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(010) B-(AlxGai—)203 thin films were grown on (010) B-Ga2Os3 substrates via metalorganic
chemical vapor deposition (MOCVD) with up to 40% Al incorporation by systematic tuning of
the Trimethylaluminum (TMAI)/Triethylgallium (TEGa) molar flow rate ratio and growth
temperature. High crystalline quality with pure B-phase (AlxGai—)>O3 was achieved for films with
Al composition x< 27%, while higher Al composition induced phase segregation which was
observed via X-ray diffraction spectra. Al incorporation was highly dependent on the growth
temperature, chamber pressure, oxygen partial pressure and TMAI molar flow rate. Atomic
resolution scanning transmission electron microscopy (STEM) imaging demonstrated a high
crystalline quality B-(Alo.15Gaogs)203 film with epitaxial interface. High resolution STEM
(HRSTEM) imaging of (AlxGaix)203/GaxO3 superlattice (SL) structures revealed superior
crystalline quality for 23% Al composition. When Al composition reaches 40%, the SL structure
maintained -phase but the interfaces became rough with inhomogeneous Al distribution. N-type

doping using Si in B-(AlxGa1—x)203 films with Al composition up to 33.4% was demonstrated.
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Having a large energy bandgap (4.5-4.9 eV) [1, 2], predicted high breakdown field strength
(6-8 MV/cm) [1], and capability for n-type doping, B-Ga,Os is considered a promising
semiconductor candidate for advancing power electronics and short wavelength optoelectronics.
The availability of Ga>O3 native substrates via melt growth methods [3-5] enables high quality
epitaxy of thin films [6-9] and structures for high performance device applications, including
lateral field-effect transistors [10,11], high-breakdown Schottky barrier diodes [12.13] and vertical

transistors [14,15].

Band gap engineering by alloying Ga>O3 with Al,O; can ideally expand the accessible energy
band gap of (AlxGaix)203; from 4.5-4.9 eV (x=0) to 8.8 eV (x=1) [16]. Hill et al. predicted the
solubility limit of Al>O3 in f-Ga203 to be 67% at ~1625°C based on the equilibrium phase diagram
of Gax03-AL0; alloy [17]. However, experimental demonstration is still lacking. Lateral field
effect transistors using AlGaO/GaO heterostructures grown by molecular beam epitaxy (MBE)
have been demonstrated with a maximum Al composition of 16% [18]. Modulation doped field
effect transistor (MODFET) with 2D electron gas (2DEG) sheet charge density of 2 x 10'? cm™,
room temperature mobility of 180 cm?/V-s and low temperature peak mobility of 2790 cm?/V s
was demonstrated by the formation of AlIGaO/GaO 2DEG channel with 18% Al content [19]. In
order to achieve 2DEG with higher sheet charge density, a larger band offset at AIGaO/GaO
interface for better carrier confinement is required. Therefore, it is in great need to develop high
quality epitaxy of AlGaO with higher Al composition. In addition, n-type doping and transport

properties in AlGaO have not been reported previously.

Previous efforts on the growth of AlGaO alloys include MBE [19-23], mist chemical vapor
deposition (CVD) [24-26], pulsed laser deposition (PLD) [27-30], and metalorganic chemical

vapor deposition (MOCVD) [31]. However, studies on the growth of single crystalline B-(AlxGai-
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x)203 thin films are still limited. The most recent studies from MBE growth indicated that the phase
stability of Al2O3 in B-Ga203 was limited to ~18% due to the formation of AlGaOs intermediate
compound at temperature ranging between 600-800°C [21]. A recent report on the MOCVD
growth of AlGaO showed Al incorporation up to 43% based on optical transmission spectra
measurements [31]. The demonstration of high crystalline quality B-AlGaO with high Al

composition and comprehensive characterization especially at atomic scale are still lacking.

