PHYSICAL REVIEW B 67, 054302 (2003

Thermal conductance of epitaxial interfaces
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The thermal conductance of interfaces between epitaxial TiN and single crystal oxides is measured at
temperatures between 79.4 and 294 K using time-domain thermoreflectance. The analysis method relies on the
ratio of the in-phase and out-of-phase signals of the lock-in amplifier for more accurate data analysis. The
validity of this approach is tested by measurements on 6.5, 11.8, and 25 nm thick thermally oxidizexh SiO
Si. The thermal conductanc& of TiN/MgO(001), TiN/MgO(111), and TiN/ALO3(0001) interfaces are es-
sentially identical and in good agreement with the predictions of lattice dynamics models and the diffuse
mismatch model with a four-atom fcc unit cell. Near room temperai@re,700 M W m 2 K™1 =5 times
larger than the highest values reported previously for any individual interface.
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I. INTRODUCTION characterize the morphology of the crystal surfaces. The sur-
face morphologies consist of atomically flat terraces
The thermal conductance of interfaces plays a critical rol§~1 um wide for MgO and~400 nm wide for A}O3)

in the transport of thermal energy in nanometer-scaleseparated by single-height and multiple-height atomic steps;
devices, composite$,semiconductor superlatticdshin fiim  the step-densities reflect the small miscut of the crystals,
multilayers? and nanocrystalline materiglsThe acoustic- <0.1°.
mismatch and diffuse-mismatch models predict this conduc- \we grow amorphous Sipoxide layers on Si by furnace
tance based on assumptions about the behavior of phonons gty jing: the 6.5 and 11.8 nm Si@lms were grown by
the interface. In the acoustic-mismatch model, phonon trany e ma) oxidation of commercial Si wafers in a clean-room

mission and reflection are calculated from the mass dens'%rnace at UIUC; the 25 nm SiOlayer was grown in the

and anisofropic elas_t|c constants of_matenals; at s_hort WaV&icroelectronics lab at UC Berkeley. The thickness of the
lengths, the calculations must take into consideration the dy-

namics of the lattic. The diffuse-mismatch model, on the SIO; layers is measured by variable-angle spectroscopic el-
other hand, assumes that phonons are randomly and elaszpsometryj We use x-ray reflectivity measurements.to con-
cally scattered at the interface; the transmission coefficient it'™M that TiN deposition does not change the oxide thickness.
given by the ratio of the densities of vibrational states on Velatile contaminants of the SiSi and oxide-crystal
either side of the interface. surfaces are removed by heating the substrates in the UHV
Although these models have greatly advanced understandeposition chamber for an hour at 850 °C. Titanium nitride
ing of thermal transport across interfaces, theory andayers are then deposited by reactive magnetron sputtering at
experiment® are often in poor agreement at elevated tem-850 °C** TiN is a refractory material with low electrical
peratures where the full spectrum of vibrational modes igesistivity p=12.4 ) cm and a metallic gold appearance.
thermally excited. The cause of this disagreement is noAt A =770 nm, the complex index of refraction of TiN s
known. In addition, the scope of the experimental literature=0.55+3.8. The thermoreflectancd R/dT of TiN at A\
is limited and experimentalists have not yet observed the=800 nm is unusually large; measurements of the optical
high or low extremes of conductance predicted by théthy constants by spectroscopic ellipsometry at 300 and 700 K
and have not isolated contributions to heat transport at intergive dR/d T~1.6x 10" % K1,
faces by anharmonicity, electron-phonon coupfihdgnter- The thickness of TiN films is chosen to be4 times the
face disordet? or altered interface bonding.To enhance optical absorption depthy ~1=\/(4k) =16 nm. The thick-
understanding of solid-solid interface thermal conductanceness of TiN deposited on Sjds measured by picosecond
we have measured thermal transport through highly perfecicoustics using an averaged longitudinal speed of sound of
interfaces between epitaxial TiN and single crystal oxides10.3 nm ps?'. Due to the small acoustic mismatch of TiN
Our data closely approach the theoretical predictions and wgnd MgO or ALO,, acoustic echoes are not visible. Instead,
thereby demonstrate the utility of these models for predictingve use electrical sheet resistance and x-ray reflectivity to

interface conductance near room temperature. determine the TiN film thickness on MgO and,® sub-
strates.
Il. EXPERIMENTAL DETAILS X-ray diffraction is used to characterize the texture of the

