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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing has been investigated as a more time, energy, and cost-efficient method for fabricating
p-type BigsSb; sTes thermoelectric generators (TEGs) compared to traditional manufacturing techniques. Early results have been
n-type Bi;Te, ;Seq 5

promising but are held back by including a high-temperature, long-duration curing process to produce high-
performance thermoelectric (TE) films. This work investigates the synergistic effect of four factors — a small
amount of chitosan binder (0.05wi%), a combination of micron and nano-sized particles, the application of
mechanical pressure (20 MPa), and thickness variation (170, 240, 300 pm) — on the performance of stencil
printed p-Big 5Sb; sTe; (p-BST) and n-Bi,Te; 75 3 (n-BTS) TE composite films. The combination of these four
factors controls the micro and nanostructure of the films to decouple their electrical and thermal conductivity
effectively. This resulted in figures of merit (ZTs) of 0.89 and 0.5 for p-BST and n-BTS thinner (170 pm) films,
respectively, comparable to other additive manufacturing methods despite eliminating the high-temperature,
long-duration curing process. The process was also used to fabricate a 6-couple TEG device, which could
generate 357.6 uW with a power density of 5.0 mW/cm? at a AT of 40 K. The device demonstrated air stability
and flexibility for 1000 cycles of bending. Finally, the device was integrated with a voltage step-up converter to
power an LED and charge and discharge capacitor at a AT of 17 K, demonstrating its applicability as a self-
sufficient power source.

Composite thermoelectric films
Printed thermoelectric device
LED light up

Capacitor charging

1. Introduction

Thermoelectric generators (TEGs) directly convert waste heat into
valuable electrical energy and have been proven to be one of the most
promising energy harvesting devices because of their reliability, scal-
ability, relatively small volume, and adaptability to various environ-
ments [1-3]. Flexible TEGs (fTEGs) fabricated using additive
manufacturing methods such as direct printing, inkjet printing, or screen
printing innovate on traditional devices due to their advantages in cost,
scalability, and manufacturing efficiency. Moreover, these f-TEGs can
scavenge waste heat from non-planar surfaces (e.g., human body) and
potentially be used as a self-sufficient power source for various appli-
cations such as flexible electronics, health monitoring sensors, and
wearable devices. Therefore, a process for fabricating high-performance
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f-TEGs using additive manufacturing is desirable [4-11]. Printing ther-
moelectric (TE) films with a high figure of merit (ZT) is essential to
fabricate high-performance f-TEGs, as it can directly reflect the TEG’s
power output and power density. In the past, the printed TE films had a
relatively lower ZT than bulk materials due to the high weight ratio of
the insulating binder and the poor interfacial connections between the
TE particles and the polymer binder [12-14]. As a result, many efforts
have been devoted to improving the ZT value of printed TE composites,
including using long, high-temperature sintering processes, removable
binders, adding Se and Te additives, densification via mechanical
pressure, and post-processing techniques [15-21]. These new tech-
niques have significantly improved the ZT of printed TE films, with the
best-reported films reaching ZTs of 1.0 for p-BST and 0.6 for n-BTS
[17-21]. However, each new step of the manufacturing process
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introduced to improve the films’ performance has also increased the
time and energy required to produce them. In particular, the
high-temperature, long-duration (~500°C for up to 18 h) sintering
process negated the time and energy advantage of additive
manufacturing over traditional manufacturing methods [16-20]. More
information and comparison of the high energy consumption and long
duration between different methods and literatures are shown in
Table S1 in the supplemental file.

Existing literature demonstrated the film thickness dependence only
for thin films (hundreds of nanometers or several micrometers) [22-24].
Han et al. used chemical vapor deposition (CVD) to fabricate p-type
SbyTes thin films at a thickness range of 1-16 ym and achieved a
maximum electrical conductivity of 666 S/cm at the lowest thickness (1
um) [23]. Wang et al. used electron-beam evaporation to fabricate
p-type SbyTes thin films with thicknesses between 10 to 100 nm. A
maximum electrical conductivity of 700 S/cm was also achieved at the
lowest thickness (10 nm) with decreases in defects and interfaces [22].
Physical techniques like CVD and physical vapor deposition (PVD) are
costly and time-consuming. They grow films by repeatedly depositing
thin layers, which could introduce extra defects, interparticle interfaces,
and void formations. As an alternative, in this work, we have used a
cost-effective and energy-efficient additive manufacturing technique to
print thermoelectric films and TEGs with thicknesses in the range of
hundreds of microns. However, the thickness effect in printed composite
films (up to 300 um) has not been systematically studied. This work aims
to systematically investigate the effect of thickness together for
next-generation f-TEGs with optimized performances fabricated via
energy-efficient and scalable manufacturing processes.

