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ABSTRACT

Highly reliable, thin-film thermoelectric generators are strongly desired for future sensor advancements. Al-induced layer exchange is a
unique method for producing thermoelectric SiGe layers on a flexible plastic substrate at low temperatures. In this study, we investigated the
thickening of the Si;_,Ge, (x=0, 0.6, and 1) layers to improve the thermoelectric output power. The upper limit of the film thickness was
approximately 1000 nm, while it influenced the crystal and electrical properties of the resulting Si;_,Ge, layers. The Sij 4Gey ¢ layer formed
at 400 °C exhibited a high power factor of up to 850 uW m™" K2 at room temperature, which is the record-high value among p-type SiGe
obtained at low temperature (<900 °C). The dimensionless figure of merit was determined to be 0.12 from the power factor and the thermal
conductivity of 2.2 Wm™" K™'. The sequential layer exchange allowed us to form a 2000-nm-thick SiGe layer. Furthermore, the output
power density was almost proportional to the film thickness and reached 37 nW cm™ at room temperature under a temperature difference
of 10K. These achievements will present practical applications for next-generation thin-film thermoelectric generators based on highly
reliable, human-friendly materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025099

1. INTRODUCTION relatively abundant. Therefore, SiGe is a promising candidate for

Research on flexible thermoelectric generators (TEGs) has human-friendly w.eara.ble TEGS' More9ver, resea.rchers hlazve devel-
o . 1 I . oped thermoelectric SiGe thin films using laser sintering, ~ sputter-
significantly progressed in recent years. For fabricating highly 13,14 15-19

ing, >~ chemical  vapor electrophoretic
deposition,”’ solid-phase crystallization, and metal-induced
crystallization.”” However, the formation of crystalline SiGe gener-
ally requires high temperatures (>500 °C). Furthermore, the lower
temperature process makes it more difficult to activate the dopants

versatile flexible TEGs, the direct synthesis of thermoelectric mate- deposﬁlgrﬁ,ﬂ
rials on plastic substrates is the most promising approach.” Because
plastics typically have low heat resistance, most research has

focused on organic materials with low synthesis temperatures.’

However, organic materials inherently suffer from thermal deterio-
ration, while some applications, including healthcare, will require
high reliability.

The flexible thermoelectric application of inorganic materials,
such as metal compounds,“’ oxides,” and graphene,8 has also been
active. The SiGe alloy has the highest reliability among thermoelec-
tric materials as it has been used for decades in space
applications.””"" Additionally, Si and Ge are suitable materials for
electronic devices close to humans because they are nontoxic and

in SiGe and, therefore, obtain high thermoelectric performance.
Metal-induced layer exchange has enabled low-temperature
synthesis and high-concentration doping in crystalline SiGe thin
films.”>** We synthesized 50-nm-thick SiGe layers at <400 °C over
the entire composition range using layer exchange techniques.”””°
In Al-induced layer exchange (ALILE), Al has two roles: (i) a metal
catalyst for layer exchange and (ii) a p-type dopant for SiGe. After
the ALILE, the resulting SiGe layer contains activated Al atoms
according to the solid solubility limit in a self-organizing manner.*’
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Furthermore, the B addition in ALILE results in a p-type SiGe layer
exhibiting a power factor (PF) of 400 W m™ K2 on glass and
240 uW m ™" K2 on a plastic substrate.”’

Considering that the output power of the thin-film TEG is
basically proportional to the film volume, the thickness (50 nm) of
the SiGe layers is too small for practical applications. Conversely,
no literature has examined thick (>um) film synthesis in layer
exchange. Thus, this study investigates the upper limit of the SiGe
thickness during ALILE and the influence of the thickness on the
film properties and TEG performance. We update the PF of the
SiGe layer to 850 uW m™' K™ and demonstrate that the output
power increases with the film thickness.

