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Abstract

We have used silicon micromachining techniques to fabricate devices for measuring specific heat or other calorimetric signals from
microgram-quantity samples over a temperature range from 1.7 to at least 525 K in magnetic fields to date up to 8 T. The devices are based on a
robust silicon-nitride membrane with thin film heaters and thermometers. Different types of thermometers are used for different purposes and
in different temperature ranges. These devices are particularly useful for thin film samples (typically 100–400 nm thick at present) deposited
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irectly onto the membrane through a Si micromachined evaporation mask. They have also been used for small bulk samples
onducting grease, Ga or In, and for powder samples dissolved in a solvent and dropped onto devices. The measurement tec
relaxation method) is particularly suited to high field measurements because the thermal conductance can be measured once in z
s field independent, while the time constant of the relaxation does not depend on thermometer calibration.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, knowledge of the specific heat and ther-
al conductivity of small samples has become more impor-

ant because many materials of scientific and technological
nterest can be made only in small quantities. Materials such
s cuprates, manganites and ruthenates discovered in the

ast three decades are difficult to synthesize in large, crys-
alline samples suitable for conventional calorimeters. There
re also many materials of current technological and fun-
amental interest that can only be made in thin film form.
hese include multilayers, many amorphous materials and
agnetic or superconducting systems showing finite size ef-

ects. The small mass of such samples typically results in a
mall heat capacity that is difficult to separate from the back-
round signal of a calorimeter’s sample platform, heater and

hermometer.

∗ Corresponding author. Tel.: +41 22 376 60 78; fax: +41 22 379 68 69.
E-mail address:bermard.revaz@physics.unige.ch (B. Revaz).

The last 20 years have seen dramatic progress in
crocalorimetry, driven primarily by adaptation of techno
gies developed for the silicon integrated-circuit industr
the design and fabrication of structures with very small le
scales. Application of techniques ranging from depositio
metallic and dielectric thin films, photolithographic patte
ing, anisotropic and deep-trench etching of bulk silico
e-beam lithography allow the fabrication of reasonably l
quantities of repeatable structures of smaller and smalle
with sensitive sensors. These small structures have c
spondingly small heat capacities and thermal conducta
allowing fabrication of calorimeters with background h
capacity and thermal conductance small enough to me
thin films and other small samples.

While included at the origin in the parent field of bolom
ters, microcalorimeters for measurements of small sam
have emerged as a separate technique about 10 years
1994, our group first reported measurements of specific
of thin films using a Si micromachined microcalorimeter[1].
Since then, microcalorimeters have been developed by
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.04.004
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Fig. 1. A top-view of the microcalorimeter. The 10 mm× 10 mm Si frame
supports a 5 mm× 5 mm 2000Å thick a-Si-N membrane. At the center of this
membrane, on the back-side, a 2.5 mm× 2.5 mm metal film (not visible in
the photo) provides a high thermal conductivity area used to keep the sample,
thin film heater and sample thermometers isothermal. The sample (also on the
back and not visible) covers this same 2.5 mm× 2.5 mm area (for films) or is
attached at the center. The Pt sample heater, and three sample thermometers
are visible in the sample area (Pt and two a-Nb-Si thermometers which
differ in Rand hence useful measurement temperature range due to geometry
difference in path width and length); matching thermometers are visible on
the Si frame area, which is thermally anchored to a copper block.

groups for a wide range of applications in sensor technology,
surface science, biology and chemistry. A non-exhaustive
list of applications includes thermal conductivity gauges[2],
biosensors for monitoring of glucose, urea and penicillin
[3], high-throughout thermodynamics measurements for pro-
teomics and drug screening[4]. A remarkable sensitivity has
been achieved by Allen and co-workers[5] who report detec-
tion of melting in island films of tin using high cooling rate
differential scanning calorimeter based on Si-N membranes.
A microcalorimeter developed using poly-Si/Al thermopiles
sensors by Sarro et al.[6] is now commercially produced by
Xensor Integration[7]. These commercial microcalorime-
ters, together with those produced by PTB Braunschweig,
have been studied by Winter and Höhne in a recent paper[8].
Calorimeters made by Xensor have also been used by Schick
and co-workers for ultra fast cooling scanning calorimetry of
polyethylene samples[9].

A top-view micrograph of a typical device prepared in
our laboratory is shown inFig. 1. The device consists of a
≈2000Å thick, 5 mm× 5 mm, low-stress a-Si-N membrane
supported by a 10 mm× 10 mm crystalline silicon frame.
This membrane forms a thermal weak link from a sample
deposited or attached to the central area of the membrane to
the silicon frame as shown inFig. 2. Thin film heaters and
thermometers patterned on the central area of the membrane
allow accurate measurement of the temperature of the sample
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Fig. 2. Side-view schematics of the device with simple thermal models. (a)
The microcalorimeter background measurement. (b) To measure the heat ca-
pacity of a thin film sample,cs, a film is deposited on the thermal conduction
layer through a micromachined shadow mask. (c) For thermal conductivity
measurements a thin film is deposited on the entire block of the membrane,
which puts an additional thermal conductanceKs in parallel withKa.

measured in situ[16] and films condensed on the membrane
from solvent droplets[17], as well as small bulk samples
(m< 1 mg) [18–21]. The microcalorimeter is useful over a
large temperature range (1.7–525 K) and in magnetic fields
at least up to 8 T[22]. The same type of device is also planned
for measurements in pulsed high magnetic fields. Finally, the
functionality of the microcalorimeter has been extended to
thermal conductivity measurements[23] as a result of a nu-
merical heat flow analysis[24]. Thermal conductivity of thin
films is still not widely available in spite of its importance
for many applications. All these results demonstrate that our
microcalorimeter is a remarkable platform for microthermal
analysis of novel materials.

