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Measurement of thermal conductivity of thin films with a Si-N
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We describe a method of measuring thermal conductivity of films as thin as 15 nm from 2-300 K
and in magnetic fields up to at least 8 T using a silicon-nitride membrane based microcalorimeter.
The thermal transport in the membrane is measured before and after a sample film is deposited on
the membrane. Accurate knowledge of the geometry of the microcalorimeter allows the thermal
conductivity of the sample film to be determined from the difference of these measurements. We
demonstrate the method for two thin film samples, a 16 nm thick Au film and a 200 nm Pb film.
Results are in good agreement with the expected thermal conductivity. Below 10 K, surface
scattering effects in the nitride membrane become important and limit the usefulness of this
technique in some cases. Above 100 K radiative loss becomes important; we describe a method for
correcting for this, taking advantage of its temperature dependen@80® American Institute of
Physics.[DOI: 10.1063/1.1848658

I. INTRODUCTION ment is made using a Si-N membrane microcalorimeter and
. o o is useful for metallic, insulating or superconducting thin
The thermal conductivitk of thin film materials is an  ¢ms We present measurements of a 200 nm Pb film and a
important quantity for both industrial applications and fun-15 nm Ay film in addition to the bare microcalorimeter
damental science which has hlstoncal_ly begn difficult to\hich is dominated byk of Si-N. Above 100 K radiation
measure. Thin films are the major constituent in many modg,nriputions become significant; we present means to deter-
ern technologies where heat flow is critical. For metals, ther—mine this radiation loss. Below 10 K surface phonon scatter-
mal engineering of integrated circuits and other micromasng js important; we discuss results for membranes with dif-
chined devices usually relies on estimateskofalculated  ¢orent surface properties to demonstrate these effects. We

using the Wiedemann-Franz lak/o=L,T, wherea is the 5155 discuss the expected uncertainty and the range of thin
electrical conductivity and_,=2.44x 108 W-Q/K? is a films which can be effectively measured.

constant commonly called the Lorenz number. Measure-

ments ofk as a function ofT allow investigation of devia-

tions from this behavior, which is not only of practical im- |I. PRINCIPLE OF MEASUREMENT
portance but also provides information about electron-
phonon scattering and the contribution of phonons to thermal
conductivity. For insulating thin films, the Wiedemann-Franz

law does not apply, and values kinust be measured. Bulk > ) .
tivity measurements. It consists of a 1 & cm single

values ofk are often used, if they are known, though many tal sil ¢ hich ; 200 thick
insulating materials either cannot be made in bulk form orctystal stlicon frame which sSupports a nm tnick,

have not been thermally characterized. In additiomften 0.5 cmx 0.5 cm square low-stress amorphous Si-N mem-

. . : : hich is grown by low-pressure chemical vapor depo-
depends on microstrucure and preparation technique, makng"_"ne w — A .
the use of bulk values for thin films questionable. Several tion (LPCVD) at~835 °C. Thin-film Pt heaters and Pt and

methods for measuring for films of various thicknesses f'imorphou_s niobium_-silicon thermometers are vapor depos-
have been reported These techniques are all either lim- ited and lithographically patterned on the central 0.25 cm

ited in temperature range, measure thicker films, or ignoré< 0'.25. cm square area O.f the membrang. The top-view sche-
effects of radiation matic inset in Fig. 1 indicates the location of the Pt heater

I this article we describe a technique for measukirg and the thermometers. The microcalorimeters used for this

films between 10 and 200 nm thick, at temperatures frorg.udy.incorporate a Siayer betvyeen the Si wafer and the
2-300 K and in magnetic fields as large as 8 T. The measur oI-N film to lower the stray cgpaC|tanc§ bgtween the Pt leads
and heater and ground. This layer is either af.5 um
LPCVD SiG; film grown at=350 °C(commonly referred to
dCurrent address: National Institute of Standards and Techn_ology, _32@5 low-temperature oxide, LT®r an=600 nm thermal ox-
g;?nel‘(dévgguld'\é'fmsf;;’o& Boulder, CO  80305; electronic  mail: jge |ayer, which is grown by oxidizing the silicon surface at
P’Current address: University of Geneva, Dept. of Condensed Matter Phys%000 OC_' The thICk, LTO f||m often forms Wlth VQIdS _and
CH-1211 Geneva 4, Switzerland. some thickness variation, while the thermal oxide is typically

