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ABSTRACT

AIN/GaN/AIN high electron mobility transistors (HEMTs) have demonstrated exceptional potential for surpassing the electrical limitations
of conventional AlGaN/GaN HEMTs. This study investigates the thermal performance of two types of AIN/GaN/AIN HEMTs with
homoepitaxial AIN buffer layers grown on AIN substrates: an AIN/GaN/AIN single-crystal HEMT (AIN XHEMT) featuring a pseudomor-
phic/thin GaN channel and a conventional structure with a relaxed/thick GaN channel. Frequency- and time-domain thermoreflectance mea-
surements reveal bulk-like thermal conductivity in the homoepitaxial AIN buffer layer, with negligible thermal boundary resistance at the
AIN buffer/substrate interface. Consequently, Raman thermometry demonstrates that the AIN XHEMT with a thin (~20 nm) pseudomorphi-
cally strained GaN channel exhibits better thermal performance than identical HEMT layer structures grown on a 4H-SiC substrate, despite
4H-SiC possessing a higher thermal conductivity. In addition, the AIN XHEMT exhibits a 22% lower channel temperature under 14 W/mm
power density than the AIN/GaN/AIN-on-AIN HEMT that employs a thick (275nm) relaxed GaN channel. These findings highlight that

AIN XHEMTs offer not only electrical but also thermal advantages for high-power and high-frequency applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0305053

Gallium nitride (GaN)-based devices excel in high-frequency and
high-power applications, notably as radio frequency (RF) power ampli-
fiers. These amplifiers are essential parts for fifth-generation (5G) cell
towers, satellite communications, military radars, and electronic warfare
systems. Conventional AlGaN/GaN high electron mobility transistors
(HEMTS) utilize a polarization-induced two-dimensional electron gas
(2DEG) formed near the AlGaN/GaN heterointerface, enabling high
carrier mobility.” Despite significant advancements in AlGaN/GaN
HEMTSs, gate leakage and current collapse persist as challenges for
millimeter-wave high-frequency applications.”~ The AlGaN barrier in
AlGaN/GaN HEMT: can exhibit gate leakage due to the low Schottky
barrier height and material defect-induced trap states that result in
trap-assisted tunneling and Poole-Frenkel emission.” Additionally, the
slow time constants of these trap states capture electrons, leading to
current collapse at high operating frequencies.” Moreover, as the gate

length is scaled down, the AlGaN barrier thickness must be reduced to
minimize gate-source capacitance to ensure sufficient transconductance
for high gain and speed in millimeter-wave applications. However, this
thinner barrier exacerbates gate leakage through enhanced Fowler—
Nordheim tunneling and larger field-induced Poole-Frenkel emission,
compromising device reliability and efficiency.”

To address the limitations associated with the AlGaN barrier,
AIN/GaN/AIN high electron mobility transistors (HEMTs) were
recently developed, featuring a GaN channel between an AIN buffer
and an AIN top barrier.”"” These structures leverage the ultrawide
bandgap energy of aluminum AIN (6.2eV), which increases the
Schottky barrier height, effectively reducing gate leakage through sup-
pressed thermionic emission and Fowler-Nordheim tunneling."* The
large bandgap also provides robust electrical insulation in the buffer
layer and a high breakdown field.” " Compared to AlGaN, AIN
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exhibits a stronger spontaneous polarization, resulting in a higher
2DEG density (2-3 x 10" cm?) near the AIN/GaN interface.”'"'* This
2DEG is tightly confined within the quantum well due to the larger
conduction band offset at the GaN/AIN heterointerface, enabling pre-
cise channel modulation. However, the electron mobility of the 2DEG
of AIN/GaN/AIN heterostructures is limited by a strong internal electric
field within the quantum well'® and the presence of a polarization-
induced two-dimensional hole gas (2DHG)."””" This limited electron
mobility can be enhanced by increasing the GaN quantum well thick-
ness, which enhances electron mobility by reducing the vertical electric
field, thereby decreasing scattering caused by potential fluctuations in
the two-dimensional electron gas (2DEG) due to interface imperfec-
tions,'” or by incorporating n-type compensation J-doping in a coher-
ently strained quantum well to remove the undesired 2DHG. "

