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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 dependence. ©2005 American Institute of
Physics.[DOI: 10.1063/1.1848658]

I. INTRODUCTION

The thermal conductivityk of thin film materials is an
important quantity for both industrial applications and fun-
damental science which has historically been difficult to
measure. Thin films are the major constituent in many mod-
ern technologies where heat flow is critical. For metals, ther-
mal engineering of integrated circuits and other microma-
chined devices usually relies on estimates ofk calculated
using the Wiedemann-Franz lawk/s=LoT, wheres is the
electrical conductivity andLo=2.44310−8 W−V /K2 is a
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-
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 ofk must be measured. Bulk
values ofk are often used, if they are known, though many
insulating materials either cannot be made in bulk form or
have not been thermally characterized. In addition,k often
depends on microstrucure and preparation technique, making
the use of bulk values for thin films questionable. Several
methods for measuringk for films of various thicknesses
have been reported.1–11 These techniques are all either lim-
ited in temperature range, measure thicker films, or ignore
effects of radiation.

In this article we describe a technique for measuringk of
films between 10 and 200 nm thick, at temperatures from
2–300 K and in magnetic fields as large as 8 T. The measure-

ment is made using a Si-N membrane microcalorimeter and
is useful for metallic, insulating or superconducting thin
films. We present measurements of a 200 nm Pb film and a
16 nm Au film in addition to the bare microcalorimeter
which is dominated byk of Si-N. Above 100 K radiation
contributions become significant; we present means to deter-
mine this radiation loss. Below 10 K surface phonon scatter-
ing is important; we discuss results for membranes with dif-
ferent surface properties to demonstrate these effects. We
also discuss the expected uncertainty and the range of thin
films which can be effectively measured.

II. PRINCIPLE OF MEASUREMENT

The microcalorimeter, originally used to measure the
heat capacity of thin films and described in detail
elsewhere,12,13 requires no modification for thermal conduc-
tivity measurements. It consists of a 1 cm31 cm single
crystal silicon frame which supports a 200 nm thick,
0.5 cm30.5 cm square low-stress amorphous Si-N mem-
brane which is grown by low-pressure chemical vapor depo-
sition (LPCVD) at <835 °C. Thin-film Pt heaters and Pt and
amorphous niobium-silicon thermometers are vapor depos-
ited and lithographically patterned on the central 0.25 cm
30.25 cm square area of the membrane. The top-view sche-
matic inset in Fig. 1 indicates the location of the Pt heater
and the thermometers. The microcalorimeters used for this
study incorporate a SiO2 layer between the Si wafer and the
Si-N film to lower the stray capacitance between the Pt leads
and heater and ground. This layer is either an<1.5 mm
LPCVD SiO2 film grown at<350 °C(commonly referred to
as low-temperature oxide, LTO) or an<600 nm thermal ox-
ide layer, which is grown by oxidizing the silicon surface at
1000 °C. The thick LTO film often forms with voids and
some thickness variation, while the thermal oxide is typically
of higher quality, with less variation in thickness. The oxide
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is removed from the membrane after it is formed by etching
the Si wafer in KOH, but its presence during the growth of
the Si-N affects the properties of the nitride surface on which
samples are deposited.14 In order to keep the heater and ther-
mometers isothermal, a 0.25 cm30.25 cm thermal conduc-
tion layer (typically 200–400 nm of Ag, Au, Cu, or Al) is
deposited on the back of the membrane through a microma-
chined shadow mask held within 25µm of the membrane.

The Si-N membrane and Pt leads form a small thermal
link from the central area of the membrane to the Si frame.
We measure the conductance of this thermal linkKa by ap-
plying a small amount of heating powerP by causing a
known current to flow in the heater. When thermal equilib-
rium is reached, the thermal conduction layer, heater, and
thermometers are atTo+DT, while the silicon frame remains
at To. At this point the change in the resistance of the ther-
mometer,DR=RsTo+DTd−RsTod, is measured.DR is con-
verted to temperature andDT determined using a calibration
of the thermometer obtained by measuringR at each tem-
peratureTo.