TiN films. TiN films deposited on amorphous Si@nder our
conditions are polycrystalline and do not show a preferred
Single crystal substrates M@@m1), MgO(111), and orientation. TiN deposited on MgO0l) is epitaxial and

Al,04(0001), are annealed in air at 1400 °Q #bh to re- forms essentially single-crystal TiR01).** (TiN and MgO
move polishing damage. Atomic-force microscopy is used tchave the same NaCl crystal structure and almost identical

A. Sample preparation and characterization
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lattice constantgOn MgQ(111) and ALO3(0001), TiN(111) - _

is aligned epitaxially but with approximately equal popula- V. (1) ;m S(q)expi2wtq/ 1)

tions of the two possible variants of the cubic stacking se- i 9 - , )
quence. Voult)

> D(q)expi2wtq/7)
q=—»®

B. Time-domain thermoreflectance
where 7 is the time between laser pulses. We determine the

method introduced by Paddock and Ee¥l@nd Young and thermal conductiyity of a thin layer or the thermal conduc-
co-workerd® but modify the analysis to take advantage of@nC€ Of an interface by comparing the measured
the extra information in the out-of-phase signal of the lock-inVin(t)/Vou(t) t0 Eq.(1) and optimizing the free parameters.
amplifier’’ Our TDTR measurements use a mode-lockedSiNce the thermal d|ffuspn time across the 16 nm optical
Ti:sapphire laser that produces a series<@f.5 ps pulses at aPsorption depth of the TiN layer is5 ps, fort>50 ps, we

a rate of 80.6 MHz. The laser output is split into a “pump” &N safely assume that the temperature is hom_ogeneous
beam and a “probe” beam whose relative optical paththrough the optical absorption depth of the metal f".m.; and
lengths are adjusted via a mechanical delay stage. The opiferefore,AR=(dR/dT)AT, where AR is the reflectivity

cal design includes a single microscope objective that fochange,dR/dT is the thermoreflectance of TiN, an¥lT is
cuses the beams, collimates the reflected probe beam affte temperature excursion at the surface of the sample.
forms a dark-field microscopy image of the surface of the Lateral heat flow in the thin TiN layer is negligible but
sample on a CCD camet&’® Samples are mounted in a radial heat flow in the_ subst.rate can produce a si.gnificant
LN, cryostat. We use pump and probe beam powers of 6 angerrection to the one-dimensional heat flow calc_ulat|_on, par-
9 mW, wavelength\ =770 nm, and a & beam radius of ticularly atlow temperatures when the thermal diffusivity

~8 um. For TiN, 15% of the energy in each pump pulseOf thf—: substrate is Ia.rge. The main effect of the radial heat
heats the TiN film by=0.5 K at room temperature and3 K flow in the substrate is to redut&, . by a small factorVy,

at 80 K. For the worst case, /D, substrates at room tem- IS mostly controlled by the imaginary part of frequency re-

perature, the steady-state heating of the film surfaceds. ~ SPonse at the modulation frequenay’ (f). To include a
first order correction for radial heat flow in our analysis, we

