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ABSTRACT

Grain sizes, impurities, and layer thicknesses in the nm-range affect the heat transport and, hence, hinder proper heat dissipation of
GaN-based devices. To obtain a clear picture of heat dissipation, the mechanisms of heat transport must be linked to the structural proper-
ties of the nitride-based materials in the device. In this paper, a systematic investigation of the typical layers of GaN high-electron mobility
transistor stacks was conducted by time-domain thermoreflectance analysis and Raman measurements. The analyzed layers are the AlN
nucleation layer, the Al0.3Ga0.7N transition layer, the AlGaN/AlN superlattice, the C-doped GaN back-barrier, and the uid GaN layer.
The results were interpreted using the Born–van Karman model, including the suppression function approach to describe the governing
heat transport mechanisms. Investigation of this AlN nucleation layer showed that its phonon scattering is dominated by impurity and grain
boundary scattering. The Al0.3Ga0.7N transition layer was shown to have a reduced thermal conductivity not only due to alloy scattering but
also because of grain boundary scattering. The AlGaN/AlN superlattice showed a thermal conductivity lower than the Al0.3Ga0.7N transition
layer, especially at higher temperatures (7.2 ± 0.2W/mK vs 14.1 ± 0.4W/mK at 300 °C). Caused by the enhanced AlGaN/AlN interface
density, the thermal conductance was found to be 2 GW/m2K. The AlGaN/AlN superlattice indicated an anisotropic thermal transport with
a factor of ∼1.5. The C-doped GaN layers were analyzed in terms of their size-dictated thermal conductivity, resulting in a reduction of
∼66% from 1 μm to 250 nm at 30 °C. Raman spectroscopy revealed that the thicker the GaN layer, the higher the compressive stress in
GaN, which additionally results in a higher thermal transport. The investigations of the heat transport depending on the structural proper-
ties enabled an accurate determination of the thermal conductivity of the layer stack. These thermal conductivities served as input parame-
ters for 3D simulation to extract the temperature, in terms of the thermal resistance, of such high-electron mobility transistor stacks.
This simulation shows the importance of the GaN layer in terms of thermal management. This work uncovers the thermal transport in
GaN-based transistor stacks with the aim to improving the thermal design.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207513

I. INTRODUCTION

High-electron mobility transistors (HEMTs), using the alumi-
num gallium nitride (AlGaN)/gallium nitride (GaN) heterojunc-
tion, have already proven their capabilities in handling high-power
and high-frequencies. It already offers a cost-alternative solution
for mid-power HEMTs when the heterojunction is produced on
Si.1 However, performance degradation and reliability concerns are

still an issue in these systems. A prominent example is self-heating,
which affects the electron mobility in the channel and, hence,
lowers the carrier transport. This degrades the direct current (DC)
and radio frequency (RF) characteristics.2 It becomes even more
pronounced in such systems as they are operated at high-power
densities, which additionally poses a reliability issue, since the
device’s reliability and performance go hand in hand with its
channel temperature.3 Hence, the understanding of the generated
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heat and its removal near the junction regions is crucial to utilizing
all the above-mentioned benefits of the GaN-based devices.

Several studies have already been conducted to measure the
operating temperature of such devices.4–6 For example, there are
electrical methods where the temperature rise of the driven device
is determined by its self-heating characteristics.4 Thermoreflectance
measurements were used to map the temperature of the operated
HEMT device, enabling it to localize the hottest regions of the
surface.5,6 Also, optical methods like Raman spectroscopy measure-
ments analyze the temperature distribution to find out the thermal
resistance of the device.7–9 All these methods need thermal simula-
tions on top to get an absolute thermal resistance value.10 These
simulations are compared to experiments to reveal the absolute
temperature of the GaN-HEMT device under operation.11 These
thermal simulations use literature values, mostly stemming from
the bulk values or other manufacturing or application processes. In
particular, the presumed values for thermal conductivity must be
treated with uncertainty as they could greatly differ from their real-
istic ones.

With our study, we deliver the accurate thermal conductivity
values of materials existing in an AlGaN/GaN-HEMT stack. A sys-
tematic study was conducted to investigate the said stack thermally.
Thereby, we performed Time-Domain Thermoreflectance (TDTR)
measurements together with Raman spectroscopy. The goal of the
analysis was to reveal the thermal conductivities of materials and
their phonon transport mechanisms used in the HEMT stack. For

these calculations, semi-empirical methods were utilized, applying
the kinetic equation with the Born–van Karman slack conditions
and the assumption of wavelength-dependent boundary scattering.
Structural analysis via Raman experiments was set in correlation
with the outcome of thermal analysis to deepen the understanding
of thermal transport mechanisms. Furthermore, the analyzed
thermal conductivity values served further as input parameters for
the numerical simulations. These simulations not only provided the
operating temperature of a transistor closer to reality but also
enabled us to see the potential for improved thermal management,
e.g., reduction of GaN layer thickness.

