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Wurtzite Al;_,Sc,N is a novel nitride that attracts attention for its piezoelectric and ferroelectric
properties, and further offers the possibility to grow strain-free AISCN/GaN heterostructures due to an a
lattice parameter matching with GaN. Growth of AIScN by metal-organic chemical vapor deposition is
challenging because of the low vapor pressure of commercially available Sc precursors and a high
amount of carbon atoms present in these precursors, that can incorporate into the films. In this work,
precursor decomposition and ligand loss of the novel Sc precursors (EtCp),Sc(bdma) and (EtCp),Sc(dtbt)

Received 21st April 2026, are studied by density functional theory and related to experimental results. It is found that low tempera-

Accepted 23rd June 2026 tures, low pressures, and low NHsz flows promote carbon incorporation and lead to grey coloration of
AlScN films grown with (EtCp),Sc(bdma), probably due to the high residual mass of this precursor. At

1100 °C, high quality 2DEGs can be grown, especially with (EtCp),Sc(dtbt). Predictions for the growth of
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1. Introduction

Gallium nitride-based wide bandgap semiconductor devices per-
form in various fields, from optoelectronics to high frequency
and high power electronics. Especially radio frequency and
power electronics make extensive use of AlGaN/GaN-based high
electron mobility transistors (HEMTs)."> The two-dimensional
electron gas (2DEG) that forms at the AlGaN/GaN heterointerface
can be modulated with a gate contact and thus HEMTs can be
used as signal amplifiers or as switches. The sheet charge carrier
density (1) in the 2DEG determines the channel resistance, the
achievable current and power density. AIN barriers can supply
very high charge carrier densities but are severely limited by their
low critical thickness on GaN and thus relaxation effects that
reduce the lifetime of devices.” When AIN is alloyed with transi-
tion metals such as scandium (Sc) or yttrium (Y), this limitation
can be resolved, as both AlScN and AIYN feature an a lattice
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ALYN/GaN heterostructures are made.

parameter matching with GaN,*” promising for epilayers free of
lattice-mismatch induced strain and thus increased device life-
times. Due to the high intrinsic spontaneous polarization of
their barrier layers, these heterostructures still provide very high
ns of 2-5 x 10" ecm™? in the case of AIScN and in the range of
1-3 x 10" em™? for AIYN.>® The possibility to grow strain-free
additionally enables the growth of multichannel structures which
allows to further increase the achievable drain currents.””® The
exact concentration at which the lattice matching occurs, espe-
cially in AIScN, is currently a subject of discussion. Early theore-
tical studies predicted a very narrow window of high accessible
thicknesses around 18%," while more recent experimental studies
point toward lower values.’

Metal-organic chemical vapor deposition (MOCVD) provides
high structural quality, high growth rates and is cost-effective
in production scale of nitride semiconductors, making it the
preferred technique for industrial applications in terms of
throughput. First MOCVD-grown AlScN/GaN HEMTs feature
an output power (P,,) and a power added efficiency (PAE) of
8.4 W mm ' and 42.0% at 30 GHz class-AB continuous wave
operation, which is the highest reported combination of Py
and a PAE reported at Ka-band frequencies on metal-polar GaN-
based HEMTs so far.'® However, the analysis of reliability
measurements revealed that trapping currently limits the
device performance of AlScN/GaN HEMTs.'' Carbon acts as
acceptor or donor trap and can reduce the ng of the 2DEG,">™**
and leads to high Coulomb scattering and reduced mobilities.
It is likely one of the reasons for deterioration in device
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performance. The main source for carbon incorporation into
MOCVD-grown films are the precursor molecules.'” This adds a
challenge to the Sc precursor selection for the MOCVD of AlScN:
the Sc precursors with the lowest carbon over scandium (C/Sc)
ratios of 15 and 12, tris-cyclopentadienyl-scandium Cp;Sc and
bis-methylcyclopentadienyl-scandium (MCp),ScCl, respectively,
feature very low vapor pressures. The novel Sc precursors bis-
(ethyleyclopentadienyl) (N,N’-bis(dimethylamino)acetamidinato)
scandium (EtCp),Sc(bdma) and bis(ethylcyclopentadienyl)(di-
tert-butyl-triazenido) scandium (EtCp),Sc(dtbt) have increased
vapor pressures but C/Sc ratios of 20 and 22, respectively. While
carbon incorporation depends not only on the C/Sc ratio of a
precursor but also on the decomposition behavior of the pre-
cursor molecule and the ligands themselves, it can be assumed
that the more carbon is present, the more will incorporate into
the film. The ultimate solution for this problem would be the
implementation of carbon-free precursors with enhanced vapor
pressures as recently shown for GaN and AIN,' but currently
such precursors are not available for Sc. In the meantime, it is
vital to understand the trade-off between enhanced vapor pres-
sure and carbon incorporation.

