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ABSTRACT

SiGe alloys are a promising material for highly reliable, human-friendly thin-film thermoelectric generators for micro-energy harvesting.
However, it is difficult to obtain high performances at low thermal budgets in SiGe layers, especially in n-type materials. Ag-induced layer
exchange enables the synthesis of Si;_,Ge, (x: 0-0.3) layers at 500 °C and dynamically controls the Fermi level owing to the self-organizing
manner of impurity doping during the layer exchange. Intrinsic, p-type (hole concentration >10'"cm™?), and highly n-type (electron
concentration >10* cm ) SiGe layers are obtained using pure Ag, B-doped Ag, and As-doped Ag, respectively. Owing to the high carrier
concentrations, the thermoelectric power factor at room temperature exhibits high values: 230 kW m™' K~ for the p-type and 1000 uW m ™' K>
for the n-type. The latter value is the highest reported power factor at room temperature for SiGe formed below 1000 °C. The dimensionless figure
of merit is determined to be 0.19 from the power factor and the thermal conductivity of 1.6 W m ' K. A thermoelectric generator fabricated
with the low-temperature SiGe layers demonstrates a relatively large output for thin films (50 nm): 1.4 n\W at room temperature with a temperature

difference of 15°C.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021880

Thin-film thermoelectric generators (TEGs) have been actively
investigated in recent years for energy harvesting applications using
micro energy.' Because thin-film TEGs will be used in our daily lives,
the material used to fabricate them should be nontoxic and reliable in
addition to exhibiting high thermoelectric performances. Si;_,Ge,
(x: 0.1-0.3) alloy is a nontoxic, reliable, and well-tested thermoelectric
material that has been used for decades in space applications because
of its large Seebeck coefficient S derived from Si, high electrical con-
ductivity ¢ owing to Ge addition, and low thermal conductivity x
owing to alloy phonon scattering.”” Bulk SiGe is fabricated using sin-
tering methods; however, the process is complicated owing to the large
difference in the melting point, which increases the production cost
and complicates consumer applications. Conversely, the thin-film for-
mation of SiGe can be achieved easily using various vapor deposition
techniques.” '* Furthermore, mature Si process technologies can be
applied, including lithography and Fermi-level control, which are
essential for thermoelectric applications. Therefore, SiGe is a promis-
ing candidate for thin-film TEGs.

Thin-film thermoelectric applications of SiGe have been studied
using laser sintering,” sputtering,”” chemical vapor deposition,” "'
electrophoretic ~ deposition,'”  solid-phase crystallization,'”"* and
metal-induced crystallization.'” However, SiGe generally requires
high temperatures for crystallization and dopant activation, which
strictly limit its application. Metal-induced crystallization with
layer exchange (LE) has overcome this problem. In addition to
crystallizing SiGe at low temperatures, LE dopes and activates
impurities into SiGe according to the solid solubility limit.'”'” We
achieved p-type SiGe with high power factors (PFs, 400 uW m 'K?
at room temperature (RT) via a low-temperature process (< 500 °C)
using metal-induced LE with Al'* and Zn."” Generally, the low-
temperature synthesis of n-type SiGe is difficult because of the low
solid-solubility and low activation rate of n-type dopants.”” We
achieved n-type SiGe (electron concentration: 10 cm™) at 350°C
using LE with As-doped Zn.”' However, the PF remained extremely
low (< 30 uW m~ ' K 2) because Zn functions as a p-type dopant for
SiGe.”
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Metal-induced LE using Au*>** and Ag’””° has been applied to
Si and Ge for solar cell and transistor applications. An Au-induced LE
allows Ge thin-film transistors to be fabricated on plastic substrates;””
furthermore, Ag-induced LE allows for the fabrication of both p- and
n-type Si at 800 °C using amorphous Si doped with B and P.”* These
achievements were possible because Au and Ag do not act as dopants
and have low solid solubilities for both Si and Ge.”” The present study
investigates Ag-induced LE for fabricating SiGe alloy thin films for
thermoelectric applications. We fabricated both p- and n-type SiGe on
glass at 500 °C and demonstrated the TEG operation. The resulting n-
type SiGe exhibited the highest recorded PF (1000 uW m~' K2 at
RT for SiGe formed at low temperatures (< 1000 °C).

