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Plasmonic MOx Semiconductor Nanocrystals
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dNC < 30 nm
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εr ω describes the interactions of materials 
with applied electric fields.

𝜀𝜀𝑟𝑟 𝜔𝜔 = 𝜀𝜀∞ −
𝜔𝜔𝑝𝑝2

𝜔𝜔2 + 𝑖𝑖𝑖𝑖𝑖𝑖
𝝎𝝎𝒑𝒑
𝟐𝟐 =

𝒏𝒏𝒆𝒆𝟐𝟐

𝜺𝜺𝟎𝟎𝒎𝒎∗

Maximum extinction arises at maximum εr′′. 
Here, a resonance condition is met

𝜺𝜺𝒓𝒓 𝝎𝝎 = 𝜀𝜀𝑟𝑟′ 𝜔𝜔 + 𝑖𝑖𝜀𝜀𝑟𝑟′′(𝜔𝜔) Real Imaginary

The Dielectric Function
(relative permittivity) 𝛚𝛚𝐩𝐩

Reed, J., Electron. Theses Diss. 2013

Plasmons, Photons, and Permittivity, Oh my 

size dependent damping



Metals:
Localized Surface Plasmon Resonance (LSPR)

dNC ≤
𝜆𝜆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

20

Nobel Metals (metallic)
Shin, D. O., et al., J. Mater. Chem., 2010
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Plasmonic Semiconductor Nanocrystals (PSNC)

13

Collective oscillation of free carriers at a 

plasma frequency, 𝝎𝝎𝒑𝒑

Electron Cloud

Nanocrystal

n-WO3-x (VO)

p-pCuxFeS4 (CuCu)

n-Cd2SnO4 (SnCd)

𝜔𝜔𝑝𝑝 ∝ 𝒏𝒏𝟏𝟏/𝟐𝟐

𝐸𝐸𝑔𝑔 ∝ 𝒏𝒏𝟐𝟐/𝟑𝟑

Defect Engineering
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M2M1

carrier density

n ~ 1019 - 1021 carriers/ cm3

MOx
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How do we make a semiconductor behave like a metal

“Defect Engineering”

NSF-DMR #1905757  

Materials Chemistry at the Boundary of Technology Discovery

EF

CB

VB

In2O3

n-type Sn:In2O3

1018 – 1020 carriers

Conducting glass: an industrial standard

Indium-Tin Oxide

n-In2O3

ITO

Vo and SnIn lead to n-doping 
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plasmonBand edge (VB  CB)

n 𝝎𝝎𝒑𝒑

Increasing SnIn
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plasmonBand edge (VB  CB)

n 𝝎𝝎𝒑𝒑

𝝎𝝎𝒑𝒑
𝟐𝟐 =

𝒏𝒏 𝒆𝒆𝟐𝟐

𝒎𝒎∗ 𝜺𝜺𝟎𝟎

The Drude 
Model
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plasmonBand edge (VB  CB)

n

Moss-Burstein (Eg)

Eg



119Sn MAS Solid-State NMR
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https://commons.wikimedia.org/w/index.php
?curid=13902278

Spin-Echo Experiment

Bruker AVIII HD 500 
MHz WB NMR

plasmonBand edge (VB  CB)

n 𝝎𝝎𝒑𝒑

Can we see the effect of introducing 
carriers through defect engineering of  

SnCd on ITO?



119Sn MAS ssNMR spin-echo
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Knight shift (Δδ) FWHM (Δν)

Knight-Korringa

𝑇𝑇1,𝐾𝐾
−1~𝐾𝐾2

𝑇𝑇1,𝐾𝐾
−1 𝐾𝐾,𝑇𝑇 =

𝛾𝛾𝑛𝑛
𝛾𝛾𝑒𝑒

2 4𝜋𝜋𝜋𝜋𝐵𝐵𝑇𝑇
ℏ

𝐾𝐾2

Knight-Korringa



Xingchen Ye Chem. Mater., 2021
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• Rock salt
• Sn(IV)
• Vo
• Carriers increase with x 
• CdO = 0.26me

VO Driven

Snx:CdO

• Inverted spinel
• Sn(IV)
• SnCd
• Carriers increase with x
• Cd1.86Sn1.14O4 = 0.022me

Cd2-xSn1+xO4

SnCd Driven

SnCd

SnCd

Oo
x <=> Vo

.. + 2 e- CdCd
x <=> SnCd

.. + 2 e-

CB Murray

The ternary Cd – Sn – O PSNCs and the impact of 
structure on plasmonic properties

n-CTOn-TCO



carrier mass

m* ~ 0.01 – 2.0 me

(antisite) M1M2 VM

VOMi

Oo
x <=> Vo

.. + 2 e-

CdCd
x <=> SnCd

.. + 2 e- CdCd
x <=> VCd

’’+ 2 h+

CdCd
x <=> Cdi

.. + 2 e-

Defect Engineering

VM/O, 

M/Oi

M2M1

carrier density

n ~ 1019 - 1021 carriers/ cm3

MOx



Sn:CdO
(Vo carriers)

Rock salt

vs.

