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The thermal conductivity of AIN single crystals grown by physical vapor transport (PVT) and hydride vapor phase epitaxy (HVPE) was measured in
the range of 30 to 325K by the 3w method. The measured room-temperature thermal conductivity ranged from 268 to 374 Wm="K=". Higher
thermal conductivity correlated with higher transparency at 265 nm and lower total impurity levels. © 2018 The Japan Society of Applied Physics

luminum nitride (AIN) is a wide-bandgap material

with uses in next-generation UV light-emitting

diodes, laser diodes, and power semiconductor
devices.'™ Future devices based on AIN are expected to
operate at high power densities owing to the 15MVcm™!
breakdown field.>~” High power densities will directly affect
thermal management approaches, making the thermal con-
ductivity of AIN a crucial device design parameter. Prior
work has shown that the concentration of point defects incor-
porated during AIN crystal growth significantly affects the
thermal conductivity of AIN.3-1? Carbon impurities create an
additional problem because they introduce an absorption
band at 265 nm,'" precluding the intended use in some UV-C
optoelectronic devices. The introduction of additional oxygen
and silicon restores UV transparency by negating the pres-
ence of carbon,'>!? but this is expected to decrease thermal
conductivity proportionally because of the increase in the rate
of phonon-point defect scattering. In the present work, we
study AIN crystals containing different point defects and
examine the effects of defects on thermal conductivity and
the connection to UV transparency.

In order to observe the relationship between UV trans-
parency and thermal conductivity, AIN single crystals with
absorption coefficients at 265 nm in the density range of 7 to
~1000cm™! were selected. Expected dislocation densities
were <10*cm™2 for all crystals on the basis of typical results
from samples fabricated by PVT and HVPE AIN growth
processes.'>!419 The PVT AIN samples were prepared
in schematically similar reactors at IKZ and HexaTech,
the details of which are described elsewhere.!”'® Sample
thickness ranged from 200 um in the HVPE AIN and lowest
absorbing PVT AIN sample to 2 mm in the highly absorbing
PVT AIN. Table I lists the results of secondary ion mass
spectrometry (SIMS) for the studied samples. Table II lists
the absorption coefficients at 265 nm, the thermal conductiv-
ities at room temperature, and the thicknesses of the samples.

The wafers were patterned for 3w measurements by photo-
lithography and metallized using a UHV electron beam metal
evaporation system. The metallization layers were rendered
with liftoff in NMP, after which the samples were placed in a
vacuum cryostat for testing. Details on the 3w setup are
described elsewhere.””’ Measuring the dependence of thermal
conductivity on temperature reveals the relative contributions
of different phonon scattering mechanisms. For the studied
temperature range, the dominant phonon scattering mecha-
nisms are primarily three phonon/Umklapp processes and
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Table I. Impurity concentrations determined by SIMS (atoms cm™).
Values for PVT AIN 5 are estimates based on average impurity
concentrations found in UV-absorbing PVT AIN substrates.! 13319

Sample C (6] Si Total
HVPE AIN 459 %10 3.08x10"7 280x10"7 6.34x 10"
PVT AIN1 1.68x10'® 694x10'® 692x107 9.31x10'®
PVT AIN2 209x 10" 813x10"® 228x10'® 125x10"
PVT AIN3  990x 10" 200x10"® 1.30x10"° 249x 10"
PVT AIN4 1.10x 10" 280x 107 1.10x10"° 223x10"
PVT AINS5 ~25x10"” ~86x10'® ~94x10'® ~43x10"

Table Il. Absorption coefficients at 265 nm, room-temperature thermal
conductivities, and sample thicknesses.
o at 265 nm k at 295K Thickness

AIN Sample (em™) Wm™ 'K (um)

HVPE AIN 7 341 +6 204

PVT AIN 1¥ 21 374 +9 200

PVT AIN 29 53 343 +7 340

PVT AIN 3% 70 339+7 550

PVT AIN 4 277 301 +5 470

PVT AIN 5 >1000 268 + 5 2000

a) Grown at IKZ.
b) Grown at HexaTech, Inc.

scattering by point defects, such as vacancies and impurities.
The incorporation of point defects significantly affects
thermal conductivity at lower temperatures as seen in Fig. 1.

The technologically important room-temperature thermal
conductivity of the PVT AIN samples ranges from 268 to
374 Wm™'K~!, significantly higher than results in prior
literature.”>" The convergence of the curves at higher tem-
peratures indicates a dominating 3 phonon/Umklapp scatter-
ing rate relative to the rate of point defect scattering, a trait
clearly illustrated in other crystalline materials.?>>> In order
to put the measured results in context relative to the expected
behavior of a pure crystal of AIN containing no point defects,
a simulated curve using the Debye approximation of thermal
conductivity is provided in Fig. 2.

The model curve generally matches the data at temperatures
above 200 K and compares well with prior modelling for pure
AIN,” but the results at low temperature significantly diverge
from the simulation. Prior literature from studies of other
crystal systems demonstrates a similar lack of low-temper-
ature behavioral resemblance between model curves and

© 2018 The Japan Society of Applied Physics
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Fig. 1. Thermal conductivity of AIN as a function of temperature.
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Fig. 2. Experimental results and simulated curve for pure AIN, as given
by the Debye approximation. The calculated curve neglects phonon
scattering contributions from normal processes, uses a sound velocity of
7094 m/s, a Debye temperature (6p) of 967K, a characteristic length of
2mm, and a Griineisen parameter (y) of 2. Sound velocity and € were
determined using the elastic constants for AIN,2® leaving y as the only
adjustable parameter.

