate
of 5°/min and a 0.1° step size. Whole powder pattern fitting
and the Halder-Wagner method for Scherrer analysis were
completed using the Rigaku SmartLab Studio software and
performed for all ITO NCs.

Transmission Electron Microscopy (TEM). Nanocrystal
samples were diluted and suspended in chloroform and then
dropcast onto Formvar-coated copper TEM grids (Ted Pella)
and allowed to dry in a desiccator overnight. Experiments were
performed at the National High Magnetic Field Laboratory
using a JEM-ARM200cF electron microscope operating at 200
kV.

UV−Vis−NIR Spectroscopy. Purified ITO NCs were
suspended in tetrachloroethylene. UV−Vis−NIR data were
collected using a PerkinElmer Lambda 950 spectrophotometer.
A 1 cm path length NIR quartz cuvette from Spectrocell was
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used for all absorption experiments. Spectra were baseline-
corrected using neat tetrachloroethylene and normalized to the
band edge absorption of the ITO NCs.
NOBF4 Titrations. The one-electron oxidation of the ITO

NCs was adapted from ref 28. A known concentration of
purified ITO NCs was suspended in dry tetrachloroethylene
and brought into an inert atmosphere glovebox. A known
concentration of NOBF4 in MeCN was titrated into the ITO
suspension and left to oxidize for 30 min. The sample was then
loaded into a Pike Technologies liquid Fourier transform
infrared (FTIR) cell with BaF2 windows and a path length of
0.5 mm. FTIR measurements were performed in transmission
mode using a Jasco 6800 FTIR spectrometer. This procedure
was repeated until the LSPR absorbance did not decrease upon
oxidation. The absorbance at each titration point was
integrated in order to account for changes in the shape of
the LSPR. The linear region of the titration was then
extrapolated to determine the amount of NOBF4 theoretically
required to completely extract all free carriers. This number
was then converted to the carrier density of the ITO NCs by
dividing the extracted number of electrons by the volume of
NCs in the suspension calculated using the density of indium
oxide and the size of the NCs.
Solution NMR Spectroscopy. Solution 19F NMR was

performed using a 400 MHz Bruker AVIII spectrometer. The
concentration of the NOBF4 in MeCN solution was
determined using a known concentration of 1,2,4,5-tetrafluor-
obenzene as an internal standard and by measuring the ratio of
the integrated NOBF4 feature to that of the tetrafluorobenzene
signal.
Solid-State NMR Spectroscopy. Dried nanocrystals were

crushed into a fine powder and packed into a 4 mm zirconia
rotor. A 500 MHz Bruker AVIII HD wide-bore spectrometer
was used for all measurements. Spectra were collected using a
standard spin−echo pulse sequence with a pulse width of 6.4
μs, an acquisition time of 5.5 ms, and 24 576 scans for each
sample at the 119Sn Larmor frequency 186.49 MHz. The
chemical shifts were referenced to solid SnO powder at −206
ppm. Magic-angle spinning was used for all samples at a rate of
10 kHz.

■ RESULTS AND DISCUSSION
A series of oleic acid-passivated 5.0 ± 0.5 nm SnxIn2−xO3
(ITO) (x = 0.020, 0.031, 0.040, 0.050, 0.063, and 0.073) NCs
were prepared following the synthetic protocol of Hutchison
and co-workers.40 The Sn concentrations were verified by ICP-
MS. pXRD allows an assignment of all samples to the bcc
bixbyite phase (PDF No. 03-065-3170) (Supporting Figure
S1). There are no discernible pXRD shifts in the diffraction
peaks, and calculations of the lattice parameter for each sample
showed little to no change, owing to the similarity in size of the
In(III) and Sn(IV) ions (rIn(III) = 81 pm; rSn(IV) = 71 pm).41

Scherrer analysis of the NCs using the Halder-Wagner method
and whole powder pattern fitting is provided in Table S1. The
size was confirmed by TEM imaging, where the ITO NCs are
observed to be spherical with lattice fringes assignable to the d-
spacing for the (222) facet of the bixbyite crystal structure (d =
2.93 Å). All analytical data for the ITO series are available in
the Supporting Information.
Carrier Density in ITO. The carrier density of the ITO

samples prepared in this study was quantified by chemical
titration with NOBF4, a one-electron oxidant. The use of
NOBF4 to evaluate carriers was previously reported for InN by

