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Thermal Conductivity of Doped Polysilicon Layers
Angela D. McConnell, Srinivasan Uma, Member, IEEE, and Kenneth E. Goodson, Associate Member, IEEE

Abstract—The thermal conductivities of doped polysilicon
layers depend on grain size and on the concentration and type
of dopant atoms. Previous studies showed that layer processing
conditions strongly influence the thermal conductivity, but the
effects of grain size and dopant concentration were not investi-
gated in detail. The current study provides thermal conductivity
measurements for low-pressure chemical-vapor deposition
(LPCVD) polysilicon layers of thickness near 1 m doped with
boron and phosphorus at concentrations between2 0 10

18

cm 3 and 4 1 10
19 cm 3 for temperatures from 20 K to 320

K. The data show strongly reduced thermal conductivity values
at all temperatures compared to similarly doped single-crystal
silicon layers, which indicates that grain boundary scattering
dominates the thermal resistance. A thermal conductivity model
based on the Boltzmann transport equation reveals that phonon
transmission through the grains is high, which accounts for the
large phonon mean free paths at low temperatures. Algebraic
expressions relating thermal conductivity to grain size and dopant
concentration are provided for room temperature. The present
results are important for the design of MEMS devices in which
heat transfer in polysilicon is important. [654]

Index Terms—MEMS, polysilicon, thermal conductivity, thin
films.

I. INTRODUCTION

POLYCRYSTALLINE silicon is common in MEMS and
integrated circuits (ICs). The performance and reliability

of many microdevices, such as microscale thermometers, pres-
sure sensors, gas flow detectors, and fluid valve actuators, are
strongly influenced by heat conduction [1]. Heat transfer can
also adversely affect the operation of IC interconnects and high-
voltage and high-power transistors [2]. To design and operate
such devices effectively, it is critical to quantify the thermal con-
ductivities for thin films of polysilicon, which differ substan-
tially from those of bulk silicon. Depending on the application,
polysilicon is deposited and doped using different techniques,
which affect the microstructure and thus the observed thermal
conductivity of the resulting material. The thermal conductivi-
ties of polysilicon layers depend on the deposition process de-
tails [3], the grain size and shape, and the concentration and
type of dopant atoms. While several researchers have reported
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thermal conductivity data for doped polysilicon [3]–[12], these
data are difficult to compare because the impurity concentra-
tions and grain sizes are not precisely known. At present, it is
not possible to predict the thermal conductivity that will result
from a given impurity concentration and microstructure.

The thermal conductivities of single-crystal silicon layers
have been previously investigated [1], [13]–[15]. Asheghiet al.
[1], [14] found that, at temperatures below 200 K, the thermal
conductivities of intrinsic silicon layers of thicknesses ranging
from 0.42 m to 1.60 m were significantly less than those of
bulk silicon due to phonon scattering on the layer boundaries.
Phonons are the energy quanta of lattice vibrational waves and
are the main energy carriers in dielectric materials. Juet al.
[15] observed that the thermal conductivity of intrinsic silicon
layers of thickness near 100 nm was reduced by up to 50% at
room temperature. For phosphorus and boron-doped silicon
layers with impurity concentrations higher than
cm , impurity scattering causes a further reduction in thermal
conductivity compared to pure silicon layers, particularly at low
temperatures [13]. Specifically, for layers of 3m thickness
with phosphorus and boron concentrations of
cm , the conductivities at 20 K are reduced by factors of
approximately two and four, respectively, with the difference
resulting from the disparity in mass of the two impurity types.

In contrast to the case for single-crystal silicon, polysilicon
films contain grain boundaries which strongly scatter phonons,
reducing the thermal conductivity. Phonon scattering at grain
boundaries is difficult to model, because the transmission prob-
ability for phonons through grain boundaries depends on the rel-
ative orientations of the bounding crystals and on the concen-
tration of related defects near the boundary [16]. The thermal
conductivity of undoped polysilicon layers has been measured
from 20 K to 320 K [17] to isolate the effect of grain boundary
scattering, which causes the largest thermal conductivity re-
duction at very low temperatures. This study included results
for two layers, one of which was grown as polysilicon, while
the other was deposited as amorphous silicon and subsequently
annealed to allow recrystallization. The polysilicon grain size
and shape varied significantly between these two layers. The
observed thermal conductivities of both undoped polysilicon
layers were one order of magnitude lower than those for un-
doped single-crystal silicon layers, but the amorphous recrys-
tallized polysilicon layer had a higher thermal conductivity than
the as-grown polysilicon due to larger grain sizes resulting from
the high-temperature anneal.

