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1. Introduction

Energy-efficient high-power and high-frequency devices are
needed to reach the full potential of renewable energy sources,
especially in energy conversion but also for efficient data trans-
mission. GaN-based high-electron-mobility transistors (HEMTs)
with AlGaN barriers provide the required high breakdown vol-
tages and high power density and output power at high

frequencies, and are already on the
market.[1–3] The device performance can
be boosted further with AlScN as barrier
material which, thanks to the increased gra-
dient of spontaneous and piezoelectric
polarization between AlScN and GaN, pro-
vides higher sheet charge carrier densities
(ns) in the 2D electron gas (2DEG) at the
barrier/channel-interface and thus a
reduced channel resistance.[4–6] Al0.82Sc0.18N
is lattice-matched to GaN and thus theoreti-
cally infinitely thick barriers are accessible
without the generation of stress-related
defects and cracks,[7] unlike AlN barriers
which are strongly limited by their low
critical thickness of <5 nm on GaN.[8]

Molecular beam epitaxy (MBE) is used to
grow high-quality AlScN on GaN,[9–13] but

metal–organic chemical vapor deposition (MOCVD) is the pre-
ferred method for industrial-scale production. A major challenge
to the MOCVD growth of AlScN is the Sc precursor. Complexes
of transition metals like Sc (group 3 or IIIB) have a lower vapor
pressure than complexes from metals of group 13- or IIIA-
nitrides, like Al and Ga. The growth of Sc-containing nitrides
by MOCVD was not successful and Sc was incorporated on dop-
ing levels only,[14,15] until we developed a proprietary heating and
gas mixing system tailored to the usage of precursors with low
vapor pressure such as commercially available Cp3Sc.

[16] We
examined the effect of the growth parameters temperature,
growth mode, V/III ratio, and pressure on the growth of
AlScN with Cp3Sc.

[17] Furthermore, we evaluated GaN and
SiNx cap layers and the diffusion behavior of Al-, Sc-, and Ga-
atoms.[18] The first MOCVD-grown AlScN HEMT structures
we demonstrated had a drain current of 1720mAmm�1 and a
transconductance of 530mSmm�1.[18] The sheet resistance Rsh

was 323Ω sq�1, the sheet charge carrier density
ns 2.6� 1013 cm�2, and the electron mobility μ 729 cm2 Vs�1.
These values are close to but below what can be achieved with
MBE.

Due to the low vapor pressure of Cp3Sc, the molar flow to the
reactor remains low and leads to very low GRs (0.006 nm s�1).
This results in long growth times during which the epilayers
are exposed to the high growth temperature. This promotes
the diffusion of atoms at the interfaces. Especially Al atoms
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Growth of AlScN high-electron-mobility transistor (HEMT) structures by metal–
organic chemical vapor deposition (MOCVD) is challenging due to the low vapor
pressure of the conventionally used precursor tris-cyclopentadienyl-scandium
(Cp3Sc). It is shown that the electrical and structural characteristics of the AlScN/
GaN heterostructure improve significantly by using bis-methylcyclopentadienyl-
scandiumchloride ((MCp)2ScCl), which has a higher vapor pressure and allows
for an increased molar flow and thus higher growth rate (GR). AlScN/GaN HEMT
heterostructures with superior electrical characteristics deposited at different
barrier growth temperatures are presented. The sheet resistance Rsh of
172Ω sq�1 obtained at 900 °C barrier growth temperature is among the lowest
reported so far for AlScN/GaNHEMT structures. The sheet charge carrier density
ns is 3.23� 1013 cm�2 and the electron mobility μ is 1124 cm2 Vs�1.
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are known for diffusing easily into GaN when HEMT structures
are exposed to a high thermal budget, either during MOCVD
growth or annealing of MBE samples.[19,20] Graded AlGaN
interlayers form and lead to a broadening of the potential well
and the charge carrier distribution in the 2DEG. We showed that
the barrier/channel interface can be improved to some extent by
inserting a nominal AlN interlayer or reducing the growth
temperature.[21]

To date, there is no other report in the literature of MOCVD of
AlScN reporting GRs higher than 0.006 nm s�1. An enhance-
ment in GR is necessary to reduce the degradation of the bar-
rier/channel interface by diffusion during high-temperature
MOCVD growth. Besides, having high GRs can open the way
to the deposition of thick AlScN layers for numerous applica-
tions, such as ferroelectric layers for non-volatile memories,
which have recently been demonstrated by both reactive sputter
deposition[22] and MBE,[23] or RF-filters, and many more.

In this work, we report on an increase in the AlScN GR
using the novel precursor bis-methylcyclopentadienyl-scandium
chloride ( MCpð Þ2ScCl), which has a more than ten times higher
vapor pressure than the standard Sc precursor Cp3Sc.

