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Laser-pulse technique for measuring the thermal diffusivity
of substrate-supported polymer films

E. K. Hobbiea) and A. S. De Reggi
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

~Received 7 June 1999; accepted for publication 10 August 1999!

We describe a technique for measuring the thermal diffusivity of substrate-supported polymer films
based on the early-time electrothermal response following a 100 ns pulse from aQ-switched ruby
laser. Data for a polyimide film spin coated on ap-doped Si@111# substrate are used to demonstrate
the technique. From the late-time decay of the signal, we also obtain an estimate of the interfacial
thermal-transport coefficient of the polymer–semiconductor interface. ©1999 American Institute
of Physics.@S0034-6748~99!04111-8#
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INTRODUCTION

The efficiency of thermal transport perpendicular to t
plane of thin polymer films and coatings on conducting a
semiconducting substrates is an important factor in the
sign and packaging of microelectronic circuits and devic
Polymer films on the order of 1mm thick are currently used
for example, as interlevel dielectrics in microelectron
packaging. Because the thermal conductivity of metals
semiconductors is relatively high compared to that of typi
polymers, thermal transport across such films will in gene
be limited by both the thermal diffusivity of the coating m
terial and the thermal boundary resistance of the polym
metal or polymer–semiconductor interface. From the p
spective of synthesizing new polymeric materials a
designing new production techniques that optimize the
at which heat is dissipated in such applications, it is desira
to have an efficient way of measuring one or both of th
quantities independently.

For polymer films on the order of 10mm thick, the ther-
mal transit time is on the order of 1 ms, implying that fa
measurement techniques are essential for an accurate d
mination of thermal-transport coefficients. Techniques s
as the mirage method,1 the pseudoguarded-hot-pla
method,2 the thermal-comparator method,3 the microstrip
technique,4 and the laser-pulse thermal reflectan
technique,5 have been used to measure thermal transpor
thin dielectric films. Here we describe a transient techniq
based on the thermal-pulse method for measuring charge
polarization distributions in polymer electrets.6,7 It is an ex-
tension of a method used previously to measure the the
diffusivity of substrate-mounted polymer films.8 The ap-
proach described here, however, extends the usable ran
early-time data by an order of magnitude, allowing a m
surement of the bulk thermal-transport coefficient witho
the assumption of ideal heat sinking. From the late-time
cay of the signal, we obtain an estimate of the interfac
thermal-transport coefficient of the polymer–semiconduc
interface.

a!Electronic mail: erik.hobbie@nist.gov
4350034-6748/99/70(11)/4356/3/$15.00
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EXPERIMENTAL DETAILS

Details of the thermal-pulse instrumentation and te
nique are described elsewhere.9 A Q-switched ruby laser pro-
duces a 100 ns pulse of 675 nm light with a nominal ene
of 0.7 mJ. The light pulse is optically guided into the samp
cell, where it is normally incident on a 200 nm thick opaq
Al electrode evaporated onto the front surface of a polym
film mounted on a conducting or semiconducting substra
A bias voltage~either 0 or127 V in the present work! is
applied between the electrode and the substrate, whic
maintained at a virtual ground potential and serves as a t
mal sink. A charge amplifier connected to the electrode m
sures the charge responseq(t)-induced by the thermal puls
via the capacitance change associated with the therma
pansion of the dielectric. A digital storage oscilloscope w
a 12 bit, 10 MHz, analog-to-digital~AD! converter stores
and averages the signal from 30 consecutive pulses deliv
at 10 s intervals. Both a ‘‘slow’’ charge amplifier~Kistler
model 504E dual mode10! and a ‘‘fast’’ charge amplifier
~EG&G ORTEC Model 142C! are used in the work de
scribed here. The former resolves the signal for 10ms,t,1
ms, wheret50 is defined by the peak position of the 100
pulse. The latter has a faster frequency response and res
the early-time data~100 ns,t,5 ms!.

