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ABSTRACT: Thin films of degenerately doped metal oxides such as those of Sn-doped In2O3 (Sn:In2O3) are commercially significant 

for their broad utilization as transparent conducting electrodes in optoelectronic devices. Over the last decade, nanocrystals (NCs) of 

Sn:In2O3  and other doped metal oxides have also attracted interest for localized surface plasmon resonance (LSPR) that occurs in the 

near to mid-infrared region. The suitability of this LSPR for some applications depends on its capacity to concentrate light in small 

regions of space, known as near-field hot spots. This efficiency to create near-field hot spots can be judged through an LSPR figure-

of-merit such as Quality factor, defined as the ratio of LSPR peak energy to its linewidth. The free electron density determines the 

LSPR peak energy while the extent of electron scattering controls the LSPR linewidth and hence these factors together essentially 

dictate the value of the Quality factor. An unfortunate tradeoff arises when dopants are introduced since the aliovalent dopants 

generating the free electrons (increasing LSPR energy) also act as centers of scattering of electrons (increasing LSPR linewidth), 

thereby decreasing the LSPR Quality factor. Dopant selection is hence of paramount importance to achieve a high value of LSPR 

Quality factor. Here, we describe the properties of aliovalent cationic dopants that allow both high LSPR energy and low LSPR 

linewidth and, subsequently, high LSPR Quality factor. In this context, we identify Zr4+ as a model aliovalent dopant for high LSPR 

Quality factor in the In2O3 lattice. The resulting Zr-doped In2O3 NCs exhibit one of the highest LSPR Quality factors reported in the 

mid-infrared region while also performing equivalently to the recognized materials for either high dopant activation (Sn:In2O3 NCs) 

or low LSPR linewidth (Ce-doped In2O3 NCs), simultaneously. The Zr donor level is positioned well into the conduction band of 

In2O3 and Zr doping is surface segregated, both minimizing electron scattering. The combination of this low electron scattering and 

high dopant activation of Zr4+ ions is responsible for the high LSPR Quality factors. These strategies can be used to design a variety 

of doped metal oxide NC systems exhibiting high LSPR Quality factors. 

Thin films of degenerately doped metal oxides have been long 

utilized as transparent conducting electrodes in solar cells and 

photovoltaics due to their unusual ability to combine the 

properties of visible light transparency and high electrical 

conductivity in one material.1 Owing to the same free electron 

properties, nanocrystals (NCs) of such degenerately doped 

metal oxides also exhibit mid- to near-infrared localized surface 

plasmon resonance (LSPR).2-7 The LSPR response is induced 

by the generation of free charge carriers (electrons in case of n-

doped metal oxides discussed here), which collectively oscillate 

at resonant frequencies. These LSPR active NCs may find 

applications in sensing,8-10 photothermal therapy,11 

photovoltaics,12 electrochromic coatings,13-15  and advanced 

spectroscopies such as surface enhanced infrared absorption 

(SEIRA).3 For many of these potential applications, the 

potential of these NCs to create intense localized electric fields 

(hot spots) around them is essential. In general, LSPR 

excitations can effectively focus electric fields into volumes 

well below the diffraction limit, but this is not yet well 

established for doped metal oxide materials. The potential 

efficiency of hot spot generation can be assessed indirectly by 

a figure of merit derived from the LSPR response known as the 

Quality factor (or Q-factor), which is defined as the ratio of the 

LSPR peak energy to its full width at half maximum (FWHM). 

LSPR peak energy depends on the free carrier density in the 

NCs, while the FWHM reflects the extent of carrier scattering, 

e.g., by charged point defects in the NC lattice.16 Consequently, 

a high Q-factor suggests stronger near-field enhancements, 

longer plasmon lifetimes, and weaker electronic damping. 

Hence, it becomes important to consider two significant 

impacts of dopants in metal oxide NCs: (a) changing free 

electron density leading to tuning of the LSPR energy, and (b) 

scattering the motion of oscillating free electrons leading to 

damping of the LSPR. 

In some cases, the relatively high value of the high-frequency 

dielectric constant of the host material enables unusually high 

LSPR Q-factors, through shielding the electrostatic interactions 

between the dopants and the electrons. This is generally the case 

for doped CdO,17 such as NCs of In-doped CdO,18 and F,In-

codoped CdO.19 Regardless of the dielectric characteristics of 

the host material, a high LSPR Q-factor can conceivably be 

engineered based on the selection of the aliovalent dopant. For 

instance, Sn4+ is a shallow donor in In2O3, donating electrons to 

the conduction band of In2O3 and increasing the LSPR 

energy.20-22 However, apart from acting as ionized donor 

impurities, Sn dopants in In2O3 also hybridize with In 5s 

orbitals, leading to significant renormalization of the band 

curvature at the conduction band minimum,23-25 thereby 

changing the effective mass, increasing the LSPR FWHM, and 

decreasing the electron mobility.16 Cerium is an alternative 
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dopant for In2O3 or a co-dopant with Sn that has been reported 

to minimize ionized impurity scattering. Ce4+ introduces defect 

states deep in the conduction band of In2O3, well away from the 

conduction band edge, leading to a narrow LSPR FWHM. 

Unfortunately, Ce4+ is readily reduced to Ce3+, so dopant 

activation is low, especially at higher dopant concentrations, 

and the LSPR energy achievable by this strategy is limited.26 In 

each case – either Sn and Ce-doped In2O3 NCs – one attribute 

of the dopant substantially limits the LSPR Q-factor and yet 

these materials still exhibit among the highest Q-factor values 

in the near-infrared. There is a potential to enhance LSPR Q-

factor further through a combination of high LSPR energy and 

low LSPR FWHM. Achieving this requires identification of 

dopants through their fundamental properties which will 

simultaneously increase LSPR energy and diminish FWHM as 

dopants interact with the crystal lattice, ultimately leading to 

high LSPR Q-factors.  

The LSPR frequency 𝜔𝐿𝑆𝑃𝑅 can be described by equation (1)  

𝜔𝐿𝑆𝑃𝑅 = √
𝜔𝑃

2

(𝜀∞ + 2𝜀𝑚)
− 𝛾2      (1) 

where 𝜀∞ is the high frequency dielectric constant of the 

material, 𝜀𝑚 is the dielectric constant of the medium 

surrounding the NCs, and 𝛾 is the damping constant. Since, 𝜀∞  

is a characteristic property of the material that isn’t expected to 

change with doping and 𝜀𝑚 is fixed by the environment (the 

solvent in the case of dispersed NCs), the controllable 

parameters with a strong influence on the LSPR frequency are 

the damping constant (that determines LSPR FWHM) and the 

bulk plasma frequency 𝜔𝑃 which is given by, 

                                      𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚∗
                                      (2) 

where n is the free carrier density, e is the electronic charge, εo 

is the permittivity of air/vacuum, and m* is the effective mass 

of the free charge carriers (electrons or holes).27 Since e and εo 

are constants, the LSPR energy is directly dependent on the 

carrier density and the effective carrier mass. In this regard, two 

scenarios can be envisaged when it comes to generating free 

charge carrier density by a cationic substitutional doping in 

metal oxides: (a) when the dopant level exists close to the 

conduction band minimum (shallow donor), and (b) when the 

dopant states reside well inside the conduction band of the host. 