Beaulac and co-workers.28 In Figure 1, a plot is shown of the
carrier concentration determined via chemical titration versus
%Sn incorporation into In2O3 measured by ICP-MS. The
linear relationship confirms that dopant concentration is
directly proportional to the carrier density of the ITO NCs
within this regime (2.0−7.3%). The dependence of carrier
density on Sn(IV) doping is consistent with earlier studies
suggesting the Sn(IV) incorporation into In2O3 is stochastic
across the entire nanocrystal volume and exhibits equivalent
dopant activation within this doping range based on the LSPR
shift.
Evaluation of the plot reveals that the carrier density is in the

range of (0.4−1.4) × 1021 cm−3 or 27−95 electrons per NC. It
is expected that one free carrier will be generated per Sn
dopant incorporated into In2O3, but the measured carrier
density values indicate that only 0.65 free carriers are generated
per Sn dopant. The observed 35% dopant deactivation is
attributed to compensating defect complexes within the NC
arising from inherent oxygen vacancies within the bixbyite
crystal structure that produces oxygen interstitial complexes of
the form 2SnIn·−Oi″.42,43 It is worth noting that the titration
experiment is in excellent agreement with the previously
reported less than 70% dopant activation in ITO NCs.43 Such
deactivation may also arise from the existence of a surface
depletion region, where surface defects result in decreased free
carrier generation.44 Further evaluation allows the intrinsic
carrier density to be established in the ITO samples. Native
carriers in the undoped In2O3 NCs are expected to be present
due to inherent oxygen vacancies.42,43 From the chemical
titration plot, the intrinsic carrier density can be estimated by
extrapolating the plot to 0% Sn, yielding a value of 1.2 × 1019

cm−3 or 0.78 intrinsic carriers per NC from native defects in
the ITO samples.

Carrier-Induced LSPR Shift. In Figure 2a, the LSPR
extinction feature, as measured via UV−vis−NIR, is observed
to shift to higher frequency with increasing Sn concentration.
Full FTIR spectra of each sample are available in the
Supporting Information (Figure S2). Since LSPRs are
inherently interfacial and dielectric phenomena, the Drude-
Lorentz free-electron model is typically used to model their
absorbance in order to extract useful information.21,27,45

( ) ( ) ( ) ( ) ( )BG UV vis Dε ω ε ε ω ε ω ε ω ε ω= + + + +∞ (1)

i
ne

m
( )D

p
2

2 p

2

0
ε ω

ω

ω ω
ω

ε
= −

+ Γ
=

* (2-3)

Figure 1. Carrier density determined by one-electron oxidant NOBF4
titrations for 2.0−7.3% ITO NCs.
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Eq 1 represents the sum of dielectric contributions including
the high-frequency dielectric constant (ε∞) and the back-
ground, UV, visible, and Drude terms, respectively. The Drude
contribution is responsible for the LSPR absorption feature
and can be described using the plasma frequency (ωp) and a
dampening term (Γ). ωp can be further broken down as shown
in eq 3, where n is the free carrier density, e is the charge of the
free carrier, m* is the effective mass of the carrier, and ε0 is the
permittivity of free space. It is worth noting that the
experimentally measured LSPR frequency of a nanocrystalline
sample (ωLSPR) can be described by the following equation,45

2LSPR
pω

ω
ε

=
+∞ (4)

where ε∞ = 4.08 for In2O3,
46 resulting in the observed LSPR

will appear at ∼2.45 times lower frequency than the calculated
ωp.
From eqs 1−4, the values of ωp and, therefore, ωLSPR will be

directly proportional to the square root of n. A plot of the
LSPR shift as a function of the square root of carrier
concentration extracted from the chemical titration is shown in
Figure 2b. The plot of LSPR frequency versus %Sn is available
in the Supporting Information (Figure S3). The values for
ωLSPR were determined via a Drude modeling of the absorption
data using Matlab code written by the Milliron group.27 The
linear dependence of the LSPR frequency with the square root
of carriers is consistent with earlier findings;47 however,