In addition to the electrical benefits, AIN/GaN/AIN HEMTs offer
potential thermal advantages compared to conventional AlGaN/GaN
HEMTs. The higher thermal conductivity of the AIN buffer compared
to GaN can enhance heat dissipation. We recently reported a 12%
reduction in channel temperature for AIN/GaN/AIN HEMTs grown
on a SiC substrate compared to conventional AlGaN/GaN HEMT."”
Homoepitaxial growth of an AIN/GaN/AIN heterostructure on a bulk
AIN substrate offers exceptional AIN buffer quality with ultra-low
defect density, minimizing leakage and enhancing the electrical perfor-
mance.'””" However, the thermal performance of AIN/GaN/AIN
HEMTs grown on AIN substrates remains unexplored. This study
investigates the self-heating behavior of two AIN/GaN/AIN HEMT
structures employing homoepitaxial AIN buffer layers grown on bulk
AIN substrates: (i) an AlN/strained (thin)-GaN/AIN HEMT-on-AIN,
so-called AIN XHEMT,'”"” and (ii) an AIN/relaxed (thick)-GaN/AIN
HEMT-on-AIN,'’ using micro-Raman thermometry. Frequency- and
time-domain thermoreflectance (FDTR and TDTR) techniques were
used to characterize the phonon transport within the AIN buffer layer
and across the AIN buffer/substrate interface. The thermal impact of
the different device architectures was analyzed by performing 3D finite
element analysis (FEA) thermal modeling.

Two types of AIN/GaN/AIN HEMT-on-AIN are compared in
this study with the device schematics presented in Fig. 1. They were
grown using molecular beam epitaxy (MBE) with different GaN chan-
nel thicknesses. Detailed fabrication processes and device electrical
performances are described in our previous work, Ref. 22 (thin GaN
channel of 20nm), and Ref. 11 (thick GaN channel of 275nm later
confirmed by TEM), correspondingly. Both HEMT structures employ
a homoepitaxially grown AIN buffer layer of 500 nm thickness on
550 um thick AIN substrates. The first HEMT structure (AIN
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XHEMT) is comprised of a 20 nm coherently strained GaN channel
with J-doping to suppress the 2DHG at the bottom GaN/AIN inter-
face, a 5.3 nm AIN barrier, a 1.5nm GaN cap, and a 90 nm SiN passiv-
ation layer, as shown in Fig. 1(a). An alternative way to mitigate the
reduction in the 2DEG mobility is to grow a thick GaN channel to
reduce the vertical electric field. This configuration, shown in Fig. 1(b),
includes a 275nm relaxed GaN channel, a 3.2nm AIN barrier, a
1.2nm GaN cap, and a 90 nm SiN passivation layer.

To characterize the thermal conductivity (k) of the AIN buffer
layers and the thermal boundary conductance (TBC) at the AIN
buffer/substrate interface, AIN films were grown on AIN substrates by
MBE under identical growth conditions as the HEMT buffer layers.
AIN films with thicknesses of 100, 200, 500, 1500, and 3000 nm were
grown on AIN substrates to understand the role of phonon-boundary
scattering effects in the homoepitaxial AIN buffer layers.

