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Supplementary information

Figure 1. Transport data for CdO:Dy grown on MgO (111) substrates summarizing carrier conc. (cm-3) and
carrier mobility (μ) as a function of [Dy].
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Figure 2. Transport data for CdO:Dy grown on GaN (002) substrates summarizing carrier conc. (cm-3) and
carrier mobility (μ) as a function of [Dy].

Figure 3. Transport data for CdO:Dy grown on Al2O3 (006) substrates summarizing carrier conc. (cm-3) and
carrier mobility (μ) as a function of [Dy].
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Figure 4. XRD diffraction patterns depicting heteroepitaxial growth of CdO on MgO (100) substrates. a)
Diffraction pattern for single phase CdO:Dy samples. This growth habit is exemplary for Dy contents from 05x1021 cm-3. b) Growth habit for samples with Dy content >5x1021 cm-3. The precipitation of additional complex
oxide phases can be seen around 30° 2θ.

Figure 5. FWHM of X-ray omega rocking curves recorded for CdO:Dy grown on MgO (100) substrates
compared to the measured carrier mobilities as a function of [Dy]. No significant change in crystal quality is
observed over the high mobility range, the deteriorating FWHM and mobility at the highest [Dy] corresponds to
the onset of phase separation as the solubility limit of Dy in CdO is reached
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Figure 6. Calculated real (solid lines) and imaginary (dashed lines) dielectric functions for selected CdO:Dy
alloys. The compositionally tunable SPR in CdO:Dy can be seen by the changing cross-over frequency of the
real dielectric function (the energy at which the real part of ε becomes negative) for different carrier
concentrations. In addition, the loss tangent (imaginary part of ε) exhibits very low values across the mid-IR
energy range for all carrier concentrations depicted, indicating the potential for low loss plasmonic resonances
in this material.

Table 1. A comparison of plasmonic materials discussed in this article. The crossover frequency ε1=0 describes
the upper frequency limit for plasmonic phenomena in a material. The loss tangent ε2 was summarized at and
below (ε1=-2) the crossover frequency to allow for a comparison of losses independent of the carrier
concentrations and thus the supported plasmon wavelengths.

Material
CdO:Dy
CdO:Dy
AZO (2 wt%)4
ITO (10 wt%)4
GaAs*
InAs9

*

4

Carriers
[cm-3]
9.94x1019
3.70x1020
7.2x1020
7.7x1020
1x1019
7.5x1019

Mobility
[cm2/V·s]
474
359
48
36
1000
360

ε1=0
[cm-1]
2770
5350
6970
7122
1005
1785

ε2 at ε1=0

ε2 at ε1=-2

0.19
0.13
0.21
0.69
1.26
2.00

0.30
0.20
0.39
1.29
1.63
2.60

Szmyd, D. M., Hanna, M. C. & Majerfeld, A. Heavily doped GaAs:Se. II. Electron mobility. J. Appl. Phys. 68, 2376–2381 (1990).	
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Figure 7. High resolution SEM surface image depicting the cubic growth habit in atomically smooth CdO:Dy
films.

Supplementary methods:
Densitiy functional theory:
DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) version 5.3, using
the hybrid exchange correlation functional of Heyd, Scuseria, and Ernzerhof (HSE06). The atoms were
represented

by

the

standard

Purdue-Burke-Ernzerhof

projector-augmented

wave

(PBE-PAW)

pseudopotentials included with VASP. The Cd pseudopotential includes 12 valence electrons explicitly
modeled (4d10 5s2) and has a recommended minimum energy cutoff of 274.34 eV. The O pseudopotential
includes 6 valence electrons (2s2 2p4) with a minimum energy cutoff of 400 eV. The Dy pseudopotential
includes 20 valence electrons (4f10 5s2 5p6 6s2) with a minimum energy cutoff of 255.47 eV. An energy cutoff
of 520 eV (1.3 times the recommended cutoff for the O pseudopotential) was employed in all calculations.
The defect calculations were based on 64-atom supercells with a 2x2x2 k-point mesh using the MonkhorstPack formalism. The k-points were unshifted in reciprocal space and do not include the Gamma point. In the
defective supercells, atoms near the defect site were allowed to relax within a spherical shell out to the third
nearest neighbor of the defect site, while all other atoms were frozen in their bulk positions. The
displacements of the farthest atoms from the defect site (3rd nearest neighbor sites) within this relaxation shell
were on the order of 0.001 Angstrom as opposed to 0.01 Angstrom for the 1 st and 2nd nearest neighbor sites
(cf. Table 1 in the article), indicating that the shell size was large enough to account for most of the crystal
strain resulting from the presence of the defect. Finite size interactions for the charged defects were accounted
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for using the sxdefectalign code by Christoph Freysoldt. This was the only correction applied to the calculated
defect formation energies.
The defect and carrier concentrations were calculated via solutions to the mass and charge balance equations,
using the DFT formation energies and charge transitions as inputs. The effect of dysprosium concentration,
[DyCd], on the concentrations of native defects and carriers was explored for a variety of growth conditions
(oxygen and cadmium chemical potentials). This was done through iterative solutions of the mass and charge
balance equations to determine the Fermi energy over a range of fixed concentrations of Dy. At each
concentration, the Dy chemical potential was adjusted in order to constrain the substituent to the targeted
amount. The Dy chemical potentials required to fix each Dy concentration were analyzed to confirm that they
were thermodynamically accessible. This approach to solving the mass balance equations requires no a priori
assumptions as to which defects are ionized. Using this method, the equilibrium defect concentrations were
calculated at the growth temperature (623 K). Then, simulating a quench, the high temperature defect
concentrations were frozen in at the growth temperature. At room temperature, the carriers were allowed to
redistribute via movement of the Fermi level to satisfy charge neutrality. In this manner, the plot presented in
the article, showing O-vacancy and carrier concentrations versus Dy-substituent concentration at different Ochemical potentials, was created.

