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Process-dependent thermal transport properties of silicon-dioxide films
deposited using low-pressure chemical vapor deposition
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The volumetric heat capacity and thermal conductivity of silicon-dioxide films prepared using
low-pressure chemical vapor depositidiPCVD) are measured. The measurements employ éhe 3
technique, which is extended to determine the thermal conductivity anisotropy and volumetric heat
capacity of thin dielectric films. The thermal conductivity of the silicon-dioxide films exhibits a
significant process dependence, which cannot be attributed to highly oriented microvoids or
impurities. The volumetric heat capacity, in contrast, is largely independent of processing history
provided that appropriate corrections are made to account for porosity and impurity contributions.
This study provides evidence that process-dependent structural disorder strongly influences the
thermal conductivity of amorphous films. @999 American Institute of Physics.
[S0021-897€09)01110-X]

I. INTRODUCTION conductivity of the effective mediurk is given by

Advances in a growing number of electrical and optical ~ 4k=(3f; = 1)k, +(3f,—1)k;
devices and systems rely on the proper understanding of heat _ _ 2 112
transport in thin dielectric films. The damage threshold of HIEH-Dkat Bfo- Do+ 8kako) ™ (1)
mirrors and coatings is often determined by thermal properwherek; is the thermal conductivity of the silicon-dioxide
ties of the constituent dielectric film<. Heat conduction ~matrix, k; is the thermal conductivity of air that is assumed
through dielectric passivation layers in integrated circuits hao fill the microvoids, and; andf, are the volume fractions
a strong influence on the reliability of interconnects andof the matrix and microvoids, respectively. The contribution
transistors. The rate of heat removal dictates the operationto heat conduction by the air in the microvoids is appreciable

bandwidth of data storage devices based on thermallyonly for highly porous films. In contrast to the case of
induced phase transition phenomena. Vycor, which is bulk porous glass, the reduction in the

The majority of thin dielectric films are deposited at thermal conductivities of the silicon-dioxide films cannot be
relatively low temperatures leading to microstructures andccounted for by the consideration of porosity alone. Mea-
compositions very different from those in bulk materials.sured thermal conductivities of amorphous carbon and
The possible influence of these differences on thermal trangliamond-like-carbon film$ also revealed that deposition
port properties is of significance, not only to the optimizationCOﬂditiOﬂS considerably affect the film thermal conductivity.
of process conditions, but also to the fundamental under- The present study reports measurements of the volumet-

standing of heat transport in dielectric materials. ric heat capacity and anisotropy in the thermal conductivity
In a series of article&;” Cahill and co-workers investi- Of silicon-dioxide films prepared using the thermal oxidation

gated the out-of-plane thermal conductivities of silicon-and LPCVD processes. Simultaneous measurements of the
dioxide films prepared using different methods. Reductiorneat capacity and thermal conductivity provide further infor-
by as much as 50% from the value of bulk fused silica wagnation about the nature of the observed thermal conductivity
observed. Measurements were also performed for siliconceduction. This work examines the possibility that highly ori-
dioxide films deposited using low-pressure chemical vapognted microvoids are responsible for reduction in the out-of-
deposition (LPCVD)8 High-temperature annea”ng caused plane thermal Conductivity. The experimental data are dis-
the thermal conductivity to approach that of thermally growncussed in connection with existing structural analyses of
silicon-dioxide films. A more recent study on LPCVD and chemical vapor depositiofCVD) silicon-dioxide films pre-
plasma enhanced chemical vapor deposition silicon-dioxid¥ious theoretical studies on heat conduction mechanisms in
films yielded results that are consistent with the previouggmorphous materials.

data® Figure 1 plots existing data on those silicon-dioxide

films for which density data are also available. Shown as

dotted line is the prediction of the effective medium theory,rﬁ' EXPERIMENTS

where the density deficit and thermal conductivity reductionA. Sample preparation

are modeled using spherical microvoids uniformly distrib-  geyen gifferent types of silicon-dioxide samples are pre-
uted within a fully dense silicon-dioxide matrix. The thermal pared using thermal oxidation and LPCVD. The LPCVD
silicon-dioxide films are deposited at 300 and 400 °C using
dElectronic mail: goodson@vk.stanford.edu silane as a silicon source. One set of the films is doped with
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FIG. 2. Experimental setup for the thermal property measurement technique
described here. The lock-in amplifier is equipped with a frequency tripler.