[24]

We show that this boosts the electrical properties of AlScN
HEMT structures grown on 4H-SiC (00.1) and Al2O3 (00.1) sig-
nificantly and allows for higher Sc contents at a given growth
temperature.

MCpð Þ2ScCl has its melting point at 155 °C and boiling point
at 160 °C,[24] which is close to the setup temperature of 150 °C we
used so far for the growth of AlScN using solid Cp3Sc as
Sc-precursor.[16] To reach the highest possible amount of Sc pre-
cursor in the gas phase and to profit from the increased stability
in the molar flow that comes with a liquid precursor, we
increased the source temperature to 155 °C. We observed that
MCpð Þ2ScCl is highly sensitive to the stability of the heating
of the source and the gas injection system. Any discontinuities
or oscillations in the heating can cause condensation and
re-evaporation of the material, which leads to spikes in the
scandium concentration of the grown layers. As proposed in
our patent application,[25,26] we now use an oven for heating the
source and a gas injection system heated slightly above the oven
temperature. Respecting these technical requirements, AlScN
HEMT structures with strongly improved properties are grown.

In the following, we will focus on: 1) morphology, 2) structural
quality, 3) compositional characterization, and 4) electrical proper-
ties. We will compare the samples grown with the new precursor
MCpð Þ2ScCl with its maximum GR of 0.015 nms�1 to samples
grown with Cp3Sc grown with its maximum GR of 0.006 nm s�1.
Growth conditions and layer thicknesses are the same.

2. Results and Discussion

2.1. Morphology

A smooth morphology is important for device fabrication. The
AlScN HEMT structures capped with an amorphous in situ
SiNx cap have a very smooth morphology.[18] The root mean
square (RMS) average of 10� 10 μm2 scans was determined with
atomic force microscopy (AFM) in tapping mode. Layers grown
with MCpð Þ2ScCl as Sc precursor with increased GR and conse-
quently reduced growth time, have a smooth surface at both 900
and 1200 °C with RMS values of 0.31 and 0.58 nm, respectively,
as shown in Figure 1a,b. In contrast, a barrier layer grown at
1200 °C with the same V/III ratio but Cp3Sc as Sc precursor,
and thus very low GR, cannot be stabilized by ammonia and
localized etching occurs. The layer decomposes preferentially
in the outcrop area of defects leaving wide hexagonal pits, as
shown in Figure 1c. The RMS value is as high as 4.6 nm.
Even though the best electrical performances were achieved at
low barrier growth temperatures, the ability to growHEMT struc-
tures with smooth morphologies also at high temperatures is
important, as these structures are more robust when it comes
to high-temperature annealing processes in device manufactur-
ing. In case the annealing temperature exceeds the barrier
growth temperature, the high thermal budget can promote
diffusion at the interface and degrade it.[19,20]

2.2. Structural Characterization

High-resolution X-Ray diffractometry (HRXRD) Θ=2Θ -scans of
the 00.2 reflection range for the AlScN HEMT structures grown
at different temperatures with the two precursors are shown in
Figure 2. Besides the strong and sharp reflections of the 4H-SiC
substrate, the GaN buffer layers and the AlN nucleation layer

(a) (b) (c)

Figure 1. Atomic force microscopy (AFM) 10� 10 μm2 scans showing the surface morphology of AlScN high-electron-mobility transistor (HEMT) struc-
tures grown on SiC with an enhanced growth rate (GR) at: a) 900 °C and b) 1200 °C and c) low GR at 1200 °C barrier growth temperature. Root mean
square (RMS) values are: a) 0.31 nm and b) 0.58 nm and c) 4.56 nm.
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(AlN-NL), the weaker and broader reflections of the thin AlScN
barrier layers, which include diffusion-induced AlGaN inter-
layers, are visible. The AlScN peaks are more pronounced in
the diffractograms of the MCpð Þ2ScCl samples. Since the total
approximated thickness of barrier and diffusion-induced inter-
layers is the same for the samples grown with the different
precursors, we assume that the AlScN barrier is thicker and
the diffusion-induced AlGaN interlayer thinner in the samples
grown with MCpð Þ2ScCl, resulting in a more pronounced
AlScN peaks in the diffractogram, while the AlScN barrier is thin-
ner and the diffusion-induced AlGaN interlayer thicker in the sam-
ples grown with Cp3Sc, resulting in broadened reflections. With
increasing Sc content, the position of the AlScN peaks shifts toward
lower angles and can be overlaid by the 4H-SiC and AlN nucleation
layer peaks. We assume that this is the case for the samples grown
at 1200 °C, as the Sc content increases with the growth tempera-
ture.[17] Thickness fringes of the thin AlScN barriers can be seen in
the diffractograms as well. The absence of thickness fringes in the
diffractogram of the sample grown with Cp3Sc at 1200 °C indicates
that the barrier/buffer interface was heavily degraded by interface
diffusion. Considering these results, we conclude that the barrier/
channel interface of the samples grown with the novel precursor is
defined better than the one with the standard precursor. We
assume that the halved growth time lowered the thermal budget
significantly and reduced diffusion effects.

