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ABSTRACT

To enhance the electron mobility in quantum-well high-electron-mobility transistors (QW HEMTSs), we investigate the transport properties
in AIN/GaN/AIN heterostructures on Al-polar single-crystal AIN substrates. Theoretical modeling combined with experiment shows that
interface roughness scattering due to high electric field in the quantum well limits mobility. Increasing the width of the quantum well to its
relaxed form reduces the internal electric field and scattering, resulting in a binary QW HEMT with a high two-dimensional electron gas
(2DEG) density of 3.68 x 10'>cm™, a mobility of 823 cm®/Vs, and a record-low room temperature (RT) sheet resistance of 206 Q/[].
Further reduction of the quantum well electric field yields a 2DEG density of 2.53 x 10'* cm™* and RT mobility > 1000 cm*/V s. These find-
ings will enable future developments in high-voltage and high-power microwave applications on the ultrawide bandgap AIN substrate

platform.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0190822

GaN-based high-electron-mobility transistors (HEMTs) are a
leading platform in high-voltage and high-frequency applications due
to their wide bandgap, high electron velocities, and the ability to form
heterostructures, yielding high carrier concentration and high electron
mobility.'” GaN HEMTs primarily built with Al(Ga)N/GaN hetero-
structures on silicon, SiC, or sapphire substrates demonstrate high out-
put power density,”” which is now hitting the limitations posed by the
thermal properties of GaN, and its interfaces and thermal properties of
substrates that limit its operational lifetime and degrades their perfor-
mance.” " Several concerns on reliability of GaN HEMTS, such as
trap effects and breakdown voltages, remain unresolved."

To meet the demand for high-power and high-frequency
operation, AIN-based quantum-well (QW) HEMTs offer a promising
alternative platform.ll This structure involves a GaN QW that hosts a
two-dimensional electron gas (2DEG), surrounded by AIN buffer and
barrier layers. The ultrawide bandgap and high critical electric field of
AIN provide a highly electrically insulating buffer with larger break-
down electric fields'’ and higher thermal conductivity than GaN,'*
facilitating efficient heat spreading during device operation.'” The large

polarization discontinuity between AIN and GaN induces a high
density 2DEG, even for very thin AIN top barrier layers. This charge
is effectively confined by the QW due to the large conduction band
offset at the GaN/AIN heterojunctions, making it desirable for high
current amplifiers with ultra-scaled gate lengths. Additionally, QW
HEMTs grown on single-crystal AIN substrates can provide higher
reliability and lower buffer leakage, thanks to their low dislocation
densities,”'” and the absence of thermal boundary resistance with
the substrate.'

Despite these potential benefits, 2DEGs in AIN/GaN/AIN QW
HEMTs'”** have exhibited lower room temperature (RT) electron
mobilities compared to Al(Ga)N/GaN HEMTs (21900 cm?/V's).
This is likely due to two factors: (1) The high electric field in the GaN
QW, which exacerbates scattering23 “*and (2) Coulomb drag from a
2D hole gas (2DHG) coexisting in the same QW.” In this work, we
tackle the first factor by investigating the effect of the vertical electric
field on the electronic transport of QW HEMTs in a combined experi-
mental and theoretical study of homoepitaxial AIN/GaN/AIN QW
HEMTs. The thickness of the well, thus the internal electric field in the
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channel, is systematically varied to understand their effect on electron
mobility.

A series of binary AIN/GaN/AIN heterostructures schematically
depicted in Fig. 1(a) are grown on single-crystal AIN substrates by molec-
ular beam epitaxy (MBE). The thicknesses of the GaN QW (t,,) and AIN
barrier (1) are both systematically varied across multiple samples with
t, = {14, 20, 250} nm and #, = {3, 6} nm. The numerically calcu-
lated energy band diagrams shown in Fig. 1(b) show that as the QW
thickness increases, the vertical electric field in the GaN QW decreases,
resulting in a re-distribution of the electronic wavefunction. The reduc-
tion of the electric field shifts the 2DEG centroid away from the interface,
decreasing the strength of interface roughness (IR) scattering, therefore
enhancing the electron mobility.””” We find that sample C with a thick,
relaxed 250-nm-GaN well achieves a high electron density of
3.68 x 10 cm™ and RT mobility of 823 cm*/V's, resulting in a record-
low RT sheet resistance of 206 Q/[]. Additionally, sample D, featuring a
250-nm-thick GaN well and 2DEG density of 2.53 x 10'> cm ™, demon-
strates an RT electron mobility of 1035 cm?/V s, which shows significant
promise in binary QW HEMTs.