FIG. 1. Measured out-of-plane thermal conductivities of silicon-dioxide lay- Details of the bridge circuit are available in the literat@ee Ref. 18

ers prepared using different methodee Refs. 497 The LPCVD data are
from the present study. The data of porous silica glasge Ref. 11 and
xerogel (see Ref. 28are included for comparison. The dotted line is the

rediction of the effective medium theory. . . . . . .
P Y technique harmonic Joule heating is induced in a metal line

deposited on a dielectric film using a waveform generator.

phosphorus at a concentration of 7% by introducings PH The resulting temperature oscnla_nops at t\NlC(_e the curre.nt
frequency are extracted by monitoring the third harmonic

during the deposition. Half of the deposited films are an- : )
nealed at 900 °C for 45 min. Wet thermal oxidation at 900component of the voltage drop across the metal line using a

and 1100 °C yields the thermally-grown silicon-dioxide film. bridge circuit and a lock-in amplifier. A detailed description

Aluminum layers are sputtered on the silicon-dioxide filmsgf the procte(;ur? re?}‘gged ;0 nrleastu[)e the Bﬁltzgﬁ hasA
and patterned lithographically through wet etching. Prior to een reported eisewhereand will ot e repeated here. A -
each film deposition, the wafers are treated using the sta chematic diagram _Of the metal bridge structure ?”d Expert-
dard diffusion clean proce40 min in 4:1 sulfuric-acid and mental setup used in the present study is shown in Fig. 2.

hydrogen-peroxide solution, 10 min in 5:1:1 deionized water, The temperature rise in the metal exhibits a frgquency
hydrochloric-acid, and hydrogen-peroxide solution, 30 s H gpend_en(;e that is govern.ed by the thermal properties of the
dip). The thicknesses of the silicon-dioxide films, which dielectric film. At frequencies much lower than the thermal

range between 0.1 and 2m, are measured using an ellip- diffusion frequency of the filmk;/C;df, the component of

someter and a laser interferometer. A surface profilometetlh,e steady-periodic temperature oscillations that Is in phase

measures the thickness of the aluminum films to be aroun?"th the harmonic heating consists of two contributions: One
0.25 um rom the film,AT;, and the other from the substrateT .

b‘_l'he temperature ris&T; is inversely proportional to the
film thermal conductivity but is independent of the film heat

therford back scattering/hydrogen forward scatteiRBS/ capacity. At very high frequencies, in contrast, the substrate
HFS analyses are conducted. The infrared absorptior‘fontribu“on becomes negligible and the temperature rise in

spectra are analyzed to obtain the relative number densitiége metgl_depends on the_ h?at capacny, as well as thermal
of hydrogen atoms present in the film in the form of water conductivity of the dielectric film. With the thermal conduc-

hydroxyl ions or Si—H. Combined RBS/HFS analysis probestiVitY de;termingd from the Iow—frequency. data, the heat ca-
both forward and backward scattered helium atoms an&‘ﬁ?lc'ty IS .obtamed by comparing the h!gh-frequency data
yields absolute atom concentrations. The maximum prob&vIth solutions to the heat diffusion equation.

depth of the HFS technique is limited to approximately 500 An analytic expression was dpnved for the |_n—phase
nm due to the large incident angle of the helium ion beamcomponent of temperature oscillations at frequencies much

Hydrogen concentrations at locations beyond the probe limi> V<" than the heat diffusiqn frequenpy of the d?electric
ydrog y P le.7 The substrate contributioh T, varies logarithmically

are assumed to be constant at a value prevailing within the. X . i SR
probe volume. The depth profiles acquired up to 500 nMN'th the heating frequency while the film contribution is fre-
exhibit no appreciable concentration gradients for all theuency independent and given by

films investigated. P’ d¢
Asz\P_ . (2)
w kf

To help interpret the heat capacity data and also to o
tain film density, Fourier transform infrarg®TIR) and ru-