As an example of the first scenario, a shallow donor (such as Sn 

in In2O3) hybridizes with the conduction band minimum 

triggering renormalization of conduction band curvature and 

therefore a flatter band with higher effective carrier mass is 

obtained. 28 This hybridization leads to a lower 𝜔𝑃 and hence, a 

donor level inside the conduction band is preferred over a 

shallow donor for generation of free electrons and raising of 

𝜔𝑃.26, 28-29 Additionally, the generation of free electrons can be 

hindered if the dopant exhibits multiple stable oxidation states, 

if electron acceptors are present,26, 30-33, or if defect clusters 

introduce electron trapping sites.23, 34-36 These compensation 

effects are highly undesirable as they decrease the dopant 

activation (number of electrons generated per dopant). One can 

estimate the feasibility of change in oxidation state through the 

standard reduction potentials. Metal ions exhibiting multiple 

oxidation states with large positive values of standard reduction 

potentials are not likely to perform as ideal dopants for 

generation of high electron density. For example, the standard 

reduction potential for reduction of Ce4+ to Ce3+ is +1.44 V as a 

result of which Ce4+ doping in In2O3 suffers from the problem 

of low dopant activation.26 

The damping constant 𝛾 is a reflection of electron scattering, 

though the scattering mechanisms that are dominant for noble 

metal nanoparticles – including electron-electron, and electron-

phonon scattering – which are not necessarily the dominant 

electron scattering mechanisms in doped metal oxide NCs. 

When the size of a NC becomes much smaller than the bulk 

mean free path of carrier in a material, surface scattering can be 

significant.37 At all sizes, electrostatic interactions between the 

dopant ions and the electrons can significantly impact scattering 

in doped metal oxide NCs. This phenomenon is known as 

ionized impurity scattering,16 and the LSPR FWHM can be 

limited by the strength of this electrostatic interaction, which 

can be described by the Lewis acidity of the dopant. According 

to the quantitative description given by Zhang et al.,38 the Lewis 

acidity L of an ion is expressed as, 

                                𝐿 =  
𝑍

𝑟2
− 7.7𝜒 + 8.0                             (3)  

where Z is the charge on an ion, r is the radius of the ion and χ 

is the electronegativity of the element. A stronger Lewis acid 

(large L) will, therefore, be a better aliovalent dopant than a 

weaker one. This is because, a high charge to radius ratio 

polarizes the electron cloud of the oxygen more strongly, 

reducing its capability as a scattering center. On the other hand, 

a smaller electronegativity value than the host cation ensures 

that the interactions between the free electrons and dopant 

cations are minimized. In terms of electronic band structure, 

this means that the dopant levels lie higher in energy than the 

conduction band minimum of the host lattice. Owing to this 

alignment, Ce, which has a low electronegativity value, leads to 

much larger L value (smaller LSPR FWHM) than Sn, 21, 26 in 

In2O3 despite Sn exhibiting a higher charge to radius ratio.39 

Hence, to obtain a low LSPR FWHM in In2O3 NCs, a dopant 

with a charge-to-radius ratio greater than In and an 

electronegativity value smaller than In is desired. However, a 

large change in charge to radius ratio with respect to the host 

cation can also produce significant lattice strain in the host 

lattice and may even induce formation of a secondary phase.  

In consideration of the above, Zr4+ appears to be a compelling 

candidate as a dopant in In2O3. Zr is almost always found in the 

+4 oxidation state (standard reduction potential Zr4+/Zr = -1.45 

V), which makes it an aliovalent dopant in the In2O3 lattice 

(𝑍𝑟𝐼𝑛
∙ ). Recent calculations by Xu et al. have shown that donor 

levels for Zr lie deep inside the conduction band of In2O3  

(which can be ascribed largely to its lower electronegativity 

than In) and proposed it to be a prospective dopant of choice for 

high mobility transparent conducting oxides.28 The occurrence 

of Zr donor levels deep inside the conduction band means that 

the curvature of conduction band minimum is not expected to 

be affected by doping and electrons donated will have a low 

carrier effective mass close to the 0.22me of the parent In2O3 

material. Moreover, the ionic radius of Zr4+ (74 pm) matches 

closely with that of In3+ (79 pm) signifying that no significant 

lattice strain is anticipated from the substitution of In with Zr 

while sustaining a higher charge-to-radius ratio than In.40 We, 

therefore, hypothesized that Zr doping in In2O3 NCs could lead 

to a high Q-factor LSPR with high dopant activation and low 

FWHM, which would also imply an increased mobility of 

electrons. Prior experimental reports showing high electron 

mobilities in Zr-doped In2O3 thin films,41-43 encouraged us to 

develop a synthesis for Zr-doped In2O3 (Zr:In2O3) NCs and 

examine their mettle as an LSPR active material. 

We report here the colloidal synthesis of Zr:In2O3 NCs, by a 

procedure involving alcoholysis of metal carboxylates.44-45 In 
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brief, using standard Schlenk line techniques operating under 

inert N2 atmosphere, 8 mL of 0.5 M mixture of In and Zr 

precursors, Indium(III) acetate and zirconium(IV) 

acetylacetonate, respectively, were dissolved in oleic acid at 

150 ̊C. A mixture of these was injected at a rate of 0.2 mL/min 

into 13 mL of oleyl alcohol held at 290  ̊C. After the reaction, 

the solution was cooled down and the resultant NCs were 

washed with ethanol and dispersed in different nonpolar 

solvents for further characterization. The synthesis and 

characterization details are described in Sections S1 and S2 of 

the supporting information, respectively. The doping 

percentages reported herein were obtained using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). 

The structure of the NCs was assessed by x-ray diffraction 

(XRD, Figure 1a). At all dopant concentrations, the NCs have 

the same cubic bixbyite structure as the parent In2O3 and no 

impurity peaks are present. Moreover, as the Zr doping 

percentage is increased, the diffraction peaks first shift to higher 

2θ values (signifying a decrease in the lattice constant) and then 

shift back to smaller 2θ values suggesting  an interplanar 

distance similar to undoped In2O3 NCs (Figure 1b). The ionic 

radius of Zr4+ is smaller than that of In3+, 40 which could be 

expected to lead to a gradual decrease in the lattice constant 

with an increase in Zr doping percentage, in accordance with 

Vegard’s law.46 The observed trend is more complex since the 

lattice constant increases as doping percentages above 1.5%. 

However, similar trends have routinely been reported in doped 

metal oxides and, in particular in Sn:In2O3, where the lattice 

expansion is attributed to the repulsion between the Sn4+ ions 

which cannot be compensated entirely by the electron density 

in the lattice.22, 47-48 We suggest that a similar mechanism is 

underlying the trend reported here with Zr4+ ions incorporated 

in the In2O3 lattice across the range of compositions we 

synthesized, with competing factors influencing the lattice 

constant. Our understanding that Zr is well incorporated in the 

lattice is further substantiated by the systematic increase in the 

FWHM of the XRD peaks with an increase in Zr doping 

signifying a systematic decrease in the crystallite size with Zr 

doping. We note here that inhomogeneous strain in the NCs can 

also broaden the XRD peaks, but it is unlikely to follow a 

systematic trend with Zr doping. We complemented the XRD 

analysis with Raman spectroscopy to assess the potential 

formation of any amorphous or impurity phases (Figure 1c). 

Regardless of Zr dopant concentration, the Zr:In2O3 NCs 

exhibit the same phonon modes as undoped In2O3 NCs, 

suggesting that no significant amorphous or crystalline impurity 

phases are present. 31, 49-50 The trend of XRD peak widths 

suggesting a decrease in NC size with an increase in Zr doping 

percentage is confirmed by direct observations using scanning 

transmission electron microscopy (STEM) (Figures 1d-e, S1, 

and S2).The high resolution TEM images in Figure 1f show the 

single crystalline nature of Zr:In2O3 NCs and interplanar 

distances corresponding to different lattice planes in the cubic 

bixbyite structure, further confirming the crystalline structure 

of the synthesized NCs.  