Figure 1(a) presents the schematics of the Ag-induced LE pro-
cess. The Ag and amorphous (a-) Si;_,Ge, (x: 0, 0.15, and 0.3) layers
(50-nm-thick each) were sequentially prepared without breaking
vacuum on a SiO, glass substrate at RT using radio frequency (RF)
magnetron sputtering (base pressure 3.0 x 10~*Pa) with Ar plasma.
The RF power was set to 30 W for Ag and 50 W for a-Si; ,Ge,. The
samples were then annealed at 500-550 °C (15 h) in an N, ambient
furnace. The Ag layer was then etched away using an acidic solution
(H;PO4HNO;:CH;COOH:H,0 = 16:1:1:2) for 2 min. To form p- and
n-type SiGe layers, the B-doped Ag layer was prepared using a B-doped
Ag target (B concentration: 3%-20%), while the As-doped Ag layer (As
concentration: 3%-20%) was prepared using the co-sputtering of Ag
and As targets. The purity of each material was 99.9%. For each SiGe
composition and conductivity type, the maximum PF was obtained at
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FIG. 1. (a) Schematic diagram of the sample preparation procedure. The metal
layer can be Ag, B-doped Ag, or As-doped Ag. (b)-(e) Characteristics of the
Siy_,Gey (x: 0, 0.15, and 0.3) layers formed by LE at 500 °C using pure Ag, where
Ag layers were removed: (b) Nomarski optical micrographs, (c) SEM images where
the samples are 70° tilted, (d) EDX spectra, and (€) Raman spectra.
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an annealing temperature of 500°C and an impurity amount of
approximately 10%. Therefore, we focus on these conditions for the
experimental results below.

After the Ag etching, the layers remaining on the substrates were
evaluated via Nomarski optical microscopy, scanning electron micros-
copy (SEM), energy dispersive x-ray (EDX) spectroscopy, and Raman
spectroscopy (wavelength 532nm and spot size 5 um). Figures 1(b)
and 1(c) show that, for each sample, a layer covers almost the
entire substrate. According to the EDX spectra in Fig. 1(d), the Ag
concentration in the layers is below the detection limit of EDX (~1%).
Figure 1(e) shows the Raman peaks corresponding to Si-Si, Si-Ge,
and Ge-Ge vibration modes and indicates that crystalline Si; ,Ge,
layers are formed on the substrates by LE for all samples. The SiGe
compositions, calculated from the Raman spectra using the equation
proposed by Pezzoli et al,”’ were consistent with those of the as-
prepared a-Si; ,Ge, layers determined by Rutherford backscattering
spectrometry. These results indicate that the LE occurred between Ag
and SiGe layers. Figures 1(b) and 1(c) also show that the surface mor-
phology, especially the shape and distribution of the islands,'® differs
depending on the sample. A similar behavior was observed in the Zn-
induced LE,”" which is likely due to the different nucleation rate of
SiGe in metal depending on the Ge composition.

The crystallinity of the Si; ,Ge, layers was evaluated using elec-
tron backscattering diffraction (EBSD) analysis. Figure 2 shows that
crystal orientation differs slightly depending on both x and the doping
condition. The Si layer formed by the non-doped Ag exhibits a weak
(111) orientation, whereas the orientation close to (100) appears due
to the increase in x and As addition. The grain size of Si is a few micro-
meters, which decreases slightly to submicrometers with increasing x.
These grain sizes are smaller than those of the samples formed by
Al-induced LE."® The cross-plane x value of the As-doped Siy ssGeg.15
sample was determined to be 1.6W m™' K ' by the PicoTherm
PicoTR. The low « value is likely owing to phonon scattering by both

2k $ )
O | 2 1
v i i 3
[ 5 3 *
2 A H +
3 um 3 pm N 3 pum
vy N
8_ 4 %, i
_8 x
e 3 : gh'
| 1y B
3um 3 um = 3um
ol & v R .
11 |o .
‘;1 )
d < o M S ;
. 3um , 4 3um B 3 um
001 101

FIG. 2. Inverse pole figure images from EBSD analyses for Si;_,Ge, (x=0, 0.15,
and 0.3) formed by LE at 500°C using non-doped, 10% B-doped, and 10%
As-doped Ag. Colors indicate the crystal orientation according to the color key.
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high-density grain boundaries due to the small grains’" and the SiGe
alloy structure.”