Data for undoped polysilicon is of limited use in determining
the thermal properties of doped polysilicon. Dopant atoms and
their associated free electrons or holes contribute to phonon
scattering [18], and the presence of dopants also affects the
growth and size distribution of grains. N-type dopants, such
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Fig. 1. Literature data for thermal conductivity (k) as a function of resistivity
(� ) for doped polysilicon layers. This figure excludes thermal conductivity data
ranging between 29 and 35 W/m K for doped polysilicon film samples for which
the resistivity was not reported [9]–[12].

as phosphorus, migrate to the grain boundaries in polysilicon,
while p-type dopants, including boron, are uniformly distributed
within the grains [19]. A high-temperature annealing process
needed to activate the dopant atoms and repair damage to the
crystal lattice after ion implantation promotes grain growth and
also allows defects to diffuse out of the lattice.

The thermal conductivities of doped polysilicon layers have
been measured in a few previous studies [3]–[12], and some of
these results [3]–[5] are shown in Fig. 1 along with reported
resistivity values. Much of this existing data has been collected
for polysilicon in complementary metal–oxide–semiconductor
(CMOS) layers [3]–[8], for which important parameters
affecting the thermal conductivity, including the grain size,
the dopant type and concentration, and the layer deposition
temperature, are unavailable. In some cases the past work
[3]–[5] estimated the carrier concentration through Hall effect
measurements, but exact impurity concentrations cannot be
determined from this information due to carrier trapping at the
grain boundaries [20]. The lack of any apparent correlation
between thermal conductivity and electrical resistivity data for
the samples in Fig. 1 suggests that both grain size and impurity
concentration varied among the samples. This illustrates the
need for research on films in which these parameters are known,
since this information is necessary to accurately model and
predict the thermal conductivity of doped polysilicon layers.

The present work measures and predicts the influence of im-
purity type and concentration on the lateral thermal conduc-
tivities of four polysilicon layers at temperatures between 20
K and 320 K. The layers are approximately 1m thick and
are doped with either boron or phosphorus at concentrations
ranging from cm to cm . The measure-
ments use Joule heating and electrical-resistance thermometry
in a suspended membrane, an experimental structure closely re-
sembling that used previously for doped single-crystal silicon
films [13]. The thermal conductivity is modeled using the Boltz-
mann transport equation in the relaxation time approximation,

which accounts for phonon scattering on grain boundaries, im-
purity atoms, and free electrons and holes.

This study aims to provide a resource for future thermal mod-
eling work on MEMS and ICs. The layers are deposited using
low-pressure chemical vapor deposition conditions typical for
gate polysilicon in the IC industry and for conducting layers in
micromachined sensors and actuators. The detailed modeling,
which is verified using the data obtained here, is simplified to
practical closed-form expressions relating the thermal conduc-
tivity to grain size and to impurity concentration and type. These
simple models are perhaps the most important result of the cur-
rent work, because they can be readily included in finite-element
analysis and other computer-aided design (CAD) tools.

II. EXPERIMENTS

Several experimental methods are available for measuring the
lateral thermal conductivities of thin films. These techniques
generally use a suspended membrane containing the film,
which is fabricated with etching processes. Electrical methods
use Joule heating by sending electrical current through a bridge
machined on the sample layer. Steady state electrical techniques
have been applied extensively to polysilicon microcantilevers
[3]–[5], [7], [8] and microbridges [10]–[12]. Optical methods
include the transient thermal grating method, which uses laser
heating and does not require contact with the sample [21].
While both electrical and optical techniques have been applied
to films of thickness near 1 m, electrical methods tend to
provide lower experimental uncertainty because they facilitate
precise, local heating. The current study adapts steady-state
electrical heating in a suspended membrane.

