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a b s t r a c t

AlGaN films with high Al content (Al/Ga ~5.5) were successfully grown via thermal atomic layer depo-
sition at low temperature (342 �C) using trimethylaluminum and triethylgallium as Al and Ga precursors,
respectively, and ammonia as reactant gas. Incorporation of GaN into AlN is evidenced by the depen-
dence of the growth rate on the pulse ratio of AlN and GaN subcycles. Chemical analysis reveals the
composition of the AlGaN film and the existence of GaN chemical bonding state irrespective of the pulse
ratio. Although the chemical composition of AlGaN filmwas little affected by the pulse ratio between AlN
and GaN cycles, the electrical properties of the films could be modulated. Layer-by-layer growth with
close to theoretical dielectric constant could be achieved by the introduction of sufficient number of AlN
subcycles. Density functional theory calculations were utilized to assess the surface reaction mechanism
of the Al and Ga precursors and ammonia reactant during deposition, which show smaller reactivity of
the Ga precursor compared to that of Al would affect the doping ratio of the ALD AlGaN films.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The group III-nitride semiconductors, including AlN, GaN, InN,
and their alloys, are key materials in light-emitting diodes and Vis-
UV lasers and are being increasingly used in power electronics and
high-electron-mobility transistors (HEMTs) [1]. This is mainly
because III-nitride semiconductors have a direct and tunable band
gap, high saturation drift velocity, and high breakdown field.
Among them, AlGaN e a pseudobinary alloy of AlN with a band gap
of 6.2 eV and GaN with a band gap of 3.4 eV e has been extensively
studied, especially in terms of controlling the ratio of AlN and GaN,
and, in doing so, the properties such as wavelengths, band gaps,
and lattice constants can be adjusted within a range [2e5]. This
controllability has resulted in a variety of applications; short
wavelength light is used for full color displays, laser printers, high
density information storage, and communication under water [6].
Recently, transistors with Al-rich AlGaN (Al content exceeding 70%)
ong), bjchoi@seoultech.ac.kr
channel have been attracting more interest owing to the high
temperature stability (up to 500 �C), which may be, in the future,
useful in automobile engines, advanced power distribution sys-
tems, all-electric vehicles, and avionics [6,7].

High-quality III-nitride growth often rely on high temperature
chemical processes (>900 �C); molecular-beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD) have been used
[8e10]. These processes are difficult to expand to glass and/or
flexible substrates as well as Silicon-based CMOS process. To reduce
the deposition temperature, plasma enhanced ALD (PEALD) has
been used. III-nitrides deposition processes for pure AlN, GaN, and
InN, their alloys, and nanolaminates have been reported [11e13].
There are disadvantages related with plasma usage; ions and ra-
diation inside the plasma may limit film conformality when
deposited on a high-aspect-ratio structure and damage the sub-
strate or the growing film [14,15]. Therefore, great efforts have been
recently focused on reducing the plasma damage and enhancing
the homogeneity of the film by using remote plasma source or
changing the more reactive precursors [13,16e19].

On the contrary, the growth of AlGaN films using thermal ALD
has been rarely reported so far. The necessity of thermal ALD-
grown high-quality AlGaN films is that pure thermal process can
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enrich the usefulness of III-nitride electronics to realize the various
type of lateral transistor structures and novel electronic devices
including nanoscale three-dimensional features. For example,
different compositions of AlGaN film can be used as barrier, chan-
nel, and gate dielectric materials in HEMTs and metal-
semiconductor FETs (MESFETs) [7]. We recently reported that
thermal ALD-grown AlGaN film on n-type GaN could successfully
reduce the gate leakage current by annihilating the oxygen-related
defects in the interface of AlGaN/GaN [20,21]. In addition, since
nitride compound semiconductors can also serve as memristive
switching materials e which is also called as the resistive random
access memorye the integration of nitridememristors onto HEMTs
is favorable by using the combination of their ALD processes [11].

