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AIScN/GaN Multichannel Heterostructures Grown by
Metal-Organic Chemical Vapor Deposition

Teresa Duarte,* Isabel Streicher, Patrik Straridk, Lutz Kirste, Mario Prescher, Niklas Wolff,
Susanne Beuer, Lorenz Kienle, Riidiger Quay, and Stefano Leone*

GaN-based high-electron-mobility transistors (HEMTs) are essential for
high-volume data transmission and energy conversion because of their high
breakdown voltages and power density. By vertically stacking multiple 2D
electron gases (2DEGs), it is possible to take advantage of the high electron
mobility of these heterostructures while increasing the sheet carrier density.
Using AlIScN as the barrier material can further augment device performance
by increasing the sheet charge carrier densities and reducing channel
resistance. Given the possibility of lattice-matching of AIScN with GaN,
strain-free layers can be grown. Here, the successful growth of multichannel

volumes, and switching of higher
currents.!3] In particular, GaN-based
high-electron-mobility transistors
(HEMTS) are already available on the
market as they provide high break-
down voltages, high power density, and
output power at higher frequencies.

Despite significant progress in GaN
HEMT technology, the fundamental
trade-off between charge carrier mobility
(u) and sheet carrier density (n,) presents

heterostructures with different period combinations by metal-organic
chemical vapor deposition (MOCVD) is reported for the first time. A
five-period multilayer structure exhibits carrier densities of 2.5 x 10" cm~2,
mobility above 1900 cm? V~' s~7, and sheet resistance as low as 129 Q sq~".

1. Introduction

The need for reliable, efficient, and sustainable electrical com-
ponents is continuously rising in our current society. Compared
to conventional Si-based devices, nitride semiconductor devices
offer efficient power conversion, transmission of larger data
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a troublesome obstacle to exploiting
the full potential of the theoretically
available material properties. Innovative
design approaches, such as multichan-
nel heterostructures, in which multiple
parallel layers confine a 2D electron gas
(2DEG), can bypass these limitations by
reducing the resistivity of devices while
increasing the carrier density. Extensive work has already
been reported for multichannel heterostructures based on
AlGaN/GaNI*#l and AIN/GaN,[*1% enabling higher breakdown
voltages and challenging the performance of other wide band
gap materials like SiC.[""1*l However, the lattice mismatch be-
tween these barrier materials AIGaN and AIN with GaN intro-
duces stress-related defects, restricting the number of channels
that can be grown before cracking, and affects the reliability of
devices. Therefore, the use of lattice-matched barrier materials
such as AIScN emerges as a straightforward strategy for further
improvement of multichannel heterostructures.

AlInN has already been explored as a possible barrier material
for multichannels because of this characteristic.'>*] However,
one of the main challenges in AlInN growth is the required low
deposition temperature, which elevates the impurity concentra-
tions and degrades crystalline quality.l'>17"18] AIScN not only pro-
vides lattice matching, as it can be grown at relatively high tem-
peratures (1150 °C). Thanks to its intrinsically high polarization,
a higher n, and a lower channel resistance could be achieved due
to the larger gradient of spontaneous polarization at the interface
of AIScN and GaN. The addition of AIN interlayers are also im-
plemented in AIScN/GaN heterostructures to improve the trans-
port properties and make the interfaces more abrupt.'”! More-
over, since AlScN has a wider bandgap than AlInN, the electron
density in the 2DEG is further increased, and the electron con-
finement is improved.

Different growth methods have already been employed to in-
vestigate the potential of AIScN for various applications. Sputter-
ing is a well-known growth method for AlScN as it can achieve
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ferroelectric and piezoelectric layers.[2°2*] However, due to its