®Current address: Dept. of Physics, UC Berkeley, CA 94720-7300. of higher quality, with less variation in thickness. The oxide

The microcalorimeter, originally used to measure the
eat capacity of thin films and described in detail
elsewheré?*®requires no modification for thermal conduc-
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804 y ' ' ' ' ' ] and we replace the averag€,(T,T,)) =K (T,+AT/2), giv-
a) T ing the thermal conductance as a function of a single tem-
[ R Si' perature.
Q 60- - K, has contributions from the Pt lead&,, and the Si-N
= 50 membraneKg;.n. TO measurk we deposit the sample film
; on the entire back of the membrane. This adds another con-
3 40+ Thermometers tribution, K to the thermal link so thaKea& Ksi.nt Kpt
\¢ 304 /{1 Heeter)\ . +K=K,+K, Kg is then determined by subtractimg, from
=! = the total thermal conductance after sample deposil@gs
207 K = f % si Above 100 K, where radiation contributions become signifi-
10+ j a Membrane Thermal - cant, and below 10 K, where surface scattering affects ther-
" ¥ oo o o - Conducton Layeg mal transport in the membrani€, may not be determined by
[ ' ' L ' R this simple subtraction. These more complicated cases are
b) -"" - discussed below.
0'35_’ ) T OnceKg is measured the sample’s thermal conductivity
0.30} kg, - NbSi - ks may be determined using the geometry of the microcalo-
G poon] L rimeter. Since the temperature gradient through the
| T ~200 nm thickness of the membrane is small compared to
g 020} 1T _g§ [ PtHeater, | the gradients in the lateral dimensions of the microcalorim-
§ o015l \ x ‘ eter the system is essentially two-dimensional so that
= 015 M 725 , 1 =K,/ at, wherea is a 24d geometry factor antlis the sample
~ o410 # g | film thickness. This assumption is good as long as thermal
0.05] ~oT Thermal// . TN 1 b_oundary resistances between the thin-film layers are negli-
[ f Conduction SI-N MSmbran gible. When the central heater/thermometer area is isother-
0.00 T . el mal, @=10.33" Simulations of the microcalorimeter pre-
0 4 8 12 16 20 24 28 32 sented elsewhet? calculate deviation from this behavior

FIG. 1. () KjheasWith the 200 nm Pb film deposite# of this rather thick

film is very large compared t&,, which is barely visible above the tem-
perature axis. Insets are side-view schematics of the calorimeter before and
after sample deposition(b) kpp, in both superconductingzero field and

T(K)

when the thermal conductivity of the membrane/sample re-
gion is not<< than that of the central area. The results set a
limit on the technique as will be discussed below.

We have previously shown experimentally that applied
magnetic fields have<1% effect onK, up to at least 8 T°

normal (one tesla states. Inset is a top view schematic of the calorimeter. Determining the field dependence of a filrksfrom a series

of Kiheasmeasurements in different steady-state applied fields

is removed from the membrane after it is formed by etchingherefore requires only one measuremenkgin zero field.
L H 5

the Si-N affects the properties of the nitride surface on whicHneéasurable magnetoresistance below 6 knd must be

samples are depositédin order to keep the heater and ther- calibrated for each measurement field at [dw

mometers isothermal, a 0.25 ¢n®0.25 cm thermal conduc-
tion layer (typically 200-400 nm of Ag, Au, Cu, or Alis

deposited on the back of the membrane through a micromd?- Surface scattering

chined shadow mask held within 2&n of the membrane.

