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Understanding the impact and complex interaction of thermal carrier scattering centers in

functional oxide systems is critical to their progress and application. In this work, we study the

interplay among electron and phonon thermal transport, mass-impurity scattering, and phonon-

vacancy interactions on the thermal conductivity of cadmium oxide. We use time domain thermore-

flectance to measure the thermal conductivity of a set of CdO thin films doped with Dy up to the

saturation limit. Using measurements at room temperature and 80 K, our results suggest that the

enhancement in thermal conductivity at low Dy concentrations is dominated by an increase in the

electron mobility due to a decrease in oxygen vacancy concentration. Furthermore, we find that at

intermediate doping concentrations, the subsequent decrease in thermal conductivity can be

ascribed to a large reduction in phononic thermal transport due to both point defect and cation-

vacancy scattering. With these results, we gain insight into the complex dynamics driving phonon

scattering and resulting thermal transport in functional oxides. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939652]

Functional oxides are a class of materials that offer

highly tunable optical, mechanical, and transport properties.

Advancements in materials and processing have led to func-

tional oxides being central to applications such as microelec-

tronics,1–3 plasmonics,4–6 photovoltaics,7–9 and optics, in

general.10–12 While the electrical, optical, and mechanical

properties of functional oxides have been the center of quite

extensive study, thermal properties and the role of defects on

these thermal transport properties are often overlooked or

misunderstood.

The impact of point defects on phonon dominated ther-

mal transport has been largely addressed by the studies of

impurities in silicon and silicon-based materials.13–15

Looking towards oxides, the previous works have quantified

the role of oxygen vacancy interactions with phonons in bulk

materials, starting around the 1960s.16–20 With recent advan-

ces in materials processing and characterization, a new level

of capability and complexity is commonly being utilized in

the form of thin film oxide materials. In these thin film sys-

tems, nanoscale dimensionality and resulting phonon scatter-

ing at boundaries is another aspect of thermal conductivity

that has been the subject of many recent investigations.21–26

Interest in thermoelectric oxides as a viable source of energy

scavenging along with high temperature thermal barrier coat-

ings has encouraged more focus on the ability to reduce ther-

mal transport in oxides based on sample geometry,

nanostructure, and stoichiometry. Beyond reduction, it can

be even more insightful to tune thermal transport in these

materials with the variety of controls available through

advanced processing and characterization.

In our previous study, we demonstrated bi-directional

control of the thermal conductivity of doped cadmium oxide

(CdO) based on competing electron and phonon contribu-

tions to thermal transport.6 The observed change was due to

an increase in carrier density from doping and a decrease in

phonon conduction via impurity scattering. These unique

phonon scattering processes that drive the thermal resistan-

ces in complex oxides are deeply related to both the impurity

and vacancy concentrations. The validation of theoretically

derived models that predict this interplay has received little

to no attention. The previously studied6 Dy doped CdO ma-

terial system offers experimental understanding into the

interrelated role of phonon-defect and phonon-vacancy scat-

tering on thermal conductivity in oxides.

In this work, we study the thermal conductivity of a se-

ries of thin CdO films doped with Dy and isolate the role of

phonon-vacancy scattering on thermal conductivity. We

demonstrated in our previous work that bi-directional tuning

of thermal conductivity in CdO is achievable via Dy doping.6

We use time-domain thermoreflectance (TDTR) to measure

the thermal conductivity of CdO thin films at room tempera-

ture and 80 K in order to experimentally identify the role of

phonon-vacancy scattering on this bi-directional tuning of

thermal conduction in CdO. Our data show that the behavior

of the phonon and electron dominated thermal carrier

regimes differ based on temperature, while the various point

defect interactions obey relatively well-known trends exhib-

ited in the literature.27,28 By the mechanism of our 80 K ther-

mal conductivity measurements, we are able to identify the

influence of phonon-vacancy scattering on thermal conduc-

tivity, providing direct validation of previously derived mod-

els for phonon-vacancy scattering rates. Our analysesa)Electronic mail: phopkins@virginia.edu
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suggest that enhancement in thermal conductivity at low Dy

concentrations is dominated by an increase in the electron

mobility due to a decrease in oxygen vacancies, while the

reduction in thermal conductivity at intermediate doping

concentrations is partially driven by phonon scattering from

cation vacancies.