Our previous works reported a low-energy-input printing method for
fabricating n-BTS and p-BST composite films and single-leg devices
using the synergistic effects of (1) a small amount of chitosan binder
(0.05 wt%), (2) heterogeneous (mixed nanoscale and microscale) TE
particles, and (3) applied mechanical pressure of 20 MPa combined with
curing at a low temperature of 120°C for 30 mins [25-29]. Table S2 and
S3 (Supporting Information) compare this current research work with
our previously reported printed TE composite work. While the results of
these experiments were promising, the performance of films produced
by our low-energy input process was lower than those produced by the
energy-intensive sintering process. Therefore, we hypothesize that the
reduction in film thickness, similar to what was observed in previously
researched thinner films (1-16pm) produced through vapor deposition,
will lead to a reduction in the occurrence of defects increasing electrical
conductivity in our 170 um films when compared to our 300 ym films.
More generally, defect concentration and nature within TE films seem
critical in optimizing film performance. With this in mind, we intro-
duced a fourth synergistic factor — thickness variation — to our process,
intending to produce films with micro and nanostructures that opti-
mized electrical conductivity while simultaneously reducing thermal
conductivity, effectively decoupling the two properties. Finding
high-performance n and p-type films will allow high-energy density
f-TEG devices to be manufactured at scale without expending much time
or energy.

Each of the four synergetic factors influences the micro and nano-
structure and interfaces of the films differently. We assume that tuning
the weight ratio of the naturally occurring and low-cost Chitosan binder
will produce composite microstructures that will not affect the electrical
connection among active TE particles while facilitating interfacial
thermal resistance among particles and the polymer micron-sized par-
ticles that provide a large mean free path for charge carriers and nano-
sized particles and interfacial defects facilitating phonon scattering.
Additionally, tuning external uniaxial pressure will initiate lattice de-
fects, resulting in high-weighted mobility and phonon vibrations. We
hypothesize that a film with a lower thickness (~170 ym compared to
300 pm) will have fewer micron-scale defects (grains, grain boundaries,
and interfaces), resulting in less charge carrier scattering and high
electrical conductivity. Moreover, we assume different film thicknesses
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will experience the effect of other synergetic factors differently. An
important aspect of the proposed low-thermal budget additive-
manufacturing method is that it promises to eliminate the need for the
current state-of-the-art long-duration and high-temperature curing
process, decouple electrical and thermal conductivity, and achieve high-
performance composite TE films. This results in a process whose only
energy-consuming component is the application of mechanical pressure,
which had previously been used together with the high-temperature
curing process [23,24,30].

Thus, this work demonstrated the fabrication of n and p-type free-
standing films using this low-thermal budget approach to overcome
the issues of the high-temperature curing process to allow for wide-
spread adoption of TEGs as illustrated in Fig. 1. The effect of thickness
on thermoelectric parameters was explored. Air stability and flexibility
tests showed the real-world durability of our TEG manufacturing tech-
nique. Finally, the f-TEG device’s capability as a self-sufficient power
source was demonstrated by integrating it with a step-up circuit to light
a blue LED and charge a capacitor. Fig. 1 illustrates the importance of all
synergistic factors to produce scalable f-TEGs with high energy density.

The free-standing films achieved high electrical conductivity for both
chitosan p-BST-100 mesh (660 S/cm) and chitosan n-BTS-100 mesh
(286 S/cm) films of 170 pm owing to the smaller number of micro-scale
defects (pores, interfaces, grain boundaries) compared to 240 pm and
300 um films. The nano-sized defects, particles, pores, and interfaces
resulted in a low thermal conductivity of 0.77 W/m-K for p-BST and 0.65
W/m-K for n-BTS films. We decouple electrical and thermal conductivity
using interfacial engineering and a low-thermal budget additive
manufacturing approach. High electrical conductivity and low thermal
conductivity resulted in a high ZT of 0.89 for p-BST and 0.50 for n-BTS
composite films, which is 25% higher than our previously reported ZT
for p and n composites [25-27]. Further, a 6-couple flexible device was
stencil printed using p-BST and n-BTS composite inks. A maximum open
circuit voltage of 91 mV and a maximum power output of 357 yW was
achieved at a temperature difference (AT) of 40 K. The device exhibited
a power density of 5.0 mW/cm?, a 40% improvement from our previ-
ously best-reported TEG devices [17-21,25-27,30]. A flexibility test was
performed by bending the TEG device at a 3-cm radius for 1000 cycles.
Electrical resistance was chosen to evaluate the flexibility of the TEG
device due to its sensitivity to cracking with bending [18]. The TEG
device experienced only 4.3% increase in internal resistance and no
measurable change in voltage at a AT of 40 K, as seen in Fig. S16. An air
stability test was conducted by exposing the TEG device to ambient air
for more than six months, showing an increased resistance of 23% and
no measurable change in voltage at a AT of 40 K. Finally, the TEG device
capability as a self-sufficient power source in a real-world application
was demonstrated by lighting a blue LED and charging a capacitor at a
AT of 17 K when integrated with a step-up circuit. These demonstrations
proved the potential application of printed f-TEGs as a self-sufficient
power supply for wireless sensor devices to monitor physical parame-
ters continuously.

