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Application of the three omega thermal conductivity measurement method
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The three omega thermal conductivity measurement method is analyzed for the case of one or more
thin films on a substrate of finite thickness. The analysis is used to obtain the thermal conductivities
of SiO, films on Si substrates and of a chemical vapor deposii@viD) diamond plate. For the

case of the SiQfilms on a Si, we find an apparent thickness dependence of the thermal conductivity
of the SiQ films. However, the data can also be explained by a thickness-independent thermal
conductivity and an interfacial thermal resistance. For the case of the CVD diamond plate, the fit of
the theory to the experimental data is significantly improved if we assume that an interface layer
separates the heater from the diamond plgt80021-897€9)01319-5

I. INTRODUCTION face layer. In the former case, we also obtain valuescfof
Si which are a little smaller than handbook values.

The three omega thermal conductivity measurement |n the context of this article, a “thick” layer refers to a
method has been used extensively to measure the thermaler that is considered to be infinitely thick because the
properties of bulk and thin film dielectric materiai. A |ayer thickness is much greater than the longest thermal dif-
detailed description of the experimental method we havéusion length being considered.
used for measuring thermal conductivity) has been given
by D. G. Cahill® The method employs a metallic strip in

intimate contact with the specimen surface. An ac electricallI TWO-DIMENSIONAL MULTILAYER HEAT FLOW
current modulated at angular frequensys induced to flow ' )

in the strip causing heat generation in the strip. The heating  consider a multilayer system in vacuum with the layers
has both a dc component which changes the average teMymbered from bottom to top from 1 @ The heater is in
perature of the specimen and an ac componentavich  contact with the top surface of the top layer, layeThe 3w
generates thermal waves in the specimen. Because the el&Ggna) is obtained from the ac temperature of the top surface
tl‘lC?J reS|star)ce of the strip depends on the temperature, thg ihe top layer. Figure 1 shows cross sections of the sample
rg3|stance will be modulated atvZas well. Therefore, .there geometries evaluated; the geometry is two-dimensional. An
will be an ac voltage drop across the ends of the stripuat 3 a¢ current aw flows through the heater strip normal to the
V3, , Which is proportional to the ac temperature variation Ofplane of page, generating heat ai. 2Ve can generalize D.
the strip at 2, Ty, . T, Will depend on the thermal con- g canill's expressiohfor the ac surface temperature for a

ductivity, «, of each underlying material. Thus, it is possible multilayer system averaged over the strip, thus
to extractk from a measurement &f;,, Vs w. In the case of

a thin film on a thick substratey;, will usually depend P

linearly on Inw) in which case the data are relatively simple AT= 212

to analyze. However, if the thermal diffusion length in the

substrate is greater than the thickness of the substrate, then fw B"(m)+B(m) sirf(mb) q
V3, will deviate from a linear dependence or{dn because o AT(mB (M—A"(m)BT(m) y,m? m,
of thermal wave reflections from the back surface of the

substrate. In this case, one must perform a nonlinear least @
squares analysis based on a more exact model in order {pnere
extractx.
In this article, we present the solution to the three omega ©
thermal conductivity measurement method for several films ¥ = &j \/ m°—i R 2

on a substrate of finite thickness. Based on a nonlinear least !

squares fit of the solution to experimental data, we have calwhere the subscrip=n refers to thenth layer which is
culated « of silicon dioxide films on silicon substrates |ocated just beneath the heater stfds amplitude of the ac
(Si0,/Si films) and « of a diamond plate which is assumed power generated in the heater stripis the length of the
to be separated from the metal heating strip by a thin interheater stripb is the width of the heater stripn is the vari-
able of integration; is the thermal conductivity of laygy
Guest scientist from the Korea Research Institute of Standards and scPj iS the thermal diffusivity of layef, andA™ (m), A™(m),
ence. B*(m), B~ (m) are parameters determined by a matrix
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Casec is obtained by an additional application of ES).
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FIG. 1. The schematic diagram of the material configurations used to model
the three omega thermal conductivity measurement meftapdtilm on a
semi-infinite substratéoffset model. (b) Film on a substrate of finite thick-

two-| del. (c) Three-l del.
ness(two-layer model. (c) Three-layer mode Il SPECIMENS