In this review, we first describe the fabrication and oper-
ation of the microcalorimeter. Special attention was given
in recent years to the analysis of heat transfer and back-
ground contributions of our microcalorimeters. The results
of this analysis will be presented as well as the range of
samples, which can be measured based on these small back-
grounds. We then overview the specific heat and thermal
conductivity of the Si-N membrane which is the heart of the
ith respect to the silicon frame when known heating po
s applied. Our microcalorimeters have been used for a
ariety of measurements, demonstrating a remarkable v
ility. We have reported a large number of specific heat stu
n thin films[10–15](m< 20�g) including films grown an
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microcalorimeter. Finally, we present a measurement of mag-
netic multilayer thin films as an example and conclude with
a brief consideration of future microcalorimetry techniques
and measurements.

2. Microcalorimeter fabrication

Construction of the microcalorimeters begins with a
double-side polished (DSP) 4′′ (1 0 0) oriented Si wafer. A
silicon-dioxide layer is either grown from the wafer using
a wet oxidization process at 1000◦C (often called a ther-
mal oxide) or deposited by low-pressure chemical vapor
deposition (LPCVD) at 450◦C (commonly referred to as
low-temperature oxide, LTO). This underlayer reduces the
electrical capacitance between the leads on the completed
calorimeter, reducing the noise in the ac resistance measure-
ments of the calorimeter’s thermometers. The LTO can be
made thicker (1.5�m), but the thermal oxide is flatter and
less porous (thicknesses are 4000–6000Å). After the oxide
is removed from the back of the wafer, we deposit the Si-N
layer, which will form the membrane by LPCVD at 835◦C
using ammonia (NH3) and dichlorosilane (SiH2Cl2) reagent
gases. The film coats the entire wafer surface, front and back.
The residual stress is related to the ratio of Si to N in the de-
posited film, and is controlled by adjusting the NH:SiH Cl
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Fig. 3. Example resistances of microcalorimeter thermometers vs.T. Note
that the a-Nb-Si values are plotted on a log scale (left axis), while the Pt
values are plotted on a linear scale.

sistance as a function of temperature for the three thermome-
ters. Note that each of the three thermometers on the mem-
brane has a matched thermometer on the silicon frame. The
paired thermometers form two arms of a resistance bridge.

The final step in fabrication is the deposition of a
2.5 mm× 2.5 mm thermal conduction layer on the center of
the membrane, which keeps the heater, thermometers and
sample isothermal. This layer is deposited on the back of
the membrane through a micromachined shadow mask held
within 25�m of the membrane. Nearly any good metal, such
as Au, Ag, Cu or Al can be used as a conduction layer and
can be either evaporated or sputtered onto the membrane. This
allows some flexibility in the choice of material properties,
as well as stress levels in the membrane. This conduction
layer in many cases is depositedafter the deposition of a
thin film sample, since the Si-N membrane usually makes a
better (flatter and more chemically inert) substrate for sam-
ple growth than the metal conduction layer. Note that to en-
sure isothermal conditions between the thermometer and the
sample and to keep the error in the measurement of the spe-
cific heat below 2%, the thermal conduction layer generally
has to be at least as thick as the Si-N membrane (typically
2000Å). Because the geometry of the calorimeter is known
or can be measured with high accuracy, we can construct a
numerical model of the 2D heat flow in the calorimeter[24].
Key results from this simulation appear in the description
b
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atio in the furnace during deposition. This stress mus
ow in order for the film to form a free-standing membra
fter the Si substrate is removed from beneath it. Typ
ompositions for our films are approximately 50% Si
0% N, which is silicon-rich compared to the stoichiome
ompound Si3N4 [25,26]. The thickness of the Si-N film
s measured with optical interferometry, and is typically
ween 1800 and 2200̊A. The uniformity in thickness acro
he surface of a single wafer is normally very good, w
eviations≤20Å.

