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In this study, the optical band gap of B-(Al,Ga;_,)»O3 versus the Al composition x is predicted using principal
component regression and a Gaussian stochastic process. Properties were sourced from other mature Al-alloyed
compound semiconductors to form a band gap model. It is found that the electronic band gap, the thermal
conductivity, and the Al composition have the greatest influences on the optical band gap. A final relation is
generated from a hybrid informatics approach combining information gained from multiple models. The optical

band gap of -(Al,Ga; )05 versus the Al composition is predicted and agrees well with measured optical band

8ap.

1. Introduction

Wide band gap semiconductors have been intensively researched in
recent years toward applications in power electronics and ultraviolet
(UV) optoelectronics [1]. Traditionally, wide band gap semiconductors
such as SiC and GaN, as well as compound semiconductors such as
Al,Ga; 4N have been investigated for these applications [1]. However,
these wide band gap semiconductors are expected to face their limita-
tions in future applications that need a higher breakdown voltage or
specific detection wavelength deeper into the UV spectrum. Therefore,
the development of another class of wide bandgap semiconductors are
urgently needed, in order to fulfill upcoming challenges and offer di-
verse technological solutions in wide range of future applications in-
cluding electric vehicles, wireless communication systems, power
switches, delicate and durable sensors for military and space applica-
tions [2]. B-(AlGa;.,),03 which is based on (3-Ga,0O3 and alloyed with
Al, has the potential to become the next generation of wide band gap
semiconductor and fill this need for a new material. With a breakdown
field more than three times larger than current GaN or SiC devices [1],
a high a high Baliga’s figure of merit of 3444 (epE. [3]) which is much
higher than GaN and SiC [3], as well as stable operating temperatures
of up to 250 °C [4], B-Ga,03 has several advantages over conventional
power semiconductors. Alloying with Al allows the band gap to be
tuned from 4.8eV (B-Gay0s3) [5] to 8.7 eV (a-Al,03) [6], B-(Al,Ga;.
x)203 can be used for deep UV applications that greatly eclipse the
capabilities of SiC, GaN and even -Ga;Os; materials [1]. B-(Al,Ga;.
x)203 can also be fabricated via multiple methods such as chemical
vapor deposition (CVD) [7], pulsed laser deposition (PLD) [8],
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molecular beam epitaxy (MBE) [9], and solution combustion synthesis
(SCS) [11, which allows the material to be processes for various ap-
plications and with different crystallinities and phases dependent on the
fabrication method, allowing for further tuning of the band gap [1].

Although B-(AlyGaj)203 is a promising wide band gap semi-
conductor, the B-(Al,Ga; 4)>03 development is still in an early stage of
development and many material properties such as optical, thermal,
and mechanical properties have not been fully characterized.
Particularly, to fully utilize the ultra-wide band gap property of f-
(AlyGa; ,)203 toward UV optoelectronics, such as solar blind UV de-
tection and UV photon generation, it is still necessary to determine how
the optical band gap relates to the Al composition. The optical band gap
is the energy level at which photons can be absorbed, which may be
different from the electronic band gap. At the optical band gap, the
electron-hole pair is not completely separated when a photon is ab-
sorbed, whereas at the electronic band gap, the electron and hole are
separated which allows transport to occur. It is necessary to know the
optical band gap in order to design optoelectronic devices. While the
electronic band gap of 3-(Al;Ga; )03 with a small Al molar fraction is
partially studied, its optical band gap is currently unknown due to
technical difficulties in growing crystalline -(AlyGa;.,).03 with var-
ious Al compositions.

In this study, the optical band gap of B-(Al,Ga; )03 is predicted
using statistical methods which are able to capture the underlying
physics driving similar semiconductors (particularly, Al,Ga; N and
Al,Ga; 4As) and allow us to efficiently and robustly extend this physics
to unexplored compounds. These experimental values of properties and
their respective Al compositions were used as the training data in the
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Fig. 1. Diagram of experimental process flow showing how prin-
cipal component regression and the Gaussian stochastic process
will be used in predicting the optical band gap.

