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The thermal conductivity of oxide thin films deposited using dc, rf, and ion-beam sputtering
is measured in the temperature range 80-400 K using the 3w method. Thermal conductivity data
for amorphous thin films of SiO; are nearly identical to bulk a-SiO,. Data for amorphous Al;Os3,
while having a magnitude and temperature dependence similar to bulk amorphous oxides, show a
dependence on deposition method; rf sputtering of an Al,O3 target produces films with a thermal
conductivity 35% smaller than films prepared by ion-beam sputtering. Microcrystalline thin films
show a rich variety of behavior: the conductivity of TiO> films depends on the substrate temperature
Ts and approaches the thermal conductivity of bulk TiO, ceramics when T, ~ 400 °C; HfO, films
show glasslike thermal conductivity independent of annealing temperature up to 900 °C; and MgO
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films display a crystalline thermal conductivity that is greatly reduced relative bulk values.

I. INTRODUCTION

Thin film materials are typically deposited under
highly nonequilibrium conditions that lead to microstruc-
tures unobtainable in bulk form. The large parameter
space of deposition method, substrate temperature, and
the composition and pressure of gases used in sputtering
processes can be manipulated to control microstructural
disorder and therefore properties.! In this paper, we de-
scribe our study of the the thermal conductivity of oxide
thin films deposited using a variety of sputtering pro-
cesses and explore the range of heat transport behavior
displayed by these highly disordered materials.

Our results also have technological relevance to under-
standing the performance of thermal barrier coatings, op-
tical coatings for high power lasers, magneto-optic stor-
age devices, and microelectronic circuits. Data for the

thermal conductivity of oxide films often show large vari-
ation between different investigators,?”” demonstrating
the difficulty in obtaining reliable data for thin films and
frustrating efforts to understand and control heat trans-
port in these materials. We anticipate that the data
described below will facilitate efforts in applied science
aimed, for example, at reducing the thermal conductiv-
ity of ceramic coatings used in gas turbine engines® and
increasing the laser damage threshold of dielectric mir-
rors and antireflection coatings.%1°

II. EXPERIMENTAL DETAILS

Both rf and dc magnetron sputtering were used at the
University of Illinois (UI) to prepare thermal conductiv-
ity samples, see Table I. During rf magnetron sputter-

TABLE I. Deposition parameters and physical properties of sputtered films. Measurement meth-
ods for grain size and density are described in the text; we measure refractive index by ellipsometry.
Data for fused quartz, y-alumina, rutile, MgO and monoclinic HfO, are shown in parentheses; data
for monoclinic HfO; is from Ref. 23; other crystalline densities are from Ref. 29; the others are from
Ref. 30. Films are deposited by rf magnetron (rf), dc magnetron (dc) or ion-beam sputtering (IBS).
Films are deposited at two sites: University of Illinois (UI) and Optical Coatings Laboratory, Inc.
(OCLI). Film thicknesses are in the range 0.5-2.0 pm.

Average grain size Density
Composition () Refractive index (g cm™3) Target Method/Site

SiO2 Amorphous 1.51(1.46) 2.10(2.20) a-SiO; rf/UI
Amorphous 1.53 2.20 Si dc/OCLI

Al203 Amorphous 1.57-1.7(1.7) 3.40(3.65) a-Al;Os rf/UI
Amorphous 1.67 3.51 Al dc/OCLI

TiO, 70-170 2.4-2.6(2.76) 4.13(4.26) Ti f/UI
40 2.1 Ti IBS/OCLI
Amorphous 2.01 3.90 Ti IBS/OCLI

MgO 30-70 1.7-1.75(1.74)  3.50(3.58) Mg dc/UI
HfO, 150 2.04(2.00) 9.1(10.1) Hf dc/OCLI
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ing, the total pressure of the O,/Ar gas mixture is 5—
7%x1073 Torr. We deposited films of SiO; and Al,O3 by
rf sputtering of oxide targets; an oxygen partial pressure
of 2 x 10~ Torr is added to avoid oxygen deficiency.!?
For reactive rf sputtering of TiO2 films from a Ti metal
target, we used an O, partial pressure of 1.5 x 10~3 Torr.
The deposition rate using our rf sputtering system is 0.2—
0.5 A sec™!. MgO films are deposited by dc magnetron
sputtering of a Mg metal target. The total gas pressure of
the Oz /Ar mixture is fixed at 5 x 102 Torr and the oxy-
gen partial pressure is adjusted to the lowest value that
maintains an oxygen “covered” target.!? The deposition
rate for MgO films is 1.5 A sec™!. At Optical Coatings
Laboratory (OCLI), we deposited oxide films using ion-
beam sputtering and dc reactive magnetron sputtering of
metal targets in a reactive atmosphere, see Table I.

