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ABSTRACT

Polarization-induced two-dimensional electron gases (2DEGs) in AlN/GaN/AlN quantum well high-electron-mobility transistors on ultra-
wide bandgap AlN substrates offer a promising route to advance microwave and power electronics with nitride semiconductors. The electron
mobility in thin GaN quantum wells embedded in AlN is limited by high internal electric field and the presence of undesired polarization-
induced two-dimensional hole gases (2DHGs). To enhance the electron mobility in such heterostructures on AlN, previous efforts have
resorted to thick, relaxed GaN channels with dislocations. In this work, we introduce n-type compensation d-doping in a coherently strained
single-crystal (Xtal) AlN/GaN/AlN heterostructure to counter the 2DHG formation at the GaN/AlN interface, and simultaneously lower the
internal electric field in the well. This approach yields a d-doped XHEMT structure with a high 2DEG density of !3:2" 1013 cm#2 and a
room temperature (RT) mobility of ! 855 cm2/Vs, resulting in the lowest RT sheet resistance 226.7X=w reported to date in coherently
strained AlN/GaN/AlN HEMT heterostructures on the AlN platform.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0228253

Ultrawide bandgap AlN-based quantum well (QW) high-elec-
tron-mobility transistors (HEMTs) offer a promising alternative plat-
form for high-power and high-frequency amplifiers.1,2 This structure
features a thin, coherently and compressively strained GaN QW
enclosed between an unstrained top AlN barrier, and a thick,
unstrained epitaxial AlN buffer layer. The high thermal conductivity of
the AlN buffer layer3 improves heat dissipation, while its ultra-wide
energy bandgap provides electrical insulation, eliminating the need for
compensation doping in the buffer layer. Additionally, this wide
bandgap improves the breakdown electric field in the devices.4,5 The
large polarization discontinuity between AlN and GaN induces a two-
dimensional electron gas (2DEG), and the large conduction band offset
between AlN and GaN confines the 2DEG in the QW.6 While such
AlN/GaN/AlN heterostructures can be realized on SiC, Si, or sapphire
substrates, the highest performance transistors are attainable in
HEMTs or XHEMTs on single-crystal (Xtal) AlN substrates because of
a ! millionfold decrease in dislocation density,7,8 and the near elimi-
nation of the thermal boundary resistance with the substrate.9

Though 2DEGs in AlN/GaN/AlN heterostructures have exhibited
respectable 2DEG densities of ns !2# 3" 1013 cm#2, they exhibit
lower room temperature (RT) electron mobilities l ! 600 cm2/Vs and
comparable sheet resistances Rs ! 400–500X=w10–14 to conventional
AlGaN/GaN HEMTs on relaxed GaN layers (l ! 1500 cm2/Vs, ns
!1013 cm#2 and Rs ! 400X=w). The electron mobility in AlN/GaN/
AlN heterostructures is currently limited by two factors: (1) A strong
internal electric field in the well,15,16 and (2) a polarization-induced
two-dimensional hole gas (2DHG)17,18 that coexists with 2DEG in the
same QW, confined by the valence band offset between AlN and GaN
at the opposite interface of the 2DEG. This 2DHG can degrade the
measured apparent 2DEG mobility by parallel conduction.14,19–21 In
narrow wells, the close proximity of the bilayer can cause Coulomb
drag, resulting in further reduction of electron mobility.22 For n-
channel transistor operation, the empty electron states (holes in the
2DHG) in the valence band can trap electrons from the channel and
release them slowly, causing the ac current to be lower than in dc,
degrading transistor performance.
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In a recent study of AlN/GaN/AlN heterostructures on single-
crystal AlN substrates,23 enhancing RT electron mobility to over
1000 cm2/Vs was achieved by reducing the vertical electric field by
increasing the GaN QW thickness to its relaxed form. The drawback
of this approach is the introduction of dislocations in the GaN channel.
In this work, we present a distinct XHEMT design which incorporates
n-type compensation d-doping in a coherently strained QW. The
d-doping (1) removes the polarization-induced 2DHG in the QW, and
(2) reduces the internal electric field in the well. The approach is simi-
lar in spirit to n-type doping in N-polar GaN HEMTs on GaN, where
it eliminates undesired 2DHGs and positively charged donor traps.
The trap states have been accused of causing dispersion24 and anoma-
lous output conductance25 in HEMTs, and of degrading the quantum
efficiency of light emitting diodes.26