MATERIALS

Polyimide films were prepared from Pyralin precurs
solutions~PI-2540! obtained from HD Microsystems.10 The
substrates arep-doped @111# silicon wafers obtained from
Semiconductor Processing.10 After the wafers were cleane
and the native oxide layer restored, the Pyralin solution w
spin coated onto the silicon wafer and annealed on a
plate at 100 °C for 30 min. The sample was then annea
under vacuum while the temperature was ramped from 2
350 °C at 3 K/min, held at 350 °C for 60 min, and then a
lowed to cool to ambient temperature overnight. The fi
thicknessd was measured with a model 2010 Metricon pris
coupler.10 For the sample described here, the nominal thi
ness obtained by averaging measurements at different p
on the sample surface isd5(9.2460.5) mm.11 The cured
6 © 1999 American Institute of Physics
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polyimide coating has a specific heat ofcp51.545 J/cm3 K.12

A 200 nm thick Al electrode with a specific heat ofce

51.408 J/cm3 K ~Ref. 13! was evaporated onto the polym
film, and conducting silver-filled epoxy was then used
glue the backside of the Si wafer to an aluminum blo
inside the copper sample cell.

ANALYSIS

For a sample of thicknessd, areaA, and relative permit-
tivity « under a bias voltageV, the transient chargeq(t)
generated by the input thermal pulse is7,8

q~ t !5~ax2a«!««0

A

d E E~x,t !c~x,t !dx, ~1!

where c(x,t)5T(x,t)2T0 is the deviation from ambien
temperature (T0) inside the dielectric film,ax is the coeffi-
cient of thermal expansion,a« is the temperature coefficien
of the dielectric permittivity, and«0 is the dielectric permit-
tivity of free space. The electric field in Eq.~1! can be writ-
ten asE(x,t)5Er(x,t)1V/d, whereEr is the contribution
from space charge within the film andV/d is the spatially
homogeneous contribution from the external bias. Figur
shows the~zero-bias! response both before the bias has be
applied and after the bias has been removed, along with
input pulse, which is approximated by a delta function. Fr
these measurements, it is clear that the charge injected
the dielectric over the course of the experiment is small,
the space-charge contribution to Eq.~1! may be subtracted
from the total response. Figure 2 shows the signal both w
and without a bias of 27 V. The signalqb(t) due solely to the
nonzero bias is calculated by subtracting the zero-bias
sponse from the nonzero-bias response, and is given by

qb~ t !;E dx c~x,t !/d5c̄~ t !. ~2!

A fit of the early-time data to a model derived in the Appe
dix @Eq. ~A4!# is shown in the inset of Fig. 3, and yieldsD

FIG. 1. Thermal-pulse response both before biasing and after a bias of127
V ~applied for roughly 0.25 h! has been removed. The main part is t
late-time response measured with the ‘‘slow’’ charge amplifier and the i
on the right is the early-time response measured with the ‘‘fast’’ cha
amplifier. The inset on the left shows the temporal shape of the input p
1
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5(1.0860.08)31027 m2/s for the thermal diffusivity of the
polyimide. This is in good agreement with previously r
ported values for a similar system using a technique t
exploits only the late-time data.8 A fit of the late-time data to
the exponential decay~see the Appendix! qb(t);exp(2Gt)
givesG52800 s21. The assumption of perfect thermal co
tact at the semiconductor–polymer interface used in a pr
ous study8 impliesH→`, whereH is the interfacial thermal-
transport coefficient, and yields~see the Appendix! D
5(0.9760.10)31027 m2/s for the thermal diffusivity of
the polyimide. Although this is in reasonable agreement w

et
e
e.
FIG. 2. Thermal-pulse response as a function of time for both a 0 and127
V bias across the sample, where the main part is the late-time respons
the inset is the early-time response. Note that the early-time response s
hysteresis with poling, indicative of weak charge injection in the presenc
a nonzero bias.

