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Abstract—Polymer films are playing an important role in
the development of micromachined sensors and actuators, fast
logic circuits, and organic optoelectronic devices. The thermal
properties of polyimide films govern the temporal response of
many micromachined thermomechanical actuators, such as cil-
iary arrays. This work develops three experimental techniques
for measuring both the in-plane and the out-of-plane thermal
conductivities of spin-coated polyimide films with thicknesses
between 0.5 and 2.5�m, which are common in MEMS. Two of
the techniques use transient electrical heating and thermometry
in micromachined structures to isolate the in-plane and out-
of-plane components. These techniques establish confidence in
a third, simpler technique, which measures both components
independently and uses IC-compatible processing. The data illus-
trate the anisotropy in the thermal conductivity of the polyimide
films investigated here, with the in-plane conductivity larger by
a factor between four and eight depending on film thickness and
temperature. The anisotropy diminishes the time constants of
thermal actuators made from polyimide films. [375]

Index Terms—Anisotropy, electrical resistance thermometry,
Joule heating, polyimide films, thermal conductivity.

I. INTRODUCTION

POLYMER films of thickness near 1 m are playing
an important role in the development of micromachined

sensors, actuators, logic circuits, and organic optoelectronic
devices. The high thermal expansion coefficients of polymers
make them particularly attractive for use in micromachined
thermal actuators including V-groove joints [1] and ciliary
arrays [2]. The temporal responses of these actuators are
strongly influenced by the thermal conduction properties of
the polymer films. Polymer layers are being developed for
application as low-dielectric-constant passivation for multi-
level metallization in highly integrated circuits [3]–[5]. The
lower dielectric constant diminishes the electrical signal delay
along the interconnect, which is a critical bottleneck for the
development of faster logic circuits. Electrically conducting
polymer films are being developed for organic layers in opto-
electronic devices because of the ease with which they can be
processed, their low cost, and their high electroluminescence
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Fig. 1. Schematic of the microstructure of semicrystalline polyimide. The
spin-coating process leads to alignment in the plane of the film for both the
crystalline and the noncrystalline phases.

efficiency [6]. For application as active and passive layers in
circuitry, the low thermal conductivities of polymers yield very
large temperature rises and temperature gradient magnitudes in
metallization and devices. This will augment electromigration-
induced interconnect failure and reduce the lifetime of organic
devices.

The properties of polymer layers can be anisotropic and
depend strongly on the details of the process by which they
are made. Previous studies illustrated the anisotropy in the
index of refraction [7], [8] and the dielectric constant [9] of
these layers. The Young’s modulus and the thermal expansion
coefficient depend on the molecular stoichiometry, the fraction
of the material which is crystalline, as well as the length
and orientation of the molecular chains, all of which vary
with processing details and the layer thickness [10]–[12]. This
makes the use of bulk data inappropriate for the simulation of
the thermomechanical behavior of microfabricated structures
containing organic thin films. Anisotropy and a similar dis-
parity between bulk and thin-film properties are expected to
prevail for the thermal conductivity. Using transient grating
methods, Rogerset al. [13] measured the in-plane thermal
diffusivities of polymer films with thicknesses between 1
and 9 m. Their results indicate that the thermal conduction
properties of these films may differ from those of bulk polymer
materials due to the anisotropy of the thin films.

Fig. 1 approximately depicts the microstructure of semicrys-
talline polyimide films, which contain crystalline domains
dispersed in an amorphous matrix. Anisotropy in the thermal
and mechanical properties can result from the anisotropy of the
crystalline domains. Another mechanism responsible for the
anisotropy is the ordering of the crystalline domains or of the
molecular chains in the surrounding matrix. Choyet al. [14]
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calculated the effective thermal conductivities along
and perpendicular to molecular chains of a polyethylene
crystal for the case in which the chains are perfectly parallel
with one another. These authors predicted a large value of the
thermal conductivity anisotropy, Morelli et
al. [15] measured the thermal conductivities of single-crystal
diacetylenes parallel and perpendicular to the chain direction at
low temperature and observed thermal conductivity anisotropy
of The weak Van der Waals interaction be-
tween the neighboring chains impedes the transport of atomic
vibrational energy and leads to a relatively large thermal
resistance for conduction between the chains. The strong
coupling of atomic vibrations along the chains enhances energy
transport and yields more effective thermal transport in that
direction. Hoet al. [10] observed that the amorphous matrix
has a high degree of molecular orientation in the film plane.
The partial alignment of the polymer molecular chains can
result from the spin-on process used in deposition of polymer
interlayer dielectric films on a silicon substrate. The polyimide
films studied in the present work are expected to have a very
small volume fraction of the crystalline phase. Therefore, if
the thermal conductivity anisotropy can be observed in these
films, it is mainly due to the partial alignment of polymer
chains in the amorphous structure.