II. EXPERIMENTAL DETAILS

A. Sample preparation

All epitaxial stacks discussed in this study were grown on
200 mm Si (111) substrates using a Veeco MaxBright metalorganic
chemical vapor deposition chamber. A schematic of the overall ten
different samples is shown in Fig. 1 and Table I. The wafers were
cut into 2 × 2 cm2 pieces for individual investigations. The investi-
gated samples were typical layers constituting the GaN-HEMT
stack grown in a subsequent manner, namely, a 200 nm aluminum
nitride (AlN) nucleation layer, a transition layer of 40 nm
Al0.3Ga0.7N, an AlN/AlGaN superlattice (SL), a carbon (C)-doped
GaN back-barrier layer, and a 200 nm unintentionally doped (uid)
GaN layer on a silicon (Si) substrate. Hence, Sample 1 (S1)

FIG. 1. Schematic of the investigated samples; S1 is the Si substrate only with the AlN nucleation layer, whereas S2 has an additional Al0.3Ga0.7N layer on top. S3–S6 dif-
ferentiate from each other by the thickness of the superlattice (SL) layer and S7–S9 by the thickness of the C-doped GaN layer. S10 consists of full stack with a 200 nm
GaN channel, 1 μm C-doped GaN, 1.32 μm SL, 40 nm Al0.3Ga0.7N, and a 200 nm AlN nucleation layer.
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consisted of the 200 nm AlN on the Si substrate. S2 comprised
Al0.3Ga0.7N, AlN, and the Si substrate. Samples S3–S6 had the
same layer sequence, only differing in the thickness of the superlat-
tice layers. The superlattice was a repetitive layer sequence of AlN
and AlGaN, similar to Ref. 12. They differed by the total thickness
of the SL, not by the period length, the material underneath, or the
material composition. The same applies to samples S7–S9, which
had different GaN layer thicknesses. S10 consists of a full buffer
stack with a 200 nm GaN channel, 1 μm C-doped GaN, 1.32 μm
SL, 40 nm Al0.3Ga0.7N, and a 200 nm AlN nucleation layer.

B. Experimental details

The thermal conductivity values and their thermal boundary
resistances were obtained by the TDTR measurements setup by
PicoTR (Netzsch Japan K.K., Japan). It is an optical pump-probe
method, which measures the thermal properties through the
change in reflectance with temperature (thermoreflectance). This
response is measured as a function of the delay time between the
heating pulse of the pump laser (1550 nm, 0.5 ps) and the probe
laser pulse (775 nm, 0.5 ps) on the sample’s surface. The heating
pulses have a repetition rate of 2MHz. For data acquisition
reasons, the pump beam pulses are additionally modulated by
200 kHz via an electro-optic modulator. The probe beam is delayed
with respect to the pump beam via an electronic setup. The
reflected probe beam as well as the un-reflected probe beam is col-
lected by a differential photodiode, converting the optical signal
into electrical signals and further processing by a lock-in amplifier.
The phase signal of the lock-in amplifier was used for data process-
ing and thermal evaluation. For the evaluation of the TDTR mea-
surements, a multi-layered approach was used to obtain the
thermal conductivity of the material under investigation.13 The
thermal properties of silicon and the used volumetric heat capacity
of the individual materials, which were the input parameters of
analysis, can be found in the supplementary material. For the alloys
and the superlattice, the rule of mixture was applied to calculate
the heat capacity. For the TDTR measurements, a sputtered molyb-
denum (Mo) layer with a thickness of 100 nm was produced on top
of all samples afterward. The Mo layer acted as a thermal trans-
ducer layer, which is needed for this pump-probe technique (more
information in the supplementary material). In this paper, the
measurements were carried out at 30 °C, and within the tempera-
ture range of 50 and 300 °C, in 50 °C steps. The choice of tempera-
ture is in correlation with the typical operating temperature of a

HEMT. Each sample at each temperature was measured at three
different positions.

