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Abstract

Studying the properties of thermoelectric materials needs substantial effort owing to the interplay of the trade-off
relationships among the influential parameters. In view of this issue, artificial intelligence has recently been used to
investigate and optimize thermoelectric materials. Here, we used Bayesian optimization to improve the thermoelectric
properties of multicomponent IlI-V materials; this domain warrants comprehensive investigation due to the need to
simultaneously control multiple parameters. We designated the figure of merit ZT as the objective function to improve
and search for a five-dimensional space comprising the composition of InGaAsSb thin films, dopant concentration,
and film-deposition temperatures. After six Bayesian optimization cycles, ZT exhibited an approximately threefold
improvement compared to its values obtained in the random initial experimental trials. Additional analysis employing
Gaussian process regression elucidated that a high In composition and low substrate temperature were particularly
effective at increasing ZT. The optimal substrate temperature (205 °C) demonstrated the potential for depositing
INnGaAsSh thermoelectric thin films onto plastic substrates. These findings not only promote the development of

optimization for multicomponent materials.

thermoelectric devices based on IlI-V semiconductors but also highlight the effectiveness of using Bayesian

Introduction

Thermoelectric generators have attracted considerable
interest owing to the increasing demand for energy
harvesting technologies'. In particular, flexible ther-
moelectric devices that can be deployed in diverse
environments have significant potential for internet of
things applications, such as remote sensing® °. The fig-
ure of merit (ZT) of a thermoelectric device is a measure
of its heat-to-electricity conversion performance. It is
expressed as ZT = oS> T k' = PF k', where o, S, x, PF,
and T denote the electrical conductivity, Seebeck coef-
ficient, thermal conductivity, power factor, and ambient
temperature, respectively. Each parameter is influenced
by the carrier density and scattering factors (phonon
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scattering, alloy scattering, etc.), creating a trade-off
relationship among these parameters’ ', Consequently,
when the ZT of a material is increased, its electronic and
thermal transport properties need to be optimized.
Narrow bandgap III-V compound semiconductors are
promising candidates for achieving thermoelectric thin
films that utilize micro-energy near room temperature
(RT)**7**. However, the performance optimization of
the III-V compound semiconductors needs considerable
effort because of their large number of possible
combinations'®™*?,

Recently, several innovative techniques have been devel-
oped based on machine learning; these techniques include
high-dimensional-parameter search techniques such as
Bayesian optimization (BO)**>°, The efficacy of BO has been
demonstrated with thin-film thermoelectric materials such as
Bi,Te;** !, BO may be particularly effective for multi-
component thermoelectric thin films with many parameters.
Group II-V compound semiconductors are receiving
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Fig. 1 Schematic of the experimental cycles. The following cycle is
repeated: (i) thin-film deposition, (i) thermoelectric property
measurements, and (ii) BO recommendations.

\. J

increased attention mainly as single-crystal materials; how-
ever, from the perspective of thermoelectric applications,
polycrystalline materials are preferable because they can
utilize phonon scattering. Reports on the polycrystalline
III-V compound thin films are limited but indicate that these
compounds can be formed at relatively low tempera-
tures®>~*°, These results indicate the possibility of fabricating
a plastic-film-based III-V compound thermoelectric film. In
this study, we propose a BO-based ZT optimization
approach, focusing on Sn-doped polycrystalline In; ,Ga,.
As;_,Sb,, thin films. These films provide a large search space
with modifiable crystal and transport properties. We suc-
ceeded in improving ZT by nearly three times with only six
cycles. Furthermore, we elucidated the pivotal guidelines for
improving the ZT of the polycrystalline InGaAsSb thin films.

Results

Figure 1 shows a schematic diagram of the experimental
cycle used in this study. The BO model learns the rela-
tionship between the previous experimental conditions
and objective values and then predicts new experimental
conditions that can lead to the highest degree of
improvement. We repeated the following cycles: (i) thin-
film deposition, (ii) thermoelectric property measure-
ments, and (iii) BO recommendations.