rotate the complex phase of the substrate contribution to
IIl. DATA ANALYSIS AND THERMAL MODELING AT (f) by the factor exiD/(werf)]. For our experimental
parameters at room temperature, this factor is always small:
In a modulated pump-probe experiment, the differences imwith f~9.8 MHz andDs~1 cm 2 s ! (appropriate for Sj
reflected probe intensity caused by the pump pulse appear tie correction tov,, is ~5%. With MgO and A}O; sub-
the modulation frequency of the pump beam and are exstrates, the correction for radial heat flow<isL% at room
tracted with lock-in detection. Interpretation of the lock-in temperature.
signal as a function of modulation frequerfcand delay time At low temperatures, however, the corrections due to ra-
t between pump and probe is not straightforwirdihe  dial heat flow become significant and we must abandon a
lock-in signal has an in-phase and out-of-phase componestrict reliance on Eq(1). In this low temperature regime, we
V(t)=Vin(t) +iV(t). Typically, only Vi(t) is considered adjust the effusivity of the substrate in the model to fit
in the analysis but the additional information in the out-of-V;,(t)/V,(t) at short delay times~100 ps. This approach
phase signal'*® provides a simple method of correcting for does not alter the determination of thin film thermal conduc-
nonidealities in the experiment: botk;, and V,, are tivity or interface thermal conductance: at low temperatures
changed by the same factor by defocusing of the pump beatthe temperature drop in the substrate makes only a small
and changes in the pump-probe overlap and thereforeontribution to the total thermal response.
Vin()/Vou(t) is @ more robust measurement thép alone. The thermal model needed to analyze a three-l&ayit
For example, intentionally degrading the spatial overlap offilm, interface layer, substrateexperiment contains up to
the pump and probe beams to an extent that reduces thlweven parameters: the thickndsspecific heaC, and ther-
lock-in signals by 50% typically results it5% change in  mal conductivityA of the TiN and interface layers, and the
Vin(1)/Vou(1). effusivity of the substrate. But because the thermal conduc-
To interpretV;,(t)/Vq,(t), we begin with a calculation of tivity of the TiN film is high and the TiN film thickness is
the frequency domain temperature respoAg§e(v) of one- large compared to the thickness of the interface layer, the
dimensional heat flow in a multilayer sample using matrixmodel is sensitive to only three combinations of these param-
methods?® Convolution in the frequency domain gives eters: the total heat capacity per unit angg,C+y , the ther-
mal conductance of the interface lay@r ASiOZ/hSiOZ, and
the effusivity of the substratd C,. We use literature values
S(q)=AT (a/r+f)+AT (g/7—T), for the heat capacities, Refs. 21-24 for Si, TiN, Si@nd
MgO, Al,O,, respectively. We use our previous measure-
ments of the substrate thermal conductivities: Ref. 25 for Si
D(q)=A7(q/m+f)—AT(g/7—f1), and Ref. 26 for MgO and AD;. The thermal conductivity

We apply the time-domain thermoreflectan€EDTR)
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% FIG. 2. Time-domain thermoreflectan€EDTR) data acquired
at room temperature for TiN/SiDSi samples. Data points are la-
- 20 beled by the Si@ thickness. The ratio of the in-phase to out-of-
05 = - phase signals at the 9.8 MHz modulation frequency is plotted as a
20 function of the delay time between pump and probe. The solid
» lines are fits based on Ef) with the thermal conductivity of Si©
as the one free parameter.
0.0 —
10
s film sample, S, continues this trend with increasing film
b) thickness;(iii ) for thicker layers,S,>0, S, becomes inde-
-0.5 L i P pendent oft, and has a maximum value for a film thickness
005 0.1 1 5.0 of ~50 nm.
t (ns)
FIG. 1. Sensitivity parametef&€q. (2)] as a function of delay IV. RESULTS AND DISCUSSION
time. (a) Sensitivity Sg to the thermal conductang@ of the inter-
face for 53 nm TiN/Mg®@111); the curves are labeled by the ther- A. Thermal conductivity of thin SiO,
mal conductance of the interfadé) Sensitivity S, to the thermal
conductivity A of the thin SiQ layer in a 57 nm TiN/SiQ/Si To verify our methods and demonstrate the utility of our

sample; the curves are labeled by the thickness of the Bi@r.  approach for thermal transport measurements for thin films,
o ) we prepared three samples 60 nm thick TiN films on
of TiN is given by the Wiedemann-Franz-Lorenz law andg 5 11.8, and 25.0 nm SiOayers on Si substrates. This

measurements of the electrical resistivy. structure was chosen because the thermal properties of Si

