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Abstract: A solution-processable Ag,Se nanoparticle thin film (NPTF) is a prospective thermoelectric
material for plastic-based thermoelectric generators, but its low electrical conductivity hinders the
fabrication of high performance plastic-based thermoelectric generators. In this study, we design Ag,Se
NPTFs embedded with silicon nanowires (SiNWs) to improve their thermoelectric characteristics.
The Seebeck coefficients are —233 and —240 pV/K, respectively, for a Ag,Se NPTF alone and a Ag,Se
NPTF embedded with SINWs. For the Ag,Se NPTF embedded with SiNWs, the electrical conductivity
is improved from 0.15 to 18.5 S/m with the embedment of SiNWs. The thermal conductivities
are determined by a lateral thermal conductivity measurement for nanomaterials and the thermal
conductivities are 0.62 and 0.84 W/(m-K) for a Ag,Se NPTF alone and a Ag,Se NPTF embedded with
SiNWs, respectively. Due to the significant increase in the electrical conductivity and the insignificant
increase in its thermal conductivity, the output power of the Ag,Se NPTF embedded with SiINWs is
120 times greater than that of the Agy,Se NPTF alone. Our results demonstrate that the AgySe NPTF
embedded with SiNWs is a prospective thermoelectric material for high performance plastic-based
thermoelectric generators.

Keywords: thermoelectric; silver selenide nanoparticles; silicon nanowires; thin film

1. Introduction

Thermoelectric generators for energy conversion from ambient heat to electricity have been
widely developed in the area of renewable energy [1,2]. High electrical conductivity and low thermal
conductivity are essential in achieving high thermoelectric efficiency, but the independent control of each
other is fraught with challenges. Nanosized semiconductor materials are suitable for thermoelectric
materials because of their independent control of electrical and thermal conductivities [1-3]. Asone way
to make nanosized semiconductor materials, solution processes have been regarded as an attractive
approach for the fabrication of next-generation flexible electronics since they have the potential
advantages of low synthetic temperatures, large area processes, low cost and compatibilities with
plastic substrates [4—6]. Moreover, with a rapid increase in the necessity of flexible electronics and
miniature sensors, thermoelectric devices fabricated on flexible and bendable substrates have been
considered as one component part in power supply systems for flexible electronics and miniature
sensors [7,8]. On the other hand, among nanosized semiconductor materials, solution-processable
semiconductor nanoparticles (NPs), such as mercury chalcogenide [4] and silver chalcogenide [5] NPs,
have emerged as thermoelectric materials for plastic-based thermoelectric generators [6] because they are
processed at sufficiently low temperatures compared to the thermal degradation temperature of plastic
substrates. In particular, silver selenide (Ag,Se) NPs have been studied as a promising thermoelectric
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nanomaterial for high efficiency thermoelectric devices, due to their high mobility and low thermal
conductivity [9,10]. Hence, in this study, we chose Ag,Se NPs to represent solution-processable
semiconductor NPs.

To fabricate high-performance plastic-based thermoelectric generators, increasing the electrical
conductivity of thin films composed of the solution-processable semiconductor NPs is essential.
The increase in electrical conductivity inevitably leads to an increase in thermal conductivity. To achieve
high thermoelectric conversion efficiency, it is necessary to enhance electrical conductivity while
simultaneously lowering the thermal conductivity of thermoelectric materials as required. There have
been various approaches, such as doping [3], annealing [11], optimizing structure [12], and developing
new and advanced thermoelectric nanomaterials [13] to improve the thermoelectric characteristics.
Nevertheless, a hetero-dimensional combination of nanomaterials has not been investigated as a
means of improving the thermoelectric properties of thin films composed of the solution-processable
semiconductor NPs that are suitable for plastic-based thermoelectric generators. Hence, for the first
time, we attempt to combine one-dimensional nanowires and the two-dimensional nanoparticle
thin films (NPTFs) as a way to develop thermoelectric materials for high-performance plastic-based
thermoelectric generators.