As T drops, scattering of phonons is less frequent and

The Si-N membrane and Pt leads form a small thermathe mean-free path increases. As the mean-free path ap-
link from the central area of the membrane to the Si frameproaches the thickness of the membrane, scattering of

We measure the conductance of this thermal kgkby ap-

phonons from the membrane surface alters the thermal trans-

plying a small amount of heating powét by causing a port. If this scattering is specular the mean-free path contin-

known current to flow in the heater. When thermal equilib-ues to grow as temperature drops. When surface scattering is
rium is reached, the thermal conduction layer, heater, andiffuse, the mean-free path and the thermal conductance are
thermometers are a,+AT, while the silicon frame remains reduced. Measurements presented elsewhere suggest that be-
at T,. At this point the change in the resistance of the therdiow 10 K Si-N membranes grown on thermal oxide under-
mometer,AR=R(T,+AT)-R(T,), is measuredAR is con- layers allow specular scattering while the scattering in mem-
verted to temperature an¥iT determined using a calibration branes grown on LTO is predominantly diffule.
of the thermometer obtained by measuriRgat each tem- Several authors have reported that a change from specu-
peratureT,,. lar to diffuse scattering can occur when particles or films are
Below 100 K the heating power is related to the steady-deposited on clean surfacEs®when this occurs at the Si-N
stateAT by P=(K,(T,To))AT. Here(K4(T,T,)) is the aver- membrane surface, the contributions to the thermal conduc-
age thermal conductance of the link over the temperaturéance are not simply additive so that subtractidg from
range(T,, To+AT). K,(T) is determined from this average Keasgives an artificially reduced value fit. We discuss
with a two-variable fit. In practice we find thét, is close to  the consequences of these surface scattering effects for low
linear over the small values &T (typically 1-10 % ofT,)  temperature measurementskgfbelow.
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B. Radiative contributions Si-N coated Si substrates which were used for profilometry,
For T>100 K the radiation contributions are significant electrical resistivity, and x-ray diffraction measurements. The

and become particularly important when the addition of thethickness of the Pb/Ge layer was measured by profilometry

sample film changes the optical properties of the device. After depositing a 20 nm thick Ag film to prevent the profilo-

first order estimate of the radiation correction begins by addMeter stylus from dragging through the soft Pb. The Pb

ing terms for the emission of radiation from the heated aredilm's x-ray diffraction pattern is typical of &111)-textured

of the calorimeter and absorption of radiation from the envi-Polycrystalline fcc film with average crystallite size

4 measured using a standard four lead technique using a
P = (Keond T. TO)AT + Aggrea] (To + AT)* = T], (D) 3 mmx1cm strip broken from a larger substrate. Results

where ¢=5.67x 102 W/cnPK* is the Stefan-Boltzmann are as expected for a bulk polycrystalline Pb filfgjs 7.2 K
constantAs; and e are the effective area and emissivity of andp approaches the impurity-dominated regime just above
the heated surfaces, anB,=KsintKp iS the non-  Tc with p,~0.7 u)—cm and residual resistivity ratie-27,
radiative contribution. Using a Taylor expansion fiég,,q  indicating a reasonably pure film.
and taking terms up toAT gives P/AT=K ndTo) The thickness of the Au film was determined by low-
+4AeaTs, indicating that radiation adds B term to the —angle x-ray reflectometry and the measured with a four
quantity measured at low T. One method for removing thdead technique on a photolithographically patterned film. It is
radiation term is to assume that at highK[,,q does not important to note that 16.3 nm is an average thickness deter-
contain T® terms. We fitP/AT=K above 100 K toK=a, mined from interference fringes in the low-angle x-ray scan,
+a,T+a,T%, calculateAre=a,/40 and subtract Azec TS and that the roughness of this film is likely of the same order
from K at all T. This method is relatively simple and effec- of magnitude as the thickness. As is often the case in such
tive as long af\T is small andKp, andKg;.y do not contain  thin metal films® p is dominated by transport through the
T3 terms above 100 K. thinner areas of the film, causing high residual resistivity,
Though calculating\e€ is sufficient to remove radiation po=7.32u€)—cm (p reachesp, at ~15 K), and dp/JT ap-
losses and determinK_.,,, determininge requires some proximately 2< higher than for bulk Au.
knowledge ofA.; This is complicated due to the different The microcalorimeter is cooled in a sample-in-vacuum
optical properties of different elements of the nonuniformly *He cryostat which is operated either in a storage dewar or in
heated membrane. We can make a simple estimatgqofy ~ the bore of a superconducting magnet. The temperature of
assuming thate of the Si-N surfaces is>e of the metal the sample stage, to which the microcalorimeter is attached
surface of the conduction layer, ignoring the relatively smallwith grease and a clamp, is monitored with a calibrated
surface area of the Pt leads and heater and assuming thékeshore Cernox sensor and measurements of the micro-
central area is isothermal &L+ AT. In this case radiation is calorimeter’s thermometers are made with a lock-in amplifier
emitted from the top surface of the 0.25 &r.25 cm cen- and an ac resistance bridge described in detail elsewhere.
tral area and the top and bottom surfaces of the membrane
border which supports the temperature gradient. To further
simplify we approximate the radiation from the border with IV. RESULTS AND DISCUSSION