To evaluate the sensitivity of our experiments to the ma- 4 SiQ are well known; and because previous wohas

terial properties we wish to measure, we calculate the Iogaéhown that the thermal conductivity of thick layers of ther-

mgm'gnd derclz\gg\égsofoxig('trzt/(;/r?;tégo\r,vlftgrr:?ﬁicg'Itr(r)1 g?ﬂthgr- mally grown SiQ are essentially identical to the bulk. TDTR
u : ' n P data for these three samples and theoretical fits for room

with respect to the thermal conductivity of the filtx Lo
temperature are shown in Fig. 2.

Vin(t) The thermal conductivities of the thin SjQayers are
In[ Ry, 0] plotted as a function of temperature in Fig. 3. The fitting was
SG:—OU based on the simplest possible model, with three compo-

JInG nents: the TiN film, the Si@layer, and the Si substrate; the
interface thermal resistances are included in the thermal re-
| [_ Vin(t) } sistance of the SiQlayer. Data for the 25 nm thick layer are
Vout(t) in excellent agreement with measurements for Hugio,.
AT JlnA : 2) Data for the 11.8 and 6.5 nm samples are lower. The reduc-

tion in apparent thermal conductivity for the thinner $iO
These parameterS have a complicated dependence onlayers is expected for these ultrathin oxides, due to the ther-
the thermal properties and delay timesee Fig. 1, but we mal resistance of the Si/SjOand TiN/SIG interfaces.
note a few important featureg) for an interface with a large Therefore, we conclude that the use\gf(t)/V,,{(t) in the
thermal conductanceSz<0 and the minimum becomes analysis of TDTR data provides an accurate method for de-
deeper and moves to largewith decreasing@s; (ii) for athin ~ termining the thermal conductan@= A/h of a thin layer.
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FIG. 3. Thermal conductivity of SiQlayers in TiN/SiQ/Si;
data points are labeled by the Si@hickness. The bulk thermal
conductivity of SiQ is shown for comparisofRef. 27, solid ling.

B. Thermal conductance of TINMgO
and TiN/Al,O3 interfaces

We next turn our attention to the thermal conductance of
epitaxial TiN interfaces. We can expect that TiN/M@D1) 50 100 500
interfaces are structurally more perfect than typical metal/ temperature (K)
ceramic interfaces and essentially free of misfit dislocations
and stacking faults. TIN/Mg@11) contains a high density of
stacking faults gt th(nT interface but fevv_ misfit dislopations emperature. The solid line is the DMM prediction for TiN/MgO,
because the lattice mismatch between TiN and MgO is smal he dashed line is the DMM prediction excluding optical modes,

Since the oxygen-oxygen nearest neighbor spacing in thgng the dashed-and-dotted line is the LD calculation of Ref. 6 for
basal plane ofa-Al;O3 (d=0.275 nm) is~8% smaller '—m’=2 scaled bya=0.21 nm and a Debye temperature of 740
than the N-N spacing in Tild11), TiN/Al,03(0001) should K. Data for the conductance of Al/AD,, Ref. 9 (filled squarek
contain large densities of both stacking faults and misfit disand Rh/ALO;, Ref. 8(open squarésare for comparison.
locations.