Growth of Sc-containing nitrides by MOCVD represented a
significant challenge because of the very low vapor pressure
and thus very low molar flows of the first commercially avail-
able Sc precursor CpsSc.'”° A modified, heated gas injection
system developed for commercial MOCVD systems,'® and
patented by Fraunhofer IAF,>' allows for molar flows above
1 pmol min " sufficient for the growth of ternary alloys at bubbler
temperatures of up to 155 °C. However, growth rates below
0.015 nm s~ * were found to lead to significant thermal budged-
induced degradation of the heterointerfaces by interdiffusion of
atoms and strain-related effects at process temperatures of 900 °C
and higher.”” This interfacial grading can be drastically reduced
by the insertion of a nominal AIN interlayer or by increasing the
AlScN growth rate by using the novel Sc precursors with enhanced
vapor pressures.”> These Sc precursors (EtCp),Sc(bdma) and
(EtCp),Sc(dtbt) are a game changer in AlScN growth as they allow
for up to ten times enhanced growth rates and higher control of
the Sc incorporation at reduced bubbler temperatures.>> While
promising electrical characteristics of the 2DEGs were demon-
strated, the impurity incorporation remains an open question.
Depending on the decomposition and stability of the ligands of
the novel Sc precursors, the high C/Sc ratios of the precursors
favor carbon incorporation into the films. At the same time,
carbon incorporation can be reduced by selecting appropriate
growth conditions.

This work investigates how the decomposition of (EtCp),
Sc(bdma) and (EtCp),Sc(dtbt) affects carbon incorporation and
the performance of AlIScN/GaN heterostructures. To this end,
the Sc precursors are simulated with density functional theory
(DFT) and bond dissociation energies E*°° are calculated,
while the chemical behavior of the precursors is investigated
experimentally by thermogravimetric analysis (TGA). This infor-
mation is used to interpret the impurity levels of MOCVD-
grown 500 nm-thick AIScN films measured by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) as well as the
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2DEG properties of AIScN/GaN heterostructures grown at tem-
peratures ranging from 900 to 1200 °C determined by Hall
effect measurement. Optimum growth conditions for the lowest
possible carbon incorporation are identified and implemented
to investigate the effect of Sc concentration on the structural
quality of the heterostructures by high-resolution X-ray diffrac-
tion (HRXRD) and the electrical properties of the 2DEGs by Hall
effect measurements.

Further, predictions are made for growth of the novel nitride
AIYN with the Y precursor (EtCp),Y(dtbt), a structural twin to
(EtCp),Sc(dtbt). Growth of AIYN by MOCVD was demonstrated
recently and faces challenges analogue to those of AlScN, low
vapor pressure of Y precursors and high carbon levels. AIYN/
GaN feature 2DEGs with ng slightly below those of AlScN which
allows for higher electron mobilities and lower threshold
voltages promising for high-performing HEMT devices.>**?>>
Unlike Sc, Y is not a critical raw material, it is more abundant
and easier to extract and purify and thus promises for higher
sustainability.

2. Experimental

2.1. Simulation

We use the Turbomole code for the density functional theory
(DFT) simulations of the Sc and Y precursors.”**” Turbomole
uses localised basis sets for calculations of gas phase species.
The PBEO hybrid exchange-correlation functional which incor-
porates 25% exact HF exchange, is used with a triple zeta
valence polarised basis set (TZVPP) and a medium (m3) inte-
gration grid.?®*° The geometry of all molecules is relaxed with
no symmetry using analytic gradients and with a SCF conver-
gence criterion of 10”° Ha in the total energy. The convergence
criteria for the geometry was that the maximum norm of the
cartesian gradient is less that 10~° Ha.

The energy for ligand elimination (Egiss) is computed as
follows in eqn (1):

Eqiss = E(Sc(L)) + E(L) — E(Sc(L)s) 1)

where E(Sc(L);) is the total energy of an Sc precursor with three
ligands, E(Sc(L),) is the total energy of an Sc precursor after loss
of one ligand and E(L) is the total energy of the eliminated
ligand, all calculated in the gas phase with the DFT set up
given above.

2.2. MOCVD growth

Al, _,Sc,N/GaN heterostructures were grown by MOCVD with two
different Sc precursors: (EtCp),Sc(bdma) and (EtCp),Sc(dtbt).
These precursors have a low vapor pressure ( pyapor), which was
determined by TGA. A close coupled showerhead MOCVD reac-
tor equipped with a proprietary heated gas injection system
customized for precursors with 10w pyapor,'>* and patented by
Fraunhofer IAF,”* was employed for the epitaxial growth. Tri-
methylaluminum (TMAL), trimethylgallium (TMGa), silane (SiH,)
and ammonia (NH;) were the Al, Ga, Si and N sources, respec-
tively. The carrier gas was hydrogen. Two types of Al,_,Sc,N-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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based heterostructures were deposited on 4 inch c-plane Al,O;
substrates: up to 500 nm-thick AlScN layers were grown on
500 nm-thick AIN buffer layers for compositional analysis. The
TMAI flow was 18 pmol min~* and the (EtCp),Sc(bdma) flow
27 umol min~". The growth duration was 90 min. Further, 10 to
13 nm-thick AIScN barrier layers were grown on semi-insulating
GaN buffers,>® in order to examine the generated 2DEGs.
The NH; flow was kept at 50 pmol min~* for all Al,_,Sc,N/GaN
heterostructures. A nominal AIN interlayer was inserted before the
ca. 10 nm-thick AlScN barriers in order to enhance interface
abruptness, increase n; and reduce Rg,. Details on the effect of
nominal AIN interlayers on Al, ,Sc,N/GaN heterostructures struc-
tural and electrical properties can be found in our previous
works.?*** The structures were capped with a 10 nm-thick SiN,
in situ passivation. Two series of Al,_,Sc,N/GaN heterostructures
are examined: first, the growth temperature of AIScN barriers was
varied from 900 to 1200 °C for both precursors to investigate the
effect of impurity incorporation. The best performing of these
Al;_,Sc,N/GaN heterostructures were grown also on 4 inch 4H-SiC
substrates. For AlScN growth with (EtCp),Sc(bdma), the TMAI flow
was kept at 9 umol min~' and the (EtCp),Sc(bdma) flow at
13 pmol min~". The growth duration was 7 min 30 s. For the
growth with (EtCp),Sc(dtbt), the TMAI flow was kept at 18 pmol
min " and the (EtCp),Sc(dtbt) molar flow at 10 pmol min~*. The
growth duration was 3 min 45 s. Second, a series of Al;_,Sc,N/
GaN heterostructures with Sc concentrations from 0.8 to 20.0%
was grown with (EtCp),Sc(dtbt) in order to investigate the struc-
tural and electrical characteristics of the Al,_,Sc,N/GaN hetero-
structures with varying Sc incorporation. The Sc concentration of
13 nm-thick barrier layers was varied by sweeping the (EtCp),-
Sc(dtbt) molar flow linearly from 7 to 28 pmol min~*. Sc concen-
trations from 0.8 to 20% were achieved.