extraction of the carrier densities from LSPR data using eqs
1−4 is inconsistent with the values obtained from chemical
titration (Figure 3a). The linear relationship confirms the
LSPR shift is due to free carriers, but the difference in carrier
density requires a correction factor of γ = 0.18. This suggests
the Drude-Lorentz model underestimates the carrier densities
by nearly 20%, most likely due to an additional dampening
term being required, analogous to a Drude-Lorentz analysis of
metallic plasmonic systems.
Such a correction term for PSNCs has been previously

proposed by Jung and Pedersen45 to account for large
deviations in the calculated ωp for ZnO when using a simple
effective mass approach compared to the full band structure
calculations. They proposed an advanced effective mass model
of ωp, which contained a correction term to eq 3 in order to
account for the deviation.

e n
m n m

1

1 (9 ) /( )
p
2

2

0 2 2/3 2
ω

ε π α
=

* + ℏ * (5)

In this equation, α is the correction factor that accounts for the
change in local band shape as the Fermi level moves further
into the conduction band with increases in n-type doping.
To evaluate the model of Jung and Pederson for the ITO

samples, the effective mass of the free carriers for each ITO
sample is extracted from the LSPR data using eqs 1−4 (Figure
3b). This plot shows that the value for m* varies substantially
with Sn loading, ranging from 0.33me at low doping levels to

Figure 2. (a) UV−Vis−NIR of ITO NCs with increasing %Sn. Data from 2700 to 2850 nm was removed for visual clarity. (b) Square root of
carrier density measured via NOBF4 titration vs LSPR frequency.

Figure 3. (a) Carrier density determined by one-electron oxidant NOBF4 titrations for 2.0−7.3% ITO NCs. (b) m* values for each ITO sample
calculated using the Drude model and chemical titration-determined carrier densities.
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0.83me (where me is the mass of an electron) at higher
concentrations. The unexpected variance is in disagreement
with prior results from ITO thin films and cyclotron resonance
measurements on ITO NCs that confirm m* values are 0.4me
at low doping levels.5,48,49 By combining the values of ωp
extracted from optical measurements, n measured via NOBF4
titrations, and the literature value of m* for ITO (0.4me), the
Jung-Pederson model (eq 5) can be used to calculate a suitable
correction factor (α) for each sample. These results are
illustrated in Figure 4 and show that different correction
factors were required in order to model the experimental
results. The high carrier density samples (6.3%, 7.3% ITO)
show that α converges to a value of 1.48 eV, while lower carrier
density samples approach the simple effective mass calculation
(i.e., no correction factor). The modeling for the 2.0% ITO is
omitted from Figure 4 due to this convergence with the simple
effective mass model.
The high carrier density limit of 1.48 eV is notable, as it

agrees well with the value of 1.52 eV calculated by Jung and
Pedersen for n-type ZnO.45 However, one would expect a
consistent value of α for all samples if free carrier
concentration was the only variable. The shift from the
uncorrected Drude model to the convergence of high carrier
density samples at 1.48 eV for the advanced effective mass
model indicates that there are more variables involved in this
process than just carrier density. When the Fermi level lies
close to the conduction band minimum, m* is equal to the
known value of 0.4me, and the uncorrected Drude model can
effectively explain the optical data. Once the Fermi level passes
deep enough into the conduction band, as is the case for the
samples with high carrier densities, the value for α ceases to
change, and the advanced effective mass model can accurately
describe the change in parabolicity of the band structure with a
constant m* of 0.4me.
Carrier-Induced Burstein−Moss Shift. A Burstein−

Moss (B-M) shift is often observed in degenerately doped
semiconductors. This shift has not been widely considered for
PSNCs; however, it is anticipated that a B-M shift of the
absorption edge will occur in the ITO samples due to the shift
in the Fermi level relative to the valence band maximum with
increasing n-type dopants.19,20 B-M shifts for thin-film ITO
have been reported to be proportional to the carrier density,
and they can be fit to the B-M expression

