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Thermal conduction normal to diamond-silicon boundaries
K. E. Goodson,a) O. W. Käding, M. Rösner, and R. Zachai
Daimler-Benz AG, Materials Research, Postfach 2360, 890134 Ulm, Germany
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Passive diamond layers fabricated using chemical vapor deposition can improve thermal cond
in electronic microstructures. The benefit of using diamond depends strongly on the the
boundary resistance between active semiconducting regions, where heat is generated, a
diamond. Two independent experimental methods measure the total thermal resistanc
conduction normal to 0.2, 0.5, and 2.6mm thick diamond layers deposited on silicon, providing a
upper bound for the effective silicon-diamond boundary resistance. The data agree with predi
that couple the local phonon scattering rate in the diamond to the grain size. ©1995 American
Institute of Physics.
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Diamond is an excellent thermal conductor and an el
trical insulator at room temperature, making it ideal for pa
sive applications in electronic systems. Much research a
to improve the conduction cooling of high-power semico
ductor devices by replacing conventional dielectric moun
often made of aluminum oxide, with diamond plates fab
cated using conventional chemical vapor deposit
~CVD!.1–4 This approach suffers from the need to attach
diamond plates to devices using interfacial layers, which
strongly impede the flow of heat.5 Promising alternatives de
posit diamond directly on silicon, for which nucleation ca
be achieved using a bias voltage between the silicon an
microwave-frequency plasma.6–8 This approach is most ben
eficial if a low thermal resistance is achieved for conducti
normal to the diamond-silicon boundary.

While thermal conduction in diamond layers has be
the subject of much research,9 conduction through the
boundaries of diamond with other materials has receiv
little attention. Phonon scattering on imperfections near
boundary of diamond deposited on silicon is expected
yield an effective boundary resistance of the order of
31028 m2 K W21, which diminishes the improvement du
to the use of diamond in novel high-power electron
microstructures.5 Previous research measured thermal co
ductivities and diffusivities in the directionalong diamond
layers as thin as 0.3mm10–13 but these data provide little
information about the effective boundary resistance, wh
must be investigated using heat flow in the direction norm
to the interface. Data for the effective boundary resista
are needed.

Several methods available for this measurement
joule heating and electrical-resistance thermometry in p
terned metal microbridges.14 These techniques have the a
vantage that they induce quantitatively known heat flux
that resemble those in electronic microstructures. The ste
state parallel-microbridge method15 was adapted to measur
thermal resistances as small as 531028 m2 K21 W21 for
conduction normal to thin dielectric layers at roo
temperature.16,17 Smaller resistances can be measured us
transient methods, which diminish the heated volume a
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therefore the uncertainty due to unnecessary temperature
in the substrate. Laser heating and laser reflectance therm
etry measured thermal resistances using time scales as s
as a few hundred nanoseconds.18 This letter reports on mea-
surements of the thermal resistance for conduction norma
thin diamond layers using two independent, transient me
ods. One uses joule heating in microbridges and the ot
uses laser heating.

The experimental methods are described in detail in
accompanying publication.19 The joule-heating method
monitors the temperature rise during a current-induced he
ing pulse in a patterned metal microbridge for;100ms. The
current is also used to measure the transient electrical re
tance of the microbridge, from which its temperature is ca
culated using calibration data. The thermal resistance
conduction normal to the diamond is extracted by analyzi
transient, three-dimensional thermal conduction in the stru
ture. The laser-heating method uses laser-reflectance t
mometry to monitor the transient temperature at the me
surface for about 1ms after a very brief laser-heating pulse
an approach used previously to investigate conduction in t
silicon-dioxide layers.18 The thermal resistance for conduc
tion normal to the diamond is extracted using the shape
the measured response and a solution to the trans
thermal-conduction equation in the structure.

Diamond layers with thicknesses 0.2, 0.5, and 2.6mm,
referred to here as A, B, and C, respectively, are deposited
~100! silicon using microwave-plasma assisted CVD, as d
scribed previously.8 A voltage bias between the substrate an
the plasma source induces nucleation, which eliminates
need for conventional procedures such as scratching the s
strate. The layers are metallized with 10 nm of titanium a
300 nm or more of gold. Figure 1 is a cross-sectional micr
graph of the thickest layer C, from which the approxima
internal microstructures of the thinner layers A and B can
deduced. The micrograph shows the increase of the gr
size with increasing height above the substrate.