Substrate temperatures are not measured directly: for
SiO5 and Al;Oj; films deposited at UI and all films de-
posited at OCLI, the substrate is unheated and we es-
timate the substrate temperature as 100°C. TiO; and
MgO films were deposited at UI on heated substrates; the
substrate temperatures discussed below are estimated by
adding 50 °C to the temperature of the heated substrate
holder. All substrate temperatures should be considered
approximate and accurate to only £30°C.

We determine the density of films prepared at UI by
depositing a test film on a glass coverslip placed next
to the thermal conductivity sample. Using a microbal-
ance, the mass of the film is measured to +10 ug and
film thickness is measured using ellipsometry (Gaertner
model L116C) and profilometry (Dektak model 3030).
The accuracy of the density measurement for fixed film
thickness depends on the film density: for SiO,;, with a
bulk density of 2.1 g cm ™3, the precision of our density
measurements is 5% but for the other oxides the preci-
sion improves and is limited only by the determination of
film thickness, +2.5%. The density of films deposited at
OCLI are characterized by a combination of Rutherford
backscattering spectroscopy to measure areal density and
profilometry to measure film thickness. The precision of
these measurements is estimated at +3%. The film den-
sities range from 0-6 % lower than bulk densities. (For
Al,03, since bulk amorphous Al,O3 does not exist, we
compare the film density to the lowest density crystalline
phase, v-Al;03.)

X-ray diffraction data show that our sputtered SiO
and Al;Oj3 films are amorphous and HfO;, MgO and all
but one of the TiO. films are microcrystalline, see Ta-
ble I. For microcrystalline films, we estimate the average
grain size D from the Laue integral width B using the
Scherrer equation®?

A
=k
D=k B Tty cos(8)” (1)
where k is the Scherrer constant (we set £ = 1), A is

the x-ray wavelength, 26 is the diffraction angle of the
peak, and b is the instrumental broadening. For our films,
b/B < 0.15. The average grain sizes D are summarized
in Table I and range from 30 to 200 A. The grain sizes
of TiO; films depend on deposition temperature and are
discussed more completely below.

Thermal conductivity data are measured by a recently
developed extension of the 3w method.'* This technique
enables the measurement of thin films as thin as 2000 A
when deposited on high thermal conductivity substrates.
To prepare a sample for the measurement, a 3000 A thick
Au film is deposited on top of the oxide film with a thin
Cr layer for adhesion. The metal film is subsequently
patterned into 5 mm X 25 pm line that serves simulta-
neously as a heater and thermometer. Since the heater
width is much larger than the film thickness, 0.5-2.0 um
and the substrate has much higher thermal conductiv-
ity than the films, the thermal response of the heater
is the superposition of the substrate response and the
frequency-independent thermal resistance of the oxide
film. For thermal wavelengths smaller than the substrate
thickness but much larger than the oxide film thickness,
the substrate response is calculable.’® The thermal con-
ductivity of the films on Si or MgO is measured from
the calculated substrate response. At each temperature,
data are acquired in the region of 10 Hz-10 kHz. AIN
substrate, on the other hand, has such a large thermal
diffusivity below 200 K that the thermal wavelength is
not confined to the substrate in this frequency region. In
this case, we separately measure the thermal response of
the bare AIN substrate. By subtracting the response of
the substrate from the measured thermal response of the
metal line, the thermal resistance of the sample film is
measured in the direction perpendicular to the plane of
the film.

We have previously demonstrated that a-SiO, grown
thermally on a Si wafer has a thermal conductivity iden-
tical to bulk a-SiO2 and therefore confirmed the accuracy
of our method.'* Okuda and Ohkubo® and Goodson et
al.® have also recently shown that the thermal conduc-
tivity of thermal a-SiO; near room temperature is com-
parable to the bulk value.

III. RESULTS AND DISCUSSION

Thermal conductivity data for SiO, films deposited by
dc and rf sputtering are presented in Fig. 1. We observe
little dependence of the data on deposition method or
choice of substrate. In addition, the data are reduced by
less than 20% from data for thermally grown a-SiO» or
equivalently bulk a-SiO;. We can conclude that heat
transport in sputtered a-SiO. thin films is essentially
identical to that of bulk SiO; glass.