After the Si-N layer is deposited, a thin Cr adhesion la
nd a 500̊A thick Pt layer are sputtered into the front s
f the wafer. Typical base pressures for this deposition
× 10−6 Torr. This layer is photolithographically pattern

nto bonding pads, leads, thermometers and a heater
0◦C aqua regia (HCl:HNO3, 3:1) as an etchant. Use of D
afers allows the use of infra-red back-side alignmen
quare windows in the back-side Si-N to the patterned P
ures. The back-side Si-N is etched using SF6 plasma. Th
embranes are then formed by an anisotropic etch in an◦C
OH solution. After the Si is removed, a quick dip in HF
oves the SiO underlayer, leaving a free-standing Si-N m
rane with Pt leads, heater and thermometers in place
se below 50 K, low-temperature thermometers must al
repared on the membrane. We use a Cu liftoff procedu
attern amorphous Nb-Si semiconducting thermometers

wo different geometries to span our temperature range
b-Si layer is typically 500̊A and is sputtered from separa

argets at base pressures of 5× 10−6 Torr. The layout of th
eads and thermometers is shown inFig. 1.Fig. 3shows the re
elow.

. Experimental technique

The microcalorimeter is clamped to the copper sam
tage of a cryostat and wires are ultrasonically bonded t
alorimeter’s heaters and thermometers. The microcalo
ers have been used in a wide range of cryostats inclu
imple LHe and LN2 systems, a cryostat with a cold fing
hat extends into a UHV deposition system for in situ s
es, and high field magnet systems ranging from stan
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superconducting solenoids to high field magnets at NHMFL
(currently under development). In all cases, the area around
the calorimeter is pumped to high vacuum (<1× 10−7 Torr)
and this vacuum is maintained throughout the measurement.
The vacuum around the calorimeter is important both because
of the need for low thermal conductance to the environment
(including parts which are at not at the temperature of the Cu
sample stage) and because small amounts of gas or ice on
or around the membrane unpredictably and irreproducibly
alter the background contributions. The temperature of the
copper block is typically monitored with a calibrated tem-
perature sensor and temperature controller and the sequence
of measurements performed and recorded through GPIB con-
nections by a PC running Labview.

For most specific heat measurements we use the small�T
relaxation method. This technique is well known as the best
compromise when precise and absolute values of the specific
heat of small samples are desired over a large temperature
range[27]. However, this technique is not ideal for the study
of sharp phase transitions, such as the magnetic phase tran-
sitions of small crystals of SrRuO3 [18] and La1−xCaxMnO3
[19], due to the limited temperature resolution and the large
number of steps that are required. For these measurements,
we have used the so-called large�T relaxation technique (a
version of the sweep method)[19,27].

Measurements of specific heat using the small�T relax-
a uires
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the decay. Typically, we find a frequency of several hundred
Hz is needed to measure the≈10 msτ of the addenda at 2 K.

The first step in measuring either heat capacity or ther-
mal conductivity of a sample is measurement of the back-
ground resulting from elements of the calorimeter other than
the sample films. ForCP measurements this background is
the addenda heat capacityca and for k measurements the
background is the thermal conductance of the link between
the central heated area (defined by the thermal conduction
layer) and the bath,Ka. In a typical specific heat measure-
ment, the sample space of the bare microcalorimeter is first
covered with a thermal conduction layer (Al, Cu or Au) of
typically 200 nm. The specific heat of this microcalorimeter is
then measured and fitted as a function of temperature, which
gives the background specific heatca called “addenda”. The
thin film sample is then deposited on top of the conduction
layer and the microcalorimeter specific heatctot is measured
again. The specific heat of the samplecs is finally obtained
by a simple subtractioncs = ctot − ca and proper volume or
mass normalization. Simple side-view schematics and ther-
mal models for the microcalorimeter describing the contribu-
tions to the specific heat or thermal conductivity are shown in
Fig. 2. These contributions will be discussed in details below.
Note that the thermometers located on the microcalorimeter
are separately calibrated for each measurement, so that pos-
sible variations of the properties of the sensors caused by the
deposition of the sample do not affect the measurement.

The error�c due to the temperature variation of the
specific heat across the interval�T is usually negligible.
It can be estimated assuming that�c is the difference be-
tween the valuec(T+�T/2) and the measured value〈c〉 =
(
∫ T+�T

T
c(T ) dT )/�T which is a mean over the interval

�T. Using a power low approximation for the specific heat
c(T) = ATn, gives�c/c= (n(n− 1)/24)(�T/T)2. For materials
measured at temperatures far from phase transitions, this ex-
ponentn is typically less than 3, so that taking a temperature
interval of 2% would result in a negligible error <0.01% on
the specific heat.

To measureKa, the temperature of the microcalorimeter
is stabilized atT0 and the ac resistance bridge is balanced.
A small amount of heating power,P, is applied to the center
of the membrane by causing a known current to flow in the
sample heater. A concurrent measurement of the voltage drop
across the heater gives the measured heating powerP. When
thermal equilibrium is reached, to good approximation (dis-
cussed further below) the thermal conduction layer, heater
and thermometers are isothermal atT0 +�T. The change in
resistance,�R, of the membrane thermometer relative to the
matched thermometer on the silicon frame is detected as an
off-null signal by a lock-in amplifier and�Rconverted to�T
using the thermometer calibration. Because this measurement
is essentially steady-state, the ac resistance bridge is driven
at a relatively low frequency (often≈17 Hz) to avoid signal
attenuation which occurs at higher frequencies. The heating
power is related to the steady-state�TbyP= 〈Ka(T, T0)〉 �T.
Here,〈Ka(T, T0)〉 is the average thermal conductance of the
tion method in the membrane based configuration req
he thermal conductivity and the specific heat (per un
urface) of the sample to be large with respect to those o
embrane. This point will be discussed in more details

ow. When these conditions are fulfilled, the specific hea
e obtained by measuring two quantities: the thermal con

ance,Ka, and the time constant,τ, of the sample’s relaxatio
o the temperature of the bath. Though the techniques us
abricate these calorimeters result in very small deviatio
roperties, includingca andKa, from one device to anothe

he resistances of the thermometers do vary from one
rocalorimeter to the next. Each measurement therefore

ncludes a calibration of the device’s thermometers agai
alibrated Cernox thermometer located in the regulated
er block.

