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Measurement of ballistic phonon conduction near hotspots in silicon
P. G. Sverdrup, S. Sinha, M. Asheghi, S. Uma, and K. E. Goodsona)

Thermosciences Division, Department of Mechanical Engineering, Stanford University, Stanford,
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The Fourier law for lattice heat conduction fails when the source of heat is small compared to the
phonon mean free path. We provide experimental evidence for this effect using heating and
electrical-resistance thermometry along a doped region in a suspended silicon membrane. The data
are consistent with a closed-form two-fluid phonon conduction model, which accounts for the severe
departure from equilibrium at the hotspot. The temperature rise exceeds predictions based on the
Fourier law by 60% when the phonon mean free path is a factor of 30 larger than the resistor
thickness. This work is improving the constitutive modeling of heat flow in deep-submicron
transistors. ©2001 American Institute of Physics.@DOI: 10.1063/1.1371536#
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Transistor scaling has reduced the channel length be
the phonon mean free path in silicon, which is approximat
300 nm at 300 K.1,2 The hotspot within a transistor, wher
electron energy transfer to the lattice is most intense, ca
10 nm thick.2 The small size of the phonon source compa
to the phonon mean free path may yield dramatically lar
transistor temperatures than those predicted using the Fo
law of heat diffusion.2,3 This results from the ballistic, o
nonlocal, nature of phonon conduction and can be predic
using the Boltzmann transport equation. Ballistic phon
transport in silicon films was investigated through the la
measured reductions in the lateral thermal conductivity co
pared to the bulk value.1,4 However, the effect of ballistic
transport near a small heat source, which has greater im
cations for transistors, has not been experimentally inve
gated.

We report measurements of ballistic phonon conduct
near a doped resistor thermometer in silicon, shown in Fig
which approximates the smaller phonon source in a tran
tor. To induce ballistic transport, we perform measureme
at 100–200 K where the phonon mean free path ranges
tween 2 and 10mm. Joule heating in the doped resistor i
duces a temperature rise in the membrane structure. The
mal conductivity and mean free path in the silicon membra
are determined from the temperature rises of the parallel
minum bridges A, B, and C, which serve as electrical res
tance thermometers. Ballistic phonon transport is obser
through the departure of the doped resistor temperature f
predictions based on the Fourier law. The membrane ge
etry increases the thermal resistance of the experimenta
gion and reduces the experimental uncertainty.

The resistor is fabricated using boron implantation at
keV with a dose of 531015 cm22 through a patterned oxid
mask in a silicon-on-insulator~SOI! film. Our simulations
show that the effect of implant damage on thermal cond
tivity of the resistor is negligible for these conditions. Th
current along the resistor is confined to thep-type region by
reverse biasing the junction formed with then-type substrate.
The patterned aluminum bridges are far from the doped
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sistor compared to the phonon mean free path, such that
temperatures yield the lateral thermal conductivity of the s
con membrane independent of nonlocal transport near
doped resistor. The membrane is formed by plasma etch
the underlying silicon. The structure is attached within a
ramic die package, electrically bonded, and mounted i
cryostat.

The experimental procedure begins with calibration
the electrical resistances of the aluminum bridges and do
resistor between 100 and 300 K. The calibration uses f
point probe measurements at very low electrical curre
such that the temperature rise due to Joule heating is n
gible. After calibration, the cryostat is fixed at a targeted b
temperature and the current along the doped resistor is
creased from the 0.1 mA calibration value to a value near
mA. The current generates approximately 7.5 mW/m, ref
enced per unit length normal to Fig. 1, heating the en
membrane and raising the doped resistor temperature by
proximately 3 K. The current along the doped resistor, a
therefore the peak temperature rise, is limited by the bre
down voltage of the junction formed with then-type sub-
strate. The steady-state resistance changes of the dope
sistor and the three aluminum bridges are recorded, and

FIG. 1. Cross section of the experimental structure, which is micromach
from a SOI wafer. The doped resistor in the silicon membrane is used
heating and thermometry.
1 © 2001 American Institute of Physics
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temperature rises of the four thermometers are calcul
from the calibration results.

Figure 2 shows predictions and data for the tempera
distribution along the membrane. The data from the th
aluminum thermometers lie almost perfectly on a line,
expected from the heat diffusion equation. The membr
thermal conductivity is calculated using

k5
q8

d S dT

dxD 21

, ~1!

whereq8 is the heat flux per unit length into Fig. 1,d is the
membrane thickness, anddT/dxis the slope determined from
the aluminum bridge temperatures. The thermal conduc
ties observed here are smaller than those of bulk sam
owing to phonon-boundary scattering and are consistent
previous measurements and predictions for SOI wafer4,5

Near-ballistic phonon conduction along a membrane is r
tively well understood6,7 compared to the ballistic phono
transport near the doped resistor, which approximate
hotspot and is the focus of the current study.

Figure 2 shows that the temperature rise at the do
resistor exceeds the value predicted using the heat diffu
equation and the Fourier law. This can be qualitativ
shown by comparing the doped resistor temperature wi
linear extrapolation of the aluminum temperatures. The p
temperature from the linear extrapolation agrees within 0.
with a finite volume method numerical solution to the tw
dimensional heat conduction equation.

