
1

c
p
a
s
d
s
t
r
f
b
d
o
e
t

t
o
u
t
h
r
e
c
F
s
i

N

J
J

J

Downlo
Ankur Jain1

e-mail: ankurjain@stanfordalumni.org

Kenneth E. Goodson

Department of Mechanical Engineering,
Stanford University,
Stanford, CA 94305

Measurement of the Thermal
Conductivity and Heat Capacity of
Freestanding Shape Memory Thin
Films Using the 3� Method
An accurate measurement of the thermophysical properties of freestanding thin films is
essential for modeling and predicting thermal performance of microsystems. This paper
presents a method for simultaneous measurement of in-plane thermal conductivity and
heat capacity of freestanding thin films based on the thermal response to a sinusoidal
electric current. An analytical model for the temperature response of a freestanding thin
film to a sinusoidal heating current passing through a metal heater patterned on top of
the thin film is derived. Freestanding thin-film samples of silicon nitride and nickel
titanium (NiTi), a shape memory alloy, are microfabricated and characterized. The ther-
mal conductivity of thin-film NiTi, which increases linearly between 243 K and 313 K, is
40% lower than the bulk value at room temperature. The heat capacity of NiTi also
increases linearly with temperature in the low temperature phase and is nearly constant
above 280 K. The measurement technique developed in this work is expected to contrib-
ute to an accurate thermal property measurement of thin-film materials. Thermophysical
measurements on NiTi presented in this work are expected to aid in an accurate thermal
modeling of microdevices based on the shape memory effect. �DOI: 10.1115/1.2945904�

Keywords: thermal conductivity, thin film, 3� method, shape memory effect, thermal
characterization, microfabrication, heat capacity
Introduction

Freestanding thin films are used in a variety of microelectrome-
hanical systems �MEMS�–based applications such as micro-
umps �1�, gas sensors �2�, pressure sensors �3�, microvalves �4�,
nd microactuators �5�. The performance of such MEMS-based
ystems is often linked to thermal conduction phenomena in the
evice. For example, in a thin-film microheater device, the re-
ponse time and maximum temperature reached are functions of
he heat capacity and thermal conductivity of the thin-film mate-
ial. Thermophysical properties of thin films deviate significantly
rom the bulk-form value due to a variety of reasons including
oundary effects �6�. Apart from thickness, there is also a strong
ependence on the method of deposition of the thin film �7,8� and
n temperature �9,10�. In situ thermophysical measurement is thus
ssential for accurate modeling and performance prediction of
hermal-based microdevices.

There are a broad variety of electrical and optical methods for
he measurement of thermal properties of thin films �11,12�. Meth-
ds based on electrical heating are among the most popular and
se either steady-state or transient heating. The steady-state elec-
rical methods involve passing direct current through a metal
eater and measuring the temperature rise, either by using a sepa-
ate temperature sensor or by using the heater itself as a thermom-
ter. The temperature rise may be used to determine the thermal
onductivity of the material of interest using, for example, the
ourier law of heat conduction. Transient methods typically mea-
ure either the time response of the material of interest to a heat-
ng signal or the thermal response to sinusoidal heating generated
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by an alternating current. Apart from electrical methods, tech-
niques based on other phenomena such as reflectance �13,14� and
photoacoustics �15,16� have also been used.

The thermophysical properties of thin films deposited on a thick
substrate of well-known thermal properties have been measured in
a number of papers using a variety of methods �17–19�. For ex-
ample, the 3� method has been used to determine thin-film ther-
mal conductivity by assuming the thermal resistances through the
thin film and the substrate to add up in series �20�. The thermal
conductivity is then determined by measuring the thermal re-
sponse of a film-on-substrate system and comparing it with the
thermal response expected in the absence of the thin film. How-
ever, such a measurement does not take into account the thermal
contact resistance between the thin film and substrate, which is
known to play a significant role in heat transfer in microstructures.
In addition, the heat capacity of the thin-film material cannot be
measured using this method. While there is a wide literature on
thermal measurements on a thin film deposited on a substrate,
only a limited number of measurements have been made on free-
standing thin films �21–23�.

This paper develops a variation of the 3� method for a simul-
taneous measurement of in-plane thermal conductivity and heat
capacity of freestanding thin films. The method is applied to sili-
con nitride and nickel titanium �NiTi� films of thickness near
1 �m. NiTi is a shape memory alloy that has attracted much re-
search in the MEMS community due to its interesting mechanical
properties �24,25�. The capability of shape memory alloys to re-
cover large thermal strains has been used in actuation-based mi-
crodevices such as micropumps and microvalves. �1,5�. The work
output of thin-film shape memory based actuation is superior to
other comparable actuation technologies �24�. More recently, the
excellent chemical resistance and biocompatibility of shape
memory alloys have led to the development of exciting biomedi-
cal applications, including stents and drug delivery �26�, tissue

fixation �27�, etc.