The current critical issue hindering thermal ALD of AlGaN is the
difficulty in choice of the appropriate Al and Ga precursors working
in the same temperature range [22]. There have been previous
studies regarding thermal ALD of AlN film using trimethyl
aluminum (TMA), aluminum chloride, or tris(dimethylamido)
aluminum as Al precursors with NH3 reactant gas [23e26]. How-
ever, the process temperature for thermal ALD of AlNwas limited to
below 370 �C because of thermal decomposition of the Al pre-
cursors. On the other hand, Banerjee et al. recently reported that
pure thermal ALD of GaN film using trimethyl gallium (TMG) and
NH3 demands higher temperature range of 375e425 �C [27]. It was
asserted that the conversion of surface adducts into GaeNH2eGa
linkages under high pressure (>1 mbar) was essential for the suc-
cessful deposition of GaN film; otherwise, even higher temperature
(>500 �C) would be required. On the other hand, in a recent related
theoretical study on ALD of group-III oxides using their trimethyl
precursors, we have confirmed that the difference in the reactivity
originates from the chemical properties of Al and Ga [28].

In this study, we grew Al-rich AlGaN (Al/Ga ~5.5) thin film on Si
and TiN substrates through purely thermal ALD at 342 �C without
the aid of plasma. Considering the difficulty of direct growing GaN
with NH3 below 400 �C, a supercycle of GaN and AlN subcycles e a
combination of digital pulsing of GaN and AlN film was used [29].
The presence of GaN was investigated by chemical analysis and
electrical properties of thin films as a function of the supercycle
used. Density functional theory (DFT) calculations elucidated
possible surface reactions of precursors and the reactant, revealing
the difference in the chemical reactivity between Al and Ga pre-
cursors adsorbed on the surface.

2. Experimental

AlGaN thin film was deposited using thermal ALD system
(Atomic Classic, CN-1, Korea) at awafer temperature of 342 �C. TMA
(UP Chemical, Korea) and triethyl gallium (TEG; Lake Materials,
Korea) were used as metal precursors for Al and Ga, respectively.
NH3 and N2 were used as reactant and purge gas, respectively. As
established in our previous study, AlN subcycle was composed of
TMA feeding (0.5 s) - N2 purge (5 s) - NH3 feeding (5 s) - N2 purge
(60 s) [26]. Similarly, GaN subcycle was composed of TEG feeding
(0.3 s) - N2 purge (5 s) - NH3 feeding (5 s) - N2 purge (60 s). TMA and
TEG were introduced by vapor draw due to their high vapor pres-
sure at room temperature. N2 purge gas and NH3 reactant gas were
introduced at a flow rate of 200 and 60 SCCM (standard cubic
centimeters per minute), respectively. AlGaN thin film was grown
either on p-type Si (100) precleaned with acetone and isopropyl
alcohol or on TiN sputter-grown on a thermally grown SiO2/Si
wafer. The thickness of a TiN layer was 100 nm.

An ellipsometer (FS-1, Film-Sense, USA) was used to determine
the growth rate by measuring the film thickness. X-ray photo-
electron spectroscopy (XPS; PHI 5000 Versa Probe, ULVAC-PHI,
Japan) with a monochrome Al Ka (1488.6 keV) source and auger
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electron spectroscopy (AES; PHI 700, ULVAC-PHI, Japan) were used
for the analysis of chemical composition and bonding state. In the
case of XPS, the analysis was performed after surface etching by
sputtering for 0.1 min with 2 kV Ar þ ions. The microstructure of
the film was analyzed by high resolution transmission electron
microscopy (HR-TEM; JEM-2100F, JEOL, Japan). Energy dispersive
X-ray spectroscopy (EDS; JEM-2100F, JEOL, Japan) was used for the
chemical analysis.

DFT calculations were performed using Gaussian 16 program
suite [30]. The geometries were optimized using M06L exchange-
correlation functional [31] which is known to have a good perfor-
mance toward organometallic thermochemistry [32], with def2-
TZVP basis set for H, C, N, Al, and Ga atoms and def2-SVP basis
set for Si. The substrate surface is modeled as a NH2-terminated
Si(100)-like cluster (Si15H18(NH2)2), all of whose atoms were
allowed to relax during optimization. The transition state geome-
tries were guessed from relaxed surface scans and confirmed after
optimization to have a single imaginary vibrational frequency along
the reaction coordinate. The reported energy values are without
zero-point energy correction. The bond dissociation energy (BDE)
values are obtained for homolytic cleavage of the respective bonds
in MX3 molecules (M ¼ Al or Ga; X ¼ CH2CH3 or NHCH3).