2. Experimental Section
2.1. Materials

The materials used in the research, 100 mesh Big 5Sb; 5Tes (BST-100)
and BizTez 7Seq 3 (BTS-100) were purchased from Wuhan Dongxin Inc.,
China. The 100 mesh TE particles contain a mixed distribution of micron
and nano-sized TE particles [25]. Chitosan powder (MP Biomedicals,
LLC), Dimethyl sulfoxide (DMSO, >99.7%, extra dry, ACROS Organics),
and Salicylic acid were purchased from Fisher Scientific. The 5 mm thick
non-adhesive Kapton substrate was purchased from Caplinq, Canada,
and used as masking tape.
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Fig. 1. Graphical research flow for fabricating high-performance n and p free-standing films by investigating the impact of low binder concentration, heterogeneous
particle size distribution, mechanical pressure, and thickness to produce scalable and high-energy density f-TEG devices.

2.2. Ink preparation

The Chitosan binder solution was synthesized by mixing DMSO,
Salicylic acid, and Chitosan powder and stirring at 60°C for 24 h. The
inks (BST and BTS separately) were synthesized by mixing Chitosan
binder and active TE particles at a weight ratio of 1:2000 [25,27]. Inks
were mixed in a vortex mixer for 2 mins and in an ultrasonic mixer for 30
mins.

2.3. Free-standing film fabrication

Free-standing BST and BTS composite films were prepared to ensure
the accuracy of film thicknesses. Free-standing films eliminate the error
of thickness measurements caused by non-planar Kevlar substrate
[25-27]. Multiple layers of the mask were stacked together to control
the thickness of the film. A custom-designed printing mask was prepared
by stacking several layers (1, 2, and 3) of single-side tape (Business
Source®), resulting in 170, 240, and 300 pm film thicknesses. The film
fabrication with a lower thickness was not applicable due to the limi-
tation of the minimum thickness of a single-layer mask (170 pm). Using
a CNC laser cutter, a mask pattern was designed using Solidworks
software and cut onto the mask tape. The mask was then attached to the
Kapton substrate, and the TE ink was stencil printed. The printed films
were cured at a low temperature of 120°C for 10 mins and then pressed
at 20 MPa for 30 mins. Pressures above 20 MPa were tested to evaluate
their effects on TE parameters, and no significant improvements were
found, leading to the selection of 20 MPa for the applied pressure used in
this work. The applied pressure was among the lowest compared to
other works, as many used 100-200 MPa [18,19,29]. Due to Kapton's
low adhesion, the films could then be transferred to a fresh substrate
fitted with double-sided tape for a more accurate thickness measure-
ment (Fig. S1, Supporting Information). Each film measured approxi-
mately 7 mm x 7 mm.

2.4. Device fabrication

The TEG device was fabricated on a flexible Kevlar substrate with a
gold-coated Cu electrode. (Purchased from South Korea PASF250, Sueco
Advanced Material Co., Ltd). Before printing, a commercially available
solder paste was coated on the gold electrodes to improve the electrical
and mechanical connections between TE elements and electrodes [29].
Then, p-type BST-100 and n-type BTS-100 composite inks were stencil
printed in an alternating pattern on the substrate. The same type of
single-layered mask (Business Source®) was used to help print the
desired dimension of the thermoelements. The pattern on the mask was
manufactured by a laser cutter with dimensions of (2 mm x 6 mm)
(width x length) for each thermoelement. Then, the device was cured at
120°C for 10 mins and 20 MPa for 30 mins. Each thermoelement
measured approximately 3 mm x 7 mm.

