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Time domain thermoreflectance (TDTR) and frequency domain thermoreflectance (FDTR) are

common pump-probe techniques that are used to measure the thermal properties of materials. At

elevated temperatures, transducers used in these techniques can become limited by melting or other

phase transitions. In this work, time domain thermoreflectance is used to determine the viability of

HfN thin film transducers grown on SiO2 through measurements of the SiO2 thermal conductivity

up to approximately 1000 K. Further, the reliability of HfN as a transducer is determined by mea-

suring the thermal conductivities of MgO, Al2O3, and diamond at room temperature. The thermore-

flectance coefficient of HfN was found to be 1.4� 10�4 K�1 at 800 nm, one of the highest

thermoreflectance coefficients measured at this standard TDTR probe wavelength. Additionally,

the high absorption of HfN at 400 nm is shown to enable reliable laser heating to elevate the sample

temperature during a measurement, relative to other transducers. Published by AIP Publishing.
https://doi.org/10.1063/1.5006648

Thermoreflectance-based techniques such as time and fre-

quency domain thermoreflectance (TDTR and FDTR, respec-

tively) have emerged as powerful thermometry platforms to

measure and interrogate the thermal properties of a wide range

of bulk materials, nanosystems, and interfaces.1–5 In practice,

a thin metal film transducer is typically deposited on the sur-

face of any material system to be measured with TDTR and/

or FDTR in order to relate the optical reflectivity to a tempera-

ture change,2,6 thereby relating this measured reflectivity to

the thermal properties of interest. In the case of using TDTR

and/or FDTR on a non-metal without the use of a metal film,

the excited carrier density must be deconvolved from the

measured change in reflectivity in order to accurately obtain

the thermoreflectivity and thus the thermal properties of the

material of interest.7 While this process can be relatively

straightforward for well-behaved materials and controlled

environments, as we have demonstrated previously,7 applying

this “transducer-less” TDTR or FDTR approach to non-metals

in extreme environments would be challenging due to

unknowns in the electronic excitation and relaxation proper-

ties and other non-thermal-based reflectivity signals that could

arise. Thus, extending these thermoreflectance-based techni-

ques to accurately interrogate the thermal properties of materi-

als in extreme conditions, such as ultra-high temperatures,

would require the development, characterization, and calibra-

tion of thin metal film transducers that can structurally, chemi-

cally, and optically survive these environments.

However, to date, very little work has been done

using TDTR/FDTR to explore thermal properties at high

temperatures.8,9 This is, in part, due to the limited number of

transducer materials available that can maintain the appropri-

ate characteristics needed at high temperature. Generally

speaking, a good transducer material is the one that exhibits

a high thermoreflectance coefficient at the probe wavelength,

quality substrate adherence, and high thermal conductivity

as not to dominate the thermal resistance driving the

TDTR/FDTR signal during the measurement. Aluminum is

common among metal transducers because of a high ther-

moreflectance coefficient around 800 nm,10 high thermal

conductivity,11 and good substrate adherence. These positive

attributes become limited at higher temperatures, as oxida-

tion of Al is spontaneous and occurs well below the melting

temperature, 660 �C.12 Gold mitigates these issues in that it

is an oxidation resistant and has a melting temperature of

1064 �C.13 However, gold is well known for adherence

issues with other materials, and low absorption at wave-

lengths above 700 nm (Ref. 14) makes higher pump power a

requirement for reliable measurements. An obvious choice

that one may consider is tungsten metal which has a melting

temperature that exceeds that of HfN.11 However, the com-

mon oxide WO2 has a greatly reduced melting temperature

of approximately 1700 �C, making ultra-high temperature

testing almost prohibitively difficult.

In this paper, we demonstrate the viability of hafnium

nitride (HfN) as a transducer material for TDTR/FDTR, par-

ticularly for elevated temperatures, approaching 1000 K.

HfN is an electrically conductive, refractory ceramic mate-

rial with a melting temperature of 3385 �C. Furthermore, the

strong absorption of HfN in the visible region results in

exceptionally high thermoreflectance coefficients at 800 nm,a)Electronic mail: phopkins@virginia.edu

0003-6951/2017/111(15)/151902/5/$30.00 Published by AIP Publishing.111, 151902-1

APPLIED PHYSICS LETTERS 111, 151902 (2017)

https://doi.org/10.1063/1.5006648
https://doi.org/10.1063/1.5006648
https://doi.org/10.1063/1.5006648
mailto:phopkins@virginia.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5006648&domain=pdf&date_stamp=2017-10-09


comparable to three materials such as Al, Ta, and, not sur-

prisingly, TiN,1 with the highest thermoreflectance response

at 800 nm.6 This strong visible absorption also allows for

large temperature perturbations to be induced from the pump

heating event during a TDTR/FDTR experiment, which

opens up the possibility to control the temperature of a sam-

ple being interrogated with TDTR/FDTR using the absorbed

power from the pump. This would alleviate the necessity of

cumbersome sample stages to elevate the temperature of a

material above ambient to measure its thermal properties.