E E E
m

n
2

(3 )abs g
Sn

g
0

2
2 2/3i

k
jjjj

y
{
zzzz πΔ = − = ℏ

* (6)

where Eg
Sn is the measured bandgap as a function of %Sn, and

Eg
0 is the native bandgap at the intercept when %Sn = 0, n/m*

remain the carrier density and effective mass of the free carrier,
respectively.22,24 The B-M expression can be used to analyze
the relative change in carrier density with Sn doping and can
also be used to extract an average value of m* for the series of
ITO NCs.
In Figure 5a, the band edge shift with increasing Sn

incorporation is plotted in the form of a Tauc plot. In a Tauc
plot, the product of the absorbance and energy of light raised
to 1/r [(αhν)1/r] is plotted against hv.50 A value of r = 1/2 is
used for a direct band gap semiconductor like ITO, where the
interband absorption is allowed.50 The value of Eg is obtained
by extrapolating the linear region of the plot. Plotting Eg versus
n2/3 (Figure 5b) shows the expected linear correlation
predicted by the B-M shift. As observed in Figure 5b, the
shift in Eg with increasing carrier density for each ITO sample
follows the anticipated 2/3 power law with a y-intercept value
of Eg

0 = 3.16 eV. A plot of the optical Eg shift with increasing %
Sn is available in Figure S4. This 2/3 power law behavior with
increasing carrier density is consistent with previous literature
reports for ITO thin films23,51,52 and is due to the parabolic
nature of the conduction band minimum in In2O3. The average
m* for the ITO NCs can be determined using eq 6 and the
slope extracted from the linear fitting in Figure 5b. This leads
to a value of 0.78me, which is inconsistent with the expected
value for ITO. The overestimation of m* by a parabolic band
theory confirms the analysis via the Drude model showing that
a loss of parabolicity in the band structure is likely occurring as
the Fermi level moves further from the conduction band
minimum. Analogous to the extraction of m* using the
standard Drude model, a correction factor is needed to
accurately determine the m* of a system using the Burstein−
Moss shift. For 5 nm ITO NCs, this leads to a value for the
correction term (defined here as Ω) being equal to 0.51.

Carrier-Induced Changes in Spin Relaxation. The
extrapolation of early efforts to correlate a Knight shift and
changes in T1 with carrier density by Schmidt-Rohr in
Ag1−yPb18Sb1+zTe20

31 and more recently by Millstone in
Cu2−xSe

29 suggests ssNMR methods are more effective for
understanding carrier behavior. To evaluate the possible
discrepancy in the optical methods in ITO NCs, 119Sn
magic-angle spinning (MAS) ssNMR measurements were
performed on the powdered samples of the ITO NCs. For
these studies, samples were packed into a 4 mm zirconia rotor
and spun at the magic angle at 10 kHz. The 119Sn experimental
data were collected using a spin−echo pulse sequence. The
choice of measuring 119Sn rather than 115In is due to 119Sn
being a dipolar nucleus and because the low concentration of
119Sn leads to the elimination of dipolar−dipolar coupling.
ssNMR also has the advantage over optical methods in that the
participation of deactivated (pinned carriers) can be directly
probed by an inspection of the observed NMR features.53,54

The 119Sn spin−echo MAS NMR spectra for the ITO series
are presented in Figure 6a. The feature between −500 and
−600 ppm is assigned to a six-coordinate Sn(IV) center. As %
Sn increases, the assigned feature is observed to increase in
intensity, shift slightly downfield (higher ppm), and broaden. It
is worth noting that additional structure in the ssNMR
spectrum reflects contributions that scale inversely with %Sn
and arise from noise and the probe feedback that are
observable due to poor signal-to-noise ratio (S/N) associated
with the low concentration and natural abundance (8.6%)53 of