2.3. Characterization

Depth profiles of the chemical composition of the layers were
obtained with secondary ion mass spectrometry (SIMS) with a
quadrupole system (Q-SIMS) and ToF-SIMS. The Sc concen-
tration was determined by MCs" method by comparing the
AlCs"/ScCs" signal ratio to that of magnetron-sputtered AlScN
reference samples that were previously calibrated by energy
elastic recoil detection analysis.”® Currently, there are no SIMS
standards for oxygen and carbon in Al, ,Sc,N, due to the lack of
pure reference samples with concentrations below the detection
limit. Consequently, these concentrations cannot be determined.
We conclude on the relative presence of impurities by analyzing the
2DEG characteristics of Al; ,Sc,N/GaN heterostructures and by
comparing the C/Sc” and '®07/Sc~ ToF-SIMS signal intensity
ratios in the negative ion mode measurements of layers with the
same Sc concentration. The Al;_,Sc,N barrier and SiN, cap thick-
nesses were determined by combining HRXRD ©/2@-scans around
the 0002, 0004 and 0006 reflections of GaN and X-ray reflectometry
(XRR). The morphology and surface roughness of the epilayers were
examined by atomic force microscopy (AFM) in tapping mode. The
electrical performance of the 2DEGs of the Al, ,Sc,N/GaN hetero-
structures was examined with contactless eddy-current sheet resis-
tance (Rq,) and contactless Hall effect measurements at room

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature. The reported values are average values for Ry, ng
and electron mobility (i) determined from 17 evenly distributed
points across the 4-inch wafers. Additionally, Hall effect measure-
ments with alloyed Ti/Al-based contacts were performed to com-
pare Ry, s and u at room temperature and at 77 K (under liquid
nitrogen atmosphere). The presence of 2DEGs was additionally
verified by capacitance voltage (C-V) measurements with a mercury
probe. A detailed study of these C-V characteristics can be found
elsewhere.** Theoretical values for the variation of ng with the Sc
concentration (71 sim(x)) were determined by 1D-Schrédinger Pois-
son simulations, with and without carbon impurity doping in the
AlScN layers.

3. Results

3.1. Precursor decomposition

The precursor (EtCp),Sc(bdma), shown in Fig. 1(a), has two ethyl-
cyclopentadienyl (EtCp) ligands and one bis(dimethylamino) acet-
amidinato (bdma) ligand and thus twenty carbon atoms per
Scandium atom. From the DFT calculation, these (EtCp) ligands
have a ligand loss energy Egiss of 359.69 k] mol™". For the other
ligand, the (bdma) ligand, the ligand loss energy is Egiss Of
338.69 k] mol '. A lower Ey; indicates higher reactivity. Conse-
quently, during the decomposition of the precursor, the (bdma)
ligand is lost first, and then the (EtCp) ligands. The precursor
(EtCp),Sc(dtbt), shown in Fig. 1(b), contains twenty-two carbon
atoms per Scandium atom. The two (EtCp) ligands have a com-
puted Egis, of 378.07 k] mol " and the di-tert-butyl-triazenido (dtbt)
ligand has a Egiss of 396.45 k] mol *. This molecule should lose
the (EtCp) ligand first, followed by the (dtbt) ligand. Comparing
the precursors, the Eg;ss of the ligands of (EtCp),Sc(dtbt) are larger
than those of (EtCp),Sc(bdma), which suggests that (EtCp),-
Sc(bdma) is more reactive than (EtCp),Sc(dtbt). Consequently, it
is expected that (EtCp),Sc(bdma) allows for more efficient Scan-
dium incorporation at lower growth temperatures than (EtCp),-
Sc(dtbt). The Eg;ss of the Cp ligand of CpzSc and Me ligand of TMAL
were calculated for comparison using the same DFT setup as
described in 2.1. The Cp ligand and the Me ligand had a Egjs of
275.95 k] mol " and 338.66 k] mol *, respectively. This shows that
the Cp ligand is lost more easily than the (EtCp), (bdma) and (dtbt)
ligands. Compared to CpsSc, (EtCp),Sc(bdma) and (EtCp),Sc(dtbt)
require more energy to lose ligands. In contrast, the Eg;ss for TMAI

(a) (b)

Fig. 1 Chemical structure of the Sc precursors calculated by DFT simula-
tions. (a) (EtCp),Sc(bdma) and (b) (EtCp),Sc(dtbt). Sc is the purple rods, N is
the light blue rods, C is the brown rods and H is the white rods.