To measure the time constant,τ, of the relaxation, we firs
pply a small current to the sample heater (typically ch

o give�T/T≈ 0.01) and wait for thermal equilibrium. W
hen set the heater current to zero and record the res
f the sample thermometer as it cools to the temperatu

he bath. As long as the thermal link between the sample
he thermometer is large compared toKa (so that the samp
nd thermometer remain essentially in thermal equilibriu
nd for sufficiently small heating power, this relaxation

ows a single exponential curve. Fitting this measured c
ives the value of the time constant,τ. For the addenda me
urement (and for some samples with low heat capac
ow T), τ becomes short at lowT. In this circumstance, th
c resistance bridge[28] must be driven with a high enou

requency to avoid losing information in the short fall time
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Fig. 4. The addenda heat capacityca, with the contributions from elements of the microcalorimeters. The error on the measurements is≈2% (form Ref.[23]).

link over the temperature rangeT0, T0 +�T. Ka(T) is deter-
mined from this average with a two-variable fit. In practice,
we find thatKa is close to linear over the small values of�T
(typically 1–10% ofT0) and we replace the average〈Ka(T,
T0)〉 ≈ Ka(T0 +�T/2), again giving the thermal conductance
as a function of a single temperature. As a consistency check,
at eachT0 we typically measure�T for a series of increasing
appliedP. The heat capacity is given byc= Kaτ.

The addenda specific heat,ca, for this microcalorimeter
is the result of contributions from the Si-N membrane, the
thermal conduction layer, the Pt leads, heater and thermome-
ter and the Nb-Si thermometers. An example is shown in
Fig. 4. The dominant contribution for most temperatures is
the metallic conduction layer (an Al layer for this calorime-
ter). The inset shows the same plot at low temperatures. The
heat capacity of the Nb-Si is approximately an order of mag-
nitude smaller than that of the metal layers and is not shown
in the inset. The area of each of the features contributing toca
is precisely known from the photolithography; the thickness
is determined either by profilometry or inferred from growth
parameters and comparison to other devices. We used litera-
ture values forC of Al, Cu and Pt[29,30]and approximated
the specific heat of a-Nb-Si with a similar composition of
a-Yx-Si1–x [31]. Calculating the contribution of the conduc-
tion layer, Pt heater and thermometer, and the a-Nb-Si ther-
mometers is straightforward, as these features are isothermal
t Si-N
m nt ex-
i et al
s d to
b s
[ Si-
N

Pt leads contribution obtained using the same calculations is
33% as expected for 1D heat links (seeFig. 1). The contribu-
tions of the Pt and a-Nb-Si features are small compared to the
membrane and thermal conduction layer, and any error from
deviations of the real material’s specific heat from literature
values is therefore negligible.

The heat capacity of Si-N (in J/K) shown inFig. 4 was
determined fromca by subtracting the Pt, Al and a-Nb-Si
contributions. This can be converted toCSi-N (in J/g K) using
the geometry of the Si-N ((2.5 mm× 2.5 mm central sam-
ple area + 0.24((5× 5)− (2.5× 2.5)) mm2 border area) and
a typical densityρ = 2.865 g/cm2. Measurements using dif-
ferent metals for the conduction layer (Al, Cu, Au) give the
same values ofC for Si-N, giving confidence that the devia-
tion from the literature values of these metals is small.

Fig. 5shows the thermal link of the microcalorimeter,Ka,
which consists of only two contributions, from the Pt leads
and Si-N membrane. However, above 100 K heat losses from
radiation must be subtracted (a procedure described else-
where[33,34]). The contribution of the Pt,KPt, is determined
from the Wiedemann–Franz law (k/σ = L0T), whereσ is the
electrical conductivity, determined for each calorimeter by
measuring the resistance of the Pt heater. Correcting for radi-
ation and subtractingKPt givesKSi-N and, as for a deposited
sample film, the thermal conductivity can be calculated from
k = K /αt, wheret is the film thickness determined by
o

nto
t sing
a e-
fi e to
m for
a to
o good accuracy. The contributions of the Pt leads and
embrane are more complicated, as a thermal gradie

sts across these features. In the 1D case, Bachmann
howed that 33% of the heat capacity of the heat link ha
e included in the addenda[32]. 2D heat flow simulation

24] indicate that under typical conditions, 24% of the
membrane outside the sample area contributes toca. The
.