Table | lists the specimen specifications. The Siins
procedur€ analogous to that given in H. S. Carslaw and J. Cwere produced on silicon wafers by the steam/dry oxidation
Jaeger. In this article, we have modified the nomenclaturemethod and the thicknesses were measured by ellipsometry.
given in Ref. 6 by reversing the numbering of the layers.The estimated relative standard uncertainty in the film thick-
This allows us to use a simple recursion relationship thahess measurement is 1%.

relates a system with+1 layers to a system with layers. The diamond specimen had been part of a previously
The recursion relations show symbolically hd@®v (m) and  reported set of specimens that had been used in a round
B~ (m) change if we add a layer, thus robin® It had been made by chemical vapor deposition
. T 0 (CVD). Details of the specimen preparation are given in Ref.
(B ) _ 1 (e ) 8. However, it should be noted that at least/a of mate-
B /i1 2Vn+1 0 gln+1bnt1 rial from the nucleation surface of the specimen had been

N removed by grinding and polishing in order to insure speci-
(B) &) men homogeneity. Earlier work had shown that as grown

B/, specimens show a large thermal conductivity inhomogeneity
with material at the growth surface having significantly

X( Yn+1t ¥n Yn+1~ ¥n
Yn+1~ Yn  Yn+1T ¥n

where, higher thermal conductivity than material at the nucleation
o surface. The growth surface of the diamond had also been
uj= m?—i — 4 polished in order to decrease the large surface roughness

D typical of CVD diamond growth surfaces.

whereL; is the thickness of laygr and the dependence of all A circuit typical of the three omega thermal conductivity
other parameters om is implied. The subscripts on th®  measurement methbavas produced on the top surface of
vectors denote the number of layers being considered. Rehe specimen by conventional photolithography used for pro-
gardless of the number of layerd,”(m)=1/2 andA™(m) duction of integrated circuits. The metal heating strip, which
=1/2. Whenn=0, B*(m)=0 andB~(m)=1. was made of aluminum, was typically 200—300 nm thick.
Although the procedure in Ref. 6 is one-dimensional, theThe widths of the strips were measured on a microscope
same procedure is applicable, with appropriate substitutiongquipped with a calibrated split image viewer. The widths of
to the particular fourier component of the temperature conthe lines were significantly narrower than the nominal line
sidered in this case. This is because the boundary conditiongidths in the photomask indicating that significant undercut-

in both cases lead to the same equations. ting occurred during the etching procedure. The standard un-
As an example, we give the values &"(m) and certainty in the line widths was approximately Qu& which
B~ (m) for caseb of Fig. 1 is based on measurements by two difference operators.

TABLE I|. Specimen specifications.

Resistance

Substrate thicknessFilm thickness Heater length Heater width at 20 °C dR/AT

Specimen (um) (nm) (mm) (um) Q) QK™
SiO, on Si 510 52.%0.6 4.00 28.30.5 27.3:0.3 0.08%-0.009
SiO, on Si 510 1011 4.00 28.4-0.5 27.2-0.3 0.09G-0.009
SiO, on Si 510 20@&:2 4.00 28.50.5 26.8:0.3 0.088-0.009
SiO, on Si 380 4885 4.00 28.30.5 27.3:0.3 0.096:0.009
CVD diamond 536 2.00 12.8:0.5 19.8:0.2 0.053-0.006
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IV. EXPERIMENT 6 I | . ,

The basic electrical configuration of the three omega
thermal conductivity measurement method we have em-
ployed and the measurement procedure employed were simi-
lar to D. G. Cahill's! However, we replaced a digital-to- R
analog converter(DAC) with a manually adjustable &
potentiometer because unwanted signals were transmitted by } \'\‘\-\_\'\-
the DAC at high heating frequenci€¢s8 kHz). We used a ;
digital lock-in amplifier that could detedts, directly. The
output of the internal oscillator of the lock-in amplifier sup- T A
plied the power to the specimen circuit. A @reference T
resistor in series with the specimen was used to calibrate the
current, allowing us to calculate the resistance of the heater
and the power generated in the heater. 0 | I I I

