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Tantalum Nitride (TaN) films carry high heat fluxes in a variety of applications including diffusion

barriers in magnetoresistive random access memory and buffer/absorbers in extreme ultraviolet

masks. The thicknesses of these films are usually of the same order as the thermal energy carrier

mean free path, which complicates the study of heat conduction. This paper presents thermal

(cross-plane) and electrical (in-plane) conductivity measurements on TaN films with thicknesses of

50, 75, and 100 nm. Picosecond thermoreflectance is used to extract the thermal boundary

resistance between TaN and Al and the intrinsic thermal conductivity of TaN for temperatures of

300–700 K. The data and the relative importance of boundary resistances, electron-boundary

scattering, and electron-defect scattering are interpreted using the electrical and thermal transport

data. These data facilitate comparison of the phonon and electron contributions to thermal

conduction in TaN. VC 2011 American Institute of Physics. [doi:10.1063/1.3672098]

Tantalum Nitride (TaN) is common as a diffusion bar-

rier film in magnetoresistive random access memory.1–3

Such diffusion barrier films are essential for preventing inter-

mixing between thin functional films. Recently, TaN has

become the preferred absorber material for EUV masks. This

absorber layer rests on a Ruthenium-capped Mo-Si material

that forms the resonant reflector for EUV light. Both magne-

toresistance random access memory and EUV mask applica-

tions involve high heat flux densities within the TaN layer

and surrounding materials. Accurate thermal property data

are therefore needed for thermal simulation of devices using

this material to ensure they do not succumb to heat-related

damage. Although the electrical properties of TaN are well

cataloged,1 there are few data in the literature on its thermal

properties and essentially no data for the thermal conductiv-

ity of thin films.

This work presents cross-plane electrical conductivity

and picosecond time-domain thermoreflectance (TDTR)

measurements on TaN films from 50 to 100 nm in thickness

(Fig. 1). Using the in-plane electrical conductivity data, we

estimate the electron contribution to TaN thermal conductiv-

ity. Combining this result with the minimum phonon thermal

conductivity of TaN offers an estimate of total in-plane ther-

mal conductivity. The TDTR data includes the thermal

boundary resistance (TBR) between Al and TaN (RAl-TaN)

and the out-of-plane intrinsic thermal conductivity (kTaN).

We compare the measured kTaN with the in-plane kTaN esti-

mate obtained from electrical measurements and minimum

phonon thermal conductivity theory (Fig. 1).

High-temperature TDTR measurements extract the TaN

intrinsic thermal conductivity, as well as the Al-TaN TBRs.

During these measurements, the samples remain housed in

an optical access oven pumped to vacuum. Temperature

ramps are in 100 K increments, with a 15 min hold at each

level before measurement. The TDTR system utilizes a pas-

sively modelocked, 1064 nm, Nd:YVO4 laser with a 9.2 ps

pulsewidth and 82 MHz repetition rate.4 A beamsplitter sepa-

rates the pulse into two components: pump and probe. The

frequency-doubled pump beam, modulated at a frequency of

5 MHz, travels along a fixed path toward the sample. A linear

delay stage controls the path length of the probe beam, man-

aging the temporal offset between the pump and probe

pulses. The probe pulse interrogates the change in reflectivity

of a 50 nm Al transducer, deposited on top of the TaN sam-

ples, as a function of time after the pump pulse. Since the

reflectivity of the top metal film changes linearly with tem-

perature for small temperature rises, the system obtains an

accurate measurement of the normalized temperature decay

of the Al transducer through the underlying materials.5

In determining kTaN using the principle of thickness de-

pendent thermal resistance with samples of varying thickness,

we usually assume the intrinsic film thermal conductivity does

not vary between samples. This analysis neglects any potential

reductions in thermal conductivity due to size effects in the

film. These effects can include increased scattering rates on

film boundaries or on regions of higher imperfection density.

Since the mean free path (MFP) of electrons in TaN can be

�25 nm, such scattering effects may complicate calculation of

FIG. 1. (a) Cross-sectional TEM of Al on TaN on Si. The targeted TaN

thickness is 50 nm. (b) Nanobeam diffraction shows the structure to be a mix

of polycrystalline and amorphous TaN. The diffraction patterns are similar

for all three thicknesses of TaN, implying that average grain size is not

thickness dependent at this scale.a)Electronic mail: ebozorgg@stanford.edu.

0003-6951/2011/99(26)/261906/3/$30.00 VC 2011 American Institute of Physics99, 261906-1

APPLIED PHYSICS LETTERS 99, 261906 (2011)

Downloaded 25 Mar 2012 to 171.67.34.86. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3672098
http://dx.doi.org/10.1063/1.3672098


the cross-plane thermal conductivity of our films.1 Primarily,

the intrinsic thermal conductivity of the 50 nm film may be

lower than that of the 100 nm film due to such effects. As a

result, the thickness-independent solution may lead to inaccur-

acies in the out-of-plane kTaN. It is therefore critical to deter-

mine how size effects modify the thermal behavior of these

films.