Thermal properties of dielectric films have been investigated
using a variety of different measurement techniques [16],
[17]. Several steady-state techniques measured the thermal
conductivity of dielectric and semiconducting thin films us-
ing Joule heating and electrical-resistance thermometry in
patterned metal bridges [18]–[20]. The thermal conductivity
is extracted from a solution to the heat-diffusion equation
considering the applied heating power, the geometry of the
measurement structure, and the measured temperature rises in
the two bridges. Using this approach in suspended membrane
structures, V̈olklein and Kessler [21] measured the thermal
conductivities of bismuth layers of thicknesses between 200
and 4000Å. Transient techniques have also been developed to
measure thermal conductivity and diffusivity of dielectric thin
films. One approach monitors the time-dependent temperature
rise in a metallic layer deposited on a dielectric film following
a brief heating pulse. To induce the short pulsed heating
and monitor the temperature of the sample surface, Okuda
et al. [22] applied pulsed current to a metal interconnect and
measured the time evolution of its electrical resistance. K¨ading
et al. [23] used a short laser pulse for heating and measured
the reflectivity change of the metal coating. Another approach
is to apply a harmonic current to a metal bridge deposited on
the film surface and to use the third harmonic of the voltage
response for measuring the resulting temperature oscillation
magnitude. This approach has been used extensively at fre-
quencies below 10 kHz for measurements of the effective
vertical thermal conductivity of disordered layers [24]–[27].
Ju et al. [28] used a similar approach at frequencies up to
100 kHz by combining harmonic electrical heating with laser-
reflectance thermometry. These studies either neglected lateral
conduction in the dielectric layers or assumed that the thermal
conductivity is isotropic. Although this approach is well suited
for extracting the vertical conductivity, it is not appropriate

for measuring the lateral thermal conductivity in anisotropic
materials including the polymers studied here.

Several experimental techniques have been used for study-
ing anisotropic thermal conduction in uniaxially stretched bulk
polymers. Kilian et al. [29] and Blum et al. [30] measured
the thermal conductivities parallel and perpendicular to the
deformation direction of polyethylene slabs. Their method
generated an instantaneous heating region at the center of
the sample surface using either a hot needle or a focused
laser beam. The isotherms on the sample surface were imaged
using a liquid crystal coating. The shape of the isotherms
was an ellipse, which had major and minor axes parallel and
perpendicular to the deformation direction, respectively. The
ratio of the lengths of the principal axes was used to calculate
the thermal conductivity anisotropy factor of the polymer slab.
An alternative technique was recently developed by Rantala
[31] for measuring the anisotropy ratio of uniaxially stretched
polymer foils. The method of Rantala [31] places a steady-state
heating wire on the sample surface and detects temperatures
at several points from the wire to a direction perpendicular
to it using an infrared detector. Independent measurements
were performed for two experimental samples, each of which
had a heating wire placed either along or perpendicular to the
deformation direction. The detected temperature profile yields
data for the thermal conductivity anisotropy. These methods
are well suited for studying thermal conductivity anisotropy
of bulk solids subjected to controlled stress.

There is a need for a method that examines the thermal con-
ductivity anisotropy in films of thickness near 1m, for which
the spin-on process can yield strong anisotropy between the
in-plane and out-of-plane directions. This work develops three
independent techniques for measuring the vertical and lateral
thermal conductivities of polymer films. One of the techniques
uses free-standing polymer membranes to capture the lateral
thermal conductivity, while a second technique uses extensive
ion etching to form a mesa structure that isolates the vertical
conductivity. While these techniques reduce the experimental
uncertainty by isolating components of the conductivity tensor,
they are difficult to implement on a broad variety of samples
due to the extensive micromachining. This problem motivates
the development of a technique that applies to polymer layers
on silicon, also described in this manuscript, which is based
on samples that are made entirely with conventional IC fab-
rication technology. The IC compatible technique is the most
practical approach for the on-chip characterization of a wide
variety of novel organic passivation layers. The data obtained
using the IC compatible method are compared with those from
the other two independent techniques.