Measurements were made in a commercial thermostati- 6 7 8 9
cally controlled oven retrofitted with water cooling coils; wa- intzh
ter was supplied by a heater/refrigerator water circulator. Th&IG. 2. The in-phase ac temperature of the metal strip as a function of
oven temperature was controlled by a commercial temperadeating frequency (8 for SiG, films on silicon substratea\ T represents
ture controller: measurements were made at nominal ten{be difference betwgen the thermal signal for the coa'ted_ substrate and the

calculated thermal signal for a bare substrate. The solid lines are calculated

peratures of 20 and 60 °C. The water temperature was set Hased on fitting with the offset model. Within the resolution of the figure,
7 °C to allow for temperature stabilization in the oven within curves calculated with the offset model cannot be distinguished from curves

a reasonable Iength of time at 20°C. At 60°C. the Wate'calculated with the two-layer model. The dashed line is the curve calculated
' for a bare silicon substrate of infinite thickness. The thicknesses of SiO

circulator was shut off. _ films are® 488.3; M 200.4; A 100.8; andé 52.7 nm.
The ambient oven temperature was measured with a type

T thermocouple in close proximity to the specimen, although

a temperature readout is also available as part of the OVE) RESULT AND DISCUSSION

temperature controller; the two temperatures agreed to within

1 K. The temperature instability was less than 0.1 K. The  Figure 2 showsAT/P of the metal strip versus the heat-
standard uncertainty in the temperature was as provided bypg frequency (2) for the set of SiQ/Si films. The dots

the thermocouple manufacturer which was 0.5 K or 0.4% forrepresent the experimental data, the solid lines represent fits
temperatures above 0 °C. to the experimental data, and the dashed line repreaents

The specimen temperature was actually slightly highe€alculated for a bare silicon substrate based on a handbook
than the oven ambient because of heating by the heater strigalue? k=152 Wcm *K™* at 21 °C. In the figure one ob-
The specimen temperature and the temperature coefficient §rves that at given frequencyT increases with increasing
resistance were obtained by measuring the resistance of thém thickness. Two models were used to fit the data but the
specimen at oven ambients of 20 and 60 °C at two powepgsults were indistinguishable within the resolution of the
levels. At a particular temperature setting, the resistance wdigure. One model is called the offset modét treats the
plotted versus the input power and the linear extrapolation ofilm as a thermal resistance which results in an experimental
resistance to zero power input was taken to be the resistan€&Ve that has the same shape as the curve calculated for
of the specimen at the ambient temperature of the oven. BYncoated silicon but is offset by an amourity given by
assuming a constant temperature coefficient of resistance be- P t
tween 20 and 60 °C, we were able to obtain the actual tem- ATf:m %b’ (6)
perature of the specimen from the resistance of the specimen
during a measurement.

The measurements were conducted under computer CORABLE II. A comparison of the fitting results from the offset model, case
trol. The ac voltage applied to the specimen circuit wasa) and two-layer model, cadi). The calibration temperature of specimen
4.5Vgys for the diamond specimen and 2.5\ for the  is about 21 °C. The handbook value efor silicon i’ 1.52 W em* K™,

SiO, on 5|I|c_on specimens. The relative uncertainty in all Thickness of SIG of Si « of SO,
voltage readings was 0.1%. (nm) Model  (Wem K3 (Wem K Y
The three omega signals from SiSi films have been

. . . . —+

analyzed with Eq.1) for the cases of a film in intimate 52.1x06 t? ffﬁg'gg 8'882;8'8881
contact-W|th a gubstrgte apd a fllm on substrate with a thgr- 10141 a 1.40-0.02 0.0108-0.0001
mal resistance in series with the film. The three omega sig- b 1.40+0.02 0.010%0.0001
nals from the diamond specimen were analyzed with(Ex. 200+2 a 1.3%0.02 0.0124:0.0001
for all of the cases shown in Fig. 1. We analyzed the data b 1.38:0.01 0.0123-0.0001

