Thermal conduction normal to diamond-silicon boundaries
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Passive diamond layers fabricated using chemical vapor deposition can improve thermal conduction
in electronic microstructures. The benefit of using diamond depends strongly on the thermal
boundary resistance between active semiconducting regions, where heat is generated, and the
diamond. Two independent experimental methods measure the total thermal resistance for
conduction normal to 0.2, 0.5, and 2un thick diamond layers deposited on silicon, providing an
upper bound for the effective silicon-diamond boundary resistance. The data agree with predictions
that couple the local phonon scattering rate in the diamond to the grain siZ99® American
Institute of Physics.

Diamond is an excellent thermal conductor and an electherefore the uncertainty due to unnecessary temperature rise
trical insulator at room temperature, making it ideal for pas-in the substrate. Laser heating and laser reflectance thermom-
sive applications in electronic systems. Much research aimetry measured thermal resistances using time scales as short
to improve the conduction cooling of high-power semicon-as a few hundred nanosecortighis letter reports on mea-
ductor devices by replacing conventional dielectric mountssurements of the thermal resistance for conduction normal to
often made of aluminum oxide, with diamond plates fabri-thin diamond layers using two independent, transient meth-
cated using conventional chemical vapor depositionods. One uses joule heating in microbridges and the other
(CVD).1~*This approach suffers from the need to attach theuses laser heating.
diamond plates to devices using interfacial layers, which can  The experimental methods are described in detail in an
strongly impede the flow of hedtPromising alternatives de- accompanying publicatiolf. The joule-heating method
posit diamond directly on silicon, for which nucleation can monitors the temperature rise during a current-induced heat-
be achieved using a bias voltage between the silicon and iag pulse in a patterned metal microbridge fot00 us. The
microwave-frequency plasnfa® This approach is most ben- current is also used to measure the transient electrical resis-
eficial if a low thermal resistance is achieved for conductiontance of the microbridge, from which its temperature is cal-
normal to the diamond-silicon boundary. culated using calibration data. The thermal resistance for

While thermal conduction in diamond layers has beenconduction normal to the diamond is extracted by analyzing
the subject of much researéhconduction through the transient, three-dimensional thermal conduction in the struc-
boundaries of diamond with other materials has receivedure. The laser-heating method uses laser-reflectance ther-
little attention. Phonon scattering on imperfections near thenometry to monitor the transient temperature at the metal
boundary of diamond deposited on silicon is expected tsurface for about Jus after a very brief laser-heating pulse,
yield an effective boundary resistance of the order of 5an approach used previously to investigate conduction in thin
X 10°8 m?K W1, which diminishes the improvement due silicon-dioxide layers® The thermal resistance for conduc-
to the use of diamond in novel high-power electroniction normal to the diamond is extracted using the shape of
microstructures. Previous research measured thermal conthe measured response and a solution to the transient
ductivities and diffusivities in the directionlong diamond thermal-conduction equation in the structure.
layers as thin as 0.2m'°~* but these data provide little Diamond layers with thicknesses 0.2, 0.5, and 2r8,
information about the effective boundary resistance, whichreferred to here as A, B, and C, respectively, are deposited on
must be investigated using heat flow in the direction normal(100 silicon using microwave-plasma assisted CVD, as de-
to the interface. Data for the effective boundary resistancacribed previousl§.A voltage bias between the substrate and
are needed. the plasma source induces nucleation, which eliminates the

Several methods available for this measurement usmeed for conventional procedures such as scratching the sub-
joule heating and electrical-resistance thermometry in patstrate. The layers are metallized with 10 nm of titanium and
terned metal microbridge$. These techniques have the ad- 300 nm or more of gold. Figure 1 is a cross-sectional micro-
vantage that they induce quantitatively known heat fluxegraph of the thickest layer C, from which the approximate
that resemble those in electronic microstructures. The steadynternal microstructures of the thinner layers A and B can be
state parallel-microbridge methbdvas adapted to measure deduced. The micrograph shows the increase of the grain
thermal resistances as small ax 50 8 m?K~*W~! for  size with increasing height above the substrate.
conduction normal to thin dielectric layers at room  The data for the total thermal resistarRe, for conduc-
temperaturé®!’ Smaller resistances can be measured usingion normal to diamond layers A, B, and C are presented in
transient methods, which diminish the heated volume andable | and plotted as a function of layer thickness Fig.

2. The Table also includes the measured thermal resistance

apresent address: Stanford University, Mechanical Engineering DepartmentO” sampl_e D, W_hiCh has no diam_ond’ as a reference. The
Stanford, CA 94305-3030. data obtained using the Joule heating and laser-heating meth-
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FIG. 1. Cross section of diamond layer C, of thickness 1§ deposited on  FIG. 2. Thermal resistance for conduction normal to thin metallized dia-

a (100 silicon substrate. Also visible is the patterned gold-titanium metal-mond layers on silicon. The predictions assume a grain dimension within the

lization. layers given bydg=dgo+0.2z, where z is the separation from the
deposition interface. This relationship is consistent with top-view electron

