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Table 1.  Thermal conductivity of GaN films at room temperature and characteristic from literature.
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Table 2.  Basic parameters used in the model.
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Fig. 1. (a) Variations of thermal conductivity ratios with respect to temperature and isotopes under in-plane strain (quadratic poly-

nomial fitting); (b) Fitting relation between relative thermal conductivity and strain.
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Table 4.  Fitting parameters in phonon scattering
sub-models.
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Fig. 2. Fitting parameters for sub-models of U scattering and isotope scattering based on thermal conductivity data from first-prin-
ciples calculations: (a) Pure GaN perpendicular to polar axis; (b) pure GaN along polar axis; (¢) GaN with isotopes perpendicular to

polar axis; (d) GaN with isotopes along polar axis.
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Fig. 3. Comparisons between cross-plane thermal conductivities from the model (lines) and experiments (dots) in literaturel'®, in

which the GaN films for (a) are pure crystal samples with enriched isotopes. Thermal conductivities of three groups GaN films are
shown in (a), (c), and (e), respectively. In (b), (d), and (f), the same data are shown corresponding to (a), (c), and (e) in logar-
ithmic coordinates. The detailed characteristics of samples can refer to Table 1.
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Fig. 4. Comparisons between thermal conductivities from the model (lines) and experiments (dots) from literatures [4—11], the lines

correspond to the dots with the same color. The detailed characteristics of samples can refer to Table 1.
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Fig. 5. Comparisons among U scattering rates at 300 K:
(a) Dislocation scattering rates at two different densities;
(b) point defect scattering rates at two different densities
with defect atom O.
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Fig. 6. Normalized thermal conductivity of GaN films at
room temperature with respect to (a) film thickness (dislo-
cation density 10'? cm 2, point defect density 10'® cm ?), (b) dis-
location density, (c¢) point defect density. Square and circle
dots represent normalized thermal conductivity with sup-
pression function model (Eq. ((23)), and triangle dots rep-
resent normalized thermal conductivity with common used

boundary scattering model (Eq. ((19)).
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Abstract

The accurate predicting of thermal conductivity of GaN semiconductors, especially GaN films, is of great
importance for the thermal management in electronic devices. In this paper, a theoretical model based on the
first-principles calculations and Debye-Callaway model is proposed to predict the thermal conductivity of GaN
films, which is a function of temperature, isotope, point defects, dislocations, film thickness, and strain fields.
Specifically, the coefficients in our theoretical model that used to capture umklapp scattering and phonon-
isotope scattering are fitted with the data from first-principles calculations, and two sub-models for point
defects scattering and dislocation scattering are discussed, respectively. The sub-model of boundary scattering
with suppression function is introduced to describe the anisotropy of size effect, and the effect of in-plane strain
(perpendicular to polar axis) is also discussed. The comparison between theoretical predictions and experimental
data shows that the model performs well roughly in a large temperature range from 300 to 500 K, with an
around 20% difference at room temperature. Our predicted temperature dependent thermal conductivity
deviates slightly from the measurements, which may result from the lack of high-order phonon scattering in our
model, e.g., four-phonon scattering. Our results also show that the first-principles calculations for GalN
overestimates the influence of isotope scattering. We further study the thermal transport properties of GaN film
which are influenced by the thickness, dislocation density, and point defect density through using the new
theoretical model. Significant reduction of thermal conductivity is found to occur at a film thickness of 10 um,
which is consistent with the findings from the first-principles calculations. The isotope and defects including
point defects and dislocations are found to have a weak influence on the thermal conductivity when the
thickness of GaN film is larger than 100 nm, while the influence becomes significant for the film with and below
100 nm in thickness. In addition, dislocations and point defects start to reduce thermal conductivity
significantly when the surface density of dislocations increases to 10'° ¢cm2 and point defect density reaches
10'8 cm 3.

Keywords: GaN films, thermal conductivity, Debye-Callaway model, first-principles calculations

PACS: 51.20.+d, 63.20.—e, 61.82.Fk DOI: 10.7498/aps.70.20201611

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51825601, U20A20301).

1 Corresponding author. E-mail: caoby@tsinghua.edu.cn

045101-14


http://doi.org/10.7498/aps.70.20201611
http://doi.org/10.7498/aps.70.20201611
mailto:caoby@tsinghua.edu.cn
mailto:caoby@tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1