Si-N Si-N
ptical interferometry.

After ca is measured we deposit a thin film sample o
he conduction layer at the center of the membrane, u

shadow mask held within 25�m of the membrane to d
ne the sample area. This limits shadowing effects du
ulti-element deposition or sputtering deposition to 1%
0.25 cm× 0.25 cm sample. Since it is often preferable
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Fig. 5. The measured thermal link,Ka, of the microcalorimeter (open circles) shown with the contributions from radiation and from the elements of the
device. The contribution of the Pt leads is determined by measuring the resistivity of the Pt and calculatingkPt using the Wiedemann–Franz law. The radiation
contribution is given by 4σεAT3 [33]. The contribution of the Si-N membrane is the result of subtracting these contributions fromKa. The highT error is
determined by the uncertainty in the radiation term. Below 100 K, the error is≈5% (from Ref.[23]).

grow a film directly on the very flat Si-N membrane surface,
rather than on the metallic conduction layer, for some studies
we measure a sample with the conduction layer deposited on
top, and determineca by measuring a device from the same
wafer with a conduction layer only; the thermal link and the
specific heat of the addenda typically vary by less than 5%
within a wafer[34].

Bulk samples are attached on the thermal conduction layer
with In [18,19] or Ga[35]. While greases of various kinds
have been successfully used for low temperature measure-
ments, care must be taken when measurements at moderate
temperature (77–300 K) are desired as the grease undergoes
a glass transition in that regime which has been observed to
lead to irreproducible heat capacity, which depends on cool-
ing rate and history[36].

As shown inFig. 2b the heat capacity of the samplecs
is added to the addenda heat capacityca, increasingτ while
leavingKa constant. In first approximation,cs can then be de-
termined simply by subtractingca from Kaτ = ca + cs and the
specific heat of the sampleC may then be calculated fromcs
using the sample volume and either its molar volume, giving
C in J/mol K, or its mass density, givingC in J/g K. There
are two main effects which can introduce systematic errors
when this simple subtraction is used. First, the fraction of
the membrane that contributes toca depends on the ratios
c /c andk /k . Here,c is the specific heat per
u -
c ple
a -
t ing
u ed

conduction layer and sample film. The second effect that can
introduce systematic error when using the simple difference
method are deviations from a single time constant relaxation
which occur for lowc2Ds/c2Dm or low k2Ds/k2Dm values. Be-
cause values for c2Ds/c2Dm and k2Ds/k2Dm can vary over five
orders of magnitude depending on the samples and tempera-
ture, and because the contributions of the membrane and the
Pt leads toKa vary differently as a function of temperature, a
detailed analysis of the heat transfer in Si-N membrane-based
calorimeters with thin film samples is necessary to provide a
firm understanding of these potential systematic errors. The
results of this finite element analysis study are reported in a
recent paper[24]. Note that these issues have no equivalent in
a bulk calorimeter, with the exception of the variation of the
contribution of the thermal link to the addenda heat capacity
as a function of the thermal load.

In these calculations, we assumed a 2D heat transfer,
which is justified by the small thickness of the components
(sensors, membrane, leads, sample) of the microcalorimeter
with respect to the lateral dimensions. As a consequence,
the temperature along the direction perpendicular to the mi-
crocalorimeter plane can be considered as constant at any
time. At low temperature this assumption would need to be
reconsidered due to Kapitza thermal boundary resistance and
possible changes in surface scattering once the phonon mean
free path exceeds the membrane thickness (see below); we
n r are
fi is-
m ther-
m cay,
a ,
2Ds 2Dm 2Ds 2Dm 2Dm
nit surface (J/K cm2) of the membrane andc2Ds is the spe
ific heat per unit surface of the combined thin film sam
nd conduction layer. Similarly,k2Dm is the thermal conduc

ivity multiplied by the thickness of the membrane (giv
nits of W/K) andk2Ds is the same quantity for the combin
ote however that since both sample and thermomete
lms grown directly on the membrane, this acoustic m
atch issue may be not relevant. The contribution of the
al link, the deviation from the single time constant de
nd the error made using theKaτ = ca + cs approximation
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Fig. 6. (a) Contribution of the thermal link to the total specific heat for various values ofk2Ds/k2Dm (5× 106, 200, 100 and 10 from top to bottom). (b) Error
on the specific heat of the sample obtained by the simple subtractionKaτ = cs + ca (see text) for various values ofk2Ds/k2Dm; c: normalized residues of single
time constant decay fits of the numerical data for various values ofk2Ds/k2Dm (from Ref.[24]).

calculated for various values ofc2Ds/c2Dm andk2Ds/k2Dm, are
reported inFig. 6a–c. From these results, we conclude that
this simple approximation gives an error of≤2% in the com-
mon range ofc2Ds/c2Dm andk2Ds/k2Dm values used with our
calorimeters. The small systematic error can be taken into
account in the calculation ofcs. It is important to note that
low k2Ds/k2Dm values do not lead to strong, visible devia-
tions of the relaxation with respect to a single time constant
decay (contrary to the so-calledτ2 effect due to bad ther-
mal coupling between a bulk sample and the calorimeter) but
nonetheless strongly increase the error on the sample spe-
cific heat calculated in the single time constant approximation
whenk2Ds/k2Dm < 5.