OCTOBER 2008, Vol. 130 / 102402-108 by ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



W
t
fi
a
m
c
n
d
c
s
a

a
w
a
m
t
i
m
b
f
fi
t
a
m

f
t
f
d
a

2

p
v
t
t
m
s
c
a
o
o
m
s
m
m
i
a
h
r

T
t
t
s
e
fi
h
h
d
c
s
c

1

Downlo
NiTi is a nearly stoichiometrically equal alloy of Ni and Ti.
hile NiTi has been widely used in its bulk form, its application

o MEMS was long hindered by difficulties in depositing thin
lms of NiTi with accurately controlled stoichiometric ratio of Ni
nd Ti �28�. This led to problems in reproducing the shape
emory effect, which is extremely sensitive to the ratio of the

onstituent elements in the shape memory alloy. Robust tech-
iques based on two-source sputter deposition have recently been
eveloped for obtaining good quality thin films of NiTi �29�. This,
ombined with other microfabrication capabilities makes thin-film
hape memory alloys very attractive for actuation related MEMS
pplications, including micropumps, microgrippers, etc.

While the electric and mechanical properties of shape memory
lloys have been well investigated, there has been relatively lesser
ork in characterizing their thermophysical properties. Since the

ctuation of shape memory microdevices occurs by temperature
odulation due to electrical heating, the thermophysical proper-

ies of the thin-film shape memory material play an important role
n determining its performance characteristics. While some ther-

al conductivity measurements of shape memory materials have
een reported �30–32�, none of this work addresses the thin-film
orm. Thus, an investigation of thermophysical properties of thin-
lm shape memory alloys may lead to a better understanding of

heir thermomechanical behavior and the development of more
ccurate performance prediction tools for shape memory based
icrodevices.
The next section presents the derivation of the 3� response of a

reestanding thin film to a sinusoidal electric current passed
hrough a metal heater patterned on top of it. Design and micro-
abrication of MEMS-based freestanding thin-film structures are
escribed next, followed by a discussion of the experimental data
nd comparison with the analytical model.

Theory
The 3� method �17� is a powerful tool for thermophysical

roperty measurement and has been used extensively for a wide
ariety of materials including dielectrics �18,33�, superlattice ma-
erials �34�, complex alloys �19�, etc. The 3� method is based on
he temperature-dependent electrical resistivity of metals. A thin

etal line is deposited on the material of interest, and a small
inusoidal electric current is passed through it. Since the electric
urrent is sinusoidal at frequency �, the resultant Joule heating,
nd hence the temperature of the metal line, has a component that
scillates at a frequency of 2�. The amplitude of this temperature
scillation is a function of the heating power, geometry, and ther-
ophysical properties of the material of interest. Thus, the mea-

urement of the 2� temperature oscillation amplitude provides a
eans of determining the thermal properties of the material. This
easurement is performed indirectly by measuring the 3� voltage

nduced due to the electric current that oscillates at frequency �
nd the temperature-dependent electrical resistance of the metal
eater, which oscillates at frequency 2�. The two quantities are
elated by the following equation �17,35�:

�T2� = 2
dT

dR

R

V
V3� �1�

he 3� method was first used for measurements on a substrate
hat was much thicker than the thermal penetration depth of the
hermal wave produced by the sinusoidal current. In this case, a
emi-infinite assumption was used to simplify and solve the gov-
rning energy equation. This method fails for freestanding thin
lms since the current frequency would have to be unrealistically
igh to still satisfy the semi-infinite assumption. The 3� method
as been modified for measuring thermal properties of thin films
eposited on a substrate with well-known properties �20�. In this
ase, the thermal resistances through the thin film and the sub-
trate are assumed to add up in series. Thus, the temperature os-

illation amplitude with the thin film exhibits a constant
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frequency-independent difference from the value expected if only
the substrate were present. This difference is used to determine the
thermal conductivity of the thin film. This method cannot measure
the heat capacity of the thin film. In addition, the boundary ther-
mal resistance between the thin film and substrate remains unac-
counted for. Some work has also been done on using numerical
simulations for applying the 3� method for freestanding thin films
�36�. However, the development of an analytical method for ther-
mal measurements remains highly desirable.