A micro-Raman spectrometer was used to determine the
structural and crystalline qualities of each sample. The Raman mea-
surements were performed using a confocal micro-Raman spec-
trometer (WITec alpha300 R, WITec GmbH, Germany) with a
532 nm laser as the excitation source and 1800 g/mm grating. The
laser light was focused on the sample surfaces by the 50× EC
Epiplan-Neofluar Dic objective (Carl Zeiss AG, Germany). This
results in a lateral spatial resolution of <1 μm. A laser power of
15 mW was applied. A spectral shift resolution of ∼0.3 cm−1 could
be achieved by this Raman measurement setup. For Raman stress
measurements, calibration of the peak intensity and frequency was
done by using an Si wafer.

III. THEORETICAL MODEL

To understand the experimental results, the thermal conduc-
tivity was interpreted by the kinetic theory,

κ ¼ 1
3

X
i

ð
C(ω, T) v2g (ω) τeff (ω, T) dω, (1)

where C is the spectral heat capacity, vg is the phonon group veloc-
ity, ω is the angular frequency, and τeff is the total effective relaxa-
tion time.14,15 The sum runs over all phonon polarizations. For
simplification, one generic acoustic phonon branch was assumed
in this work. Averaging was done over the velocity of the
longitudinal (vs,long) and the two transverse (vs, trans) branches by
vs ¼ 3/(v�1

s,long þ v�1
s,trans1 þ v�1

s,trans2).
16 Here, the Born–van Karman

(BvK) model was used as the phonon dispersion relation, which
determined the phonon density of states; hence, C(ω, T) and vg ,
whereas τeff depended on the phonon scattering mechanisms. The
BvK model described the phonon dispersion, being a sine-
type,14,17,18 as ω ¼ ωmaxsin(πq/2qmax), where the cut-off wave
vector qmax ¼ ωD/vs and the cut-off frequency ωmax ¼ 2ωD/π. Both
parameters used ωD as the Debye cut-off frequency, which was
determined by the volume of the primitive unit cell.19 In the BvK

model, dispersion vg was calculated via vg ¼ vs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� (ω/ωmax)

2
p

.
The corresponding values for velocity calculation can be found in
Table II.

The total effective phonon relaxation time combined different
phonon scattering processes, such as Umklapp scattering τU ,

20,21

point defect scattering τPD,
22 which also included isotope

TABLE I. List of all samples (S1–S10) with their individual layers and layer thicknesses.

Layer

Layer thickness (nm)

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

AlN 200 200 200 200 200 200 200 200 200 200
Al0.3Ga0.7N … 40 40 40 40 40 40 40 40 40
AlN/AlGaN SL … … 165 330 660 1320 1320 1320 1320 1320
C-doped GaN … … … … … … 250 500 1000 1000
uid GaN … … … … … … … … … 200
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scattering23,24 and grain boundary scattering τGB
25 by applying

Matthiessen’s rule,

τ�1
eff ¼ τ�1

U þ τ�1
PD þ τ�1

GB: (2)

These relaxation times had different dependencies on temper-
ature and frequency,

τ�1
U (ω, T) ¼ 2 kBδ γ2

(6π2)1/3 Mv2pvg
ω2T e�(θ/bT), (3)

τ�1
PD(ω) ¼

δ3

4 π v2pvg
ω4 Γ , (4)

τ�1
GB(ω) ¼

vg
αDAvg(0:7097(ωmax/ω))

: (5)

Here, δ denotes the characteristic length scale of the lattice,
which is assumed as the cubic root of the atomic volume. The
atomic volume, in turn, is the atomic molar mass divided by the
density of the material. M stands for the average mass of an atom
in the crystal, which is calculated by the division of the molar mass
by the number of atoms in the unit cell. vP represents the phonon
phase velocity, vg the phonon group velocity, and b is a constant of
the vibrational spectrum of the material. In terms of reducing the
fitting parameter, b was set as 3 for GaN.26 Θ is the Debye temper-
ature and Γ is the phonon scattering parameter. For a single
element, Γ described the scattering by point defects, where
Γ ¼ Γimp . For isotopes, Γ ¼ Γimp þ Γiso, where Γiso defines the
isotope-phonon scattering. Γiso is dependent on the difference in
the mass field of the constituents and their concentration27 and
was calculated according to the equations in Ref. 24. For alloys, the
scattering parameter also comprises the scattering caused by alloy-
ing (Γalloy), Γ ¼ Γimp þ Γiso þ Γalloy.