To measure thermal conductivity of a thin film sample,
first Ka is measured as described above. As shown inFig. 2c,
a thin film sample is then deposited on the entire back of the
membrane. This adds a contributionKs in parallel toKa so
thatP/�T= Ka + Ks. Ks is then determined by subtractingKa
from the total thermal conductance measured after sample
deposition. The sample thermal conductivity is then given
by k= Ks/αt, whereα is a 2D geometry factor andt is the

sample film thickness. When the central heater/thermometer
area is isothermal,α = 10.33[24]. Deviations from this be-
havior based on calculations of heat flow in the 2D membrane
are discussed in detail elsewhere[24]. Above 100 K, where
radiation contributions become significant and may change
with the addition of the sample, and below 10 K, where the
phonon mean free path in the membrane becomes compara-
ble to membrane thickness, hence surface scattering affects
thermal transport in the membrane and can be altered by ad-
dition of the sample,Ks may not be determined by this simple
subtraction. These more complicated cases are discussed in
detail elsewhere[34,34].

4. Measurements in high magnetic fields

These microcalorimeters together with the relaxation
method are ideally suited for measurement of specific heat
in a field due to their compact self-contained nature and the
lack of dependence of the background contributions on field.
Systematic measurements of the magnetic field dependence
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of the microcalorimeter indicate no magnetic field depen-
dence inKa or ca down toT= 2 K in fields up to at least 8 T
[22]. The field-induced change in the a-Nb-Si resistance has
been found to be less than 1% above 12 K. At lower temper-
atures, a negative magnetoresistance is observed between 0
and 4 T while higher magnetic fields increase the resistance of
the thermometer. Even in this temperature range, the overall
magnetoresistance is found to be less than 2%.

In preparation for use of these devices to still higher fields,
magnetoresistance measurements were performed at the Na-
tional High Magnetic Field Lab (NHMFL) on both Pt and
a-Nb-Si in fields to 32 T down to 1.3 K. For sensors with
R (4.2 K) between 2 and 10 k�, the magnetoresistance at
this temperature shows a tendency towards saturation around
32 T, with �R/R reaching 35–40% at this field. These val-
ues are similar for various field and current orientations. At
69.5 K, the magnetoresistance of NbSi is negligible, reaching
a plateau around 8 T (�R/R∼ 0.06%), and slightly decreas-
ing above 17 T. Measurements on Pt thermometers were made
with the field parallel and perpendicular to the plane of the
film, with current perpendicular to the field in both cases.
�R/Rat 3 and 4.2 K is 0.15–0.2% at 32 T. These measure-
ments suggest that the microcalorimeters are a solution for
specific heat measurements in magnetic field up to at least
32 T. For proposed use below 1 K, the contribution of the Pt
leads to the thermal conductanceK is calculated to become
d e im-
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Fig. 7. Plot of sample heat capacitycs vs.T. The solid lines indicate values
required for estimated relative error oncs to be 1.5, 2, 5, 10 and 20%. X’s are
calculated for stated mass (thickness) of a Au film, assuming the literature
CP values[29,30].

heater, thermometers and sample are essentially isothermal
and that the uncertainties in measurement ofτ andKa are 1%.
X’s show the heat capacity of Au samples of various mass
(thickness) based on literature values of the specific heat of
Au [29,30]. For a 44�g (4000Å) thick Au film, we expect
<3% error at allT, while for a 1�g (90Å thick) film we expect
better than 20% uncertainty below 50 K.

A similar plot for the thermal conductivity measurement
appears inFig. 8. Here, we plot the product of sample thermal
conductivity and thickness,kst, versusT. Solid lines show re-
quired values ofkst for the expected uncertainty inks to be
≈0.03, 0.05, 0.10 and 0.20. The dashed lines shown above
100 K and below 10 K are the radiation and surface scatter-
ing regions where the estimation of error depends on sam-
ple emissivity and surface properties of both the sample and

F rmal
c ated
r tions
w ample
d
S

a
ominant, hence its possible field dependence would b
ortant to determine before relying on the field independ
f Ka. This is readily determined through the electrical c
uctivity via Wiedemann–Franz, which should apply we

his limit.
It is important to point out that the magnetoresista

f the device thermometers has little direct effect on
unctionality of the devices even in high fields, as long
he temperature sensitivity remains large. This is bec
n the heat–capacity relaxation technique the time con

easurement does not require that the thermomete
alibrated, while thermometer calibrations and thermal
onductance measurements will be performed in zero
agnetoresistance of theblockthermometers, which provid

he temperature for the measurementT0, must be determine
eparately, as for any measurement in high field.