radiation from a border isothermal §B+AT with an area Figure Ia) ShowsKmeanrom 2-30 K after deposition of
. . i 17

scaled by the ratio of its average heatingAd." These  the 200 nm thick Pb filmK, is also shown in this tempera-

approximations givée;=0.219 crd. ture range, thougk,.,=> 10X K,. Data in the normal state

A more general approach to correcting radiation l0s§s obtained by applying a one tesla magnetic field which is
where P is allowed to haveAT? terms could be useful in el aboveH, for Pb. Figure 1b) shows thermal conductiv-
some cases and is described elsewfi&@nce the radiation ity for the Pb film, ke, versusT. The error bars ork are
contributions are determined both before and after Samplaiscussed below. As expectkﬂ)is exponentia”y Suppressed
film deposition K is given by in the superconducting state, and roughly linear in the nor-

Ko = [Kieas— 40°€ Ane T3]~ [Kq — AoeAg T2, 2) mal stgte. A linear fit to the normal state data belfvgives
an estimate of the electron mean free path,3k/yTvg
~37.5 nm, where is the Fermi velocity and the density
of electron states for PH. is comparable to the estimate of
the crystallite size 56 nm, determined from the x-ray line-
width. The dashed line shows the prediction of the
Wiedemann-Franz lavk,-=LT/p, wherep is the measured
electrical resistivity of the Pb filmkye in the normal state

We first thermally evaporated a 300 nm Cu conductionwas calculated assumingr p, below T.. The uncertainty on
layer on the central area of several microcalorimeters fronkyr is ~9% and is dominated by the uncertainty of the ge-
the same wafer. We then thermally evaporated two samplemetry of the resistivity sample. The curves are within error
films, a 200 nm thick Pb filmwith a thin Ge underlayer bars from 2 to 30 K.
which promotes growth of a flatter, continuous Pb jilamd Figure 2a) showsK,.,sfrom 2—300 K after deposition
a 16.3 nm thick Au film, at base pressures of #0°° Torror ~ of the 16.3 nm Au film. AgainK, is shown. HereK, is
lower simultaneously onto the microcalorimeters and severad=40% of K casat high T and =70% at low T. Note the

where €' Ajz=a,/40 are the values after deposition of the
sample film which can significantly alter the emissivity of
the bottom surface of the membrane.

IIl. EXPERIMENT
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FIG. 3. Plot of the product of sample film thickness and sample thermal
conductivity, kt, vs T. Solid contour lines show required values for esti-
mated relative error ofiks to be 0.03, 0.05, 0.10, and 0.20. Dashed lines
indicate conditions where estimate of error depends on details of the micro-
calorimeter or sample due to surface scattefiogv T, low k) or sample
emissivity (T>100 K). Symbols indicate measured values for the Pb and

Au films.

k (mW/cm K)

200

labeledK] is the thermal conductance determined us{agy
from a membrane grown on an LTO underlayer, where sur-
face scattering is predominately diffuse. Subtractgpro-
vides an estimate of the true contribution of the sample film.

Figure 2b) is a plot of the thermal conductivity of the
Au film ka,. Bulk Au typically has a constantk
=3 W/cmK from ~80-300 K, and a peak below 20 %X.
Our ka, is =4X lower than bulk values, almost certainly