The temperature rise of the doped resistor in Fig. 2
ceeds the predictions based on the Fourier law at a b
temperature of 190 K by a margin exceeding the experim
tal uncertainty. If this effect results from ballistic phono
transport, we expect the temperature margin to beco
larger for longer mean free paths. The mean free pathL is
calculated from the membrane thermal conductivity usin
relationship based on the Boltzmann equation, which
been confirmed by experimental data for silicon.4,5 Since the
base temperature controls the phonon mean free path in
present experiment, it is useful to compare theoretical p
dictions of thermal resistance with data over a broad rang
temperatures.

FIG. 2. Data and predictions for the temperature rise along the memb
The temperature rises are referenced with respect to the temperature
sured by the aluminum resistorC. Because of symmetry, the aluminum
bridges provide three temperatures along what can be viewed as a s
heat flow path for determining the membrane thermal conductivity.
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Figure 3 provides this comparison by plotting the the
mal resistance of the membrane at different base temp
tures. The thermal resistance is the ratio of the tempera
rise between the doped resistor and the membrane edg
the applied power. Two of the prediction curves are based
the Fourier law, applied using Eq.~1!. The lowest resistance
is predicted using the bulk conductivity of silicon8 since the
mean free path and thermal conductivity are largest. In
membrane, the thermal conductivity is increasingly reduc
as the temperature is lowered by phonon scattering on
membrane boundaries.4 The resistance is better predicted u
ing the thermal conductivity measured in the membrane
described earlier in this letter. The difference between
data and the diffusion theory prediction using the measu
membrane thermal conductivity results from ballistic phon
transport near the doped resistor. The relative increas
thermal resistance varies between 56% at 100 K, where
mean free path is approximately 10mm, to less than 1% a
290 K, where the phonon mean free path is approxima
300 nm.

The phonon mean free path is required for the two ad
tional predictions in Fig. 3, which consider the ballistic n
ture of phonon transport. To properly account for the no
equilibrium phonon transport near the heat source,
phonon dispersion relationship must be considered.
phonons emitted by Joule heating are not necessarily of
same energy, polarization, or mode as the phonons dom
ing thermal conduction. For electrons of sufficient ener
the energy transfer from electrons to the lattice can be do
nated by scattering on optical phonons,9,10 which have neg-
ligible group velocity and contribute little to thermal condu
tion. A two-fluid model1,11 accounts for this situation by
separating phonons into propagating and reservoir gro
with temperaturesTP andTR . The average lattice tempera
ture TL , is weighted by the fractional contributions of th
two groups to the heat capacity. As the size of a heat sou
is reduced, the propagating phonons have less opportu
for scattering with the warmer reservoir phonons as th
traverse the heated region. This results in a thermal re
tance between the lattice and the propagating phonons a

e.
ea-

gle

FIG. 3. Data and predictions for the membrane thermal resistance
function of temperature. PredictionA is a numerical solution to the phono
Boltzmann transport equation with a simplified two-fluid model.B is a
closed-form correction to diffusion theory based on the two-fluid phon
model.C and D, are based on diffusion theory, using the measured me
brane thermal conductivity and the bulk thermal conductivity, respectiv
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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hotspot, Eq.~2!,12 which must be added to the Fourier la
resistance

Rth[
~TL2TP!max

q8
5

L2

3kbulkAeff
~2!

where Aeff is an effective heat source area, calculated
dividing the maximum volumetric heat generation rate in
q8. The heat generation distribution for this calculation
obtained by solving the Poisson and charge continuity eq
tions with a doping profile observed experimentally usi
secondary ion mass spectroscopy. The expression on
right is derived from the energy equations for the reserv
and propagating groups, which relate their temperature
the heat generation rate and the phonon mean free p
Equation~2! shows that this resistance grows as the squar
the ratio of mean free path to the root of the heat source a
Figure 3 shows that the simple model in Eq.~2! agrees well
with a detailed solution to the Boltzmann transport equat
applied to the two-fluid phonon system. Both predictions
consistent with the data at 100 and 140 K, where the de
ture from diffusion theory is substantial. The data at 190
exceed the predictions substantially, and represent a l
departure from any existing theory for reasons that rem
unclear.

In this experiment, the nonequilibrium effect increas
the total thermal resistance of the membrane by 56% at
K. The largest possible impact of the ballistic effect can
estimated using Eq.~2! and a spherical heat source in a
infinite medium. In this case the ratio of the thermal res
tance using Eq.~2! Rth to the thermal resistance using th
Fourier lawRdiffusion is12

Rth /Rdiffusion5S L2

4pr 3k
D S 1

4prk D 21

5
L2

r 2
, ~3!

where r is the effective radius. In a transistor with hotsp
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dimensions near 30 nm,2 temperature with phonon mean fre
path near 300 nm, the spreading resistance is underestim
by two orders of magnitude. This phenomenon may ma
the temperature rise within the transistor quite important.

This work provides data for the extra thermal resistan
near a hotspot resulting from ballistic phonon transport. T
data are consistent with the predictions of a two-fluid phon
conduction model except at 190 K, where the data indica
more dramatic departure from conventional theory. The tw
fluid model proposed here vastly simplifies the phonon d
persion relationships by combining phonons into only tw
separate groups. This work is facilitating the modeling
heat transport in semiconductor devices.
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