The data for the total thermal resistanceRT , for conduc-
tion normal to diamond layers A, B, and C are presented
Table I and plotted as a function of layer thicknessd in Fig.
2. The Table also includes the measured thermal resista
for sample D, which has no diamond, as a reference. T
data obtained using the Joule heating and laser-heating m

ent,
/95/66(23)/3134/3/$6.00 © 1995 American Institute of Physics
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ods are consistent. The uncertainty of the thermal resista
for the Joule-heating method is;0.531028 m2 K W21,
which only allowed the measurement of an upper bound
sample D. The sensitivity of the shape of the response for
laser-heating method to the total thermal resistanceRT di-
minishes with increasing layer thickness, making possib
the measurement only of a lower bound resistance for sam
C.

The resistanceRT increases with increasing layer thick
ness due to the addition of volume resistance within the d
mond layer. The rate of increase with respect to the lay
thickness diminishes rapidly, such that increasing the la
thickness by more than an order of magnitude, from 0.2
2.6mm, increases the thermal resistance by little more tha
factor of 2, from about 1.5 to 3.531028 m2 K W21. This
supports the hypothesis that thermal resistances at
silicon-diamond and metal-diamond boundaries yield
thickness-indendent component to the total measured th
mal resistance. Another possibility is that a highly imperfe
region near the silicon-diamond interface, such as the;100
Å thick amorphous silicon/carbon region observed in ele
tron micrographs,20 yields a large local volume resistance
This resistance can be estimated to be rough
1028 m2 K W21,16 which is consistent with the data re
ported here. In practice, a highly localized volume resistan
near a boundary is indistinguishable from the boundary
sistance, such that it is appropriate to define the sum of th

FIG. 1. Cross section of diamond layer C, of thickness 2.6mm, deposited on
a ~100! silicon substrate. Also visible is the patterned gold-titanium meta
lization.
Appl. Phys. Lett., Vol. 66, No. 23, 5 June 1995
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as an effective boundary resistance. The total resistance
the thinnest layer,;1.531028 m2 K W21, is an upper
bound for the effective silicon-diamond boundary resistanc

For comparison with previous data, it is helpful to cal
culate an effective conductivity usingkn,eff5d/RT , where
d is the layer thickness. BecauseRT may be significantly
increased by resistances at the layer boundaries, the effec
conductivitykn,eff is a lower bound for the conductivity in-
ternal to the layer. The effective conductivity increases ra
idly with increasing layer thickness, from about 14 to 75
W m21 K21 for the 0.2 and 2.6mm thick layers, respectively.
A similar trend was observed for lateral thermal diffusivities
and conductivities in diamond within microns of the depos
tion interface11–13,21but the magnitude of the effective verti-
cal conductivities measured here for a given layer thicknes
which include boundary and volume resistances, are smal
than the lateral conductivities reported elsewhere for comp
rable layer thicknesses. Thermal diffusivities measured13

along free-standing layers of thicknesses near0.35 and
mm, for example, correspond to lateral conductivities of;75
and 150 W m21 K21, respectively. The lower vertical con-
ductivities reported here support the conclusion that an e
fective silicon-diamond boundary resistance, which woul
have little or no effect on the lateral conductivity, is impor-
tant. For conduction normal to thin diamond layers on sili

l-
FIG. 2. Thermal resistance for conduction normal to thin metallized dia
mond layers on silicon. The predictions assume a grain dimension within t
layers given bydG5dG010.2z, where z is the separation from the
deposition interface. This relationship is consistent with top-view electro
micrographs of the layers in the present study.
volume

given are
TABLE I. Thermal resistance data for conduction normal to thin metallized diamond layers on silicon, samples A, B, and C. The data account for the
and boundary resistances of the diamond. Effective conductivities for conduction normal to the layers are calculated usingkn,eff5d/RT , whered is the
diamond layer thickness. The range of possible conductivities considering the uncertainty in the thermal resistance are indicated in small print. Also
thermal resistance data for sample D, which have no diamond layers.