. . . : 488+5 a 1.33-0.02 0.0129-0.0001
using case€c) in order to investigate whether a thermal con- b 1350002 0.0127-0.0001

ductivity gradient could be detected in the specimen.
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FIG. 3. The thermal conductivity of SiCfilms as a function of thickness.
Also shown is the thermal conductivity obtain@thshed lingif a constant
thermal interface resistance is considered to exist either between the heater
and the film and/or between the film and the substrate. For comparison, the
handbook value for bulk SiQ(solid line) is also shown.

wheret and k; are the thickness and thermal conductivity of
thin film. However, the offset model usually considers the
substrate to be infinitely thick. The second model is based on
case(b) of Fig. 1. Table Il shows the results of the two
models. The good agreement of the two models occurs be-
cause the substrate is thicker than the longest thermal diffu-
sion length, which occurs at the lowest modulation fre-

AaTA! w’)
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1.80
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FIG. 4. Plot of the thin film thermal resistance of the Sifims as a
function of thickness. The straight-line behavior suggests that the thermagh
conductivity can be considered independent of thickness. The nonzero in-

FIG. 5. The in-phase ac temperature of the metal strip as a function of
heating frequency for CVD diamond. The points represent the experimental
data.(a) The dashed line is the fit for a semi-infinite solid; the solid line is
the fit for a solid of finite thicknesgb) The dashed line is the fit for the
offset model; the solid line is the fit for the two-layer model. The two-layer
model gives the best fit.

quency. Values ok for the silicon substrate were obtained
as well. These values agree reasonably well with the hand-
book value’

The black dots in Fig. 3 show the thin film thermal con-
ductivity ¢ as a function of film thickness for Sidilms on
Si based on the model in Fig(a). The handbook value for
silica’, k=0.0137 WemK ™1 is given by the solid line.
Generally, x; of every film appears to be lower than of
bulk SiO,. Furthermorex; is seen to decrease with a de-
creasing thickness. This might indeed be the case; however,
there is an alternate explanation for these results. Figure 4
shows a plot the thermal resistance of the fillRs; L/« as
a function of film thicknessL. The straight-line behavior
suggests that the thermal conductivity is independerit;of
e apparent decreasespn with decreasingd. could be due to

tercept,R', represents a fixed thermal resistance present in all of the specia thermal resistance Iayer within the SpeCimen structure. If

mens.

we fit a straight line through the experimental points, the
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TABLE IIl. Comparison between multilayer models for the diamond speci- ~|gse to the value calculated for the SiSi films reported

men. The measurement temperature is 27.7&Crefers to the thermal . . .
conductivity of thejth layer an(RL represents the thermal resistance of the earlier and to the value reported in the literattire.

kth layer. The round robin gave=12.92 W cm*K ! at 25 °C. The units m addition to the preViPUSW .disc_ussed models, we have
of x; are Wcm*K™* and the units oR] are crfK W ™* considered the model depicted in Figc)l As-grown CVD
diamond is known to have a thermal conductivity gradient

Case a Case b Case through the thicknes¥. A simple way of detecting such a
R,=25x 10°* R,=2.4x 10°* R,=2.4x 10°* gradient would be to fit the experimental data with a model
k1=14.8+ 0.4 k1=12.9% 0.3 k=13.0* 0.6 that divides the diamond into two layers of equal thickness