Consider the geometry shown in Fig. 1. The thin-film mem-
brane is supported all around by a substrate material. While the
method outlined in this work may be used for any geometry, a
rectangular membrane with dimensions 2a and 2b is considered in
detail here. The thickness of the membrane is tm. A metal heater of
width w and height h is patterned in the center of the membrane.
w and h are both small compared to the membrane dimensions.
Thus, heat transfer within the metal may be neglected and the
metal heater may be treated as a line source of heat. The metal
heater is assumed to carry sinusoidal electric current of amplitude
I and frequency �. The electrical resistance of the metal heater is
R. The out-of-plane thin-film thermal resistance is assumed to be
small compared to the in-plane thermal resistance, so that the thin
film may be treated as isothermal in the z-direction. Further sim-
plification may be obtained by assuming convection and radiation
to be negligible compared to conduction in the membrane plane.
Under these assumptions, the governing energy equation may be
simplified to

�2�

�x2 +
�2�

�y2 =
q̇�

k
+

1

�

��

�t
�2�

where � represents the temperature rise over the substrate tem-
perature. Note that q̇m is the volumetric heat generation rate and �
is the thermal diffusivity.

In order to solve the energy equation, the membrane is divided
into two equal parts separated by the metal heater. Thus the metal
heater forms one of the domain boundaries, and heat generation in
the metal heater may be modeled as a heat flux boundary condi-
tion. The membrane boundaries may be assumed to be isothermal
due to the large thermal mass of the substrate material. Thus, the
boundary conditions and initial condition for Eq. �2� may be writ-
ten as

��0,y,t� = ��b,y,t� = ��x,0,t� = 0

��

�y y=a =
I2 sin2��t�R

2k�tmb�
=

I2R

2k�tmb�
�1 − cos�2�t�

2
� �3�

��x,y,0� = 0

The governing energy equation derived here is a linear time-
dependent partial differential equation �PDE� with all homoge-
neous boundary conditions except one. In order to solve this PDE,
the solution is assumed to be the sum of a steady-state component
�ss�x ,y� corresponding to the steady component of Joule heating
due to the sinusoidal current and a time-dependent component

Fig. 1 Schematic showing the geometry of the freestanding
thin film suspended on a substrate
�tr�x ,y , t� that consists of the transient and sinusoidal terms. The
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olution for the steady-state component is easily determined using
he method of separation of variables to be

�ss�x,y� = �
n=1

�

−
I2R„1 − cos�n��…

2ktm�n��2 cosh�n�a

b
� sin�n�x

b
�sinh�n�y

b
�
�4�

he method of integral transforms �37� is used to derive the solu-
ion for the transient component. This method involves assuming
he solution of the nonhomogeneous problem to be a linear com-
ination of the general solutions of the corresponding homoge-
eous problems and deriving ODEs for the time-dependent coef-
cients in the linear combination. The solution for the transient

emperature response is found out to be

�tr�x,y,t� = �
m=1

�

�
n=1

�

Cm,n�t�sin�n�x

b
�sin� �m + 1/2��y

a
� �5�

here

Cm,n�t� =
4�2

�m,n
2 + 4�2

	m,n

2�m,n
e−�m,nt +

	m,n

2��m,n
2 + 4�2

sin�2�t + 
m,n�

�6�

he phase angle 
m,n may be expressed in terms of the input
arameters as follows:


m,n = tan−1��m,n

2�
� �7�

ote that in Eqs. �6� and �7� above,

	m,n = �− 1�m+1�1 − �− 1�n�
4�

n�a

I2R

2ktmb
�8�

�m,n = ��2	�m + 1/2
a

�2

+ �n

b
�2


quations �4� and �5� represent the solution of the energy equation
hat governs the temperature profile on the thin-film membrane.
he steady-state component of the temperature solution varies lin-
arly with the input power, with the slope being related to the
hermal conductivity of the thin film. The sinusoidal component
scillates at a frequency that is twice that of the heating current. In
rder to extract measurable quantities from this thermal model,
he steady-state and sinusoidal temperature components are aver-
ged along the heater by integration to yield the following average
uantities for the metal heater:

