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Thermal Properties of Ultrathin Hafnium
Oxide Gate Dielectric Films
Matthew A. Panzer, Michael Shandalov, Jeremy A. Rowlette, Yasuhiro Oshima,
Yi Wei Chen, Paul C. McIntyre, and Kenneth E. Goodson

Abstract—Thin-film HfO2 is a promising gate dielectric material that will influence thermal conduction in modern transistors.
This letter reports the temperature dependence of the intrinsic
thermal conductivity and interface resistances of 56–200-Å-thick
HfO2 films. A picosecond pump–probe thermoreflectance technique yields room-temperature intrinsic thermal conductivity values between 0.49 and 0.95 W/(m · K). The intrinsic thermal
conductivity and interface resistance depend strongly on the
film-thickness-dependent microstructure.
Index Terms—Hafnium oxide, thermal conductivity, thermal
interface resistance, picosecond pump–probe thermometry.

I. I NTRODUCTION

T

HE THERMAL properties of HfO2 , which is currently
replacing SiO2 as the gate dielectric of choice below
the 45-nm node [1], [2], are of increasing importance since
the thermal conductivity and thermal interface resistance can
significantly influence the phonon temperature during device
switching and indirectly affect device performance and reliability [3], [4]. However, to date, most research has focused
almost exclusively on the electrical [5], [6] and chemical interface [7], [8] properties of HfO2 . While the previous 3ω
measurements of the thermal conductivity of thick (> 500 nm)
microcrystalline HfO2 films report a room-temperature value
of 1.2 W · m−1 · K−1 [9], recent scanning thermal microscopy
measurements of 3-nm-thick a-HfO2 films report a significantly
lower value in the range 0.27–0.49 W · m−1 · K−1 [10]. This
strong reduction in conductivity for thin amorphous films can
be due to a variety of effects, including contributions from interfaces and variations in volumetric and interface microstructure
on thermal conduction. In this letter, we report the intrinsic
thermal conductivity and interface resistance of 200-, 118-, and
56-Å-thick HfO2 films grown on Si substrates measured over
the temperature range 300 K–500 K using pump–probe timedomain thermoreflectance (TDTR) thermometry.
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II. S AMPLE FABRICATION AND E XPERIMENTAL S ETUP
The samples were prepared by cleaning prime Si (100)
wafers (1–10 Ω · cm) by the RCA method [11], followed by
immediate oxidation for 45 s in a slot-plane-antenna plasma
processing chamber at 500 ◦ C and 4-kW microwave power in a
5-torr ambient with O2 flow rate of 400 sccm and Ar flow rate
of 1200 sccm. The thickness of the plasma SiO2 was measured
to be 1.7 nm by ellipsometry. Different thicknesses of HfO2
were subsequently deposited onto the samples by controlling
the number of cycles in the atomic-layer-deposition (ALD)
method, described elsewhere [12], at 250 ◦ C with tetrakisdethylamino hafnium (TDMAHf) as the precursor and water as the
oxidant. Following the HfO2 ALD, 30 nm of Al was deposited
by e-beam evaporation without substrate heating. Finally, the
samples were annealed in forming gas (95% N2 and 5% H2 ) at
400 ◦ C for 30 min.
Transmission electron microscopy (TEM) imaging and selective area electron diffraction (SAED) analysis of the samples
after metallization and annealing reveal that the a-HfO2 films
contain increasing volume fractions of tetragonal (t-HfO2 )
nanocrystals with increasing film thickness. Fig. 1(a) shows a
representative sample cross section of the 200-Å-thick HfO2 ,
showing embedded nanoscale t-HfO2 grains. The plan-view
TEM images of the 200 and 118 Å in Fig. 1(b) and (c)
demonstrate an increase in crystallite volume fraction with film
thickness. Table I summarizes the TEM measurements of the
film thicknesses and composition, including crystalline volume
fraction estimations extracted from large field-of-view TEM
images (not shown). The comparison of cross-sectional TEMs
of regions with and without aluminum suggests that oxygen is
transferred from the underlying layers to form an amorphous
AlOx interfacial layer at the HfO2 /Al interface during the
anneal process, likely from residual oxidant species present in
the as-grown ALD HfO2 [13], and for thinner HfO2 layers,
from the SiO2 interlayer via a previously reported oxygen
gettering phenomenon [14].
Picosecond TDTR is an established technique for measuring
the thermal conductivity and interface resistances in thin films,
thoroughly described in the literature [15]–[17]. In brief, periodic picosecond pump pulses from a mode-locked Nd:YVO4
laser (9.2 ps pulse width, 82 MHz repetition rate, ∼10 nJ/pulse
energy, 1064 nm wavelength) deposit heat in the metal film,
establishing a transient temperature field within the sample.
The surface temperature of the metal is then measured by an
optically delayed probe beam, derived from the pump, which is
reflected off of the sample and collected by a fast photodetector.
The pump beam is externally modulated at 8 MHz for lockin detection and converted to 532 nm with a second harmonic
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Fig. 1. (a) Representative cross-sectional TEM of 200-Å-thick sample showing HfO2 nanocrystals embedded in an amorphous HfO2 matrix. (b) Plan view of
the 118-Å sample showing a low density of HfO2 nanoparticles in an amorphous matrix. (c) Plan view of the 200-Å sample showing a high density of HfO2
crystallites in an amorphous matrix.
TABLE I
S TRUCTURE AND C OMPOSITION OF S AMPLE F ILMS