A. Structure Fabrication and Characterization

Four doped polysilicon layers are prepared for the thermal
conductivity measurements in this study. The layers are grown
as polysilicon at a deposition temperature of 620C using low
pressure chemical vapor deposition (LPCVD) in a Tylan furnace
with a Silane (SiH) flow rate of 136 cm/min, a hydrogen flow
rate of 110 cm/min, and a process pressure of 53.3 Pa [17].
A Nanospec Optical Spectrophotometer gives the layer thick-
nesses as 1.06m, which is accurate to 10%. Ion implantation
is used to dope two of the layers with boron and two with phos-
phorus, and all four samples are subsequently annealed to ho-
mogeneously distribute the dopant atoms throughout the layer
thickness and to electrically activate the dopants. A uniform
doping profile is required to accurately characterize the effects
of dopant atoms on thermal conductivity. Secondary ion mass
spectroscopy (SIMS) measures the resulting dopant concentra-
tions and confirms that the doping profiles are nearly homoge-
neous throughout the layer thickness. Table I gives the ion dose,
implantation energy, annealing time and temperature, and re-
sulting dopant concentration for each of the layers.

Transmission electron microscopy (TEM) characterizes the
grain size of the doped polysilicon layers. The average grain
size for each of the samples is estimated from plan-view TEM
images contained in Fig. 2 using the line-intercept method. The
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Fig. 2. Plan-view TEM images of the doped polysilicon layers, showing the grain sizes. (a) Sample 1,2:0 � 10 cm B, d = 400 nm. (b) Sample 2,
1:6� 10 cm B, d = 408 nm. (c) Sample 3,2:4� 10 cm P,d = 313 nm. (d) Sample 4,4:1� 10 cm P,d = 295 nm.

TABLE I
ION IMPLANTATION DETAILS FOR THEDOPEDPOLYSILICON LAYERS

grain sizes range from 295 nm to 408 nm and are listed in
Table I.

The free-standing structure shown in Fig. 3 measures the
lateral thermal conductivities of the four samples. The structure
is fabricated using deep reactive ion etching with a deposited
silicon dioxide layer as the etch stop, and the aluminum metal
bridges are patterned with lithography and chemical wet
etching. The polyimide layer protects the aluminum bridges

against chemical corrosion during processing and provides
mechanical support for the membrane [17].

B. Thermal Conductivity Measurement Procedure

The measurements use electrical resistance thermometry
and Joule heating in the aluminum bridges in Fig. 3. Current is
passed through the center bridge, which serves both as a heater
and thermometer, while the other aluminum bridge located
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Fig. 3. Measurement structure schematic. The lateral and vertical dimensions are not in proportion.

400 m from the center is used exclusively as a thermometer.
The total length of the membrane is 13 mm, but only 1 mm at
the center of the structure is used for the measurements to avoid
two-dimensional effects. The sample is placed in a Lakeshore
MTD-135 continuous flow cryostat, and measurements are
taken at temperatures ranging from 20 K to 320 K, which
are controlled using a diode sensor. The thermal conductivity
experiments are performed in a vacuum to minimize the effects
of convection.

The experimental structure is designed to ensure that lateral
conduction through the polysilicon layer is the dominant mode
of heat transport in the system. The thermal conductivity is cal-
culated using the solution to the one-dimensional heat conduc-
tion equation

(1)

The temperatures and are measured
at the positions of the heater and the thermometer

, and the cross-sectional area for heat conduction
is the product of the layer thickness and the heater line

length. The heater power dissipated in the aluminum lineis
reduced by a factor of two, since the heater is located at the
center of the free-standing layer.

C. Uncertainty Analysis

The uncertainty is dominated by contributions from the mea-
sured dimensions of the experimental structure shown in Fig. 3,
in particular the polysilicon layer thickness. There is also a de-
gree of uncertainty in the predicted heat losses from the structure
through radiation and conduction along the silicon dioxide and
polymer layers and in the measured voltages and currents. The
uncertainty in both the structure dimensions and the measure-
ments are considered using the sum-of-squares technique and
the respective partial derivatives of (1) [21].