 

Figure 1: Characterization of Zr:In2O3 NCs (a) comparison of XRD patterns with bulk In2O3 reference (JCPDS 88-2160) indicating 

retention of the cubic bixbyite structure across doping concentrations (b) shift in the XRD peaks with incorporation of Zr4+ ions (c) Raman 

spectroscopy signifying absence of any impurity phase, amorphous or crystalline (d,e) STEM images showing nearly spherical NCs with 

narrow size distribution (f) High resolution TEM image showing the single crystalline nature of the NCs, with interplanar distances 

corresponding to different planes in the In2O3 structure. 

To ascertain the oxidation state of the Zr ions in the In2O3 

NCs, we employed X-ray photoelectron spectroscopy (XPS) on 

all the Zr: In2O3 NCs and plotted the obtained spectra in the Zr 

3d region (Figure 2a). Zr 3d5/2 and Zr 3d3/2 binding energy peaks 
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located at 182.3 eV and 184.7 eV, correspond to Zr in the +4 

oxidation state,51-52 progressively increasing in intensity with an 

increase in the Zr doping. The spectra could be fit using only 

one component, which further indicates the presence of Zr in a 

single oxidation state.  

To determine the radial distribution of Zr in the NC, we 

compared the doping percentages obtained from XPS and ICP-

OES. XPS gives an estimation of the surface doping percentage 

whereas ICP-OES is a measure of overall NC composition 

(surface and core).  Doping percentages obtained from XPS are 

significantly greater those from ICP-OES (Figure 2b) 

suggesting that Zr is slightly surface segregated or in other 

words, Zr4+ ions preferentially substitute at In sites nearer the 

surface of the NCs. Although the precise mechanism 

responsible for surface segregation of Zr dopants could not be 

elucidated, we hypothesize that using precursors with different 

reactivity (indium(III) acetate, a highly reactive In precursor 

versus the only moderately reactive Zr precursor, 

zirconium(IV) acetylacetonate) alters the kinetics of 

incorporation of In and Zr ions during NC growth and 

ultimately effects the radial distribution of dopants.53 Surface 

segregated doping can be favorable as previous work has shown 

it is associated with narrow LSPR and high Q-factors.21-22, 54 

Dopants segregated near the surface allow charge carriers to 

move inside the lightly doped or undoped NC core without 

scattering from ionized impurities. The reduced scattering 

minimizes LSPR damping, thereby decreasing the LSPR 

FWHM and enhancing electron mobility. 

All the Zr: In2O3 NCs show remarkably narrow LSPR 

absorption with their LSPR energies monotonically increasing 

with an increase in Zr dopant concentration, signifying the 

donor behavior of Zr4+ ions (Figures 3 and S3). The LSPR of 

undoped In2O3 NCs is attributed to the accumulation of electron 

density due to oxygen vacancies whereas in Zr:In2O3 NCs, Zr 

doping is largely responsible for compensating the free 

electrons. The highly symmetric shapes of the LSPR peaks in 

Figure 3 indicates there is little ionized impurity scattering, 16, 

21-22, 27 consistent with our initial hypothesis. The LSPR 

parameters of different Zr:In2O3 NCs are listed in Table ST1. 

Quantitatively, the LSPR FWHM of 735 cm-1 (91 meV) for 

1.3% Zr:In2O3 NCs is very close to that reported for Ce-doped 

In2O3 NCs (77 meV),26 In-doped CdO (67 meV)18 and smaller 

than the lowest reported LSPR FWHM for Sn:In2O3 (99 meV)22 

and other doped metal oxide NCs (Table ST2); hence Zr:In2O3 

NCs exhibit one of the narrowest LSPR peaks yet reported. In 

terms of LSPR Q-factor, Zr:In2O3 NCs display rather high 

values over a range of LSPR energies that are almost identical 

to those of Ce-doped In2O3 NCs and subsequently, one of the 

highest in the literature. Electron concentrations achievable 

with Ce doping are limited by the stability of the Ce3+ ion, 

which is increasingly preferred as compared to Ce4+ at high 

doping percentages, thereby reducing the dopant activation. 

Consequently, the LSPR in Ce-doped In2O3 NCs was tunable 

only over a narrow range at low energy.26 Therefore, Zr:In2O3 

NCs are a more tunable option for applications where high 

LSPR Q-factors are desirable. 

 

Figure 2: Dopant oxidation state and radial distribution (a) XPS of 

the Zr 3d region for different Zr:In2O3 NCs with single component 

fits (black) to the experimental spectra (pink) shown (b) 

Comparison of ICP-OES and XPS doping percentages revealing 

that Zr doping is surface segregated as doping percentages obtained 

for surface (XPS) is more than the overall NC composition (ICP-

OES).The notations ZIO-1 to ZIO-4 on the x-axis just represents 

NCs with 4 different Zr doping percentages. 

 In addition to observing low LSPR FWHM and high Q-factors, 

we investigated dopant activation in Zr:In2O3 NCs, which is a 

measure of the extent of electron density accumulation for a 

given doping percentage.  Dopant activation is generally high 

in NCs of the prototypical doped metal oxide material Sn:In2O3 

NCs,21-22, 54 owing to shallow Sn donor levels in proximity to 

the conduction band minimum of In2O3.  

To evaluate the efficacy of Zr4+ as an electron donor, we 

designed three different comparisons with Sn. Series-1 

compares LSPR spectra of Zr:In2O3 and Sn:In2O3 NCs with 

similar doping percentages. Series-2 compares LSPR spectra at 

a fixed doping percentage achieved through (i) only Zr doping 

(ii) only Sn doping (iii) Zr and Sn codoping. Series-3 measures 

the effect of small amounts of Zr codoping on LSPR spectra of 

different Sn:In2O3 NCs. The characterization data for these NCs 

(XRD and STEM images along with size distribution 

histograms) are given in Figure S4-S6. The optical extinction 

spectra obtained from these series are plotted in Figure 4 and 

their respective LSPR parameters are tabulated in Table ST1.  

Series-1 compares optical extinction spectra of Zr:In2O3 NCs 

and Sn:In2O3 NCs at two different doping percentages, small 

(~0.5%) and intermediate (~2.5%) (Figure 4a). Zr:In2O3 NCs 

have higher peak LSPR energy than Sn:In2O3 NCs at small 

doping percentage. However, at intermediate doping 

percentage, the Sn:In2O3 NCs have a higher LSPR energy than 

Zr:In2O3 NCs, potentially due to the difference in the doping 

level in those two samples. Nonetheless, for both doping levels, 

the LSPR energies for Zr and Sn are in the same range, 

indicating that both of them have similar donor efficiency.  The 

difference, however, lies in the shape and FWHM of the LSPR. 

For similar doping percentages, the LSPR of Zr:In2O3 NCs is 

highly symmetric compared to the asymmetric peaks of 

Sn:In2O3 NCs. Additionally, the LSPR of the Zr:In2O3 NCs is 

at least 20% narrower than that of Sn:In2O3 NCs (Table ST1), 

which is reflected in the significantly higher LSPR Q-factors of 

Zr:In2O3 NCs than Sn:In2O3 NCs. Unfortunately, we could not 

achieve higher doping concentration with Zr doping because of 

the low solubility limit of Zr in In2O3.
43 NCs are sometimes able 

to surpass the bulk solubility limit, but even after repeated trials 

using different Zr and In precursors, we were in this case not 

successful at increasing the doping concentration further.55 
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Figure 3: Optical extinction spectra of different Zr:In2O3 NCs 

displaying narrow and symmetric LSPR bands increasing in energy 

with an increase in Zr doping. Spectra were taken by FTIR of NCs 

dispersed in tetrachloroethylene. 

