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Reliable values of thermal conductivity of thin films made of GaN and its alloys are important for
further development of nitride technology due to the problem of self-heating in GaN-based power
transistors and optical devices. Using the differential 3v technique we measured the thermal
conductivity of AlxGa1−xN thin films (x=0 and 0.4) grown by the hydride vapor phase epitaxy.
Thermal conductivity of the examined Al0.4Ga0.6N alloy, which is about 25 W/mK at 300 K,
displays a rather unusual temperature dependence. A noticeable growth of the thermal conductivity
with temperature up to 350 K is more characteristic for amorphous or completely disordered
materials. The measured high-temperature thermal conductivity data are in good agreement with
predictions based on the virtual crystal model. Obtained results are important for modeling the
self-heating effects in GaN transistors and can be used for the device structure optimization. ©2004
American Institute of Physics. [DOI: 10.1063/1.1829168]

Self-heating presents a serious problem for continuing
development of GaN-based technology, specifically for high-
power high-frequency transistors and optoelectronic
devices.1–3 It has been reported that self-heating effects in
GaN transistors can seriously degrade the device perfor-
mance and induce problems such as drain current reduction,
thermal breakdown, and, possibly, current gain dispersion or
collapse. Solving the self-heating problem is therefore be-
coming an urgent task for the researchers in the field. Self-
heating involves two stages, i.e., the heat generation and heat
dissipation processes. The former is determined by the input
power level and the latter depends uniquely on the thermal
transport properties of the materials used in the device struc-
ture.

In this letter we report results of the investigation of the
thermal conductivityK of Al xGa1−xN thin films (x=0 and
0.4) grown by the hydride vapor phase epitaxy(HVPE). The
accurate values of thermal conductivity in AlxGa1−xN films
with high Al content are important for evaluation and mod-
eling of the performance of AlGaN/GaN heterostructure
field-effect transistors(HFETs). High Al-content layers are
currently used for increasing the polarization field and the
piezoelectric charge density in AlGaN/GaN HFETs and for
tuning the wavelength of the emitted light in optoelectronic
devices. They were also proposed for reducing flicker noise
level in AlGaN/GaN HFETs.4 A study of the variation of the
thermal conductivity of AlxGa1−xN alloys with the Al content
x has not been carried out yet.

There is significant discrepancy in the reported values
for the thermal conductivity of GaN bulk material and thin
films. Sichel and Pankove5 showed thatK of bulk GaN de-
creases ask,T−0.76 in the range from 200 to 360 K. The
room temperature value obtained by them was 130 W/mK.
Results of Slacket al.6 reveal thatK decreases with tempera-
ture ask,T−1.22 from 40 to 300 K while the room tempera-
ture value was 200 W/mK. There are limited data on ther-
mal conduction in GaN thin films.7–9 The reported room-

temperature K values measured for lateral epitaxial
overgrown GaN thin films were 155 W/mK7 and
185–205 W/mK,8 respectively. Using scanning thermal mi-
croscopy technique, Florescuet al.8 established that thermal
conductivity of GaN films depends on the concentration of
defects and impurities even at room temperature. Explana-
tion and quantitative analysis of this dependence was given
by Kotchetkov et al.10 From the optical pump-and-probe
measurements Dalyet al.9 establishedK values of the mo-
lecular beam epitaxy(MBE) grown polycrystalline GaN
films and metalorganic chemical vapor deposition(MOCVD)
grown AlxGa1−xN films in the temperature range from
150 to 400 K. The reported data indicate that the thermal
conductivity of the measured films was almost an order of
magnitude lower than that of bulk GaN samples and had
little temperature dependence around 300 K.9

We have experimentally investigated the thermal con-
ductivity of GaN and Al0.4Ga0.6N films adopting the differ-
ential 3v technique developed by Cahill11 for thin films. The
experimental results were compared with the predictions of
the phonon-hopping12 and virtual crystal models.13 The in-
vestigated samples were 18.5-mm-thick GaN film and
0.7-mm-thick Al0.4Ga0.6N film. The samples were grown on
c-plane sapphire substrate by the modified HVPE
technology.14 We have verified the Al mass fraction of the
alloy films using x-ray diffraction. Since the GaN samples
were not semi-insulating we deposited a 93-nm-thick SiO2

layer on the sample surface by plasma enhanced chemical
vapor deposition(PECVD) to provide electrical insulation
required for the 3v measurements. A Si reference sample,
similarly coated with PECVD SiO2 layer, was prepared for
analysis(subtraction) of the data obtained in the differential
3v technique. The thickness of the SiO2 layer was measured
by the Gaertner L116B Ellipsometer. The Al0.4Ga0.6N sample
was semi-insulating so that no additional insulation layer
was required. On the surface of all samples we patterned and
fabricated the gold 5-mm-wide heater-thermometer wire us-
ing e-beam evaporation and lift-off technique. The 3v mea-a)Electronic mail: weili@ee.ucr.edu; Website: http://ndl.ee.ucr.edu/
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surements were conducted inside a vacuum cryostat in the
temperature range from 80 to 400 K.