B. Thermal conductivity and heat capacity

Herew is the width of the metal line anB’ is the amplitude
measurements

of power dissipation per unit length of the metal line. The
The 3w techniqué®has been adapted to perform simul- factor ¥ accounts for heat spreading within the film and is a

taneous measurements of the thermal conductikjtyand  function of the ratio between the in-plane and out-plane ther-

volumetric heat capacit€; of a thin dielectric film. In this mal conductivities and the film thickne¥5In the experi-
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ments, the film contribution to the temperature ris€; is 0.03 =
obtained by subtracting T, from the measured amplitude & <~ Nooe *-o.q
of total temperature oscillations. Data analysis can be greatl < = VAT P
simplified by using a quasi-one-dimensional structude ( o E A
=1), which enables the out-of-plane thermal conductivity to £ x oo0zy
be determined independent of the in-plane thermal conduc "<'5 E 0.02
tivity. A mesa structure depicted in Fig. 2 or a structure with g 'g AT /P
the ratiow/d; much larger than unity are examples of a 2 2 0.01} '
guasi-one-dimensional structure. E = w =50 um

A solution applicable at high heating frequencies can be = 8 d=156um
derived for a quasi-one-dimensional structure when the fol < ! 4 50 80

lowing simplifying assumptions are madd) The tempera- 1 1'0

ture rise in the substrate can be neglected compared with th

) ) A ) JOULE HEATING FREQUENCY (kHz
in the metal line(2) The metal line is isothermaf3) Direct (kHz)
heat loss to the ambient from the metal and dielectric films i$IG. 3. Frequency dependence of the amplitude of the in-phase component
negligible. The amplitude of the in-phase component of tem©of temperature oscillations in the metal line for the case of the thermally-

. . . . . rown silicon-dioxide layer. The inset is a close-up view of the high-
perature oscillations in the metal line is then given as the re‘Fzﬁequency region. Three predictions obtained from the heat diffusion equa-

part of tion are also plotted, which use different values for the film heat capacity.
_P' (d¢ /k¢) (tanhB/ B) 3

M w 1+i27fCrd (di ko) (tanhBlB) This value is chosen to be much greater than the dielectric

Here 8 is a complex number representing the ratio of thefilm thickness. This is intended to diminish the impact of
lateral heat spreading within the silicon-dioxide films and

film thickness to the thermal diffusion length, o e ) 1
df(i27-rthf/kf)1’2. The earlier analytic solution agrees well thereby removes complications arising from possible anisot-
with numerical solutions to the heat equation for the filmsOPY (see Fig. 5, o , .

studied here. Note that the temperature rise in the metal line Thermal resistance at the film interfaces is estimated by

depends also on the volumetric heat capa€ityand thick- repeating measurements on thinner films with thickness
nessd,, of the metal layer. Thick metal films obscure the down to 100 nm. Under the assumption that the intrinsic film
m .

influence of the film heat capacity aT,, and degrade the thermal conductivity does not vary appreciably with thick-
accuracy'® To achieve adequate accuracy, it is also impor-”ess’ an estimate of the thermal boundary resistance can be

tant to require that the film thickness be close to or greatepbtained by extrapolating the total thermal resistance to zero

than the heat diffusion length at the maximum heating frefilm thickness® The largest estimated boundary resistance

quency, which is given ak{/2mC,fy, )'2 The maximum value of 2x 10" 8 m?*K W1 is close to the values reported in
heating, frequency in the present é{Tde is 65 kHz. which idhe literaturé® and results in less than 2% error in the ther-
dictated by the bandwidth limit of the lock-in amplifier used. Mal conductivity.

The use of a high temporal resolution thermometry tech- The thermal conductivities of the as-deposited films are
nique, such as the thermoreflectance technigaeconjunc- ~ MOre than 30% less than that of the thermally-grown silicon-
tion with a high-frequency lock-in amplifier will enable mea- dioxide film. The difference is diminished appreciably after a
surements on thinner films. high temperature anneal, which is in agreement with a pre-

Figure 3 shows the measured frequency dependence ¥jous study on the annealing temperature dependence of the

the amplitude of temperature oscillations for the case of the
silicon-dioxide film grown at 900 °C. The thermal conduc-
tivity of the substrate, which is needed to compute the sub-
strate contribution to temperature risAg,,, is deduced
independently using the originale8 method'® The dotted
line represents the amplitude of temperature oscillations cal-
culated using Eq(3), which neglects the substrate tempera-
ture rise. The enlarged view of the high-frequency region is
shown as an inset in Fig. 3 along with predictions using three
different values for the film heat capacity.