Heat generated in the aluminum heater lines can take several
paths in addition to lateral conduction through the polysilicon
layer. Heat is lost through conduction in the aluminum lines, ra-
diation to the surroundings, and conduction in the other layers
of the structure. Thermal contact resistance at the interface be-
tween the aluminum lines, oxide layer, and polysilicon layer
also contributes some heat loss. The resistance of lateral con-
duction through the polysilicon layer is an order of magnitude

or more smaller than these other modes of heat transfer, with
radiation contributing the most error, particularly at room tem-
peratures and above. To minimize the impact of radiation, the
separation between the thermometers
should be smaller than the thermal healing length of the layer
due to radiation. The thermal healing length is based on conduc-
tion through an extended surface and is the characteristic length
for the layer temperature to decay to the surrounding tempera-
ture [1]

(2)

where
Stefan–Boltzmann constant;
polysilicon layer thickness;
polysilicon thermal conductivity;
average layer temperature.

At the highest measured temperatures for the sample with the
lowest thermal conductivity in this study, the healing length is
approximately 2.5 mm, which is much larger than the 400m
separation between the heater and thermometer lines.

The total absolute uncertainty of the thermal conductivity is
less than 15% throughout the range of measured temperatures.
However, the uncertainty in the differences between the conduc-
tivities reported for the layers is much smaller, since the struc-
ture dimensions are nearly identical for all of the layers.

III. T HERMAL CONDUCTIVITY MODELING

The local temperature-dependent thermal conductivities of
the doped polysilicon layers are modeled by an approximate so-
lution to the Boltzmann transport equation for phonons, which
uses frequency-dependent relaxation times to represent phonon
scattering events. Callaway [22] first developed this method,
which Holland [23] later modified for silicon by considering
phonon polarization. The current study extends the model of
Holland [23] to account for the effects of grain boundaries and
dopant atoms on the thermal conductivity.

The thermal conductivity of silicon is dominated by phonon
conduction even for highly doped samples. Contributions from
the mobile carriers (free holes or electrons) introduced by the
dopant atoms in a semiconductor can increase its thermal con-
ductivity. The electron contribution to the thermal conductivity
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at a given temperature depends on the resistivityand is
calculated using the Wiedemann–Franz law

(3)

where is the electron charge and is the Boltzmann constant.
Resistivity of a polysilicon layer is a function of dopant con-
centration [24], grain size [25], and doping technique [26]. The
resistivities of the most heavily boron and phosphorus-doped
layers in this study are estimated as m and

m, respectively, based on values for single-crystal sil-
icon [24]. The resistivity for polysilicon should be somewhat
higher than for single-crystal silicon due to the grain boundaries,
so these resistivity values correspond to an upper bound of the
mobile carrier contribution to thermal conductivity. By (3),

for the boron-doped layer and for
the phosphorus-doped layer at room temperature, which com-
prise only 0.3% and 0.8%, respectively, of the total observed
thermal conductivity for these layers.

The thermal conductivity can be expected to vary with ver-
tical position in the layers, owing to the variation in grain size.
The experiments documented in this paper measure the thermal
conductivity averaged in thedirection. The model developed
here performs this average before comparison with the data.

A. Phonon Scattering in Bulk Silicon

Phonons from both the transverse () and longitudinal ( )
branches of the phonon dispersion function contribute to the
thermal conductivity of a dielectric solid such as silicon [23].
The transverse mode is further divided into low-frequency ()
and high-frequency ( ) ranges to account for dispersion

(4)

The phonon group velocity varies for the different modes,
with m/s, m/s, and

m/s in silicon [23]. The dimensionless phonon
angular frequency is defined as , where is the
phonon angular frequency,is the temperature, is the Boltz-
mann constant, andis Planck’s constant divided by . The re-
laxation times for the three modes consist of various phonon
scattering events, which are combined using Matthiessen’s rule

(5)

The temperatures in the integration limit of (4) correspond to
the cutoff frequencies for the transverse and longitudinal modes.
For silicon K, K, and K [23].

The variation of thermal conductivity with temperature arises
from the temperature dependence of the phonon scattering rates

and of the phonon specific heat, which contributes the
low-temperature term in (4) [22]. Phonons scatter on other
phonons in either normal (momentum-conserving) or Umklapp
processes, on point defects and imperfections in the crystal

lattice, and on specimen boundaries. The phonon–phonon
Umklapp processes dominate the thermal resistance at room
temperature and above, while defect and boundary scattering
limit the thermal conductivity at low temperatures [27].