Series-2 compared NCs with similar overall doping 

percentage (~2.5%), but different dopant composition either (i) 

2.3% Zr doping, (ii) 2.8% Sn doping, or (iii) 1.9% Sn-0.9% Zr 

codoping in In2O3 NCs. The purpose was to assess how the 

LSPR Q-factor depends on the nature of the dopants. The LSPR 

energies are almost equivalent for the various dopant 

combinations, but the LSPR FWHM of Zr:In2O3 and 

Sn,Zr:In2O3 NCs is much smaller than that observed for 

Sn:In2O3 NCs (Figure 4b). In fact, as listed in Table ST1, the 

LSPR FWHM of 1.9% Sn-0.9% Zr codoped In2O3 NCs is 

almost half of that of 2.8% Sn:In2O3 NCs. Consequently, there 

is a 50% enhancement in the LSPR Q-factor for the former 

compared to the latter. The Q-factor of 5.3 for 1.9% Sn-0.9% 

Zr codoped In2O3 NCs is the highest Q-factor reported in the 

mid-infrared region and rivals the Q-factors of even the best 

performing materials in near-infrared LSPR literature (Table 

ST2). Both Series-1 and Series-2 are thus strong indicators of 

the advantages of Zr over Sn as a dopant in the In2O3 NC lattice.   

To check the efficiency of Zr4+ in reducing electron scattering 

from ionized impurities, we made Series-3, where a small 

amount of Zr (0.5-1.0%) was codoped with small (~1%), 

intermediate (~5%), and high (~8%) Sn doping percentages to 

form Sn,Zr:In2O3 NCs and compared these with Sn:In2O3 NCs 

having roughly the same Sn doping percentage. Since Zr4+ is an 

aliovalent donor, doping in small amounts is expected to shift 

the LSPR energy, but if it contributes to ionized impurity 

scattering, it would also induce an increased linewidth 

(FWHM) of the LSPR band.  

We observe that Zr codoping in Sn:In2O3 NCs leads to an 

increase in the LSPR energy (as compared to Sn:In2O3 NCs 

with the same Sn doping percentage) for both low and 

intermediate Sn doping percentages, For high Sn doping 

concentration, however, codoping Zr with Sn leads to a 

decrease in the LSPR energy. Zr codoping in Sn:In2O3 leads to 

a decrease in the size of the NCs (increase in surface to volume 

ratio), which places more Sn ions close to the surface than in 

the core, for a constant doping percentage. Since surface Sn 

dopants have been found to be less activated than the core Sn 

dopants, a decrease in NC diameter brings down the overall 

activation of Sn dopants leading to smaller LSPR energies.1622 

Zr codoping in Sn:In2O3 NCs also decreases the LSPR FWHM 

and induces a highly symmetric line shape to the LSPR band. 

This observation, which is constant across all Sn,Zr:In2O3 NCs, 

is also reiterated by the LSPR parameters (Table ST1) where 

Sn,Zr:In2O3 NCs are found to display LSPR FWHMs 

approximately 20% smaller than their Sn:In2O3 NCs 

counterparts. Correspondingly, a 20% enhancement in the 

LSPR Q-factor is seen, despite a decrease in LSPR energy for 

the 1.0% Zr-7.5% Sn codoped In2O3 NCs. Since the degree of 

surface segregation of the Sn dopants is similar between 

Sn:In2O3 NCs and Sn,Zr:In2O3 NCs, we don’t consider changes 

in dopant radial distribution as a potential contributor to the 

decrease in the LSPR FWHM (Figure S7 and S8). Therefore, 

Zr doping in In2O3 can be associated with high Q-factors and 

1.0% Zr-7.5% Sn codoped In2O3 NCs exhibit an LSPR Q-factor 

of 5.3 (identical to 0.9% Zr-1.9% Sn), among the highest in the 

literature (Table ST2). Hence, the three series give a conclusive 

evidence that Zr doping in In2O3 NCs leads to a combination of 

high dopant activation, narrow LSPR linewidth, and high Q-

factor. 

Figure 4: FTIR spectra of doped In2O3 NCs. Establishing the high dopant activation behavior but better aliovalent nature of Zr4+ ions over 

Sn4+ ions by comparing FTIR spectra in (i) Series-1, Zr:In2O3 and Sn:In2O3 NCs with similar doping percentage (ii) Series-2, Zr:In2O3, 

Sn,Zr:In2O3 and Sn:In2O3 NCs with similar total cation doping percentage (iii) Series-3, Sn,Zr:In2O3 and Sn:In2O3 NCs with similar Sn 
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doping percentage, all showing that for the same doping percentage, Zr:In2O3 and Sn,Zr:In2O3 NCs have similar LSPR energies but higher 

LSPR Q-factors as compared to Sn:In2O3 NCs. 

For a further quantitative interpretation, we modeled the 

LSPR response of all our NCs with the simple Drude and the 

extended Drude models by employing a MATLAB code. Since 

the optical properties of a material are governed by its complex 

dielectric function, both the carrier density and damping of 

charge carriers can be accounted for by considering the free 

carrier contribution to the complex dielectric function.16, 27 For 

noble metals, this is given by the simple Drude model which 

can be represented as  

                                     𝜀𝐷 = 𝜀∞ −
𝜔𝑝

2

𝜔2 + 𝑖𝜔Γ
                             (3) 

where 𝜔𝑃 is the bulk plasma frequency defined in equation (2), 

𝜀∞ is the high-frequency dielectric constant, Γ is the damping 

constant, and 𝜔 is the angular frequency of the incoming 

electromagnetic radiation. However, this simple Drude model 

does not take into account the contribution of ionized impurity 

scattering, which is a major scattering mechanism in doped 

semiconductors. For this purpose, in doped semiconductor 

systems, we often use the extended Drude model where the 

frequency-independent damping constant Γ in the simple Drude 

is replaced by a frequency-dependent analogue Γ(ω) 

symbolized through the empirical equation16, 

Γ(𝜔) = Γ𝐿 −
Γ𝐿 − Γ𝐻

𝜋
[𝑡𝑎𝑛−1 (

𝜔 − Γ𝑋

Γ𝑊

) +
𝜋

2
]                 (4) 

where Γ𝐿 and Γ𝐻 are the low-frequency and high-frequency 

damping constants respectively, Γ𝑋 is the crossover-frequency 

from the low to high frequency region and Γ𝑊 is the width of 

the crossover region. The value of  Γ𝐿 qualitatively signifies the 

extent of scattering by ionized dopants and therefore, to achieve 

a low LSPR FWHM and symmetric LSPR band, Γ𝐿 should be 

minimized. Since the extent of carrier scattering is determined 

by the damping constants, carrier mobilities can also be derived 

optically from the damping function using 

                  𝜇𝑜𝑝𝑡 =
𝑒

𝑚∗Γ(0)
                     (5) 

where we assume that the electrostatic potential at low 

frequencies would be equivalent to the carriers moving under 

the influence of a DC electric field and therefore, we employ 

Γ(0), which is the value of the damping function at zero 

frequency.21 

Using the methodology described in section S3, we fitted the 

optical extinction spectra of all NCs with both the simple and 

the extended Drude models and extracted the values of bulk 

plasma frequency, electron density, damping constants, and the 

optical electron mobilities. Representative plots for both 

Zr:In2O3 and Sn,Zr:In2O3 NCs are shown in Figure 5a and b, 

respectively, and fitting parameters are tabulated for simple 

Drude and extended Drude models in Table ST3 and ST4, 

respectively. The residual fits are presented in Figure S9. 