	
  

Time domain thermo reflectance (TDTR):

The thermal conductivity of various CdO:Dy samples were measured using time domain thermoreflectance
(TDTR).1,4,6 TDTR is an optical pump-probe experiment which utilizes a train of ultrashort laser pulses to
induce a modulated heating event on the sample surface and monitor the resulting thermal decay. For these
TDTR measurements, we coat the samples with an 83±3 nm aluminum film, which acts as a thermal
transducer to relate the absorbed pump energy to the temporal temperature change on the samples surface.
Our specific TDTR system is centered around a sub-picosecond Ti:Sapphire oscillator. We sinusoidally
modulate the pump pulses at 8.8 MHz using an electro-optic modulator. The probe is delayed through time up
to 6.5 ns by a mechanical delay stage. The pump and probe are focused onto the sample by a converging lens
with spot diameters of 42 µm and 11 µm, respectively. The large pump spot size ensures that no significant
radial heat spread occurs in the sample that that heat propagation is nearly one-dimensional.4 Using a lock-in
amplifier, we isolate the thermoreflectance signal of the sample via detection of the modulated response of the
probe referenced to the pump modulation. The change in surface temperature of the sample is directly related
to the change in the ratio of the in-phase and out-of-phase components of the detected lock-in signal over the
change in time delay between the pump and probe. The data is compared to a thermal model that represents
the solution of the heat diffusion equation in a multilayer system. Details of this model are provided
elsewhere.1,4,6 In our analysis, we assume literature values for the heat capacity of the Al3, CdO5, MgO2 and
thermal conductivity of the MgO7 as well. The major source of error in our analysis arrises from uncertainty
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in the thickness of the Al transducer. To minimize this uncertainty, we verify the Al film thickness with both
X-ray reflectivity and picosecond acoustic analysis.8,9

Figure 8. Data and best-fit curve of TDTR data for undoped CdO 	
  

	
  

Figure 8 shows the data and best-fit curve of our model for the TDTR measurement of the undoped CdO
sample. To ensure that our model is sensitive to the properties that we are fitting, we perform sensitivity
analysis on the main parameters used in our thermal model.10,11 The sensitivity, S, to a certain thermo-physical
property, p, is defined by:

Sp =

∂ln(-Vin /Vout )
∂ln(p)

(1)

Where Vin and Vout are the in-phase and out-of-phase responses components of the thermoreflectance signal
from the lock-in amplifier. Degree of sensitivity to a property is determined by the relative magnitude of the
sensitivity parameter over the measurement time. Figure 9, show the sensitivity to the thermal boundary
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conductance between the Al transducer and the undoped CdO film, h1, the thermal boundary conductance
between the CdO and the MgO, h2, and the sensitivity to the thermal conductivity of the Al, κAl, CdO, κCdO,
and MgO, κMgO. In our system, we are most sensitive to the thermal conductivity of the CdO layer and h1.
These two parameters are treated as free parameters in the fitting of our data to the thermal model.

	
  

Figure 9. Sensitivity to the thermal boundary conductance between the Al transducer and the undoped CdO film,
h1, the thermal boundary conductance between the CdO and the MgO, h2, and the sensitivity to the thermal
conductivity of the Al (κAl), CdO (κCdO), and MgO (κMgO).
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Supplementary Equations:
Reflectivity model based on a free electron Drude plasma:
To model the dielectric constant of the CdO films, a free electron Drude model was used. In this model, the
real (εr) and imaginary (εi) dielectric functions are given by Eq. (1) and (2)
  𝜀𝜀! = 𝜀𝜀! −
𝜀𝜀! =

𝜔𝜔!!
𝜔𝜔 ! + 𝛾𝛾 !