Mater. Adv,, 2026, 7, 8439-8448 | 8441
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is comparable with the (bdma) ligand of (EtCp),Sc(bdma) and is
more reactive that the (EtCp) ligands and (dtbt) ligand of
(EtCp),Sc(dtbt).

One (EtCp) ligand contains seven carbon atoms, that sums
up to 14 carbon atoms in total for each (EtCp),Sc(bdma) and
(EtCp),Sc(dtbt). The (bdma) ligand contains six carbon atoms,
while the (dtbt) ligand contains eight carbon atoms. Under the
assumption that the final ligands that are lost are more likely to
incorporate into the film, (EtCp),Sc(bdma) would be more
likely to incorporate impurities from the (EtCp) ligands with
their 14 carbon atoms, while (EtCp),Sc(dtbt) would be more
likely to incorporate the (dtbt) ligand that contains eight carbon
atoms. It remains to explore whether the (EtCp) ligand itself has
a different E4;s than the (bdma) and (dtbt) ligands, respectively,
and how this affects carbon incorporation. In conclusion, lower
carbon incorporation may be expected for Al; ,Sc,N layers
grown with (EtCp),Sc(bdma) at lower temperatures compared
to layers grown with (EtCp),Sc(dtbt), considering the dissocia-
tion of the ligands from the Sc atom. If we take into account the
sequence of the dissociation of the ligands and assume that
ligand lost later incorporates preferentially, the precursor
(EtCp),Sc(bdma) with the (EtCp) ligands lost last might be
more susceptible to carbon incorporation than (EtCp),Sc(dtbt)
with the (dtbt) ligand. Experimental investigation is necessary
to shed light on this topic.

(EtCp),Sc(bdma) has a slightly lower vapor pressure than
(EtCp),Sc(dtbt), as shown in Fig. 2(a). Compared to the first
commercially available Sc precursor Cp;Sc, pyapor Of both novel Sc
precursors is increased by more than one order of magnitude.
However, it is still far below that of bis-cyclopentadienyliron
(Cp,Fe), commonly used for Fe doping, and that of TMAI and
TMGa, the conventional sources for Al and Ga. The Eg;g of ligands
is clearly independent of py,por. Both novel Sc precursors show
good volatilization and a clean one step evaporation in the TGA
shown in Fig. 2(b). The onset of 1% mass loss occurs at 90.94 °C
for (EtCp),Sc(bdma) and at 128.90 °C for (EtCp),Sc(dtbt). Interest-
ingly, (EtCp),Sc(bdma) has a significant residual mass of 10%,
while the one of (EtCp),Sc(dtbt) is far below 1%. The cracking
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efficiency n = 1 — e versus temperature for residence times (¢) of
10 ms and 100 ms is shown in Fig. 2(c). It is calculated using the
Arrhenius equation for the rate constant k = Ae ™7, A is the
Arrhenius constant approximated as ~10'® s™'. The Egg of
the ligand that is lost first is used as the activation energy E, in
k] mol™". R is the universal gas constant and 7T the absolute
temperature in Kelvin. (EtCp),Sc(bdma) clearly cracks more effi-
ciently at lower temperatures than (EtCp),Sc(dtbt). Longer resi-
dence times favor cracking.

Sc has a very low standard redox potential of —2.08 V and is
therefore susceptible to oxidation.*® In fact, the energies calcu-
lated for the interaction of (EtCp),Sc(dtbt) with O, and H,O are
exothermic. The interaction with water is exothermic with a
computed interaction energy of —0.38 eV, while the interaction
energy with O, is —0.27 eV. Any presence of water or oxygen in
the growth environment will consequently result in impurity
contamination.

The most important characteristics of the two investigated
Sc precursors are summarized in Table 1. For the epitaxial
growth, both precursors were kept at 100 °C, achieving vapor
pressures of 0.053 mbar for (EtCp),Sc(bdma) and 0.176 mbar
for (EtCp),Sc(dtbt), respectively.

3.2. Incorporation of impurities in AlScN

Impurity incorporation in MOCVD-grown GaN and AlGaN is
favored at low growth temperatures, low reactor pressures and
low NH; flows.*3%37 The same trends were observed for AlScN
grown with Cp;Sc as Sc precursor.’® Here, for AIScN grown with
(EtCp),Sc(bdma), incorporation of impurities was investigated
on 500 nm-thick Alj;5Sc,sN layers grown on AlN/sapphire
templates. The films were grown at low temperature of 900 °C
at two different reactor pressures and NH; flows. Further a layer
grown at 1200 °C is analyzed. The O;3 /Sc” and C /Sc” ToF-
SIMS signal intensity ratios strongly reflect the growth condi-
tions and are further accompagnied by an unprecedented,
distinct change in the coloration of the wafer, as illustrated
in Fig. 3. The AlScN layer grown at 900 °C, 40 mbar and
180 mmol min~" NHj3, shows a dark grey color and both high