The CdO:Dy films were synthesized via plasma assisted

molecular beam epitaxy. Heteroepitaxial films with thick-

nesses of 500 nm were grown on MgO (100) substrates.

Dysprosium acts as an n-type dopant, replacing Cd atoms on

the Cd site of the CdO crystal. Doping with Dy encourages a

reduction in oxygen vacancies in the CdO via Fermi-level

pinning.6 This results in a shift of the defect equilibrium to a

state with a fixed substitutional impurity concentration.

Considering that the difference in radius due to substitution

of Dy on a Cd site is much less than that of a vacancy in an

O site, the initial introduction of Dy into the system is

accompanied with an increase in carrier mobility.6

Thermal conductivity measurements were performed

using TDTR, an optical pump-probe technique used commonly

to measure nanoscale thermal transport phenomena.29–31 In

our experiment, we use an 80 MHz Ti:sapphire oscillator emit-

ting a train of 800 nm wavelength, sub-picosecond pulses,

which are split into a modulated pump for thermal excitation

and a time-delayed probe to measure the temporal change in

surface reflectivity at the pump modulation frequency. The

measured decay in the reflected probe signal is fit to a thermal

model that is used to determine the thermal conductivities of

the CdO films.29–31 In these experiments, we use an Al thermal

transducer with a thickness of 83 6 3 nm, and a pump and

probe spot radii of 42 lm and 11 lm, respectively. We assume

literature values for the heat capacities of the Al,32 CdO,33

MgO,34 and thermal conductivity of the MgO.35 The major

source of error in our analysis arises from uncertainty 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 analyses.36,37

In order to understand the physical mechanisms affect-

ing the measured thermal conductivities in these materials,

we conduct measurements at 80 K to compare to our previ-

ous measurements reported at room temperature.6 The

results seen in Fig. 1 show the measured thermal conductiv-

ity of CdO:Dy as a function of Dy concentration both at

room temperature6 and at 80 K. The room temperature data

transition through a number of regions of dominant scatter-

ing mechanisms. Initially, in region “R1” of Fig. 1, the addi-

tion of Dy results in a decrease in oxygen vacancies, thus

decreasing the total scattering of thermal carriers and

increasing the total thermal conductivity. In the second

region, “R2,” the Dy concentration is high enough to signifi-

cantly scatter the thermal carriers (i.e., both electrons and

phonons) in the system and the only contribution acting to

increase the thermal conductivity is the addition of free car-

riers from doping. The final data point in this region

(0.08 at. % Dy) represents the maximum electrical contribu-

tion to the thermal conductivity, jelec, which leads to a sec-

ond peak for the measured thermal conductivity at room

temperature. The electrical contribution to the thermal con-

ductivity was calculated using the Wiedemann-Franz law

applied to our electrical resistivity measurements on these

samples.6 In the final region, “R3,” the Dy concentration is

high enough to effectively scatter all carriers and the total ther-

mal conductivity decreases. This final region includes data

from near the solubility limit of Dy in CdO, giving us an upper

bound on the defect interactions, and we can not rule out the

formation of secondary phases at this concentration.

In Fig. 1(b), we see a slight shift in these regions and

changes in the trends of thermal conductivity as a function of

Dy concentration. This variation of thermal characteristics with

temperature is crucial to understanding the dominant thermal

transport mechanisms being affected in each region. We see

that “R1,” delineated by the total peak in the thermal conduc-

tivity, has shifted slightly, which can be understood by a change

in the phonon population; at low temperatures, we expect less

high frequency phonons which are more impacted by point

defect scattering. In addition, at low temperatures, the second

peak in the thermal conductivity is no longer present, since this

peak is due to the electrical contribution to the thermal conduc-

tivity, which is significantly reduced at low temperatures.