generator to enable the rejection of pump leakage at the detector. The coaligned pump and probe beams are focused on
the sample surface with Gaussian waist diameters of 10.0 and
5.0 μm and powers of 20 and 5 mW, respectively. The temperature excursion (< 10 K) due to the laser heating is significantly
less than the HfO2 deposition temperature.
The thermal conductivity and buried interface resistances
are extracted by fitting the data to the solution of the
radial–symmetric 3-D heat diffusion equation for the multilayer
stack with surface heating by a modulated periodic pulse train
[15], [17]. The measurement system and thermal model were
validated by confirming a measured value of 1.4 W · m−1 · K−1
for the thermal conductivity of a 102-nm-thick thermally grown
SiO2 film coated with a 38-nm-thick Al film. The unique
temporal dependence of the thermal response sensitivity on the
spatial distribution of thermal properties permits their isolation
[17], [18]. We fit the data with two parameters: the HfO2 thermal conductivity kHfO2 and the total HfO2 −SiO2 −Si boundary
resistance Rb . In fitting kHfO2 and Rb , we set the HfO2 −Al
interface resistance to zero, as the data bound the value to
below 3 m2 K/GW, below which data extraction is insensitive
to its value. The HfO2 heat capacity and other required thermal
properties were taken from the literature [19].

Fig. 2. (a) Intrinsic HfO2 thermal conductivity for (black square) 200 Å, (red
circle) 118 Å, and (blue triangle) 56 Å as a function of temperature. Predictions
for the minimum thermal conductivity theory calculated using the (solid black)
atomic number density and (red dashed) molecular density. (b) Total thermal
resistance for the HfO2 −SiO2 −Si interface, and DMM predictions in (solid
black) the Debye approximation [25], [26] and (red dashed) using the specific
heat correction to the density of states [26].

III. R ESULTS AND D ISCUSSION
Fig. 2 shows the intrinsic kHfO2 and Rb temperature dependence, with the volumetric SiO2 resistance subtracted,
assuming 1.4 W/(m · K) for the SiO2 thermal conductivity.
The uncertainty bars in Fig. 1 include the effects of the film
thickness uncertainty in Table I, the contribution of the Al2 O3
layer and HfO2 −Al interface, and the uncertainty related to the
ability of the measurement to uniquely resolve the interface and
volumetric resistances. The latter is the dominant uncertainty in
the 56-Å film data. Fitting these data with a single effective
conductivity parameter provides the conductivity uncertainty
lower bound. The thermal conductivities of the 118- and 56-Å

samples both exhibit slight increases with temperature, a characteristic of amorphous dielectrics consistent with previous
measurements [9]. The weaker temperature dependence of the
thermal conductivity of the 200-Å sample is most likely due to
the offsetting temperature trends for the volumetric resistance
contributions of the amorphous and crystalline components.
The kHfO2 data fall between the theoretical estimations from
the minimum thermal conductivity model [20] kmin of HfO2
[Fig. 2(a)] when evaluated using either the atomic or molecular
number density in combination with the known HfO2 acoustic
velocities [21]. The application of these number density
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definitions is related to the relevant fundamental vibration unit,
which is not entirely understood for amorphous materials [22].
Due to its upper bound of 3 m2 K/GW, the possible residual
HfO2 −Al interface resistance cannot explain the reduction
in intrinsic thermal conductivity for the 200-Å film compared to the 118-Å film. This trend may be due to the increased HfO2 nanocrystal volume fraction in the 200-Å film
creating additional interface resistances, which can be larger
(∼10 m2 K/GW) than the reduction in resistance due to the
substitution of the crystalline phase. Previous work reported
nanolaminate thermal conductivities [23] below the minimum
due to the presence of interfaces and similar reductions in
the In0.53 Ga0.47 As thermal conductivity with increasing ErAs
nanoparticle concentration due to the scattering of mid-to-longwavelength phonons [24].
Because Rb and the volumetric resistance (L/kHfO2 ) are
comparable in value, the effective thermal conductivity of the
layer will exhibit a thickness dependence according to
keﬀ =

kHfO2
1 + Rb kHfO2 /LHfO2

(1)

presented in Table I for a typical device operating temperature
of 400 K. Including Rb in keﬀ yields values closer to the
previously measured thin-film values [10].
Currently, there are no rigorous models accurately predicting
thermal interface resistances at high temperature (> 20 K) [25];
however, the diffuse mismatch model (DMM) is a simplified
approach that assumes that phonons are diffusely scattered at
an interface, which is an approximation most relevant at room
temperature [25], [26]. The reasonable predictions of the DMM
model suggest that the interfaces are of high quality and that
long-wavelength phonons may be important in heat conduction.
The relative values of the interface resistances for the three
films are most likely due to the variations in interface quality
observed in the TEMs, with the lowest interface resistance for
the 56-Å film, which is the most diffused.
IV. C ONCLUSION
The intrinsic HfO2 thermal conductivity depends on the film
thickness and postdeposition processing, deviating from both
bulk values and the measurements of effective film thermal
conductivities. Consequently, modifications in gate dielectric
microstructure due to postdeposition thermal processing can
impact device temperatures through the unexpected changes in
the thickness-dependent film thermal conductivity.
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