The AIN/GaN/AIN double heterostructures were grown on Al-
polar single-crystal AIN substrates using a Veeco GEN10 molecular
beam epitaxy (MBE) system equipped with Ga and Al standard effu-
sion cells as well as a radio frequency plasma source to supply active
nitrogen species. A constant RF plasma power of 200 W with a N, gas
flow of 0.5 sccm was used, corresponding to a growth rate of 0.24 um/h.
Film growth was monitored in situ using KSA Instruments reflec-
tion high energy electron diffraction (RHEED) apparatus with a Staib
electron gun operating at 14.5kV and 1.45 A. The single-crystal AIN
substrates, with dislocation densities <10* c¢m? were provided by
Asahi-Kasei Corporation.”® Prior to epitaxial growth, the substrates
underwent a well-defined sequence of preparations, as described in our
earlier work.”” After ex situ chemical cleaning in solvents, acids, and a
final rinse in de-ionized water, diced AIN substrates were loaded into
the MBE system and outgassed at 200°C for 7h. Subsequently, the
technique of in situ Al-assisted surface cleaning was employed, which

pubs.aip.org/aip/apl

involves controlled cycles of aluminum adsorption and desorption to
effectively remove surface oxide and establish a clean nucleation
surface.””"

After Al-assisted surface cleaning, a 500 nm AIN buffer layer was
homoepitaxially grown under metal-rich growth conditions, maintain-
ing a constant thermocouple temperature T, = 1200 °C. Excess Al
droplets were then thermally desorbed in situ. This process was moni-
tored by tracking the recovery of the RHEED intensity during desorp-
tion. Subsequently, the substrates were cooled down to T, =850°C in
preparation for the growth of the GaN channel. The active region was
grown continuously, with a deposition sequence of GaN QW, AIN
barrier, and GaN cap, all under metal-rich conditions and without any
growth interruption. After the epitaxial growth, the substrates were
immediately cooled down to RT, and excess Ga droplets were removed
ex situ using HCL

To assess the structural quality of our heterostructures, high-
resolution x-ray diffraction (HRXRD) is performed for each sample
using a Panalytical Empyrean® diffractometer emitting Cu K, radiation
(154 A). Figure 1(c) shows the diffraction patterns of samples A-D,
measured around the (002) symmetric reflection. The theoretical diffrac-
tion patterns indicated by the dashed lines in Fig. 1(c) were calculated
employing a dynamical diffraction model, and the vertical dashed lines
indicate the expected angles for bulk and relaxed AIN and GaN. The
AIN peak is observed at the expected relaxed value. As the GaN QW
thickness increases, the angle for the GaN diffraction peak is seen to
increase and approach its relaxed value, consistent with the decrease in
(002) interplanar spacing. The clearly visible interference fringes in thin-
ner QW (samples A and B) suggest sharp heterointerfaces. This allowed
for the extraction of each layer’s thickness due to the good agreement
between the measured and simulated results. However, the disappear-
ance of clear fringes in thick QW (samples C and D) indicated possible
degradation in crystal quality due to relaxation process, and, therefore,
the thicknesses were estimated based on the growth rate.

To quantify the strain within the GaN channel, reciprocal space
maps (RSM) were measured from each sample. Panels (a) through (d)
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FIG. 1. (a) Schematic of the epitaxial heterostructure in this study. (b) The numerically calculated energy band diagrams and electron densities at AIN/GaN interface. (c)
Measured (solid lines) and simulated (dashed gray lines) diffraction patterns of samples A-D around the (002) symmetric reflection. The vertical dashed lines indicate the

expected angles for bulk, relaxed AIN, and GaN.
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FIG. 2. (a)-(d) RSM around the asymmetric (—105) reflection for samples A-D, respectively. Yellow lines locate the position of strained GaN QW, and red lines indicate the
RLPs of relaxed GaN. GaN RLPs shift from a fully strained position toward a fully relaxed position with increasing QW thickness. (e)~(h) 10 x 10 um? AFM of the as-grown

samples, showing smooth surface morphologies.