The key criterion to prevent these effects hinges on designing a
heterostructure that pulls the valence band edge Ev sufficiently below
the Fermi level EF to eliminate 2DHG formation and to ensure trap
states remain filled. We epitaxially grew undoped QW HEMT and
d-doped XHEMT heterostructures on Al-polar single-crystal AlN sub-
strates, as depicted in Figs. 1(a) and 1(b). The thickness of each layer is
kept identical for both samples to focus on the impact of d-doping. We
first calculated the energy band diagram and carrier density for both
structures by using a self-consistent Schr€odinger–Poisson solver with a
surface barrier height of 0.5 eV, neglecting defects and traps. The

energy band diagram of the undoped QWHEMT structure in Fig. 1(c)
shows the high polarization-induced electric field in the 20 nm GaN
QW. Figure 1(e) shows that at the top AlN/GaN heterojunction
! 7 nm below the surface, a net positive polarization sheet charge
induces a mobile 2DEG with a density of ns ¼ 2:23" 1013 cm#2,
whereas at the bottom GaN/AlN heterojunction ! 27nm below the
surface, a net negative polarization sheet charge induces a mobile
2DHG with a density of ps ¼ 3:91" 1013 cm#2.

Figure 1(d) shows the calculated energy band diagram of the
d-doped XHEMT structure introduced in this work. We applied
d-doping within the GaN QW, 1nm away from the GaN/AlN buffer
interface,!26 nm below the surface. Introducing d-doping with donor
density of rd ¼ 4" 1013 cm#2 does not completely remove the
2DHG. Increasing the doping to rd ¼ 5" 1013 cm#2 pulls Ev
completely below EF , and keeps EF inside the energy gap. Further
increasing the doping density to rd ¼ 6" 1013 cm#2 results in the
formation of an undesired second electron channel and EF > Ec at the
delta-doping plane. Following these calculations, we grew a series of
samples with varying rd. The 2DEG density increases with higher dop-
ing density. The electron mobility remains relatively unchanged at low
d-doping density. The sample with rd ¼ 5" 1013 cm#2 indeed exhib-
ited the lowest sheet resistance and highest electron mobility. In con-
trast, the sample with higher d-doping density shows a decline in
electron mobility, likely due to the parallel conduction in the QW. In

FIG. 1. (a) Schematic of the epitaxial undoped AlN/GaN/AlN QW HEMT heterostructure. (b) d-doped AlN/GaN/AlN XHEMT heterostructure includes a sheet of n-type donors
rd. (c) and (d) Simulated energy-band diagrams of the undoped QW HEMT and d-doped XHEMT heterostructures, respectively. Incorporating d-doping with a donor density of
rd ¼ 5" 1013 cm#2 shifts the valence band Ev farther below the Fermi level EF . (e) and (f) Simulated carrier density profile of the undoped QW HEMT and d-doped XHEMT,
respectively. High-density 2DEG is confined at the top AlN/GaN interface ! 7 nm below the surface. N-type d-doping eliminates the presence of 2DHG at the GaN/AlN interface
! 27 nm below the surface. The insets in panels (e) and (f) show the energy of the electronic subbands and the squared-amplitude of the electronic wavefunctions in the
undoped QW HEMT and d-doped XHEMT heterostructures, respectively.
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the rest of this work, we discuss the structural and electronic transport
properties of the optimal d-doped XHEMT with rd ¼ 5" 1013 cm#2,
comparing it with the undoped QW HEMT (rd ¼ 0), and leave
detailed studies of the extended series to a future work.