28 Γalloy is related to the differ-
ence in mass and the lattice constants between the elements of the

alloy. For τGB, the parameter DAvg accounts for the average grain
size of the material, and the parameter α describes the effect of
boundary transmission, whereas its value is <1.29 As we do not
know both parameters, they were fitted together as one unknown
variable. Γalloy and Γimpwere also treated as one fitting parameter.
In this study, the normal phonon scattering was ignored as it had a
neglectable influence on the temperature range (25–300 °C), in
which our experiments were done.27 The material parameters used
in these calculations are summarized in Table III.

Usually, the length dependency of the thermal conductivity
was taken into account by an additional scattering term in Eq. (2),
where the boundary scattering is τB ¼ vg/L based on Fourier’s
law.27 L is the characteristic geometric restriction of the layer,
which had been mostly taken as half of the thickness. In this study,
we used the suppression function to describe the boundary scatter-
ing. It includes both Fourier’s law and the ballistic behavior of
phonons at a boundary. Hereby, in Eq. (1), the suppression func-
tion S is additionally included,

κ ¼ 1
3

X
i

ð
C(ω, T) v2g (ω) τeff (ω, T) S(Kn(ω)) dω: (6)

The suppression term is a function of the Knudsen number
(Kn), which is Kn(ω) ¼ vgτeff (ω)/L. S is analogous to the Fuchs–
Sondheimer equation for the thermal conductivity,

S(Kn(ω)) ¼ 1þ 3Kn(ω)(E5(Kn
�1(ω))� 0:25): (7)

E5 is an exponential integral; more details about that can be
found in the paper introducing this approach.25

IV. RESULTS AND DISCUSSION

A. Thermal and structural properties of GaN-HEMT
stack

TDTR analysis was done sequentially, starting with S1
(200 nm AlN on Si) followed by other samples in the numbered
order. Hence, the result of S1 was used as input parameters for S2,
S2, S3, and so on. The measured thermal conductivity values of the
200 nm AlN (S1) at different temperatures are shown in Fig. 2.
Here, the analyzed thermal conductivity was in the range of 55–
75W/mK. It has already been reported that the thermal conductiv-
ity values of bulk AlN range from 20 to 400W/mK, depending on
the grain size, vacancy concentration, oxygen contents, and crystal-
line lattice orientation.31–33 Furthermore, the size effect reduced the
AlN thermal conductivity; however, the theoretical prediction at
the corresponding thickness is higher than the measured one due

TABLE II. Material parameters used for the model: the values were taken from
Vienna Ab initio Simulation Package (VASP) calculations.14

ρ (kg/m3) vs,trans1 (m/s) vs,trans2 (m/s) vs,long (m/s)

AlN 3201 6027 6406 10 751
Al0.3Ga0.7N 5106 4624 5118 8 502
GaN 5923 4022 4566 7 538

TABLE III. Material parameters used for the described model of lattice thermal conductivity. The parameters of AlGaN alloy were evaluated from the values of GaN and AlN
with the virtual crystal model.30

M (kg) Θ (K) ωD (rad/s) δ (m) Γiso
24 γ

AlN 3.48 × 10−26 978.7 1.28 × 1014 3.49 × 10−10 4.30 × 10—6 0.75
Al0.3Ga0.7N 5.91 × 10−26 749.8 9.82 × 1013 3.57 × 10−10 1.93 × 10−4 0.74
GaN 6.95 × 10−26 652.0 8.54 × 1013 3.61 × 10−10 2.74 × 10−4 0.73
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to the additional scattering mechanisms.34 Our obtained values are
similar to other studies, in which AlN was either found to be poly-
crystalline or had an amorphous SiN transition layer between AlN
and Si which could govern the measurements.31,33,35,36 In our find-
ings, we detected an increase in the thermal conductivity with tem-
perature from 55W/mK at 30 °C to 75W/mK at 300 °C; this has
been in contrast to the behavior of single crystalline AlN.37 It was
assumed that this dependency on temperature stemmed from the
disordered area between Si and AlN,38 where the temperature led

to increased thermal transport.39–41 The applied thermal transport
model (see Sec. III) could not describe this increase based on a
crystalline state. The fitting parameters are not in the range of pure
crystalline materials. Γimp has a high value of 0.0097. This value is
closer to Γimp of alloys and not to crystalline materials, which are
of the order of 10−5 and 10−7.14,42 αDavg is in the range of 10−8 m.
Both values implied that there were dislocations and impurities,
e.g., oxygen, in the investigated AlN layer, which was confirmed by
Raman investigations.