In this study, we propose a NPTF embedded with nanowires (NW). We chose NWs because,
among nanosized semiconductor materials, NWs are favorable for electrical conduction [14-16].
More specifically, we embedded silicon NWs (SiNWs) in an AgySe NPTF to increase its electrical
conductivity considerably as compared to the thermal conductivity [16,17]. In this study, we employed
SiNWs fabricated from a Si wafer by the top-down process, in which the physical properties of SINWs
are similar with those of the mother Si wafer. The etched SiNWs with rough edges tend to reduce heat
transfer of phonons, while electrons are hardly affected by the roughness of their surfaces [16]. Due to
their rough edges, the SiNWs have received great interest for dramatically improving the thermoelectric
properties of Si [16,17]. Compared with other semiconductor NWs, such as chalcogenides [18-20],
our SiNWs are well-ordered and transferred on the plastic substrate, which is a key point for the
fabrication of the Ag,Se NPTF embedded with SINWs. In addition, SiINWs are suitable for plastic-based
thermoelectric devices since they are able to be transferred on plastic substrates without deterioration
in electrical characteristics of Si. To measure the thermal conductivity of the AgySe NPTF embedded
with SiNWs, we adopted a lateral thermal conductivity measurement for nanomaterials [21-23]. In this
study, we evaluated the suitability of the Ag,Se NPTF embedded with SiNWs as a thermoelectric
material by comparing it with the Ag,Se NPTF alone.

2. Materials and Methods

Figure 1 shows the Ag,Se NPTF alone and the Ag,Se NPTF embedded with SiINWs on a
polyethersulfone (PES, CAS No. 25667-42-9) plastic substrate. The n-SiNWs were prepared through
CMOS-compatible top-down approaches, and the Ag,Se NPs were synthesized by the colloidal
method, as depicted in previous research [22,24]. The n-SiNWs with an arsenic doping concentration
of 10?! cm~3 were prepared by the top-down process using photolithography, crystallographic wet
etching, ion implantation doping, and size reduction thermal oxidation as shown in Figure 2a—c.
Then, the n-SiNWs with a 40 nm thickness were transferred onto the plastic substrate via a direct
transfer process as shown in Figure 2d—-i. Figure 2j is the SEM image of SiNWs transferred onto a
PES substrate. Ag,Se NPs used as a thermoelectric nanomaterial in this study were synthesized in
an aqueous solution in the following steps [24]: 1 mL of 1-thioglycerol (CAS No. 96-27-5) and 0.3 g
of AgNO; (CAS No. 7761-88-8) were dissolved in 250 mL of distilled water via stirring. The pH of
the mixed solution was adjusted to 11.4 with 1 M NaOH solution (CAS No. 1310-73-2). Ag,Se NPs
were then obtained by the reaction of the Agy;Se NPs solution and H,Se gas. Herein H;Se gas was
produced by the reaction of 0.2 g of Al,Se; (CAS No. 1302-82-5) and 50 mL of 4 M HCl solution (CAS
No. 7647-01-0). Ag,Se NP powders were subsequently made using a centrifugation process and were
then re-dispersed in deionized water. Re-dispersed Ag;Se NPs solution was made by dispersing 1 mg
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of AgySe NPs produced by centrifugation in 10 uL of distilled water. A thermoelectric platform was
constructed using two electrodes (E1 and E2), a meander line patterned heater made of Al, and a
thermoelectric channel on a plastic substrate. Herein, the heater and two electrodes were fabricated
through photolithography and thermal evaporation processes for 5 min at a working pressure of
6 mTorr, and then the AgySe NPTF was coated through photolithography and a spin-coating process
at 4000 rpm for 35 s between the two electrodes. We made the surface of the patterned substrate
hydrophilic using O, plasma before spin-coating of the Ag;Se NPTF on a plastic substrate. The diameter
of the Ag,Se NP and the thickness of the Ag,Se NPTF were measured to be 5 nm and 30 nm from
images taken by a transmission electron microscope (TECNAI F20), respectively, as shown in Figure 3.
In this study, we used two thermoelectric channel materials: Ag,Se NPTF alone and Ag,Se NPTF
embedded with SiNWs. For both thermoelectric channel materials, only the Ag,Se NPTFs were in
contact with E1 and E2; the SiNWs were not in contact with E1 and E2. The distance between E1 and
E2 was 200 um and the length of the SINWs was 100 um. The thermoelectric characteristics of the
fabricated thermoelectric devices were investigated through a Keithley 4200 parameter analyzer and
infrared (IR) images were captured using a FLIR A645SC IR camera with sensitivity of 30 mK and an
uncertainty of 2%. The thermal conductivities of the AgySe NPTF alone and the AgySe NPTF embedded
with SiNWs were measured using the lateral thermal conductivity measurement, as described in
previous studies [21,22]. In this study, all measurements of thermoelectric devices were carried out at
room temperature in a vacuum condition of 107 Torr.
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Figure 1. Schematic of a thermoelectric platform comprising a meander line patterned heater,
two electrodes (E1, E2), and thermoelectric channels of (a) the Ag,Se nanoparticle thin film (NPTF)
alone and (b) the Ag,Se NPTF embedded with silicon nanowires (SiNWs).
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Figure 2. Fabrication process of the SiNWs. (a) Si active lines on an oxide stack. (b) Si trench etching.
(c) Crystallographic wet etching. (d) SEM images of fabricated SiNWs. (e-i) transfer process of SINWs
on plastic substrate. (j) SEM image of transferred SiNWs.