To verify the electrical properties, devices were fabricated using
Pt (100 nm) as a top electrode and TiN (100 nm) as a bottom
electrode on SiO2/Si substrate. Pt top electrode was deposited via
radio frequency sputtering using a shadow mask (diameter:
200 mm). The sputter-grownTiN blanket layer on SiO2was used as a
bottom electrode. A semiconductor parameter analyzer (SPA; HP-
4155A, Agilent, USA) was used for measurements of DC current
(I)e voltage (V) curves at room temperature. In addition, LCRmeter
(HP-4284A, Agilent, USA) was used for capacitance (C)e voltage (V)
measurements at room temperature using the frequency of
500 kHz.

3. Results and discussion

The deposition process was performed using a supercycle con-
sisting of AlN and GaN ALD subcycles as shown in Fig. 1(a). During
the deposition, the chamber pressure was approximately 920
mTorr and a substrate temperature was maintained at 342 �C.
Fig. 1(b) shows a schematic diagram of various subcycle sequences
in a supercycle. The main three kinds of supercycles used had the
combination of AlN and GaN subcycles in the ratios of 2:1 (A2G1),
1:1 (A1G1), and 1:2 (A1G2). These supercycles were repeated
through the whole deposition process. Maximum temperature of
the instrument was selected for the facile ALD reaction but lower
than thermal decomposition temperature of precursors.

Thickness of AlGaN films deposited on Si and TiN substrates as a
function of the number of total cycles is shown in Fig. 2(a) and (b).
Here, total number of cycles is the sum of numbers of AlN and GaN
subcycles used during deposition process. The data for AlN [26] and
GaN thin films grown on Si and TiN substrates is shown for com-
parison. Films with the 1:4 ratio (A1G4) and reversed supercycle
sequence (G1A1) were also deposited to measure dependence on
the pulse ratio and effect of supercycle sequence. Growth rate of a
film was acquired as the slope of the linear fitting. AlN thin film
showed the highest growth rate, whereas no GaN film was grown
on both Si and TiN substrates. Between these two extreme cases,
the growth rate decreased in the following order: A2G1, A1G1,
A1G2, and A1G4. Therefore, it was concluded that the increase in
thickness is mainly affected by the number of AlN subcycles.
Regarding G1A1 supercycle deposition, increase in the GPC on both
Si and TiN substrates was observed.

To verify the effect of the number of subcycle ratio, the growth
per cycle (GPC) e the growth rate obtained from the linear growth



Fig. 1. (a) Schematic of ALD supercycle with AlN and GaN subcycles; (b) three different ALD supercycles for growing AlGaN on Si substrate.
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divided by the total number of cyclese is presented as a function of
the pulse ratio of AlN subcycle (a/(aþb)) in Fig. 2(c). As stated above,
higher GPC could be achieved by increasing the pulse ratio of AlN
subcycle. It is also noted that the higher pulse ratio of AlN corre-
sponds to a larger difference between GPC on Si and TiN substrates.
It was confirmed that incubation cycle of AlN film was observed on
Si substrate, while fluent growth of AlN film was possible on TiN
[33]. However, from the results above, it was not confirmed
whether GaN was indeed incorporated into the AlN to form AlGaN
film.

The growth rate of the supercycle-grown AlGaN per the number
of AlN subcycles is shown in Fig. 2(d) to assess whether the GaN
subcycle influences the growth of AlN and AlGaN film. It was
assumed that only AlN subcycles are reflected in the change of
thickness through the GPC value. If there was no difference in the
GPC with subcycle ratio, neither GaN was grown nor surface was
3

changed through reconstruction of the surface. However, the data
showed that lower GPC values were observed when a subcycle of
GaN was added compared to GPC when AlN cycles were only used.
In other words, the surface changes by a GaN subcycle affected the
subsequent growth during an AlN subcycle. Increasing the number
of GaN subcycles led to the lower observed GPC. Therefore, it is
considered that the GPC of AlGaN and AlN itself is hindered by a
GaN subcycle.