To understand the effects of changes in various defect

populations on the phonon thermal conductivity in CdO, we

subtract the electronic contribution from the total measured

thermal conductivity and analyze the phonon thermal

FIG. 1. Measured thermal conductivity of CdO:Dy for various Dy concen-

trations. Squares and circles indicate the total measured thermal conductivity

and the calculated electronic contribution to thermal conductivity, respec-

tively. Measurements were taken at (a) 300 K and (b) 80 K. Included are

delineations between regions in which the total thermal conductivity is

driven by R1: a decrease in the scattering of the thermal carriers; R2: an

increase in phonon scattering balanced by an increase in electrical carrier

population; and R3: an increase in electron and phonon scattering that over-

whelms additional increase in the electrical carrier population.
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conductivity, modeled by jph¼Cvv
2s/3, where Cv is the heat

capacity, v is the phonon velocity, and s is the overall scat-

tering time given in Eq. (1). In this material system, we

expect contributions to the phonon thermal resistance from

anharmonic interactions, sPh, baseline impurity scattering,

sImp, boundary scattering, sBound, dopant scattering, sDef, and

vacancy scattering, sVac. This is combined via Matthiessen’s

rule, given by

1

s
¼ 1

sPh
þ 1

sImp
þ 1

sBound
þ 1

sDef
þ 1

sVac
: (1)

We use the literature data to determine the heat capacity

and phonon velocities as a function of wavelength from the

acoustic branches of the phonon dispersion curve.38 This

allows us to use the data obtained in this study to determine

the nature of the major phonon scattering mechanisms intro-

duced by doping CdO with Dy. Since the optical branches

have a very low corresponding group velocity, the associated

thermal conductivity is negligible, and we ignore them in

our model.

We expect that the scattering effects from phonon-

phonon scattering, baseline impurity scattering, and film

boundary scattering to be unchanged with doping. To this

extent, we calibrate our scattering parameters using the liter-

ature data for phonon-phonon scattering39 and the undoped

CdO film of our sample set for baseline impurity and film

boundary scattering. We note that Lindsay and Parker40

recently modeled the measured thermal conductivity data

reported in Ref. 6 using first-principles calculations account-

ing for anharmonic phonon scattering; the agreement

between the calculations and data support our use of the data

reported in Ref. 6 to account for the intrinsic phonon-phonon

scattering mechanisms in CdO. We use a least squares opti-

mization to fit the baseline impurity and boundary scattering

parameters to the measured thermal conductivity of the

undoped sample, found in Fig. 2.

With these aspects of the behavior of the thermal con-

ductivity of CdO films quantified, we investigate the effects

of Dy doping on phonon scattering to gain more insight into

the physics of the phonon-vacancy interaction. The form of

phonon scattering from impurities is relatively well known,

taking the following analytical representation:41

s�1
Def ¼ Ax4xDef

"
DMDef

MHost

� �2

þ 2
DGDef

GHost

� �
� 6:4c

DdDef

dHost

� �� �2
#
; (2)

where A is a parameter determined by the lattice constant

and phonon group velocity of the material, x is the phonon

frequency, and xDef is the concentration of a given defect.

The squared terms represent the scattering characteristics

due to the mass change and strain change from a defect in

the lattice. The mass difference is determined by the change

in mass of the defect from the host, DMDef divided by the av-

erage atomic mass of the host, MHost. The strain difference is

determined using similar factors where DGDef is the change

in bond stiffness, Dddef is the change in lattice parameter,

and c is the Gr€uneisen parameter41 taken from the litera-

ture.42 In the case of a vacancy, the factor accounting for the

mass change takes the following form to account for poten-

tial energy differences with the absence of an atom:43

DMVac

MHost
¼ � MVac

MHost
� 2; (3)

where MVac is the mass of the missing atom.

Using these formalisms for phonon scattering with

impurities and vacancies, we begin by modeling the thermal

conductivity of the measured CdO films given with known

concentrations of Dy and assuming a concentration of oxy-

gen vacancies from the electrical conductivity of the

undoped films. This oxygen vacancy concentration is esti-

mated to be 2� 1019 cm�3, and decays an order of magnitude

due to the Dy doping.6 This initial model assumes that the

major changing defects in the films are only the Dy dopants

and the oxygen vacancies.

This model, labeled as the “Dy Dominated” model in Fig.

3, captures the region “R1” data rather well. The data shown

in Fig. 3 are the measured thermal conductivity with the cal-

culated electrical contribution subtracted away, leaving only

the phonon thermal conductivity. It is interesting to note in

this model that the predicted thermal conductivity is relatively

insensitive to phonon scattering with oxygen vacancies. For

example, neglecting oxygen vacancies all together results in

only a 25% difference in the thermal conductivity at low Dy

concentrations and less than a 10% change in model predic-

tion as the doping level exceeds 10�2 at. %.