Figure 2 shows the influence of the substrate temperature
(Tew) on the crystallinity of In; ,Ga,As;_,Sb, films not
doped with Sn. The Ga-cell temperature (Tg,.cen), As-cell
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Fig. 2 Crystal properties of the undoped InGaAsSb films.
Scanning electron micrographs of the crystal at Ty, = (@) 100 °C, (b)
400°C, and (c) 600 °C. (d) Composition ratio obtained from EDX
analysis and (e) out-of-plane XRD patterns for Ty, = 100-600 °C. The
gray areas indicate the peak positions corresponding to the 111, 220,
and 311 orientations of the InGaAsSb crystal. The cell temperatures
were fixed at TGafceH =977°C, TAS—CSH =255°C, and TSb*CeH =430°C.

temperature (T c), and Sb-cell temperature (Tsp. o) Were
set as 977 °C, 255 °C, and 430 °C, respectively, and the Sn-cell
temperature (Ts,.cen) was set to RT. These cell temperatures
corresponded to those that yield approximately x = y = 0.5 at
Tsup =400 °C. As shown in the scanning electron microscopy
(SEM) images in Fig. 2a—c, the surface morphology of the
samples depended on Ty, As Ty, varied, the grain size of
the samples varied, ranging from approximately 100 nm to
500 nm. According to the energy dispersive X-ray (EDX)
mapping, the composition of In;_,Ga,As;_,Sb, was uniform
in these SEM images (Supplementary Fig. S1). We derived
the composition ratio from the EDX spectra obtained from
the samples. As shown in Fig. 2d, for Ty, <500°C, the
composition of In;_,Ga,As;_,Sb, remained largely con-
sistent at x =y =0.5. However, at Ty =600 °C, the pro-
portion of Sb decreased. These results indicated that Sb
tended to evaporate at high temperatures, with the resulting
deficiency compensated by As. As shown in Fig. 2e, all
samples exhibited three X-ray diffraction (XRD) patterns
corresponding to polycrystalline InGaAsSb. Crystallization at
temperatures as low as 100°C is highly conducive to the
development of the III-V compound films on plastic
films®~3!, The peaks shifted to higher angles as Ty,
increased, which was attributed to the decrease in the lattice
constant, likely due to the compositional changes in
In; _,Ga,As;_,Sb,. Therefore, not only cell temperature but
also Ty, influenced the composition of In;_,Ga,As;_,Sb,
films, complicating the manual optimization of the experi-
mental conditions.

Figure 3a, b shows the electrical and thermoelectric
characteristics of the samples discussed above. As shown
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Fig. 3 Electrical and thermoelectrical properties of the InGaAsSb films. The influence of Ty, on (a) n and p and (b) o, S, and PF of the samples
fabricated without Sn addition. The influence of the Tg, e ON (€) nand pand (d) o, S, and PF at Ty, = 400 °C. The cell temperatures were fixed at Tg,-
cell = 977 °C, Tas-cell = 255 °C, and Tspcei = 430 °C. The open and closed symbols denote p-type and n-type conduction, respectively, as shown in the

in Fig. 3a, the carrier concentration (#) significantly
depends on Ty, whereas the mobility () exhibits mini-
mal variations as Ty, increases. The crystal exhibits
p-type behaviors at Ty, =400 °C and 500 °C and n-type
behaviors at all other temperatures. This reflects the
behavior of the InAs—GaSb alloy, where InAs and GaSb
are generally n-type and p-type semiconductors, respec-
tively, at RT*"**, Considering the above results and the
findings shown in Fig. 2d, the dependence of the con-
ductivity type on Ty, can be elucidated as follows: at
Tsup =200 °C and 300 °C, the n-type InAs dominate the
conductivity; at Ty, =400°C and 500 °C, partial repla-
cement of InAs by GaSb results in a p-type conductivity;
and at Ty, =600°C, Sb evaporates, causing the n-type
InAs formation to dominate once again. As shown in Fig.
3b, the sign of S, which indicates the conductivity type, is
consistent with the Hall effect measurement results. o and
PF reflect the behavior of #n reaches a maximum at
Tsup = 200 °C. Figure 3¢, d shows the influence of the T,
cel ON the electrical and thermoelectric characteristics of
the alloy at Ty, =400 °C. According to the secondary ion
mass spectrometry (SIMS) measurements, the con-
centrations of Sn in the In;_,Ga,As;_,Sb, films were
78x 10", 85x10%, and 63x10'cm 3 at T,
cell = 800 °C, 900 °C, and 1000 °C, respectively. As shown
in Fig. 3¢, all Sn-doped samples exhibit n-type con-
ductivity, where n increases with increasing T, ceyy- This
occurs because Sn acts as a donor in III-V compound

semiconductors®>*°, ;1 exhibits a peak at Ts,.cen = 900 °C;

this peak is typically observed in polycrystalline semi-
conductor thin films owing to the balance between grain
boundaries and impurity scattering. As shown in Fig. 3d,
the o and PF peaks at Tg,_ce;p = 900 °C reflect the balance
between n and y. In summary, the thermoelectric per-
formance of In,_,Ga,As;_,Sb, thin films depends not
only on the elemental composition of the III-V semi-
conductors but also on the substrate temperature and Sn
doping levels. Based on these results, the Ty, and Ts, cen
ranges were set to 100—600 °C and 600-1000 °C, respec-
tively, for the BO of ZT.