_ > SC from the same geometric effects of film roughness which

the membrane grown on thermal oxide , whig is measured for a mem- . . .
brane grown on LTO which is dominated by diffuse scatteribyks, vsT ~ 'NCI€aS€po and dp/dT. ka, is also roughly linear above

from 10-300 K. The dashed line is the prediction of the Wiedemann-Franz~15 K, suggesting it is dominated by electrons, with a
law. ky, is =4 lower thank,, at 300 K and shows roughly linear depen- weakly temperature-dependent mean-free path. Here a linear
dence forT>15 K. Inset:k,, obtained usind<, andK, fit gives €=3k/yweT~=9.5 nm. This is roughly half the mea-
sured average thickness of the film, which is consistent with

upturn of K, above~=150 K which is the signature of the a geometrical origin of the suppresskednd p. The dashed
radiation term with itsT® dependence, as well as the muchline showsky for the Au film. Here the photolithographi-
smaller upturn inK,..s The estimated emissivity fdk, is  cally patterned resistivity sample gives smaller uncertainty in
€=0.04+0.006(using Ac=0.219 cm). After deposition of geometry and~5% uncertainty irkye. The two curves are
the Au sample the radiation contribution is much smaller;within error bars above 50 K, giving additional evidence that
e*A;ﬁz €A/ 8. Radiation-corrected values appear in Fig.the film roughness has a similar effect on b&tand p. The
2(a) as solid lines.Kp,, calculated from the Wiedemann- slight reduction irk with respect tdg is consistent with the
Franz law using the measuredof the platinum heater, is suppression dk with respect tar often seen in metals below
shown as a dashed line. Subtraction of the radiation term an@p (165 K for bulk Au). The inset in Fig. &) showsk,, at
Kpi from K, gives Kg;.y andKg;.y. The results presented in low T on a log-log plot. The result obtained using the specu-
another publicatiol{ are similar tok of many glassy solids lar scattering-dominated, appears as a dotted line. The
and agree well with other published values #8i-N films.  solid line is the estimate df,, obtained by subtractiné/

The inset of Fig. a) is a low-T log-log plot ofK,.as@Nd  which is dominated by diffuse scattering as described above,
K, which shows the effect of surface scattering. The dottecand the dashed line is the prediction of the Wiedemann-Franz
line labeledK, is the data measured on this microcalorimeterlaw. The diffuse-scattering estimation shows much better
before deposition of the Au sample film. This membrane wasgreement with the Wiedemann-Franz law, supporting our
deposited on a thermal oxide underlayer, causing speculanterpretation of the surface scattering effects.
scattering of phonons as described above. After deposition of  Figure 3 is a plot of the product of sample film thermal
the Au film, the surface scattering is at least partlyconductivity and film thicknesskt versusT. The contour
diffuse*° reducing the contribution of the membrane from lines on this plot are calculated valueskgf required for the
the value measured with no sample. As a re8ul K .as  €rror onkg to be 3%, 5%, 10%, and 20%. The dashed lines
—-K,, with this subtraction giving a potentially large underes-shown above 100 K and below 10 K are the radiation and
timation of the contribution of the sample. The solid line surface scattering regions where the estimation of error de-

150 200 250 300
T (K)

FIG. 2. (a) K, vs T shown withK.safter deposition of the thin Au film.
Subtracting the radiation termi§ q,=40eAgTe and Kg a=40€ Ay Te
gives K ong shown with solid linesKp, is shown by a dotted line. Inset: a
low T log-log plot shows the effects of surface scatteriigis measured for

100
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pends on sample emissivity and surface properties of bothuxtable, and M. van der Burch for valuable discussions and
the sample and the nitride membrane. Below 100 K theother contributions, and the N§SPMR 9705300 and DMR
lower kst contour lines are set by the 1% uncertainty in mea-0203907, UCDRD at LANL, and the Swiss National Fund
surement oK,, andK.osand the 2% uncertainty in Above  for Scientific Research for providing funding for this work.
100 K the uncertainty in determining and € (which de-
pends on the optical properties of the sample Yfilensignifi- 'D. G. Cahill, H. E. Fischer, T. Klitsner, E. T. Swartz, and R. O. Pohl, J.
cant. Below 10 K the dashed lines are calculated assumingVYac: Sci- Technol. A7, 1259(1989.
Ks=Kmeas Ka, Which we expect for surface scattering that is D. G. Cahill, Rev. Sci. Instrum61, 802(1990.