Example TDTR data and fits are shown in Fig. 4 for TiN/
MgO(111) at three temperatures. Values ferextracted from
the fits to the data are plotted as Fig. 5. Our datefaf TiN

FIG. 5. Thermal conductance of epitaxial TiN/M{IDJ),
TiN/Al ,05(0001), and TiN/Mg@11l) interfaces as a function of

epitaxial interfaces are a factor of5 higher than previous
studie&® of metal/ALO; interfaces aff >80 K. Part of this
difference can be attributed to the higher frequencies of vi-
brational modes in TiN; e.g., the averaged longitudinal speed
of sound® in TiN is 10.3 nm ps?, a factor of~1.6 larger
than Al. But we attribute the bulk of the difference to greater
perfection of the materials; in other words, we believe the
data shown in Fig. 5 represent the intrinsic transport proper-
ties of the interfaces, free from the effects of phonon or
electron scattering by defects in the near-interface regions of
the substrate and filthOur data also approach the high val-
ues of interface thermal conductance that have been observed
in molecular dynamics simulations of Si grain boundatfes.
We compare our experimental results to the predictions of
the diffuse-mismatch modglDMM) and lattice dynamics
TiN/MgO(111) (LD) calculations, see Fig. 5. For DMM calculatiohsye
use a Debye model to describe the phonon densities of states
in TiN and MgO. (Sound velocities for TiN and MgO are
from Refs. 28 and 29.TiN, MgO, and ALO3 have similar
Debye temperatures so the transmission coefficient for
FIG. 4. Time-domain thermoreflectance data for thermal transPhonons in the DMM model is=1/2. The DMM prediction
port across an epitaxial TIN/Mg@LY) interface; data points are 1S ~2 G W m~? K ~*at room temperature, much larger than
labeled by the measurement temperature. The ratio of the in-phadBe data. Since the optical modes of TiN and MgO have
to out-of-phase signals of the lock-in amplifier is plotted as a func-Small group velocities and therefore do not transport heat as
tion of the delay time. The solid lines are fits based on Et) with  efficiently as the acoustic modes, we also consider a DMM
the interface conductand® as the one free parameter. calculation that eliminates 1/2 of the vibrational modes by

30|||| T T T T T

'VinN out

1 Ll 1 Lol 1 -

0.05 0.1 1 5.0
t (ns)
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treating each TiN or MgO molecule as a single unit. Theefficient significantly. Therefore, we are left with two pos-
agreement with the data improves to better than 30%. sible interpretations of these experimental resulisthe in-

The predictions of LD calculations for a model fcc-fcc terface disorder in all samples produces strong phonon
interfacé (also using four atoms per conventional fcc unit scattering at the interface and therefore, all samples satisfy
cell) give almost identical results near room temperature bethe assumptions of the DMM dii) the interface disorder in
cause the increase in the transport created by the larger phall samples is weak and the transmission coefficient is al-
non transmission coeffici¢his compensated by the decreaseways close to unity. Lacking a more quantitative theory of
in thermal transport produced by mode dispersion. Since ththermal conductance, we cannot at this time distinguish be-
acoustic mismatch between TiN and MgO or TiN and@{  tween these two limits.
is small, the transmission coefficient for phonons is nearly
unity. At low temperatures] <150 K, the prediction of the
LD model is a factor of 2 larger than the DMM, reflecting
the factor of 2 difference in transmission coefficients. We thank S. Kodambaka for ellipsometry measurements

Surprisingly, we do not observe significant differences inof TiN and H. Maris for helpful discussions of experimental
G for the three TiN interfaces. In particular, the 8% in-planemethods. This work was supported by DOE Grant No.
lattice mismatch between T{ll11) and ALO;(0001)—and DEFG02-01ER45938 and NSF Grant No. CTS 99-78822.
the interface stacking faults in the TiN/Mg@ll and Sample characterization used the facilities of the Center for
TiN/Al,O; samples—do not modify the thermal transport Microanalysis of Materials which is partially supported by
significantly. Apparently, the additional interface disorder inthe U.S. Dept. of Energy under Grant No. DEFG02-91-
these samples does not change the phonon transmission d&&R45439.
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