The Raman spectrum of AlN consisted of the E2(high) mode
at ω0 ¼ 649:8 cm�1, and no other AlN-related peak was detected
[see marker Fig. 2(b)]. It must be mentioned that the spectrum was
dominated by the peaks of the Si substrate; hence, all other peaks
in the spectra can be assigned to the Si substrate similar to Ref. 43.
The position of the unstrained AlN lattice was ω0

0 ¼ 657:4 cm�1

according to Ref. 44; hence, our peak position implied the presence
of stress.45 The residual stress can be calculated by using the follow-
ing equation:

σ ¼ (ω0 � ω0
0)/aσ , (8)

where the stress shift coefficient aσ had a value of −6.3 cm−1/
GPa.46 So, a biaxial stress of 1.2 GPa was calculated for the 200 nm
AlN layer grown on Si and had a tensile nature, which was compa-
rable to the results of Ref. 47. First principle calculations have also
shown that the thermal conductivity of wurtzite AlN decreases
with increasing tensile stress.48 Experimentally, it was investigated
that the tensile stress was also an indicator of the grain size: the
smaller the size, the higher the tensile stress.49 This was in accor-
dance with the findings in our thermal measurements.
Furthermore, the Raman line width indicated the presence of
defects (impurities, dislocations, microcracks, etc.) and the overall
crystalline quality; here, a full-width half maximum (FWHM)
6 cm−1 of E2(high) was found. In comparison, in bulk AlN, an
FWHM of 3 cm−1 at 300 K was investigated.33,50

In Fig. 2(a), we show the measured thermal conductivity of
the 40 nm Al0.3Ga0.7N layer. The thermal conductivity was signifi-
cantly reduced compared to AlN and GaN due to the prominent
alloy scattering. It was found that Γalloy þ Γimp, which were fitted as
one parameter, has a value of 0.015, which was higher than the
fitted Γimp of AlN (see Table IV). αDavg showed a value of
4 × 10−9 m. Even though the thermal transport was dominated by
the aforementioned scattering mechanism, the thickness of the
AlxGa1−xN layer also influenced the effective thermal conductivity
and, hence, showed an indication of quasi-ballistic thermal trans-
port.14,51 According to Adachi,52 the bulk thermal conductivity of
Al0.3Ga0.7N at 30 °C should be around 14.5W/mK. Here, a thermal
conductivity of (8.5 ± 0.5)W/mK was measured at 30 °C. A slight
increase in thermal conductivity as a function of temperature can
be seen here. The results were in agreement with the findings of
Refs. 53 and 54.

The Raman spectrum of the S2 sample only revealed the
AlN-related peak at 649.2 cm−1 [Fig. 2(b)]. However, the
alloying-induced Raman shift of AlN-like E2(high) according to
Holtz et al.55 should be 609 cm−1 for Al0.3Ga0.7N. This indicated
that the Raman spectrum of S2 [Fig. 2(b)] was dominated by the
AlN layer and the Si substrate underneath.

FIG. 2. (a) The analyzed thermal conductivity of 200 nm AlN and 40 nm
Al0.3Ga0.7N. The dashed lines depict the BvK models for lattice thermal conduc-
tivities, describing the scattering processes in materials. (b) The corresponding
Raman spectra of the layers measured at the sample surface.
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Samples S3–S6, superlattices with different thicknesses
between 165 and 1320 nm with the same period lengths of AlN/
AlGaN, were investigated thermally. The thermal conductivity
values are shown in Fig. 3(a). The cross-plane thermal conductivity
∼8.5W/mK at 30 °C was in the range of the thermal conductivity
of 8.3W/mK of 12 nm AlN/12 nm GaN from Ref. 56 and 8W/mK
of the 10.6 nm Al0.23Ga0.77N/8.8 nm GaN superlattice from Ref. 57.
Our results showed to have a lower thermal conductivity than the
40 nm Al0.3Ga0.7N layer of S2, due to the interface crossing of
phonons, leading to a quenching of the thermal conductivity.57 In
our study, there was no thickness-dependent trend of the superlat-
tice layer. Regardless of the conducted measurements, they had a
larger thermal penetration depth than the thickness of the superlat-
tices. The one-dimensional assumption of the thermal penetration
depth (d), which was a spatial extent of the temperature gradient,
can be calculated by d ¼ ffiffiffiffiffiffiffiffiffi

α/πf
p

, where αis the thermal diffusivity
and f is the modulation frequency of 200 kHz of the TDTR. With
the highest thermal diffusivity value, we calculated d∼ 2.3 μm.
Also, previous studies showed that there was no conclusive trend in
the thermal conductivity with its thickness at thicknesses above
100 nm. In that thickness range, the diffusive thermal transport dic-
tated the thermal conductivity and not the quasi-ballistic transport
anymore.58 The cross-plane thermal conductivity of the superlattice
was calculated by the model proposed by Mei et al.59 and applied
by Filatova-Zalewska et al.,57