2.5. TE properties measurement and characterizations

The in-plane electrical conductivity, carrier concentration, and
mobility measurements were measured in ambient conditions using the
Hall Effect measurement system (ECOPIA, HMS-5500) [24-29]. The
Seebeck Coefficient was measured using a custom-built system [25-29].
To measure the in-plane thermal conductivity of thick TE composite
printed films (100-1500 pm), researchers have mainly used the Ang-
storm method and laser flash LFA 457 from Netzsch company (Table S4
Supporting Information) [17-21,25,26]. The Angstrom method was
selected to measure the thermal conductivity of our films, as detailed in
Table S4, based on its demonstrated reliability in providing consistent
results for similarly printed films. [18,25,54]. In addition, X-ray
diffraction (XRD), scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), Brunauer-Emmett—Teller
(BET), energy dispersive X-ray analysis (EDAX), and Raman Analysis
were performed to show the composite microstructure, heterogeneous
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particle size (micro-sized and nano-sized) distribution, interfaces among
particles and chitosan, micro-/nano-sized defects in the cross-sectional
area of the films, as well as pore number and volume within films.
The detailed characterization information was shown in the Supporting
Information.

3. Results and Discussions
3.1. XRD and Raman spectra analysis

Fig. 2a shows that the X-ray diffraction (XRD) patterns for p-BST
powder, p-BST 170, and 300 pm thickness films are consistent with the
standard database of the BST XRD peaks (JCPDS 49-1713) [31,32].
Chitosan peaks are not visible due to the very low concentration of
chitosan within the films (0.05wt%). Fig. 2b-d shows the Raman spectra
for p-BST powder, 170 and 300 pm thickness films. The Raman peaks
A}g, Eg, A%g at the phonon vibration modes exist at 62, 102, and 135
cm~! for both p-BST 170 and 300 pm thickness films indicate the pres-
ence of BST (Fig. 2¢). The peak for p-BST and n-BTS 170 and 300 pm
thickness films at ~1470 cm™! indicate the presence of chitosan (1400
em™1) (Fig. 2d, h) [33,34]. After including BST/BTS and applying uni-
axial pressure in the composite films, a slight Raman peak shift was
observed. The XRD pattern and Raman spectra show the presence of
both chitosan and BST materials in p-BST composite 170 and 300 pm
film thickness [25,33,34]. Similarly, the XRD and Raman spectra were
investigated for n-BTS powder and n-BTS composite for 170 and 300 pm
film thickness and chitosan powder. The XRD peaks (Fig. 2e) are
consistent with the standard database of the BTS XRD spectra (JCPDS
50-0954) [35]. Fig. 2f-h shows the Raman spectra of n-BTS powder,
n-BTS 170, and 300 pm thickness films. The Raman peaks A}g, Eg, Afg at
the phonon vibration modes exist at 65, 118, and 139 cm™! for both
n-BTS 170 and 300 pum thickness films indicate the presence of BTS
(Fig. 2g) [33,36]. A Raman peak shift was observed for both p-BST and
n-BTS composite films (Fig. 2e¢, g) due to applying pressure during

fabrication, as explained in Section 3.4.

3.2. Electrical conductivity

Fig. 3 shows the electrical conductivity, Seebeck coefficient, carrier
concentration, mobility, power factor, and density of p-type BST-100
and n-type BTS-100 composite films with respect to the film thick-
nesses (170, 240, and 300 pm). Fig. 3a shows an inversely proportional
relationship between the electrical conductivity and thickness for p-BST
and n-BTS composite films. The TE properties of the 240 pm n and p
films lie between those of the 170 and 300 pm films, as illustrated in
Fig. 3a-e. To simplify the comparison of TE properties with film thick-
ness, we will focus on 170 and 300 pm films. The average electrical
conductivity of 660 S/cm was achieved for p-BST 170 pm films and 555
S/em for 300 pm films. The electrical conductivity increased by
approximately 20% from 300 pm to 170 pm films. Similarly, the average
electrical conductivity of 286 S/cm was achieved for n-BTS 170 pm films
and 182 S/cm for 300 pm films, showing an about 54% increase in
electrical conductivity. These results indicate that p-BST and n-BTS films
have higher electrical conductivities at lower thicknesses.