II. M ESA VERTICAL CONDUCTIVITY METHOD

This section describes an experimental structure and pro-
cedure which measures the vertical conductivity of polymer
films. The data are obtained using steady-state Joule heating
and electrical-resistance thermometry in two metal bridges.
Kleiner et al. [20] used this approach for measuring the
thermal conductivities for conduction normal to SiOlayers.
They performed the measurements using a structure with
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two parallel metal bridges embedded in SiOpassivation.
Their arrangement results in experimental errors due to heat
spreading from the edges of the top bridge to the surrounding
passivation layer, which reduces the heat flux reaching the
second bridge. The present work designs an experimental
structure such that the measurements can be performed without
the source of these errors and extracts the data with a small
experimental uncertainty.

A. Micromesa Structure Fabrication

Fig. 2 shows the experimental structure used for measuring
the vertical thermal conductivity of polymer films in the
current study. The structure in Fig. 2 uses a mesa geometry,
which restricts heat conduction in the direction normal to the
film. The resulting data are therefore influenced only by the
effective vertical conductivity. The fabrication of the mesa
structure is summarized in Fig. 3. First, a silicon dioxide
layer of thickness near 3000̊A is grown on a 4-in silicon
wafer using thermal oxidation. Second, a 2500-Å film of
aluminum is sputtered onto the silicon dioxide and patterned
using chemical wet etching. The silicon wafer is spin-coated
with an organic adhesion-promoter of thickness comparable
to 100 Å. Third, a layer of polyamic acid precursor (Du
Pont PI 2556: benzophenone tetracarboxylic dianhydride 4,
4-oxydianiline m-phenylene diamine, BTDA-ODA-MPD) is
spin-coated onto the wafer. The thickness of the polymer
precursor is varied between 0.5 and 2.1m by changing
the rotational frequency of the spinner. The polyamic acid
films are cured in a nitrogen atmosphere by heating from
room temperature to 375C at the rate of 7 C per minute
followed by 1 h at 375 C. The samples are allowed to cool
in room-temperature air. Fourth, a silicon nitride layer of
thickness near 1000̊A is deposited using plasma-enhanced
CVD (PECVD). The silicon nitride prevents the polymer films
from absorbing moisture during the processing and enhances
adhesion of the metallization deposited subsequently. Finally,
an overlaying aluminum layer (2500Å) is deposited on the
PECVD silicon nitride layer using sputtering and is patterned
using wet etching. The mesa structure is achieved using plasma
etching of the polymer with the aluminum serving as a mask.
The thickness of the polymer is measured using profilometry,
optical interferometry, and a cross-sectional scanning electron
micrograph, all of which yield values differing by less than
2%. The thickness of the silicon nitride and the metal layers
are measured using profilometry and cross section electron
microscopy.

B. Experimental Procedure

The structure depicted in Fig. 2 provides electrical-
resistance thermometers directly above and below the
dielectric layer under investigation. This eliminates the need
for analysis of heat conduction in the underlying substrate
and strongly reduces the contribution of the temperature rise
in the substrate to the uncertainty in the data. The electrical
resistances of the aluminum bridges are calibrated as functions
of temperature using a heated chuck at a probe station. A
relatively large dc current (0.3 A) is applied to the top

(a)

(b)

Fig. 2. (a) Cross-sectional and (b) top-view schematics of the micromesa
structure used for measurement of the vertical thermal conductivity.

heating/thermometry line to yield a temperature rise near 10
K. The current applied to the bottom thermometry bridge is
chosen such that the temperature rise and heating power are
both negligible compared to those in the overlying bridge.
Heat loss to the ambient air at the top and sides of the
mesa structure are negligible. The steady-state temperature
rises of the two bridges resulting from the Joule heating of
the top bridge are extracted from their electrical resistance
change, which is determined through simultaneous four-point
measurements of current and voltage.

The temperature difference between the top and the bottom
bridges is and the heat flux density generated at
the top line is , which is the ratio of the total electrical power
and the area of the heating line. The total thermal resistance
of the silicon-nitride/polymer two-layer system, is
extracted using

(1)

where and are the polymer thickness,
the silicon-nitride thickness, the intrinsic thermal conduc-
tivity vertical to the polymer layer, the intrinsic thermal
conductivity vertical to the silicon nitride layer, and the sum
of the thermal resistances at the aluminum/silicon-nitride,
silicon-nitride/polymer, and polymer/aluminum interfaces. The
silicon-nitride thickness is 1000 Å. The thermal con-
ductivity of a silicon nitride layer fabricated using the same
processing conditions is measured independently, in the ab-
sence of the underlying polymer, using a three-bridge method
documented previously [19]. The thermal conductivity of the
silicon nitride obtained using the three-bridge method is 0.8 W
K m which agrees within the experimental uncertainty
with the value reported by previous authors for silicon nitride
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Fig. 3. Microfabrication steps for the structure in Fig. 2.