�̄av = �
n=1

�
I2R

2ktm�n��3 �1 − cos�n���2 tanh�n�a

b
�

�9�

�̄2� = �
n=1

�

�
m=1

�

−
	m,n

2��m,n
2 + 4�2

sin„�m + 1/2��…�1 − cos�n���
n�

hile �̄av represents the average heater temperature rise due to

oule heating, �̄2� represents the amplitude of the temperature
scillation at 2� frequency due to the sinusoidal nature of heating.
easurement of these quantities provides two equations from
hich two thermophysical properties, namely, thermal conductiv-

ty and thermal diffusivity �or heat capacity�, may be determined.
ote that only thermal conductivity appears in the equation for

av. It is relatively easier to measure �̄av and �̄2� indirectly by
easuring the related voltage harmonics. The relationship be-

ween the temperature quantities and voltage harmonics is as fol-

ows:

ournal of Heat Transfer
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V� = IR + I
dR

dT
�̄av

�10�

V3� = 2I
dR

dT
�̄2�

Note that from Eq. �9�,

�̄2� → 0 as � → �,
d�̄2�

d�
→ 0 as � → 0 �11�

i.e., at large frequencies, the temperature oscillation becomes too
small to be measured accurately, while at the low frequency end,
it is a weak function of frequency. The temperature oscillation is
most sensitive to frequency in a specific frequency window where
� is comparable to �. Physically, the high frequency behavior is
explained by the fact that at large frequencies, the thermal pen-
etration depth becomes comparable to the membrane thickness, as
a result of which the boundary condition at the other side of the
thin film begins to play an important role in the heat transfer
problem. On the other hand, at low frequencies, the thin film has
sufficient time to equilibrate, and thus the sinusoidal effect of the
heating current is lost, resulting in the loss of sensitivity of the
temperature oscillation to frequency.

The next section discusses the design and microfabrication of
freestanding thin-film structures using MEMS technology. Ther-
mophysical measurements using the analytical model derived in
this section are described next.

3 Microfabrication and Experimental Setup

3.1 Design and Microfabrication. Freestanding thin-film
structures based on MEMS technology are designed and micro-
fabricated. Two thin-film materials are investigated—silicon ni-
tride and NiTi. Some of the important design considerations for
the thin-film structures include the material and film thickness,
and the dimensions and material of the metal features. Freestand-
ing thin films of materials such as silicon oxide tend to crumple
and often break due to the high compressive stress in the oxide
films. On the other hand, silicon nitride films do not show this
behavior due to the tensile stress in these films. However, if the
tensile stress in the films is too high, they may be prone to crack-
ing. It is well known that the residual stress in deposited films
may be controlled by changing the chemical composition of the
film.

The metal heaters patterned on top of the thin film are designed
to be 10 �m wide and 0.1 �m thick. These dimensions ensure
high electrical resistance and reasonably low current density dur-
ing operation. The film is chosen to be around 1.0 �m thick in all
experiments in order to have sufficient mechanical robustness
when released from the substrate. While NiTi is inherently com-
pressive in nature, the process conditions for silicon nitride are
chosen in order to result in a film with a small amount of tensile
stress.

Microfabrication is carried out at the Stanford Nanofabrication
Facility �SNF�. 4 in., 300 �m thick, double side polished Si wa-
fers are used. A thin layer of thermal oxide is first grown on the
wafers in order to electrically passivate the thin film of interest
from the silicon substrate. This step is omitted when the thin-film
material is an insulator. This is followed by deposition of the thin
film of interest. The silicon nitride film is deposited in a low
pressure chemical vapor deposition �LPCVD� furnace at 850°C.
A high ratio of dichlorosilane to ammonia of 14:1 ensures a
silicon-rich film with low residual tensile stress. The NiTi film is
sputter deposited at less than 100°C in an argon atmosphere at a
base pressure of 10−7 Torr. Following the film deposition, the wa-
fers are annealed at 500°C in vacuum for a few minutes and
allowed to cool down to room temperature. NiTi deposition is
carried out by the TiNi Alloy Company, San Leandro, CA. Phase

transformation temperature of the sputtered NiTi films is around
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°C. Following sputtering, the NiTi film is passivated by a
.4 �m low temperature oxide �LTO� film deposited in a LPCVD
urnace at 400°C. 0.1 �m aluminum is then sputtered on the wa-
ers. Metal features are defined using photolithography and metal
tch in a plasma etcher. Front-to-backside photolithography is
hen performed in order to define features to be etched on the
afer backside. Following the attachment of a backing wafer us-

ng photoresist, the wafers are etched from the backside in a deep
eactive ion etcher. Due to nonuniform etching across the wafer,
he etching is stopped when about 10–20 �m silicon is left, and
he wafers are diced. Individual devices are then separately etched
o completion. This minimizes overetching of the thin film of
nterest. Photoresist is washed off in acetone, and individual de-
ices are packaged in a ceramic chip carrier. Electrical contact
ads are wire bonded. Figure 2 shows a picture and scanning
lectron micrograph �SEM� of a silicon nitride thin-film structure
icrofabricated in this manner. Note that the film is stretched out

ue to the residual tensile stress in silicon nitride. On the other
and, NiTi is compressive in nature, and thus the NiTi thin films
re wavy in nature, as shown in Fig. 3.

