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Phonon scattering in silicon films with thickness of order 100 nm
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Although progress has been made in theab initio simulation of lattice dynamics in semiconducting
crystals, information about the relaxation of nonequilibrium lattice vibrations remains incomplete.
This work studies the relaxation times of room-temperature thermal phonons through measurements
of thermal conduction along monocrystalline silicon films of thickness down to 74 nm. A repetitive
oxidation and etching process ensures that the purity and crystalline quality of the films are
comparable with those of bulk samples. Phonon-interface scattering reduces the thermal
conductivity by up to 50% at room temperature. The data indicate that the effective mean-free path
of the dominant phonons at room temperature is close to 300 nm and thus much longer than the
value of 43 nm predicted when phonon dispersion is neglected. This study indicates that a broad
variety of lattice transport characteristics for bulk silicon can be obtained through measurements on
carefully prepared silicon nanostructures. The present data are also valuable for the thermal
simulation of silicon-on-insulator~SOI! transistors. ©1999 American Institute of Physics.
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Significant progress has been made in the understan
of the lattice dynamics in silicon asab initio simulations
have enabled accurate computation of phonon spectra
the Grüneisen parameters.1 Information about the relaxation
of phonons, however, remains incomplete. This is due pa
to the fact that the high-frequency transverse acoustic~TA!
phonons in silicon are highly dispersive. Previous theoret
studies2,3 demonstrated that consideration of the phonon d
persion is critical in modeling the thermal conductivity
silicon near room temperature and above, where phon
with low group velocities become fully excited. There exis
significant discrepancy among phonon mean-free paths
mated from the bulk thermal conductivity depending
which phonon branch was taken to dominate h
transport.4,5

One way to experimentally observe the mean-free p
of phonons is to examine the size effect on the thermal c
ductivity of thin monocrystalline films, which arises from
phonon-boundary scattering. A recent experimental stu6

reported two orders of magnitude reduction in the in-pla
thermal conductivity of a 155-nm-thick silicon membran
Whether such a drastic thermal conductivity drop is d
solely to phonon-boundary scattering, however, is uncle
This is partly because the thermal conductivity of crystall
silicon is sensitive to the presence of defects that could
introduced unintentionally during the processing steps, s
as substrate back etching. In addition, a recent study7 sug-
gested that phonon confinement causes the film thermal
ductivity to depend very sensitively on the thickness. Ot
existing measurements were limited to films with thickne
close to or over a micrometer and had experimental un
tainties comparable to the observed reduction.8–10

The present work experimentally studies the mean-f
path of thermal phonons in silicon at room temperature
measuring the in-plane thermal conductivity of monocrys
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line thin films. The experimental technique allows measu
ments on films as thin as 74 nm and eliminates the poss
incorporation of unintended defects during substrate etch
As much as 50% reduction from the bulk value is observ
Model predictions accounting for phonon-boundary scat
ing are made and compared with the data to provide ins
into which phonon branch dominates heat transport at
evated temperatures.

The measurement structures are made using comm
cially availablep-type ~111! silicon-on-insulator~SOI! wa-
fers ~SOITEC, France!. These wafers are prepared by bon
ing two oxidized silicon wafers and then removing all but
thin layer of silicon on one side. The silicon layers obtain
in this fashion are referred to as BESOI~bond and etch-back
silicon-on-insulator! layers, a detailed description of whic
can be found elsewhere.11 The BESOI layers are monocrys
talline and have no TEM-detectable defects. The thicknes
the silicon layer is controlled by repeated thermal oxidat
and wet etching. At each oxidation step, the thickness of
silicon-dioxide layer is limited to be less than 30 nm to pr
vent the development of significant thermal stress. We us
laser interferometer and also a surface profilometer to de
mine the thicknesses of the layers. The uncertainty in
thickness control procedure, as estimated from compar
between the two independent measurements and the no
formity across the wafer, is less than 5%.

The in-plane thermal conductivity of the silicon layers
measured using a technique that has been recently devel
by the authors for the characterization of the anisotropic th
mal conductivity of thin dielectric films and composite stru
tures. Details of this technique and its application for po
imide films were reported elsewhere.12 Periodic Joule
heating is induced in metal bridges with differing widths th
are formed on a film using a photolithography process. T
resulting temperature rise in each bridge structure is m
sured by monitoring the changes in its electrical resistan
5 © 1999 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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The measured amplitudes of temperature oscillations
compared with numerical solutions to the heat diffusi
equation to extract the in-plane thermal conductivity of t
film. Previous studies used a single metal bridge with wi
much larger than the film thickness to determine the out
plane thermal conductivity of dielectric films.13

Figure 1 shows a schematic diagram of the cross sec
of the measurement structure. The buried oxide layer act
a thermal barrier and forces heat to spread along the sil
film before it reaches the substrate. The thickness of the
ied oxide layer is selected such that the spatial exten
lateral heat spreading is much larger than the silicon la
thickness, and hence, the mean-free path of phonons. Th
to ensure that the in-plane temperature gradient and the
mal conductivity retain their usual meaning. A thicker buri
oxide film would improve accuracy but is difficult to prepa
due to limitations in the SOI wafer fabrication process. T
metal bridge width is varied between 0.8 and 10mm, the
minimum of which is dictated by the resolution of the optic
lithography. The orientation of the bridge structure is su
that lateral heat flow along the thin silicon layers occurs p
dominantly in the^110& direction. The top silicon-dioxide
layer acts as an electrical passivation layer. The thermal c
ductivity of this passivation layer is taken to be that of
silicon-dioxide film grown on a silicon wafer during th
same process run. The latter conductivity is determined u
the 3v technique.13 The thermal conductivity of the meta
layer is determined independently as explained shortly.