We demonstrate this “laser heating” capability in this work

through the measurements of thermal conductivity of fused

SiO2 substrates with HfN transducers up to �1000 K. We

found 1000 K to be the limiting factor for the HfN/SiO2 sys-

tem due to Hf scavenging oxygen from the SiO2 substrate.

However, with an optimized experimental setup designed

such that we are able to significantly limit reactivity, the

high absorption of HfN at 400 nm to facilitate “laser heating”

combined with a high temperature stage will enable ultra-

high temperature testing where HfN is an ideal transducer.

Thin film HfN samples were grown on c-plane sapphire,

amorphous SiO2, MgO, and diamond substrates via reactive

RF sputtering using a 2-in. hafnium target in a mixed argon/

nitrogen environment. Two different diamond substrates

were used in this study, denoted C100 and C200 for low and

high chemical purity, respectively, purchased from Element

Six (Santa Clara, CA). All substrates were cleaned by a 10-

min sonication in acetone followed by a sequential rinse

with isopropanol and methanol and then dried under UV-

Ozone exposure for 10 min. The growth conditions were

optimized for maximum electrical conductivity of the HfN

grown on c-sapphire, and those conditions were used for

growth on subsequent substrates. Electrical conductivity was

measured using a house made four-point probe setup, and

the film phase and thickness were confirmed via x-ray dif-

fraction and reflection, respectively, using a PANalytical

Empyrean. Film thicknesses for each sample are summarized

in Table I.

The thermal conductivities of substrates SiO2, MgO,

Al2O3, and diamond were determined by using a two-color

TDTR setup, the details of which are described elsewhere.2

In short, and pertinent to the current work, the TDTR system

is centered around a pulsed Ti:Sapphire laser source

(80 MHz, 10.5 nm bandwidth, center wavelength of 800 nm),

which is split into two optical paths, the pump and the probe.

The pump line is electro-optically modulated via a linearly

amplified sinusoid with a frequency of 8.85 MHz and con-

verted to k¼ 400 nm using a BiB3O6 crystal.15 The probe

line passes through a mechanical delay stage, offsetting the

arrival of the probe pulse with respect to the pump up to

5.5 ns. Both the probe and the pump are focused collinearly

on the sample surface with spot radii of 4 lm and 9.5 lm,

respectively. The thermal conductivities were obtained by

fitting our data to a cylindrically symmetric, multi-layer ther-

mal model described in detail elsewhere.1,16,17 For the data

analysis, we assume literature values for the temperature

dependent heat capacities of the HfN transducer,18 as well as

the temperature dependent heat capacity of the substrates.19

As we quantify later, we are relatively insensitive to the ther-

mal conductivity of HfN. We treat the thermal conductivity

of the substrate as an unknown for validation purposes. An

exemplary TDTR scan of HfN on SiO2 and its corresponding

best fit model to determine the thermal conductivity, j, of

SiO2 are shown in Fig. 1.

In order to properly fit the data and solve for the

unknown variables, it is necessary to understand the sensitiv-

ity of each variable with respect to signal output and time.

Figure 2 (top) shows sensitivity curves of -Vin/Vout for the

HfN/SiO2 system. The sensitivity of the TDTR measurement

between 1000 and 5500 ps shows that �Vin/Vout remains sig-

nificant for jSiO2
while becoming insensitive to the thermal

conductivity of the HfN transducer and the thermal boundary

conductance at the transducer/substrate interface. Guided

by this sensitivity analysis, we fit for jSiO2
using �Vin/Vout

between 1000 and 5500 ps. To further quantify this sensitiv-

ity, we conduct a contour plot analysis to determine the

uncertainty associated with the HfN thermal conductivity.

Details of this analysis are described in previous works.20,21

As is clear from the contour plot shown in Fig. 2 (bottom), a

wide range of values for the thermal conductivity of HfN can

produce similar best fit results for the thermal conductivity

of SiO2 within a 95% confidence interval. We note that an

analysis of the TDTR at pump-probe time delays less than

1000 ps suggests that the thermal conductivities of the HfN

films are high enough to fall in this range.