measured results.>’? The presence of this same discrepancy
between the ideal curve and the experimental data for all the
AIN samples studied indicates substantial phonon resonance
scattering, an effect described in previous work.?’=? The
absence of alignment between the measured results at low
temperature and the ~7° dependence shown between 20-30 K
in the model curve also indicates that thermal conductivity is
not yet within the boundary scattering regime and therefore is
still under the influence of point defects for all the crystals.
The measured thermal conductivity for PVT AIN 2 and 3
coincides to that at around 100K, indicating a similar
influence of Umklapp scattering. PVT AIN 1 shows a maxi-
mum of 736 Wm™' K~! at 114K and has the highest thermal
conductivity at temperatures above 240K, but this sample
exhibits the lowest thermal conductivity for all temperatures
below 140K. The thermal conductivity for PVT AIN 2
exhibits a clear maximum of 1641 W m~' K~! between 60 and
70K and demonstrates the smoothest temperature-dependent
behavior. However, the apparent shift towards the boundary
scattering regime occurs at a higher temperature than ex-
pected, as the boundary scattering length should be approx-
imately equal between samples PVT AIN 2, 3, and 4.

071001-2

Accordingly, the thermal conductivity results of PVT AIN 2
are most likely still dominated by point defect scattering
below 60K. PVT AIN 4 shows lower transparency and its
thermal conductivity reaches a maximum of ~840 Wm™' K~!
near 100 K, below which the thermal conductivity decrease is
nearly linear with the log of temperature. Because of the lower
thermal conductivity in PVT AIN 4 than in PVT AIN 3, one
would expect to find a higher point defect density in the
former, but this is not observed in Table I. The curve for PVT
AIN 5 shows a significant influence of point defects, as
indicated by its lower thermal conductivity between room
temperature and 100 K. Nonetheless, this sample shows less
sensitivity to low-temperature phonon resonances than the
other samples, as it has the highest thermal conductivity below
50K. The HVPE AIN curve shows some overlap with the
curve for PVT AIN 4, but reaches a maximum thermal
conductivity of 1723 Wm™' K~! near 50 K. While the HVPE
AIN sample has the fewest impurities, it lags behind PVT AIN
2 and 3 in thermal conductivity between room temperature
and 80 K. PVT AIN 4 has 3 x 10'® fewer impurities than PVT
AIN 3, but has poorer thermal conductivity over the entire
temperature range. PVT AIN 1 has the lowest impurity con-
centration among the PVT AIN samples, yet it shows the
lowest thermal conductivity below 140 K. Finally, PVT AIN 2
has half the impurities of PVT AIN 3, but thermal con-
ductivity results from the two samples coincide between room
temperature and 100 K.

While these results partially contradict the expectation of a
simple inverse relationship between thermal conductivity and
impurity concentration, prior thermal conductivity studies
of other single-crystal materials have yielded the following
results. (a) The dimensional arrangement of incorporated
impurities within the lattice significantly affects the location
of the curve maximum with respect to temperature.>” (b)
Curve distortion from phonon resonances positively corre-
lates with impurity concentration, sometimes at levels as low
as 10'°cm=.229 (c) The interplay between impurity types
may also affect curve behavior if their interaction changes the
associated phonon scattering cross section within the crystal
lattice.>" (d) The concentration of vacancies as well as heavy
elements from the PVT crucible materials was not quantified.

The distribution of point defects within the crystals of the
present work and the degree to which they interact are
unknown, but the findings of prior work indicate that the
reduction or compensation of carbon is necessary to reduce
absorption at 265 nm.!"133233) Thermal conductivity above
200K appears to scale directly with the concentration of
carbon in the PVT samples as well as relate inversely to the
absorption coefficient at 265nm. Compensation of the
presence of carbon in the PVT AIN samples may partially
explain their high UV transparency, but the influence of the
carbon complex formation on thermal conductivity via the
modification of the impurity-phonon scattering cross sections
cannot be determined within the present work. Finally, the
distortion seen in the curve for HVPE AIN indicates that
phonon resonances are still significantly active, even with
impurity concentrations two orders of magnitude lower than
those in the PVT AIN samples.

In conclusion, thermal conductivity was measured by the
3w method for AIN single crystals with varying point defect
concentrations in the range of 30 to 325 K. UV-transparent

© 2018 The Japan Society of Applied Physics
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PVT-grown AIN showed comparable thermal conductivity to 5)
that of HVPE AIN at room temperature. Curve distortion was 6
evident in all samples but PVT AIN 1 and was attributed to
the phonon resonances caused by point defects. Comparison 7)
of measured results against an ideal model curve for pure g
AIN showed significant behavioral departures in the temper- )
ature dependence of the experimental data with respect to
anticipated behavior, once again suggesting active phonon 9)
resonances. Room-temperature thermal conductivity values 10)
ranged from 268 to 374 Wm™!K~!, the latter being the
highest reported room-temperature thermal conductivity of  11)
AIN. Thermal conductivity curves converged at higher
temperatures and nearly coincided at room temperature with
values around 340 Wm~' K~'. SIMS results showed that the
total impurity concentration was on the order of 10'°cm™
in the PVT crystals and 10" cm™ in the HVPE crystal, but ~ 13)
contrary to expectation, thermal conductivity did not always
follow an inverse relationship with impurity concentration. 14
Thermal conductivity between room temperature and 200 K
was directly related to carbon concentration and UV trans-  19)
parency in the PVT AIN crystals. The discrepancy between
the experimental results, the model curve, and the traditional 1)
understanding of the influence of point defects on thermal  17)
conductivity indicate either a more complicated relationship 18
than the simple case of dispersed and noninteracting point )
defects or the presence of other point defects that were not
measured, such as vacancies or heavy elements from the  19)
surrounding crucible used in PVT AIN growth.?¥
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