ballistic nature, the growth of thin and atomically as well as chem-
ically sharp heterostructure interfaces needed for HEMT struc-
tures, especially multichannels, has not yet been demonstrated.
Furthermore, sputter epitaxy of GaN channel layers is still a tech-
nological challenge under development.[?>2%] On the contrary,
molecular beam epitaxy (MBE) allows precise control of thick-
ness, interface sharpness, and single-crystalline growth. The
properties of MBE-grown AlScN films have been extensively re-
ported in the literature,?-32) and many applications have already
been developed, such as ferroelectric-based applications,**-35] RF
filters, 3336371 HEMTs,?8*1] to mention the most common. Re-
cently, different groups!**~*4! have studied the growth of molec-
ular beam epitaxy (MBE) AIScN multilayers for optoelectronic
applications. Nguyen et al. investigated the lattice matching con-
ditions of MBE-grown AIScN on GaN, which was found to be
around 11%.1* The excellent electrical properties displayed by
their AIScN/GaN multichannel heterostructures hint at the po-
tential of a novel strategy for high-power devices with high break-
down voltages and low on-resistance. A possibility to bring this
type of structure to further relevance and make it industrially ex-
ploitable is to grow them by metal-organic chemical vapor de-
position (MOCVD), as it allows for faster growth of the whole
stack using industry-standard equipment, and it provides supe-
rior uniformity on large substrates. Additionally, MOCVD uses
multiwafer reactors, which provide higher productivity compared
to MBE.

The growth of AlScN layers by MOCVD is an arduous task
due to the low vapor pressure of commercial precursors. To over-
come the several difficulties MOCVD-grown AlScN films face,
Leone et al.**#] proposed modifications to a commercial reac-
tor, successfully demonstrating the growth of single-crystalline
layers and the first AIScN/GaN heterostructures for HEMTs. Fur-
thermore, ferroelectric switching,[*/l BAW resonators,[*8#] and
AIScN/GaN HEMTs® grown by MOCVD have also been re-
ported in the literature. It has been proven to be quite challenging
to grow high-quality GaN layers on AlScN, yet recently, Streicher
et al.®!l demonstrated the growth of GaN cap layers on AlScN.
The accomplishments shown in this work enabled the growth of
AlScN/GaN multichannels by MOCVD.

In this work, we demonstrate for the first time the growth of
AlScN/GaN multichannel heterostructures by MOCVD. We in-
vestigated the impact of channel thickness and the number of pe-
riods composed of AlScN barrier and GaN channel on the trans-
port properties. For this purpose, structures with variable peri-
ods, channel thickness, and Sc-content were grown on (0001)
Al, O, and semi-insulating (SI) 4H-SiC substrates. Growth exper-
iments were conducted targeting a smooth morphology, sharp
interfaces, and high structural quality. Eventually, promising het-
erostructures suitable for transistor fabrication were achieved
and are discussed in this work.

2. Results and Discussion

Though infinite layers could theoretically be grown, this is not
trivial in practice: the Sc concentration for lattice matching with
GaN is a topic of ongoing debate, and achieving optimal growth
conditions requires significant effort. To achieve these, we sys-
tematically studied key parameters including the thickness of the
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Table 1. Properties of the three-period AIScN/GaN multichannel het-
erostructures with different channel thickness on Al,O; substrates. Elec-
trical properties obtained by contactless Hall effect measurements. The
RMS values presented are for the 10x10 um? scans obtained by AFM.

Channel Rqp ng u RMS
thickness [nm] [Qsq™ ] (10" ecm=?) [cm? V71571 [nm]
15 544 117 992 1.09
25 334 1.57 1194 2.14
40 253 1.96 1267 3.53
65 278 3.76 618 2.41

channel layers, the number of periods, interface management,
and the impact of the substrate with different off-cuts. 1D numer-
ical Schrédinger—Poisson simulations were performed to corrob-
orate the studies.

2.1. Channel Thickness Variation

An important aspect when growing this type of structure is the
channel thickness, as it strongly impacts the electrical perfor-
mance. A way to increase mobility is to use thicker channels, as
thicker layers have better crystalline quality and, consequently,
exhibit fewer scattering effects. On the other hand, thinner GaN
channels are advantageous as a larger number of 2DEGs can be
stacked on top of each other at a thinner total thickness. Note that
the total stack thickness should be considered since contacting
and controlling all 2DEGs is challenging and requires adapted de-
vice architectures. Hence, a compromise must be found between
the total thickness and the achieved electrical characteristics.