κSL,cross ¼ (LAl0:3Ga0:7N þ LAlN)
LAlGaN
κAlGaN

þ LAlN
κAlN

þ 2
G

� ��1

: (9)

In Eq. (9), Lx stands for the thicknesses of the AlGaN and
AlN layers within the superlattice; hence, LAlGaN þ LAlN was the
length of one period of 33 nm. The thermal conductivities of
AlGaN and AlN (κAlGaN and κAlN ) were calculated by the resulting
model used for S1 and S2, where in Eq. (7), layer thicknesses were
adopted. The thermal boundary conductance (G) was used here as
a fitting parameter, resulting in 2 × 109W/m2K in the measured
temperature range. Such a value was also found in previous works
for AlGaN/GaN57 and AlN/GaN.60 By applying the TDTR mea-
surements, the cross-plane thermal conductivity of the superlattice
was mainly analyzed; however, anisotropic heat transport can be
considered in the evaluation by an anisotropy factor. This anisot-
ropy factor is shown in the inlet of Fig. 3(a). The evaluated factor
lies in the range of 1.4 and 1.6 for samples S3–S5 at 30 °C. These
values were in agreement with the value found for GaAs/AlAs
superlattices reported by Luckyanova et al.61 It was shown that the

value was lower than that of the AlN/GaN superlattice, where the
mass mismatch was greater and, hence, led to a higher reduction in
the phonon group velocity. Only sample S6 does not show any
anisotropic behavior at 30 °C and it was not so pronounced as for
S3–S5 at elevated temperatures. These values could be assigned to
the quality of the interfaces, which played an important role in
anisotropic thermal transport. Interdiffusion at the interfaces led to
more diffusive scattering and, hence, influenced the overall heat
conduction.62 This was supported by the findings of Raman mea-
surements and the peak intensity in the spectra [Fig. 3(b)].

Raman spectra of the AlGaN/AlN superlattice are shown in
Fig. 3(b). In the spectra of samples S3–S6, the E2(high) mode is
split into the AlN-related and GaN-related peaks. The FWHM of
these peaks was a descriptor of the disorder of the alloy.63 The S4
samples showed to have the sharpest E2(high) modes for both ele-
ments, whereas the AlN-like E2(high) mode of S6 shows a peak
broadening, indicating that the interfaces between AlGaN and AlN
layers were smeared out due to interdiffusion. The peak shift of the
AlN-like E2(high) mode toward lower wave numbers and vice versa
for the GaN-like E2(high) mode follows the alloying-induced peak
shift. However, this shift was not as distinctive as predicted in
Ref. 55 due to the superlattice and not pure alloying. Comparing
the samples, the GaN-like E2(high) mode exhibited a monotonic
downward shift (max. 2.4 cm−1) to the unstressed state with
increasing thickness of the superlattice. In addition, a peak could
also be seen at 770 cm−1 in the Raman spectra [Fig. 3(b)], whose
peak shift of ∼37 cm−1 stemmed from the alloying.55

A further thickness-dependent study was executed by samples
S7–S9, investigating the thickness dependence of the C-doped GaN
layers. In this study, the 250 nm GaN layer (S7) had ∼34% of the
thermal conductivity compared to the 1 μm GaN layer (S9) at
30 °C. This trend could be seen in other reports, e.g., Refs. 64
and 65. However, the absolute values of our study were shown to
be higher (>20W/mK) compared to the mentioned literature,
which could be related to the differences in material quality due to
different deposition techniques. The thermal model applied was
used simultaneously for all three samples (S7–S9) with C-doped
GaN on top, according to Eqs. (6) and (7), which include the thick-
ness dependence of the thermal conductivity. This multiple-fit
model is illustrated in Fig. 4(a) as solid lines. The fitting parameters
in Table IV show that neither Γimp nor αDavg were the governing
parameters for thermal conductance. Γimp was in the range of Γiso

and more than an order of magnitude smaller than Γimp of the AlN
and Al0.3Ga0.7N layers of S1 and S2. αDavg was larger than the layer
thickness and, hence, negligible. It could be seen that the applied
model showed higher values than that measured for samples S7

TABLE IV. The fitting parameters of the BvK model for different materials in the stack.