Figures 1(d) and 1(f) show that rd ¼ 5" 1013 cm#2 eliminates
the 2DHG, reduces the internal electric field in the QW, and shifts Ev
far below EF compared to the undoped structure in Fig. 1(c), where
EF < Ev at ! 27 nm below the surface. The reduced internal electric
field moves the centroid of the 2DEG away from the interface at
! 7 nm below the surface. This is expected to decrease interface rough-
ness (IR) scattering and enhance the electron mobility.27,28 Hall effect
measurements reveal that the d-doped XHEMT exhibits a 2DEG
density of ns ¼ 3:24" 1013 cm#2 and RT electron mobility of l
¼ 854.6 cm2/Vs, resulting in a RT sheet resistance of Rs ¼ 226.7X=w.
In contrast, the undoped QW HEMT experimentally exhibits a
higher RT Rs ¼ 501.9X=w, with ns ¼ 2:04" 1013 cm#2 and RT
l¼ 611.1 cm2/Vs. The XHEMT achieves a> 2X lower sheet resistance
compared to the undoped QWHEMT structure.

We used a Veeco GEN10 molecular beam epitaxy (MBE) system
equipped with a nitrogen radio frequency (RF) plasma source and Al,
Ga and Si standard effusion cells to grow the AlN/GaN/AlN hetero-
structures shown in Figs. 1(a) and 1(b). These heterostructures were
grown on single-crystal AlN substrates with dislocation densities less
than 104 cm#2 from Crystal IS.29 Prior to epitaxial growth, the single-
crystal AlN substrates underwent essential cleaning steps described in
our earlier work.30 After ex situ cleaning in solvents and acids, we
loaded the diced AlN substrates into the MBE system, outgassed them
at 200 %C for 7 h, and performed in situ Al-assisted surface cleaning,
which involves repeated cycles of aluminum adsorption and desorp-
tion to remove the native surface oxide and allow high-quality
homoepitaxy.30,31

After the cleaning process, we grew a 500nm homoepitaxial AlN
buffer layer under metal-rich conditions and at a thermocouple tem-
perature of Tc ¼ 1060 %C to ensure step-flow growth mode and high
crystallinity. We then thermally desorbed excess Al droplets in situ.
Subsequently, we grew the active region continuously, consisting of a
20 nm GaN QW, 6nm AlN barrier, and 1nm GaN cap, under metal-
rich conditions and without any growth interruptions. This was done
with the RF plasma power of 200W and a N2 gas flow of 0.35 sccm,
corresponding to a growth rate of 0.2lm/h. For the undoped QW
HEMT, we held the substrate for the active region at a thermocouple
temperature Tc ¼ 850 %C. For the d-doped XHEMT, we adjusted it to
Tc ¼ 820 %C to ensure the presence of Ga droplets on the surface dur-
ing the d-doping process. Silicon d-doping was incorporated after
deposition of 1 nm GaN.We calibrated the d-doping condition using a
separate MBE-grown silicon-doped GaN sample using a silicon cell
temperature of 1195 %C, yielding a 3D doping density of 1:23" 1019

cm#3. During d-doping, we opened the silicon shutter while keeping
the Ga and N shutters closed and the N2 plasma on, for the time
needed to achieve rd ¼ 5" 1013 cm#2. The silicon doping level in a
separate d-doped XHEMT was experimentally confirmed using sec-
ondary ion mass spectrometry (SIMS) by the Evans Analytical Group
to be rd ¼ 5:5" 1013 cm#2. Once the d-doping process was com-
pleted, we promptly opened the Ga and N shutters to resume the
growth of the remaining 19 nm GaN QW and subsequent layers. After
the epitaxial growth, we cooled down the substrates immediately to RT
and removed excess Ga droplets ex situ using HCl.