Unlike Lou et al.,7 who used the slope method in analy-
sis of the 3v data, we adopted the differential subtraction to
obtain the thermal conductivities of both the substrate and
films. To extract the thermal conductivity data we used a
numerical program based on the analytical solution of the 3v
heat conduction model to fit the experimental data.15 The
advantage of this method is that the thermal wavelength in-
duced slope bending and in-plane heat spreading effects,
which may introduce error in slope method, are accommo-
dated in the solution. Figure 1 shows typical experimental
data with the calculated curves for data fitting. The
frequency-dependent temperature rise measured for
SiO2 s93 nmd+GaN s18.5mmd+sapphire(substrate) sample
is shown by the squares. The dashed line is calculated from
the numerical program with the corresponding bulk thermal
conductivity values for each layer of the material. The ther-
mal conductivity of SiO2 film is obtained from the Si refer-
ence sample measurements. Three straight lines are calcu-
lated under the assumption that the material composition of
the sample is:(i) semi-infinite sapphire substrate only,(ii )
semi-infinite GaN bulk only, and(iii ) 18.5-mm-thick layer of
GaN on bulk sapphire. It can be seen from these plots that as
the frequency increases(thermal wavelength shortens) the
slope of the measured temperature rise versus frequency
changes from that of the semi-infinite sapphire to that of the
semi-infinite GaN.

The measured thermal conductivities of GaN and
Al0.4Ga0.6N films are shown in Fig. 2. For comparison, we
also show the reported room temperatureK values for GaN
films from Refs. 7 and 8 and the temperature-dependentK
values for MBE-grown polycrystalline GaN and MOCVD-
grown Al0.44Ga0.56N films from Ref. 9. The measured room
temperature thermal conductivity of the examined HVPE-
grown GaN film is 125 W/mK. This value, although smaller,
is close to the values reported by both Louet al.7 and Flo-
rescuet al.,8 and is smaller than the bulk value reported by

Slack et al.6 The measured temperature dependence of the
thermal conductivity in GaN film is typical of that of bulk
crystal. The latter suggests that the bulk scattering terms, i.e.,
Umklapp and point-defect scattering, are major phonon re-
laxation mechanisms in the sample. Somewhat reduced ther-
mal conductivity value and smaller slope of theK–T curve
can be an indication of the strong defect and boundary scat-
tering.

One can see from Fig. 2 that the thermal conductivity of
the Al0.4Ga0.6N film is much smaller than that of GaN film
but larger than that of MOCVD grown polycrystalline
Al0.44Ga0.56N film investigated by Dalyet al.9 A somewhat
unusual feature observed in our measurements was that the
thermal conductivity of the Al0.4Ga0.6N film increased no-
ticeably with temperature up toT=350 K. This type of tem-
perature dependence is normally observed in amorphous or
completely disordered systems. It is though in line with the
calculations of thermal conductivity of polycrystalline
AlGaN films16 based on the phonon-hopping model.12

Phonon-boundary scattering in the 0.7-mm-thick film may
also contribute to the overall reduction of the thermal con-
ductivity in the Al0.4Ga0.6N film, particularly at low tempera-
ture.

As it was outlined, a systematic study of the variation of
thermal conductivity of the AlxGa1−xN alloy with the Al con-
tent x is of significant practical importance for AlGaN/GaN
HFET performance enhancement. Virtual crystal model13 has
been proven to be an effective theoretical tool for simulation
of the thermal conductivity of alloy systems, such as
SixGe1−x and AlxGa1−xAs,13,17especially at high temperature.
Using the same approach, we recast the virtual crystal model
for Al xGa1−xN alloy system. The details of the calculations
are reported elsewhere.18 For model validation, we compared
the simulatedK–T curves with the measured values(x=0.0
and 0.4) at 200, 300, and 400 K. The results are presented in
Fig. 3. For all examined points the measured values are in
good agreement with the theoretical predictions. Some dis-
crepancies at 200 K can be explained by the stronger size
effect at low temperature, which are underestimated in the
model.

FIG. 1. Temperature rise as a function of frequency at 300 K in GaN thin
film. The squares correspond to measured data while the dashed line is
obtained from the numerical fitting with the thermal conductivity values of
SiO2, GaN, and sapphire to be 1.292, 125, and 29 W/mK, respectively. For
comparison, the straight lines indicate the simulation results of the tempera-
ture rise under the assumption that the sample is semi-infinite sapphire bulk,
semi-infinite GaN bulk, or 18.5-mm-thick GaN film on semi-infinite sap-
phire bulk.

FIG. 2. Thermal conductivityK of GaN and Al0.4Ga0.6N thin films in the
temperature range from 80 to 400 K. Note an unusually strong increase ofK
with temperature in Al0.4Ga0.6N alloy up to the temperature of 350 K. For
comparison, data points reported for similar material systems are also
shown.
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In summary, we measured the temperature dependence
of the thermal conductivity of GaN and Al0.4Ga0.6N films
using the differential 3v technique. Thermal conductivity of
the examined Al0.4Ga0.6N alloy, which is about 25 W/mK at
300 K, grows with temperature up to 350 K. The latter is
characteristic for completely disordered materials. The mea-
sured high-temperature thermal conductivity data are in good
agreement with the theoretical curves calculated using the
virtual crystal and phonon-hopping models. Obtained results
are important for further development of nitride technology.
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FIG. 3. Thermal conductivity as a function of Al mass fractionx for
Al xGa1−xN alloy system. The theoretical curves are calculated from the vir-
tual crystal model, the points indicate the measured data.
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