Excellent fits could be achieved for all the Zr-containing NCs, 

for both simple Drude and extended Drude model suggesting 

that only the free electron density is responsible for the optical 

absorption.  

Discussing the fit parameters for the extended Drude model 

first, almost all Zr:In2O3 and Sn,Zr:In2O3 NCs have a small Γ𝐿  

(and Γ𝐿 ≪  Γ𝐻), crossover frequency Γ𝑥  at energies much higher 

than the LSPR peak position, and narrow crossover width (Γ𝑤). 

These observations are strong indications that there is 

minimized impurity scattering in both Zr:In2O3 and Sn,Zr:In2O3 

NCs and electron scattering in these NCs is largely frequency-

independent. In contrast, Sn:In2O3 NCs with similar doping 

concentration are found to have a Γ𝐿 ≫ Γ𝐻, small crossover 

frequencies and large crossover widths. This indicates that 

ionized impurity scattering is still prominent in these NCs, 

which contributes to broadened LSPR linewidths. Regardless 

of this, both 4.1% and 7.5% Sn:In2O3 NCs display appreciably 

high LSPR Q-factors, which can be attributed in part to the 

observed slight surface segregation of Sn at high doping 

percentages that has been found to decrease the electrostatic 

interactions between the electrons and the ionized dopants and 

also to their large size, which decreases surface scattering. 

However, the overall trend that Zr:In2O3 and Sn,Zr:In2O3 NCs 

exhibit much smaller Γ𝐿 than Sn:In2O3 NCs (which leads to high 

LSPR Q-factors) with the same doping percentage, is robust, as 

evident by Figure 5c. The smallest Γ𝐿 is exhibited by undoped 

In2O3 NCs, which is understandable because electrons therein 

are only scattered by the oxygen vacancies unlike doped In2O3 

NCs where aliovalent dopants act as majority scattering centers 

with additional contribution from oxygen vacancies. 

Furthermore, comparing the electron density obtained from the 

extended Drude (Table ST3) fittings reveals that Sn and Zr have 

similar electron density for the same doping percentage, which 

is in agreement with our initial hypothesis and the results 

obtained from Series 1-3. A direct consequence of the low Γ𝐿 is 

reflected in the high mobility values obtained for Sn,Zr:In2O3 

and Zr:In2O3 NCs (Table ST3). However, since electron 

scattering in our NCs seems to be operating through a 

frequency-independent mechanism, we will instead use 

parameters derived by fitting to the simple Drude model, which 

has fewer fit parameters and minimizes uncertainty, to draw 

additional conclusions about the electronic properties. 

Moreover, the optical spectra of some NCs have a contribution 

from the C-H vibrational stretch absorption of the ligands 

around 3000 cm-1, which complicates quantitative fitting of the 

LSPR; this overlapping signal can lead to unreasonably large 

variations in the value of the parameters in some cases, which 

is less of a challenge if the fit is constrained with fewer free 

parameters.
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Figure 5: Fitting of the optical spectra using the simple and extended Drude models. (a,b) Representative Drude model fits to the LSPR 

spectra of 1.3% Zr-doped and 0.9% Sn-0.4% Sn codoped In2O3 NCs showing excellent fitting. (c) Comparison of the low frequency damping 

constants obtained from extended Drude model fits for different NCs indicating much smaller values of Γ𝐿 and hence low electron scattering 

for Zr:In2O3 and Sn,Zr:In2O3 NCs than Sn:In2O3 NCs. (d) Correlation between damping constant obtained from simple Drude model fits 

and experimental LSPR FWHM signifying frequency independence of electron scattering in almost all NCs. (e) Comparison of optical 

electron mobilities obtained from the simple Drude model shows 3 times enhancement by changing the dopant from Sn4+ to Zr4+ due to 

reduced electron scattering.

Nonetheless, as described before, excellent fits could be 

achieved by modeling the absorption spectra through the simple 

Drude model signifying that electron scattering mechanism in 

Zr:In2O3 and Sn,Zr:In2O3 NCs, is largely frequency 

independent, similar to that of noble metal NCs. The estimated 

values of bulk plasma frequency and electron density (Table 

ST4) are roughly equivalent to those determined from the 

extended Drude model. From Table ST4, one can observe that 

the damping constants for both Zr:In2O3 and Sn,Zr:In2O3 NCs 

are very close to that of the undoped In2O3 NCs and 

significantly smaller than those of the Sn:In2O3 NCs, which 

reiterates our claims of minimized ionized impurity scattering 

in Zr:In2O3 and Sn,Zr:In2O3 NCs. A perfect correlation was 

observed between the damping constants and the experimental 

LSPR FWHM for almost all the NCs, as shown in Figure 5d. 

This signifies that the simple Drude model is a good 

representation of the LSPR and frequency dependent damping 

is not needed to describe the dominant electron scattering 

processes in our NCs, especially Zr:In2O3 and Sn,Zr:In2O3 NCs. 

Using the single damping constant in equation (5), we 

determined the electron mobilities of different NCs and plotted 

them in Figure 5e. The electron mobilities of Zr:In2O3 NCs are 

almost 3 times greater than that of Sn:In2O3 NCs and lie very 

close to that of the undoped In2O3 NCs. Even the Sn,Zr:In2O3 

NCs exhibit electron mobilities 30-80% greater than Sn:In2O3 

NCs and close to those reported for Ce-doped In2O3 NCs. For 

the electron mobility calculations, the effective carrier mass for 

Sn:In2O3 and Sn,Zr:In2O3 NCs was approximated as 0.39me 

whereas that for Zr:In2O3 NCs was 0.22me as suggested by Xu 

et al.28 Even if the same effective carrier mass is assumed, the 

electron mobilities in Zr:In2O3 NCs would be equivalent if not 

greater to that of Ce-doped In2O3 NCs.26 We attribute this 

extraordinary electronic quality of Zr:In2O3 NCs to the 

optimized position of the Zr defect level in the electronic band 

structure of In2O3 coupled with surface segregated Zr doping, 

which ensures that the electrostatic potentials experienced by 

the electrons do not change significantly through the lattice of 

In2O3. These effects combine to produce a rare combination of 

high LSPR Q-factor, high dopant activation, and low levels of 

electron scattering implying high electron mobilities, all in one 

material. 

In conclusion, we describe the salient properties of an 

aliovalent dopant that determines its merit in generating high 

LSPR Q-factor in doped metal oxide NCs. For high LSPR 

energy, a donor state deep in the conduction band of the host 

and a stable oxidation state is required, whereas a small LSPR 

FWHM demands a higher charge to radius ratio and lower 

electronegativity of the dopant cation with respect to the host 

cation. Using these selection criteria, we propose Zr4+ as an 

ideal aliovalent dopant in the In2O3 lattice and report the 

synthesis of Zr-doped In2O3 NCs for the first time. The resulting 

Zr:In2O3 NCs exhibit a rare combination of high dopant 

activation and low LSPR FWHM, leading to one of the highest 

Q-factors in the literature on plasmonic nanomaterials. We 

further prove that our Zr:In2O3 NCs are comparable to the best 

materials for dopant activation (Sn-doped In2O3 NCs) and 

LSPR FWHM (Ce-doped In2O3 NCs), simultaneously. Drude 

fittings of the optical spectra reveal that the electron mobilities 

in our Zr:In2O3 NCs are 3 times as that of Sn:In2O3 NCs and 

equivalent to undoped In2O3 NCs, indicating that ionized 
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impurity scattering is essentially absent in our Zr:In2O3 NCs. 