Frequency-domain thermoreflectance (FDTR) and time-domain
thermoreflectance (TDTR) were used to measure the cross-plane (i.e.,
along the c-axis) thermal conductivity (o) of the AIN films and the
TBC at the AIN film/substrate interfaces. The FDTR system employs a
continuous wave (CW) 532 nm probe laser and a 405 nm pump laser,
modulated from 10kHz to 20 MHz. The TDTR system utilizes a two-
color configuration with a 514nm pump beam and a 1028 nm probe
beam (Flint FL2-12, LightConversion; 76 MHz repetition rate, ~100 fs
pulse width). Detailed descriptions of both FDTR and TDTR setups
are provided in previous work.”” The measured data were fit to a mul-
tilayer heat diffusion model using Monte Carlo analysis to account for
uncertainties in the assumed parameters, yielding accurate mean val-
ues and low uncertainties for the x,, and TBC. For the homoepitaxial
AIN films (i.e., those grown on an AIN substrate), the measured ther-
mal responses showed no discernible difference from those of an AIN
substrate, as shown in Fig. 2, indicating bulk-like thermal transport
throughout the material stack. When fitting the FDTR and TDTR data
assuming a finite TBC at the AIN/AIN interface, the homoepitaxial
AIN films exhibited apparent k., values greater than 600 W/mK,
exceeding the measured value (307.7 = 33.4 W/mK) for the AIN sub-
strate and theoretically calculated values (319 W/mK) for defect-free
bulk AIN,”* which is physically implausible. If the AIN film and the
bulk AIN substrate are modeled as a continuous material without an
interface during the data fitting processes, all the AIN films exhibit #,,
values consistent with the measured value (307.7 == 33.4 W/mK) for
the AIN substrate and the theoretically calculated value (319 W/mK)
for defect-free bulk AIN,** as summarized in Table I. This indicates
that homoepitaxially grown AIN films do not exhibit a thickness-
dependent K, and the thermal boundary resistance (TBR; inverse of

PECVD SiN

FIG. 1. Cross-sectional schematics of the
AIN/GaN/AIN HEMTs on bulk AIN sub-

strates with (a) a 20nm pseudomorphi-

cally strained GaN channel (ie., AN
XHEMT) and (b) a 275nm relaxed GaN
channel. Both structures employ a homoe-
pitaxially grown 500nm thick AIN buffer

- [
piGdoping AIN Buffer on
an AIN Substrate

AIN Buffer on an AIN Substrate

r/—%ﬁ%

layer.

Appl. Phys. Lett. 127, 233505 (2025); doi: 10.1063/5.0305053
Published under an exclusive license by AIP Publishing

127, 233505-2

2588 1) 5202 Jequisoaq |


pubs.aip.org/aip/apl

Applied Physics Letters

_—
D
~—
(=]
T
1

N
=)

Ceeay
Cxee
=i
L
eg
L]
2
Bty
]
Soe
nte
CH
ms e
Se
.
]
]
£
o
]
q
<

<l bulk AIN
O 500 nm AIN on AIN

Phase (deg)

108
(b) Frequency (Hz)

R T —

500 nm AIN on AlIN
1500 nm AIN on AIN
bulk AIN

< oo

adalatatat ot ottt atalalal,

ratio (-in-phase/out-of-ph

S NWAROAON®O

5.0x10™ 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10°
Time Delay (s)

FIG. 2. Representative measured thermal responses of the AN films by (a) FDTR
and (b) TDTR. The 500 nm AIN film measured by TDTR shows a slight difference in
the ratio response; however, the calculated o values remain within the uncertainty
range due to the high measurement sensitivity of TDTR, as shown in Table .

TABLE |. The measured i, of homoepitaxial AIN films when fitting AIN on AIN as a
continuous material.

AIN film thickness FDTR TDTR
Bulk 307.7 =334 297.9 =309
100 nm 294.2 +49.0

200 nm 320.2+34.2

500 nm 311.2 =313 314.7 =339
1500 nm 293.5+334
3000 nm 306.4 = 67.9

TBC) is negligible. The thermal measurement results align with prior
scanning transmission electron microscopy (STEM) observations,
which showed no visible growth interface between MBE-grown AIN
films and the bulk AIN substrate.”” This contrasts with previous obser-
vations of a reduced i, of heteroepitaxially grown AIN films on for-
eign substrates.”®