. Estimate of uncertainty: range of possible samples

Because the active elements of the microcalorimete
ll thin films, the background heat capacity (shown inFig. 4)
nd the background thermal conductanceKa (Fig. 5) remain
mall. This allows accurate measurements of the hea
acity of thin films or small bulk samples and the ther
onductivity of thin films.Fig. 7 illustrates this point for th
eat capacity measurement. The plot is of sample heat c

ty cs versusT. Solid lines show the value ofcs required a
achT for the expected uncertainty incs to be≈1.5, 2, 5, 10
nd 20%. This calculation assumes that the conduction
-

ig. 8. Plot of the product of sample film thickness and sample the
onductivity,kst, vs.T. Solid contour lines show required values for estim
elative error onks to be 3, 5, 10 and 20%. Dashed lines indicate condi
here estimate of error depends on details of the microcalorimeter or s
ue to surface scattering (lowT, low kst) or sample emissivity (T> 100 K).
ymbols indicate measured values for Pb and Au[33] and a-Si [48] films.
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the nitride membrane as described in detail elsewhere[33].
Below 100 K the lowerkst contour lines are set by the 1%
uncertainty in measurement ofKa, andKa + Ks and a 2% un-
certainty int.

The upperkst limits are set by the requirement for main-
taining thermal equilibrium in the central heater and ther-
mometer area. As mentioned above,α = 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 conduction layer),
the temperature gradient across the conduction layer grows
andα is reduced, leading to systematic underestimation of
ks, which is calculated in Ref.[24]. Measured values ofkst
for a 200 nm Pb film, a 16.3 nm Au film and a 277 nm a-Si
film are also plotted inFig. 8.

6. Specific heat and thermal conductivity of the
amorphous Si-N membrane

Disordered solids such as the low-stress amorphous Si-N
which forms the microcalorimeter membrane typically have
low thermal conductivity,k, compared to crystals, with a
plateau generally around 10–50 K above whichkcontinues to
increase with temperature, similar temperature dependence
and magnitude below≈10 K, andk∝ T1.8below 1 K[37–40].
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Fig. 9. (a)C/T3 vs. T on a log–log plot comparing our measurements of
Si-N ((�) LTO underlayer, (�) thermal oxide underlayer) with vitreous
silica [38], and a Debye function with theΘD = 1130 K literature value for
bulk Si3N4 [42]. The short dotted line is the lowT limit of C/T3 usingΘD,
amorphous, calculated from the sound velocity in a-Si-N. The open arrow
indicates the likely location of theC/T3 peak for Si-N. (b)kSi-N of a film
grown on thermal oxide (�, labeledkSi-N) compared to values reported by
other groups.Inset:Phonon mean free path
 below 20 K vs.T on a log–log
plot. Value are calculated from our measuredk for two microcalorimeters
andCDebye usingk= 1/3CDebyev
, wherev is the measured sound velocity
in similar membranes[43] (from Ref.[23]).

[43]), PECVD (PE[46]) and APCVD (AP[46]), as well as
vitreous silica[38]. Our results agree well with other mea-
surements of LPCVD Si-N. The difference in k between the
LPCVD films and those grown by plasma enhanced CVD
(PECVD) or atmospheric pressure CVD (APCVD)[46] is
likely to be a result of different film microstructures. All
measurements of LPCVD Si-N indicate a very largek at high
temperatures for an amorphous solid. The shape of the curve
is typical, with a plateau beginning at≈20 K but extend-
ing to a relatively high≈100 K; the same temperature range
where the weak maximum inC/T3 is indicated inFig. 9a
as expected. The low temperature,kSi-N values are within the
range of previously measured amorphous solids[39]. The in-
set inFig. 9b shows our estimation of the phonon mean free
path,
, in our Si-N membranes below 20 K on a log–log plot
[23]. This is shown for two membranes, one grown on a ther-
mal oxide underlayer and one grown on a LTO underlayer.
n the specific heat of these materials, two features are n
niversally observed. The first is a linear term atT< 1 K due to
constant density of the two-level state systems (TLS) w
lso dominate phonon scattering and lead to the charact

ow T behavior ofk [37,40]. The second is a broad peak
ump inC/T3 versusT, which occurs at the same tempera
s the plateau ink. The height of this peak,Pc, also typically
cales with the temperature at which it occurs,Tmax, so tha
c ∝ Tmax

−1.633. This bump and the corresponding platea
indicate a large density of relatively low-energy vibratio
tates, but the physical origin of the scaling behavior is
et understood.

Fig. 9a compares our experimental results forCSi-N
grown on LTO or on thermal oxide) to vitreous silica (SiO2)
n a log–logC/T3 versusTplot. The peak around 10 K seen
iO2 is the characteristic peak seen in amorphous solids[41],
hile the low temperature upturn is due to the linear t
ssociated with two-level tunneling systems. The solid li

he Debye function for crystalline Si3N4 (ΘD = 1130 K)[42].
he Debye specific heat is constant belowΘD/10 on this type
f plot, and decreases at highT. The short dotted line near t
-axis indicates the low temperature value of a Debye spe
eat calculated for a-Si-N using the measured sound ve

n similar membranes[43,44]. The small arrow indicates th
ocation of the expected peak inC/T3 for Si-N in C/T3 [23].
/T3 for Si-N grown on thermal oxide continues to incre
own to 3 K, indicating non-T3 behavior similar to that see

n other amorphous materials at lowerT (due to TLS).
Fig. 9b compares our measured thermal conductivitykSi-N

o amorphous Si-N films grown by LPCVD (LP1[45], LP2
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At high T (T> 100 K not visible on this plot) all curves ap-
proach the inter-atomic spacing (∼2.5Å for Si-N), and in-
crease rapidly as the temperature decreases. Below 20 K,


for both membranes exceeds the 2000Å membrane thick-
ness. The two different membranes differ below this point.