We investigated the influence of the In;_,Ga,As;_,Sb,
composition on . Figure 4 illustrates the dependence of
on the composition of an Sn-free sample at T, = 400 °C.
Compositional alloying decreased «, which could be rea-
sonably attributed to enhanced alloy scattering. The
introduction of In and Sb was particularly effective at
reducing x, which agreed with that they were relatively
heavy metallic elements. At x =y =0.5, x reached a low
value of 1.05 Wm ! K1 At T, = 100°C, the x of the
sample was 0.57 Wm ™' K ! at x =y = 0.5. These results
indicated that crystallinity decreased with decreasing T,
which also decreased «. In contrast, x was independent of
Tsn-cen Within the experimental conditions of this study.
This behavior was consistent with the fact that Sn was
added at the doping level. Based on the above findings and
previous studies”®, we fitted x to the experimental results
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Fig. 4 Influence of the composition of the Sn-free
In,_,Ga,As;_,Sb, films on k at T, =400 °C. The blue dots
represent the measured values, and the curved surface shows the
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using six parameters (Winas, Waaass Winses Waashs 4 Ko)

as follows:

K = [Was(1—x)(1—y) + Wgaas(1—x)y + Winspx(1—y)
+ WGabey]71+ﬂTsub + Ko-

(1)

We executed BO using a Gaussian process regression
(GPR) algorithm and the characteristics of the samples
prepared under five random conditions (15-5™ cycles)
within the search range, which were set as the initial
points. The next proposed conditions were predicted to
lead to the maximum value of the expected improvement
(EI). Figure 5a—e shows the GPR results from the 19t
experiment. The figures show the ZT and EI cutting
planes and the next proposed condition; these are
5-parameter functions. In this manner, BO optimizes all
five parameters simultaneously, as shown in Table 1. As
shown in Fig. 5f, the measured and predicted ZT (ZTeq)
increase, and the condition variation distance decreases
with increasing cycle number. We defined the condition
variation distance as the Euclidean distance between the
normalized parameters under the previous and sub-
sequent proposed conditions. The ZT and EI values
converged to high and small values, respectively, with
large fluctuations (Supplementary Fig. S2). The heatmaps
of ZT,eq corresponding to cross-sections of two para-
meters under the experimental conditions clearly showed
the areas where high ZT was expected (Supplementary
Fig. S3). These results indicated that the BO process
converged. All samples in this BO cycle were the n-type.
The p-type region was not suitable for thermoelectric
applications owing to its significantly low o; hence,
exploring this region using the optimization model was
deduced to provide the limited value. At the 11™ cycle,
the sample exhibited a maximum ZT of 0.033, at which
Tsub =205°C, Tgacen =860°C, Tagcen =220°C, Tgp.
cell = 350°C, and Tg,_ceyp = 640 °C. The sample exhibited

p
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Tsp-cel and (€) Tsn.cen. f ZT (red solid red), ZT,eq (red dashed line), and
distance (blue solid line) with respect to the number of cycles.
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a composition of x=0.13 and y =0.04, a Sn concentra-
tion of 9.6 x 10 cm >, a x of .76 Wm ™' K ', and a PF
of 150.3 uW m ' K2 After the 12™ cycle, ZTpyeq and EI
exhibited relatively high values, where a finer search in the
vicinity of optimal conditions was carried out. As shown
in Table 1, among the cell temperatures, the variation in
Tspcenn Was relatively large, which indicated that the other
parameters, such as TG, cen and Tas.cen, had a more sig-
nificant influence on Z7. A comparison between the
maximum initial points revealed that an approximately
threefold improvement in Z7T (from an initial value of
0.013) was achieved within only 6 cycles. Notably, BO
proposed a low substrate temperature (T, =205 °C),
which could potentially facilitate the deposition of
InGaAsSb thermoelectric films on plastic substrates and
further expand the applicability of this material.

We systematically organized the sample properties (o, S,
PF, and ZT) as functions of #. As shown in Fig. 6a, b, cand §
increase and decrease, respectively, as # increases. This is a
typical behavior exhibited by semiconductor materials. As
shown in Fig. 6¢, PF has a maximum at approximately
n=10"-10" cm 3, reflecting the delicate balance between
o and S. As shown in Fig. 6d, ZT also attains its maximum
value in the same # range, reflecting the characteristics of PF.
A common challenge with BO is the lack of physical insight
into the process of optimizing parameters. Therefore, we
analyzed the experimental Z7 values in terms of the
In; _,Ga,As;_,Sb, composition, T, and Ty cer. As shown
in Fig. 6e, f, achieving a high ZT relies upon three critical
factors: a high compositional presence of In and As, low Ty,
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Table 1 Summary of the parameters used in BO. The
predicted values of ZT (ZT,.q) and El, the BO model
outputs, are also shown for each cycle.