Figure 4. Dirac effective mass modeling of 3.1−7.3% ITO NCs
(dashed lines) and simple effective mass model (solid line).
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Sn dopant. The overall intensity of the 119Sn feature increases
linearly with %Sn (Figure 6b), as expected, since S/N is
directly proportional to the number of nuclear spins present in
the sample.26 Many factors can influence the total integrated
area of an ssNMR spectrum; therefore, comparing the
integrated areas is often unreliable when compared to using
this method for solution NMR. This analysis serves only to
further demonstrate that the ICP-MS confirmed a trend of
increasing %Sn in the PSNCs.
The observed linear downfield shift (Figure 7a) and change

in the full width at half-maximum (fwhm) (Figure 7b) of the
119Sn feature as a function of Sn(IV) concentration can be
understood by considering that each Sn(IV) incorporation
leads to a carrier at the Fermi level interacting with the 119Sn
nuclear spin, allowing assignments of the change in chemical
shift as a Knight shift and the increase in line width to Knight
shift anisotropy (KSA).26,55 The Knight shift occurs due to free
electron−nuclear spin interactions resulting in the observed
concentration-dependent shift, since δobs = δCS + δKS. The
values δobs, δCS, and δKS are the observed chemical shift,
chemical shift without paramagnetic influence, and the Knight
shift contribution, respectively. While the shift is small and
potentially within instrumental error, the positive sign of the
Knight shift indicates that this interaction occurs through a
delocalization mechanism,26 which would be the expected
result for electron−nuclear interactions stemming from free
carriers residing in the conduction band. The results support
the idea that, in ITO NCs, the Knight shift and KSA changes

are directly proportional with Sn concentration, which is
consistent with attributing the behavior to the free carrier
population at the Fermi level in these PSNCs.26,56

In addition to the observed Knight shift and KSA effects
induced by free carriers, changes in the T1 (spin−lattice) and
T2 (spin−spin) relaxation pathways for the Sn(IV) nuclei are
anticipated.29−31 T1 is related to the Knight shift, while T2 can
be correlated with KSA. It is expected that, as the n-type carrier
density in ITO NCs increases with increasing %Sn, the T1 and
T2 will decrease as a result of paramagnetic relaxation
enhancement by the free electrons. However, direct measure-
ments of the T1 and T2 of

119Sn are challenging in ITO NCs.
T1 measurements are difficult due to the long T1 of 119Sn,
coupled with the lengthy acquisition times required to obtain
suitable spectra at low %Sn. Conversely, the T2 relaxation rates
of these samples are too short to conduct cross-polarization
magic-angle spinning (CP-MAS) or Carr−Purcell−Meiboom−
Gill (CPMG)57,58 experiments.
An estimate for the change in T1 can be obtained from the

observed Knight shift (K) through the Knight-Korringa
relationship59,60
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where γn and γe are the gyromagnetic ratios of the nuclear and
electronic spins, kB is the Boltzmann constant, T is the absolute
temperature, and T1,K is the Korringa contribution to the spin−

Figure 5. (a) Direct band gap Tauc plot of 2.0−7.3% ITO NCs (b) Plot of the optical bandgap vs chemical titration measured carrier density raised
to the 2/3 power.

Figure 6. (a) 119Sn MAS ssNMR spectra of X% ITO NCs. Data were collected using a spin−echo pulse sequence on a Bruker WB 500 MHz
ssNMR spectrometer. Peak intensities are normalized for visual clarity. (b) Absolute integrated areas of the 119Sn feature for 2.0−7.3% ITO NCs.
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lattice relaxation. The observed spin−lattice relaxation,
T1,K

−1(K,T), is a result of the sum of contributions from the
paramagnetic relaxation enhancement T1

−1(K,T) and the
temperature and Knight shift-independent T1,0

−1. The relation-
ship will hold for a metallic system, which is consistent with
the Fermi carrier density present in an n-type PSNC. A plot of
the Knight shift versus the calculated change in T1,K

−1(K,T) is
shown in Figure 7c. The experimental data follow the
predicted K2 dependence for the Knight-Korringa relationship
confirming T1 is shortened as carrier density increases in ITO.
While the shortening of the calculated T1 is in agreement with
the trend seen for Cu2−xSe, a p-type PSNC,

29 the magnitude of
T1,K for the n-type ITO nanocrystals in this study is small. The
small magnitude is believed to be due to the relatively long T1
for Sn(IV), which has been shown to be between 15 and 80
s,61,62 compared to that of the 77Se nucleus measured by
Millstone on the order of milliseconds. These results indicate
that T1 relaxation is not a good measure for the carrier density
for all PSNCs.
The T2 relaxation is not directly measured, but T2* can be

extracted by relating the line width of the NMR signal to T2*
63

T
1

fwhm
2

ν
π

Δ = * (8)

where Δνfwhm is the fwhm of the NMR signal measured in
hertz. The value of T2* is related to T2 by the following
expression64