Il. EXPERIMENT

Figure 1(a) presents a schematic of the ALILE process. We
prepared Al and amorphous (a-) Si;_,Ge, (x: 0, 0.6, and 1) layers
(thickness #: 50, 300, 500, 1000, and 2000 nm each) on a SiO, glass
substrate at room temperature (RT) using radio frequency (RF)
magnetron sputtering (a base pressure of 3.0 x 107* Pa) with an Ar
plasma. The RF power was set to 50 W. The samples were then
annealed in an N, atmosphere for 30h at 450°C (Si), 400°C
(Sip4Gegg), and 350 °C (Ge). The Al layer was then etched away
with an HF solution (HF 1.5%). The SiGe layers were evaluated
using scanning electron microscopy (SEM) equipped with an elec-
tron backscattering diffraction (EBSD) analysis attachment. To
evaluate the hole mobility u;, and the hole concentration p, the Hall
effect measurement was performed with the Van der Pauw method
using the Bio-Rad HL5500PC system with a 3200 G permanent
magnet. The thermoelectric measurements for the electrical con-
ductivity o and the Seebeck coefficient S were performed using the
Advance-Riko ZEM system, where the sample was fixed to a
ceramic stage using Ag paste.”” The thermal conductivity x was
evaluated using the PicoTherm PicoTR. The output power was
evaluated using a current-voltage measuring device with the indi-
rect resistance heater and Stirling refrigerator producing an
in-plane thermal gradient from the heating to the cooling region,
where a differential thermocouple was mechanically contacted at
the sample surface to monitor the temperature. The current and
voltage were measured with Cu wires connected across the sample.

I1l. RESULTS AND DISCUSSION

For the samples with t <1000 nm, the layers remaining on the
substrates after the removal of Al were evaluated via Raman spec-
troscopy and SEM. The Raman spectra in Fig. 2(a) show the peaks
corresponding to the Si-Si, Si-Ge, and Ge-Ge vibrational modes,

Layer
exchange

Al removal
—_—

p°'V‘SiGej ’
8lass

a-SiGe

8lass

Doly.SiGe
glass

FIG. 1. Schematic of the ALILE growth of Si;_,Ge,.
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(a) Si-Si
Ge-Ge SI_sGe .

Intensity [arb.unit]

I 1
300 400 500
Raman shift [cm?]

FIG. 2. Characterization of the Sij_,Ge, (x=0, 0.6, and 1) samples with
t=1000 nm after Al removal. (a) Raman spectra. (b) Cross-sectional and (c)
surface SEM images.

indicating that crystalline Si;_,Ge, layers form on the substrates for
all samples.”® Figure 2(b) shows that ¢ of the resulting SiGe layer is
approximately 1000 nm, as intended. Similar results were obtained
for pure Si and Ge. Figure 2(c) shows that the 1000-nm-thick SiGe
layer covers almost the entire surface of the substrate, though it has
some voids. We note that when ¢ =2000 nm, the upper amorphous
layer was crystallized before the SiGe layer reached the substrate,
which inhibited the complete layer exchange. Thus, in the Al-SiGe
system under the current growth condition, the upper limit of t is
approximately 1000 nm.

Figure 3(a) shows the inverse pole figure (IPF) images of the
samples derived from the EBSD measurements. All samples are
polycrystalline where the grain size varies with t. As shown in
Fig. 3(b), the Si and Ge samples with t=50nm have grains of
several micrometers, which is an order of magnitude smaller than
that of ALILE with a diffusion control layer.”**” This is an advan-
tage of TEGs because grain boundaries scatter phonons and
lower x.”” For Si and Ge, the grain size decreases significantly with
increasing t. This behavior occurs because when the film is thicker,
the crystal nucleus is easily generated at the Al grain boundary and
the nucleation frequency is higher.”” The grains of SiGe are smaller
than those of Si and Ge for =50 nm, similar to the case where the
diffusion control layer is provided.”” Owing to this behavior, for
SiGe, the decrease in grain size due to the increase in ¢ is not
remarkable.