One of the requirements for HEMTs is to have a semi-
insulating buffer to suppress leakage current. This is typically
achieved by doping GaN layers with deep acceptors such as Fe
or C. Since our structures use an Fe-doped GaN buffer, a thick
undoped layer must be grown on top of it to suppress the mem-
ory effects that arise from the Fe diffusion.®?! For the subse-
quent channel layers, the channel thickness can be chosen with-
out constraints. We experimented with four different GaN chan-
nel thicknesses from 15 to 65 nm, while keeping the AIScN bar-
rier layers constant at 10 nm and the Sc content between 9%
and 12% in the barriers. Table 1 presents the room tempera-
ture (RT) electrical characteristics and assessment of the surface
morphology of three-period multichannel heterostructures with
different channel thicknesses. With thinner channels, the 2DEG
wave functions are firmly close to the barrier interfaces, which
increases interface roughness scattering, and in turn reduces
electron mobility."! Additionally, the total structure thickness
remains low. With increasing channel thickness, n; likewise in-
creases: 1.17x10"* cm~2 for 15 nm channel, and up to 3.76x10"3
cm~? for 65 nm channel. A mobility increase with thickness was
also observed (e.g.: 992 cm? V~! s7!) with a 15 nm channel, up
to 1267 cm? V7! s7! with a 40 nm channel), yet it decreased for
the thickest channel (65 nm). At this stage, it was not clear what
the mechanisms were behind the drop in mobility for the 65
nm channel. Strain relaxation and/or dislocation formation can
be possible causes; nevertheless, further investigation is needed
(growth optimization, TEM analysis).
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Figure 1. a) Prepared TEM Lamella of a five-period AlScg.119,N/GaN multichannel heterostructure on Al,O3. b) HAADF/ABF-STEM images of the
periodic multilayer. ) STEM-EDS elemental mapping showing the elemental distribution across the heterostructure. Al: blue, Sc: red, Ga: green.
d) HRSTEM image of the internal interfaces in [2-1-10] orientation. (Inset: False-colored image with inverted contrast showing the metal-polar unit-

cell orientation within the AIScN layer).

2.2. AIScN/GaN Interfaces

The quality of all crystalline interfaces is denoted as crucial in
defining the electrical characteristics. To assess the impact of
the changes in the carrier gas on the structural characteristics
of the heterostructures, TEM analysis was used for a five-period
multichannel heterostructure on Al,O, with Sc composition be-
tween 9% and 11%. Figure 1a shows the thin cross-section spec-
imen prepared by using a thin Si-Cube from the “flying cube
strategy” as a protection layer for rippling-free preparation of
harder material.>*] The overview HAADF/ABF-STEM images
(Figure 1b) demonstrate the 2D growth of the periodic multi-
channel structure with 5 nm thin AlScN layers and GaN layers
of varying thickness. The variations observed in both the barri-
ers and channels thicknesses stem from the non-uniformity of
this sample. This was likely due to a particle below the wafer,
causing a non-uniform temperature profile and, consequently,
a non-uniform alloy composition (Figure S1, Supporting In-
formation). The ABF-STEM contrast image and the EDS map
(Figure 1c) reveal chemical inhomogeneities identified as Sc-rich
grains with cubic structure, which clot at the AIScN/GaN inter-
faces (cf. Figure S2, Supporting Information). What is noticeable
from the EDS map is the significant presence of Sc-clusters in
all barriers except the first one, which was grown with H, as
the carrier gas. While N, is needed to prevent etching effects
and for the growth of smooth upper GaN channel layers, it hin-
ders the mobility of the Sc atoms in the growth of AIScN, lead-
ing to an increased appearance of clusters at the AIScN/GaN
interface. Atomic-resolution micrographs (Figure 1d) of the in-
ternal interfaces show areas of the epitaxial heterostructure in
[2110] crystal orientation in the absence of structural defects and
confirm the metal-polar growth orientation. The in-plane and
out-of-plane strain distribution across the multichannel was ex-
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amined by performing geometric phase analysis on non-rigidly
aligned STEM image stacks, reducing effects of sample drift and
scan distortions.**! The out-of-plane (¢,,) strain map and pro-
file are shown in Figure S3a,b (Supporting Information). The ob-
served difference in the z-direction of about —4-5% agrees with
the change of the c lattice parameter of an AlScN film. Interest-
ingly, we observe an increase in the vertical strain component by
~+1% across the GaN channel layers. The in-plane strain vari-
ance across the AIScN/GaN layers is on the same order as the
noise in the GaN layers. Local differences in the strain distribu-
tions (marked regions) suggest the position of Sc-rich clusters sit-
ting at the interfaces. Therefore, we conclude that the AlScN lay-
ers grow pseudomorphically strained (<1% deviation) with about
the same in-plane lattice parameter as the GaN layers. The 3 nm
thin crystalline GaN capping layer is demonstrated to be effective
in preventing the oxidation of the underlying AlScN-barrier layer,
as visible from the oxygen (O-K) EDS map displayed in Figure S4
(Supporting Information). However, defects in the GaN capping
layer (Figure S5, Supporting Information) result in local oxida-
tion of the barrier layer underneath.