The accuracy of the present experimental techniqu
first verified by measuring the thermal conductivities of a
minum films with thickness comparable to those of the s
con layers. This verification replaces the silicon layer in F
1 with an aluminum film. The aluminum films are sputter
on regular silicon wafers capped with 2-mm-thick low-
pressure chemical-vapor deposition silicon-dioxide film
The electronic thermal conductivity is related to the elec
cal conductivity via the Wiedemann–Franz–Lorenz la
which was shown to be applicable for thin aluminum films
similar thicknesses.14,15 The thermal conductivity of the alu
minum films studied is larger than 100 W m21 K21 and the
lattice contribution is expected to be negligible. The me
sured Lorenz numbers agree very well with those of previ
studies14,15 and add confidence in the subsequent meas
ments on the silicon layers. The main contributors to
experimental uncertainty in the present measurements ar

FIG. 1. Cross-sectional view of the thermal conductivity measurem
structure employed in the present study.
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uncertainty in the sample dimensions and the uncertaint
the calibration coefficient of the bridge thermometer.

Figure 2 shows the measured in-plane thermal cond
tivities of the silicon layers at room temperature. The therm
conductivity is smaller by up to 50% than the bulk value a
exhibits relatively weak film thickness dependence. T
present data differ substantially from that of a previo
study,6 which used a 155-nm-thick free-standing silico
membrane structure. The discrepancy suggests that def
which were introduced during the fabrication process, w
responsible for the drastic reduction observed in that stu
This is consistent with the conclusion of a theoretic
study,16 which examined the effect of dislocations on th
in-plane thermal conductivity of thin semiconductor film
Dislocations were considered to be a main source of
anomalous drop in the thermal conductivity of superlattic
with long periods.17 Other existing data9,10 on thicker silicon
films are consistent with the present data. The obser
thickness dependence of the thermal conductivity indica
that the size effect due to phonon confinement, which w
predicted to result in a substantial thickness dependen7

plays a relatively minor role in the thickness range examin
here.

Figure 2 also plots the predicted in-plane thermal co
ductivity of silicon layers. Phonon-boundary scattering is a
counted for by using a solution to the Boltzmann transp
equation,18 which relates the mean-free path of carriers
films Lfilm to that in bulk samplesLbulk . Predictions shown
in Fig. 2 useLbulk that is estimated in three different way
For the upper-most curve in Fig. 2, phonon dispersion
neglected and all of the phonon modes are assumed to
tribute equally to heat transport. A kinetic theory expressi
Lbulk53kbulk /Cv, yields the mean-free path of 43 nm
room temperature.5 In the calculation the volumetric hea
capacityC is taken to be the bulk value of silicon andv is
taken to be the speed of sound. It can be noted that the
medium approximation, which neglects phonon dispersi
considerably underestimates the size effect.

The other two predictions shown in Fig. 2 assume eit
longitudinal phonons or high-frequency transverse acou
phonons as thesoleheat carriers to gain further insight int
the question of which phonon branch is dominant. The th

t

FIG. 2. Measured and predicted in-plane thermal conductivities of t
monocrystalline silicon layers at room temperature. The plot includes
from two previous studies~Ref. 6 and 10!.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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mal conductivity integrals of Holland19 are used to obtain the
mean-free path of each branch in bulk samples. For the
gitudinal phonons, the phonon–phonon scattering rate is
sumed to exhibit a power-law dependence,t215B(T)vm.
The exponentm, which governs the frequency dependence
the phonon–phonon scattering rate, is not well known. T
present study obtains an estimate ofm from the analysis of
existing thermal conductivity data of germanium samp
with varying concentrations of point defects.20–22To the best
of our knowledge, no comparable data set exists for silic
In view of the close similarity between the phonon spectra
silicon and germanium, it is assumed that the same valu
m is applicable for silicon. The best fit can be achieved form
51.7, as shown in Fig. 3, which lies between theoretica
predicted values of 1 and 2.19,23 The temperature range con
sidered for germanium, when scaled with respect to the
bye temperature, corresponds to room temperature and a
for silicon. Once the exponentm is determined, the coeffi
cient B(T) is obtained by fitting the model to the bulk the
mal conductivity data. The frequency dependence
phonon-scattering rates is less important for the TA phon
since they occupy a much narrower frequency range.
experimental data show reasonable agreement with the
diction when the longitudinal phonons are considered to
the dominant heat carriers. The discrepancy can be ascr
partly to the formal exclusion of contributions from oth
phonon branches in the calculation. A previous theoret
study2 examined the thermal conductivity of bulk germaniu
samples and also concluded the dominance of longitud
phonons.

As a convenient measure of the mean-free path
phonons that dominate heat currents in bulk silicon, an

FIG. 3. Model predictions and previous data for the thermal conductivity
germanium crystals. The data for the isotopically enriched sample~Ref. 20!,
not shown here, are used to fix the model parameterB.
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fective mean-free path is estimated. The effective mean-
path is taken here to be the thickness of a film whose ther
conductivity is reduced from the bulk value by a factor giv
by a solution to the Boltzmann equation withLbulk5d.18

Here,d is the film thickness. The experimental data yield t
effective mean-free path near 0.3mm at room temperature
which is in good agreement with a value estimated in c
nection with the out-of-plane thermal conductivity o
silicon–germanium superlattices.5

In summary, the present study indirectly observes
mean-free path of phonons in silicon at room temperature
measuring the in-plane thermal conductivity of monocryst
line films with thickness down to 74 nm. A technique is us
that avoids the introduction of unintended defects during
sample preparation process. The thermal conductivities
the silicon films are found to be up to 50% lower than t
bulk value and suggests the effective phonon mean-free
near 300 nm. Comparison with model calculations sugge
that longitudinal phonons are dominant heat carriers in s
con near room temperature.
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