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Temperature fields in microdevices made from silicon-on-insulator~SOI! wafers are strongly
influenced by the lateral thermal conductivity of the silicon overlayer, which is diminished by
phonon scattering on the layer boundaries. This study measures the thermal conductivity of
single-crystal silicon layers in SOI substrates at temperatures between 20 and 320 K using Joule
heating and electrical-resistance thermometry in microfabricated structures. Data for layers of
thickness between 0.4 and 1.6mm demonstrate the large reduction resulting from phonon-boundary
scattering, particularly at low temperatures, and are consistent with predictions based on the phonon
Boltzmann transport equation. ©1997 American Institute of Physics.@S0003-6951~97!02739-3#
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Thin single-crystal silicon layers are becoming mo
common in microfabricated sensors, actuators, and tran
tors. These microdevices can be fabricated from silicon-
insulator ~SOI! substrates, which provide silicon layers
thickness between 0.05 and 10mm above a buried silicon
dioxide layer. The performance and reliability of microd
vices made from SOI substrates can be strongly influen
by lateral thermal conduction in the silicon layer. This
particularly important for transistors in SOI circuitry,1 in
which thermal conduction in the silicon device layer strong
reduces the peak temperature rise.2 Microcantilevers made
from SOI substrates are promising for high-density therm
mechanical data storage3,4 and have thermal response tim
and sensitivities governed by thermal conduction along
silicon layer. The thermal conductivity of silicon layers
submicrometer thickness may be strongly reduced by in
facial effects, although this has not been demonstrated
viously.

The thermal conductivity of silicon is dominated by ph
non transport and, for the case of thin films, can be redu
by phonon scattering on boundaries and by imperfecti
related to the fabrication process. While phonon-bound
scattering is most important at low temperatures, where
mean free paths of phonons are longest, boundary scatte
may also be very significant at room temperature and ab
in very thin silicon layers.5 There are no data available t
conclusively demonstrate this phenomenon in silicon lay
of submicrometer thickness. Previous work6–8 measured the
lateral thermal conductivity of thin polysilicon layers in m
crosensors and reported a thermal conductivity reduction
up to 80% compared to that in bulk silicon. However, ph
non scattering on grain boundaries is responsible for a la
fraction of the thermal conductivity reduction in these laye
such that these data are inappropriate for the single-cry
layers in SOI substrates.

This letter provides data and phonon transport anal
that quantify the impact of phonon-boundary scattering
heat conduction in crystalline silicon layers. The data
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useful for thermal modeling of microdevices made from S
substrates. Furthermore, since the purity and microstruct
quality of silicon layers in SOI wafers are not far inferior
those of bulk silicon, the conductivity reduction in thin lay
ers provides information about other phonon scatter
mechanisms in bulk silicon.

The experimental data are obtained using the microf
ricated structure shown in Fig. 1 using a procedure tha
detailed in a full-length manuscript.9 Heat is generated by a
steady-state electrical current sustained in a heavily do
region in the silicon overlayer, resulting in a temperatu
distribution in the silicon that decreases exponentially w
increasingx. The temperature distribution in the silicon
detected using electrical-resistance thermometry in two
terned aluminum bridges. The aluminum bridges carry v
small current densities and experience negligible Joule h
ing, such that they measure the silicon temperature in reg
surroundingx5xA andx5xB , respectively. The exact solu
tion is well approximated by

T~x!2T05
P8

2
A d0

k0dsks
expS 2

x2x0

LH
D , ~1!

lFIG. 1. Cross-sectional schematic of the experimental structure use
measure the lateral thermal conductivity of single-crystal silicon layers
SOI substrates. To achieve a small uncertainty, the separationsxA and xB

need to be somewhat less than the thermal healing length in the de
LH5(dsd0ks /k0)1/2. The present study usesxA55 andxB510mm.
/97/71(13)/1798/3/$10.00 © 1997 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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whereP8 is the heater power per unit length,T0 is the sub-
strate temperature beneath the structure,ds and do are the
silicon and oxide thicknesses, respectively,ko is the vertical
thermal conductivity of the oxide, andks is the lateral ther-
mal conductivity of the silicon. The length
x050.4– 0.6mm is obtained for each measurement point
matching the temperature distribution from Eq.~1! to the
solution of the one dimensional heat conduction equa
that includes the 2-mm-wide heated region in the calculatio
domain. The thermal healing length along the device lay
LH5(dsdoks /ko)1/2, is the characteristic length scale of th
temperature decay toT0 . For each measurement, the oxi
thermal conductivityko is measured on the same die usi
Joule heating and electrical-resistance thermometry,10 allow-
ing T0 andks to be determined from the measured tempe
ture rises atx5xA and x5xB and Eq.~1!. The sample is
bonded and packaged and cooled using a liquid-helium
frigeration system.9 The wafers in the current study are fa
ricated using BESOI technology,11 which achieves the sili-
con overlayer through bonding of two thermally oxidize
substrates and a subsequent etch. Data reported here
measured on wafers with silicon device layer thicknesse
ds50.42, 0.83, and 1.6mm and buried oxide thicknes
do53 mm.