2.3. Impact of Substrate Type and Off-Cut

The substrate used greatly impacts the quality of the heterostruc-
tures. Although Al O, substrates are more cost-effective, they
present a high lattice mismatch with GaN and a lower ther-
mal conductivity when compared to 4H-SiC substrates. Five-
period multichannel heterostructures with 10 nm thick AlSc, s N
barriers, 40 nm GaN channels, and GaN cap were grown on
Al, O, and S.I. 4H-SiC substrates. When transferring the growth
process optimized on the off-cut sapphire substrates to the
on-axis 4H-SiC substrate, the morphology turned out rougher,
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Figure 2. AFM 10 X 10 um? scans of the surface morphology of five-period multichannel heterostructures with 10 nm thick AlScy 03N barriers, 40 nm
GaN channels, and GaN cap on different substrates: a) Al,O3, b) 4H-SiC, and c) 4H-SiC with optimized growth conditions for the GaN cap (3.3 nm).

as shown in Figure 2a,b, respectively. As expected, the substrate
off-cut, which is different for the two substrates, Al,O; has a
0.3° off-cut while 4H-SiC has 0.05°, plays an important role. The
off-cut and terrace width require different supersaturation and
growth temperatures to increase the adatoms’ mobility. At the
same time, the inclusion of different crystal structures has to be
avoided, making it a frequent challenge in heteroepitaxial growth
of semiconductors.’>>°! Furthermore, the substrates present dif-
ferent polishing, thermal conductivities, and strain profiles, all of
which also impact the growth. For our multichannel heterostruc-
tures, to achieve a smooth surface on 4H-SiC, the cap growth
temperature and the thickness of the AIN IL before the cap were
increased. Additionally, the supersaturation for the cap was fur-
ther decreased. With this, an RMS value of 0.9 nm in a 10 X 10
pum? scan area (Figure 2c) was achieved. The GaN cap thickness
for the optimized growth conditions was 3.3 nm.

a)

2.4. Effect of the Number of Periods

The sheet carrier density increases linearly with the number of
channels,[®#] 50 aiming to improve the electrical characteristics
of the heterostructures, the 40 nm thick channel was selected for
the growth of five-period structures on 4H-SiC substrates. These
structures presented low Ry, (<150 Q sq~!) while maintaining
high mobility (>1300 cm? V-! s7!) and smooth morphologies (<1
nm in a 10 x10 pm? scan area) (Figure 2¢).

The HRXRD reciprocal space map (RSM) of the 1124 reflec-
tion range (Figure 3), measured with a steep incidence and a
shallow exidence, shows superlattice peaks of AlScN and GaN
layers aligned vertically on the crystal truncation rod in the RSM
for the five-period heterostructure, indicating that the multilayers
were pseudomorphically grown and confirming good structural

quality.

b)
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Figure 3. a) RSM scan of the 1124 reflection range showing that the five-period heterostructure is fully strained, and b) the vertical scan through the

RSM of 1124,

Adv. Mater. Interfaces 2025, €00726 €00726 (4 0f9)

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

95UB0 1 SUOWILIOD BRI 3]0l ddke 3} Ad PauRAS 8.2 SOoILE O ‘98N J0 S [N J0j ATeJgIT 8UIIUO /311 UO (SUONIPUOO-PUE-SLLISILLCO"AB| I ATJGIPUIIUO//ST1IL) SUOIIPUOD) PUE SWLS | 8U) 95 *[GZ0Z/0T/92] Uo AeJqiT8u1IuO Ad|1m ‘81 Jouureid AQ 922005202 WPE/Z00T OT/10p/Lu00" 8 1w AZeIq I pUI U0 PaoUeApE/ /Sdl WoJy PAPeojuMOq ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

107" T T T T T T
11% 8.7% 8.0% 8.5% 8.4%

102

-
o
&

10

Intensity [arb. u.]