layers of thickness near 1000̊A [27]. Based on the data for
the nitride layer, it is possible to extract the thermal resistance
resulting from the polymer volume and the boundaries

(2)

The relative magnitudes of the internal volume resistances
and the interface resistances in the multilayer system warrant
discussion here. The volume thermal resistance of the silicon
nitride is approximately 7% of the total thermal resistance
measured in the multilayer system in Fig. 2. Therefore, the
second term in the middle quantity in (2) results in only a small
relative modification of the thermal resistance calculation for
the polymer. The silicon nitride thermal conductivity measured
here is reduced by the contributions of the resistances at
its boundaries with the aluminum overlayer and the silicon
substrate. As a result, the use of the silicon nitride thermal
conductivity data yields an upper bound for the impact of the
thermal resistance of the silicon nitride and its interface with
the aluminum overlayer in the more complicated structure used
to study the polymer. Therefore, if there are any important
boundary resistances influencing the data analysis for the mesa
structure in Fig. 2, they are those of the polymer with the
overlying silicon nitride or with the underlying aluminum.
There are very few data available that provide information
about these thermal resistances. One goal of the present study
is to provide bounds for their possible magnitudes.

Fig. 4 shows data from the present study for the thermal
resistance as a function of the polymer layer thickness.
The relative uncertainty estimated for the steady-state mea-
surements reported here is less than 5%. This accounts for
the uncertainty in the calibration of the aluminum bridge
thermometers, uncertainties in the geometrical dimensions, and
the uncertainty of the thermal conductivity of the silicon nitride
layer. By assuming that does not vary significantly within
the layer thickness, it is possible to extract an upper bound
for the thermal boundary resistance at the polymer/silicon
substrate interface, m K W and to extract
the intrinsic thermal conductivity of the polymer

W m K This procedure strongly suggests
that for the layer thicknesses studied here, the resistances at

Fig. 4. Total thermal resistance due to the polymer layer volume and the
boundaries as a function of layer thickness. The intercept of the line indicates
that the sum of the boundary resistances satisfies0<Rb< 10

�7 m2 K W�1:

the polymer boundaries are not significant compared to the
polymer vertical volume resistances.

III. M EMBRANE LATERAL DIFFUSIVITY MEASUREMENT

Few studies have measured the lateral thermal conductivity
or diffusivity of polymer layers. Rogerset al. [13] mea-
sured the lateral thermal diffusivity of polymer films using
a technique based on transient gratings. The technique heats a
free-standing polymer film using two interfering, picosecond-
duration laser pulses and determines the lateral diffusivity
from the temporal decay of lateral temperature gradients in
the layer. This technique is attractive because no physical
contact is required with the sample during the measurement.
However, the transient grating technique requires a relatively
complicated optical configuration and has a somewhat larger
uncertainty than is possible because it measures only the
temporal temperature variation and does not use the ab-
solute temperature magnitude. Several studies investigated
lateral thermal conduction properties in doped polysilicon
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(a)

(b)

Fig. 5. (a) Cross-sectional and (b) top-view schematics of the microstructure
used for measuring the lateral thermal conductivity of the polymer.

layers and in glassy amorphous layers using electrical heat-
ing and thermometry in micromachined bridges [32]–[34].
The present work, in this section, describes a similar purely
electrical measurement approach that is relatively simple to
implement and yields a lower experimental uncertainty. The
measurement uses a suspended polymer membrane with a
heater/thermometer metal bridge as shown in Fig. 5 to isolate
lateral transport. The lateral thermal diffusivity is determined
from the normalized in-phase and out-of-phase components of
the transient temperature oscillations in the bridge, which is
subjected to harmonic Joule heating at ranging frequencies.

The structure in Fig. 5 resembles those used by Völklein
[35] for measuring the thermal conductivity and diffusivity of
SiO /Si N composite films. However, the present work uses
voltage-measurement bridges connected to the middle portion
of the metal bridge, which are far from the contact pads on
the membrane edges. This arrangement renders negligible the
nonuniform temperature distribution along the middle portion
of the metal bridge, simplifying property extraction from the
data. The voltage-measurement bridges provide additional heat
paths from the middle portion of the bridge to the contact pads.
This requires minimization of the measurement errors caused
by heat loss due to conduction along the metal bridges.