Below 100 K the heating power is related to the steady-
stateDT by P=kKasT,TodlDT. Here kKasT,Todl is the aver-
age thermal conductance of the link over the temperature
range sTo,To+DTd. KasTd is determined from this average
with a two-variable fit. In practice we find thatKa is close to
linear over the small values ofDT (typically 1–10 % ofTo)

and we replace the averagekKasT,Todl>KasTo+DT/2d, giv-
ing the thermal conductance as a function of a single tem-
perature.

Ka has contributions from the Pt leads,KPt, and the Si-N
membrane,KSi-N. To measurek we deposit the sample film
on the entire back of the membrane. This adds another con-
tribution, Ks to the thermal link so thatKmeas=KSi-N+KPt

+Ks=Ka+Ks. Ks is then determined by subtractingKa from
the total thermal conductance after sample deposition,Kmeas.
Above 100 K, where radiation contributions become signifi-
cant, and below 10 K, where surface scattering affects ther-
mal transport in the membrane,Ks may not be determined by
this simple subtraction. These more complicated cases are
discussed below.

OnceKs is measured the sample’s thermal conductivity
ks may be determined using the geometry of the microcalo-
rimeter. Since the temperature gradient through the
<200 nm thickness of the membrane is small compared to
the gradients in the lateral dimensions of the microcalorim-
eter the system is essentially two-dimensional so thatks

=Ks/at, wherea is a 2-d geometry factor andt is the sample
film thickness. This assumption is good as long as thermal
boundary resistances between the thin-film layers are negli-
gible. When the central heater/thermometer area is isother-
mal, a=10.33.13 Simulations of the microcalorimeter pre-
sented elsewhere13 calculate deviation from this behavior
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 onKa up to at least 8 T.15

Determining the field dependence of a film’sks from a series
of Kmeasmeasurements in different steady-state applied fields
therefore requires only one measurement ofKa in zero field.
The niobium-silicon low temperature thermometers do show
measurable magnetoresistance below 6 K,15 and must be
calibrated for each measurement field at lowT.

A. Surface scattering

As T drops, scattering of phonons is less frequent and
the mean-free path increases. As the mean-free path ap-
proaches the thickness of the membrane, scattering of
phonons from the membrane surface alters the thermal trans-
port. If this scattering is specular the mean-free path contin-
ues to grow as temperature drops. When surface scattering is
diffuse, the mean-free path and the thermal conductance are
reduced. Measurements presented elsewhere suggest that be-
low 10 K Si-N membranes grown on thermal oxide under-
layers allow specular scattering while the scattering in mem-
branes grown on LTO is predominantly diffuse.14

Several authors have reported that a change from specu-
lar to diffuse scattering can occur when particles or films are
deposited on clean surfaces.11,16When this occurs at the Si-N
membrane surface, the contributions to the thermal conduc-
tance are not simply additive so that subtractingKa from
Kmeasgives an artificially reduced value forKs. We discuss
the consequences of these surface scattering effects for low
temperature measurements ofks below.

FIG. 1. (a) Kmeaswith the 200 nm Pb film deposited.Ks of this rather thick
film is very large compared toKa, which is barely visible above the tem-
perature axis. Insets are side-view schematics of the calorimeter before and
after sample deposition.(b) kPb in both superconducting(zero field) and
normal (one tesla) states. Inset is a top view schematic of the calorimeter.
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B. Radiative contributions

For T.100 K the radiation contributions are significant
and become particularly important when the addition of the
sample film changes the optical properties of the device. A
first order estimate of the radiation correction begins by add-
ing terms for the emission of radiation from the heated area
of the calorimeter and absorption of radiation from the envi-
ronment(kept atTo by a radiation shield) so that