All the samples exhibited p-type conduction because of the Al
acceptors. Figure 4(a) shows that u, decreases with increasing ¢ for
Si and Ge. Considering the ¢t dependence of the grain size (Fig. 3),
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this behavior is likely due to grain boundary scattering commonly
found in polycrystalline semiconductors.’””" For Siy,Gegq, where
300 the effect of ¢ on the grain size is small (Fig. 3), u,, increases as ¢
3 increases and peaks at t = 500 nm. The similar behavior is common
for semiconductor thin films and has been explained in terms of
interfacial scattering.”' However, according to the Drude model,
the mean free path of holes in bulk single-crystal SiGe is estimated
to be approximately a few tens nm due to phonon scattering
alone and further reduced by impurity scattering. Considering the
order of the mean free path, the large improvement in u, for
Sip.4Geg from ¢ =300 nm to 500 nm cannot be explained only by
the reduction of interfacial scattering. To fully elucidate the cause
of the t dependence of u, in Sig4Gegs, detailed and extensive
research on crystallinity and SiGe composition will be essential.
Figure 4(b) shows that p increases with increasing x, while it does
not depend on t. This behavior is due to the ALILE feature, where
p is determined by the solubility limit of Al in Si;_,Ge,.”* Because
the solubility limit of Al is higher in Ge than in Si,” p increases

(a) Thickness t [nm]

Sip.4Geg 6

with x. Figure 4(c) shows that ¢ also increases with increasing x
because o is proportional to p. For Si and Ge, ¢ decreases with
increasing ¢, reflecting a lower u, [Fig. 4(a)] because of the
smaller grain size. In contrast, for Sip4Geps, o peaks at
(b) —12 t=500nm, reflecting the u, behavior [Fig. 4(a)]. Figure 4(d)
g shows that S decreases with increasing x reflecting two factors: (i)
o 9o g ] the higher x makes the effective mass of holes smaller according
2 o to the basic physical properties of Si;_,Ge, and (ii) the higher x
£ 6 I Ge | also makes p higher due to the higher solubility limit of Al in
® 3| i Si;_,Ge, [Fig. 4(b)]. As with p, S does not explicitly depend on .
o 1A .7/4 !§= Figure 4(e) shows that PF has a t dependence reflecting o. The
S ot Sio.4Geog v highest PF larger than 850u4Wm 'K > was obtained for
2 . e ; i Sig.4Geg ¢ with ¢ =500 nm, where p, and ¢ have a peak. This PF is
0 200 400 600 800 1000 the highest recorded value among p-type SiGe obtained at low
g g p-typ
Thickness t [nm] temperatures (<900 °C). The cross-plane x value of the Sij ,Geg
sample with ¢ = 500 nm was determined to be 22 Wm™' K™'. The
FIG. 3. Grain size of Sis_,Ge, (x=0, 0.6, and 1) layers analyzed by EBSD. () low K Valu? is likely owing to phonon scatter'in%gby both high—
IPF images for t=50, 300, and 1000 nm. The colors indicate the crystal orienta- density grain boundaries due to the small grains™ and the SiGe
tion according to the color key. (b) t dependence of the average grain size quan- alloy structure.” From the PF and x values, the dimensionless
titatively calculated from EBSD analysis software. figure of merit is determined to be 0.12 at RT. This value is
45 T —— 1000
(@)  SigaGegs 1()21Hb\)././.-E 500Hd) (e) Sip.Gegs
— \A Ge ] 400./0& & 7501 \ 1
» 30 1020k i X
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FIG. 4. Electrical and thermoelectric properties at RT for the samples as a function of the film thickness ¢. (a) Hole mobility u,. (b) Hole concentration p. (c) Electrical con-
ductivity o. (d) Seebeck coefficient S. (e) Power factor PF.
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FIG. 5. (a) Schematic of the sequential layer exchange growth of Sig4Geqs.
(b) Cross-sectional SEM and (c) IPF image of the resulting sample after Al
removal. The colors indicate the crystal orientation according to the color key.

higher than that of bulk-SiGe’ and most p-type SiGe layers are
formed at low temperature.