-
o
&

=y
o
&

0 50 100 150 200 250 300 350

Depth [nm]

Figure 4. ToF-SIMS depth profile of a five-period AIScN/GaN multichan-
nel heterostructure grown on SiC substrate. lons were detected in positive
ion mode as MCs™ cluster ions, with M representing the element of inter-
est. The obtained signals were normalized to the Cs* signal to correct for
matrix effects. The Scandium content of each channel is indicated above
it.

Figure 4 shows the ToF-SIMS depth profile of a five-period
sample grown on a 4H-SiC substrate with the optimized mor-
phology. The layers are resolved and show consistent Sc composi-
tion (~8%) and thickness for the different barriers. The AlGaScN
tail observed in the AlCs*, GaCs™*, and ScCs* signals arises from
the diffusion effects caused by the high growth temperature used,
causing unintentionally formed interlayers, as seen in the previ-
ous MOCVD-AIScN reports.[1] Finally, the last barrier layer is
followed by a thin cap, which gives less time and lower thermal
budget for Sc atoms to diffuse before the cool-down process. In-
stead, all the other barriers are followed by thicker layers; there-
fore, they also experience higher thermal budgets. Hence, the ob-
served difference in Sc concentration between the intermediates
(~8%) and the final barrier (11%). This heterostructure presented
a Ry, of 129 Q sq7!, n, of 2.5 X 103 cm™2, and mobility of 1911
cm? v-lgh

To further study the effects of strain on MOCVD-grown multi-
channel heterostructures, a ten-period structure was grown on a
4H-SiC substrate. The growth of structures with periods higher
than five poses several challenges. Not only should the Sc-content
be set to the lattice match condition of AlScN to GaN, but also
strain compensation strategies such as tuning the AlN-interlayer
thickness, compositional grading, and reducing the difference
in growth temperature for the channels and the barriers, may
be necessary to achieve beyond five-period heterostructures. The
ten-period structure grown presented several cracks, indicating
that the Sc concentration of 8% being used was not that of the
lattice match to GaN. Achieving a constant Sc composition for
the barriers in MOCVD-grown layers requires further tuning
of the growth conditions, as the diffusion effects are strongly
pronounced. Recently, the lattice match composition range for
MBE-grown films was identified to be within 9-11%.[*/l However,
the growth conditions of MBE and MOCVD-grown films greatly
differ, and the significant interdiffusion effects from MOCVD
growth modify the strain state. Indeed, with the use of the lattice-
matched Sc concentration, more periods could possibly be grown
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by MOCVD. Considering this, a five-period heterostructure with
higher Sc content (x%11%) was grown. The sample presented a
R,, of 151 Q sq7}, n, of 3.15x 10" cm~2, and mobility of 1313
cm? V1 s71. However, surface morphology was much rougher
(RMS = 2.91 nm in a 10 X10 pm? scan area, Figure S6, Support-
ing Information), requiring further optimization.