To confirm the incorporation of GaN into AlN, the chemical
composition and bonding state were analyzed by XPS. For this
purpose, both A1G1 (4.8 nm) on Si and A1G1 (6.9 nm) on TiN were
analyzed and compared. The surface analysis was performed after
Ar ion sputtering. Ga 2p 3/2, Al 2p, and N 1s spectra for A1G1 on Si
are shown in Fig. 3(a)e(c), respectively, and the same spectra for
A1G1 on TiN are shown in Fig. 3(d)e(f). First of all, Ga 2p 3/2 spectra
shown in Fig. 3(a) and (d) demonstrate the existence of Ga in the



Fig. 2. Thickness of AlGaN thin films as a function of total number of cycles when deposited on (a) Si and (b) TiN substrates. Growth per cycle (GPC) as a function of pulse ratio of
AlN subcycle, where the number of cycles is defined as (c) the total number of subcycles (AlN þ GaN) and (d) the number of AlN subcycles only.
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films. The peak energies for Ga 2p 3/2 spectra were 1118.3 eV for
both films on Si and TiN. Using the peak deconvolution, binding
energies (BEs) of GaeN and GaeO are found to be 1117.9 eV and
1119 eV for Si (1117.8 eV and 1118.9 eV for TiN), while the reported
BEs of GaeN and GaeO are 1117.6e1118.2 eV and 1120 eV, respec-
tively [34,35]. Thus, although GaeN is a major bonding state in
AlGaN, a considerable amount of GaeO bonding was also found.

In Fig. 3(b) and (e), XPS spectra of Al 2p show the peak energies
of 74.7 and 74.8 eV for A1G1 films on Si and TiN substrates,
respectively. The reported BEs for AleN and AleO are 73.5e74.7 eV
and 74.5e75.6 eV, respectively [36]. From our measurements, by
peak deconvolution, the BEs for AleN are 74.6 eV for both sub-
strates and those for AleO are 75.4 eV for Si and 75.2 eV for TiN. In
Fig. 3(c) and (f), XPS spectra of N 1s show the peak energies of
397.4 eV for the film on Si and 397.2 eV for the film on TiN substrate.
The reported BEs of possible bonding states NeGa, NeAl, and NeO
are 396.5e397.4 eV, 396.8e397.9 eV, and 398.4e399 eV, respec-
tively [35e38]. By the peak deconvolution, the BEs of NeGa are
398.1 eV (Si) and 398.2 eV (TiN), those of NeAl are 397.1 eV (Si) and
397.1 eV (TiN), and those of NeO are 399.5 eV (Si) and 399.5 eV
(TiN). In addition, Ga Auger subpeaks were observed in the N 1s
spectra. Therefore, there were no significant differences between
the BEs for AlGaN films on Si and TiN substrates.

Although the GaeN bonding state and the formation of AlGaN
film was confirmed by XPS analysis, chemical composition of the
4

films did not depend significantly on the ALD supercycle used. Four
samples were analyzed by AES: A2G1 (13.8 nm), A1G1 (12.1 nm),
and A1G2 (12 nm) grown on Si and A1G1 (16 nm) deposited on TiN.
Fig. 4 (a)-(d) show the depth profile for each element and average
atomic concentrations are sum marized in Table 1. The Al/Ga ratio
was 7.2 (Al/Ga ~36/5 or 88/12) for A2G1, while it was slightly
decreased to 5.5e5.7 (Al/Ga ~85/15) with increasing the number of
GaN subcycles. Thus, the Al-rich AlGaN composition was obtained
for all supercycles used in this study. The A1G1 film grown on TiN
had similar Al/Ga content but less oxygen impurities.

Possible origin of oxygen and carbon impurity is considered.
Water and oxygen molecules adsorbed at the surface may react
with TMA during the deposition process. Ex-situ surface oxidation
after the process could be additional oxygen source. It is probable
that oxygen, moisture, and hydrocarbon could be diffused into the
film through the grain boundary of columnar structure in the
polycrystalline film [39]. In case of TiN substrate, higher crystal-
linity may lead to the less surface oxidation compared to the film
with less crystallinity or amorphous phase. 5e7% of non-negligible
C impurity was observed in the depth profiles of all the AlGaN films.
It was considered that incomplete ligand removal could be related
to C impurity in the film during the deposition process.