in Fig. 2 display the RSM around the (—105) asymmetric peak of GaN
and AIN. The maximum reflection intensity of GaN reciprocal lattice
points (RLPs) is observed to shift from a fully strained position toward
a fully relaxed position with increasing QW thickness. The broadening
of the GaN RLPs indicates defect generation in the QW, which smears
out the peaks.’”’ The extracted a-lattice constants are as follows:
a®N = 3.114A for AIN buffer layer, aSN = 3.114A for samples A
and B, and a® = 3.17A for samples C and D. The in-plane compres-
sive strain of GaN is given by €, = (a5 — a§™N) /aS*N. Owing to
the smaller lattice constant of the relaxed AIN bulk crystal, the GaN
channel in samples A and B exhibits a large compressive strain of
—2.3%. However, with an increase in the QW thickness to 250 nm, the
compressive strain in the GaN channel decreases to —0.6% (samples C
and D).

The effect of the different strain regimes is also seen in the corre-
sponding surface morphologies measured using atomic force micros-
copy (AFM) with an Asylum Research Cypher ES setup. The AFM

scans of samples A and B, shown in Figs. 2(¢) and 2(f), reveal atomic
steps and smooth surface morphologies with sub-nanometer root
mean square (rms) roughness. In contrast, the higher surface rough-
ness of samples C and D with a 250 nm-thick QW stems from the
presence of hillocks and cross-hatch morphology of the surface, indi-
cating dislocation formation due to relaxation of the QW [see Figs. 2(g)
and 2(h)].

Temperature-dependent electronic transport was characterized
by Hall-effect measurements using a Van der Pauw geometry with sol-
dered indium dots as Ohmic contacts. The carrier concentration (1),
mobility (1), and sheet resistance (R;)—at 300 and 10 K—are summa-
rized in Table I and Fig. 3. Panel (a) in Fig. 3 shows the effect of the
QW thickness on the 2DEG density, which increases monotonically
with £,. This is due to the lowering of the internal electric field inside
the well, thereby reducing the subband energy and enabling a larger
electronic population of the well. This trend is in close agreement with
the expected density from self-consistent energy band diagram

TABLE I. 2DEG densities (ns), mobilities (1), and sheet resistance (R;) measured via Hall-effect at 300 and 10K, and calculated internal electric field (F.,g) for samples A-D,

respectively.

300K (20K RIOK nloK LK RUK Fag
Sample (10 cm™?) (cm?/Vs) (Q/0) (108 cm™?) (cm?/Vs) Q/0) (MV/cm)
A 1.99 475 660 191 959 341 445
B 247 618 409 2.40 1290 202 3.90
C 3.68 823 206 3.44 1995 91 2.88
D 2.53 1035 228 2.48 2419 104 2.17

Appl. Phys. Lett. 124, 152111 (2024); doi: 10.1063/5.0190822
Published under an exclusive license by AIP Publishing

124, 152111-3

£2:65:6} ¥20T IMdv 91


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl
(a) (b) ()
o O 300K e O 300K 3000 O 300K
45k A 10K A 10K A 10K
ol — — -Simulation 2500 | 2500 | A
"= a5l _ c| - R “
532 ,,_——5’-9’1"1—2 22000 - Z2000
°30F .7 5 g
~ I/ 5]
z2st@B _ _b73m @D | Z1500f %1%0-
5] s = st
S20 @A f, (., = Z
[} -
81.5 [, e i = 1000 S 1000 [
(9, 1.0 _:,’ B| 6nm 20 nm
" c| 6mm [ 250mm 500 | 500
|
0.5 :, D| 3nm 250 nm NSesuza | i
00 L 1 3 1 1 1 1 1 1 0 1 1 1 1
0 50 100 150 200 250 300 0 1 3 4 5 0 1 2 3 4 5

QW Thickness (nm)

2DEG density (10" cm™)

2DEG density (10" cm™)

FIG. 3. (a) Measured 2DEG densities for samples A-D at 300 and 10K, along with the simulated 2DEG density as a function of QW thickness (t,). (b) Measured mobility vs
2DEG density for samples A-C with different QW thickness (t,) at 300 and 10K. (c) Measured mobility vs 2DEG density for samples C-D with different AIN barrier thickness