Nanoparticle-assisted Raman thermometry was used to measure
the channel temperature rise of the two AIN/GaN/AIN HEMTs
(Fig. 1) under operation.”” Anatase TiO, nanoparticles with 99.98%
purity were deposited on the device surface between the gate and
drain. Due to their close proximity, the measured surface temperature
provides a good estimation of the 2DEG channel temperature.”’ The
AIN/GaN/AIN HEMTs were operated under fully open channel
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conditions (Vgg > 2 V), as determined from the transfer characteristics
shown in Fig. 3. The thicker GaN channel exhibits higher gate leakage
current due to the thinner barrier layer and the misfit dislocations
formed at the GaN/AIN interface during relaxation, which generate
threading dislocations that propagate into the AIN barrier, elevating its
defect density.'™*” These defects may facilitate electron tunneling or
trap-assisted ~ conduction, thereby increasing gate leakage.”
Controlling gate-drain leakage in AIN/GaN/AIN HEMT's can enhance
breakdown voltage, as evidence shows that breakdown is primarily
driven by gate-drain leakage, rather than avalanche or channel break-
down, occurring significantly below the material’s intrinsic limit.”*

Figure 4 shows the channel temperature rise of the two devices
measured by Raman thermometry. The AIN XHEMT with a 20nm
strained GaN channel exhibits a significantly lower temperature rise
(22% reduction) compared to the AIN/GaN/AIN HEMT-on-AIN with
a thicker (275nm) relaxed GaN channel. This trend was reproduced
by a 3D finite element analysis (FEA) device thermal model account-
ing for the thickness-dependent x of the GaN channel (12.3 W/mK
for 20nm GaN and 76.8 W/mK for 275nm GaN at room tempera-
ture; calculated in Ref. 35 assuming a defect-free crystal). The
temperature-dependent « of bulk AIN was adopted from literature.”*
To mimic operation under a fully open channel condition, a uniform
heat generation profile across the channel was assumed.”® A thermal
interface material (Bergquist TGP 1500R) and wafer chuck below the
device die were modeled to match the experimental setup. The bottom
of the wafer chuck was set at room temperature, while all other surfa-
ces were subjected to natural convection (h=5 W/m?K). The model-
ing results suggest that a thinner GaN channel is beneficial in terms of
heat dissipation due to its lower thermal resistance, despite its reduced
thermal conductivity. The simulation results indicate that the AIN
XHEMT with a strained GaN channel exhibits a ~10% lower tempera-
ture rise under 14 W/mm whereas the experiments show a ~22%
reduction in the channel temperature rise. This discrepancy is attrib-
uted to the reduction in the x of the GaN channel due to the lattice
temperature rise and the higher dislocation density in the relaxed GaN
channel layer to release the misfit strain,'” which is not captured in the
calculations in Ref. 35. As reported in Ref. 10, the reciprocal space map
(RSM) around the asymmetric (—105) reflection of GaN and AIN for
the relaxed GaN sample confirms that the GaN layer is fully relaxed,
and the peak broadening indicates significant defect generation in the
channel. In contrast, the RSM of the 20-nm J-doped GaN sample
shows that the GaN layer remains coherently strained to the underly-
ing AIN, as demonstrated in Refs. 10 and 12. It is worth noting that
the Si 6-doping level (~5 x 10" cm~?) is not expected to significantly
influence the x of GaN.”>”’

3D FEA thermal models were created for a conventional AlGaN/
GaN-on-SiC HEMT and an AIN/GaN/AIN-on-SiC HEMT to further
evaluate the thermal performance benefits offered by the AIN XHEMT
structure. Temperature-dependent anisotropic x of GaN,”” AIN,” and
4H-SiC”” were adopted from literature. The 4H-SiC substrate thick-
ness was set to 550 um (identical to that of the AIN substrate) for fair
comparison. For the AIN/GaN/AIN HEMT-on-SiC, the AIN buffer
was assumed to be 0.9 um thick, similar to a device demonstrated in
previous work,”” where the x of AIN and the TBR at the AIN/4H-SiC
interface were adopted from literature.”® The AlGaN/GaN-on-SiC
HEMT had a 1.74 um thick GaN buffer, where the k of GaN and the
TBR at the GaN/SiC interface were adopted from literature.”” Table 11
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FIG. 3. Transfer characteristics and gate leakage measured at Vps =10V for the AIN/GaN/AIN HEMT-on-AIN with (a) a strained GaN channel (i.e., AIN XHEMT) and (b) a

relaxed GaN channel.
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FIG. 4. Measured and simulated temperature rise of the AIN/GaN/AIN-on-AIN
HEMTs with thin/strained (i.e., AIN XHEMT) and thick/relaxed GaN channels. The
results are compared with the channel temperature rise of hypothetical AlGaN/GaN-

on-SiC and AIN/GaN/AIN-on-SiC HEMTs via modeling.

summarizes the four device structures analyzed in Fig. 4 and relevant
thermal properties.