The thermal conductivity model for the doped polysil-
icon layers in the current study uses normal and Umklapp
phonon–phonon scattering rates identical to those for bulk
silicon given by Holland [23]. Normal scattering is signifi-
cant only for the longitudinal and low-frequency transverse
phonons, whereas Umklapp scattering contributes mainly in
the high-frequency transverse mode.

Phonon scattering on point defects in the crystal lattice is
treated as Rayleigh scattering, which assumes that the phonon
wavelengths are much longer than the lattice spacing. This re-
sults in the following expression for the scattering rate,

(6)

where is the phonon angular frequency andis a constant
related to the number of defects in the sample. Since the de-
fect concentration in a layer depends on the deposition and pro-
cessing conditions and cannot be readily obtained through ex-
periments, the constant is a fitting parameter.

Boundary scattering in a bulk specimen is most important at
very low temperatures where the other scattering mechanisms
are weak. At sufficiently low temperatures, the mean free path
of an unlimited phonon would exceed the sample dimensions.
Ziman [18] suggests a scattering rate for boundaries

(7)

where is the critical sample dimension, which is the polysil-
icon layer thickness in this study, andis an averaged phonon
group velocity

(8)

The function represents the probability of specular reflec-
tion from the sample boundary . A value of
corresponds to an entirely rough surface that diffusely scatters
all incident phonons similar to a black body emitting absorbed
radiation. Conversely, designates a perfectly smooth sur-
face which reflects all incoming phonons. Specularly reflected
phonons can travel back and forth between the specimen walls
before they are internally scattered by other processes, which is
analogous to the flow of a rarefied gas in a tube. The probability
of specular reflection depends on the root-mean-squared (rms)
surface roughnessand the phonon angular frequency[18],

(9)

Decreasing the phonon angular frequency increases the phonon
wavelength relative to the surface roughness. The effective
roughness of the surface then appears smaller to the phonons,
so the probability of specular reflection increases.

B. Phonon Scattering on Grain Boundaries

Phonon scattering on grain boundaries in polycrystalline ma-
terials depends on the grain size and structure [16]. The grain
structure in most polysilicon films deposited at temperatures
between 600 C and 650 C is columnar with respect to the
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Fig. 4. Drawing of the columnar grain structure in polysilicon layers.

out-of-plane coordinate [26], meaning the grains extend from
the bottom surface of the layer to the top surface. The grain size
for a columnar structure typically increases from the bottom of
the layer to the top, as is illustrated schematically in Fig. 4. A
linear approximation is assumed for the grain size in the present
study

(10)

where
coordinate perpendicular to the layer;
polysilicon layer thickness;
maximum grain size;
minimum grain size.

The maximum grain size is the average grain size obtained from
the plan-view TEM images in Fig. 2, and the minimum grain
size is estimated to be on the order of 100 nm for each of the
layers. This relatively large value for the minimum grain size is
expected to result from the very high annealing temperature.

The grain boundary scattering rate for lateral conduction in a
layer with columnar grains can be approximated using (7)

(11)

The grain size is not necessarily the only critical param-
eter, because the probability of phonon reflection at a grain
boundary can depend strongly on its roughness and on the
density of related defects near the boundary. This complex
situation can be modeled using as the probability of
specular transmission . Specular transmission
at the grain boundaries increases the effective grain size.
The parameter should decrease with decreasing phonon
energy as the wavelength approaches the characteristic scales
of boundary roughness and related defects. Therefore, the
effective scattering strength of grain boundaries in a given film
can be expected to increase with increasing temperature [28].
Assuming that the phonon specular transmission is dominated
by grain boundary roughness, it can be approximated using (9)
with as the rms grain boundary roughness.

C. Phonon Scattering Due to Impurity Atoms

Dopant atoms in single-crystal silicon can significantly re-
duce the thermal conductivity, particularly at low temperatures
[13], [29]. Some holes and electrons remain bound to the donor
atoms, while others move freely in the valence band. Phonons
can scatter on the impurities due to mass differences between
the dopant and host (silicon) atoms and on the free and bound
holes or electrons [18].

1) Boron (P-Type Dopants):P-type dopants are uniformly
distributed within polysilicon grains, so they can therefore
be modeled as additional point defect scattering sites in the
crystal lattice. Impurity scattering exhibits the dependence
of Rayleigh scattering in (6) [18], with

(12)

The dopant concentration is denoted by, is the volume of
the host (silicon) atom, is the average phonon group velocity,

is the silicon atomic mass, and is the difference between
the host (silicon) and impurity (boron) atomic masses.