To explain the dependence of the GPC of AlGaN on the ALD
subcycle ratio, DFT calculations were performed. Fig. 5(a) depicts
the reaction coordinate diagrams for the ALD half reactions of TMA



Fig. 3. XPS spectra corresponding to (a,d) Ga 2p3/2, (b,e) Al 2p, and (c,f) N1s measured on A1G1 supercycle-grown AlGaN films on (aec) Si and (def) TiN substrate, respectively.

S. Choi, A.S. Ansari, H.J. Yun et al. Journal of Alloys and Compounds 854 (2021) 157186
and TEG on NH2-terminated surface. During a precursor pulse, the
precursors are assumed to react with two NH2 surface sites, con-
verting them to Si(NH)2-M-R* (M-R ¼ AleCH3 for TMA, -Ga-C2H5
for TEG; * denoting surface species), according to the following
sequential steps.

SiðNH2Þ*2 þMR3 ðgÞ / SiðNH2ÞðNH �MR2 Þ* þRH ðgÞ[ (1)

SiðNH2ÞðNH �MR2 Þ* / SiðNHÞ2ðMR Þ* þRH ðgÞ[ (2)

According to the DFT-calculated energies, the adsorption of both
TMA and TEG can be expected to be facile upon thermal activation,
since both reactions are highly exothermic and involve moderate
activation energies (Ea; 128 kJ/mol for TMA, 147 kJ/mol for TEG).
The observed Ea values for precursor adsorption are comparable to
those for ALD reactions known to proceed at low temperatures
calculated using similar models [40,41].

On the contrary, Fig. 5(b) depicts the reaction coordinate dia-
gram for NH3 with the AleCH3* (GaeC2H5*) surface sites, repre-
senting the half reactions during a NH3 reactant pulse. Noticeably,
the reaction of NH3 on the GaeC2H5* surface shows higher Ea of
189 kJ/mol compared to that of the AleCH3* surface (155 kJ/mol).
The high barrier on the GaeC2H5* surface would hinder removal of
the ethyl group from the Ga-terminated surface. Therefore, while
adsorption of Ga on the NH-terminated surface at the first GaNALD
cycle could be allowed, continuous deposition of GaN during its
repeated ALD cycles is thermally limited by decreased reactivity of
the surface Ga species toward the NH3 half reaction. Current results
explain that the previously reported ALD growth of GaN being
achievable at higher temperatures than those for AlN. Furthermore,
incorporation of more GaN subcycles in the supercycle deposition
of AlGaN would only generate GaeC2H5* moieties on the surface.
As a result, even with larger fraction of GaN subcycles, the overall
GPC would have decreased from that of AlN ALD, and incorporation
of Ga in the film is limited. The chemical origin of the difference in
the reactivity for Al and Ga, regardless of adaptation of chemically
5

similar ligands in the precursors (CH3 and C2H5), could be associ-
ated with the differences between Al and Ga in the energies of the
bonds that are formed (metal-nitrogen) or cleaved (metal-carbon).
The BDEs of [AleN, GaeN, AleC, and GaeC] bonds are calculated as
[409.1, 333.4, 325.5, and 299.4 kJ/mol], respectively. In other words,
while AleC bond is stronger than GaeC bond for only 26.1 kJ/mol,
the strength of AleN bond is 75.7 kJ/mol greater than that of GaeN.
As a result, substitution of AleC bond into AleN bond during the
deposition reactions provides greater exothermicity compared to
that of GaeC into GaeN.

Meanwhile, it seems that PEALD does not suffer from such a Ga
deficiency. Ozgit et al. and Nepal et al., independently reported that
the growth of AlGaN films with different Ga content was enabled by
digital alloying, that is, ALD supercycle [42,43]. By repeating GaN
subcycles, Al/Ga ratio could be reached up to 68/32 ~ 2.1 for 3 GaN
subcycles at 200 �C, and even 75% Ga-rich AlGaN film could be
achieved for 8 GaN subcycles at 400 �C. In the case of PEALD, NH3 or
N2/H2 reactant gas dissociates into NHx and H radicals with the help
of plasma. These radicals recombine with adsorbed Ga clusters on
the substrate. Therefore, to achieve higher Ga incorporation by pure
thermal ALD process, film growth at higher temperature (� 400 �C)
or more reactive precursor and reactant gas at the lower temper-
ature should be considered [44,45].