In this study, we investigated the MOCVD growth of (010) B-(AlxGai—~)203 thin films on Fe
doped semi-insulating (010) B-GayOs3 substrates (from Novel Crystal Technology, Inc.). N-type
doping of B-(AlkGaix)203 thin films were demonstrated. Triethylgallium (TEGa) and
Trimethylaluminum (TMALI) were used as the metalorganic precursors for Ga and Al, respectively,
and pure Oz was used as the O precursor. Diluted silane was used as the n-type dopant source. A
typical substrate temperature ranged between 825°C and 920°C, and growth chamber pressure was

tuned between 20 to 80 Torr. The group VI/III ratio was varied from 880 to 1760.

The crystalline quality and surface morphology of B-(AlxGai-x)20; films were characterized
by high-resolution X-ray diffraction (HRXRD, Bruker D8 Discover), scanning electron
microscopy (SEM, FEI Helios 600) and atomic force microscopy (AFM, Bruker AXS Dimension
Icon). The room temperature electron mobility and carrier concentrations of Si doped B-AlGaO
films with different Al compositions were measured by Ecopia HMS 3000 Hall measurement
system. Ti/Au with thickness of 30/200 nm were deposited on the four corners of the samples for
van der Pauw Hall measurement. High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM, Thermofisher probe-corrected Titan STEM, 300 kV) with atomic



resolution was used to characterize the B-AlGaO films, the AlGaO/GaO interfaces and

AlGaO/GaO superlattice (SL) structures.

(010) B-(AlxGa1—x)20s3 thin films with different Al compositions were grown by tuning the
TEGa/TMAI molar ratio at 880 °C. Increasing the TMAI molar flow rate effectively increased the
Al compositions in B-(AlxGai—x)20s3 films from 10% to 40%. Figure 1 shows the XRD ®-260 scan
spectra for (010) B-(AlxGai—)>03 thin films with thickness of ~ 800 nm. The (020) -Ga>O3 peak
corresponded to the signal from the Ga,O3 substrates. As the Al composition x increased, the
separation between the peaks corresponding to the (020) B-(AlxGai—x)20s3 epilayer and the (020) -
Gay0s substrate increased which is due to the reduction of the spacing between the (020) planes
as the atomic radius of Al is smaller than that of the Ga [20]. As the Al composition x increased,
the reduction of XRD peak intensity and increase of the linewidth indicated the degradation of the
crystalline quality of the B-(AlxGaix)203 epilayer. However, the reduction of the peak intensity
can also be partially contributed by the lower X-ray scattering factor for Al than Ga, resulting in
weaker x-ray diffractions for B-(AlxGai«)203 films with higher Al contents [25]. In addition to the
(020) B-(AlxGaix)203 peak, another peak appeared at 26 =~ 65° when the Al composition x>27%.
This peak was believed to be related to phase segregation, which was also observed in MBE grown
B-(AlxGaix)20s3 films [21], and the physical origin of this peak still requires further investigation.

The surface morphologies of the (010) B-(AlxGai—x)203 films were characterized by FESEM
and AFM images. Figures 2(a)-(c) represent the FESEM images of the (010) B-(AlxGai—x)203 films
with different Al composition at x = 10%, 27%, and 40%, respectively. All films show uniform
morphologies across the entire surfaces of the samples. The characterized (AlxGai—x)203 films have
a similar thickness of ~800 nm. Figure 2(a) exhibits a smooth and featureless surface of the film

with an Al composition of 10%. When the Al composition increased to 27%, as shown in Fig. 2(b),
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the surface roughness increases and a similar surface morphology was observed for the film with
Al composition of 40% as shown in Fig. 2(c). To better characterize the surface feature and
roughness, AFM was carried out for the same films with a scanning area of 5 pum x 5 um as shown
in Fig. 2(d)-(f). For the B-(Alo.1Gao.9)203 film, the RMS roughness was low at 0.51 nm (Fig. 2(d)).
For the B-(Alo.27Gao.73)203 film, the RMS roughness increased to 22.8 nm with visible grains (Fig.
2(e)). When the Al composition increased to 40%, the RMS roughness was decreased to 6.6 nm,
which was due to the reduced grain size as shown in Fig. 2(f). The trend of the surface roughness
as a function of the Al composition can be related to the observed phase segregation for the films
with Al composition >27%.