k1=11% 6

and then to calculate of each layer. A gradient should yield
different values ofk for each layer. An examination of the
results of this model shows no statistically significant differ-
slope gives the reciprocal thickness-independent thermd&nce betweenc of the two diamond layers. However, the
conductivity, %, and the intercept represents an interfaciamean values show the trend that would be expected; the
thermal resistanceRi:]_‘gx 10_4cm2KW_1_ We cannot value of the Iayer Containing the gl’Oth surface is hlgher
tell whetherR' is between the film and the substrate or be-than the layer containing the surface closest to the nucleation
tween the heater and the film. However, the value we obtaigurface. As mentioned earlier, the nucleation surface had
for R' is comparable to the value obtained by S. M.1aed  been removed to improve the homogeneity of the specimen.
D. G. Cahill R~2x10*cmPKW™Y) in other film/ We conclude that the model of Fig(k) provides the
substrate systems. The dashed line in Fig. 3 shows the vallest fit to the CVD diamond data. There are several possible
of the thickness-independert calculated from theR vs L explanations for an interfacial layer. Surface contamination
plot. of the specimen can lead to a lack of intimate adhesion of the
Figure 5 showsAT/P vs In(2f) for the diamond speci- deposited metal film used for the heater strip. In the case of
men. The solid dots represent the experimental data. TheVD diamond, a graphitic layer between the heater and the
lines represent different theoretical fits to the experimentafiiamond is also possible. In addition, a Nomarski micro-
data. In Fig. %a), the lines represent fits to the data thatdraph reveals an uneven surface containing stepped artifacts
assume no interface layer between the heater and the spe#iat had not been removed by the polishing procedure. Thus,
men. The dashed line assumes that the thickness of the speiie residual surface roughness may also contribute to the
men can be ignored.(= ) whereas the solid line takes into interfacial thermal resistance.
account the finite thickness of the specimen. There is a small In conclusion, we have successfully applied multilayer
yet noticeable difference between the two lines; however, th&odels to analyze data obtained by the three omega thermal
fits to the data are poor. The poor fit is the due to the size ofonductivity measurement method. The thermal conductivi-
the signal which is higher than would be expected fiad  ties of high and lowx materials can be obtained.
been calculated only from the average slope of the data. The
theoretically expected curve would be offset downward fromACKNOWLEDGMENTS
the measured curve by an approximately constant amount.

An interfacial thermal resistance could account for such an The aL_Jthors thank David Canhill for helpful ?d_‘"ce n
offset. implementing the three omega thermal conductivity mea-

Thus, Fig. Bb) shows fits that include an interfacial surement method. Dr. Kim acknowledges stimulating con-

layer between the heater and the substrate. The dashed Cugyoersgt_ions with Dr. Do-Kéun?(_Kim re?;rdling lt_rllermal hcon|;
was calculated with the offset model which is based on th uctivity measurement. Dr. Kim would also like to than

configuration of Fig. (a). The solid curve is based on Fig. Bev _Anderspn for editing Fhe initial draft of the manusgript.
1(b) which assumes a substrate of finite thickness; we callljr Kim received most of his support from the Korea Science

this the two-layer model. Both models show a much better l‘if1nd Engineering Foundation with supplementary support
than the models depicted in Fig(al. However, the model rom NIST.

that assumes a finite substrate thickness does fit the data

better than the model that assumes infinite substrate thickiD. G. Cahill, Rev. Sci. Instrum61, 802(1990.

ness. This is because the thermal diffusion length in the fit- (Dl'9§4.) Cahill, M. Katiyar, and J. R. Abelson, Phys. Rev.58, 6077
ting range is great_er_ than the speci_me_n thicl_<ness. The fit wasg 1"\ ce and D. G. Cahill, J. Appl. Phy81, 2590(1997.
accomplished by fixing the interfacial film thickness and cal- 4N. 0. Birge, Phys. Rev. B4, 1631(1986.

culating the best values of. We found that the ratid./« °D. G. Cahill and R. O. Pohl, Phys. Rev. 35, 4067(1986.

was independent of the chosen film thickness provideds SA. Feldman, NISTIR 59281996; A. Feldman, High-Temperatures High-
Pressure81, 293(1999.

Chose.n SUff!Clently smalll(<1 wm) " Thus.' this interfacial "H. S. Carslaw and J. C. Jaeg&@opnduction of Heat in SolidéOxford
layer is equivalent to a thermal resistanBe, University Press, London, 195%. 111.
Values ofx andR' for each of the models used to fit the 23- E. Gfaelbnlfet al, Diamond Flielat- Mater7, 1:89(1995?- -
; ; . i+ Y. S. Touloukian, R. W. Powel, C. Y. Ho, and P. G. Klemeiibgrmal
diamond diata are shown in Table I,”’ in the table, a S.ubSCI’Ipt ConductivityTPRC Data series, Vol. (IFI/Plenum, New York, 1970
on x andR' denotes the layer to which the value applies. Thew; £ Graebner, S. Jin, G. W. Kammlott, Y.-H. Wong, J. A. Herb, and C.

values ofR! appear to be model independent and are very F. Gardinier, Diamond Relat. Mate?, 1059 (1993.