Cd2SnO4
(antisite carriers)

Cd(acac)2 +
316 oC
70 mins Cd2SnO4 NCs    (> 33% Sn)

oleic acid 
octadecenen SnF2

inverted spinel

CTO

Zhong, Y. et al. Chem. Mater., 2021CB Murray

Sn:CdO NCs    (< 33% Sn)
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Rock Salt

Inverted spinel

Oh:  Cd, Sn

Oh:  Cd(0.5), Sn
Td:  Cd(0.5)

Snx:CdO

Vo

Cd2-xSn1+xO4

SnCd

Sn(10%):CdO

Cd1.80Sn1.20O4
(CTO)19 nm 

21 nm
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MOx

Snx:CdO

Vo

Cd2-xSn1+xO4

SnCd

16 nm 

21 nm

𝜔𝜔𝑝𝑝 = ( 𝒏𝒏
𝑚𝑚∗ 𝑪𝑪)1/2



25

10000 8000 6000 4000
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 E
xt

in
ct

io
n

Frequency, hν (cm-1)

Raw Data
Total Fit
Corner
Edge
Face

10% Sn:CdO

n = 5 x 1019 carriers/cm3

10000 8000 6000 4000
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 E
xt

in
ct

io
n

Frequency, hν (cm-1)

Raw Data
Total Fit
Corner
Edge
Face

Cd2SnO4

m* (Lit) = 0.26me
m*(Lit) = 0.022me

n =1.5 x 1021 carriers/cm3



113Cd of CTO PSNCs collected using a 
WURST-CPMG pulse sequence

500 01000150020002500 -500

113Cd of 10% Sn:CdO PSNCs collected using a 
WURST-CPMG pulse sequence

ppm

113Cd solid state NMR to probe site dependent effect in Sn:CdO vs. CTO
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Are the carrier parentage really different?

Electron Paramagnetic Resonance (EPR)

Magnetic Field 

En
er

gy ΔE=hv=gμBB

1/2

-1/2

g-value

𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑔𝑔𝑒𝑒 −
2 𝜆𝜆
𝜆𝜆2 + Δ2

λ = spin-orbit coupling
Δ = crystal field 

(antisite) SnCd VO
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CdO Liu, Z. et al., ACS Nano., 2020

ZnO  Ayoub, I. et al., Nanotechnol. Rev., 2022

Sn:CdO
10%

Cd2SnO4

VO
.

g(Oh) ~2.005

VO

Sn(10%):CdO
SnCd

g ~2.001

SnCd

Cd2SnO4

(X-band, RT) 
Identifying the defct type by EPR

SnCd

VO
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Can we increase carrier densities by removal of Vo (Oxygen vacancy) 
by active etching using SnF2 as reactant instead of Sn(acac)2?

Eg
LSPR



F-CTO (Cd1.8Sn1.2O4)

a-CTO (Cd1.86Sn1.14O4)
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Cd2SnO4

Aspect ratio: 1.22 

n = 2 x 1019 carriers/cm3

Aspect ratio: 1.36 

n = 5 x 1019 carriers/cm3

a-CTO (Cd1.86Sn1.14O4)

F-CTO (Cd1.8Sn1.2O4)

19 x 14 nm

22 x 18 nm

𝜔𝜔𝑝𝑝2 = 𝑛𝑛𝑒𝑒2
𝑚𝑚∗𝜀𝜀0

=
𝒏𝒏
𝑚𝑚∗ 𝑪𝑪

LSPR



g ~2.001

g(Oh) ~2.005

Does EPR help us understand?

a-CTO (5 x 1019) 

F-CTO (2 x 1019)

In
te

ns
ity

F-CTO

a-CTO

Vo      6.6%

SnCd

Vo  27%

SnCd

VO
.

SnCd

EPR confirms lower Vo for F-CTO, but why no increase in n?



113Cd – WURST

B0 = 18.8 T
ν0 = 177.371 MHz
ν rot = static
D1 = 6 sec
D6 = 100 μs
50 Echoes
WURST SWEEPT = 600 kHz
4096 scans (7 hours)

FCTO
Γ(KS) = 450KHz

2.0 x 1019

6% VO

a-CTO
Γ= 300KHz

5 x 1019

27% Vo

Observe a large 
increase in Knight Shift 

(KS)

𝐾𝐾𝐾𝐾 ∝ 𝑛𝑛1/3

FCTO has lower carrier 
density but also  lower 

Vo

Slower relaxation, T1
Knight-Korringa



But are we sure its KS and not CS? 

n-CTO KS frequency shift 
will be dependent 
on applied field 

600 MHz

800 MHz



Can we prove it by chemically 
removing carriers in CTO using the 
1-electron oxidant  NOBF4?