A. Suspended Membrane Fabrication

The suspended structure is fabricated using silicon etching
with a sacrificial silicon dioxide stop layer, an approach that is
widely used for making three-dimensional silicon sensors and
actuators and is summarized in Fig. 6. First, a silicon dioxide

layer of thickness near 3000̊A is grown on both sides of a 4-
in silicon wafer using thermal oxidation. Subsequently, a layer
of polyamic acid precursor (Du Pont PI 2556, BTDA-ODA-
MPD) is spin-coated onto the wafer. A relatively low rotational
speed, less than 1000 r/min, is applied during the spin-coating
process to yield a thicker polymer film. The polyamic acid
film is cured in a nitrogen atmosphere in the same manner as
described in Section II. The resulting thickness of the polymer
film is 2.2 m, which is enough to maintain the mechanical
strength of the film that will be eventually suspended on the
silicon substrate. A silicon nitride layer of thickness near 1000
Å is deposited using PECVD for the same reasons as described
in Section II. A 2500-̊A film of aluminum is sputtered onto
the silicon nitride and patterned using chemical wet etching. A
polymer layer of approximately 2-m thickness is deposited
on the sample surface in the same manner as described above.
This additional polymer layer protects the aluminum bride
from both mechanical damages and chemical corrosions during
the processing. The silicon dioxide layer on the back side of
the silicon wafer is patterned using hydrofluoric acid (HF) to
yield an etch mask for the subsequent silicon back etching.
The bulk silicon of the substrate is etched using tetra-methyl-
ammonium-hydroxide acid (TMAH). The etching stops at the
silicon dioxide layer underlying the polymer film. The silicon-
dioxide etch stop layer is removed using an HF solution.
Finally, plasma etching removes both the polymer protective
layer and the silicon nitride layer covering the polymer surface
except the region beneath the metal bridge to complete the
whole fabrication process.

B. Experimental Procedure

The measurement procedure adapts the transient 3Joule
heating and electrical resistance thermometry technique
[24]–[27] for the structure in Fig. 5 to provide information
about the lateral conductivity of the polymer film. The
electrical resistance of the metal bridge is calibrated as a
function of temperature on a thermal chuck. The steady-state
current applied to the metal bridge during the calibration
process must be carefully chosen to avoid a large temperature
rise in the suspended membrane, which would unduly
complicate the calibration. For this experiment, the maximum
current is 0.7 mA and the maximum resulting temperature
rise is less than 10 K. Fig. 7 shows a schematic of the
experimental setup used for the measurement. Transient Joule
heating is sustained in the metal line by means of a harmonic
electrical current at angular frequency

The heating frequency used for the measurement is chosen
to reduce the experimental uncertainty and simplify data
interpretation. The lower bound frequency ensures that the
thermal resistance for conduction along the polymer, which
increases with the thermal diffusion length along the layer,
is very small compared to the thermal resistance for heat loss
due to conduction along the metal bridges. The thermometry is
performed in the middle portion of the bridge shown in Fig. 8,
which is located more than 2 mm from the contact pads at both
ends of the bridge and the voltage-measurement bridges. These
pads are deposited on the polymer film region supported by the
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Fig. 6. Microfabrication steps for the structure in Fig. 5.

Fig. 7. Experimental apparatus used for measuring the lateral thermal con-
ductivity of the polymer layer. The instrumentation and approach resembles
those of Cahill [24].

silicon substrate and therefore have temperatures nearly equal
to that of the silicon, which is well modeled as isothermal. This
yields a thermal conductance along the metal bridges that can
be calculated by assuming a linear temperature drop between
the ends of the middle bridge portion and the contact pads

(3)

where and are the metal thermal
conductivity, the width of the bridge, the width of the voltage-
measurement bridge, the thickness of the bridge, the thickness
of the voltage-measurement bridge, the distance between the
middle portion end and the contact pad along the bridge,
and the distance between the middle portion end and the
pad along the voltage-measurement bridge, respectively. The
apparent thermal resistance offered by the polymer layer can be
approximated using a diffusion length form of the solution to
the transient heat equation. The thermal diffusion length along
the suspended polymer film at heating frequency

is given by

(4)

where is the lateral thermal diffusivity of the polymer film.
The thermal conductance from one of the sides of the middle
bridge portion to the boundary between the heated and the
unheated regions of the suspended polymer film is

(5)

where and are the lateral thermal conductivity
of the polymer film, the length of the middle portion of the
bridge, and the thickness of the polymer film, respectively. The
minimum allowable heating frequency is estimated by
the requirement

(6)

which limits the relative experimental error due to the con-
duction along the metal wires to 10%. Equations (3)–(6) can
be combined to yield

(7)

Although and are unknown parameters in this measure-
ment, the current work assumes typical values of the thermal
conductivity and diffusivity of dielectric materials to estimate
the value of Using m s
W m K W m K m,

m, m, m, and
mm yields Hz.