3.2 Experimental Setup. Figure 4 shows a schematic of the
xperimental setup used for thermophysical characterization of
reestanding thin films. The setup consists of a vacuum chamber
ith a temperature-controlled platform. A proportional-integral-
erivative �PID� controller maintains the desired platform tem-
erature using liquid nitrogen and a Joule heater. The ceramic
ackage carrying the MEMS device is attached to the platform.
ires soldered to gold pads on the ceramic package are used to

lectrically probe the MEMS device. The chamber is connected to
vacuum pump capable of delivering a pressure of 10 mTorr. All

xperiments are performed at 10 mTorr or less in order to rule out
onvective effects. Radiative losses are also negligible due to the
mall temperature rise in the samples. An SRS 830 lock-in ampli-

Fig. 2 A picture and SEM showing the sili

ig. 3 An image of the freestanding NiTi thin film. Note the
idgy membrane surface due to the compressive residual

tress in the film.
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aded 18 Nov 2008 to 171.64.49.29. Redistribution subject to ASME
fier is used for supplying sinusoidal electric current and for mea-
suring voltage harmonics V� and V3� generated across the metal
heater. An HP 3458A multimeter is used for current measurement.
Since the third harmonic of voltage is much smaller than the first
harmonic, an accurate measurement of the former requires the
arrangement of the metal heater as one of the arms of a Wheat-
stone bridge. The bridge is balanced using a variable resistor arm.
The third harmonic of voltage is then easily measured across the
balanced bridge, while the first harmonic of voltage is directly
measured across the metal heater.

4 Results and Discussion
As a first step, the electrical resistance of the metal heater is

measured as a function of temperature. The test current is chosen

nitride freestanding thin-film microdevice

Electrical
Connections

To
Vacuum
PumpLiquid N2Out

Heater

Liquid N2 In

Thermocouple

Sample with free�
standing thin film

Electrical
Connections

To
Vacuum
PumpLiquid N2Out

Heater

Liquid N2 In

Thermocouple

Sample with free�
standing thin film

Fig. 4 A schematic of the experimental setup used for
temperature-dependent thermophysical measurements on free-
standing thin films

Fig. 5 Plot of the heater electrical resistance as a function of
temperature. A linear temperature dependence is observed as

expected.
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to be small enough to not cause significant self-heating. As shown
in Fig. 5, the electrical resistance is found to be a linear function
of temperature, with a temperature coefficient of 0.0022 K−1.
Next, the heater temperature rise is measured as a function of
heating power. Figure 6 shows a plot of the average temperature
rise as a function of the heating power. As expected, the average
temperature rise has a linear dependence on the heating power.
There is a good agreement between experimental data and the
analytical model presented in Sec. 2. Thermal conductivity of the
freestanding thin film may be determined from the slope of the
least-squares fit of the analytical model to the experimental data.
Once the thermal conductivity has been determined, the amplitude
of 2� temperature oscillation is measured and plotted as a func-
tion of the frequency of the electric current. As shown in Fig. 7,
there is a good agreement between the experimental data and the
analytical model represented by Eq. �9�. The temperature oscilla-
tion is most sensitive to frequency in a window of roughly
40–1000 Hz. With the thermal conductivity already determined
using the average heater temperature rise, least-squares fitting of
experimental data for the 2� temperature oscillation is used to
determine the thermal diffusivity of the thin film. Heat capacity of
the film can also be determined by combining the two measure-
ments. Using the temperature-controlled platform, the measure-
ments are repeated over a large temperature range, thus yielding
temperature-dependent data for thermal conductivity and heat ca-
pacity of the freestanding thin film. 10 minutes are allowed before
each measurement in order for the temperature to become steady.
Figure 8 shows a plot of the thermal conductivity and heat capac-
ity of a 1.5 �m silicon nitride film between −200°C and 200°C.
Both thermal conductivity and heat capacity increase with tem-
perature, with the temperature dependence of thermal conductivity
being stronger. This measured temperature data are consistent
with previous measurements �18,38�.