3. Discussion

When plotting the p versus the n, of the heterostructures, see
Figure 5, we see that as the channel thickness increases, so does
pand n, until the channel thickness is 65 nm, where the electrical
performance shows a different behavior. By increasing the num-
ber of periods, the Ry, of the heterostructures are significantly
lower. The samples grown on Al,O, experienced an increase of
n, when the number of channels was increased from three to
five. However, when we compare a single-channel structure and
a multichannel structure grown on 4H-SiC, there is no signifi-
cant increase in n,, but instead in mobility. However, these re-
sults were obtained with contactless Hall measurements, which
may be affected by physical effects that can alter the real value. To
further explore this phenomenon, Schrédinger—Poisson 1D sim-
ulations of a five-period structure were done. Figure 6a presents
a schematic diagram of the simulated heterostructure, where the
thickness and Sc concentrations were taken from the ToF-SIMS
results, and for simplicity, the interlayers and diffusion were ne-
glected. Looking at the simulation of the charge carrier distribu-
tion in Figure 6b, the n, distribution throughout the channels
is quite homogeneous despite the slight differences in thickness
and barrier composition. While we did not perform experimen-
tal studies regarding the channel thickness for a 5-period het-
erostructure, we observed through simulations that if the chan-
nels are too thin, the conduction band edge gets pulled upwards,
significantly decreasing the 2DEG density. What is striking is
that, according to the simulations, a 2D hole gas (2DHG) should
be present. This could be a possible explanation as to why the
heterostructures did not present a substantial increase in the
carrier density. The reported values of n; for the MBE-grown
AlIScN multilayers are 4.63 X 101* cm™ and 8.24 x 10 cm™
with ten- and 20-periods, respectively.**l In the 2DHG, the sim-
ulated hole density is of 1.43 x 10 cm~2, while the electron
density in the 2DEG is 1.82 X 10" cm™2, with the net total den-
sity being 3.8 x 1013 cm=? for the simulated MOCVD-grown
heterostructure. Even though 2DHG in AlScN/GaN heterostruc-
tures has not been experimentally shown for this kind of het-
erostructure, their contribution cannot be excluded. Another ar-
gument for the low n; could stem from the added presence of
Ga in our barrier, as it is known to decrease it when replacing
Sc atoms.[®!] Tt can be hypothesized that with multiple channels,
there is a better distribution of the electrons throughout the chan-
nels when the density is comparable to that of a single channel,
hence the high mobility exhibited by our samples. Indeed, when
compared to the 5-period MBE-grown AlScN/GaN multichannel
reported in the literature,[®?] the mobility of our samples is higher.
While the mobility of the MOCVD-grown AlScN/GaN struc-
ture was among the highest reported for this type of structure,
compared to 5-period heterostructures reported in the literature
with AlGaN/GaN, >3 AIN/GaN,['% and AllnN/GaN, %! the trans-
port properties of the structure still require tuning (Figure 5).
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Figure 5. Electrical performance in contactless Hall measurements at RT of an AIScN/GaN single channel heterostructure and multichannel heterostruc-
tures with different n-periods on Al,O3; and 4H-SiC substrates. The numbers next to the data points indicate the channel thicknesses. Previously pub-
lished results on AIScN/GaN multichannel heterostructures are shown for comparison.[®2] Lines of constant sheet resistance are indicated.

Nevertheless, the presented results already showcase the poten-
tial of AIScN/GaN multichannel heterostructures, with further

room for improvement still possible.

4. Conclusion

AlScN/GaN multichannel heterostructures were grown for the
first time by MOCVD. These structures presented smooth mor-
phologies, high mobility, and low sheet resistance. The thickness

of the channels has been shown to have a strong impact on the
electrical characteristics of the samples, with resistance increas-
ing and mobility decreasing above 65 nm channel thickness. The
growth temperature and the supersaturation during growth heav-
ily impacted surface morphology. By increasing the surface mo-
bility of the Ga atoms with a higher growth temperature and
lower TMGa flow, smooth morphologies were achieved on 4H-
SiC substrates. Due to the lack of sharp interfaces, the carrier den-
sity was lower than expected for this type of structure. Tuning the
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Figure 6. a) Schematic diagram of the five-period AIScN/GaN multichannel heterostructure and the Schrédinger—Poisson 1D simulations of b) the
conduction and valence band edges and b) charge carrier distributions of a five-period AIScN/GaN multichannel heterostructure. The thickness and Sc
concentrations were taken from the ToF-SIMS results, and the interlayers were neglected.
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Figure 7. Schematic depiction of an n-period (n = 3, 5, 10) AIScN/GaN
multichannel heterostructure on a) Al,O; and b) 4H-SiC substrates.

Sc concentration is a challenging task due to the diffusion effect;
despite this, a consistent Sc composition was achieved. The ten-
period heterostructure cracked as a result of strain, highlighting
the sensitivity to deviations from the lattice match concentrations
for the growth of this type of structure. The optimum conditions
for a five-period heterostructure were found to be a 40 nm thick
GaN channel and a ~10 nm AlScN barrier with a Sc-content of
~8%. These were deposited on 4H-SiC substrates and exhibited
smooth morphologies (surface roughness below 1 nmin a 10x10
pm? area) and good structural quality. The five-period multilayer
presented a sheet resistance of 129 Q sq~?, carrier densities of 2.5
% 10 m~2, and mobility of 1911 cm? V-1 571, further cementing
the advantages of exploring AlScN-based layers for high-power
and high-frequency applications. The presented results reinforce
the importance of developing novel HEMTs based on AIScN. As
such, selected heterostructures will be processed, and the device
performance explored.