AT

-
(4]

[ ]
@ AFTER ANNEAL
| N

THERMAL CONDUCTIVITY (Wm™ K™)

® THERMAL (1100 °C) AS DEPOSITED
lll. EXPERIMENTAL RESULTS A LPCVD (300 °C) .
. . o ¢ LPCVD (400 °C)
A. Thermal conductivity of the silicon-dioxide films V¥ PSG 7% (400 °C)
0.5 :
Figure 4 shows the measured thermal conductivities of 1 15 2 25
the LPCVD and thermal silicon-dioxide films. The thick- 31
HEAT CAPACITY (M m™ K)

nesses of the LPCVD films are arounguéh and that of the

the_rmal oxide is 1.2um. The width of the metal b_ridge' FIG. 4. Thermal conductivities and volumetric heat capacities of the silicon-
which serves both as the heater and thermometer, B0 dioxide films that have experienced different processing histories.
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2 : to determine the anisotropic thermal conductivity of thin
' films.1* The technique employs metal bridges with different
ANISOTROPIC widths to induce varying degree of heat spreading within the
=14wWm' K film. Compared with methods that require free-standing
membrane or beam structures, the present method has the
advantage of minimizing the possible influence of demand-
ing fabrication steps, such as substrate back etching, on the
film properties. Figure 5 shows the film thermal conductance
as a function of metal bridge width. Predictions of the heat
diffusion equation using two different values for the in-plane
k =0.91 wm' K d=25um thermal conductivity are included for comparison. The data

: obtained from the LPCVD film indicate that the anisotropy is
negligible. Highly oriented microvoids can therefore be ruled
METAL BRIDGE WIDTH (um) out as a possible explanation of the observed thermal con-
ductivity reduction.

n (kIN-PLANE

[y
T

FILM THERMAL CONDUCTANCE
(x10° W m?K")

1 10

FIG. 5. Predicted and measured thermal conductance of thgr-fick
LPCVD silicon-dioxide film as a function of the width of the metal bridge
structure. In the prediction two different values are used for the in-planeB. Volumetric heat capacity of the silicon-dioxide
thermal conductivity while the out-of-plane value is fixed at 0.91 fims
W m 1K~ for both calculations.

Figure 4 shows the volumetric heat capacities of the

silicon-dioxide films. The as-deposited LPCVD silicon-
thermal conductivity of LPCVD film&.Phosphorus and hy- dioxide films have slightly greater heat capacities than that of
drogen impurities have an insignificant effect on the thermafhe thermally-grown silicon-dioxide film. This is rather sur-
conductivity of the silicon-dioxide films studied here. This Prising because the LPCVD films have density deficit near
can be seen from the fact that the thermal conductivities oP%, Which is expected to result in corresponding decrease in
the as-deposited films are close to each other despite varif1® volumetric heat capacity. A high-temperature anneal is
tions in the concentration of hydrogen atoms in the filmsfound to reduce the heat capacity, _a_trend opposite to what is
(Fig. 6). The annealed films have similar thermal conductivi-0bServed for the thermal conductivity. The presence of an
ties irrespective of the concentration of phosphorus impuri@PPreciable amount of water, hydroxyl ions and other chemi-
ties. cal bonds foreign to silicon dioxide is suspected to be a
According to the RBS analysis, the densities of the filmsPossible origin of the anpmaly. The FTIR spectra of the films
investigated here do not differ by more than 5%. The ob-aré analyzed to determine what fraction of hydrogen atoms
served reduction in the out-of-plane thermal conductivity2r® Present as silanol and water. The volumetric heat capac-
cannot be explained by the effective medium theory wherty of water is more than 2.5 times larger thgn that of S|I|c_on
the density deficit is modeled using spherical microvoidsdioxide at room temperature. Using absorption cross sections
Highly oriented microvoids, however, can give rise to a pro-féPorted in the literature for various hydrogen-containing
nounced reduction in the out-of-plane conductivity while SPecies’ we find that water and silanol account for more
leaving the in-plane conductivity almost unchanged. This hyhan 85% of the hydrogen atoms in the films. The concen-