s tmeas trar TT p 9 3D. G. Cahill, W. K. Ford, K. E. Goodson, G. D. Mahan, A. Majumdar, H.
predominantly diffuse. When measurement&gfbelow 10 J. Maris, R. Merlin, and S. R. Phillpot, J. Appl. Phy@3, 793(2003.
K are consistent with specular scattering, larger valudgtof ~ *U. Bemini, S. Lettieri, P. Maddalena, R. Vitiello, and G. D. Francia, J.
are required=~0.1 uW/K or greatey to avoid large uncer- _Phys: C_ﬁ_”dens; Mattet3, 1_145(2003- . " . Aol P
tainties due to surface scattering effects. The best way to'\A"_' ,\';I'a?err' IS(?I Iszt(;us’s’;ligi((IZ?Oa;n, and U. Willamowski, Appl. Phys.
eliminate surface scattering effects as a source of uncertaintys. moon, M. Hatano, M. Lee, and C. P. Grigoropoulos, Int. J. Heat Mass
is to measure a series of films of different thicknessés. Transfer 45, 2439(2002.

will scale with thickness if it is a meaningful measurement of K. E. Goodson, Mécl)' Fggé)L- T. Su, and D. A. Antoniadis, IEEE Electron
. . Device Lett. 14, 490 (1 .

film properties. _ _®3.0. Willis and D. M. Ginsberg, Phys. Rev. B4, 1916(1976).

The uppekd limits are set by the requirement for main- 9a jrace and P. M. Sarro, Sens. Actuators 76, 323 (1999.

taining thermal equilibrium in the central heater and ther-'°E. Jansen and E. Obermeier, J. Micromech. Microesgl18(1996).
mometer area. As described in detail elsewhere=10.33  "'W. Holmes, J. M. Gildemeister, P. L. Richards, and V. Kotsubo, Appl.

. . X . Phys. Lett. 72, 2250(1998.
holds while the temperature.gradlent IS Conflne.d to the areﬁD. W. Denlinger, E. N. Abarra, K. Allen, P. W. Rooney, M. T. Messer, S.
between the central conduction layer and the Si framekAS ¢ \watson. and E. Hellman. Rev. Sci. Instru®s 946(1994.

or t for the sample film increasdselative tokt for the 300  *B. Revaz, B. L. Zink, D. O'Neil, L. Hull, and F. Hellman, Rev. Sci.
nm Cu conduction laygrthe temperature gradient across the1 Instrum. 74, 4389(2003.

. ) . 4 ; i
conduction layer grows and is reduced, leading to system- B L- Zink and F. Hellman, Solid State Commu29, 199(2004).

. . : . . . B. L. Zink, B. Revaz, R. Sappey, and F. Hellman, Rev. Sci. Instrid®3).
atic underestimation dfs which is calculated in Ref. 13. 1841 (2002.

Measured values okg for the Pb (superconducting :°T. kiitsner, J. E. VanCleve, H. E. Fischer, and R. O. Pohl, Phys. Rev. B
statg and Au films are also plotted in Fig. 3. The two films _ 38 7576(1988.

. . . . .17 f
span the range of thin films which can be measured with this f we bfeattt;‘ig‘izb’age *?Or:‘t’erd'”to equal Sq‘?fiﬁ;ﬁ r?re f°‘fr§°mer
. . - quares at=T, and eight edge squares=af, . The scale
teChmque' Figure 3 also suggests that our technlque has gooérea of the border is then five squares, with both top and bottom surfaces

potential for measuring for a range of metal films frpm 20 giving 10 squares. The top surface of the isothermal central area adds four
to 100 nm thick. To our knowledge no comprehensive study squares, scAg;=14x0.125 cmx 0.125 cm=0.219 cfh Note that this

of k(T) for such thin metal films exists, although evidence calculation only affects the determination ef not the productAgge,
exists that the Wiedemann-Franz law is obeyed at least inwhich is all that is required to subtract the radiation contribution from the
o 122 ) measured thermal link.

“m'_tEd case$!? Films such as amorphous semiconductorsisg | zink, Ph. D. thesis, University of California, San Die@002.
typically havek~5-50x 10% W/cmK at 5 K. Our method  *°S. B. Amason, S. P. Herschfield, and A. F. Hebard, Phys. Rev. Bait.

could measure 60—600 nm thick films in this range with un-203936(19959-II . | 4. edsThermal Cond ' |
; R. L. Powell and W. A. Blanpied, edsThermal Conductivity of Metals
0
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