When the heating frequency is sufficiently large, the tem-
perature rise in the metal can be influenced by vertical thermal
conduction through the thickness of the polymer layer. Since
the goal of this measurement is to isolate the lateral conduc-
tivity, it is preferable to work at frequencies low enough to
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Fig. 8. Physical schematic of the metal bridge and the voltage-measurement
bridge deposited on a suspended polymer film.

avoid this complication. Section IV of this paper will document
a measurement that simultaneously determines the in-plane
and out-of-plane components of the thermal conductivity, for
which this restriction is no longer used. For one-dimensional
conduction along the membrane to dominate, the following
condition must be satisfied:

(8)

From (4) and (8), the upper bound of the heating frequency
is given by

(9)

Using the above values of and yields
kHz. Therefore, the measurements are best confined to heating
frequencies between and

The measurements are performed in vacuum with a pressure
less than 5 10 torr, where convective heat loss from the
sample surface can be neglected. When the temperature rise
of the polymer surface satisfies , the thermal
conductance due to radiation from the heated polymer surface
is given by

(10)

where is the ambient temperature, is the emissivity of
the polymer, and W m K is the
Stefan–Boltzman constant. In the ranges of temperature and
heating frequency used in the measurement, is less
than 3 10 even if the value of is assumed to be unity.
This indicates that the radiative heat loss is negligible.

The in-phase and out-of-phase components of the tempera-
ture rise in the bridge with respect to the harmonic heating are
obtained from the third harmonic of the voltage drop along
the bridge. The temperature-rise response data are analyzed
in the frequency domain using complex imbedding and the
finite difference method for the structure in Fig. 5. The
calculations determine the temperature amplitude and phase
in the silicon substrate and account for the possibility of
thermal conductivity anisotropy in the polymer, although the
frequencies used for the experiment are sufficiently low such

Fig. 9. Configuration and boundary conditions used for studying lateral
thermal conduction in the polymer layers using the finite difference method.

that the anisotropy is not important. The analysis also accounts
for the isotropic thermal conductivity and the heat capacity of
the metal bridge, which are important at the highest heating
frequencies. Fig. 9 shows the configuration and the boundary
conditions used in the finite difference analysis. The model
imposes a uniform volumetric heat density in the aluminum
bridge. There are two unknown parameters to be determined
using the model: 1) the lateral thermal conductivity and
2) the lateral diffusivity The diffusivity is related to the
thermal conductivity by

(11)

where is the specific heat per unit volume of the polymer
layer. The room-temperature value of is assumed to be 1.55
MJ m K [36], a value which is consistent with recent
measurements of the heat capacity of the same films [37].
The frequencies studied here are sufficiently large such that
the predicted temperature rises are not significantly influenced
by the boundary conditions assumed at the boundaries between
the unsupported and supported polymer film regions. However,
these frequencies are sufficiently small so that even a 30%
error in the value of results in a relative experimental
uncertainty less than 5%.

Fig. 10 plots the frequency dependence of both the in-phase
and out-of-phase components of the temperature rises at the
metal bridge. The value of the lateral thermal conductivity in
the polymer is fitted to yield optimal agreement with both the
in-phase and out-of-phase data. The best agreement with the
data is obtained when the lateral thermal conductivity is
about 1.2 W m K The estimated relative uncertainty in
this measurement is about 15%, which indicates a value for the
lateral thermal conductivity of W m K
The dominant contributors to the uncertainty include those
associated with calibration of the metal temperature sensor
and the steady-state component of the temperature rise in
the polymer film, which is limited to 20 K in the current
measurement. Data for the temperature dependence of the
thermal conductivity of polymer film are presented later in
this section.

IV. IC COMPATIBLE METHOD

In the previous sections, the thermal conductivities vertical
and lateral to polymer films are isolated using relatively
complicated micromachining methods, which are not common
in IC processing. In contrast, this section develops a com-
plimentary technique which requires only simple patterning
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Fig. 10. Prediction and data of the impact of the lateral thermal conductivity
of polymer layers on temperature-rise components at the metal bridge for
varying values of the heating frequency. The reduced temperature rise is the
measured temperature rise (K) divided by both the volumetric heat power
density (W m�3) generated at the metal bridge and the metal bridge thickness
(m).

of a metal bridge. This measurement yields both the vertical
and lateral components of the thermal conductivity using the
assumption that the layer is homogeneous.