pothesis is tested using a technique that has been developBgtions of each species are similar to those observed in at-
mospheric pressure chemical vapor deposition silicon-

dioxide films2’
Figure 6 plots the heat capacities of the films as a func-

3 ‘ , tion of OH bond concentration, which is extracted using the
kY @ ANNEALED FTIR and RBS/HFS analyses. For the annealed LPCVD
o ¥ PSG (400 °C) fil h FTIR t hibit no detectable absorpti
A A LPCVD (300 °C) ilms, whose spectra exhibit no detectable absorption
- ¢ EVAPORATED ) peaks associated with hydrogen-related bands, the volumet-
S ric heat capacities are comparable to that of the thermally-
- N S ] grown silicon-dioxide film. At an opposite extreme is an
Q 2. evaporated silicon-dioxide film, which contains hydrogen at-
& + + oms at a concentration of 10 at. %. Since the film is prepared
f‘, using e-beam evaporation, it is not likely that a significant
I;: amount of hydrogen atoms are incorporated during the film
w deposition process. The hydrogen atoms may be associated
1 o o1 0.2 o3 04 with water molecules absorbed when the film is exposed to

wet etching and cleaning chemicals and to ambient moisture.
Con! Csio During the deposition of the evaporated films the substrate

temperature is maintained at 350 K, which yields a film po-
FIG. 6. Measured heat capacities of the LPCVD silicon-dioxide films inves-r ; 0
) ! X : osity near 10%.
tigated here as a function of OH bond concentration. The dotted line repre- . . . . .
sents the heat capacity predicted by treating each OH bond as contributing ShOWN as a dotted line in Fig. 6 is the predicted heat

half the heat capacity of a water molecule. capacity, which is in reasonable agreement with the data.

Downloaded 21 Nov 2008 to 171.67.20.40. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



7134 J. Appl. Phys., Vol. 85, No. 10, 15 May 1999 Y. Ju and K. Goodson

The heat capacity contribution of each OH bond is assumeff. SUMMARY AND CONCLUSION

to be equivalent to half the heat capacity of a water molecule. o i .
The volumetric heat capacity of thiry silicon-dioxide film The thermal conductivity and volumetric heat capacity
is taken to be that of fused silica with 7% porosity. The Of silicon-dioxide films prepared using thermal o>_<|(_1lat|on and
actual porosity of the films varies, around 5% for the unan-PCVD are measured. The thermal conductivity of the
nealed LPCVD films and 9.1% for the evaporated film. InLPCVD films is reduced from that of thermally-grown sili-
contrast to the thermal conductivity, the excess heat capaciltilOn dioxide whereas no corresponding decrease is observed

correlates reasonably well with the OH bond concentration for the volumetric heat capacity. The reduction in the ther-
mal conductivity cannot be attributed to anisotropy induced

IV. DISCUSSION by highly oriented microvoids. The presence of impurities is

shown to affect the volumetric heat capacity but not the ther-

The experimental data indicate that the observed thermal, 5| conductivity. The present experimental data, in conjunc-
conductivity variations cannot be fully accounted for by theo \with existing structural analyses on CVD films, strongly

consideration of preferentially oriented microvoids, impuri-g,4qest that process-dependent structural disorder affects the
ties, and process-dependent heat capacity. An altemnatifiermal conductivity of silicon-dioxide films. This conclu-
proposition is made here, which considers the degree dafjop, js consistent with previous theoretical studies, which

structural disorder as a major factor influencing the thermaj,egtigated the relation between amount of disorder and
c_ondgctlwty of_ amorphous solids. Structural relaxation ofiharmal conductivity in model amorphous structures.
vibrational excitations would strongly influence the thermal
conductivity without affecting the volumetric heat capacity
appreciably.
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