(b) (c)
[ LI JU I SR S— L LT = e L T

5 100 F --- (EtCp);Sc(bdma) ] 1.0 (etcp),Sc(bdma) ,~ 7]
. ] L T —— (EtCp);Sc(dtbt) L 100 ms A
F q 1 > r—— 10ms B 1
_ 10%¢ e 80k \ 1 @ 0.8 (EtCp),Sc(dtbt) [

= F ] \ E o L 100 ms !
9 1 ¥ 1 ] © [--- 10ms -
£ 7 = 60 b 1% 0-6r I
5 ] ‘~ 1 o [ f ]
S F - @© I‘ [ II _
§ 10°¢ i E 40fF 1 ] £04r [
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Fig. 2 The (a) vapor pressure in dependence of temperature for (EtCp),Sc(bdma) and (EtCp),Sc(dtbt), (b) the TGA analysis and (c) the calculated cracking
efficiency in dependence of the growth temperature for different residence times. In (a), the vapor pressures of the conventional precursors TMGa, TMAL
and Cp;Fe and the first commercially available Scandium precursor CpsSc are shown for reference.
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Table 1 Characteristics of the Sc precursors (EtCp),Sc(bdma) and
(EtCp),Sc(dtbt). Tup is the melting point of the low melting solids in °C
and the C/Sc ratio is the number of carbon atoms per Sc atom in the
precursor molecule. The bond dissociation energies Eyiss Of the different
ligands of the precursors were calculated by DFT simulations

(EtCp),Sc(bdma)  (EtCp),Sc(dtbt)
Formula C,oH33N,Sc C,,H36N3Sc
Typ [°C] 35 30
C/Sc 20 22
Egqiss EtCp-ligand [kJ mol ] 359.69 378.07
Egiss bdma/dtbt-ligand [k] mol™"]  338.69 396.45

O;5 /Sc” and C7/Sc™ ratios. The C7/Sc™ ratio drops by one
order of magnitude when the growth pressure is increased from
40 to 130 mbar at 900 °C and the coloration changes to a light
grey. When the NH; flow gets reduced from 180 mmol min~ " to
25 mmol min~" at 900 °C and 40 mbar, the C/Sc™ ratio increases
by one order of magnitude and the coloration changes to an
intense black. Since the O;5™ /Sc™ ratio remains largely unaffected
by the change of growth conditions at 900 °C, the change in
coloration can be attributed exclusively to the presence of carbon
in the layers. When the growth temperature is increased to
1200 °C, the O3 /Sc™ ratio drops by two orders of magnitude.
The C/Sc™ ratio drops by one order of magnitude at the same
time. The sample features a distinct yellow-orange color. This
color is associated with rocksalt ScN.* Indeed, the HRXRD phase
analysis shows the peak associated with the rocksalt/zinc blende
ScN 111 reflection (not shown). Similar distinct change in coloring
with growth temperature was previously reported for AIYN, which
was greyish at 900 °C, transparent at 1000 °C and showed the
characteristic red of rocksalt YN at 1200 °C.**

102 E Xsc |
i O137/SCc™
[ mm C/Sc™ ]
10 ¢ E
100 E
107t £ .
10—2 , B ) DN PR ) NN GRS ) e R )
900°C 900°C 900°C 1200°C
40 mbar 130 mbar 40 mbar 40 mbar
1x NH3 1x NH3 0.5x NH3 1x NH3

Fig. 3 O35 /Sc™ and C™/Sc™ signal intensity ratios derived from ToF-SIMS
measurements for 500 nm-thick Al;_,ScyN layers grown with a Sc
concentration of approximately 25% at indicated conditions. The wafers
show distinct coloring.
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Variations in carbon incorporation can be attributed to a
change in gas phase chemistry with temperature. High tempera-
ture supports the decomposition of the precursor molecules into
gas phase radical species which subsequently react with radical
hydrogen to byproducts that get removed from the growth surface.
At lower temperature this process is less dynamic and fragments
of the ligands get incorporated into the growing layer, leading to
high carbon levels. This process is likely promoted by the high
residual mass of the precursor (EtCp),Sc(bdma) revealed with the
TGA measurement shown in Fig. 2(b). The prominent presence of
oxygen can be attributed to the above mentioned negative stan-
dard redox potential of —2.08 V of Sc.>* Any background oxygen is
readily incorporated. With rising temperature, metal-oxides get
increasingly unstable due to the decreasing partial pressure of
oxygen,” resulting in lower oxygen incorporation at higher growth
temperatures, e.g. 1200 °C.

The exact concentrations of oxygen and carbon in the AlScN
layers remain unknown, due to the lack of appropriate stan-
dards for oxygen and carbon quantification by ToF-SIMS.

It is important to note that, in a previous work, we presented
a 250 nm-thick layer grown with (EtCp),Sc(bdma) at 1000 °C
that also exhibited high oxygen and carbon levels, but was
transparent and ferroelectric.*’ It seems that specifically at
900 °C, the growth dynamics strongly favor carbon incorporation.