Process

» Thermal conductivity, k

statistical methods such as principal component regression, a Gaussian
stochastic process and linear regression. From these models, a re-
lationship between the optical band gap and the Al composition x in -
(Al,Ga; 4)»03 were generated and then used to predict the optical band
gap over the possible range of Al compositions. Fig. 1 illustrates the
steps used to construct the optical band gap model and make the final
prediction. This hybrid material informatics approach is used to predict
unknown materials properties. While similar logic has been successfully
applied to properties of III-V semiconductor materials such as GayIn;.
xAsySby.y [10,11] and GayIn,.xPySb,As,.,, [12], and various chalco-
pyrite semiconductors such as CdGaAs, and ZnGaAs, [13,14], much
work had been done on these materials. Similar techniques have also
been applied in related areas such as materials synthesis [15]. In con-
trast, the optical band gap of (-(AlyGa; ,)»03, which has not been sig-
nificantly studied, can be predicted with high accuracy.

2. Data analysis and statistical models

Fig. 2 shows both electronic and optical band gaps versus Al com-
position x of AlyGa; As [16-18] and Al,Ga; N [19,20], as well as
preliminary data for the electronic band gap of B-(AlyGa;,)203 [1,8]
and the optical band gap of a-(AlyGa; ,)»03 [7] from various literature.
These data points were used as the input training data. It should be
noted that (Al,Ga; )>03 undergoes a transition from the 3-phase to the
a-phase at Al compositions greater than 0.68-0.8 [1], depending on the
synthesis method and crystallinity of the film, which is undesirable as
the phase should remain constant for all Al compositions to facilitate
device fabrication. This transition is due to the preference of Al for the
tetragonal site over the octahedral site [1]. The Al composition stability
limit of 3-(Al,Ga;)»0s3 is still not fully understood, thus we assume Al
composition of B-(Al,Ga;4)203 covers 0% to 100% in this study. The
electronic band gap of Al,Ga; ,As also undergoes a transition from di-
rect to indirect above x = 0.45 [18], and as such the band gap data is
not shown for Al compositions above 0.45. Upon analysis of the existing
data for each material shown in Fig. 2, it is clear that linear trends exist
for both the electronic and optical band gaps versus the Al composition.
As previously mentioned, the band gap of Al,Ga; 4As transitions into an
indirect band gap above Al composition equal to 0.45 [18], and ac-
cordingly only the direct band gap region was taken into account due to
the applications considered for these materials, which preferred the
direct band gap (Fig. 2(a)). The most obvious difference between the

reference materials is that for Al;Ga; 4N the optical band gap is equal to
the electronic band gap, while for Al,Ga; ,As the optical band gap is
greater than the electronic band gap (Fig. 2(b)). As noted previously,
due to the lack of data for B-(Al,Ga;,)»0s3, data only exists for the
electronic band gap of the B-phase and only exists for the optical band
gap of the a-phase (Fig. 2(c)). While building the statistical models, the
a-phase optical band gap was not taken into consideration but was
included as a comparison for the final prediction of the optical band
gap. In Fig. 2(c), it should also be noted that for the electronic band gap
of (-(Al,Ga; 4)20s3, the lower endpoint corresponding to an Al compo-
sition equal to 0, which is B-Ga,03, the experimental electronic band
gap of 4.81 eV agrees with the theoretical value of 4.8 eV [5]. However,
the electronic band gap upper endpoint corresponding to Al,O3 is equal
to 6.69 eV, which suggests that the material has undergone a structural
transition to 6-Al,Oj3 at the 100 percent Al composition endpoint, which
has a theoretical band gap of 6.62eV [1]. The experimental optical
band gap values were measured from a sample of a-(Al,Ga; 4x)203 [7]
and is provided as a reference, as previously discussed. Although the
band gap is phase dependent, it is not possible to predict the phase of -
(AlyGa; ,)203 versus the Al composition with this model. Instead, only
the electronic band gap of the B-phase is considered for this model due
to data on other phases being unavailable. If other materials that un-
dergo phase transitions are included in the training data, it may be
possible to predict the Al composition at which the phase transitions.
The first step in analyzing the data was to find the relation between
the band gap and Al composition using more than 80 data points from
various literature sources. The data points were analyzed by simple
linear regression as displayed in Table 1. During this process, in order to
improve the correlation coefficient (R?) values of certain relations, any
material with an R? value of less than 0.99 was post-processed using a
Cook’s distance method [13], with the exception of the optical band gap
relation of a-(AlyGa;4)>03 due to a small number of existing data
points. For Al,Ga; 4N and the electronic band gap of B-(Al;Ga;.4)203,
select data points were removed in order to improve the fit using the
Cook’s distance method [21]. Thus, this method set a threshold of de-
viation, in this case, plus or minus the average of all points, to de-
termine potential data points. Any points that lie outside of this
threshold were removed. Removal of data points does not necessarily
indicate that the information is wrong, but only serves to improve the
correlation of the linear regression to be used in further steps and in-
crease accuracy going forward. For each material, few data points were
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Fig. 2. A comparison of electronic and optical band gaps for (a) AlyGa; 4As, (b) AlyGa; 4N and (c) (Al,Ga;,)»03. In (c), the optical band gap refers to the a-phase