A. Silicon-Supported Structure Fabrication

The lithography mask used here is designed to yield alu-
minum bridges of line width varying between 4 and 200m
on the same die as shown in Fig. 11. Data for bridges of
varying width enables one to extract both the vertical and
lateral thermal conductivities of the same polymer film sample.
Polymer layers of thickness between 0.5 and 2.5m are
deposited and cured on a bare silicon wafer coated with the
organic adhesion-promoter in the same manner as described in
Section II-A. The polymer layer is subsequently covered with
a 1000-̊A-thick PECVD silicon nitride layer. An aluminum
layer of thickness 2500̊A is sputtered and patterned on the
silicon nitride layer. Finally, the silicon nitride layer covering
the polymer is removed except from the region beneath the
metal bridge using plasma etching.

B. Experimental Procedure

The transient Joule heating and electrical resistance ther-
mometry described in Section III are employed here to ex-
amine the impact of both the vertical and lateral thermal
conduction in the polymer for aluminum bridges of varying
width. A harmonic current generates heating in the bridges.
The electrical resistance of each bridge is calibrated such that
the bridge serves as a thermometer as well as a heater. The
transient temperature-rise responses at the bridge are measured
to extract thermal conductivities of the polymer films.

At first, the measurement is performed for the metal bridge
of width 200 m, which is more than two orders of magnitude

Fig. 11. Cross-sectional schematic of the microstructure used for measuring
both the vertical and the lateral thermal conductivities in the same polymer
film. Metal bridges of line width varying between 4 and 200�m are deposited
on the same silicon substrate.

larger than the polymer film thickness. When the bridge
width is much larger than the polymer thickness, the thermal
conduction is nearly one dimensional in the direction normal
to the film, and the vertical conductivity has a dominant
influence on the temperature rise. Compared to the perfectly
one-dimensional case, the error resulting from the use of this
structure is no more than 3% throughout the frequency range
used in the measurement, even if the lateral conductivity
is one order of magnitude larger than the vertical conduc-
tivity. Fig. 12 shows temperature-rise response data for the
metal bridges of width 200 m deposited on a polymer
film of thickness 2.5 m together with data obtained from
subsequent measurements for the metal bridge of width 4

m on the same film. Using the finite-difference method
described in the previous section, theoretical curves are fitted
to the data for extracting the vertical thermal conductivity
of the film first. The calculation yields the best agreement
with the data when the vertical thermal conductivity is
approximately 0.25 W m K The temperature-rise signal
from the bridge of width 200 m is highly sensitive to
the vertical thermal conductivity at frequencies lower than
3 kHz and is not significantly influenced by the specific
heat of the films. The large sensitivity of the measurement
yields relatively small experimental uncertainties, which are
estimated to be less than 8% accounting for the error re-
sulting from the imperfect one-dimensionality in the current
structure.

The lateral thermal conductivity is extracted using the data
for the narrow bridge of width 4 m, which are sensitive
to both the vertical and lateral thermal conductivities. Using

W m K obtained above, the lateral thermal
conductivity is extracted by fitting the calculated curve to the
experimental data in Fig. 12. The best agreement is obtained
when the lateral thermal conductivity is about 1.5 W m
K The specific heat of the polymer films is also assumed to
be 1.55 MJ K m here. The sensitivity of the measurement
to the lateral conductivity increases with decreasing values
of the ratio of the bridge width to the polymer thickness.
This means that the experimental uncertainty decreases with
decreasing bridge width. The current structure still yields an
experimental uncertainty as large as 30%.
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Fig. 12. Prediction and data for the impact of the vertical and the lateral
thermal conductivity of polymer layers on temperature-rise components of
the metal bridge for varying values of the heating frequency. A significant
temperature reduction is observed for the narrow metal bridge due to the
lateral heat spreading in the film. This spreading is aided by the larger lateral
conductivity.

V. RESULTS AND DISCUSSION

A. Film Thickness Dependence of the Conductivities

Fig. 13 plots data for the effective vertical thermal con-
ductivity, which is defined by , and the lateral
thermal conductivity for varying polymer film thickness. The
data show that polyimide films deposited using spin-coating
exhibit significant anisotropy in thermal conductivity, which
favors lateral conduction by a factor between four and eight.
Fig. 13 also includes data obtained for measurements per-
formed at different film thicknesses and different locations on
the same sample using another method, which combines Joule
heating and laser-reflectance thermometry at frequencies up to
100 kHz [28], [38]. The data obtained using the present method
and the method using optical thermometry agree within the
experimental uncertainty. Considering the uncertainty, we ob-
serve no thickness dependence of the thermal conductivity
anisotropy within the range of thicknesses shown.