P = kKcondsT,TodlDT + AeffesfsTo + DTd4 − To
4g, s1d

where s=5.67310−12 W/cm2K4 is the Stefan-Boltzmann
constant,Aeff and e are the effective area and emissivity of
the heated surfaces, andKcond=KSi-N+KPt is the non-
radiative contribution. Using a Taylor expansion forKcond

and taking terms up toDT gives P/DT>KcondsTod
+4AeffesTo

3, indicating that radiation adds aT3 term to the
quantity measured at low T. One method for removing the
radiation term is to assume that at high TKcond does not
contain T3 terms. We fitP/DT=K above 100 K toK=a0

+a1T+a2T
3, calculateAeffe=a2/4s and subtract 4AeffesT3

from K at all T. This method is relatively simple and effec-
tive as long asDT is small andKPt andKSi-N do not contain
T3 terms above 100 K.

Though calculatingAeffe is sufficient to remove radiation
losses and determineKcond, determininge requires some
knowledge ofAeff. This is complicated due to the different
optical properties of different elements of the nonuniformly
heated membrane. We can make a simple estimate ofAeff by
assuming thate of the Si-N surfaces is@e of the metal
surface of the conduction layer, ignoring the relatively small
surface area of the Pt leads and heater and assuming the
central area is isothermal atTo+DT. In this case radiation is
emitted from the top surface of the 0.25 cm30.25 cm cen-
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
radiation from a border isothermal atTo+DT with an area
scaled by the ratio of its average heating toDT.17 These
approximations giveAeff=0.219 cm2.

A more general approach to correcting radiation loss
where P is allowed to haveDT2 terms could be useful in
some cases and is described elsewhere.18 Once the radiation
contributions are determined both before and after sample
film deposition,Ks is given by

Ks = fKmeas− 4se*Aeff
* To

3g − fKa − 4seAeffTo
3g, s2d

where e*Aeff
* =a2/4s are the values after deposition of the

sample film which can significantly alter the emissivity of
the bottom surface of the membrane.

III. EXPERIMENT

We first thermally evaporated a 300 nm Cu conduction
layer on the central area of several microcalorimeters from
the same wafer. We then thermally evaporated two sample
films, a 200 nm thick Pb film(with a thin Ge underlayer
which promotes growth of a flatter, continuous Pb film) and
a 16.3 nm thick Au film, at base pressures of 4310−6 Torr or
lower simultaneously onto the microcalorimeters and several

Si-N coated Si substrates which were used for profilometry,
electrical resistivity, and x-ray diffraction measurements. The
thickness of the Pb/Ge layer was measured by profilometry
after depositing a 20 nm thick Ag film to prevent the profilo-
meter stylus from dragging through the soft Pb. The Pb
film’s x-ray diffraction pattern is typical of a(111)-textured
polycrystalline fcc film with average crystallite size
<56 nm. The electrical resistivityr of the Pb/Ge film was
measured using a standard four lead technique using a
3 mm31 cm strip broken from a larger substrate. Results
are as expected for a bulk polycrystalline Pb film,Tc is 7.2 K
andr approaches the impurity-dominated regime just above
Tc with ro<0.7 mV−cm and residual resistivity ratio<27,
indicating a reasonably pure film.

The thickness of the Au film was determined by low-
angle x-ray reflectometry and ther measured with a four
lead technique on a photolithographically patterned film. It is
important to note that 16.3 nm is an average thickness deter-
mined from interference fringes in the low-angle x-ray scan,
and that the roughness of this film is likely of the same order
of magnitude as the thickness. As is often the case in such
thin metal films,19 r is dominated by transport through the
thinner areas of the film, causing high residual resistivity,
ro=7.32mV−cm (r reachesro at <15 K), and ]r /]T ap-
proximately 23 higher than for bulk Au.