As described above, SiGe formed by ALILE presents a high PF
even in thick films. However, the upper limit of the thickness is
approximately 1000 nm. Therefore, we examined the sequential
layer exchange that enables thicker SiGe layers, as shown in
Fig. 5(a). A Sig4Gege layer with t=1000 nm was formed by the
same ALILE process on a Sip4Gegs layer with f=1000nm.
Figure 5(b) shows that a 2000-nm-thick SiGe layer forms on a glass
substrate after Al removal by sequential layer exchange. Figure 5(c)
shows that the grain size for £ =2000 nm is slightly larger than that
for +=1000nm [Fig. 3(a)]. A similar behavior was reported in a
previous study on ALILE-Si, suggesting that the upper SiGe layer is
epitaxially grown by taking over some grains of the lower
SiGe layer.”” The SiGe at t=2000nm exhibited the p value of

200 300 1000 —
(@) (b) (c)
1000 nm 1000 nm fm 1000 nm
a 180+ 1 & ‘_?‘4 800
€ . €
200
5 3n\()\)\. 3 % i
o 1601 1 @ 2000nm | = %00
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140t . 100 ., 400 1
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3% 10" cm™, which is almost equivalent to that for t=1000 nm.
Thus, we have demonstrated that the sequential layer exchange of
SiGe is possible, implying, in principle, that there is no limit to
thickening.

Figures 6(a)-6(c) show that o, S, and PF monotonously
decrease or increase with the increasing measurement temperature,
which is similar to the general thermoelectric properties of SiGe.’
The o value for t+=2000 nm is lower than that for #=1000 nm,
while the S values are almost the same. The SEM image in Fig. 5(b)
shows that the 2000-nm-thick sample has an interlayer between the
first and second ALILE-SiGe layers, which may scatter holes and
reduce their mean free path. Although the PF value for ¢ = 2000 nm
is slightly lower than that for t=1000 nm reflecting the difference
in o, it exhibits a relatively high value (500 W m~'K7?) at RT. We
measured the ¢ dependence of the output power of ALILE-SiGe
using the measuring setup shown in Fig. 6(d). The temperature dif-
ference between both ends of the sample was fixed at 10 K, and the
sample stage was fixed at 300 K. Figure 6(e) shows that, for each ¢,
the open-circuit voltage is almost consistent with the value calcu-
lated from S. The short-circuit current increases with increasing t,
reflecting an increasing cross-sectional area due to the increasing t.
The maximum output power density increases with increasing t
and reaches 37 nW cm™ for ¢=2000 nm. This is a high value for
environmentally friendly, inorganic thin films synthesized below
the heat-resistant temperature of plastic substrates (~400 °C). This
result indicates that a device with a several-cm size can output uW
power, which is potentially useful for future wearable sensors.

IV. CONCLUSION

In the low-temperature ALILE, the upper limit of ¢ was
approximately 1000 nm for the entire SiGe composition range. The
grain size and o decreased with increasing ¢ for pure Si and Ge,
while they were almost constant with ¢ for Siy 4Gey . Consequently,
for a large t (>500 nm), the Sig4Gey¢ layer exhibited a high PF of
up to 8504W m™' K> The dimensionless figure of merit was
determined to be 0.12 from the power factor and the thermal con-
ductivity of 22 W m ' K™'. Furthermore, the sequential layer
exchange allowed us to form a 2000-nm-thick SiGe layer. The
output power density was almost proportional to t and reached

[ ]40“‘,—
t[nm D
5

s 30;
£ z

) e 2100050 >
& e 22000]° 3
o=y C
o [}
> 10 ©
—

(O]

o 3

40 =

Current [pA]

FIG. 6. (a) Electrical conductivity o, (b) Seebeck coefficient S, and (c) power factor PF of the Siy4Gegg samples for t=1000 and 2000 nm with respect to the measure-
ment temperature. (d) Schematic of a system for the output power measurement. (e) Voltage—current (open triangles) and output power density (solid circles) for the SiGe
samples with =50, 300, 500, 1000, and 2000 nm obtained under a constant temperature difference of 10 K and a sample stage temperature of 300 K.
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37nWcem 2 under a temperature difference of 10K. Because
ALILE-SiGe can be applied to plastic substrates, the findings in this
study will present practical applications for human-friendly, flexible
TEGs with high reliability.
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