3.3. Electrical properties of AIScN/GaN heterostructures

The performance of the 2DEG formed at the barrier/channel
interface is very sensitive to the incorporation of impurities and
thus to different growth conditions that favor or suppress
incorporation of impurities, especially to growth temperature.
For 2DEGs in AlGaN/GaN heterostructures it was observed that
increased carbon incorporation at low growth temperatures
reduces ng and increases Ry, to the point of complete degrada-
tion of the 2DEG.">**

The same general observation is made for AIScN/GaN het-
erostructures grown with (EtCp),Sc(bdma) and (EtCp),Sc(dtbt).
The Ry, of heterostructures grown at 900 °C is in the kQ sq -
range (2590 and 1920 Q sq ', respectively), as illustrated
in Fig. 4(a). When the growth temperature of the AIScN barrier
is increased to 1000 °C, the Ry, drops to 333 Q sq ' for
(EtCp),Sc(bdma) and 441 Q sq " for (EtCp),Sc(dtbt). At a growth
temperature of 1100 °C, the lowest Ry, of 303 and 226 Q sq
were achieved, with (EtCp),Sc(bdma) and (EtCp),Sc(dtbt), respec-
tively. This temperature seems to be the optimum growth
temperature in terms of 2DEG properties for both precursors.
None of the approximately 10 nm-thick AlScN barrier layers
grown at temperatures from 900 to 1200 °C show distinct color-
ing. The variation in Ry, with the temperature is not related to
Sc composition variation, as the Sc concentration determined by
Q-SIMS is independent of temperature in the range of 900 to
1100 °C, as illustrated in the inset of Fig. 4(a). Since the
heterostructures grown with (EtCp),Sc(bdma) have Sc concentra-
tions of roughly 10% while those grown with (EtCp),Sc(dtbt)
have a Sc concentrations around 6%, a slightly higher Ry, is
expected for (EtCp),Sc(bdma) -grown heterostructures over
(EtCp),Sc(dtbt) grown samples. It is therefore interesting that
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Fig. 4 (a) Rsn obtained with contactless eddy current measurements
versus barrier growth temperature for Al ,Sc,N/GaN heterostructures
grown on Al,Osz substrates with development grade (dg) (EtCp),Sc(bdma)
and (EtCp),Sc(dtbt). The values obtained with dg CpsSc*® and electronic
grade (eg) CpsSc®? are shown for reference. The dashed lines are guides to
the eye. The inset shows the Sc concentrations of determined by Q-SIMS.
(b) The u and ns determined by contactless Hall effect measurements of
Al;_,Sc,N/GaN heterostructures grown on 4H-SiC with the lowest Ry,
achieved with the precursors (EtCp),Sc(bdma) and (EtCp),Sc(dtbt) in this
work and CpsSc and (MCp),ScCl in our previous works.2%?24% The hollow
markers indicate values reported by other groups, either by MOCVD,*>4¢
or MBE*77%2

at 1000 °C, the Ry, of the heterostructure grown with (EtCp),-
Sc(bdma) is lower than that of the one grown with (EtCp),Sc(dtbt).
A possible explanation for this lower Ry, is the difference in the
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energies for ligand loss. These are lower for (EtCp),Sc(bdma) than
for (EtCp),Sc(dtbt), which might cause lower carbon incorporation
and less carrier compensation at lower temperatures for
(EtCp),Sc(bdma) than for (EtCp),Sc(dtbt). The lower Ry, achieved
with (EtCp),Sc(dtbt) than with (EtCp),Sc(bdma) at 1100 and
1200 °C in turn can be attributed to the lower Sc concentrations,
that lead to higher ns and therefore lower Rg,. The increase in Ry,
for the heterostructure grown with (EtCp),Sc(bdma) at a growth
temperature of 1200 °C can be attributed to increased Sc concen-
tration as well as to increased interface degradation by the diffusion
of atoms across the active interface.

The results from our previous studies with the Sc precursor
CpsSc further underline the effect of carbon incorporation on
2DEGs grown at different temperatures.”>** In this case a lower
purity (development grade, dg) and a higher purity (electronic
grade, eg) version of Cp;Sc are compared. While the Ry, was in
the kQ sq~'-range for layers grown at 900 and 1000 °C with dg
CpsSc, heterostructures grown with eg Cp;Sc allowed for excep-
tionally low sheet resistances Ry, of approximately 224 Q sq "
at 900 °C, as shown in Fig. 4(a). This indicates that besides
the carbon inherent to the precursor molecule, also the purity
grade of the precursors affects the 2DEG performance strongly
at lower barrier growth temperatures. The increase in Ry, with
increasing temperature for heterostructure grown with eg Cp;Sc
clearly correlates with the Sc concentration that increases
with the temperature as illustrated in the inset of Fig. 4(a). This
shows that the low Ey;ss of the Cp ligands does not guarantee
higher Sc incorporation at lower temperatures. Instead, the
10w pyapor limits the arrival of Sc in the reactor and its incorpora-
tion into the film. This suggests that gas phase reactions
promote Sc incorporation, or reduce Al incorporation, at higher
temperatures.

Both (EtCp),Sc(bdma) and (EtCp),Sc(dtbt) employed in this
study were qualified as development grade. Further purification
might improve the electrical characteristics at low growth
temperatures. Further, the addition of Ga to the AlScN barrier
can reduce the incorporation of impurities significantly.>® In
fact, most recently, high electron mobility was achieved with
(EtCp),Sc(dtbt) as Sc precursor at temperatures between 900
and 1000 °C for quarternary AlGaScN barriers grown on GaN.*’
In such barriers the ng is much lower than in ternary AIScN
barriers and the existence of a lattice-matching to GaN remains
to be explored.