The carrier concentration of the samples was evaluated using
Hall effect measurements based on the van der Pauw method. The
samples formed by LE with pure Ag could not be measured because of
the high resistivity, which suggests the intrinsic state. Conversely, the
samples formed by LE with B- and As-doped Ag exhibited p- and
n-type conductions, respectively. These results indicate that B and As
were doped and activated in Si; ,Ge,. Figure 3(a) shows that the hole
concentration p and electron concentration #n decrease with increasing
x. The B-doped samples exhibit p on the order of 10'* cm ™, whereas
the As-doped samples exhibit 7 on the order of 10?° cm™>. By extrapo-
lating the curves showing the temperature dependence of the solid sol-
ubility of impurities in Si, the solid solubility of B and As at 500 °C is
roughly estimated to be on the order of 10" and 10°° cm >, respec-
tively.”’ Therefore, the p and 1 behaviors likely reflect the solid solubil-
ity limits of B and As in Si;_,Ge, at the current LE temperature, which
is a feature of LE.'® Figure 3(b) shows that ¢ mainly reflects the carrier
concentration. The As-doped Si; ,Ge, (x<0.15) shows a high ¢
exceeding 500 S cm ™. This value is an order of magnitude higher
than that of n-type SiGe formed by Zn-induced LE;*! therefore, excel-
lent thermoelectric properties are expected.

Thermoelectric measurements were performed using an
Advance-Riko ZEM system, where the sample was fixed to a ceramic
stage using Ag paste.’” The S value corresponding to the appropriate
conduction type was obtained for each of the p- and n-type SiGe.
Figure 3(c) shows that |S| increases with the measurement temperature
for all samples. This is a typical trend of degenerated semiconductors
exhibiting metallic behavior and is attributed to the high p and n.”’
Furthermore, |S| depends on x: |S| decreases with increasing x for
p-type samples; |S| increases with increasing x for n-type samples.
This behavior is analogous to the basic physical properties of SiGe
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FIG. 3. Electrical and thermoelectric properties of Si;_,Ge, (x=0, 0.15, and 0.3)
formed by LE at 500 °C using 10% B-doped Ag or 10% As-doped Ag. (a) Hole con-
centration p and electron concentration n; (b) electrical conductivity ¢ as a function
of x. (c) Seebeck coefficient S and (d) power factor PF as a function of measure-
ment temperature T.
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alloys and the behaviors of p and n [Fig. 3(a)].”” Figure 3(d) shows
that the PF at RT reaches approximately 230 uW m™' K2 for p-type
Si and 1000 ygW m~ ' K 2 for n-type Sipg5Geg 15. The difference in the
PF between the p- and n-types is attributed mainly to the difference in
g, which differs by an order of magnitude. The PF of the n-type SiGe
layer is the highest for SiGe thin films synthesized at < 1000 °C.