2) Phosphorus (N-Type Dopants):In contrast to p-type
dopants, a fraction of n-type dopants segregate to the grain
boundaries in polysilicon. Depending on the dopant concentra-
tion and processing conditions, anywhere from approximately
25 to 75% of phosphorus atoms may segregate [19]. In addition
to impurity scattering on the dopant atoms remaining within the
grains as described by (12), the segregated dopant atoms alter
the grain boundary scattering, which is modeled as follows
[16]:

(13)

where is the grain size. The grain boundary scattering
strength , defined as

(14)

depends on the number of dopant atoms located at the grain
boundaries so is a function of phonon angular frequencyand
vertical position within the layer. The scattering cross-section

for impurity atoms is given by

(15)

in which is the atomic volume of silicon. The number density
of defects is the dopant concentrationdivided by the grain
boundary area per unit volume , which for columnar grains
is approximately

(16)

It is difficult to estimate the fraction of segregated dopant atoms,
so the model assumes that half of the phosphorus atoms are
located near the grain boundaries and that the other half remain
within the polysilicon grains.

3) Phonon Scattering on Free Electrons and Holes:Free
electron and hole scattering is believed to be important in doped
semiconductors in which the phonon mean free path is either in-
dependent of temperature or decreases with decreasing temper-
ature and is much smaller than the size of the material. The com-
bined effects of boundary and impurity scattering are usually not
large enough to account for this behavior [30]–[32]. The thermal
conductivity data collected for the doped polysilicon layers in
the current study show phonon mean free paths that increase as
the temperature decreases and that are larger than the average
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Fig. 5. Experimental data for the doped polysilicon layers.

grain size at low temperatures, so phonon scattering on free car-
riers is not included in the thermal conductivity model. Phonon
scattering on bound electrons and holes is also discussed in [33],
but this mode of scattering becomes important only at very low
temperatures (below 10 K) so is not considered in this study.

IV. RESULTS AND DISCUSSION

A. Experimental Results

Fig. 5 shows that the thermal conductivity data for doped
polysilicon are qualitatively consistent with the theory devel-
oped in Section III. For a given dopant type, the sample with
the higher dopant concentration has lower thermal conductivity
values since the larger number of impurities provides more
scattering sites for the phonons. At a given dopant concentra-
tion, layers doped with phosphorus should have higher thermal
conductivity values than boron-doped layers. Both layers doped
with phosphorus do exhibit higher thermal conductivites at
all temperatures than the layer doped with the highest boron
concentration. This occurs because some of the phosphorus
atoms collect at the grain boundaries in polysilicon, so there
are fewer scattering sites for phonons in the phosphorus-doped
layers compared to those doped with boron. Also, impurity
scattering due to any phosphorus atoms remaining within the
polysilicon grains is very small compared with that due to
boron. From (6) and (12) the scattering rate of phonons on
impurities is proportional to the square of the mass difference
between silicon and the dopant atom. Since boron is much
lighter than silicon while phosphorus and silicon have similar
masses, the scattering rate for boron is nearly 36 times larger
than for phosphorus.

The room-temperature thermal conductivities of the doped
polysilicon layers in this study range from 45.6 W/mK to 57.5
W/m K, which are somewhat larger than the values shown in
Fig. 1 for doped polysilicon layers in the literature. The highest
thermal conductivity reported before the present work was 37.3
W/m K [4] for a layer of thickness 275 nm, which is thinner
than the layers of the present study with thickness 1m. The
phonon mean free path is smaller in the thinner layer in part
because of the increased scattering on layer boundaries. This

Fig. 6. Comparison of temperature-dependent thermal conductivity data
for various silicon samples with the data from the present study. Undoped
single-crystal bulk [35]:d = 0:44 cm. Undoped single-crystal layer [14]:
d = 1 �m. Doped single-crystal layer [13]:d = 3 �m;n = 1:0�10 cm
B. Doped poly-crystal layer:d = 1 �m;n = 1:6� 10 cm B; d = 408

nm. Undoped poly-crystal layer [17]:d = 1 �m; d = 190 nm.

effect is augmented by the fact that thinner layers need shorter
anneal times to activate dopant atoms, such that smaller grain
sizes are likely [34]. The carrier concentration measured for this
layer is cm , which means its dopant concentration
must be significantly greater than any of the layers in this study.
The combined effect of thinner layers, smaller grains, and more
impurities is lower thermal conductivity values.