AlN Al0.3Ga0.7N AlN/ AlGaN SL GaN:C (S7–S9) GaN (S7–S8)

Γ 0.0097 0.0153a … 1.5 × 10−4 0.0024
b 3.7 3.4 … 3 3
αDavg (m) 2.2 × 10−8 4.2 × 10−9 … 3.34 0.97
G (W/m2K) … … 2.0 × 10−9 … …

aΓ is here (Γimp + Γalloy).
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and S8. Thus, an additional multiple fit only with those samples
was carried out [dashed line in Fig. 4(a)], leading to higher Γimp

and lower αDavg values (see Table IV). In particular, Γimp was an
order of magnitude higher, which was also reflected in the FWHM
of the Raman E2(high) peak [inlet of Fig. 4(b)]. The uid GaN of
S10 showed a higher thermal conductivity than the C-doped GaN.

It could be assumed that the uid GaN layer was thermally not dis-
tinguishable from the C-doped GaN layer underneath. As the bulk
value of undoped GaN was in the same range as our result of
269W/mK at 30 °C,66,67 our findings indicated that the phonons
did not see any interface between uid GaN and C-doped GaN. As
no additional boundary scattering happens between those layers,
there was also no size-dictated effect of 200 nm recorded.

The E2(high) mode of GaN was analyzed in more detail. For
GaN, likewise, as in AlN, the residual stress could be characterized

FIG. 4. (a) The thermal conductivity of C-doped GaN with different thicknesses
and 200 nm uid GaN as a function of temperature. (b) The Raman spectra of
samples S7–S10. The inlet presents the features of the GaN-related E2(high) as
filled markers and A1(LO) peaks as open markers of the samples S7–S10. The
peak positions are marked as black squares and their corresponding FWHM as
blue cycles.

FIG. 3. (a) The obtained cross-plane thermal conductivity of the superlattice
AlN/AlGaN with different overall thicknesses as a function of temperature. Inlet:
The anisotropy factor of thermal conductivity as a function of temperature.
(b) The Raman spectra of the superlattice (S3–S6) with a different thickness.
The inlet shows the peak shift of the E2(high) mode, whereas the GaN-related
peak shift is marked as a black square and the AlN-related peak shift as an
open square. The triangles present the FWHM of the E2(high) mode.
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by Eq. (8). The unstrained peak for GaN was found to be
567.7 cm−168 and aσ had a value of −2.9 cm−1/GPa.69 S7–S9
samples were under compressive stress, which decreased from −1.7,
−1.0 to −0.18 GPa with increasing thickness, respectively. The stress
and its trend were in line with other studies. For example, Pavlidis
et al.70 and Ni et al.71 showed the effect of the underlying SL on
GaN stress, and Ni et al.72 the influence of C-doping. According to
first principle calculations, a compressive state in GaN intrinsically
led to increased thermal conductivity and phonon confinement.73

Note that this correlation is not included in our thermal transport
model [Eq. (6)]. S10 was found to have a small tensile stress of
50MPa; so, it was nearly in a stress-free state. The FWHM of the
E2(high) mode was the highest for S8 (500 nm GaN layer) followed
by S7. The A1(LO) phonon mode of GaN was an indicator of the
free carrier concentration. With increasing concentration, the A1
(LO) mode had a peak position shift to higher frequencies and a
decrease in its intensity. According to that, S7 had the highest free
carrier concentration and S10 the lowest, and the thermal conduc-
tivity does not correlate with the free carrier concentration, as the
electrical contribution is negligible in GaN.74,75

B. Thermal resistance calculation of GaN-HEMT stack
by numerical simulation

A three-dimensional model of the HEMT stack was established,
according to the schematics of Fig. 1 (S10) and the obtained thermal
conductivities. Thermal simulations were carried out by finite
volume software.76 There, a heat source with a width of 1 μm was
placed on top of the stack, representing the gate center as an
example, because it was already shown that underneath the gate,
there was the highest temperature.77–79 The numerical model had
the following boundary conditions: (i) the heat source was set to
1W,5 and (ii) the model had adiabatic boundary conditions, except
that the bottom of the Si substrate had a constant temperature (THS).
As the simulation only consisted of one heat source, the heat flow in
the model is assumed to be mainly in the vertical direction. This
simulation study focused on the extraction of the thermal resistance
under different heat sink temperatures, which is visualized in
Fig. 5(a). The obtained temperature rise increased with increasing
temperature due to the temperature-dependent thermal conductivity
of GaN and Si. It can be seen here that the C-doped GaN layer had
a dominant impact on the heat transfer of the HEMT stack, due to a
higher lateral heat transfer at the top layers.70,80 So, simulations were
carried out on the stack, with varied thicknesses of C-doped GaN
following the thermal measurements of samples S7–S9. In Fig. 5(b),
the normalized thermal resistance is shown for all simulation models.
Here, the maximal thermal resistance (Rth,max) was 158W/mK
for 250 nm GaN at 130 °C heat sink temperature, due to the
reduced thermal conductivity caused by thickness reduction
[see S7—Fig. 4(a)]. The temperature dependency was more
pronounced for thicker GaN layers according to their thermal
conductivity temperature dependency. In contrast to GaN, the
reduction of the layer thickness of the superlattice affected a
decrease in the thermal resistance (Rth) nearly proportional to the
thickness, as there is no significant thickness-dependency in its
thermal conductivity [see Figs. 4(a) and 5(b)]. The thickness of
the SL is accompanied by increased mechanical stress in the GaN