To investigate the crystalline properties of the MOCVD grown (010) B-(AlxGai—~)203
materials at the atomic scale, B-(AlxGai—)203 thin films and AlGaO/GaO superlattice (SL)
structures with different Al composition were characterized using atomic resolution HAADF-
STEM. Figure 3(a) shows the STEM imaging of the (010) B-(Alo.15Gao.s5)203 thin film from the
[001]m zone axis. The dark contrast of the 193 nm epifilm indicates the presence of Al as the
intensity in the HAADF STEM image depends on the atomic number of the elements present [21].
The epifilm displays a uniform cross-section without extended defects. Atomic resolution imaging
at the interface (Fig. 3(b)) and in the B-(Alo.15Gaos5)203 layer (Fig. 3(c)) confirmed the epitaxial
growth of (010) B-(Alo.15Gao.85)203 on top of (010) GaO3 substrate.

Although free of extended defects, the B-(AlxGai—)20;3 films were further probed for point
defects using atomic resolution STEM imaging. Point defect complexes have recently been
identified and shown to contribute to compensation in bulk B-Ga>Osz [32]. The same defect
complexes are also observed here in the B-(AlxGai—)20; films in the [001]x, imaging orientation.

Figure 4 shows a STEM image of B-(Alo40Gao0)203/B-Ga203; with a string of point defect



complexes in the B-(Alo.40Gao.60)203 film. These point defect complexes are comprised of two Ga
vacancies and a Ga interstitial which is located directly between the vacancies [33]. In the image,
the cation interstitials are clearly distinguishable, while the two adjacent Ga columns display
decreased intensity from the vacancies located within the columns. These divacancy — cation
interstitial defect complexes have been shown to act as deep acceptors, creating a trap state at Ec-
2.0 eV [34]. Their development, recognized to be facilitated by doping through increased vacancy
concentrations [32], will require further consideration as the films examined here are exclusively
alloyed.

Two SL structures with calibrated Al compositions were grown. Figures 5(a) and 5(b) show
STEM imaging of the B-(Alo.23Gao.77)203/B-Ga20O3 SL with 8 periods and AlGaO barrier layer and
GaO well thicknesses of ~7.4 nm and 14.3 nm, respectively. A UID B-Ga,Os; buffer layer with
thickness of 65 nm was grown prior to the growth of the SL structures. Atomic resolution imaging
(Fig. 5(b)) demonstrated epitaxial growth with uniform Al distribution in the AlGaO layer. Figures
5(c) and 5(d) show the STEM imaging of the B-(Alo.4Gao.)203/B-Ga>O3 SL with AIGaO barrier
thickness of 11.5 nm and GaO thickness of 14.3 nm. The uniformity of the layer structures
degraded and the interfaces between A1GaO/GaO became rough as the growth proceeded as shown
in Fig. 5(c). From the atomic resolution image shown in Fig. 5(d), nonuniform contrast in the
AlGaO layers was clearly observed depicting a nonuniform distribution of Al, although the -
phase lattice structure was maintained in the first few layers.

Figures 6(a) and 6(b) plot the XRD ®-20 scan spectra for the two SL structures grown with
Al compositions of 23% and 40%, respectively. The presence of the equally distanced satellite
peak pattern confirm the periodic SL structures. As shown in Fig. 6(a), the sharp and

distinguishable high order satellite peaks along with strong 0™ order peak indicate sharp



AlGaO/Ga0 interfaces and high quality uniform alloy composition in the AlGaO layers. The
average Al compositions derived from 0™ order peak position and the SL period determined by
using the angular separation between two adjacent peaks [35] for the SL structure with 23% Al
content are 7.5% and 20.7 nm, respectively. These results are in a good agreement with the values
estimated by using the barrier and well thicknesses from STEM images (average Al composition
of 7.8% and SL period of 21.7 nm). The average Al composition of 12% and the SL period of 25.7
nm for 40% AlGaO/GaO SL structure were derived from the position of 0" order and the satellite
peaks as shown in Fig. 6(b). As observed from the STEM image (Fig. 5(c)), the nonuniformity of
the layer thicknesses and the inhomogeneity of the alloy compositions especially in the upper
layers cause the decrease of satellite peak intensity and periodicity.