The microcalorimeter is cooled in a sample-in-vacuum
4He cryostat which is operated either in a storage dewar or in
the bore of a superconducting magnet. The temperature of
the sample stage, to which the microcalorimeter is attached
with grease and a clamp, is monitored with a calibrated
Lakeshore Cernox sensor and measurements of the micro-
calorimeter’s thermometers are made with a lock-in amplifier
and an ac resistance bridge described in detail elsewhere.12

IV. RESULTS AND DISCUSSION

Figure 1(a) showsKmeasfrom 2–30 K after deposition of
the 200 nm thick Pb film.Ka is also shown in this tempera-
ture range, thoughKmeas.103Ka. Data in the normal state
is obtained by applying a one tesla magnetic field which is
well aboveHc for Pb. Figure 1(b) shows thermal conductiv-
ity for the Pb film, kPb versusT. The error bars onk are
discussed below. As expectedkPb is exponentially suppressed
in the superconducting state, and roughly linear in the nor-
mal state. A linear fit to the normal state data belowTc gives
an estimate of the electron mean free path,,=3k/gTvF

<37.5 nm, wherevF is the Fermi velocity andg the density
of electron states for Pb., 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 law,kWF=LT/r, wherer is the measured
electrical resistivity of the Pb film.kWF in the normal state
was calculated assumingr=ro belowTc. The uncertainty on
kWF is ,9% and is dominated by the uncertainty of the ge-
ometry of the resistivity sample. The curves are within error
bars from 2 to 30 K.

Figure 2(a) showsKmeasfrom 2–300 K after deposition
of the 16.3 nm Au film. AgainKa is shown. HereKa is
<40% of Kmeas at high T and <70% at low T. Note the
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upturn of Ka above<150 K which is the signature of the
radiation term with itsT3 dependence, as well as the much
smaller upturn inKmeas. The estimated emissivity forKa is
e>0.04±0.006(using Aeff=0.219 cm2). After deposition of
the Au sample the radiation contribution is much smaller;
e*Aeff

* >eAeff /8. Radiation-corrected values appear in Fig.
2(a) as solid lines.KPt, calculated from the Wiedemann-
Franz law using the measuredr of the platinum heater, is
shown as a dashed line. Subtraction of the radiation term and
KPt from Ka gives KSi-N and kSi-N. The results presented in
another publication14 are similar tok of many glassy solids
and agree well with other published values fora-Si-N films.

The inset of Fig. 2(a) is a low-T log-log plot ofKmeasand
Ka which shows the effect of surface scattering. The dotted
line labeledKa is the data measured on this microcalorimeter
before deposition of the Au sample film. This membrane was
deposited on a thermal oxide underlayer, causing specular
scattering of phonons as described above. After deposition of
the Au film, the surface scattering is at least partly
diffuse,11,16 reducing the contribution of the membrane from
the value measured with no sample. As a resultKsÞKmeas

−Ka, with this subtraction giving a potentially large underes-
timation of the contribution of the sample. The solid line

labeledKa8 is the thermal conductance determined usingKSi-N

from a membrane grown on an LTO underlayer, where sur-
face scattering is predominately diffuse. SubtractingKa8 pro-
vides an estimate of the true contribution of the sample film.

Figure 2(b) is a plot of the thermal conductivity of the
Au film kAu. Bulk Au typically has a constantk
>3 W/cmK from <80–300 K, and a peak below 20 K.20

Our kAu is <43 lower than bulk values, almost certainly
from the same geometric effects of film roughness which
increasero and ]r /]T. kAu is also roughly linear above
,15 K, suggesting it is dominated by electrons, with a
weakly temperature-dependent mean-free path. Here a linear
fit gives,=3k/gvFT<9.5 nm. This is roughly half the mea-
sured average thickness of the film, which is consistent with
a geometrical origin of the suppressedk and r. The dashed
line showskWF for the Au film. Here the photolithographi-
cally patterned resistivity sample gives smaller uncertainty in
geometry and,5% uncertainty inkWF. The two curves are
within error bars above 50 K, giving additional evidence that
the film roughness has a similar effect on bothk andr. The
slight reduction ink with respect tokWF is consistent with the
suppression ofk with respect tos often seen in metals below
QD (165 K for bulk Au). The inset in Fig. 2(b) showskAu at
low T on a log-log plot. The result obtained using the specu-
lar scattering-dominatedKa appears as a dotted line. The
solid line is the estimate ofkAu obtained by subtractingKa8
which is dominated by diffuse scattering as described above,
and the dashed line is the prediction of the Wiedemann-Franz
law. The diffuse-scattering estimation shows much better
agreement with the Wiedemann-Franz law, supporting our
interpretation of the surface scattering effects.