5. Experimental Section

AIScN/GaN multichannel heterostructures were grown in a commer-
cial multi-wafer close-coupled showerhead Aixtron MOCVD reactor with a
Fraunhofer IAF-patented setupl®! for epitaxial growth with low vapor pres-
sure precursors, previously detailed by Leone et al.l5>%] The heterostruc-
tures were grown on 4-inch 0.3 °© off-axis c-plane Al,O; substrates or nomi-
nally on-axis semi-insulating 4H-SiC substrates. The precursor used for Sc
was bis (ethylcyclopentadienyl) (N,N’-bis (dimethylamino) acetamidinato)
scandium (EtCp),Sc(bdma), supplied by Dockweiler Chemicals GmbH.
The sources for Al, Ga, and N were Trimethylaluminum (TMAI), Trimethyl-
gallium (TMGa), and ammonia (NHj3), respectively. Purified hydrogen and
nitrogen were employed as carrier gases for the heterostructures, with the
latter used for the growth of the GaN channel layers and the final GaN cap.

The starting point of the epilayer stack was the same as that de-
scribed in previous works.[67-%%] For epilayers on 4H-SiC substrates, the
growth process started with an AIN nucleation layer, while for Al,O5 a low-
temperature GaN was initially grown. The GaN buffer structure was a Fe-
doped GaN layer to compensate background donor concentrations and a
non-intentionally doped GaN layer, which prevented Fe-diffusion into the
barrier and acted as the channell>2]. Figure 7 illustrates the structure of
the grown samples for Al,O; and 4H-SiC S| substrates.

Growing GaN layers on top of AIScN was a non-trivial task, as the
MOCVD growth conditions required by the two materials differed signifi-
cantly, and GaN tended to grow three-dimensionally onto AIScN. Recently,
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Streicher et al.5'! successfully demonstrated the growth of GaN layers on
top of AlScN barrier layers. 2D GaN could be grown on AIScN consider-
ing the following: 1) introduction of an AIN interlayer (IL) between GaN
and AlIScN to get better interface abruptness; 2) use of nitrogen as the
carrier gas to avoid etching of the surface during the GaN layer growth;
3) increased growth temperature for the GaN layer to enhance the sur-
face mobility of the Ga atoms; and 4) tuning of supersaturation of the gas
phase chemistry to attain a low growth rate. By achieving smooth surfaces,
it became possible to explore the growth of multiple stacked layers.

The low supersaturation, high temperature, low pressure, and high V/I1|
approach was used to grow the GaN channels. Due to the high growth
temperature of the GaN channels, an inert gas as N, was needed as the
carrier gas to avoid etching. Considering this and anticipating etching ef-
fects, N, was then used as the carrier gas for the AIScN barriers, except
for the first AIScN barrier grown with H, as the carrier gas. The AlScN bar-
rier was grown under our typical conditions described previously in other
papers,[67:68] with a growth temperature of 1100 °C. A GaN cap layer was
grown on top of all heterostructures to prevent surface oxidation.

An AN IL was added between the AIScN layers, the GaN channels, and
the GaN cap, as it helps achieve a better 2DEG confinement, besides mak-
ing the interfaces more abrupt between the layers. The target thickness of
these interlayers was 1-2 nm; however, due to the strong atom diffusion
between the layers, an absolute value cannot be stated. This diffusion ef-
fect was previously discussed,!'®! and led to a barrier with a graded com-
position of AlGaScN, hence increased alloy scattering can be expected.
This effect was reduced by spatially separating the 2DEG from the bar-
rier with the AIN ILs. Likewise, the potential barrier was raised by the high
bandgap of AIN, and the n; was further enhanced by the increased polar-
ization discontinuities.['>6%] Note that, as these ILs were still very thin (<
5 nm) and due to interdiffusion, their composition was not binary, and
it was not possible to resolve their actual thickness with SIMS measure-
ments, which is why the value is not shown in Figure 7.