𝝎𝝎𝒑𝒑
𝟐𝟐 = 𝒏𝒏

𝒎𝒎∗ C



Can we be sure it is KS and not CS?

F-CTO Titrated with NOBF4

Spectral change suggests shift arises from metallic like carriers (Knight shift)  since CS is site dependent
𝐾𝐾𝐾𝐾 ∝ 𝑛𝑛1/3



Detector 1
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VT, VH-MCD Experiment

Cryostat
Mechanical

Chopper
IR Lamp 
Source PEM

Linear
Polarizer

To Lock-ins
𝜈𝜈𝐿𝐿= 211 Hz 𝜈𝜈𝐻𝐻= 42 kHz

10 T Cryostat 
Magnet

Detector 1

𝐁𝐁

To Lock-ins






Magnetic Circular Dichroism (MCD) 
Extraction of m*

E

B

|J>

|A>

+1/2

+1/2

-1/2

-1/2

𝐁𝐁 RCP

LCP

𝜔𝜔𝑐𝑐 =
𝑞𝑞𝐁𝐁

𝒎𝒎∗𝑚𝑚𝑒𝑒
Cyclotron resonance

𝝎𝝎𝑩𝑩
𝑳𝑳𝑳𝑳𝑳𝑳/𝑹𝑹𝑹𝑹𝑹𝑹 = 𝝎𝝎𝟎𝟎 ±

𝒒𝒒𝒒𝒒
𝟐𝟐𝒎𝒎∗MCD absorption

𝒎𝒎∗ =
𝒒𝒒𝒒𝒒𝒒𝒒

𝟐𝟐𝟐𝟐(𝑬𝑬𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁)𝒎𝒎𝒆𝒆

Zeeman splitting:  𝑬𝑬𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁 = 𝝎𝝎𝑩𝑩
𝑹𝑹𝑹𝑹𝑹𝑹 − 𝝎𝝎𝑩𝑩

𝑳𝑳𝑳𝑳𝑳𝑳

1. Pineider, F. et al, Nano Lett. 2013
2. Hartstein, K. H. et al., J. Phys. Chem. Lett. 2017
3. Kimura, T. and Hiroshi, Y., J. Phys. Chem. C. 2022
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Is this a question of trapping at donor levels due to VO?

Then it should be reported as a change in  m* measured by MCD

𝒎𝒎∗ =
𝒒𝒒𝒒𝒒𝒒𝒒

𝟐𝟐𝟐𝟐(𝑬𝑬𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁)𝒎𝒎𝒆𝒆

𝝎𝝎𝑩𝑩
𝑳𝑳𝑳𝑳𝑳𝑳/𝑹𝑹𝑹𝑹𝑹𝑹 = 𝝎𝝎𝟎𝟎 ±

𝒒𝒒𝒒𝒒
𝟐𝟐𝒎𝒎∗

Pineider, F. et al, Nano Lett. 2013
Hartstein, K. H. et al., J. Phys. Chem. Lett. 2017
Kimura, T. and Hiroshi, Y., J. Phys. Chem. C. 2022
Kuszynski, J., et al  J. Phys. Chem. C 2022

B



0.022 m* for a-CTO 0.006 m* for F-CTO
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It will also show up in the LSPR Relaxation Processes

En
er

gy
, h
ν

(e
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Momentum, k

EF

h+

e-

defect traps

LSPR
Pump

e-

h+

e-

h+

Eg,opt Pump

Eg
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Cd2SnO4 fs-TA Data LSPR Pump Decay (fs) Decay (ps)
SnAc2 184.0 ± 5.8 27.19 ± 3.95

SnF2 192.2 ± 6.4 99.51 ± 53.51

350 nm Probe (0.99+ R2 Fits)

a-CTO (5 x 1019)

26% Vo

F-CTO (2 x 1019)

6% Vo



• Sncd or VO results in change in carrier mobility 

– (XPS, XSTM, TA, NMR and EPR T1 and T2)

• Site and lattice matter (lattice energies) – DFT 

• Impacts wd – surface interface damping

• Impacts LSPR damping/ hot carrier formation

• Way more to do to fully understand carrier parentage in a PSNC

shape, concentration, chemical interface damping, T-dependence, etc.
42

NSF-DMR #1905757 

Does carrier parentage matter?
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