Figure 3 is a plot of the product of sample film thermal
conductivity and film thickness,kst versusT. The contour
lines on this plot are calculated values ofkst required for the
error onks to be 3%, 5%, 10%, and 20%. The dashed lines
shown above 100 K and below 10 K are the radiation and
surface scattering regions where the estimation of error de-

FIG. 2. (a) Ka vs T shown withKmeasafter deposition of the thin Au film.
Subtracting the radiation termsKrad,a=4seAeffTo

3 and Krad,Au=4se*Aeff
* To

3

givesKcond, shown with solid lines.KPt is shown by a dotted line. Inset: a
low T log-log plot shows the effects of surface scattering.Ka is measured for
the membrane grown on thermal oxide , whileKa8 is measured for a mem-
brane grown on LTO which is dominated by diffuse scattering.(b) kAu vs T
from 10–300 K. The dashed line is the prediction of the Wiedemann-Franz
law. kAu is <43 lower thankbulk at 300 K and shows roughly linear depen-
dence forT.15 K. Inset:kAu obtained usingKa andKa8.

FIG. 3. Plot of the product of sample film thickness and sample thermal
conductivity, kst, vs T. Solid contour lines show required values for esti-
mated relative error onks 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 scattering(low T, low kst) or sample
emissivity sT.100 Kd. Symbols indicate measured values for the Pb and
Au films.

024901-4 Zink et al. Rev. Sci. Instrum. 76, 024901 (2005)

Downloaded 13 Jun 2005 to 128.32.228.151. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



pends on sample emissivity and surface properties of both
the sample and the nitride membrane. Below 100 K the
lower kst contour lines are set by the 1% uncertainty in mea-
surement ofKa, andKmeasand the 2% uncertainty int. Above
100 K the uncertainty in determininge and e* (which de-
pends on the optical properties of the sample film) is signifi-
cant. Below 10 K the dashed lines are calculated assuming
Ks=Kmeas−Ka, which we expect for surface scattering that is
predominantly diffuse. When measurements ofKa below 10
K are consistent with specular scattering, larger values ofkst
are required(<0.1 mW/K or greater) to avoid large uncer-
tainties due to surface scattering effects. The best way to
eliminate surface scattering effects as a source of uncertainty
is to measure a series of films of different thicknesses.Ks

will scale with thickness if it is a meaningful measurement of
film properties.

The upperkst limits are set by the requirement for main-
taining thermal equilibrium in the central heater and ther-
mometer area. As described in detail elsewhere13, a=10.33
holds while the temperature gradient is confined to the area
between the central conduction layer and the Si frame. Asks

or t for the sample film increases(relative tokt for the 300
nm Cu conduction layer), the temperature gradient across the
conduction layer grows anda is reduced, leading to system-
atic underestimation ofks which is calculated in Ref. 13.

Measured values ofkst for the Pb (superconducting
state) and Au films are also plotted in Fig. 3. The two films
span the range of thin films which can be measured with this
technique. Figure 3 also suggests that our technique has good
potential for measuringk for a range of metal films from 20
to 100 nm thick. To our knowledge no comprehensive study
of ksTd for such thin metal films exists, although evidence
exists that the Wiedemann-Franz law is obeyed at least in
limited cases.21,22 Films such as amorphous semiconductors
typically havek,5−50310−4 W/cmK at 5 K. Our method
could measure 60–600 nm thick films in this range with un-
certainty better than 5%.
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