We conclude that the optimized placement of Zr donor levels in 

the conduction band of In2O3 and surface segregated doping of 

Zr are responsible for the enhanced electron mobilities and 

could very much enable Zr:In2O3 NCs and films based on these 

as benchmark materials for applications such as transparent 

conducting electrodes to be used in flat panel displays and thin 

film photovoltaics. Since a high Q-factor also facilitates 

enhanced plasmonic hot spot generation and near-field 

enhancement, we are confident that Zr:In2O3 NCs would be an 

excellent system for applications like SEIRA and plasmonic 

sensing. Advancements in the colloidal synthesis of Zr:In2O3 

NCs will permit to achieve higher levels of Zr incorporation in 

the In2O3 lattice and one would, therefore, be able to achieve 

high LSPR Q-factor through the entire near to mid-infrared 

range. The approach for this rational dopant selection can 

ideally be applied to any other metal oxide system like TiO2, 

ZnO, SnO2 and additional research in this direction could allow 

realization of advantageous properties from a broad range of 

host compositions. A first glimpse of the extendibility of this 

strategy this can be seen in Figure S10 where Hf4+ doping in 

In2O3 (the chemical properties of Hf are very similar to Zr due 

to lanthanide contraction) also leads to a narrow LSPR in the 

mid-infrared range.  

Associated content  
The Supporting Information is available. 

Details of nanocrystal characterization (STEM, XPS, XRD) and 

Drude modeling scheme along with the fits to the optical 

extinction spectra and parameters obtained. 
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Text S1: Nanocrystal Synthesis 

Chemicals: All chemicals used in the synthesis and characterization of nanocrystals were acquired 

commercially and no further purification step was carried out prior to their use. Indium(III) acetate 

(STREM, ≥99.99%) zirconium(IV) acetylacetonate (Sigma-Aldrich, 97%), tin(IV) acetate (Sigma-

Aldrich 99.99%), oleyl alcohol (Sigma-Aldrich, 85%) and oleic acid (Sigma-Aldrich, 90%) were used for 

the synthesis. Oleylamine (Sigma-Aldrich, 70%), ethanol (Fischer Chemical, 90%), hexane (Fischer 

Chemical ≥99.9%) and tetrachloroethylene (Sigma-Aldrich, ≥99.9%) were utilized for washing the 

resulting nanocrystals and characterizing them through different techniques. 

Synthesis Procedure:  

Different Zr-doped, Sn-doped, and Sn-Zr codoped In2O3 NCs were synthesized by minor modifications 

of the slow-injection synthetic procedure developed by the Hutchison group.1 Using standard Schlenk line 

techniques, a 0.5 M mixture of In and Zr precursors in 10 mL oleic acid was degassed at 100  ̊C under 

vacuum conditions, which was followed by an undisturbed heating and vigorous stirring at 150  ̊C under 

N2 atmosphere for 2 hours. 8 mL of this mixture was subsequently injected into an already degassed 13 

mL solution of oleyl alcohol kept at 290 ̊C (under N2 conditions) at the rate of 0.2 mL/min using a syringe 

pump. Nanocrystals were separated from the reaction mixture impurities by repeatedly precipitating with 

ethanol, centrifugation at 9000 rpm for 5 min, and re-dispersing in hexane before finally being prepared 

as a colloidal dispersion of NCs in hexane. The same synthesis protocol was followed for Sn-doped In2O3 

NCs (Sn:In2O3) and Sn-Zr codoped In2O3 (Sn,Zr:In2O3) NCs. The synthetic yield of all reactions lied in 

the 65-80% range. 

For different Zr doping percentages, the amount of Zr and In precursor was varied accordingly. It is 

customary to note here that the incorporation of Zr in In2O3 has been found to be difficult under the 

aforementioned experimental conditions. With the slow-injection synthesis strategy adopted here, Zr 

doping efficiency was limited at approximately 25%. Therefore, to synthesize 1.3% Zr-doped In2O3 

(Zr:In2O3) NCs, 0.25 mmol of Zr(acac)4 was mixed with 4.75 mmol of In(ac)3 in 10 mL oleic acid. Similar 

calculations can be performed for other Zr doping percentages in both Zr:In2O3 NCs and Sn,Zr:In2O3 NCs 

while keeping in consideration that irrespective of the target composition, the total metal concentration in 

the solution should be 0.5 M. 
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Text S2: Nanocrystal Characterization 

X-ray diffraction (XRD): For determining the crystal structure and phase purity using XRD, as-

synthesized NCs were drop-casted on a small piece of Si wafer. Powder XRD patterns were then obtained 

through a Rigaku Miniflex 600 instrument operating in a Bragg-Brentano geometry with Cu Kα (λ = 

1.5406 Å) as the X-ray source. The same samples were also used in for X-ray photoelectron spectroscopy. 

Raman Spectroscopy: Presence of an amorphous ZrO2/In2O3 phase and other impurities undetected in 

powder- XRD was checked via a Horiba LabRAM Aramis instrument equipped with confocal aperture. 

Samples were prepared by drop-casting a solution of Zr:In2O3 NCs on 2x2 glass slide followed by air-

drying. All Raman spectra were obtained with a ×50 microscope objective at an excitation wavelength of 

532 nm and an acquisition time of 180 s.  

Transmission electron microscopy (TEM): Size and morphology of the NCs were examined using a 

low-resolution scanning TEM (STEM). Sample preparation for STEM involved drop-casting and 

subsequently air-drying 20 μL dilute solution of NCs in hexane (~15 mg/mL of NCs in 1 mL hexane) on 

copper TEM grid. STEM micrographs were obtained on a Hitachi S5500 operating at an accelerating 

voltage of 30 mV in the STEM mode. The average diameter and standard deviation in sizes of different 

NCs were obtained by analyzing 100 particles from their respective STEM images using ImageJ software 

and fitting the statistics to a Gaussian size distribution. High-resolution TEM (HRTEM) images of the 

same NCs were obtained on a JEOL 2010F TEM operating at 200 kV accelerating voltage. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES): Doping percentages of Zr or 

Sn in In2O3 were experimentally attained by employing ICP-OES technique on a Varian 720-ES ICP 

Optical Emission Spectrometer. Samples for the ICP-OES were prepared by digesting 1-2 mg of the 

powder NCs in aqua-regia solution (a mixture of 35% concentrated HCl and 70% HNO3 in 3:1 ratio 

respectively) for 24 hours. This was followed by diluting the acid solution with milli-Q water such that 

the total acid concentration becomes approximately 2% v/v.  Standard solutions of variable concentration 

for different elements were prepared by diluting the commercial ICP-OES standard with 2% HNO3 

solution in milli-Q water.  