FIG. 3. Thermal-pulse response due solely to the nonzero bias volt
where the space-charge~zero-bias response, Fig. 2! contribution has been
subtracted from the total signal~27 V bias response, Fig. 2!. The main part
shows the late-time behavior, and the inset shows the early-time beha
The fits are as described in the text and are used to extract the bulk the
diffusivity from both the early-time rise of the signal~early! and the late
time decay of the signal~late!.
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the value obtained from the early-time data, it is interest
to wonder if a finite value forH can be deduced from th
discrepancy. From the late-time decay rate~G!, a simple
analysis ~see the Appendix! yields the estimate H'(3.1
61.0)3105 W/m2 K!, and the approach described here th
offers an improvement over the assumption of perfect th
mal contact at the polymer–semiconductor interface.

DISCUSSION

We describe a laser-generated thermal-pulse method
measuring the thermal diffusivity of substrate-mounted po
mer films. Data for a polyimide~PI-2540! film spin coated
on ap-doped Si@111# wafer are used to demonstrate the tec
nique, which has potential applications for studying the d
tribution of space charge in thin substrate-mounted polym
films. A number of methods for precisely measuring the th
mal boundary resistance between two different materials
available,14–18 and an exact value ofH for polyimide spin
coated on silicon remains to be determined. The appro
does offer an estimate ofH, however, which is found to be
roughly two orders of magnitude smaller than values pre
ously reported for metal vapor deposited onto a dielectri15

This apparent discrepancy might simply reflect relatively i
perfect physical contact between the polymer and the wa

APPENDIX

The deviation from the background~ambient! tempera-
ture inside the polymer film, denoted byc(x,t)5T(x,t)
2T0, is assumed to satisfy

]c

]t
5D

]2c

]x2 , ~A1!

whereD is the thermal diffusivity of the polymeric materia
This becomesDĉ9(x,s)5sĉ(x,s), where ĉ(x,s) is the
Laplace transform ofc(x,t). For t!d2/D, the appropriate
boundary conditions arec(x,t)→0 for x→`, and

S 2k
]c

]x
1me

]c

]t D
x50

5J0d~ t !, ~A2!

wherek is the thermal conductivity of the polymer,me is the
thermal mass of the electrode~located atx50!, andJ0d(t)
models the input thermal pulse from the laser. In Lapla
space, Eq.~A2! becomes (2kĉ81mesĉ)x505J0, and the
mean response is

c̄~ t !5
1

2p i EC
dsestE

0

`

dxĉ~x,s!/d

5
J0D

2p idEC
dsst/s~k1meADs!, ~A3!

where the contourC runs parallel to the Im(s) axis to the
right of the singularity ats50. The integral is easily evalu
ated to give
g
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c̄~ t !5c$12et/a2
@12erf~At/a!#%, ~A4!

where c is a constant of proportionality anda5ADme /k
5(ce /cp) l e /AD.

For t>d2/D, the appropriate boundary conditions a
2k]c/]c5J0d(t) ~at x50! andk]c/]x52Hc ~at x5d!,
whereH is the thermal-transport coefficient of the polyme
semiconductor interface. In Laplace space, these are2kĉ8
5J0 ~at x50) and kĉ852Hĉ ~at x5d). Formally, the
mean response can be expressed as

c̄~ t !5
1

2p i EC
dsestE

0

d

dxĉ~x,s!/d, ~A5!

where the pole structure inĉ is now considerably more com
plicated than in the previous limit. Since we are interested
the asymptotic late-t behavior, however, we need only con
sider the contribution from the singularity closest to the o
gin, which givesc̄(t);exp(2Gt), with H5(k/d)u0 tanu0

and u0
25Gd2/D. In the case of perfect thermal contact b

tween the film and the substrate,R51/H5d cotu0 /ku050,
which impliesG5p2D/4d2.
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