The surface morphology and root mean square roughness (RMS) of
the samples were examined by atomic force microscopy (AFM) in tapping
mode. The chemical composition of the layers was studied by depth pro-
filing with time-of-flight secondary ion mass spectrometry (ToF-SIMS) us-
ing an M6 Plus instrument (IONTOF GmbH, Germany). The ToF-SIMS
instrument operated in dual-beam mode, employing a 1 keV Cs* sput-
ter beam along with a 30 keV Bi;* primary beam for crater analysis, both
incident at an angle of 45°. The Sc concentration was determined with
the help of magnetron-sputtered AlScN reference samples, previously cal-
ibrated through time-of-flight energy elastic recoil detection analysis (ToF-
ERDA).I% The thickness of the layers was determined by measuring the
crater depth with an integrated scanning probe microscope (SPM). High-
resolution X-ray diffractometry (HRXRD) ©/2@-scans of the 0002, 0004,
and 0006 reflection ranges combined with X-ray reflectometry (XRR) and
HRXRD reciprocal space mappings (RSM) of the 1124-reflection ranges
were used to assess the crystalline quality, the super lattice period, and
the strain (RSM) of the heterostructures. These measurements were car-
ried out with a Rigaku SmartLab multipurpose diffractometer system.

A cross-section specimen of the multilayer GaN-channel/AIScN-
barrier/AIN-IL structure on Al,O; was prepared using a novel “flying
cube”-strategy capable of preparing high-quality cross-section samples
from non- or poorly conductive layers within a short time and with fewer
milling artifacts using the focused-ion-beam (FIB) technique.l33] After
electron beam-induced (ebid) Pt-deposition for better TEM contrast at the
sample surface, a thin Si-Cube was placed on top for high-quality lamella
preparation. The lift-out and thinning procedures were performed on a
ThermoFisher Helios G4 Plasma FIB CXe system. Scanning transmission
electron microscopy (STEM) investigation was conducted on a probe C
aberration-corrected (CEOS, ASCOR) microscope (JEOL, NEOARM) op-
erated at 200 kV. Imaging of the multilayer structure and atomic structure
across individual interfaces was performed using the high-angle annular
dark-field (HAADF)-STEM and annular bright-field (ABF) detectors. The
effect of sample drift and scan distortions was reduced by serial image
acquisition (~5-8 images, 1024x1024 px, 4 us dwell time) and non-rigid
image alignment using the SmartAlign (HREM Research, Inc.) plug-in for
Digital Micrograph (Gatan, Inc.).”"] Additionally, a Fourier filter was ap-
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plied to remove higher frequency noise (HREM-Filters Pro/Lite v.4.2.1,
HREM Research, Inc.). The strain distribution across the multiple-channel
heterostructure was evaluated using the geometric phase analysis (GPA)
algorithm on multi-frame data sets (~30 images, 2048x2048 px, 1.5 ps
dwell time).’4l The chemical distribution across individual layers was
mapped by energy-dispersive X-ray spectroscopy (EDS), collecting the sig-
nal with a dual silicon drift detector system (JEOL, active area 100 mm? per
detector).

All heterostructures were electrically characterized at room temperature
(RT) using eddy-current sheet resistance measurements and contactless
Hall measurements with a Semilab contactless mobility mapper. For this
effect, 17 measurement points evenly distributed throughout the wafer
were used to determine the average values from the transport properties:
sheet resistance (Ry,), carrier density (n,), and mobility (u).

The 1D Schrédinger—Poisson equation solver nextnano®™™ was used
to simulate the conduction and valence band edges, and to calculate
the theoretical charge carrier distributions of electrons and holes of
the heterostructures.[”?] The information on the chemical composition
needed for these simulations was obtained from the ToF-SIMS measure-
ments. A Schottky barrier height of ¢z = 1.4 eV was chosen as the
boundary condition for the simulation, a value that was determined for
MBE-grown AlGaN/GaN.[73] It was also widely accepted to approximate
the Schottky barrier height to one-third of the bandgap of the topmost
material.l”*] For a GaN-capped sample, this would be around 1.13 eV. Ac-
cording to simulations, the Schottky barrier height affected only the top-
most 2DEG, and did not impact the underlying ones. The structure was
undoped, metal-polar, and the temperature of the simulation was set to
300 K.
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