. . . micrographs of the layers in the present study.
ods are consistent. The uncertainty of the thermal resistance grap Y P y

for the Joule-heating method is0.5x10 8 m?K W4,
which only allowed the measurement of an upper bound foas an effective boundary resistance. The total resistance for
sample D. The sensitivity of the shape of the response for ththe thinnest layer,~1.5x10° 8 m>K W1, is an upper
laser-heating method to the total thermal resistaRe¢edi- bound for the effective silicon-diamond boundary resistance.
minishes with increasing layer thickness, making possible For comparison with previous data, it is helpful to cal-
the measurement only of a lower bound resistance for sampleulate an effective conductivity usinky, .«=d/Ry, where
C. d is the layer thickness. Becausg may be significantly
The resistanc®; increases with increasing layer thick- increased by resistances at the layer boundaries, the effective
ness due to the addition of volume resistance within the diaconductivityk, . is a lower bound for the conductivity in-
mond layer. The rate of increase with respect to the layeternal to the layer. The effective conductivity increases rap-
thickness diminishes rapidly, such that increasing the layeidly with increasing layer thickness, from about 14 to 75
thickness by more than an order of magnitude, from 0.2 t&V m 1 K~ for the 0.2 and 2.Gum thick layers, respectively.
2.6 um, increases the thermal resistance by little more than A similar trend was observed for lateral thermal diffusivities
factor of 2, from about 1.5 to 3510 8 m?K W™, This  and conductivities in diamond within microns of the deposi-
supports the hypothesis that thermal resistances at theon interfacé!~>?put the magnitude of the effective verti-
silicon-diamond and metal-diamond boundaries vyield acal conductivities measured here for a given layer thickness,
thickness-indendent component to the total measured thewhich include boundary and volume resistances, are smaller
mal resistance. Another possibility is that a highly imperfectthan the lateral conductivities reported elsewhere for compa-
region near the silicon-diamond interface, such as+i€0 rable layer thicknesses. Thermal diffusivities meastired
A thick amorphous silicon/carbon region observed in elec-along free-standing layers of thicknesses near0.35 and 5.5
tron micrographg® yields a large local volume resistance. um, for example, correspond to lateral conductivities-af5
This resistance can be estimated to be roughlyand 150 W m!K ™1, respectively. The lower vertical con-
10" m?>K W~1® which is consistent with the data re- ductivities reported here support the conclusion that an ef-
ported here. In practice, a highly localized volume resistancéective silicon-diamond boundary resistance, which would
near a boundary is indistinguishable from the boundary rehave little or no effect on the lateral conductivity, is impor-
sistance, such that it is appropriate to define the sum of thegant. For conduction normal to thin diamond layers on sili-

TABLE |. Thermal resistance data for conduction normal to thin metallized diamond layers on silicon, samples A, B, and C. The data account for the volume
and boundary resistances of the diamond. Effective conductivities for conduction normal to the layers are calculateg.gisiiRy, whered is the

diamond layer thickness. The range of possible conductivities considering the uncertainty in the thermal resistance are indicated in small print. Also given are
thermal resistance data for sample D, which have no diamond layers.

Joule-heating method Laser-heating method
Diamond ResistanceR, Effective ResistanceR;, Effective
thickness, 1008 mKw™? conductivity, 108 mKw™? conductivity,
Sample d, um K, e, WMt K™? Knef, WM K2
A 0.2 1.74/-05 12%4 1.3+/-0.6 12153
B 0.5 2.3+/-0.5 2278 2.7+/-0.9 19730
c 2.6 3.5+/-0.5 74733 <5 >50
D no diamond <0.8 0.4+/-0.1
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con, this shows that the use of lateral conductivity data camters influencing the nucleation density, which affects the
lead to heat-flux predictions that are much too large. This igrain dimension near the interface, are important. Decreasing
in stark contrast to the situation for conductioriernalto  the nucleation density can yield larger grains near the inter-
relatively thick layers, for which the lateral conductivity is face, which diminish the phonon scattering rate, but can also
less than the vertical conductivity. result in voids, which impede thermal conduction.

In order to help interpret the new data, they are com- The thermal resistances reported here for the direct
pared with predictiorf$ that couple the local internal phonon silicon-diamond interface are less by more than an order of
scattering rate to the nonhomogeneous characteristic gramagnitude than those estimated for diamond-silicon attach-
dimension, which is the average separation between graiments based on metallic alloysuch as that developed for
boundaries that intersect a line placed on a top-view electrolaser system&* This shows that direct diamond deposition
micrograph. For simplicity, scattering on imperfections veryon semiconducting substrates is a promising alternative to
near grain boundaries was assumed to dominate over scattéie attachment of diamond plates.
ing on imperfections within grains, a hypothesis that finds  The authors appreciate the guidance of UttBer during
some support from transmission electron micrograpfidie  the fabrication of the microbridges, as well as the help of K.
grain-boundary scattering strengtta dimensionless func- Bobel with the measurements.
tioni of the scattering cross sections and the number densities
per unit gralr)-poundgry area of imperfections, was aSSL_Im,qu. A. Herb, Proceedings of the 3rd Electronic Materials and Processing
not to vary within a given layer. In contrast, the characteristic congressedited by B. R. Livesay and M. D. NagarkékSM, Materials
grain dimension increased with increasing spatial coordinate Park, OH, 1999 p. 27.
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