The Dy dominated model fails to capture the phonon

thermal conductivity data at higher Dy doping concentra-

tions (region “R2”), where we expect dopant scattering to

dominate. To understand this, we turn to the literature find-

ings that suggest that, in highly doped oxide systems, substi-

tutional dopants can be compensated by other vacancy

mechanisms in order to reduce the overall energy of the sys-

tem.44,45 In accordance with these findings, we investigate

the phonon scattering effects of Cd vacancies with popula-

tions dictated by the substitutional doping concentration and

FIG. 2. Measured thermal conductivity as a function of temperature of the

undoped film for calibration of the model of thermal conductivity of CdO

thin films (dashed line).
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.143.1.244 On: Thu, 14 Jan 2016 03:45:01



update the model with a Cd vacancy scattering term in the

form of Eq. (2). This model, referred to in Fig. 3 as the “Vac.

Compensated” model, agrees with the measured data signifi-

cantly better at the higher Dy concentrations than the “Dy

Dominated” model. This agreement, along with similar find-

ings in other oxide systems found in the literature,44,45 serves

to indicate that there may be an introduction of other point

defects compensating the Dy dopants at these high doping

concentration levels, and it is these compensating defects

that drastically drive the phonon thermal conductivity down.

The highest doping concentration measured in region

“R3” does not follow this continued downward trend in the

phonon thermal conductivity. This is understood when con-

sidering that this sample is near the solubility of Dy in CdO

and our characterization indicates that secondary phases

have formed.6 In this case, there are likely multiple regions

that will behave more similarly to dilute solutions of Dy in

CdO rather than highly doped solutions. This hypothesis is

supported by the relative agreement with the “Dy

Dominated” model compared with the “Vacancy

Compensated” model. Further characterization of the pre-

cipitated phases and their respective Dy concentrations

would need to be carried out in order to verify this hypothe-

sis, but is beyond the scope of this study.

There are a number of other components that may be at

play to dictate the phonon thermal conductivity of these

films, such as minority defect populations, contributions to

the thermal conductivity from optical phonons, and phonon

drag from the free electrons in the system.46 However, the

agreement between the relatively simple models presented in

this work and the data measured in this and our previous

work6 suggest that we have identified the major phonon scat-

tering mechanisms in these materials. Furthermore, agree-

ment of the model and the measured data in the various

regimes of Dy doping suggest that the phonon thermal con-

ductivity, and analytical modeling thereof, can be used to

identify signs of complex defect interactions in functional

oxides. The two models, one taking into account only the

known defects and the other identifying the remaining scat-

tering sites, serve as bounds for the major phonon scattering

mechanisms in this material and significantly aids in the

understanding of the phonon-related thermal conductivity

tuning of CdO using Dy dopants.

In conclusion, the CdO:Dy material system illustrates

intricate bi-directional tunability of thermal conductivity in

complex oxide materials, offering potential next steps for

thermal engineering using functional oxides. We have shown

that with the introduction of Dy dopants, the thermal conduc-

tivity of CdO can be increased or decreased via the interplay

among the electronic contribution to thermal conductivity

and thermal carrier scattering due to mass-impurity and va-

cancy concentrations present in the system. Decreasing of

the intrinsic oxygen vacancy concentrations increases the

electronic mobility, leading to an increase in thermal con-

ductivity at low Dy doping levels, but has a limited effect on

the phonon thermal conductivity. At higher Dy doping lev-

els, the lattice thermal conductivity is impacted. Using meas-

urements at multiple temperatures, we are able to formulate a

model for the phonon thermal conductivity that highlights the

major scattering mechanisms present in the system including

mass-impurity and vacancy scattering. We show that Dy mass-

impurities contribute to thermal scattering at low Dy concen-

trations, as expected. However, at higher Dy concentrations,

additional defects, namely, cation vacancies, must be taken

into account to capture the trend in the data. This results in

models which act as bounds for the measured data as the sys-

tem transitions from dilute dopant scattering to scattering due

to both dopant and vacancies at high Dy concentrations.
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