() at 300 and 10K.

simulations indicated by the dashed lines in Fig. 3(a). The calculations
used a self-consistent Schrodinger—-Poisson solver with a surface bar-
rier height of 0.3eV.””” The measured 2DEG densities remain nearly
unchanged down to cryogenic temperatures, confirming their
polarization-induced origin. Increasing the QW thickness enhances
the 2DEG density, a trend consistently supported by both measured
and simulated results. The simulated trend assumes a pseudomorphic
growth of GaN on the AIN buffer. However, in cases where the GaN
QW relaxes, the 2DEG density is expected to be higher due to tensile
strain in the AIN barrier, introducing piezoelectric polarization in the
AIN barrier.

Figures 3(b) and 3(c) display the measured mobilities vs 2DEG
density for samples A-D at 300 and 10 K. In Fig. 3(b), for samples A-C
with a constant AIN barrier thickness (t, = 6 nm), both the 2DEG den-
sities and mobilities increase with the QW thickness. This observed
trend is attributed to the reduced internal electric field in the well,
leading to a noticeable shift toward the corner of the graph with lower
sheet resistance. Notably, sample C, with t;/t,, = 6 /250 nm, exhibits
a 2DEG density of 3.68 x 10" cm™? with Hall-mobility of 823
(1995) cm?/V s at 300 (10) K, resulting in a record-low RT sheet resis-
tance of 206 Q/[]. Enhanced mobility was further achieved by reducing
the AIN barrier thickness to 3 nm, as evident when comparing samples
C-D in Fig. 3(c). This improvement is due to the further reduced IR
and phonon scattering. Sample D, with f,/t,, = 3 nm/250 nm and
2DEG density of 2.53 x 10'* cm~2, demonstrates a Hall-mobility of
1035 (2419) cm?/V s at 300 (10) K.

It has been a long-standing question whether the 2DHG at the
bottom GaN/AIN heterojunction might be influencing the 2DEG
mobilities.”"”> A potential concern arises from the fact that Hall-effect
measurements are sampling the parallel conduction of both 2DEG and
2DHG. If parallel conduction originates from two channels with hole
and electron densities represented as n, and p, along with

corresponding mobilities 11, and f,,, then the apparent measured den-
sity npn and mobility i, at low magnetic field are given by

(00 + O'p)z

O'pup + O'n/ln
Oplly — Oufly,’

and =
Hyan ont 0,

qhHal = ’

where 6, = q X n; X , and g, = g X ps X p, are the conductivities
of the two layers and q is the magnitude of the electron charge.’® The
conductivity at low magnetic field is dominated by the higher mobil-
ity carriers. Using the above expressions, the 2DEG mobility (u,,) is
extracted from the measured “apparent” Hall mobility (). For
this analysis, we measured the hole conductivity (g,) experimentally
in a 2DHG GaN/AIN structure without the AIN top barrier that
induced the 2DEG.”” The schematic of this control sample, grown
under identical conditions as the AIN/GaN/AIN heterostructures,
and its temperature-dependent Hall-effect measurements are shown
in Fig. S1 (supplementary material). Figure S2 presents the measured
and extracted 2DEG density and mobility data as a function of tem-
perature for samples A-D. The difference between the extracted and
measured 2DEG density is within 10%, and mobility variation is
below 5%. Furthermore, conductivity exhibits a noticeable rise as the
QW thickness increases, making the error introduced by neglecting
the 2DHG in measuring the 2DEG mobility even more negligible.
Another concern regarding the presence of 2DHG is the electron—
hole scattering in narrow GaN wells, giving rise to Coulomb drag.
These carrier-drag effects have been previously measured in
modulation-doped GaAs QW, showing a decrease in the momentum
relaxation time of electrons at low temperature.58 In the future, for
the AIN/GaN/AIN structures discussed here, we will focus on remov-
ing the mobile holes by n-type compensation doping, a strategy that
has been previously used in N-polar GaN HEMTS to prevent the for-
mation of the 2DHG.””"
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To identify the scattering mechanisms that limit the channel
mobility, we employ temperature-dependent Hall-effect measurements
in conjunction with a theoretical transport model, as shown in Fig. 4.
The black solid circles are the extracted electron mobilities using the
parallel conduction model described earlier. The black lines represent
the total calculated mobility according to Matthiessen’s rule, including
contributions from acoustic phonon (AP), polar optical phonon
(POP), and interface roughness (IR) scattering.