X-ray photoelectron spectroscopy (XPS): To develop an understanding about the oxidation state of 

different elements and their doping percentages within the NCs, XPS spectra of different NCs were 

recorded on a Kratos X-ray Photoelectron Spectrometer – Axis Ultra DLD using a monochromatic Al Kα 

radiation (λ = 1486.6 eV) and a charge neutralizer. The XPS spectra obtained for different elements were 

carbon corrected by fixing the adventitious C1s peak to 284.8 eV binding energy and analyzed through  
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CasaXPS software. Doping percentages for Zr and/or Sn were calculated by taking a ratio of the integrated 

area under the Zr 3d peak and/or Sn 3d peak with that under the In 3d, Zr 3d and Sn 3d XPS peaks while 

taking into consideration the sensitivity factors of the different elements involved. 

Optical Spectroscopy: The absorption spectra of different NCs, which helped us to analyze the LSPR of 

different Zr:In2O3 NCs were collected through Fourier transform infrared (FTIR) liquid cell in a Bruker 

Vertex 70 FTIR. The dispersion of NCs in tetrachloroethylene was injected through a syringe in the liquid 

cell between two infrared transparent KBr windows separated by a path length of 0.5 mm. For highly 

doped Sn:In2O3 NCs and Sn,Zr:In2O3 NCs, near-infrared spectra were recorded in Agilent Cary 5000 

spectrophotometer using a quartz cuvette with a path length of 10 mm.  

Figure S1: STEM images for different Zr:In2O3 NCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 15 

 

 

Figure S2: Size distribution plots of different Zr:In2O3 NCs obtained by analyzing particles from their 

representative STEM images in Figure 1c-d and Figure S1. 

 

Figure S3: Variation in the peak LSPR energy of Zr:In2O3 NCs with an increase in the Zr doping 

percentage. 
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Table ST1: Tabulated experimental LSPR parameters of different NCs obtained from their optical 

extinction spectra.  

Composition 
LSPR Peak 

Energy (cm-1) 

LSPR 

FWHM (cm-

1) 

LSPR 

Q-Factor 

0% Doping 1296 648 2.0 

0.4% Zr 2492 870 2.9 

1.3% Zr 2930 735 4.0 

1.6% Zr 3149 936 3.4 

2.3% Zr 3329 840 4.0 

0.6% Sn 2001 1038 1.9 

2.8% Sn 4058 1188 3.4 

4.1% Sn 4732 1274 3.7 

7.5% Sn 5695 1204 4.7 

1.9% Sn-0.9% Zr 3652 696 5.3 

0.9% Sn-0.4% Zr 3026 860 3.5 

4.5% Sn-0.8% Zr 4838 1071 4.6 

7.5% Sn-1.0% Zr 5531 1066 5.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 17 

 

Table ST2: Comparison of the LSPR parameters and Q-factors of Zr:In2O3 and Sn,Zr:In2O3 NCs with 

the benchmark materials for near and mid-infrared LSPR in the literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* = Result obtained from single nanocrystal spectroscopy 

 

 

 

 

 

 

Host Dopant 

Doping 

Level 

(%) 

LSPR 

Peak 

(cm-1) 

FWHM 

(meV) 
Q-factor 

Reference 

Number 

CdO F- , In3+ ~10, 8.3 5793 59 12.23 2
 

CdO In3+ 13.2 4415 67 8.15 3 

In2O3 Sn4+, Cr3+ 6.6, 23.8 5717 99 7.2 4 

In2O3 Zr4+, Sn4+ 0.9, 1.9 3652 86 5.3 Present case 

In2O3 Zr4+, Sn4+ 1.0, 7.5 5531 132 5.3 Present case 

In2O3 Sn4+ 6.4 5882 ~150 4.85 5 

In2O3 Zr4+ 1.3 2930 91 4.0 Present case 

In2O3 Zr4+ 2.3 3329 104 4.0 Present case 

In2O3 Ce4+ 5.2 2522 77 4.08 6 

ZnO Al3+ 1.6 ~2500 ~100 3.9* 7
 

Cu2-xS Cu vacancy ~3 5564 210 3.3 8 

WO3-x O vacancy ~5% ~11700 ~900 1.6 9 
ZnO Ga3+ ~2.5 ~1667 - <1.0 10 
TiO2 Nb5+ 15.9 ~4000 >450 ~1 11 
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Figure S4: XRD patterns of (a) Sn:In2O3 and, (b) Sn,Zr:In2O3 NCs with reference to the bulk In2O3 

reference (JCPDS 88-2160) showing the absence of any impurity phase and retention of the cubic bixbyite 

structure.  
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Figure S5: STEM images and size distribution curves (obtained by analyzing the diameter of particles) 

for Sn:In2O3 NCs with different Sn doping percentages. 
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Figure S6: STEM images and size distribution curves (obtained by analyzing the diameter of particles) 

for Sn,Zr:In2O3 NCs with different Sn doping percentages but an almost constant (~1%) Zr doping 

percentage. 
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Figure S7: Correlation between the XPS and ICP-OES doping percentages of different Sn:In2O3 NCs 

establishing that the radial distribution of Sn is slightly surface segregated. The notations ITO-1 to ITO-

4 on the x-axis just represents NCs with 4 different Sn doping percentages. 

 

 

Figure S8: Correlation between the XPS and ICP-OES doping percentages of different Sn,Zr:In2O3 NCs 

establishing that the radial distribution of Sn, (a) is slightly surface segregated whereas that of Zr, (b) is 

highly surface segregated. The notations SZIO-1 to SZIO-4 on the x-axis just represents NCs with 4 

different compositions of Sn,Zr codoped In2O3 NCs. 

 

Text S3: Simple Drude and extended Drude modeling of the optical extinction spectra 

The electric field of the incoming electromagnetic radiation interacts with the total electron density 

present in the material, in a form of light-matter interaction. The essence of polarization of conduction 

and valence band electrons by the external electric field is recorded by the complex dielectric function, 

which ultimately governs the optical properties of the material. Since LSPR derives only from conduction 
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band electrons (free electrons), the frequency-dependent complex dielectric function 𝜀𝐷 can be defined 

just by the contribution of free electrons, given by the simple Drude model 

                                     𝜀𝐷(𝜔) = 𝜀∞ −
𝜔𝑝

2

𝜔2 + 𝑖𝜔Γ
                     (1) 

Where 𝜀∞ is the high-frequency dielectric constant for the material (taken as 3.9 for all NCs), 𝜔𝑃 is the 

bulk plasma frequency given by equation (2) and Γ is the frequency-independent damping constant. 

                                         𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚∗
                                         (2) 

here, n is the free carrier density in the material (per cm-3), e is the electronic charge, 𝜀0 is the dielectric 

permittivity of vacuum, and m* is the effective mass of the carriers.  