(Al Ga; 4)203 and the electronic band gap refers to the B-phase (Al,Ga; )203.
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Table 1
Linear relations for band gap of Al,Ga; 4As, AlyGa; 4N and (AlGa;.x),03 with
their correlation coefficient values. Eg, denotes optical band gap.

Material Relation R? Number of Unique
Compositions
Al,Ga;4As (electronic)  Eg = 1.37 X xu 0.9999 44
+ 1.43
Al,Ga; 4As (optical) Ego = 1.47 X xa  0.9929 10
+ 1.49
Al,Ga, (N (electronic) Eg = 2.67 X Xa 0.9852 19
+ 3.26
Al,Ga; 4N (optical) Ego = 2.67 X x5 0.9852 8
+ 3.26
(AlGa; 4)203 E; = 1.88 X xa 0.9368 43
(electronic) + 4.81
(Al,Ga;.,)203 (optical) Ego = 3.37 X xar 09874 7
+ 5.31

actually removed, meaning that the robustness of the model is not
significantly compromised. After this step, the R? values for the elec-
tronic and optical band gaps of Al,Ga; ;N and the electronic band gap
of B3-(Al,Ga; 4)»03 improved to 0.9947 and 0.9669 respectively.

With the relations in Table 1, the principal component regression
(PCR) method was used to calculate the electronic and optical band
gaps as a function of Al compositions. In order to perform the PCR
method, it is necessary to have various key material property data such
as lattice parameter, density, and thermal conductivity for the same Al
compositions for all properties in the source data. These are properties
for which there is abundant data for both Al,Ga;As and Al,Ga;_N.
However, for each property, there are different values used for the Al
composition, resulting in missing values for some Al compositions.
Furthermore, some data does not yet exist for certain properties of p-
(AlyGa; 4)»03, namely the density and thermal conductivity as a func-
tion of the Al composition. A complete list of all properties found for
each material and the number of data points of each property is found
in Table 2.

Because data does not exist for all properties for all materials, only
five were selected to construct the statistical models. The selected
properties are found in Table 3. To fill in missing values, the relation
between the property and Al composition needs to be identified and
then extrapolated over the range of Al compositions of the experimental
values of the electronic band gap for each material. For these missing
properties, the PCR method was used to calculate their values with
respect to the Al composition using the reference materials, namely
Al,Ga; ,As and Al,Ga; N, as training data and a scaling law was ap-
plied to relate the property of the element, such as Al, Ga, As, or N, to
the property of the compound based on the fraction of each element in
the compound. The complete list of all properties versus Al composition
x is found in Table 2. Using the linear relations listed in Table 3, it was
possible to extrapolate the property values for the same Al composition
values as the electronic band gap. These relations were determined
after outliers were removed by the Cook’s distance method [21]. For
Al,Ga; 4As, only the Al compositions x < 0.45 are considered to
maintain a direct band gap.

Table 2
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Table 3
Linear relations used for finding properties values at missing data points.
Property Al,Ga,_,As Al,Ga, (N (Al Ga,_4)203
El Band Gap 1.37 X x + 262 x x +327 173 X x +
[1,16,18,20] 3.26 4.85
Opt. Band Gap 1.47 X x + 278 x x +3.20 337 X x +
[7,8,17,19] 1.49 5.31
Lattice Param [1,22,23].  0.0073 X x + —-0.076 X x + —0.156 X x +
5.65 3.19 5.80
Density [22,23] —-1.56 X x + —-2.81 X x + —-6.42 X x +
5.32 6.14 11.8
Thermal Conduct Nonlinear Nonlinear 3.29 X x +
[22,24]. 6.29

3. Calculations and results

The PCR method was used to predict the band gap using the training
data prepared from the relationships listed in Table 2. The goal of the
PCR process was to develop an empirical relation between one property
and a linear combination of other properties, derived from the coeffi-
cients determined by principal component analysis. Prior to the PCR
step, the principal component analysis (PCA) was performed on the
training data, excluding the optical band gap values from the compu-
tation. After principal component analysis (PCA), it was determined
that the first two principal components capture 99.7% of the data, thus
it is unnecessary to include more principal components in the calcula-
tion. The next step was to find a linear relation between the target
property, the optical band gap, and the scores values of the training
data which indicates the validation of the predicted values.