We assessed the structural quality of the heterostructures by
high-resolution x-ray diffraction (HRXRD) with a Panalytical
EmpyreanVR diffractometer emitting Cu Ka1 radiation (1.54 Å). The
solid lines in Fig. 2(a) show the measured diffraction patterns of both
samples around the (002) symmetric reflection. The dashed red lines
in Fig. 2(a) are the theoretical diffraction patterns calculated using a
dynamical diffraction model. Clearly resolved interference fringes sug-
gest sharp heterointerfaces. We extracted the thicknesses of each layer
from the good agreement between the measured and calculated dif-
fraction patterns, showing precise control over thicknesses. Both the
undoped and d-doped samples consist of the following layer structure:
1 nm GaN cap/6 nm AlN barrier/20nm GaN channel/500 nm AlN
buffer grown on top of a single-crystal AlN substrate. The reciprocal
space maps (RSMs) around the asymmetric (#105) diffraction in Figs.
2(b) and 2(c) show coherently strained GaN layers throughout both
heterostructures. This implies that silicon incorporation has no mea-
surable structural impact on the strain of the film. The estimated dislo-
cation density in such heterostructure is expected to be similar to that
of the substrate, as no additional dislocations are introduced due to the
strained GaN QW layer. We characterized the surface morphologies
using atomic force microscopy (AFM) with an Asylum Research
Cypher ES setup. Figures 2(d) and 2(e) show atomic steps, suggesting
step-flow growth mode. Additionally, the sub-nanometer root mean
square (rms) roughnesses indicate smooth surface morphologies.

We conducted temperature-dependent Hall effect measurements
using a Van der Pauw geometry with soldered indium dots as Ohmic
contacts. The carrier concentration ns, mobility l, and sheet resistance
Rs—at 290 and 10K—are summarized in Table I and shown in Fig. 3.
Figure 3(a) shows that the 2DEG sheet densities of both the undoped
and d-doped samples remain unchanged down to cryogenic tempera-
tures, confirming their polarization-induced origin. Silicon d-doping is
seen to increase the 2DEG density from 2:04" 1013 cm#2 in the
undoped case to 3:24" 1013 cm#2 in the XHEMT due to modulation
doping effect. Electrons supplied by donors end up in three locations:
(1) They compensate the 2DHG and any traps near the bottom GaN/
AlN interface ! 27nm below the surface. (2) Most of the remaining
electrons end up in the QW near the top AlN/GaN interface !7 nm
below the surface, where they become confined and contribute to con-
ductivity. Consequently, the internal electric field in the well decreases,
resulting in flattened energy bands and lower subband energies. (3) A
small portion of the donor electrons can end up on the surface to help
the system achieve thermal equilibrium.

In the inset of Fig. 1(e), the calculated energy band diagram and
electronic subband energies of the undoped structure result in a single
subband occupation, with its ground state energy E1 positioned
0.266 eV below EF . In contrast, the d-doped XHEMT has two sub-
bands occupied as shown in the inset of Fig. 1(f). The second subband
minimum E2, located only 0.056 eV below EF , is relatively shallow.
The majority of electrons at this AlN/GaN heterojunction also occupy
the first subband, with its minimum E1 situated 0.33 eV below EF . The
experimentally measured 2DEG densities for both heterostructures are
close to the calculated densities from a self-consistent Schr€odinger–
Poisson solver with a surface barrier height of 0.5 eV.

Figure 3(b) shows that the mobilities measured in both samples
increase monotonically with decreasing temperature due to phonon
freeze out. At low temperatures, the mobility saturates due to
temperature-independent IR scattering. The RT mobility increases
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from 611.1 cm2/Vs in the undoped QWHEMT to 854.6 cm2/Vs in the
d-doped XHEMT. At 10K, the mobility rises from 1211.5 cm2/Vs in
the undoped QW HEMT to 2240.2 cm2/Vs in the d-doped XHEMT.
As a result of the increased 2DEG density and mobility, the d-doped
XHEMT achieves a reduction in sheet resistance by over 2X, resulting
in a RT sheet resistance of 226.7X=w, as illustrated in Fig. 3(c).