The analysis uses a version of the thermal conducti
integral for silicon,12 which accounts for phonon dispersio
and distinguishes between the contributions of transverse
longitudinal modes, together with a solution to the Bol
mann transport equation along thin layers.13 The modified
form of the conductivity integral is

k5 (
i 5L,T1,T2

1

3
n i

2E
0

Q i /T

Ci~tb! iFS ds

~Lb! i
Ddxv , ~2!

where the subscriptsi 5L, T1, T2 refer to the single longi-
tudinal and the two transverse phonon modes, respectiv
n i is the appropriate phonon group velocity,Q i is the Debye
temperature of the solid,xv5hpv/kBT is the nondimen-
sional phonon frequency,Ci is phonon specific heat per un
volume and nondimensional frequency, the Boltzmann c
stant iskB51.38310223 J K21, and Planck’s constant di
vided by 2p is hP51.602310234 J s. The conductivity re-
duction due to phonon-boundary scattering is calcula
independently for each differential step in the phonon f
quency spectrum using the solution to the Boltzmann eq
tion, which is realized through the functionF. The relaxation
time in the absence of phonon-boundary scattering,tb , is
that determined previously for bulk silicon.12 The boundary
scattering reduction functionF depends on the ratio of th
layer thickness,ds , and the appropriate phonon mean fr
paths for transverse and longitudinal modes, (Lb) i

5n i (tb) i . The reduction functionF is calculated using the
exact solution to the Boltzmann equation for the mean-f
path reduction along a thin layer13

F~d!512
3

8d2 1
3

2d2 E
1

`S 1

t32
1

t5Dexp~2dt !dt, ~3!

where d5ds /Lb is the reduced thickness. This expressi
assumes that phonons are diffusely scattered or emitted
the boundaries of the layer, which may slightly overestim
Appl. Phys. Lett., Vol. 71, No. 13, 29 September 1997
Downloaded 21 Nov 2008 to 171.64.49.29. Redistribution subject to AIP
n

r,

-

e-

ere
of

y

nd
-

ly,

-

d
-
a-

e

m
e

the conductivity reduction at low temperatures. Diffuse
flection results due to the interference of phonon wavepa
ets departing from an interface that has a character
roughness comparable to or larger than the phonon wa
length. The fraction of phonons reflected diffusely therefo
depends strongly on the surface roughness and on the w
length of the phonons under consideration. Partially spec
reflection becomes more important at low temperatures
more detailed analysis9 considering partially specular reflec
tion on boundaries with characteristic roughness 5 Å indi-
cates that the resulting increase in the thermal conductivit
about 20% at 20 K for the 0.42mm silicon overlayer.

Figure 2 compares temperature-dependent therm
conductivity data for silicon layers with the predictions
Eqs.~2! and ~3! and with the recommended values for bu
samples.14 The predictions use the conductivity model f
bulk samples and the solution to the Boltzmann equat
with no fitting parameters. The layer conductivities a
strongly reduced compared to the bulk values, and the qu
tative agreement with the data supports the conclusion
boundary scattering is responsible. The maximum in the c
ductivity for the thin layers occurs near 70 K and separa
the low-temperature region, where scattering is domina
by imperfections and surfaces, from the high-temperature
gion, where phonon-phonon scattering is dominant. The b
thermal conductivity reaches a maximum, 5500 W m21 K21

at a temperature near 30 K. Figure 2 shows that the d
agree well with predictions for the 1.6-mm-thick silicon
overlayer between 30 and 300 K. The effect of surfa
roughness is more significant at lower temperatures wh
the population of the long wavelength phonons increases
partially specular reflection is considered,9 the impact of
phonon-boundary scattering below 30 K is significantly
duced and the agreement can be improved. The agree
for the 0.42- and 0.83-mm-thick silicon layers is somewha
poorer than for the thickest layer. This may be due to
higher concentrations of imperfections associated with e
taxial silicon growth in these layers. These imperfectio
tend to collect near the former interface with the heav
doped etch stop layer.9,15

FIG. 2. Thermal conductivities of single-crystal silicon layers with thic
nesses 0.42, 0.83, and 1.6mm. Also included are recommended values f
bulk silicon and predictions based on the phonon-boundary scattering a
sis.
1799Ashegi et al.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



on
n
c
n
e

tio
e
t
g
u
u
k
0
or
ls

in-
r-
r-
ers
d

ctor
and
the

at

.

T.
tors,

S.
eor-

n

D.

m

in
The impact of phonon-boundary scattering is dem
strated more clearly in Fig. 3, which plots the thermal co
ductivity reduction of the silicon layers compared to the re
ommended bulk values as a function of thickness a
temperature. The predictions are consistent with the data
cept at low temperatures, where partially specular reflec
may be responsible for the deviation. The reduction in th
mal conductivity of the 1.6mm sample is small and no
experimentally significant at room temperature, suggestin
microstructure and purity that closely resemble those in b
crystals. Figure 3 predicts that the size effect on the cond
tivity can exceed two orders of magnitude for layers of thic
ness near one micrometer at temperatures less than 1
This could be very important for low-temperature sens
made from single-crystal silicon layers. The predictions a

FIG. 3. Thermal conductivity reduction due to phonon-boundary scatter
1800 Appl. Phys. Lett., Vol. 71, No. 13, 29 September 1997
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indicate that the reduction could exceed 50% for layers th
ner than 0.1mm at room temperature, which has very impo
tant implications for the cooling of transistors in SOI ci
cuits. For SOI transistors based on ultrathin device lay
~less than 50 nm!, the thermal conductivity could be reduce
as much as 70%.
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