Fig. 3(a) displays the plot of the optical band gap versus the scores
of the first two principal components. To find the empirical equation,
the principal component weights were distributed into the loadings of
each principal component, and denormalized, since the data was in-
itially normalized for the PCA. For the PCR step, a model was developed
and the results were displayed in Fig. 3(b). Fig. 3(b) shows that PCR
produces inaccurate predictions of the optical band gap. The de-
termined relation is shown in Eq. (1).

Ego=—0.344 X x + 0.661 X E; + 1.63 X a + 1.71 X p—0.309 X k + 4.59
1)

where E,, is the optical band gap, x is the Al composition, E, is the
electronic band gap, a is the lattice parameter, p is the density, and k is
the thermal conductivity. With all properties included in the training
data, the band gap was far too high to be considered valid. To refine this
model, the method used to calculate the values of density and thermal
conductivity for B-(Al,Ga;,)>03 was changed from PCR to a scaling
law. Previously, the PCR method was used to identify linear relations
between the property and the Al composition (as seen in Table 2) and to
find values of the missing properties for (3-(Al,Ga; x)>O3 using the re-
ference materials as training data. Since using PCR to fill in missing
values for properties before the final calculation can introduce more
uncertainty into the prediction, an alternate scaling law was used by
basing the value of the property at a specific Al composition from the
fraction of each element, Al, Ga, and O, in the compound at that
composition and the property of the singular elements. This scaling law

All properties considered for the training data and statistical model. For each material, the number of data points sourced from literature for a given property is listed.
The properties are electronic band gap (E,), optical band gap (E,), lattice parameter a, lattice parameter c, density (p), thermal conductivity (k), volume (V),
absorption coefficient (a), enthalpy of formation (AHy), entropy of formation (AS¢’), and equilibrium temperature (Tequi)-

Material Eg Ego a c p k A% a AH¢ AS¢ Tequit
AlGa; 4As 45 [16] 10 [17,18] 6 [22] 0 6 [22] 11 [22] 0 0 0 0 0

Al Ga; N 16 [19] 8 [20] 27 [23] 27 [23] 6 [23] 11 [24] 6 [23] 6 [23] 20 [25] 20 [25] 11 [25]
B-(AlGa; )203 35 [1,8] 7 [71 12 [1] 10 [1] 0 0 0 0 0 0 0
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Fig. 3. (a) Recalculated Optical band gap of Al,Ga; xAs and AlyGa; xN using a training data with their density, thermal conductivity. (b) Predicted optical band gap of
B-(Al,Ga; x)203 with properties calculated by scaling law. Experimental values of electronic band gap from literatures are shown in red in Fig. 2(b) and (d).

was then used to calculate the missing property values for the same Al
compositions as the experimental electronic band gap data, which were
the same Al compositions as used previously, and those property values
are the ones used in this PCR model. From Fig. 3(b), it is clear that the
PCR model is inaccurate in predicting the optical band gap due to the
extremely high values produced. Discrepancies such as the nonlinear
thermal conductivity of the Al,Ga; N and Al,Ga; As systems versus
the linear nature of the 3-(AlyGa;)»03 system could account for this
error.