In Fig. 1, the data are also compared to the minimum
thermal conductivity An;, calculated by assuming that
heat is transported by a random walk of vibrational en-
ergy between oscillators that have a vibrational lifetime
of one half the period of oscillation.!67® This model suc-
cessfully describes the thermal conductivity of a wide
range of bulk amorphous solids and strongly disordered
crystals at T > 50 K.!° An important feature of the
minimum thermal conductivity model is the lack of free
parameters: A, is based on a Debye model and only the
sound velocities and atomic density are needed as inputs.
Hence we emphasize that the calculated A, is not the
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FIG. 1. Thermal conductivity of SiO; films. Data for the
film thermally grown on Si is nearly equivalent to that of bulk
a-SiO2 (Ref. 14). The data for sputtered films are reduced
by less than 20% relative to bulk values and show little de-
pendence on deposition method or choice of substrate. The
calculated minimum thermal conductivity Amin is shown for
comparison.

rigorous minimum but rather an estimate of the lowest
possible thermal conductivity for the material. Since we
have not determined the elastic constants of our thin-film
samples, we use elastic constants of bulk phases to cal-
culate Ap,: for SiO,, see Ref. 20; Al,O3, see Ref. 21;
TiO; and MgO, see Ref. 22; HfO,, see Ref. 23.

Figure 2 shows that the behavior of Al;O3 films is sim-
ilar to a-SiO;,. As expected for an amorphous solid,'® the
data decrease with decreasing temperature and agree rea-
sonably with the calculated A,;,. Since Al;O3 does not
have a bulk amorphous phase, we calculate the minimum
thermal conductivity using the elastic constants of an a-
alumina ceramic with a density of 3.6 g cm™3.2! Since
Ammin is calculated based on a simple model using param-
eters for a-alumina, it is not unreasonable that the data
for rf sputtered films fall somewhat below the calculated
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FIG. 2. Thermal conductivity of Al;O3 films. Data for film
deposited by dc sputtering at OCLI (open circles) are larger
than data for rf films deposited at UI by ~ 35%. Data for
a free-standing Al,O3 film, see (Ref. 24), and the calculated
Amin is shown for comparison.

Amin- Our data for sputtered films are also comparable
to data for a free-standing 140 nm thick film of a-Al,O3
prepared using anodic oxidation.?*

Data for SiO; films show little variation with deposi-
tion method. Data for Al;O3 films, on the other hand,
show a significant difference between films deposited by
rf and dc sputtering. The density of the dc sputtered film
is only a few percent greater than the rf sputtered films
but the difference in the thermal conductivity is ~ 35%.
(For both rf and dc sputtered films, the film densities are
smaller than bulk a-Al;O3; and comparable to that of
v-Al;03.) This reduction in thermal conductivity is too
large to be easily explained by a small volume fraction of
voids?® and we do not yet understand the origin of this
difference between our dc and rf sputtered films.

With one exception, our sputtered TiO» films are mi-
crocrystalline and have the rutile structure.2® The ther-
mal conductivity shows a dramatic dependence on sub-
strate temperature, see Fig. 3, and approaches bulk crys-
talline values for films deposited at 400 °C. Within the
precision of our measurements, the film density of 4.1
g cm™3 (which is nearly equal to to the density of rutile
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FIG. 3. Thermal conductivity of TiO; films. The filled cir-
cles and open squares show data for films deposited at 400
and 250°C, respectively. The open circles and filled triangles
are data for OCLI and Ul films deposited at 100 °C. The data
marked by plus signs were obtained on an amorphous sample
that was studied in an earlier investigation (Ref. 25). The
X symbols indicate recommended values (Ref. 28) for TiO2
single crystals with heat flow parallel to the c axis (below
100 K) and for TiOz ceramics (above 300 K). The dotted
line is a Debye model fit to the recommended data. Dashed
lines labeled 170 and 40 A are calculated thermal conduc-
tivities using anharmonic phonon-scattering rates determined
from a fit to data for the bulk crystal and an additional fre-
quency-independent scattering length of 170 and 40 A, re-
spectively.
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4.26 g cm™3) is independent of substrate temperature.
We could, however, observe significant changes in the av-
erage grain size measured by x-ray diffraction, see Figs. 3
and 4.

The grain size alone, however, is insufficient to explain
the dependence of the data on substrate temperature.
In addition to the data shown in Fig. 3, we also plot a
calculation of the expected thermal conductivity using a
Debye model?” with anharmonic phonon-scattering rates
determined from a fit to data for bulk TiO,.2% Includ-
ing a grain boundary scattering term with a wavelength-
independent mean free path of 170 A, we tried to fit
data for the sample deposited at 400 °C. Decreasing the
boundary scattering length to 40 A produces the dashed
line. We see that boundary scattering alone cannot ex-
plain the greatly reduced thermal conductivity of sam-
ples deposited near room temperature. We believe that
atomic-scale defects frozen in during deposition result in
enough disorder to produce a glasslike thermal conduc-
tivity. Glasslike thermal conductivities are observed in a
number of strongly disordered bulk crystalline solids that
contain large concentration of interstitials or vacancies.®
Increasing the substrate temperature increases the grain
size but, more importantly, decreases the density of the
atomic-scale defects.