Cross-sectional TEM combined with EDS analysis revealed the
formation of AlGaN film and its structural and chemical properties
in agreement with the results obtained by XPS and AES analyses.
Fig. 6(a) and (d) shows a cross-sectional high resolution TEM image
of an AlGaN film grown on Si and TiN substrates using 220 A1G1
supercycles. It can be seen that uniform and smooth film is formed.
The film thickness is consistent with the growth rate measured by
ellipsometer. Partially crystalline phase is observed, which is
similar to that of AlN films grown by thermal ALD [26]. Amorphous
~2 nm-thick layer can be seen, which corresponds to a silicate
interfacial layer formed by the reaction of native oxide and adsor-
bed OH- groups with TMA molecules on the surface of Si substrate.
On the other hand, AlGaN film on TiN has denser interface and



Fig. 4. AES depth profiles of elements in AlGaN thin films grown by supercycle (a) A2G1, (b) A1G1, (c) A1G2 on Si, and (d) A1G1 on TiN.

Table 1
Element composition of AlGaN films grown using different supercycles obtained by
AES depth profile.

Supercycle (Substrate) Al (%) Ga (%) N (%) O (%)

A2G1 (Si) 36 5 52 7
A1G1 (Si) 33 6 46 15
A1G2 (Si) 34 6 44 16
A1G1 (TiN) 33 7 51 9
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larger crystalline phase as shown in Fig. 6(d). That is, no obvious
interfacial layer and higher crystallinity are observed. Fig. 6(b) and
(c) show a scanning TEM image of the film and the corresponding
elemental line profile. The elemental composition of Al, Ga, N, and
O in the film were 30, 7, 46, and 17% on Si substrate, respectively.
These values agreed well with those obtained from AES analysis.
Fig. 6(e) and (f) are those from AlGaN on TiN substrate, where
smaller oxygen is detected in the AlGaN/TiN interface.

Although the chemical composition of AlGaN film was margin-
ally affected by the supercycle used, the electrical properties were
strongly affected by the deposition process. The IeV characteristics
of the Pt/AlGaN/TiN devices were measured to probe the electrical
properties. AlGaN films were fabricated using A2G1 (12.1 nm),
A1G1 (11.3 nm), and A1G2 (11.1 nm) supercycles. To compensate for
the different film thicknesses and device areas, current density (J)e
6

electric field (E) curves are presented in Fig. 7(a). As can be seen,
current densities of all curves show a similar level, with that of
A1G1 slightly lower than those of A2G1 and A1G2 devices. To
further differentiate the electrical properties, J-E curves were fitted
using the Pool-Frenkel emission model, as shown in Fig. 7(b). It
follows Eq. (3) given below;

J¼ E exp

 �q
�
∅r �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qE=ðpε0εrÞ

p �
kBT

!
; (3)

where J is the current density, E is the applied electric field, q is the
elementary charge, ∅ris the trap barrier height (in zero applied
electric field) that an electron must cross to move from one atom to
another in the site, ε0 is the vacuum permittivity, εr is the dielectric
constant, kB is Boltzmann’s constant and T is the absolute temper-
ature. By fitting using the model, dielectric constant of the filmwas
obtained from the slopes and Eq. (3).

Furthermore, dielectric constant of AlGaN film could be directly
obtained by measuring CeV characteristics. Fig. 7(c) shows CeV
curves of the A2G1, A1G1 and A1G2 devices. Capacitance formula
C ¼ ε0εrA=dwas used to find the dielectric constant, where, A is the
area between parallel electrodes and d is the distance between
electrodes, that is, the film thickness. Dielectric constants acquired
from the Poole-Frenkel plots and CeV measurements are



Fig. 5. Reaction coordinate diagrams for (a) TMA (black) and TEG (red) on the NH2 terminated Si (100) surface, and (b) NH3 on a AleCH3* (black) and GaeC2H5* (red) surface site,
respectively. Asterisks denote surface species; white, gray, blue, light pink, dark pink, and green balls denote H, C, N, Al, Ga, and Si atoms, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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summarized in Table 2. The results obtained by the two measure-
ments were similar.