However, the simple Drude model is valid only when the damping of charge carriers occurs by a 

frequency-independent mechanism such as electron-electron scattering, electron-photon scattering, 

surface scattering, or phonon-phonon scattering as in noble metal NCs. In doped semiconductors it is 

often necessary to also consider ionized impurity scattering where the electric field experienced by the 

charge carrier is much different above and below the bulk plasma frequency.12, 13 

To take into account the frequency-dependent scattering of charge carriers, an extended Drude model is 

employed where the essence of frequency-dependent carrier scattering is considered through an empirical 

equation  

Γ(𝜔) = Γ𝐿 −
Γ𝐿 − Γ𝐻

𝜋
[𝑡𝑎𝑛−1 (

𝜔 − Γ𝑋

Γ𝑊
) +

𝜋

2
]              (3) 

here Γ(𝜔) in the extended Drude model is the frequency-dependent analogue of the Γ (frequency-

independent) in the simple Drude model. Γ𝐿 and Γ𝐻 are the low-frequency and high-frequency damping 

constants respectively, Γ𝑋 is the crossover-frequency from the low to high frequency region and Γ𝑊 is the 

width of  the crossover region.5 

On a different note, the electric field at the surface of a NC extends to the space around it. Since NCs are 

well-separated from each other in a dilute solution, any near-field interaction between them can be 

negated, however, one can’t completely rule out far-field interactions between NCs and, interactions 

between the NCs and the solvent molecules. These interactions change the overall dielectric environment 

around the NCs thereby modifying their optical response to the incident electromagnetic radiation. We 
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employed Maxwell-Garnett effective medium approximation (MG-EMA), which neglects near-field 

interactions between adjacent NCs (electronically linked to each other) but takes into account the far-field 

interactions between NCs and interaction between the NCs and the solvent molecules. Using MG-EMA, 

the effective dielectric function 𝜀𝑒𝑓𝑓 is given by,14 

𝜀𝑒𝑓𝑓 − 𝜀𝐻

𝜀𝑒𝑓𝑓 + 2𝜀𝐻
= 𝑓𝑣

𝜀𝐷 − 𝜀𝐻

𝜀𝐷 + 2𝜀𝐻
             (4) 

where 𝜀𝐻 is the dielectric medium of the solvent (2.26 for tetrachloroethylene), 𝑓𝑣 is the volume fraction 

of NCs in the solution, and 𝜀𝐷 is the complex dielectric function of the material as described in equation 

(1). From equation (4), the absorbance of the solution can be approximated as 4π Im({𝜀𝑒𝑓𝑓}1/2) where Im 

(𝜀𝑒𝑓𝑓) is the imaginary quotient of the effective dielectric function.  

The MATLAB code developed by us combines  

a) Equations (1)-(3) for simple Drude model considering 𝜔𝑃, Γ and 𝑓𝑣 as floating parameters. 

b) Equations (1)-(4) for extended Drude model considering 𝜔𝑃, Γ𝐿, Γ𝐻, Γ𝑋, Γ𝑤 and 𝑓𝑣 as floating 

parameters, to model the absorbance of our NC solution. Multiple fits were performed for each sample to 

ensure that the parameter values obtained after fitting do not deviate drastically between different fits.  

𝜔𝑃 can then be used to calculate the free electron density in the NCs. We note here that for calculating 

the electron density, we used an effective carrier mass of 0.22me for Zr:In2O3 NCs as suggested by Xu et. 

al.15 and 0.39me for Sn:In2O3 and Sn,Zr:In2O3 NCs. Moreover, using the respective effective masses, one 

can optically derive DC mobility (μopt) of charge carriers in the material using equation 5. 

                  𝜇𝑜𝑝𝑡 =
𝑒

𝑚∗Γ
                     (5) 

Even though the above equation is valid only for the simple Drude model (DC mobility has zero frequency 

and hence no frequency dependence), one can also employ it for the extended Drude model by using Γ(0) 

from equation (3), i.e. damping constant at zero frequency. Average values of different parameters along 

with their standard deviation obtained from the extended Drude and simple Drude model have been 

tabulated in Table ST3 and Table ST4 respectively.  
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Table ST3: Parameters obtained through fits of optical extinction spectra by the extended Drude model. 

Electron density and optical electron mobility have been calculated from the fitting parameters using 

equations (1) and (5) in the main manuscript, respectively.  

 

 

 

 

 

 

 

 

 

Composition  
ωP  

(cm-1) 

N  

(1020 

cm-3) 

ΓL  

(cm-1) 

ΓH  

(cm-1) 

ΓX  

(cm-1) 

ΓW  

(cm-1) 

μopt 

(cm2/V.

s) 

0% Doping 3880±2 0.37 389±59 841±23 1269±85 441±63 97.7±9.4 

0.4% Zr 7290±1 1.31 872±3 536±3 2996±4 22.0±5 48.7±0.2 

1.3% Zr 8535±1 1.79 725±4 1324±2 6021±33 48±24 58.4±0.3 

1.6% Zr 8970±4 1.98 1196±5 617±6 3274±14 326±11 35.9±0.1 

2.3% Zr 9572±2 2.25 1035±23 682±22 3393±20 162±29 41.2±0.9 

0.6% Sn 6027±4 1.58 1109±1 767±7 3780±20 62±10 21.6±0.1 

2.8% Sn 11719±5 5.98 1718±200 853±85 3926±231 808±336 14.5±1.4 

4.1% Sn 13626±3 8.08 1437±34 611±83 5318±117 448±129 16.9±0.1 

7.5% Sn 16624±1 12.0 1247±9 611±29 7261±27 202±46 19.3±0.1 

1.9% Sn-

0.9% Zr 
10778±1 5.06 661±9 2319±164 7436±49 135±55 35.6±0.3 

0.9% Sn-

0.4% Zr 
8876±2 3.43 745±7 886±3 2892±9 55±8 32.1±0.3 

4.5% Sn-

0.8% Zr 
14156±2 8.72 579±14 1060±8 4306±4 98±19 41.1±0.8 

7.5% Sn-

1.0% Zr 
16240±3 11.5 856±14 1103±11 5329±18 136±12 27.9±0.4 
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Table ST4: Parameters obtained through the fitting of the optical extinction spectra using the simple 

Drude model. Electron density and optical electron mobilities were obtained by substituting the fitting 

parameters in equation (1) and equation (5), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composition 
ωP  

(cm-1) 

N  

(1020 cm-3) 

Γ  

(cm-1) 

μopt 

(cm2/V.s) 

0% Doping 3879 0.37 680 62.4 

0.4% Zr 7260 1.29 790 53.7 

1.3% Zr 8516 1.78 752 56.4 

1.6% Zr 8998 1.99 932 45.5 

2.3% Zr 9597 2.26 905 46.9 

0.6% Sn 6020 1.58 1074 22.3 

2.8% Sn 11745 6.0 1219 19.6 

4.1% Sn 13613 8.06 1221 19.6 

7.5% Sn 16613 12.0 1198 19.9 

1.9% Sn-0.9% Zr 10780 5.06 686 34.9 

0.9% Sn-0.4% Zr 8865 3.42 860 27.8 

4.5% Sn-0.8% Zr 14185 8.76 960 24.8 

7.5% Sn-1.0% Zr 16228 11.5 1022 23.4 
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Figure S9: Simple Drude and extended Drude model fits to the optical extinction spectra of different 

Zr:In2O3, Sn:In2O3 and Sn,Zr:In2O3 NCs.  
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Figure S10: Hf-doped In2O3 (Hf:In2O3) NCs as an example of the dopant selection strategy. Since both 

the chemical and physical properties of Hf and Zr are very similar due to lanthanide contraction, Hf doping 

in the In2O3 lattice is also expected to generate LSPR similar to Zr, as shown in the main manuscript. (a) 

Comparison of XRD patterns of Hf:In2O3 NCs with undoped In2O3 NCs and bulk reference (JCPDS 88-

2160) shows retention of the cubic bixbyite phase, absence of any impurity and a gradual shift in 

diffraction peak with increase in Hf doping percentage. Peaks marked with an asterisk (*) are due to the 

substrate. (b-c) STEM micrographs of Hf:In2O3 NCs (d) XPS spectra of Hf 3d for Hf:In2O3 NCs showing 

binding energy peaks corresponding to +4 oxidation state of Hf and theoretical peak fit depicting the 

presence of single oxidation state. (e) Optical extinction spectra of Hf:In2O3 NCs showing narrow LSPR 

bands increasing in energy with an increase in the Hf doping concentration. 
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