A comparison of the electrical performance of Al;_,Sc,N/
GaN heterostructures grown on 4H-SiC is shown in Fig. 4(b).
Heterostructures grown with (EtCp),Sc(bdma) and (EtCp),Sc(dtbt)
within this work, grown at 1100 °C, show high g, higher than the
highest values achieved previously with Cp;Sc,* and similar to
those reported with (MCp),ScCl, both obtained at 900 °C. How-
ever, the n is notably lower with the novel precursors. We assume
that the increased growth rates prevent strong thermal budget-
induced interface degradation at high growth temperature, even if
the structural quality is not as high as at low temperatures.>
Instead, we suspect that increased charge carrier compensation by
carbon acceptors occurs when (EtCp),Sc(bdma) or (EtCp),Sc(dtbt)
are employed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.4. AlIScN/GaN grown with (EtCp),Sc(dtbt)

A series of AlScN/GaN heterostructures was grown at the
optimum growth temperature of 1100 °C with the precursor
(EtCp),Sc(dtbt) to examine the variation of structural and
electrical properties with varying Sc concentration. The Sc
concentration of 13 nm-thick barrier layers was sweeped from
0.8 to 20% by adjusting the (EtCp),Sc(dtbt) molar flow linearly
from 7 to 28 umol min~". The growth rate was 0.068 nm s *. A
nominal AIN interlayer was inserted to further enhance interface
abruptness.”® In Fig. 5, the HRXRD @/20-scans of the 0002, 0004
and 0006 reflection ranges are shown with the median Sc concen-
tration determined by ToF-SIMS. The well defined AlScN peak and
the high number of thickness fringes, that are present in all
orders, indicate high structural quality of the barrier layers and
abrupt interfaces to the underlying GaN. The AlScN peak shifts
with increasing Sc concentration: towards higher @/260 values at
Sc concentrations up to 8.3% and towards lower ©/20 values at
higher Sc concentrations. This behavior is attributed to the
nonlinearity of the lattice parameters of AlIScN with respect to
the Al/Sc composition.

The Hall effect measurements results are shown in Fig. 6.
The trend for ng versus xs. depicted in Fig. 6(a) is in line with the
trends expected from 1D Schrodinger-Poisson simulations
(black dashed line). The decrease in ng with increasing xs.
correlates to a decrease in bandgap energy,”® and spontaneous
polarization with increasing xs..°® The latter reduces the built-in
electric field across the barrier and thus the polarization
induced sheet charge, which ultimately reduces the amount
of charge carriers that accumulate in the potential well in the
GaN channel, close to the heterointerface.® At the lattice-
matched concentration, there is no piezoelectric contribution
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Fig.5 HRXRD ©/20-scans of the 0002, 0004 and 0006 reflection
ranges of Al;_,Sc,N/GaN heterostructures grown on Al,O3 substrates with
Sc concentrations from 0.8 to 20%. The Sc concentration was determined
by ToF-SIMS. The diffractogramms are shifted vertically for clarity.
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to the total polarization. Below (above) the lattice-matched
concentration, the Al;_,Sc,N layer is subject to biaxial tensile
(compressive) strain, which leads to negative (positive) piezoelec-
tric polarization and increases (decreases) the total n,.° Interest-
ingly, the ng is by a factor of 1.7 lower than the values expected
from theory. This can be caused by a combination of thermally
degraded interfaces which enhance alloy scattering,”*** and the
high carbon levels reported for MOCVD-grown AIScN layers.
Acceptors trap electrons that would otherwise be available for
the 2DEG and/or shield the electric field and reduce the ng that
way. The simulated 7 5im(x) can be matched to the experimental
Nsexp(X) by adding a carbon doping to the AIScN layer that
increases linearly from 2.47 x 10" at a Sc concentration of 1%
to 4.75 x 10" at 25%. This is in the range of carbon concentration
that was measured by SIMS in AlIScN films grown with
(EtCp),Sc(dtbt) at similar conditions and published elsewhere.**
Similar calculations were performed by Yassine et al.** to match 7
determined by C-V measurements on MIS structures fabricated
on the same samples.

With increasing Sc concentration and thus decreasing n,
the Ry, increases, as shown in Fig. 6(b). The u shows no
particular trend. A decrease in electron-electron scattering with
decreasing ng could potentially increase the electron mobility
and decrease the Ry, following the relation Ry, = 1/euns. But
here, the 1 remains largely constant across the examined alloy
concentration range and is not affected by the decrease in ng at
both room temperature and low temperature. Possibly,
increased alloy scattering that is not shielded sufficiently by
the growth of the nominal AIN interlayer counterbalances the
decreasing electron-electron scattering. The fact that mobility
doubles when the temperature is decreased from room tem-
perature to 77 K while the ns remains constant, proves unam-
biguously the presence of a 2DEG in most of the examined
heterostructures. Only in the heterostructure with a Sc concen-
tration of 0.8% no 2DEG was present and the Ry, in the kQ-range.
Excessive tensile strain had been released in the form of cracks,
observed in DIC and AFM, as the critical thickness of Al, _,Sc,N on
GaN was exceeded. The heterostructure with a barrier with a Sc
concentration of 4.6% featured with 242 Q sq " the lowest R, and
with 3.05 x 10" cm™? the highest ;. As expected for a 2DEG, the
ns was found to be independent of temperature. The mobility
increased from 546 to 953 cm® V' s* when the temperature was
reduced from 298 to 77 K. However, this heterostructure showed
significantly increased leakage current at negative voltages in I-V
measurements performed with a mercury probe, other than the
heterostructures with higher Sc content barriers. This can be
attributed to modest relaxation effects.