The FEA thermal modeling results indicate that the conventional
AlGaN/GaN-on-SiC HEMT exhibits a higher channel temperature
than the AIN/GaN/AIN-on-SiC HEMT, similar to the findings
reported in Ref. 27. This is attributed to the lower thermal conductivity
of the GaN buffer layer compared to the AIN buffer. Notably, the AIN
XHEMT with a strained GaN channel exhibits the lowest channel tem-
perature rise, even lower than that of the AIN/GaN/AIN-on-SiC
HEMT with a comparable GaN channel thickness (20-30 nm), despite
the x of 4H-SiC being higher than that of bulk AIN.”"** The superior
bulk-like thermal conductivity of the homoepitaxial AIN buffer layer
and the negligible TBR at the AIN buffer/substrate interface result in
an enhanced device thermal performance. These results highlight the
thermal benefit offered by the combined use of a high thermal conduc-
tivity homoepitaxial AIN buffer layer and a thin unrelaxed GaN chan-
nel that allows maximizing the device’s thermal performance.

To preclude contributions from gate leakage current (Fig. 3)
and bias-dependent self-heating effects’>”” on the device self-heating

TABLE II. Summary of the simulated device structures, layer thicknesses, and thermal conductivities (room temperature values listed; temperature-dependent values can be
found in Refs. 24, 27, and 28). ki, and 1oy refer to the thermal conductivities along the c-axis and across the c-plane, respectively. The barrier layers are not included in the

models.
AlN/relaxed GaN/AIN AlGaN/GaN AIN/GaN/AIN
on AIN AIN XHEMT on 4H-SiC on 4H-SiC
GaN—modeled as
) . a single layer
Channel material and thickness 275 nm GaN 20 nm GaN with the GaN 31.5nm GaN
buffer
GaN layer k (W/mK) 76.8 12.3 Kin = 190; Koyt = 156 18.5
Buffer material and thickness 0.5 um AIN 1.74 um GaN 0.9 um AIN
AN layer x (W/mK) 313 N/A Kin = 248; Koue = 198
Substrate material and thickness 550 um AIN 550 um 4H-SiC
Substrate x (W/m K) 313 Kin = 400; Koo = 303
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FIG. 5. The measured temperature rise of AIN/GaN/AIN-on-AIN TLM structures
employing strained (i.e., AIN XHEMT) and relaxed GaN channels.

behavior, nanoparticle-assisted Raman thermometry was used to mea-
sure the channel temperature of AIN/GaN/AIN-on-AIN transmission
line method (TLM) structures as shown in Fig. 5. Similar to the observa-
tions for HEMT devices, the TLM structure with a thinner strained GaN
channel exhibits a lower temperature rise than the counterpart with a
thicker relaxed GaN channel. These results support the aforementioned
thermal benefits associated with the AIN XHEMT epitaxial structure.

A comparative analysis of the self-heating behavior of AIN/GaN/
AIN HEMTs employing strained/thin (AIN XHEMT) and relaxed/
thick GaN channels was performed using micro-Raman thermometry.
Measurement and simulation results show that AIN/GaN/AIN-on-
AIN HEMTSs offer not only electrical'** but also thermal benefits over
conventional AlGaN/GaN-on-SiC HEMTs when employing a thin
strained GaN channel. Despite SiC possessing a higher « than AIN, the
homoepitaxial AIN buffer layer exhibits a bulk AIN-like thermal con-
ductivity due to the absence of phonon-boundary scattering at the AIN
buffer/substrate interface. These findings highlight that AIN XHEMTs
give promise to enhancing the performance of high-power and high-
frequency radio frequency (RF) applications.
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