N-type doping of B-(AlxGai«x)203 using Si as dopant was demonstrated via MOCVD. The
room temperature electron mobility vs. carrier concentration for B-(AlxGaix)203 with x varying
between 6.3% and 33.4 % is shown in Fig. 7. Controllable n type doping concentration from low
-10"7 cm™ to low-10"8 cm™ for B-(AlxGaix)205 thin films was achieved by systematic tuning of the
silane flow rate. The general trend indicates that Si incorporation efficiency decreases as Al
composition increases. The physical mechanism requires further investigation. From Fig. 7, the
room temperature mobilities decrease with increasing carrier concentration. With Al composition
X = 23.3%, the room temperature mobility of 108 cm?V-s was achieved with a doping
concentration of 1.36 x 10'7 cm.

In conclusion, B-(AlxGaix)203 MOCVD growths on GaO3 substrates were demonstrated
with Al incorporation up to 40%. High crystalline quality AlIGaO/GaO SL structures were
confirmed from HRSTEM imaging and XRD measurements. Al composition inhomogeneity was

observed in films with relatively high Al composition. Interstitial point defects at the atomic



resolution was observed in the MOCVD grown B-(AlxGai)203 films. N-type doping of B-(AlxGai-
x)203 using Si as dopant was demonstrated for films with Al composition up to 33.4%. Room
temperature mobility of 108 cm?/V's was achieved for B-(Alo23Gao77).03 with a doping
concentration of 1.36x10'” cm™. The advancement on MOCVD epitaxy of B-(AlxGaix)203 thin
films and demonstration of n-type doping will harness this emerging ultrawide bandgap

semiconductor for power electronics.
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Figure Caption

Figure 1 XRD ®-26 scan profiles for (010) B-(AliGai—~)20;3 films grown on (010) B-Ga,Os
substrates with various Al compositions. XRD peaks corresponding to 10%, 15%, 18%, 27% and

40% of Al compositions were identified.

Figure 2 Surface view FESEM images of B-(AlxGai—~)203 films (~800 nm) with (a) x = 10%, (b)
x = 27% and (c) x = 40%. The corresponding AFM images (5 pm x 5 um) of B-(AlkGai—~)203

films with (a) x = 10%, (b) x =27% and (c) x = 40%.

Figure 3 High resolution HAADF-STEM images taken from the [001]m zone axis projection of
the B-(Alo.15Gaos5)203 film (~193 nm) grown on (010) B-Ga>Os3 substrate at (a) 50 nm, (b) 5 nm,

and (c) 2 nm scale. Subscript ‘m’ represents the ‘monoclinic’ structure.

Figure 4 Crystal structure for [001]n B-Ga2O3; and atomic resolution STEM image of B-
(Alo.4Gao.6)203/B-Ga203 showing divacancy — cation interstitial defect complexes. The red x in the
model indicates the position of the cation interstitials. Three point defect complexes are marked in
the image with the red arrows pointing to the cation interstitials and the green arrows pointing to

the vacancy containing Ga columns.

Figure 5 High resolution HAADF-STEM images of the 8-period B-(AlxGaix)203/B-Ga>O3 SLs
cross-section grown on (010) B-Ga,Os3 substrate with Al composition of (a, b) 23% and (c, d) 40%

at (a, ¢) 50 nm and (b, d) 2 nm scale.

Figure 6 XRD ®-20 scan profiles for B-(AlxGaix)203/B-Ga>O3 SLs grown on (010) B-Ga,0s

substrates with Al composition of (a) 23% and (b) 40%.

Figure 7 Room temperature Hall mobility vs. carrier concentration for (010) B-(AlxGaix)203 films

grown on -Ga;0s3 (010) substrates with various Al compositions.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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