Figure 3 plots the measured thermal conductivities of

each substrate against their literature values using HfN as

the TDTR transducer.17,22–25 From these data, we see the

expected linear relationship that strengthens the hypothe-

sized effectiveness of HfN as a transducer to determine the

thermal properties of materials using TDTR. Note that the

TABLE I. List of substrates with the corresponding HfN film thickness. All

thicknesses have an uncertainty of 62 nm.

Substrate HfN thickness (nm)

Al2O3 72

SiO2 72

MgO 70

Diamond (C200) 65

Diamond (C100) 65 FIG. 1. Plot of the fitted ratio �Vin/Vout for HfN/SiO2. The inset shows the

phase-corrected unfitted data curve.

151902-2 Rost et al. Appl. Phys. Lett. 111, 151902 (2017)



optical penetration depths of HfN at laser wavelengths of

400 nm and 800 nm, calculated from optical constants found in

the literature,26 are 15 nm and 27 nm, respectively. We confirm

that finite optical absorption from the pump does not affect our

measured thermal conductivities by repeating the HfN/SiO2

measurements using a two-tint system (pump and probe wave-

lengths near 800 nm),35 which confirmed reproducibility.

We quantified the thermoreflectance coefficient of the

HfN transducers via6

dR

dT
¼

ffiffiffi
2
p

GQ

 !
V tð Þ
V0

� �
R

DT tð Þ

� �
; (1)

where V(t) is the phase corrected voltage signal recorded

from the lock-in amplifier, V0 is the average DC voltage

measured using the photodetector, R is the optical reflectivity

of HfN near k¼ 800 nm, G¼ 5 is the preamplifier gain, and

Q¼ 10 is the quality factor of the system circuit. DT(t) is the

calculated temperature induced by the pump at time t, which

is detailed elsewhere.4 We calculate dR/dT at t¼ 500 ps and

perform these calculations using both the in-phase and out-

of-phase signals. The results of these two calculations are

then averaged in our reported values.

Using Eq. (1), we determine the magnitude of the thermor-

eflectance coefficient of HfN as jdR=dTjHfN ¼ 1:4� 10�4 K�1

at 800 nm. In order to confirm the reliability of our dR/dT
analysis, we performed the same measurement on Al and

determined jdR=dTjAl ¼ 2:3� 10�4 K�1 to be in good agree-

ment with values found for Al at 785 nm.6 We compare the

thermoreflectance coefficient with those of other materials con-

sidered for TDTR/FDTR transducer applications, measured at

similar wavelengths.6 Figure 4(a) compares the thermoreflec-

tance coefficient of HfN with that of several other transducer

candidates including Ta, Al, TiN, and Au(Pd) as a function of

1-R at 800 nm. HfN is the closest in the magnitude of TiN,

which has a dR/dT of �1.8� 10�4K�1. Previous works27–29

have alluded to the fact that Ta typically exhibits a crystalline

phase less desirable for TDTR applications, requiring addi-

tional steps to acquire the applicable phase, while the low

melting point of Al makes high temperature measurements

impossible. Au(Pd) is still a promising alternative but has a

thermoreflectance coefficient almost an order of magnitude

smaller than that of HfN. Furthermore, the strong absorption

of HfN in the visible region presents a unique advantage of

HfN as a TDTR/FDTR transducer in that large temperature

FIG. 2. Top: Sensitivity curves for �Vin/Vout signals as a function of delay

time between the pump and the probe for the thermal conductivities of HfN

and SiO2 and the thermal boundary conductance at the interface. Between

t¼ 1000 and 5500 ps, it is shown that jSiO2
exhibits the highest sensitivity.

Bottom: Contour plot illustrating the uncertainty of jSiO2
versus jHfN, which

demonstrates that our fits are insensitive to jHfN. Note that for these calcula-

tions, �450 K is allowed as the sample temperature.

FIG. 3. Measured thermal conductivities for SiO2, MgO, and Al2O3 and two

qualities of diamond using a HfN transducer layer as compared to literature

values. The shaded region represents 95% confidence interval.

FIG. 4. Comparison of thermoreflectance coefficients of HfN with other

transducer candidate systems at a probe wavelength of �800 nm for a pump

wavelength of (a) k¼ 800 nm and (b) k¼ 400 nm.6,30–34

151902-3 Rost et al. Appl. Phys. Lett. 111, 151902 (2017)



excursions induced from the pump could be used to elevate the

local temperature of the sample in the measurement volume, if

desirable. As an example of this, Fig. 4(b) plots the thermore-

flectance of the elements shown in Fig. 4(a) as a function of

1-R for 400 nm. At 400 nm, a pump wavelength easily achieved

by doubling the output of a Ti:Sapphire laser, HfN exhibits

larger absorptivity than any other metal previously studied

for TDTR optothermal transduction. This enables the possi-

bility of elevating the sample temperature during a TDTR

measurement using the absorbed energy from the pump. We

discuss this in more detail later.