T T
B

1 1

2 2
0γ* = + Δ

(9)

where γΔB0 is the change in strength of the local magnetic
field. Modern NMR spectrometers exhibit field inhomogene-
ities below 1 ppm; therefore, for a typical solid-state NMR
experiment, the broadening of the signal is primarily due to
chemical shift anisotropy, rendering any local changes in
magnetic field negligible. This means that, for these experi-
ments, T2 and T2* can be considered to be equivalent. In
Figure 7d, a plot of T2* as a function of %Sn shows T2* is
observed to decrease very rapidly at low %Sn levels and then
taper off at higher doping concentrations. The extracted value
of T2* is very short in these systems, owing to the large
number of free carriers present in n-type ITO NCs. Consistent
with a short T2*, measurement of T2 using a CPMG57,58 pulse
sequence was not successful. This short transverse relaxation
rate for 2.0% and 7.3% ITO samples was insufficient to
produce a suitable echo train and produced no discernible
signal.
For ITO, the Knight-Korringa relation shows little change

with increasing free carrier concentration due to the nature of
the 119Sn isotope. The change in line width due to KSA effects
for these samples (from ∼30−115 ppm) is much greater than
the resulting Knight shift (∼10 ppm). This signifies that T2 is a
more sensitive probe for carrier density than T1 for plasmonic
ITO NCs. Overall, the observed decrease in T2 with increasing
%Sn confirms the role of carriers at the Fermi level in ITO.

■ CONCLUSIONS

ITO NCs from 2.0 to 7.3% Sn were synthesized and fully
characterized via UV−vis−NIR, FTIR, pXRD, ICP-MS, and
TEM and by chemical titrations of the free carriers. The carrier
density increases linearly with %Sn within this doping regime,

Figure 7. (a) Knight shift of ITO NCs as a function of %Sn. (b) Change in fwhm as a function of %Sn. (c) Knight-Korringa relation estimating the
change in T1 as a function of the Knight shift. (d) Effect of %Sn on T2*
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as evidenced by the corresponding change in plasmon
frequency and B-M shift. On the basis of the results of the
chemical titrations, the Drude model underpredicts the carrier
density and the number of carriers generated per incorporated
dopant ion, while overpredicting the number of native free
carriers in ITO. The B-M shift serves as an accurate predictor
of changes in carrier density but severely underestimates the
number of free carriers needed to induce a band edge shift.
Both the Drude and parabolic band theory models fail to
predict accurate values for m*, as they do not take into account
the nonparabolicity of the local band structure with respect to
the Fermi level. This can be accounted for by using an
advanced effective mass model to examine the LSPR and by
applying a correction factor to the value for m* obtained via B-
M analysis. 119Sn ssNMR experiments show that these PSNCs
demonstrate line width broadening that is directly proportional
to the carrier density of the NCs. A possible Knight shift
exhibits the correct sign for a delocalization mechanism, as
expected for free carriers present at the Fermi level. The
magnitude of any Knight shift in these materials is far smaller
than that of Cu2−xSe.

29 This is likely due to the differences in
the electronic band structure between Cu2−xSe and ITO. The
magnitude of a Knight shift is dictated by an interaction of
unpaired electrons with the nucleus, which can only occur in
orbitals with s-character due to the nonzero probability of the
electrons residing at the nucleus.65 The valence band of
Cu2−xSe contains strong contributions from the Se 4s orbitals,
for which free holes can strongly interact, causing the large
Knight shift.66,67 The conduction band of ITO is composed
mostly of In 5s, 5p, and 4d orbitals, and therefore the free
electrons have less interaction with any Sn(IV) orbitals.68 The
correlation of line broadening with free carrier concentration
serves as a relative measure of carrier density, which is very
useful for systems whose LSPR cannot be fully resolved or
those that do not possess a LSPR.
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