The experimental procedure is also used for thermophysical
characterization of thin-film NiTi. Figure 9 shows the thermal
conductivity and heat capacity of 1.7 �m thick NiTi film over a
temperature range of −40°C and 40°C. Thermal conductivity of
NiTi is observed to increase linearly as a function of temperature.
On the other hand, heat capacity increases with temperature from
−30°C to about 0°C, following which it remains constant. This
may be related to the phase change that occurs in the NiTi film at
around 0°C. While the heat capacity of one of the NiTi phases
increases with temperature, the other phase has a much weaker
temperature dependence of the heat capacity. Table 1 summarizes
the room-temperature measurements of thermal conductivity and
heat capacity of thin-film silicon nitride and NiTi.

Thermophysical measurements on thin-film shape memory al-
loys have not been reported in the past. The thermal conductivity
ig. 6 Heater temperature rise as a function of the input heat-
ng power. As expected, the temperature rise depends linearly
n the heating power. There is a good agreement between the
xperimental data and the analytical model. Thermal conductiv-

ty of the freestanding thin film may be determined from the
ig. 7 2� temperature oscillation amplitude as a function of
he frequency of heating current. Experimental data agree well
ith the analytical model. Using the thermal conductivity value
etermined from the temperature rise data, least-squares fitting
f experimental data with Eq. „9… yields the value of thermal
iffusivity of the freestanding thin film.
ity and heat capacity for 1.5 �m silicon nitride film

OCTOBER 2008, Vol. 130 / 102402-5
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f NiTi measured in this work is about 40% smaller than the
ell-known bulk value �30�. The thermal conductivity reduction
nderlines the importance of measuring thin-film properties in situ
nstead of using previously measured bulk-form values when de-
eloping analytical or numerical models for predicting the perfor-
ance of shape memory alloy based MEMS devices. The mecha-

ism behind this significant reduction in thermal conductivity is
urrently under investigation. It is possible that this deviation
rom bulk value is due to a different stoichiometric composition
ompared to the previous work. Shape memory material proper-
ies are known to be extremely sensitive to composition. If the
ulk samples used by Goff �30� were crystalline, it is possible that
efects in the thin-film form, augmented by an offset in the stoi-
hiometric ratio, may be playing a role in the thermal conductivity
eduction.

Uncertainty in the film thickness measurement is the largest
ource of uncertainty in the absolute measured value of thermal
onductivity and heat capacity. Film thickness is measured using a
anospec system based on noncontact spectroreflectometry. The

xpected error in film thickness measurements using the Nanospec
s around 10%. In addition, error analysis shows that a higher
lectric current results in a lower uncertainty in the measured
alue of thermal conductivity and heat capacity. However, a
igher electric current also leads to higher self-heating, which
auses the averaging out of each measurement over a larger tem-
erature range. A tradeoff between these conflicting parameters is
eached by using a maximum electric current of around 0.5 mA
nd 6 mA for the silicon nitride and NiTi measurements, respec-
ively, wherein the uncertainty in thermal conductivity and heat
apacity measurements is around 12–15% and the maximum tem-
erature rise in the thin film is limited to around 2°C.

Conclusion
The availability of accurate thermophysical data for thin-film
aterials plays an important role in the development of modeling

ools for microsystems. The present work extends the 3� method

able 1 Summary of the room-temperature thermophysical
hin-film data measured in this work

Thermal conductivity,
W m−1 K−1

Heat capacity,
J kg−1 K−1

Silicon nitride 4.9�0.7 523.2�78.5
NiTi 5.5�0.8 3612.3�581.3

Fig. 9 Temperature dependence of thermal conductiv
phase transformation temperature of NiTi is around 0°
o freestanding thin films and develops a technique for measuring
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both thermal conductivity and heat capacity simultaneously. The
method presented here offers several advantages over other pos-
sible methods for measuring thermal properties of freestanding
thin films. The measured value of the thermal conductivity of
thin-film NiTi is significantly smaller than the bulk-form value,
which reinforces the need for direct thin-film measurements in-
stead of using bulk values when developing thermal models for
microsystems. The thermophysical measurements on thin-film
NiTi presented here are likely to throw new light on a promising
material for MEMS.
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Nomenclature
a � membrane width
b � membrane breadth
h � heater height
I � electric current
k � thermal conductivity
R � electrical resistance
t � time

tm � membrane thickness
T � temperature
V � voltage
w � heater width
� � thermal diffusivity

 � phase change
� � temperature rise
� � frequency

Subscripts
av � average
ss � steady state
tr � transient
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