At this point, HfN appears to be an attractive transducer

candidate to add to the growing number of usable materials

for TDTR/FDTR. To test high temperature capabilities, we

use a Linkam T95 heating stage to systematically increase

the sample temperature under 100 sccm constant Ar flow and

measure the thermal conductivity of both the SiO2 substrate

and the HfN film. Figure 5(a) plots the thermal conductivity

of SiO2 from 300 K to approximately 1000 K, where the

probe signal is lost. We then compare literature values of

SiO2 with those obtained through measurements with the

HfN transducer, demonstrating agreement between thermal

conductivities of our measured SiO2 and literature values,17

further solidifying the use of HfN as a high temperature

TDTR transducer.

The high absorption of HfN at 400 nm gives rise to the

ability for laser-induced heating that is significantly

enhanced compared to that of other typical transducer mate-

rials. For this experiment, the heating stage was kept con-

stant at room temperature, while pump power was increased

incrementally between 10 and 50 mW. The steady-state tem-

perature rise due to laser heating is calculated using the solu-

tion to the radially symmetric heat diffusion equation (HDE)

for a HfN thin film on a semi-infinite SiO2 substrate. In this

approach, we solve the HDE using a surface heat flux bound-

ary condition based on the measured absorbance of HfN and

the measured power and radius of the pump laser.36 Because

the thermal penetration depth due to the modulated heating

that occurs in TDTR is much smaller than that due to the

steady-state heating for the pump and probe radii used, we

can estimate a constant temperature in the depth based on

the surface temperature rise. We note that the thermal con-

ductivity of SiO2 changes with temperature; to account for

this, we solve the HDE using an iterative approach, whereby

we initially determine the temperature rise using room tem-

perature thermal parameters, then adjust these parameters

based on the new temperature, and repeat this process until a

convergence in temperature is reached. Figure 5 shows tem-

perature dependent thermal conductivity values of SiO2 for

direct comparison with those obtained from conventional

heating and literature values. It is found that regardless of

the method, j remains consistent within the uncertainty.

As mentioned previously, the temperature-limiting fac-

tor for HfN is the propensity for Hf to oxidize, resulting in

the loss of TDTR signals. Equilibrium thermodynamic calcu-

lations were performed using FactSage,37 replicating the

conditions of high temperature TDTR measurements for

HfN on SiO2. The following equilibrium phases were deter-

mined as probable given our experimental conditions assum-

ing two situations where oxygen is or is not present within

the experiment atmosphere. It should be noted that no gas-

eous product phases were predicted to exist above the parts

per million (ppm) range.

4HfNðsÞþ3SiO2ðsÞþO2ðgÞ�4HfO2ðsÞþSi3N4ðsÞ; (2)

2HfNðsÞþ2SiO2ðsÞ�2HfO2ðsÞþ2SiðsÞþN2ðgÞ: (3)

Equations (2) and (3) demonstrate that HfN will ulti-

mately oxidize, whether through oxygen contamination of

gas flow or via reaction between the film and the SiO2 sub-

strate. Comparing free energy of oxidation via Ellingham

diagrams,38 it becomes apparent that Hf oxidizes more read-

ily (i.e., has a lower free energy) than Si. This, along with

the FactSage calculations, supports the possibility for the

transducer to scavenge oxygen from the substrate. However,

both Al2O3 and MgO maintain a consistent lower free energy

that HfO2 up to and exceeding 1200 K, respectively. This

provides a possible opportunity for pushing HfN transducers

to much higher temperatures, given the proper substrates.

In summary, we have measured the temperature depen-

dent thermal conductivity of thin film HfN up to 1000 K using

TDTR. Furthermore, we have demonstrated the ability to ele-

vate the sample temperature during a TDTR measurement via

absorbed energy from the pump beam, a mechanism that is

facilitated via the large optical absorption of HfN in the visi-

ble region. Regardless of thermodynamic limitations, we have

added another material to the list of effective transducers for

TDTR, expanding the potential for more thermal measure-

ments in extreme temperature environments.

We acknowledge the financial support from the Office

of Naval Research MURI program (Grant No. N00014-15-1-
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