2.3. Compositional Characterization

Impurities in the Sc source were proven to have a strong negative
effect on the chemical and electronic properties of AlScN/GaN
heterostructures grown by MOCVD[17] and MBE[27]. In MOCVD
growth, impurities can be introduced not only by a poorly puri-
fied source material but also by the precursor molecule itself.
The standard precursor molecule Cp3Sc contains 15 carbon
atoms for each Sc atom, which means that a large amount of
carbon is present in the gas phase during the MOCVD growth
process. The novel precursor molecule MCpð Þ2ScCl contains
only 12 carbon atoms for each Sc atom, which represents a

notable reduction of carbon atoms introduced by the precursor
molecule. The introduction of Cl into the precursor molecule was
not found to have a negative effect on the grown layers. A sec-
ondary-ion mass spectrometry (SIMS) measurement of a
150 nm-thick Al0.9Sc0.1N layer grown with MCpð Þ2ScCl as Sc pre-
cursor on an n-GaN buffer is shown in Figure 3. The Cl signal is
close to the background level of our instrument and remains con-
stant across the epilayer stack indicating that the chlorine content
is below the detection limit in both the AlScN and the buffer
layer.

2.4. Electrical Properties

The electrical properties of AlScN/GaN heterostructures are very
sensitive to the quality of the Sc precursor. High impurity con-
centrations in the precursor, such as oxygen or metal traces, lead
to high Rsh, low ns and low μ in HEMT structures grown by
MOCVD, especially at low growth temperatures of 900 and
1000 °C,[17] as well as to the degradation of the electrical proper-
ties of AlScN/n-GaN heterostructures grown by MBE.[27]

Furthermore, the interface abruptness affects the electrical
performance. This is directly related to the growth temperature.
At a high temperature, the thermal budget for diffusion at the
interfaces is high and leads to thick-graded AlGaN interlayers
and an increase in Rsh.

[18] Very low GR requires long growth
times at high temperatures, increasing diffusion effects further.
With MCpð Þ2ScCl as Sc precursor, we obtain Rsh that are by 20%
lower than the ones achieved with Cp3Sc in the temperature
range of 900 to 1200 °C, as shown in Figure 4. All samples were
grown without a nominal AlN interlayer. The lowest reported Rsh

for MOCVD-grown AlScN HEMT structures is achieved at a bar-
rier growth temperature of 900 °C. The sample has an Sc content
of �10% and a barrier thickness of 7.2 nm, which includes the
diffusion-induced AlGaN grading at the interface. The average
Rsh is as low as 172Ω sq�1 and homogeneous across the 4 in.
wafer with a standard deviation of 1%. The average ns is

Figure 2. High-resolution X-Ray diffractometry (HRXRD) Θ=2Θ scans of
the 00.2 reflections of the AlScN HEMT structures grown at 900, 1000,
1100, and 1200 °C with the Sc precursors MCpð Þ2ScCl and Cp3Sc.

Figure 3. Secondary-ion mass spectrometry (SIMS) depth profile of a
150 nm thick Al0.9Sc0.1N layer grown with MCpð Þ2ScCl as Sc precursor
on an n-GaN buffer. The Al, Sc, and Ga signals were obtained as
AlCsþ, ScCsþ, and GaCsþ ions in the positive-ion detection mode (left
y-axis). These signals were normalized to Csþ2 signal. The Cl signal was
measured in the negative-ion mode (right y-axis).
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3.2� 1013cm�2 and the average μ is 1124 cm2 Vs�1, both are
homogeneous across the 4 in. wafer with a standard deviation
of 2% and 3%, respectively. The fact that superior electrical per-
formance was achieved at this low growth temperature indicates
an improvement in the interface of barrier and channel, and that
the new precursor´s impurity level is very low. To test the repro-
ducibility, the 900 °C-sample was grown four times in total.
The sheet resistance average value on the wafers varied �3%
which emphasizes the stability of the injection system and the
reproducibility of the process. With increasing growth tempera-
ture, the Rsh increases to 327Ω sq�1 at 1200 °C, while the ns
drops to 2.4� 1013 cm�2 and the μ to 798 cm2 Vs�1. This indi-
cates that the effect of the thermal budget cannot yet be counter-
balanced by the GR increase. However, we have not only
improved the results obtained with MOCVD, but to some extent
also surpassed those grown by MBE reported in literature. In