Analysis of Fig. 4 reveals that the intrinsic electron mobility at RT
is determined predominantly by POP scattering’' with a weaker con-
tribution by AP scattering,"* Upon lowering the temperature, the elec-
tron mobility increases monotonically due to phonon freeze out,
reaching saturation indicating the presence of a temperature-
independent IR scattering mechanism. In Figs. 4(a) and 4(b), it is seen
that the POP scattering is nearly similar for all samples A-D, and the
primary differences at all temperatures arise due to IR scattering.

An explicit expression for the scattering rates due to IR relevant
to nitride quantum wells has been previously derived in Refs. 43 and
27. This scattering mechanism exhibits a dependence on the internal
electric field (g o< 1/ Ffvg), QW thickness (pyp o< tg,), roughness

(g o< 6%), and screening factor due to the large 2DEG density. The
weighted average electric field experienced by the electrons is calcu-
lated by Fyg = %, where n(z) and F(z) are the local electron
density and electric field, obtained from the self-consistent
Schrodinger-Poisson solver, respectively." The statistical properties of
the IR are characterized by the correlation length (A) and roughness
parameter (9). In this study, A is set at 1.25 nm, a value widely used in
Ill-nitride heterojunctions.”* In contrast, ¢ is treated as a fitting
parameter. We found that ¢ is of the same order of magnitude as the
experimentally measured rms roughness, with ¢ ~ 0.3 nm for samples
A and B, and 6 ~ 0.4 nm for samples C and D.

(a) (b)

ARTICLE pubs.aip.org/aip/apl

Figures 4(a) and 4(b) indicate that the theoretically calculated
electron mobilities are in good agreement with the experimentally
measured values for all samples. Other scattering mechanisms, such as
dislocation scattering and impurity scattering, were also considered
but were found to be much weaker than those shown in the same fig-
ure. Panel (a) in Fig. 4 compares the temperature dependence of the
electron mobility and each individual scattering mechanism across
samples with increasing QW thickness. Notably, the strength of the IR
scattering decreases monotonically from sample A to sample C as the
QW thickness increases. This reduction is primarily attributed to the
lowering of the electric field in the channel as the QW thickness
increases from 14 to 250 nm. As indicated in Table I, F,,; decreases
from 4.45 (sample A) to 2.88 MV/cm (sample C) with increasing QW
thickness. The diminished electric field shifts the 2DEG centroid away
from the interface, mitigating IR scattering influenced by the 1/ szg
dependence. Simultaneously, the thick QW significantly decreases IR
scattering due to the ¢ dependence. The higher 2DEG density present
in thicker QWs provides a better screening of the scattering potential.
Despite the higher surface roughness of relaxed QW HEMTs, the
reduction in the internal electric field and stronger 2DEG screening
outweigh the effects of the roughness. Consequently, these combined
factors give rise to the reduction in IR scattering, leading to the
observed improvements in mobility and noticeable reduction in sheet
resistance to a record-low value R;=206 Q/[] at RT in sample C. In
contrast, for samples with strained QW layers in samples A and B, the
impact of IR scattering outweighs that of phonon scattering, resulting
in pt, < 700 cm?/V s and Ry > 400 Q/[] (see Table I).

To further improve the electron mobility, we varied the top AIN
barrier. The last row of Table I indicates that a thinner AIN barrier of
t,=3nm reduces the internal electric field in sample D further to
approximately 2.17 MV/cm. This results in a shift of the 2DEG cen-
troid away from the interface, lowering the electron density and
increasing the mobility. Future changes in heterostructure design to

10° Fix t, = 6 nm b 10t Fi 250
= ixt,= nm
i . Hap = Hap

N R e— — b FIG. 4. Temperature dependent Hall-effect
A | 14mm 6 nm measurements with a theoretical transport
5000 B 20 nm Upop 5000 model. The black solid circles are the
. _— . extracted electron mobilities using the par-
@ C | 250 nm ; allel conduction model. The black lines
NZ & represent the total calculated mobility
g g |\ MR according to Matthiessen’s rule, including
2 R 3 A contributions from AP scattering (orange
B gt S gy 2 lines), POP scattering (blue lines), and IR
= -"05‘ = scattering (green lines). (a) Comparison
= Wrotal i‘ <3 HTotal between samples A (t,=14nm, dot-
S = dashed lines), B (t,=20nm, solid lines),
and C (f,=250nm, dashed lines) with
1000t @---4X-.-. rariigTimiTim e 1000 constant f, of 6nm. (b) Comparison
between samples C (f,=6nm, solid
lines) and D (t, = 3 nm, dashed lines) with

constant £,, of 250 nm.
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further reduce the electric field in the well will be useful in elevating
electron mobility.