continues to increase for the membrane grown on the thermal
oxide underlayer, while
 in the membrane grown on LTO is
reduced and appears to reach a limiting value of 1�m. This
behavior indicates that diffuse surface scattering dominates
the phonon transport in the Si-N grown on LTO. Phonons
incident on the rough surface are scattered in all directions
with equal probability. Values of
 seen in the Si-N grown
on thermal oxide which exceed the membrane thickness in-
dicate that specular scattering occurs at the surfaces. This is
likely due to the different bottom surface created by growing
on different oxides. We expect that when Si-N is grown on
the flatter thermal oxide, a smoother surface is left behind
when the oxide is etched away. Scattering off this smoother
surface would be at least partially specular, while scattering
off the rougher surface left after removal of the LTO would
cause more diffuse scattering, reducing
 in the temperature
range below 20 K where the intrinsic
 exceeds the membrane
thickness.

These surface scattering effects introduce a complication
for measuringkof thin films at lowTwith this microcalorime-
ter. Previous studies show that thin films deposited on very
c sur-
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in zero magnetic field, a useful property when magnetic
measurements may be complicated by magnetic history
dependence such as in spin glasses. They also reflect the
bulk thermodynamic properties, and hence are particularly
valuable when magnetic measurements may be dominated
by impurity phases or surface effects as in antiferromagnets
and superconductors.

An important application of these microcalorimeters is
measuring specific heat of magnetic multilayers (MML) with
giant magnetoresistance (GMR), which are heterostructures
of great technological significance. These MML consist of al-
ternating ferromagnetic (i.e. Fe, Co) and non-magnetic (i.e.
Cu, Cr, Ag) layers, where the magnetic layers are coupled in
an antiparallel configuration in zero applied magnetic field.
We deposited a Fe/Cr MML on the microcalorimeter and
compared the measured specific heat with that of pure Fe and
Cr thin film samples. The thickness of all samples was around
1000Å. In this study, we especially concentrated on the low
temperature electronic contribution to the specific heat, from
which the electronic density of states,γ, can be determined.γ

is an important parameter for itinerant ferromagnets, and par-
ticularly important for understanding the electronic transport
which determines GMR. We observed that at low tempera-
ture,γ is strongly enhanced in the Fe/Cr sample with respect
to the pure Fe and Cr samples but is independent of magnetic
field, hence not directlyleadingto GMR (but still necessary
f of
t r the
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A on,
D an,
lean surfaces of pure Si wafers can disturb specular
ace scattering, causing reduction of the mean free pat
hermal conductivity[47]. There is some indication that si
lar physics occurs in thicker a-Si-N membranes[43]. If the
honon scattering at the bottom membrane surface is
ominantly specular, deposition of the sample film on
urface causes the scattering to be partially diffuse, ch
ng the thermal conductivity of the membrane. In this c

s �= P/�T− Ka. We present a more complete descriptio
hese effects elsewhere[23].

. Specific heat measurements of thin films and single
rystals

Samples measured to date include amorphous mag
lms (a-TbFe2 and giant negative magnetoresistanc
d-Si alloys) [12,13], empty and filled fullerenes (C6
3C60, C82, La@C82, C84, Sc2@C84)[16,17], single crys

al and pressed pellets of manganites and ruthenates[18–20],
agnetic and antiferromagnetic multilayered films (Fe
iO/CoO, NiO/MgO and CoO/MgO; CoO/SiO2)[10,11,15].
Specific heat studies of magnetic materials are use

everal ways: characterization of the nature of the mag
ransition, determination of the magnetic entropy evo
nd hence the number of magnetic states populated be
= 0 and the transition and/or above the transition, and
cterization of the low-energy magnetic excitations of
ystem. Specific heat measurements allow a characteri
f the magnetic transition and low-temperature prope
or understandingGMR). We also observed a softening
he phonon modes, which may be in part responsible fo
nhancement of the electronic contribution. This study is
cribed in detail in Ref.[15].

. Conclusion

In this article, we have reviewed our techniques for m
uring specific heat of thin films and small bulk samples
hermal conductivity of thin films. Though there is a great d
f science still to be discovered using our current capa

ies, we are also working to extend Si-N membrane-base
rocalorimetry techniques to lower temperatures (0.3 K)
ulsed magnetic fields up to and beyond 32 T. We are als
eloping microcalorimeters with thinner membranes (30
o allow measurement of yet smaller heat capacities and
al conductivities and exploring the use of surface micro

hining to integrate the shadow mask and microcalorim
o simplify sample preparation and further reduce system
ncertainties.
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