Fig. 6 shows the temperature-dependent thermal conductivity
of the polysilicon layer doped with cm boron
along with measured thermal conductivity values reported by
previous work. This qualitatively demonstrates the impact of
phonon scattering on dopant atoms and on grain and layer
boundaries. Compared to bulk single-crystal silicon, the
maximum thermal conductivity value for the single-crystal
silicon layer is an order of magnitude smaller and shifted to
a higher temperature due to phonon scattering on the layer
boundaries. The data of Asheghiet al. [13] indicate that doping
single-crystal silicon layers with boron concentrations greater
than cm reduces the thermal conductivity only
at temperatures below approximately 100 K. The room-tem-
perature thermal conductivity approaches the same value
for all three of these single-crystal silicon samples, which is
consistent with the fact that boundary and impurity scattering
are most important at lower temperatures. Fig. 6 reveals that the
doped polysilicon layer has thermal conductivity values below
those for the single-crystal layer doped with a comparable
concentration at all temperatures. This implies that phonon
scattering on grains of size nm dominates the thermal
resistance of a polysilicon layer with a boron concentration of
approximately cm .

The doped polysilicon layer exhibits higher thermal conduc-
tivity values at all temperatures than the undoped polysilicon
layer shown in Fig. 6. These layers are grown under identical
conditions, but the doped layer undergoes an annealing step to
electrically activate the dopant atoms and repair lattice damage
due to ion implantation. This high-temperature anneal also
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Fig. 7. Comparison of experimental data for the boron-doped polysilicon
layers with the predictions of the modeling in Section III.

causes grain growth, resulting in an average grain size of 408
nm for the doped layer compared to the 190 nm average grain
size of the undoped layer [17]. Although the dopant atoms
provide additional phonon scattering sites, the difference in
grain sizes has a much greater impact on the observed thermal
conductivity.

A previous study of bulk doped polysilicon (not shown in
Fig. 6) reports a room-temperature thermal conductivity value
of 40 W/m K [29], which is surprisingly lower than the
45.6 W/m K of the doped polysilicon layer. However, the bulk
sample has a boron concentration of cm , and neither
its grain size nor structure was documented. This indicates that
factors such as the microstructure or the increased number of
impurities may have controlled the thermal conductivity of this
bulk doped polysilicon specimen.

B. Modeling Results

Theoretical predictions of thermal conductivity are presented
in Figs. 7 and 8 along with the experimental data for the two
boron-doped and the two phosphorus-doped polysilicon layers,
respectively. The theoretical model fits the measurements within
the predicted error for all four layers throughout the entire in-
vestigated temperature range.

To implement the thermal conductivity model, parameters
governing the doping, grain structure, layer geometry, and de-
fect concentration are either obtained from known sample prop-
erties or chosen to best fit the experimental data. The only fitting
parameters are the grain boundary roughness and the de-
fect parameter , which adjust the model at low and high tem-
peratures, respectively. Table II lists the values of all parameters
used in the model. The dopant type is known from processing,
and the doping concentration measured using SIMS varies
among the samples. As described in Section III, approximately
25 to 75% of the phosphorus dopant atoms segregate to the grain
boundaries in polysilicon [19]. Because it is difficult to esti-
mate the fraction of segregated dopants, the model assumes that
half of the phosphorus atoms are located near the grain bound-
aries and that the other half remain evenly distributed within

Fig. 8. Comparison of experimental data for the phosphorus-doped polysilicon
layers with the predictions of the modeling in Section III.

the polysilicon grains. In the model, the choice of the segre-
gated dopant fraction has the largest effect at room tempera-
ture. However, varying the fraction of segregated phosphorus
atoms from 25 to 75% alters the resulting thermal conductivity
by only 2.8%, so the predictions are consistent with the experi-
mental data within the error bars. The average grain size at the
top layer surface obtained from the TEM images
also varies for each sample, while the grain size at the bottom
layer surface is set at a constant value for all samples.
The rms grain boundary roughness should depend on the
number of defects and impurities located at the grain bound-
aries. Since doping concentrations vary among the samples and
each layer undergoes a different annealing process, the grain
boundary roughness is a free parameter used to fit the model to
the experimental data. The measured layer thicknessis con-
stant for all of the layers since they are deposited in the same
batch, and the rms layer roughness is given the same value
for each layer. Finally, the defect scattering constantfrom (6)
depends on the defect concentration and is another free param-
eter.