In order to account for size effects in electron thermal

conduction, we performed sheet resistance measurements of

the 50 to 100 nm films. These measurements demonstrate

thickness-dependence in the lateral electrical conductivity

(rlat) of the film (Fig. 2). Using line of sight analysis, we

extract, absent of boundary scattering effects and assuming

similar morphology for all samples, the average electron

MFP. For a medium with completely diffuse interfaces, this

relation becomes6

rlat

rbulk

¼ 1� 3

2d

ð1
1

1

n3
� 1

n5

� �
ð1� expð�dnÞÞdn; (1)

where rbulk is bulk TaN electrical conductivity assuming the

same morphology as the thin films and d is the ratio of film

thickness, d, to bulk electron MFP, ke. Fitting Eq. (1) to the

measured thickness dependent in-plane electrical conductiv-

ity for d yields a bulk electron MFP of 30 nm (Fig. 2). Using

a simple Matthiesen’s rule approach ð1k ¼ 1
ke
þ 1

dÞ, this result

indicates that the cross-plane electron thermal conductivity

of the 50 nm film (given by ke ¼ 1
3

Cevf k, where Ce is the vol-

umetric electron heat capacity and vf is the Fermi velocity)

may be 20% less than that of the 100 nm film. Since the mea-

surement temperatures are greater than half the Debye tem-

perature of TaN,7 the Wiedemann-Franz-Lorenz law

provides a reasonable estimate of the electron thermal con-

ductivity. This value ranges from 2.8 to 3.1 W m�1 K�1 for

the 50-100 nm samples.

Since the TaN microstructure consists of a mixture of

both crystalline and amorphous phases,8 minimum thermal

conductivity theory offers a practical estimate of phonon

thermal conductivity (kp,min).9 In this analysis, we assign the

carrier MFP to be equal to interatomic spacing in TaN. The

relation, kp;min ¼ 1
3

Cpvpkp (where Cp is the volumetric heat

capacity,10 vp is the average phonon velocity,10 and kp is the

average phonon MFP calculated from TaN density10), gives

the minimum phonon thermal conductivity. This gives

kp,min� 1.4 W m�1 K�1 at 300 K. By summing the contribu-

tions from both electrons and phonons and assuming

isotropic conduction, we estimate the intrinsic thermal

cross-plane conductivity of TaN at room temperature to be

�4.0–4.3 W m�1 K�1 for the 50-100 nm films.

In order to extract kTaN from our TDTR measurements,

we solve the radially symmetric heat diffusion equation for

conduction through the material stack and fit the solution to

the experimental thermal response data.11,12 Since the mea-

surement for each individual film is only sensitive to the

lumped thermal resistance of the TaN layer and RTaN-Si, we

separate the TaN volumetric resistance from RTaN-Si by

simultaneously fitting the thermal properties of all three sam-

ples to extract an accurate measure of the out-of-plane kTaN.

Since the pump and probe beams in this technique are

roughly 100 times wider than the thickness of the TaN

films, the measurement is insensitive to the in-plane kTaN.

Although it is valid to assume that the TBRs are constant for

all three samples at each temperature, we have shown that

the same assumption is not true for kTaN. We can account for

the size effect by modeling kTaN as a combination of mini-

mum phonon conductivity and thickness-dependent electron

thermal conductivity

kTaNðdÞ ¼ kp;min þ
1

3
Cevf

1

ke
þ 1

d

� ��1

; (2)

where Ce is the electron volumetric heat capacity, vf is the

Fermi velocity, and ke is the electron MFP. We fit for the

product of Ce and vf, obtaining a thickness-dependent result

for kTaN.

Figures 3 and 4 report the results for RAl-TaN and kTaN.

Although the Al-TaN TBR decreases significantly after

being heated, the heating and cooling curves for the TaN

intrinsic thermal conductivity show no significant difference.

This smooth temperature dependence of the thermal conduc-

tivity suggests that TaN is structurally stable up to 700 K. As

Ono et al. demonstrated, a marked increase in the electrical

resistance of a material accompanies increased species diffu-

sion from the surrounding layers.13 This change is due to

increased impurity density in the material of interest, which

reduces electron MFP. Because electrons are a major thermal

energy conductor in TaN, the structural failure of the film

would similarly correspond to a substantial increase in ther-

mal resistance. Given that the measurements show no

FIG. 2. Plot of electrical conductivity ratios between the 50, 75, and 100 nm

TaN thin films. These ratios, in combination with Eq. (1), predict electron

MFP. The above plot shows the best fit result (ke¼ 30 nm).

FIG. 3. Temperature-dependent Al-TaN TBR. The open squares represent

the heating curve, and the closed diamonds represent the cooling curve.

Note that RAl-TaN drops after heating above 600 K, demonstrating an

improvement in interface quality.

261906-2 Bozorg-Grayeli et al. Appl. Phys. Lett. 99, 261906 (2011)

Downloaded 25 Mar 2012 to 171.67.34.86. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



significant drop in out-of-plane kTaN, it can be assumed that

the TaN layer is structurally stable up to 700 K. Further, it is

doubtful that the hysteresis shown in Fig. 3 is due to species

diffusion between Al and TaN, as this typically increases

TBR due to the presence of a disordered material layer.14

Rather, the results imply that interface annealing may reduce

the dislocation density between the two films, lowering the

interfacial carrier scattering rate.

At 300 K, the measured intrinsic thermal conductivity of

TaN ranges from 3.0 to 3.4 W m�1 K�1 for the 50-100 nm

samples, lower than predicted from the Wiedemann-Franz-

Lorenz law and minimum thermal conductivity theory. This

is likely due to the earlier assumptions of isotropic electron

conduction. Lateral electron conduction is less susceptible to

boundary scattering than cross-plane conduction. As a result,

the theoretical prediction of cross-plane conductivity gives a

larger result than observed. This disparity decreases for

thicker TaN films. To account for this, a more rigorous theo-

retical treatment including both electron and phonon conduc-

tion is necessary. This suggests a Boltzmann Transport

approach, which may be excessive in terms of constructing

thermal models for systems containing TaN. For the pur-

poses of creating such models, the data presented in this pa-

per accurately represent the thermal behavior of these films.
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