Cycle Teb °Cl Ta Tass Tsp- Tsn. ZT  ZTprea El
number cell  cell cell cell

[ A a A
1 400 935 205 405 795 0.001
2 310 960 205 350 830 0.000
3 130 820 255 410 765 0013
4 270 820 235 315 855 0007
5 300 940 230 330 830 0005
6 585 825 250 300 635 0016 0005 22x10°
7 130 885 235 325 605 0025 0010 53x10°
8 100 820 150 300 600 0000 0015 60x107°
9 100 935 255 380 600 0003 0020 33x107°
10 235 845 255 310 600 0016 0021 85x107°
1 165 860 220 350 640 0033 0020 15x107
12 350 845 215 365 600 0027 0021 16x107°
13 135 840 195 395 600 0000 0021 13x107°
14 280 870 220 330 650 0017 0030 92x107
15 205 850 240 365 620 0029 0028 10x107*
16 100 850 235 345 675 0020 0028 49x107°
17 220 830 225 345 600 0019 0027 36x107°
18 215 875 225 365 600 0029 0031 64x107°
19 265 855 230 380 690 0027 0025 30x107°

and low T, . This behavior can be interpreted as follows.
The incorporation of In increases ¢, and the addition of a
modest quantity of Sb coupled with a reduced Ty, decreases
k. Furthermore, a decrease in Tg, o increases S. In reality,
the parameters such as ¢, S, and « are entangled in intricate
trade-offs; nonetheless, the current BO framework adaptively
optimizes these parameters using minimal experimental
iterations.

Discussion

We proposed III-V compound semiconductor thin
films as thermoelectric thin films and improved the per-
formance of Sn-doped In;_,Ga,As;_,Sb, using machine
learning. BO was suitable for the rapid identification of
the growth conditions that maximized ZT (0.033), and the
maximum value of ZT was approximately three times
greater than that of the initial sample. This outcome
demonstrated the efficacy of the BO model in under-
standing the fundamental behaviors of the thermoelectric
properties of III-V compound semiconductors. The GPR
algorithm, which employed material properties as inputs,
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conclusively revealed that high In composition and low
Tsu», were particularly effective at increasing ZT. The
optimal substrate temperature (T,;, = 205 °C) showed the
potential for depositing InGaAsSb thermoelectric thin
films onto plastic substrates. Therefore, we demonstrated
the efficacy of BO in enhancing the properties of multi-
component thermoelectric materials characterized by
diverse and intricate parameter relationships.

Methods
Sample preparation with BO optimization

Sn-doped In;_,Ga,As;_,Sb, films (thickness: 500 nm)
were deposited onto SiO, glass substrates using a vacuum
evaporation system equipped with Knudsen cells. Using
BO, we investigated the optimum cell temperatures for
Ga, As, Sb, and Sn (Tgacen=820-970°C, Tas.
cell = 150-225 uC, TSb—cell = 300-450 DC, and TSn—
cell = 600-1000°C) and the substrate temperature
(Tsup = 100-600 °C). The In-cell temperature was varied
from 635 °C to 775 °C depending on the Tg, ey used to
maintain a film thickness of 500 nm. The deposition time
was fixed at 1 h. We executed BO using a GPR algorithm
in the Python library GPyOpt*~*%, with EI as the
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acquisition function. The 1°-5™ cycles of BO training
data were randomly created.

Sample evaluation

The samples were examined using a SEM (Hitachi-high-
tech SU7000, voltage: 15kV). In the SEM system, the
compositions of In;_,Ga,As;_,Sb, were determined from
the EDX spectra obtained in 25 pm squares. SIMS mea-
surements were conducted to determine the Sn con-
centration using a PHI ADEPT1010 instrument. The out-
of-plane XRD patterns were obtained using a dif-
fractometer (Rigaku SmartLab) equipped with a Ge
monochromator (wavelength: 1.54A) and a Cu-Ka
radiation source (voltage: 40kV, current: 30 mA). The
incident angle was varied from 20° to 60° in steps of
0.01 °. Hall effect measurements were obtained via the van
der Pauw method using a Lake Shore M91-EV system,
where 7 and y were averaged over ten measurements for
each sample. The ¢ and S values were measured using a
ZEM-3 system, in which Ag paste was used to fix the
sample to a ceramic stage®*°. The cross-plane x was
measured using a PicoTherm PicoTR.
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