To put these results into perspective, Fig. 5 presents a benchmark
comparison of the 2DEG density and RT mobility for the samples in
this study, alongside data from previously reported metal-polar Al(Ga)
N/GaN/Al(Ga)N***"~*" and all binary AIN/GaN/AIN'#12197223% het.
erostructures. The color scale on the right indicates the thickness of
the GaN channel. The previous reports include heterostructures grown
on different substrates (e.g., SiC, sapphire, and Si) using various growth
techniques (metalorganic chemical vapor deposition, metalorganic
vapour-phase epitaxy, and MBE). The trend observed is that high elec-
tron mobilities are attained for thick and relaxed GaN channels with
ng ~ 1 x 10 cm~2 with the incorporation of alloy AlGaN layers in
either the top barrier, or buffer layer, or both (triangles in Fig. 5).""*
In the previously reported binary QW HEMTs with AIN top barriers
(circles in Fig. 5),"*'>'7?>** RT mobility is limited to 800 cm*/V's. In
this work, we demonstrate binary QW HEMTs achieving RT mobility
exceeding 1000 cm®/V s (sample D). Furthermore, the lowest recorded
RT sheet resistance of 206 Q/[] (sample C) was achieved here among
all reported QW HEMTs. However, the price paid in achieving this
high mobility and low sheet resistance is the relaxation of the GaN
channel, mediated by the generation of dislocations. Previous studies
have shown that higher dislocation densities in GaN enhance phonon-
dislocation scattering, thereby decreasing its thermal conductivity.”">*
Therefore, to avoid thermal degradation due to dislocations, methods
to reduce the electric field without increasing the GaN channel thick-
ness beyond the critical thickness of relaxation are desired to fully take
advantage of the AIN HEMT platform.

In summary, we investigated the electronic transport in AIN/
GaN/AIN QW HEMTs by concurrently varying the QW thickness
and internal electric field in the well. We demonstrated high-quality
growth of binary QW HEMTS on single-crystal AIN substrates, featur-
ing sharp heterointerfaces, smooth surface morphology, and superior
electron mobility compared to prior binary QW HEMTs. Through
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2000l A . & AlGaNGaNAIGaN [T R
Al il % This work-AIN/GaN/AIN 200
S 1s500F L £l 160
D S il T 140
2z G 120
g L
E 750 80
500} o
40
250 e o i == A SN 20
0 L L I 1
0 1 2 3 4 5

2DEG density (10'% cm™)

FIG. 5. Benchmark comparison of 2DEG density and RT mobility for samples A-D
(stars), alongside the previously reported metal-polar Al(Ga) N/GaN/AI(gGa;N (trian-
gles)”“"~*" and all binary AIN/GaN/AIN heterostructures (circles).'* "

pubs.aip.org/aip/apl

controlled variations in the QW and AIN barrier thickness, we effec-
tively modulated the 2DEG density and mobility by strategically
engineering the electric field. Temperature-dependent Hall mea-
surements, combined with theoretical analysis, confirm that IR scat-
tering is the primary mobility-limiting factor in QW HEMTs. By
employing a wider QW design to reduce the electric field, we dem-
onstrated RT mobility of 1035 cm?/V's with a 2DEG density of
2.53 x 10¥ cm~2 in sample D. Additionally, in sample C, we
recorded the lowest RT sheet resistance of 206 Q/[], outperforming
all previously reported QW HEMTs. These breakthroughs open ave-
nues for next-generation high-power RF electronics that take advan-
tage of the high electrical resistivity and thermal conductivity of the
AIN platform.

See the supplementary material for the material parameters used
for energy band diagram simulation and mobility calculations.
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