Thermal conductivity anisotropy has been studied for uni-
axially drawn bulk polymers and the data are summarized
elsewhere [39]. When those polymers are uniaxially stretched
with a draw force, the chain molecules tend to align along
the draw direction. The molecular alignment is augmented
with increasing draw ratio. Consequently, the polymers exhibit
large thermal conductivity anisotropy and the conductivity
along the draw direction to that in the perpendicular direction
increases with the draw ratio. This phenomenon can be very
approximately interpreted using the kinetic theory for heat
conduction in solids by phonons, which are the quanta of
atomic vibrational energy. The thermal conductivity is [40]

(12)

Fig. 13. Thermal conductivity vertical and lateral to polymer layers as a
function of layer thickness.

where is the phonon specific heat,is the acoustic veloc-
ity, and is the phonon mean free path. In highly disordered
materials, the application of (12) is made questionable by the
fact that the phonon mean free path is comparable to the
phonon wavelength, which renders an atomistic theory far
more appropriate. However, (12) can be used to interpret the
mechanisms responsible for the anisotropy in the layer. The
overlap of the carbon -orbitals along the covalently bonded
chain yields larger elastic constants for vibrations propagating
along the chains than for those propagating between neigh-
boring chains. Vibrations propagating between neighboring
chains have velocity governed by the lower intermolecular
force constants, which are governed by the van der Waals
interaction. Although conduction between neighboring chains
closely resembles that in amorphous glasses, for which the
mean free path is comparable to the interatomic separation, the
mean free path along chains could be higher due to the strong
interatomic coupling. These arguments indicate that both the
velocity and the mean free path may be higher along chains
than between neighboring chains. Therefore, chain alignment
in the film plane enhanced the lateral thermal conductivity.
A more quantitative description of the anisotropy needs to
consider the statistical distribution of chain orientation in a
layer, which can be examined using X-ray diffraction [41],
[42] and the polarized infrared absorption spectroscopy [43].

B. Temperature Dependence

We report the temperature dependence of the thermal con-
ductivity anisotropy of a polymer film of thickness 2.25m
using the micromesa and the membrane techniques. The
sample is placed in a cryostat and the ambient temperature was
varied using a thermal controller. The measurement analysis
requires data for the thermal conductivities and heat capacities
of silicon, aluminum, and silicon nitride, and for the heat
capacity of the polymer film as functions of temperature. The
current work uses thermal conductivity values obtained from
published literature [44]–[47]. The transient method requires
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TABLE I
SUMMARY OF EXPERIMENTAL TECHNIQUES DEVELOPED IN THE CURRENT WORK

Fig. 14. Temperature dependence of thermal conductivity anisotropy of a
polymer film of thickness 2.25�m.

the heat capacity data for the polymer film. The capacity of
the film is independently measured by capturing a transient
temperature-rise response at a test structure similar to the
micromesa. The details of the measurement are described
elsewhere [37]. Fig. 14 shows the vertical and lateral thermal
conductivities at temperatures varying between 260 and 360
K. Further studies on temperature dependence of both the
specific heat and the acoustic velocity along the in-plane and
the out-of-plane directions are needed to interpret these data.

VI. SUMMARY AND CONCLUSIONS

This manuscript describes measurements of the vertical and
the lateral thermal conductivities in polymer layers using three
independent techniques. Table I summarizes these techniques
and shows both the advantages and disadvantages associated

with each method. The data are obtained at room temperature
using these independent techniques and are consistent, which
helps to validate the relatively straightforward IC compatible
approach. For the layer thicknesses studied here, the effective
vertical thermal conductivity appears to be relatively homo-
geneous and not significantly reduced by resistances at the
layer boundaries. The data reported here indicate that the
lateral thermal conductivity is larger by a factor of six than
the effective vertical thermal conductivity for film thicknesses
between 0.5 and 2.5 m. Since boundary resistances do
not significantly reduce the vertical thermal conductivity, the
anisotropy would have to occur within the volume of the
polymer and might be explained by the partial alignment of
molecular chains. The anisotropy is particularly important for
MEMS actuators that are based on polymer films, in which
lateral thermal conduction dominates the response time. The
anisotropy can be expected to decrease the heat-diffusion time
by a factor approximately equal to the square of the anisotropy
factor, according to the heat-diffusion equation, compared to
the time constant calculated using the bulk thermal diffusivity.

The temperature dependence of the thermal conductivities
in vertical and lateral directions of polymer films is studied
using the techniques developed here. The results show that
the thermal energy propagation efficiency becomes larger in
the both directions as the background temperature of the
films increases. The physics of the anisotropic thermal con-
duction along and perpendicular to polymer chains needs to
be fully understood to explain the temperature behaviors of
the thermal conductivity. A future study will characterize the
molecular-level structures of the polymer films and compare
the molecular orientation with the data obtained in the current
study.
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