Figure 5, we show μ as a function of ns of different AlScN
HEMTs structures. A passivated MBE-grown structure with very
high ns of 6.2� 1013 cm�2 and low μ of 340 cm2 Vs�1 was dem-
onstrated,[11] as well as an unpassivated structure with very
high μ of 1556 cm2 Vs�1 and moderate ns of 2.4� 1013 cm�2.[27]

The sheet resistances were 294 and 167Ω sq�1, respectively.
With MCpð Þ2ScCl as Sc precurser, we managed to achieve a very
low sheet resistance of 172Ω sq�1 at both high ns and μ.

The novel precursor bis-methylcyclopentadienyl-scandium
chloride ( MCpð Þ2ScCl) was used to grow AlScN HEMT struc-
tures. Thanks to its increased vapor pressure, it allows for dou-
bling the AlScN GR. This results in a decreased thermal budget
and therefore reduces interface diffusion. The electrical charac-
teristics we report are among the best reported in the literature so
far with at the same time high sheet charge carrier density ns and
electron mobility μ.

3. Experimental Section
The growth experiments were performed in a close-coupled shower-

head MOCVD reactor capable of generating an adequate molar flow of
the low-vapor pressure scandium precursor by a proprietary setup.[16]

4 in. c-plane Al2O3 and semi-insulating 4H-SiC substrates were used.
The carrier gas was hydrogen while ammonia (NH3) was used as the
N source, trimethylgallium (TMGa) and trimethylaluminum (TMAl) as
the group 13- or IIIA-precursors, and silane (SiH4) as source gas for
the in situ grown SiNx cap layer. Two different electronic grade Sc precur-
sors provided by Dockweiler Chemicals GmbH[24] were used: Cp3Sc and
MCpð Þ2ScCl. The epilayer HEMT stack was the same as the ones described
in our previous works.[17,18] It consists of an AlN nucleation layer and a
GaN buffer designed to compensate background donor concentrations,
made of a lower, Fe-doped GaN and an upper, non-intentionally doped
GaN which serves also as a channel layer.[29] The�10 nm thick AlScN with
an Sc content of �10% is grown directly on top and capped with a 5 nm
thick SiNx cap. With the use of MCpð Þ2ScCl, we access higher GRs and half
the barrier growth time from 20min to 10min by doubling TMAl flow.
With each precursor, a barrier temperature series (900, 1000, 1100,
1200 °C) was grown on 4H-SiC substrates to examine the effect on the
electrical performance and morphology. The V/III ratio was kept
constant by using a NH3 molar flow of 4.9� 10�2 mol min�1. Thick
AlScN layers were grown on n-GaN buffers grown on sapphire substrates
for structural characterization.

(a) (b) (c)

Figure 4. Contactless Hall measurements on AlScN HEMT structures grown on 4 H-SiC wafers with MCpð Þ2ScCl (red circles) at different temperatures.
The values achieved with Cp3Sc (blue triangles)

[21] are shown for comparison. a) Sheet resistance Rsh, b) sheet charge carrier density ns, and c) electron
mobility μ are average values obtained for the 100mm wafers. The solid lines are a guide to the eye.

Figure 5. The electrical performance of AlScN HEMT structures grown
with the novel precursor MCpð Þ2ScCl (red squares) is compared to the
results obtained with Cp3Sc (green triangles),[21] and our previously
published results (black symbols),[17,18] as well as to the performance
of AlScN HEMT structures grown by molecular beam epitaxy (MBE, blue
symbols).[9,11,28,30] Lines of constant sheet resistance are indicated.
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AFM in tapping mode was used to characterize the surface morphology
by determining the RMS average. HRXRD Θ=2Θ -scans of the 00.2, 00.4,
and 00.6 reflections combined with X-Ray reflectometry (XRR) measure-
ments were employed to approximate the thicknesses of the barrier includ-
ing diffusion-induced interlayers and the cap, respectively. The chemical
composition of the layers was studied by SIMS utilizing a quadrupole sys-
tem. The depth profiles were obtained by the bombardment at the inci-
dence angle of 45∘ with respect to the surface normal using a primary
beam of 1 keV Csþ ions. The uncertainty of the determined Sc content
is �2%. The impurities of oxygen, carbon, and chlorine incorporated in
the layers could not be quantified due to the lack of standards but were
examined qualitatively. The electrical properties of the HEMT structures
were determined by eddy-current sheet resistance measurements and con-
tactless Hall measurements using a Semilab mobility mapper.
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