Sample

Diamond
thickness,
d, mm

Joule-heating method Laser-heating method

Resistance,RT ,
1028 m2 K W21

Effective
conductivity,

kn,eff ,W m21 K21

Resistance,RT ,
1028 m2 K W21

Effective
conductivity,

kn,eff ,W m21 K21

A 0.2 1.71/20.5 1223
14 1.31/20.6 121524

113

B 0.5 2.31/20.5 2224
16 2.71/20.9 1925

110

C 2.6 3.51/20.5 7429
113 ,5 .50

D no diamond ,0.8 ••• 0.41/20.1 •••
3135Goodson et al.
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con, this shows that the use of lateral conductivity data c
lead to heat-flux predictions that are much too large. This
in stark contrast to the situation for conductioninternal to
relatively thick layers,9 for which the lateral conductivity is
less than the vertical conductivity.

In order to help interpret the new data, they are com
pared with predictions22 that couple the local internal phonon
scattering rate to the nonhomogeneous characteristic gr
dimension, which is the average separation between gr
boundaries that intersect a line placed on a top-view electr
micrograph. For simplicity, scattering on imperfections ver
near grain boundaries was assumed to dominate over sca
ing on imperfections within grains, a hypothesis that find
some support from transmission electron micrographs.23 The
grain-boundary scattering strength, a dimensionless func-
tioni of the scattering cross sections and the number densi
per unit grain-boundary area of imperfections, was assum
not to vary within a given layer. In contrast, the characterist
grain dimension increased with increasing spatial coordina
z, the height above the deposition interface. Using top-vie
electron micrographs, the relationship, for the layers in th
present study is estimated to bedG5dG010.2z, where
dG0 is ;50 nm. The impact of phonon scattering on laye
boundaries was determined using an approximation to t
solution of the Peierls–Boltzmann phonon transport equati
for conduction normal to layers with a nonhomogeneous i
ternal scattering rate.22

The predictions are compared with the data in Fig.
The data agree well with predictions that assume a rand
grain structure and values ofdG0 between 20 and 50 nm.
This is consistent with top-view electron micrographs of th
thinnest layers in this study, presented elsewhere,5 which
show randomly oriented grains with dimension of the ord
of 50 nm. The minimum grain dimensions used here indica
grain densities per unit area of the diamond-silicon interfa
that are comparable with the nucleation densities of diamo
on silicon as observed previously.20 The resistance measured
for the thickest layer C is slightly overpredicted by the analy
sis for randomly oriented grains. This may be due to th
transition of the grain structure from random to columna
with increasing layer thickness, which can be observed in t
micrograph in Fig. 1. To estimate the impact of this trans
tion, predictions were also developed that account for co
duction normal to layers with ideal columnar grains.22 The
unobstructed path of phonons between the upper and low
layer boundaries results in a much lower thermal resistan
as shown in Fig. 2.

The data reported here are important for the thermal e
gineering of electronic microstructures containing CVD dia
mond. Previous research5 showed that a resistance of 3.3
31028 m2 K W21 at the silicon-diamond boundary, whcih
is comparable to the values measured here, can increase
temperature rise due to pulsed heating in a lateral field-effe
transistor by 60% compared with the temperature rise for t
case of an ideal diamond-silicon boundary. The effectiv
thermal boundary resistance is expected to depend on
details of the CVD process. Figure 2 suggests that para
3136 Appl. Phys. Lett., Vol. 66, No. 23, 5 June 1995
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eters influencing the nucleation density, which affects t
grain dimension near the interface, are important. Decreas
the nucleation density can yield larger grains near the int
face, which diminish the phonon scattering rate, but can a
result in voids, which impede thermal conduction.

The thermal resistances reported here for the dire
silicon-diamond interface are less by more than an order
magnitude than those estimated for diamond-silicon atta
ments based on metallic alloys,5 such as that developed for
laser systems.24 This shows that direct diamond depositio
on semiconducting substrates is a promising alternative
the attachment of diamond plates.

The authors appreciate the guidance of U. Bu¨ttner during
the fabrication of the microbridges, as well as the help of
Böbel with the measurements.
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