The rms grain boundary roughness sizes needed to fit the ex-
perimental data lead to large values of phonon specular trans-
mission through the grain boundaries at low temperatures. A
high probability of specular transmission corresponds to phonon
mean free paths that are longer than the average grain size. Al-
though this may seem physically impossible, the experiments
confirm this result. For samples 1, 2, 3, and 4, the phonon mean
free path is larger than the average grain size at temperatures
below approximately 36 K, 21 K, 47 K, and 42 K, respectively.

Fig. 9 illustrates the temperature-dependent contributions of
the various phonon scattering mechanisms to the overall thermal
resistance of the polysilicon layer doped with cm
boron. The curve with the lowest thermal resistance values
results from using scattering rates for only the normal and
Umklapp phonon processes. The thermal resistance increases
with temperature because the phonon–phonon scattering rate
is roughly proportional to the number of thermally-excited
phonons, which increases as the temperature rises. At room
temperature the thermal resistance approaches the inverse of
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TABLE II
FITTING PARAMETERS USED TOOBTAIN AGREEMENTBETWEENEXPERIMENTAL DATA AND MODELING RESULTS FOR THEDOPEDPOLYSILICON LAYERS

Fig. 9. Contributions of various phonon scattering mechanisms to the overall
thermal resistance in polysilicon doped with1:6� 10 cm boron.

the thermal conductivity for bulk single-crystal silicon from
Fig. 6. The next curve includes phonon scattering on the layer
boundaries. The thermal resistance no longer decreases at
the lowest temperatures because the layer thickness limits
the phonon mean free path. Introducing impurity scattering
slightly increases the thermal resistance at temperatures be-
tween approximately 40 K and 200 K, and defect scattering
further increases the resistance at temperatures above 20 K.
In contrast, grain boundary scattering leads to higher thermal
resistance values at all temperatures. The experimental thermal
conductivity data for the doped single-crystal silicon and the
doped polysilicon layers in Fig. 6 confirm this observation.

C. Closed-Form Expression

The detailed thermal conductivity model is simplified to a
closed-form expression relating the room-temperature thermal
conductivity to grain size and to impurity concentration and
type, all of which can be measured for a doped polysilicon layer.
From the scattering rates given in Section III, the thermal con-
ductivity is nearly proportional to the average grain size and in-
versely proportional to the dopant concentration. The thermal
conductivity at 300 K is approximated by

(17)

where m/s is the averaged phonon group velocity in
silicon, J/m K is the phonon specific heat at

300 K in silicon, the average grain size has units of nm, and
the impurity concentration n has units of cm. The constants
in (17) are and
m for boron-doped polysilicon, which fit the room-temperature
data to within 5.5% and 0.6% for samples 1 and 2, respectively.
For phosphorus-doped polysilicon, and

m , which fit the data for samples 3 and
4 to within 5.0% and 2.4%, respectively. The approximation of
(17) is expected to be valid for all doping conentrations less than

cm and for grain sizes ranging from 100 nm to 1000
nm.

V. CONCLUSION

This study measures the temperature-dependent thermal
conductivities of doped polysilicon layers with varying dopant
types and concentrations. The thermal conductivities are
significantly lower than those of single-crystal silicon layers
across the entire investigated temperature range due to phonon
scattering on the grain boundaries. At room temperature the
thermal conductivity of a polysilicon layer is reduced by a
factor of approximately two compared to a single-crystal
silicon layer with a similar dopant concentration. The phonon
mean free paths at temperatures below approximately 40 K are
larger than the average grain size of the samples. A thermal
conductivity model based on an approximate solution to the
Boltzmann transport equation indicates that the transmission of
phonons through the grain boundaries is high at low temper-
atures, which increases the effective grain size. Closed-form
expressions that predict the thermal conductivity for doped
polysilicon layers are developed which could be incorporated
into simulations of practical devices using polysilicon.
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