One may expect that remote Coulomb scattering from donors at
the d-doped layer would degrade the mobility, which is clearly not
observed experimentally. Through direct calculation, we find the effect
of Coulomb scattering by the d-dopants is negligible in this heterostruc-
ture compared to the phonon and IR scattering mechanisms that are
shown in Fig. 3(b). Figure 3(b) also shows the calculated electron mobil-
ity with various scattering mechanisms against the experimentally

measured temperature-dependent mobility, aiming to understand the
physical origin underlying the improved electron mobility in the
d-doped XHEMT. For calculating mobilities, we used an electron effec-
tive mass m&

c ¼ 0:25me measured by Shubnikov-de-Haas oscillations
in these heterostructures, whereme is the free electronmass. This slightly
higher electron effective mass compared to standard AlGaN/GaN heter-
ostructures with m&

c ' 0:22me
35–39 may be due to the nonparabolicity

of electronic subband at high energies combined with the compressive
strain in the GaN channel.40 A comprehensive magnetotransport study
of these heterostructures, including quantum oscillations that enable a
measurement ofm&

c , will be presented in a future work. In the remaining
part of this work, we discuss why d-doping makes XHEMTs an attrac-
tive solution for high performance electronic devices.

TABLE I. The measured 2DEG densities (ns), mobilities (l) and sheet resistances (Rs) by Hall effect measurement at 290 and 10 K, and the calculated average electric field
(Favg ) for the undoped QW HEMT and d-doped XHEMT structures, respectively.

Sample n290Ks (1013 cm#2) l290K (cm2/Vs) R290K
s (X=w) n10Ks (1013 cm#2) l10K (cm2/Vs) R10K

s (X=w) Favg (MV/cm)

Undoped 2.04 611.1 501.9 2.01 1211.5 255.9 3.80
d-doped 3.24 854.6 226.7 3.21 2240.2 86.86 2.84

FIG. 2. (a) Measured (solid lines) and simulated (dashed lines) Omega/2Theta X-ray diffraction scans across the symmetric (002) reflection for both the undoped QW HEMT
and d-doped XHEMT, confirming the target thickness and sharp interfaces. (b) and (c) X-ray reciprocal space maps (RSMs) around the asymmetric (#105) reflection for the
undoped QW HEMT and d-doped XHEMT, respectively. Silicon d-doping does not have a measurable structural impact on the strain state of the film. (d) and (e) 10" 10 lm2

and 2" 2lm2 atomic force microscopy (AFM) scans of the as-grown undoped QW HEMT and d-doped XHEMT, respectively, showing atomic steps and smooth surface
morphologies.
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In an earlier work, we identified IR scattering as the primary
mobility-limiting factor in the undoped AlN/GaN/AlN heterostruc-
tures.23 In Fig. 3(b), it is seen that the mobility lines limited by acoustic
(AC)32 and polar optical phonon (POP)33 are similar for samples with
and without d-doping. The main difference at all temperatures is
attributed to IR scattering28,34 using the same correlation length
K¼ 1.25 nm41,42 for both samples, and the interface roughness param-
eter D¼ 0.27 nm for the undoped QW HEMT, and D¼ 0.36 nm
for the d-doped XHEMT. These (buried) interface roughness parame-
ters are of the same order of magnitude as the experimentally
measured rms surface roughness. The IR scattering rate depends
quite strongly on the internal electric field (Favg) and screening fac-
tor.28 The average electric field at the electron wavefunction location is

Favg ¼
Ð
nðzÞ"FðzÞ dzÐ

nðzÞ dz
where nðzÞ and FðzÞ are the local electron density

and electric field respectively.23,43 The introduction of d-doping
reduces Favg by 25% from 3.80MV/cm in the undoped QW HEMT to
2.84MV/cm in the d-doped XHEMT. The reduced Favg moves the
2DEG centroid away from the interface. In addition, the increased
2DEG density in the d-doped XHEMT enhances the screening of the
scattering potential. These combined effects reduce IR scattering and
enhance the channel mobility. Of particular note is the nearly doubled
low-temperature electron mobility observed in the d-doped XHEMT,
attributed to reduced IR scattering. The elimination of the 2DHG
removes potential drag effects and parallel conduction.