Because the PCR step yielded inaccurate results, the Gaussian sto-
chastic process (GaSP) prediction was implemented. A GaSP can deliver
a prediction of a desired variable, in this case the optical band gap,
derived from the correlations between the input variables in the
training data, in this case the properties of Al,Ga; N and Al,Ga; 4As.
From the PCA loadings plot, shown in Fig. 4(a), it is apparent that there
are no strong positive correlations between any of the properties used in
the PCR, with the exception of the electronic and optical band gaps.
Even though there is separation between data points for the electronic
and optical band gaps, they are still highly correlated and both increase
linearly with Al composition for the range of Al composition con-
sidered. The separation is due to the electronic band gap being equal to
the optical band gap of Al,Ga; N, but not equal to that of Al,Ga; ,As.
Because there are no strong correlations besides electrical and optical
band gaps, all properties were included in the training data for the first
attempt. The training data input into the computational model consists
of inputs, all properties minus the optical band gap, and outputs, the
optical band gap. Test data was also input including the same properties
as the training data, and optical band gap predictions were made for the
Al compositions included in the test data inputs. Based on the PCA
result, density and lattice parameter were excluded from the calculation
because those properties are not positively correlated to the rest of the
properties. The Al composition is still considered due to its direct effect
on the band gap and its strong positive correlation. The thermal con-
ductivity is also considered due to the effect of temperature on the band

gap, which is directly related to thermal conductivity. This relation
between temperature and band gap is also shown by the close proximity
of the thermal conductivity and band gap data points of the PCA
loadings plot in Fig. 4(a). After these properties were excluded, it was
possible to perform the GaSP again with new training data to obtain a
prediction of the optical band gap as shown in Fig. 4(b). For this GaSP,
the Gaussian correlation was used for the highest accuracy in results.
Both the predictions for the model with all properties in the training
data and the model with density and lattice parameter excluded are
displayed. The optical band gap of the a-phase was also included as a
reference for the possible values of the predicted optical band gap.
Based on the results displayed in Fig. 4(b), the most realistic model is
the one that excludes density and lattice parameter, due to considera-
tions from the PCA that density and lattice parameter are uncorrelated
and due to the relatively close matching of the predicted optical band
gap and the known electronic band gap. For example, the lower end-
point of the model excluding density and lattice parameter matches the
true endpoint from experimental data, whereas the lower endpoint of
the model with all properties included does not match the true end-
point. Considering the standard error presented in Fig. 4(c), it is also
clear that the experimental electronic band gap falls within the range of
uncertainty of the predicted optical band gap of the model excluding
density and lattice parameter. From the results of the Gaussian sto-
chastic process predictions, the optical band gap of (-(Al,Ga;_,)20s3 is
predicted to have the relation shown in Eq. (2),

(2

In order to validate the predicted optical band gap of 3-(AlyGa; ,)203,
the transmittance properties of three different 100 nm thick B-(Al,Ga;.
x)203 on (-Ga,O3 substrates whose Al composition x are 0, 0.1, and
0.25 were investigated by conventional UV-VIS spectrophotometer
(Shimadzu 3600 UV-vis-NIR spectrophotometer). To calculate the op-
tical band gap of B-(AlyGa;4)>03, absorption coefficient (o) was cal-
culated using Eq. (3),

Ego = 234 X X + 4.78
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Fig. 4. (a) PCA loadings plot of all properties of B-(Al,Ga; x)>03. As shown in inset, high correlations exist for only electronic band gap and optical band gap. (b)
Gaussian-correlated Gaussian stochastic process prediction of the optical band gap of -(AlyGa;)20s3. Predicted optical band gap with lattice parameter (a) and
density (p) excluded shown in blue and electronic band gap of 3-(AlyGa; x)203 is shown in red. Optical band gap of B-(AlyGa;x)203 is shown in black as a comparison.
(c) Final predicted optical band gap showed along with the experimental optical band gap. The calculated standard error of each predicted data point is also shown.
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where T and d are the transmittance and the film thickness, respec-
tively. Then, the optical bandgap was derived from a'/? versus hv curve
using Eq. (4),

a = (k- Ey? ©)]

As shown in Fig. 5(a), optical band gap was derived from o'/?

versus hv curve by extrapolating the linear part of the curve. The optical
band gaps of (3-(Al,Ga;_4)20s3 for Al composition x of 0, 0.1, and 0.2
were measured to 4.8 eV, 5.0eV, and 5.2eV and plotted in Fig. 5(b)
with the predicted values which agree well with the measured optical
values.

4. Conclusion

In conclusion, the optical band gap of 3-(Al;Ga; ,)»03 was predicted
using statistic-based material informatics approaches such as principal
component regression and a Gaussian stochastic process by taking the
large amount of material properties in similar mature semiconductors.
The Gaussian stochastic process models yield more accurate results,
especially when some properties are excluded from the model based on
the PCA results. From the results of the Gaussian stochastic process
predictions, the optical band gap of B-(Al,Ga; )05 is successfully
predicted and validated.
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