3.5. Predictions for Y precursors

The growth of AIYN and AIYN/GaN heterostructures by MOCVD
was reported with the yttrium precursors (MCp);Y,” and (EtCp),
(iPr-amd)Y.** Other potential yttrium precursors with higher
vapor pressures are the low-melting solids (EtCp),Y(bdma) and
(EtCp),Y(dtbt), the structural twins to (EtCp),Sc(bdma) and
(EtCp),Sc(dtbt), respectively, with an yttrium atom in place of
a Sc atom. Analogue to (EtCp),Sc(bdma), (EtCp),Y(bdma) loses
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Fig. 6 (a) ng, (b) Ry and (c) u determined by Hall effect measurements of 13 nm-thick Al;_,Sc,N/GaN heterostructures capped with SiN, grown on Al,O3
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the (bdma) ligand first and the (EtCp) ligands second, with a
computed Egiss of 399.07 k] mol™" and 465.09, respectively.
(EtCp),Y(dtbt), with two (EtCp) ligands and a (dtbt) ligand
like (EtCp),Sc(dtbt), loses the (EtCp) ligands first and the
(dtbt) ligands second, with computed Eg;ss of 417.47 and
451.58 kJ mol ', respectively. The higher Eg, of the yttrium
precursors compared to the scandium precursors is due to the
higher bond enthalpies of yttrium-carbon and yttrium-nitrogen
bonds compared to scandium-carbon and scandium-nitrogen
bonds. These higher Eg4s suggest that these yttrium precursors
require higher process temperatures than the corresponding
scandium precursors. It can be assumed that (EtCp),Y(bdma)
shows decomposition characteristics similar to (EtCp),Sc(bdma)
in terms of high residual mass, which makes (EtCp),Y(dtbt) the
more attractive option. The vapor pressure is similar to that of
(EtCp),Sc(dtbt), as illustrated in Fig. 7(a) and higher than those of
the previously implemented yttrium precursors (MCp);Y and

1% mass loss occurs at 141.62 °C. The residual mass is below 1%.
In Fig. 7(c) the cracking efficiency is shown, underlining that higher
temperatures are required to achieve the same level of cracking as
with the Sc counterpart (EtCp),Sc(dtbt).

Y has a more negative standard redox potential than Sc
and is therefore more susceptible to oxidation.** Similar to
(EtCp),Sc(dtbt), (EtCp),Y(dtbt) reacts favorably with water,
with a computed interaction energy of —0.74 eV, while the
energy of interaction with O, is —0.10 eV, which is notably less
exothermic. Thus, the presence of water during the process
will potentially be more likely to lead to contamination
compared to (EtCp),Sc(dtbt). A summary of the most impor-
tant characteristics of the two proposed Y precursors are
listed in Table 2. Besides being a promising barrier material
for HEMTs, AIYN is, like AlScN, piezo- and ferroelectric, and
high quality growth by MOCVD will allow for applications in
those fields, for example in non-volatile ferroelectric

(EtCp), (iPr-amd)Y. The TGA in Fig. 7(b) shows that the onset if memories.*">*>’
(a) (b) (c)
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Fig. 7 The (a) vapor pressures in dependence of temperature for various yttrium precursors, including that of the scandium precursors (EtCp),Sc(bdma)

and (EtCp),Sc(dtbt) for reference, and the (b) TGA data for (EtCp),Y(dtbt),

that is very similar to the one of its scandium twin (EtCp),Sc(dtbt). (c) The

cracking efficiencies of (EtCp),Y(dtbt) and (EtCp),Sc(dtbt) calculated using the Arrhenius equation are compared.
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Table 2 Characteristics of the Y precursors (EtCp),Y(bdma) and (EtCp),-
Y(dtbt). Tmp is the melting point of the precursor in °C and the C/Y ratio is
the number of carbon atoms per yttrium atom in the precursor molecule.
The bond dissociation energies Egss Of the different ligands of the
precursors were calculated by DFT simulations

(EtCp),Y(bdma)  (EtCp),Y(dtbt)

Formula CaoH33NsY CaoHzeN3Y
Twp [ °C] — 40

ClY 20 22

Eqiss EtCp-ligand [kJ mol '] 462.09 417.47
Egiss bdma/dtbt-ligand [k] mol™']  399.07 451.58

4. Conclusions

This work shows how the decomposition behavior of the Scan-
dium precursors (EtCp),Sc(bdma) and (EtCp),Sc(dtbt) relates to
carbon incorporation and therefore the electrical characteristics of
AlIScN/GaN heterostructures. The lower bond dissociation energies
E4iss of (EtCp),Sc(bdma) provides higher reactivity at lower growth
temperatures compared to (EtCp),Sc(dtbt) but carbon-rich resi-
dues incorporate into the film, especially at a growth temperature
of 900 °C. The negative impact of the impurity incorporation for
both (EtCp),Sc(bdma) and (EtCp),Sc(dtbt) can be minimized by
employing a growth temperature of 1100 °C and Al ,Sc,N/GaN
heterostructures with excellent structural quality and promising
2DEG characteristics are achieved. The growth of AIYN with
(EtCp),Y(dtbt) is predicted to be analogous to the growth of AlScN
with (EtCp),Sc(dtbt) but expected to require higher temperatures
for precursor decomposition.
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