layer and also increased dislocation density. A high dislocation
density in GaN is at the expense of the crystalline quality and,
hence, decreased thermal conductivity and breakdown voltage.42,81

An increased thickness of the GaN layer is in accordance with the
breakdown characteristic of the device: the thicker the GaN layer, the
higher the vertical breakdown voltage.82 Our simulation revealed
that—from a thermal perspective only—a HEMT device stack with a
SL as thin as possible and GaN as thick as possible (until the
phonon confinement limit) has the smallest Rth and the best thermal
management. It also showed that the increased thickness of GaN has
more impact on Rth than the reduction in the SL thickness.

FIG. 5. (a) Steady-state simulation of a GaN-HEMT stack (like S10) at different
heat sink temperatures (THS) (130, 80, and 30 °C). (b) The normalized thermal
resistance as a function of heat sink temperature but also the impact of layer
thickness on the thermal resistance is shown here by a varied GaN layer and
superlattice thicknesses.
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V. CONCLUSION

In this study, thermal as well as structural analyses and their
correlations of the individual materials in a GaN-HEMT stack
were presented. The correlation and interpretation of these results
were performed by using the Born–van Karman approach and the
suppression function method. The generated thermal properties
were further processed by numerical simulations, demonstrating
the thermal optimum of such a GaN-HEMT stack device. Here, it
was shown that the heat conduction of the AlN nucleation layer is
limited mainly by phonon-grain boundary scattering and also by
phonon-impurity and phonon-boundary scattering. The forma-
tion of small grains is fostered by the tensile stress in AlN grown
on Si, obtained by the Raman measurements. The thermal trans-
port in the 40 nm Al0.3Ga0.7N is hindered substantially by alloy
scattering but it was also shown that in these materials, the size
effect was still evident. Contrary to the AlN/AlGaN superlattice,
where no size effect was detected, here, there was a further
reduced thermal conductivity due to its high interface density.
Additionally, an anisotropy in thermal conductivity was measured
in the superlattice, whose value depended on the quality of the
interface and its potential interdiffusion. Furthermore, thermal
transport in the C-doped GaN layer was limited by phonon–
phonon scattering but not by impurity and grain boundary scat-
tering, which increased the impact of the layer thickness on the
thermal conductivity. It has been shown that the thermal conduc-
tivity decreases by more than 60% from 250 to 1000 nm thickness.
The GaN layers with a smaller thickness exhibited more impuri-
ties, enhancing the thermal conductivity reduction, even though
the detected compressive stress, which decreases with increasing
layer thickness, promoted high thermal conductivity. The uid
GaN layer on top ended up with a nearly stress-free state of
50 MPa tensile stress. Finally, a 3D numerical thermal model was
constructed to study the temperature distribution and the thermal
resistance of such an HEMT stack. The simulation results in
terms of thermal management showed that GaN in a few hundred
nm range could cause thermal issues and overheating in the
device. This can limit their usage in high-power applications.
From a thermal perspective, it can be said that the thicker the
GaN layer, the better the heat dissipation according to the
increased thermal conductivity and the lateral heat flow. This is in
contrast to the superlattice layer, where the reduction of its thick-
ness can decrease the thermal resistance. The outcome of our
study should provide an insight into the thermal transport mecha-
nisms of the individual layers and their optimization potential in
terms of the production process and, hence, improved thermal
conductivity. The study should also point out the importance of
using appropriate thermal conductivity values for modeling and
designing transistor devices, as the bulk values underestimate the
arising thermal resistance. The paper should support designing
proper thermal management in GaN-based microelectronic
devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for input parameter for TDTR
modeling and tables with the used thermal parameters for the eval-
uation of thermal conductivity and modeling.
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