In Fig. 4 we plot the thermal conductivity at two tem-
peratures as a function of grain size to emphasize our
point that grain boundary scattering is too weak to ex-
plain the glasslike thermal conductivity of films deposited
near room temperature. The calculated thermal conduc-
tivity is only weakly dependent on grain size D, while the
experimental data decrease abruptly near D = 100 A.

Similarly, grain-boundary scattering cannot explain
the glasslike thermal conductivity we observe in micro-
crystalline, monoclinic HfO,, see Fig. 5. While the av-
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FIG. 4. Plot of the relation between the thermal conduc-
tivity and average grain size of the microcrystalline films of
TiO2. The solid and open circles are data taken at 80 and
300 K, respectively. The dashed lines are intended as a guide
to the eye. The average grain size are determined from the
x-ray diffraction data. The grain size D is a function of the
deposition temperature T5: at Ts = 400°C, D = 170 A, at
T, = 250°C, D =85 A, at T, = 100°C, D = 70 A for the rf
sputtered film and D = 40 A for the dc sputtered film. The
solid line is the calculated thermal conductivity at 300 K.
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FIG. 5. Thermal conductivity of HfO, films. Annealing at
900 °C increases the thermal conductivity by less than 20%.
Although the film is microcrystalline with average grain size
150 A, the thermal conductivity displays a temperature de-
pendence typical of amorphous solids.

erage grain size is 150 A, comparable to the grain size
of our highest thermal conductivity TiO2 film, data for
HfO, decrease with decreasing temperature and are com-
parable to the calculated minimum thermal conductiv-
ity. The density of HfO, film, 9.1 g cm?3, is < 90% of
the crystalline density and high-temperature annealing of
the film enhances its thermal conductivity by less than
20%. The thermal conductivity for this single compo-
nent and microcrystalline film resembles that of related
bulk material, the mixed crystal stabilized zirconia.l® A
large concentration of oxygen vacancies is thought to cre-
ate the glasslike thermal conductivity of stabilized zirco-
nia. Again, we speculate that interstitials and vacancies
produced during film deposition are responsible for the
glasslike thermal conductivity of this microcrystalline ox-
ide thin film.

In contrast to the strong dependence on deposition
temperature we observe for TiO;, Fig. 6 shows that data

5 —T T T T T
- - 888 -
'~ MgO 00‘87‘-,VV’®
‘e - 00 vv s
= ® v
= e v -
z 2r 8 v
= o' v .
B o .’
3 ° e
° v .,
c [ .
8 1 - v I/ i
E L ]
2 - ’ Amin T
[ | S d

’
05 N L L L
50 100 200 500

Temperature (K)

FIG. 6. Thermal conductivity of MgO films. Open circles,
solid circles, and open triangles are data for films deposited
at 100, 250, and 400 °C, respectively. The data exceed the
calculated minimum Amnin by roughly a factor of 3 and show a
weak maximum near room temperature that is characteristic
of crystalline thermal conductivity behavior.
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for MgO films are nearly independent of substrate tem-
perature. The MgO films have an average grain size of
30-70 A and the data exceed the calculated minimum by
roughly a factor of 3. The data also show a weak max-
imum near room temperature that is characteristic of
crystalline thermal conductivity behavior!® but we note
that the room-temperature value is approximately a fac-
tor of 10 smaller than data for single-crystal MgO. The
density of point defects in our MgO films is apparently
small enough so that the thermal conductivity is more
typical of a moderately disordered crystal than of the
glasslike thermal conductivity of a strongly disordered
crystal.t®

We have listed the densities of the films as well as their
bulk densities in the Table I. The density of microcrys-
talline TiO, and MgO films are above 97% of their crys-
talline density and they show crystalline thermal conduc-
tivity. HfO, film, on the other hand, has density about
90% of the crystalline density and shows glasslike ther-
mal conductivity. We may deduce that the thermal con-
ductivity of microcrystalline films is related to the film
density as well as the grain size. This contrasts with the
results for amorphous films. Although the amorphous
films of SiOj3, Al,O3, and TiO; have densities ranging
80-96 % of the crystalline density and data of Al;O3 films
indicate noticeable density dependence, all of them have
glasslike thermal conductivity which is about the calcu-
lated thermal conductivity minimum.

IV. CONCLUSION

A wide variety of behavior is observed in the thermal
conductivity of sputtered oxide thin films. But we em-
phasize that the general features of the thermal conduc-
tivity can be understood on the basis of the known behav-
ior of bulk glasses and strongly disordered crystals. The
thermal conductivity of amorphous thin films, for exam-
ple SiO2 and Al;O3, are comparable to what is expected
for bulk amorphous oxides. The thermal conductivity of
microcrystalline thin films, as exemplified by TiO;, can
span the range from the low glasslike thermal conductiv-
ity expected for heavily disordered crystals to the high
thermal conductivities characteristic of bulk crystals.
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