In addition to measuring the values, theoretical values for the
dielectric constants were calculated for the comparison. Effective
medium approximation (EMA) model based on Maxwell-Garnett
equation gives the effective dielectric constant in terms of the
dielectric constants and the volume fraction of the inclusions in a
surrounding medium [46]:

 
εeff � εm

εeff þ 2εm

!
¼ di

�
εi � εm

εi þ 2εm

�
; (4)

where εeff, εm and εi are the effective dielectric constant of the
medium, and the dielectric constants of the matrix and inclusions.
di is the volume fraction of the inclusions. Here, it is assumed that
the matrix is AlN and the inclusion is GaN. To obtain the effective
7

dielectric constant, the Maxwell-Garnett equation is solved using
the following equation [47,48]:

εeff ¼ εm
2diðεi � εmÞ þ εi þ 2εm
2εm þ εi � diðεi � εmÞ ; (4-1)

The volume fraction was estimated using the atomic percent-
ages of Al and Ga from the AES analysis. The dielectric constants
used for AlN and GaN were 9.14 and 8.9, respectively [49e51].

The results of theoretical calculations and measurements are
summarized in Table 2. According to the theoretical calculations,
dielectric constants have similar values of approximately 9.1.
However, the experimental values are dependent on the super-
cycles used to deposit films. The dielectric constant of the A2G1
film is close to the theoretical value, whereas, that of A1G1 shows
the largest difference from the EMA model. Therefore, it is
considered that A2G1 supercycle deposits the film in the layer-by-



Fig. 6. (a), (c) Cross-sectional high resolution TEM image of an A1G1 supercycle-grown AlGaN film on Si and TiN (inset: electron diffraction pattern); (b), (e) Scanning TEM image
and (c), (f) corresponding elemental line profiles by EDS analysis.

Fig. 7. Electrical properties of Pt/AlGaN/TiN devices, where AlGaN films were deposited using A2G1, A1G1, and A1G2 supercycles, respectively. (a) J-E curves and (b) their fitting
results by Poole-Frenkel emission model; (c) CeV curves.
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layer growthmode. Considering the DFTcalculations, sufficient (2x)
TMA adsorption creates the uniform TMA-NH3 reaction sites, which
result in the uniform TEG adsorption. On the other hand, the
8

insufficient TMA adsorption by A1G1 and A1G2 supercycles and the
incorporation of oxygen-related defects may cause the lower
dielectric constant of AlGaN films.



Table 2
Comparison of dielectric constants of AlGaN films acquired by theoretical model
(MGA) and experimental methods.

Supercycle Dielectric constant (εr)

Theoretical Measured

Maxwell-Garnett IeV CeV

A2G1 9.106 9.350 9.401
A1G1 9.097 7.347 7.218
A1G2 9.098 8.289 8.275

S. Choi, A.S. Ansari, H.J. Yun et al. Journal of Alloys and Compounds 854 (2021) 157186
4. Conclusion

The Al-rich AlGaN films were deposited using thermal ALD with
TMA and TEG as Al and Ga metal precursors and NH3 as the reac-
tant gas at 342 �C. Supercycles composed of AlN and GaN subcycles
were used to incorporate GaN into AlN thin films. Chemical
bonding state of GaN was confirmed through XPS analysis. How-
ever, the percentage of Ga atoms in the deposited films was limited
to 5e7%. DFT calculations confirmed smaller reactivity of the sur-
face Ga species as the reason for reduced reactivity caused by
incorporation of GaN subcycles. TEM analysis revealed the forma-
tion of uniform and smooth AlGaN film containing small crystallites
within an amorphous matrix. Electrical properties of AlGaN films
were affected by the different subcycle ratios of supercycles used
for fabricating the films. Electrical measurements demonstrated
that the film grown using A2G1 supercycle had the effective
dielectric constant that is close to the value predicted by EMA
modeling. This implies that A2G1 supercycle is capable of pro-
ducing AlGaN film in layer-by-layer growth mode by providing
enough TMA-NH3 sites on the surface. Although the amount of
incorporated Ga was limited in this work, Al-rich AlGaN film was
successfully grown at the relatively low temperature and the
growth mechanism was elucidated. This study paves the way for
the deposition of Al-rich AlGaN films using a purely thermal ALD
process.
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