Figure 4 benchmarks the 2DEG density and RT mobility of the
d-doped XHEMT introduced in this work against previously reported
coherently strained AlN/GaN/AlN heterostructures. The RT mobilities
of undoped heterostructures were limited to 620 cm2/Vs, as indicated
by the black triangles12,14,23 in Fig. 4. To address this limitation,
initial enhancements were made by relaxing the GaN channel, result-
ing in RT electron mobility > 1000 cm2/Vs and RT sheet

resistance < 300X=w,2,14,23 as shown by the gray circles in Fig. S1 in
the supplementary material. But issues such as strain relief mediated
by dislocation formation have been shown to cause increased disper-
sion and higher gate leakage currents in HEMTs.44,45 Additionally, the
high dislocation density in GaN enhances phonon-dislocation scatter-
ing, consequently decreasing its thermal conductivity.46,47 In this work,
d-doped XHEMTs are seen to attain the highest RT mobility of
854.6 cm2/Vs and lowest RT sheet resistance of 226.7X=w among all

FIG. 3. Temperature-dependent (a) 2DEG density, (b) electron mobility and (c) sheet resistance for both the undoped QW HEMT (black circles) and d-doped XHEMT (blue
circles). The d-doped XHEMT exhibits higher 2DEG density and electron mobility, resulting in a significant reduction in sheet resistance. Panel (b) includes a theoretical trans-
port model. Dashed lines are scattering-limited mobilities for the undoped QW HEMT, while solid lines are those for the d-doped XHEMT. The black lines are the total calculated
mobility (lTotal) according to Matthiessen’s rule, combining contributions from three scattering mechanisms: acoustic phonon scattering (lAP, orange lines),

32 polar optical pho-
non scattering (lPOP, blue lines),

33 and interface roughness scattering (lIR, green lines).
28,34

FIG. 4. Benchmark comparison of RT 2DEG density and mobility between the
d-doped XHEMT and previously reported coherently strained AlN/GaN/AlN hetero-
structures, with GaN QW thicknesses ranging from 14 to 20 nm.12,14,23
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coherently strained AlN/GaN/AlN heterostructures reported to date,
without paying the penalty of relaxing the GaN channel and maintain-
ing single-crystal properties throughout the whole heterostructure. To
further enhance electron mobility in future heterostructure designs,
advancements should build upon d-doped XHEMT. Potential meth-
ods include reducing the 2DEG density and internal electric field in
the well, which is achievable by replacing the AlN barrier with a coher-
ently strained AlGaN barrier.

In summary, silicon d-doping enhances the 2DEG density and
mobility in AlN/GaN/AlN HEMT heterostructures without relaxing
the GaN channel and forming dislocations. The d-doped XHEMT, fea-
turing a coherently strained GaN QW layer, is grown on a single-
crystal AlN substrate. The d-doping compensates 2DHGs and reduces
the internal electric field in the well. This results in a high 2DEG den-
sity of 3:24" 1013 cm#2 and a high RTmobility of 854.6 cm2/Vs, lead-
ing to a RT sheet resistance of 226.7X=w. The highest RT mobility
and lowest sheet resistance in coherent, unrelaxed AlN/GaN/AlN
HEMT heterostructures render them highly effective for RF and
power electronics on the AlN platform. A large number of the channel
transport advantages reported here by d-doping in XHEMTs on
single-crystal AlN substrates can also be enjoyed in AlN/GaN/AlN
HEMTs with strained GaN QW channels on SiC, sapphire, or Si
substrates.

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