𝛾𝛾𝜔𝜔!!
𝜔𝜔(𝜔𝜔 ! + 𝛾𝛾 ! )

(1)
(2)

where 𝜔𝜔! is the plasma frequency (Eq. 3), 𝜀𝜀! is the high frequency dielectric constant and 𝛾𝛾 is a damping
term (Eq. 4).

𝑛𝑛𝑞𝑞 !
𝑚𝑚! 𝜀𝜀!
𝑞𝑞
𝛾𝛾 =
𝜇𝜇𝑚𝑚!

𝜔𝜔!! =

(3)
(4)

The plasma frequency is directly dependent on the carrier density (𝑛𝑛) where 𝑞𝑞 is the electron charge

(1.602×10−19C),  𝜀𝜀! is the permittivity of free space, 𝑚𝑚! is the effective electron mass and 𝜇𝜇 is the electron
mobility. For CdO a 𝑚𝑚! of 0.21 and 𝜀𝜀! of 5.5 have been used. The reflectance at an interface was described

by the Fresnel equations:
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𝑛𝑛!   cos Θ! − 𝑛𝑛!   cos Θ!
𝑛𝑛!   cos Θ! + 𝑛𝑛!   cos Θ!

(5)

𝑛𝑛!   cos Θ! − 𝑛𝑛!   cos Θ!
𝑛𝑛!   cos Θ! + 𝑛𝑛!   cos Θ!

(6)

where the complex refractive indices of the incident material (𝑛𝑛 ! ) and the transmitted material (𝑛𝑛! ) together
with the incident angle Θ are used to calculate the reflectance for both p- and s-polarized light. To calculate
the refractive index of the modeled film, the relation 𝑛𝑛 = 𝜀𝜀

!

was used.

The total reflectance from the substrate/CdO/air interface can be calculated using the Airy formula

𝑟𝑟 =

with
𝑏𝑏 =

2𝜋𝜋𝑑𝑑!
𝜆𝜆

𝑟𝑟! + 𝑟𝑟! exp  (2𝑖𝑖𝑖𝑖)
1 + 𝑟𝑟! 𝑟𝑟! exp 2𝑖𝑖𝑖𝑖

(7)

!
!
𝑛𝑛!"#$
− 𝑛𝑛!"#!$%&$'
sin! Θ!

(8)

where 𝜆𝜆 is the incident light wavelength, 𝑑𝑑! is the film’s thickness and 𝑟𝑟! and 𝑟𝑟! are the calculated

reflectances from interface 1 and 2. Additionally, the back reflection from the CaF2/substrate interface was

calculated using Eq. 5-6 and added to the calculated reflectivity data. The data is ultimately compiled into
maps of the total reflectance in angle and wavenumber space (Eq. 9).
𝑟𝑟!
𝑅𝑅!
𝑅𝑅 =
=
𝑅𝑅!
𝑟𝑟!

!

(9)

!

To account for the strong dispersion in the mid-IR of all optical elements used in the recording of the
reflectivity data (substrates, prism), the dielectric dispersion of these materials was included in the
calculations.
Origin of strong vertical (angle independent) absorption lines in experimental SPR data.
The observed strong spectral features at 1350 cm-1 are a consequence of a dark band in the IR-VASE source
output. A raw spectrum of the output spectra is depicted in Figure 10. Due to the dim and noisy nature of the
ellipsometers output at these frequencies, the absolute recorded intensity at these energies is low and the
Rp/Rs representation of the data amplifies the noisy band. It is important to note that this is a measurement
artifact caused by the spectrometers radiation source, and the artifact does not show any angle dependency.
Thus, it does not limit the data’s validity for characterizing the SPP dispersion in the mid-IR. Since our
simulations assume even intensity for the radiation over the frequency range of interest, this experimental
detail is not included in the simulated data. Experimentally, the data is normalized to the background
spectrum, as typically done for fourier transform IR spectrometers.
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Figure 10. Raw source output spectrum of the IR-VASE ellipsometer used for this work. A dark band can be seen
around 1350 cm-1 for both polarization directions used in this work. This dark band is the origin of the spectral
feature seen in Figure 3 in the article.

	
  

SPP quality factor calculations:
Propagation length:
The propagation length Lω for a single metal/dielectric interface was calculated as1:

Lω = 1 / (

ω εr
)
c εr +1

The confinement width Dω is defined as1 :
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1

ω −1
c εr +1

+(
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1

ω −εr2
c εr +1

)(1− Log εr )

The M11D is defined as1:

M11D =

Lω
Dω

The quality factor for 2 dimensional non-spherical waveguides (QLSPR) is defined as2:

QLSPR =

ε r2
−ε i
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