Figure 4(a) shows the setup to measure the output power of the
in-plane n-type TEG fabricated using p- and n-type Siyg5Gey 15 with
an n-p-n series structure. B- and As-doped Ag and a-Sipg5Geg s
(50-nm-thick each) were sequentially patterned on a SiO, glass sub-
strate using metal-mask evaporation, followed by annealing (500 °C,
15 h) for LE and Ag removal. Subsequently, Ag electrodes (500 nm
thick) were prepared using the same sputtering system. A heater and
heat sink were provided on each side to induce a temperature differ-
ence (AT =5, 10, and 15 K) within the sample surface, where the sam-
ple stage was fixed at RT (300K). We measured the current and
voltage at a variable load resistance connected in series while changing
its resistance. As shown in Fig. 4(b), by connecting the data points, we
obtained ideal voltage-current lines and then power-current curves,
indicating a TEG operation. The open-circuit voltage, short-circuit
current, and output power increase with AT. An open-circuit voltage
of 50mV and a short-circuit current of 0.50 uA are obtained at
AT=10K. These values are almost consistent with the estimated val-
ues (open-circuit voltage: 4.7 mV; short-circuit current: 0.56 tA)
from |S| (n-type: 126 uV K5 p-type: 214 uV K ') and o (n-type:
625Scm™ p-type: 26 S cm™') of the SipgsGep 15 layers. From the
slope of the voltage-current lines, the internal resistance of the TEG
is estimated to be approximately 10 kQ. This value is almost consistent
with that calculated from ¢ and the shapes of the current p- and
n-type Siy g5Gey 15 layers. The maximum output power reaches 1.4 nW
at AT=15K, which is still much smaller than the power (>uW)
required to operate micro-energy devices including sensors. There are
two main limiting factors: (i) the high series resistance due to the low
o of the p-type SiGe layer and (ii) the small volume due to the thin
SiGe layers. The current output power is approximately an order of
magnitude lower than that estimated only from n-type Sipg5Geg ;5.
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FIG. 4. Output power measurement of the TEG using p- and n-type Sipg5Ge€p.15
formed on glass by Ag-induced LE at 500 °C. (a) Photograph of the TEG and mea-
surement setup. (b) Voltage—current lines and power-current curves of TEG
obtained at constant temperature differences AT of 5K (squares), 10K (circles),
and 15K (triangles). The sample stage was kept at RT.
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This is because the total series resistance, i.e., the current, of the TEG is
limited by p-type Sigg5Geo 15 with a relatively low ¢. The appropriate
selection of the p-type layer with a high o, such as that obtained by
Al-induced LE," is essential for not reducing the output power.
Conversely, the total volume of SiGe in the current TEG is as small as
1.4x 10 °cm ™ due to the thin film thickness (50 nm). Because the
maximum output power of the TEG is proportional to the volume,
thickening the film is the next issue for improving the power.

As shown in Fig. 5, SiGe generally requires high processing tem-
peratures to obtain high PF values at RT. This is mainly to activate the
highly doped impurities in SiGe. For p-type SiGe, the LE technique
enabled us to achieve both a high PF and a low processing temperature
(<500 °C). This is because the LE metal catalysts (Al and Zn) acted as
p-type dopants, which were then doped in a self-organizing manner
during LE."**' Therefore, for p-type SiGe, the PF obtained by LE using
these metals exhibited higher values than those obtained by current LE
using B-doped Ag. Generally, it is more difficult to achieve n-type
SiGe than p-type SiGe at a low processing temperature because n-type
dopants are difficult to activate in SiGe. The LE using As-doped Zn
enabled us to form n-type SiGe at < 350 °C; however, the PF was low
(30 4W m~" K~%).”' Conversely, the current LE using As-doped Ag
yielded n-type SiGe with a high PF (1000 4W m™"' K ?) even in the
500°C process. This occurred because Ag does not function as a
dopant with respect to SiGe, and therefore, only As can be doped and
activated in SiGe to the solid solution limit. From the PF and « values,
the dimensionless figure of merit of the n-type SiGe is determined to
be 0.19 at RT, which is relatively high for a thermoelectric thin film.
Combining with p-type SiGe formed by Al- or Zn-induced LE will
yield excellent TEGs at low processing temperatures.

In conclusion, intrinsic SiGe alloy thin films were fabricated on
glass using Ag-induced LE. The Fermi level of the resulting SiGe layers
was dynamically controlled even at low processing temperature
(500°C) using self-organizing impurity doping during LE. B-doped
Ag vyielded p-type SiGe with p values over 10" cm , whereas
As-doped Ag yielded n-type SiGe with n values over 10”°cm™>.
Owing to the high carrier concentrations, the PF at RT indicated high
values: 230 uW m~' K2 for p-type Si and 1000 uW m~' K2 for
n-type SiggsGeps. In particular, the n-type PF was the highest
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FIG. 5. Comparison of power factors PF at around RT and process temperatures of
p- and n-type SiGe layers. Reference numbers are shown near each symbol. The
metal type is shown for LE (squares), and the growth method is shown for the
others (circles).
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recorded value for the SiGe layers at RT formed below 1000 °C. The
TEG formed using the low-temperature SiGe layers output 1.4 nW
with AT=15K at RT, despite the film thickness being only 50 nm.
Although the output power is still small, increasing the film thickness
and selecting the appropriate metal catalyst for each p- and n-type
SiGe will further improve the output power. Therefore, this study will
be a milestone toward high-performance and reliable thin-film TEGs
based on an environmentally friendly semiconductor.
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