(b)

Figure 3. TEM images of the Ag,Se NPs (a) and cross-sectional image (b) of the Ag,Se NP thin film.
3. Results and Discussion

Figure 4 displays optical images of the Ag;Se NPTF alone (a) and the Ag,Se NPTF embedded with
SiNWs (b), and shows that the SiNWs were well covered with the Ag,Se NPTF but that they maintained
a distance from the electrodes E1 and E2. In this study, the temperature difference (AT) caused by
joule heating of the heater is defined as the difference in temperature between the hot electrode E1
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and cold electrode E2, as the temperatures of those parts of the NPTF in contact with the electrodes
were the same as those of the corresponding electrodes. By contrast, thermal energy caused by the
heater was propagated through thermal conduction of the thermoelectric channel (Qhermoelectric channel)
and thermal radiation (Qyadiation) and the substrate (Qgypstrate)- In the case without any thermoelectric
channel, the AT was caused by Q;agiation and Qgubstrate, Whereas in the case with a thermoelectric
channel, the AT is caused by Q;adiation, Qsubstrate a1d Qthermoelectric channel- Thus, the Qihermoelectric channel
was determined by the difference between the temperatures of E2 for the cases with and without the
thermoelectric channel.

Ag,Se NPTF
" with SiNWs

Figure 4. Optical image of a thermoelectric platform comprising a meander line patterned heater,
two electrodes (E1, E2), and thermoelectric channels of (a) the Ag,Se NPTF alone and (b) the Ag,Se
NPTF embedded with SINWs.

To measure the thermal conductivities of the Ag,Se NPTF alone and the Ag,Se NPTF embedded
with SiNWs, the temperatures of E2 were measured as a function of heater power, as depicted
in Figure 5a,b, respectively. Herein, the heater power has the proportional relationship with the
temperatures of E1 because a large amount of heat is transferred to E1 as the heater power increases.
As previously mentioned, the difference between the temperatures of E2 for the cases with and without
the thermoelectric channel was attributed to the Qhermoelectric channel- The temperature difference was
induced by the Qermoelectric channel for the Ag,Se NPTF alone and the Ag;Se NPTF embedded with
SiNWs as a function of heater power, as depicted in Figure 5c, indicating that thermal energy was
more quickly transferred in the AgySe NPTF embedded with SiINWs than in the Ag,Se NPTF alone.
The thermal conductivity of the thermoelectric channel was calculated based on the heat conduction
law known as Fourier’s law. The lateral heat conduction of thermoelectric channel was calculated by
the equation as follows [25]:

Q = kAdT/dx 1)

where Q is the heat conduction of the thermoelectric channel, k is the thermal conductivity, A is the
cross-sectional area, and dT/dx is the temperature gradient of the lateral direction. The value of Q can
be calculated from the value of heater power corresponding to the temperature of E1 because the heater
and E1 were composed of the same material in this study. The heat flux (q”) of the thermoelectric
channel is Q per unit area perpendicular to the direction of heat flow. Since the hot and cold sides of
the thermoelectric channel were thermally balanced with E1 and E2, respectively, the lateral heat flux
of the thermoelectric channel was given by the equation as follows [26]:

q” = kAT/Ax )

where AT is the temperature difference and Ax is the distance between E1 and E2. Figure 5d shows q”
as a function of AT/Ax. The slope in the graph indicates the thermal conductivity. This means that the
thermal conductivities of the Ag,Se NPTF alone and the AgySe NPTF embedded with SiNWs were
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calculated to be 0.62 and 0.84 W/(m-K), respectively. The thermal conductivity of the Ag,Se NPTF
embedded with SiNWs was slightly higher than that of the Ag,Se NPTF alone, which is consistent with
the result shown in Figure 5c. Compared to the thermal conductivity of SINWs (about 40 W/(m-K)) [15],
the remarkably low thermal conductivity of the Ag,Se NPTF embedded with SiINWs results from
phonon scattering at the grain boundaries of the AgySe NPTF covering the SiNWs. On the other hand,
the lateral thermal conductivity measurement method used in this study is the most appropriate to
examine the thermal conductivity of hetero-dimensional combined nanomaterials that are impossible
to measure the thermal conductivity using conventional thermal conductivity measurement methods
such as the laser flash method or the three omega method [27-29]. Generally, the conventional thermal
conductivity measurement methods require the smooth surface and the thickness greater than one
millimeter for a sample, which is hard to make with nanomaterials.
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Figure 5. Temperature of E2 for (a) the Ag,Se NPTF alone and (b) the Ag,Se NPTF embedded with
SiNWs. (c) Temperature difference of the channel as a function of heater power. (d) q” versus AT/Ax.

Figure 6a represents the current—voltage characteristics of the AgySe NPTF alone and the Ag,Se
NPTF embedded with SiINWs. The magnitude of current in the Ag;Se NPTF embedded with SiNWs
increased by more than 100 times due to the SINWs being embedded into the Ag,Se NPTF. The electrical
conductivities of the Ag,Se NPTF alone and the Ag,Se NPTF embedded with SiNWs were calculated
at 0.15 and 18.5 S/m, respectively. Bearing in mind that the thermal conductivity of the Ag;Se NPTF
insignificantly increases from 0.62 to 0.84 W/(m-K) by the embedment of SiNWs, it is clear that the
embedment of SINWs into the Ag,Se NPTF is a useful way to increase the electrical conductivity of
the Ag,Se NPTF restraining the increase in its thermal conductivity. Compared to other studies [7,8]
in which the thermal conductivity of a thermoelectric material increases as its electrical conductivity
increases at the same rate, our result shows the increase in the electrical conductivity that is relatively
independent from the thermal conductivity. The enhanced electrical conductivity in the Ag,Se NPTF
embedded with SiNWs implies that inserting SINWs to solution-processable NPTFs is an effective
way to increase electrical conductivity of NPTFs for plastic-based thermoelectric generators. Figure 6b
represents the Seebeck voltages as a function of AT for the Ag;Se NPTF alone and the AgySe NPTF
embedded with SiNWs, indicating their n-type behaviors. The Seebeck coefficients obtained from
the slope in Figure 6b were —233 and —240 pV/K for the Ag,Se NPTF alone and the AgySe NPTF
embedded with SiNWs, respectively. The maximum Seebeck voltages are —2.7 and —2.4 mV at AT of
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11.7 and 9.1 K, respectively, for the Ag,Se NPTF alone and the Ag,Se NPTF embedded with SiNWs.
It is worthy of note that the Seebeck voltages are generated from the temperature difference of about
10 K at room temperature. On the other hand, considering the inverse relationship between the Seebeck
coefficient and electrical conductivity, the Ag,Se NPTF embedded with SiINWs proposed in this study
is a promising high-performance thermoelectric material because it exhibits a uniquely higher Seebeck
coefficient and a higher electrical conductivity than those of the AgySe NPTF alone. The thermoelectric
power factors (PF = S%0; Sis the Seebeck coefficient and o is the electrical conductivity) were determined
tobe 8.1 x 1073 and 1.1 uW/(m-K?) for the Ag>Se NPTF alone and the AgySe NPTF embedded with
SiNWs, respectively. The figure of merit (ZT) was calculated as 3.9 x 10 and 3.8 x 1072 for the Ag,Se
NPTF alone and the Ag,Se NPTF embedded with SiNWs, respectively. The significant increase in PF
and ZT of the Ag,Se NPTF embedded with SINWs was attributed to the greatly increased electrical
conductivity as compared with the thermal conductivity. In terms of plastic-based thermoelectric
generators, the considerable increase in the PF and ZT for a solution-processable NPTF is fundamental
to achieving high performance thermoelectric generators that convert a bit of heat to electricity at room
temperature. Figure 6¢ exhibits the output power (P) as a function of AT for the Ag;Se NPTF alone
and the AgySe NPTF embedded with SINWs. The P was calculated as per [30]:

2
VS

P=—
4R

)
where R is the resistance of the thermoelectric channel and Vg is the Seebeck voltage, indicating an
inverse relationship between the resistance and output power of the thermoelectric channel. The output
powers generated from the Ag,Se NPTF embedded with SiINWs and the Ag,Se NPTF alone were 2.8
and 2.3 X 1072 nW/cm?, respectively, at a AT of 9.1 K. Due to the dramatic improvement in the electrical
conductivity through embedment of SINWs, the maximum output power of the Ag;Se NPTF embedded
with SiNWs was 120 times greater than that of the Ag,Se NPTF alone. To enhance the maximum
output power, lowering the resistance of the thermoelectric channel is critical. Even though sintering
is a conventional means of lowering the resistance of the thermoelectric channel, it is unsuitable for
plastic-based thermoelectric devices because the sintering temperature is sufficiently high to degrade
the plastic. Assuch, the Ag,Se NPTF embedded with SINWs is effective at lowering the resistance of the
thermoelectric channel on a plastic substrate. Furthermore, our result demonstrates that a small amount
of thermal energy coming from the surrounding environment can be effectively converted to electrical
energy by the Ag;Se NPTF embedded with SiNWs, which can be used in practical applications, such as
portable, flexible electronics and miniature sensors.
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Figure 6. (a) Current-voltage characteristics, (b) Seebeck voltage, and (c) output power as a function of
temperature difference for the Ag>Se NPTF alone and the Ag,Se NPTF embedded with SiNWs.

4. Conclusions

In this study, we embed SiNWs in a solution-processed Ag,Se NPTF to increase the electrical
conductivity of the solution-processable NPTFs for high-performance plastic-based thermoelectric
generators. The Ag,Se NPTF alone and the Ag;Se NPTF embedded with SiNWs exhibited n-type
behavior. Because of the SINWs, the AgySe NPTF embedded with SINWs had an electrical conductivity
that was 120 times greater than that of the Ag,Se NPTF alone. The electrical conductivities of the
Ag,Se NPTF alone and the Ag;Se NPTF embedded with SiINWs were 0.15 and 18.5 S/m, respectively.
For the Ag,Se NPTF alone and the Ag,Se NPTF embedded with SINWs, the Seebeck coefficients were
—233 and —240 uV/K, respectively. Compared to the increase in the electrical conductivity, thermal
conductivity was insignificantly increased from 0.62 to 0.84 W/(m-K) by embedding SiNWs in the
Ag>Se NPTF. Due to the dramatic improvement in electrical conductivity through embedment of
SiNWs, the AgySe NPTF embedded with SiNWs generated the maximum output power that was 120
times greater than the Ag,Se NPTF alone. Our results demonstrate that the Ag,Se NPTF embedded
with SiNWs is a prospective thermoelectric material for converting low-grade thermal energy into
electrical energy in actual applications such as portable plastic electronics.
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