3.3. Seebeck coefficient and Power factor

Fig. 3b shows the absolute Seebeck coefficient value of p-BST and n-
BTS films with respect to their thickness. The average Seebeck coeffi-
cient of 186 pV,/K and 194 pV/K was achieved for p-BST 170 and 300 pm
films, respectively. The average absolute Seebeck coefficient for n-BTS
170 and 300 pm films was 194 pV/K and 203 pV/K, respectively. The
Seebeck coefficients slightly increased for p-type and n-type films with
increased film thicknesses. The result can be attributed to the slight

decrease in carrier concentration. The carrier concentration of p-BST
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films decreased from 3.6 x 10*° (170 pm) to 3.2 x 10'° (300 pm), and
the values of n-BTS films decreased from 170 pm 3.2 x 10*° (170 um) to
2.4 x 10'° (300 pm) as shown in Fig. 3c. Therefore, the Seebeck Co-
efficients for both p and n-type films slightly inereased from 170 pm to
300 pm (Fig. 3b) based on Eq. (1) [1].

Balkg w3
s=—% mT(ﬁ) m

where n is the carrier concentration, kg is the Boltzmann constant, h is
the Plank constant, and m* is the effective mass of the carrier. Moreover,
the absolute Seebeck coefficient of p-BST (186 pV/K - 194 pV/K) and n-
BTS films (194 pV/K - 203 pV/K) were comparable to reported values of
existing printed films, and bulk p-BST and n-BTS, respectively [17,19,
20,25,27]. The mobility of p-BST 300 pm films (120 cm?/V-s) was
slightly lower than the mobility (125 cm?/V-s) of 170 pm films (Fig. 3d).
Moreover, a decrease in mobility from 62 cm?/V-s for n-BTS 170 pm
films to 55 cm?/V-s for 300 pm films was also observed (Fig. 3d).

The average power factor for p-BST 170 and 300 pm films was 2300
and 2070 W /mK?2, respectively, as shown in Fig. 3e. The BST films with
a thickness of 170 pm had an 11% higher power factor than 300 pm
films. The highest power factor for p-BST 170 pm films (2300 gW/mK?2)
is comparable to other reported values of printed films in existing
literature [17,19,20,25]. The power factor for p-BST was lower than
bulk BST (5200 pW/mK?) due to the decrease in electrical conductivity
(Fig. 3e). The average power factor for n-BTS 170 and 300 pm thickness
films were 1100 and 778 pW/mK?2, respectively. The BTS 170 pm films
have 419% higher power factor than 300 pm films.

The highest power factor for n-BTS 170 pm films (1100 gW/mK?)
were lower than other reported values for printed films and bulk values,
mainly due to the lower electrical conductivity and film oxidation [17,
19,20,27]. These films were produced with a fraction of the time and
energy investment required by other printing methods, making this a
worthwhile tradeoff in many circumstances. Fig. 3f shows the density of
p-BST and n-BTS 170 pm and 300 pm films. The average density ach-
ieved for p-BST films was 6.02 and 5.93 g/cm® for 170 and 300 ym
thickness films, respectively. The highest density of p-BST 170 pm films
(6.02 g/cma) was about 89% that of bulk p-BST [20,37]. This density
value is amongst the highest reported values for printed TEG films [20,
25]. The average density achieved for n-BTS films was 6.25 and 6.12
g/cm® for 170 and 300 pm thickness films, respectively. The highest
density of n-BTS 300 pm films (6.25 g/cm®) was about 86% of the bulk
n-BTS density [38]. The value is among the highest reported values from
other literature with printed films [20,27]. The comparable density
between 170 and 300 pm thickness films for p-BST and n-BTS in this
work indicates that the thickness variation has a minor effect on film
density.

The highest electrical conductivity of p-BST films was improved by
9% from our previous work and is comparable to the best-reported
electrical conductivity of printed films [17-20,25]. This can be attrib-
uted to the free-standing films with precise thickness measurements and
the microstructure changes in 170 pm film [25]. However, the highest
achieved electrical conductivity of p-BST 170 pm films (660 S/cm) was
still lower than that of bulk p-BST (1100-1200 S/cm) [39]. This lower
electrical conductivity can be attributed to the increased number of
defects found within the 11% lower film density of p-BST films
compared to bulk BST. On the other hand, the highest electrical con-
ductivity (286 S/cm) of n-BTS 170 pm films was improved by 43% from
our previous work and comparable with other printed films [17,19,20,
271. This increase in electrical conductivity compared to our previous
work can be attributed to the lower charge carrier scattering found
within thinner free-standing films with precise thickness measurements
and a 3% increase in film density. This electrical conductivity of n-BTS
composite is less than half of bulk n-BTS (800 S/cm) values due to the
lower density of n-BTS at 86% that of bulk and the oxidation of n-BTS
films in ambient air [40-42].
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The effect of thickness and microstructure changes on electrical
conductivity and mobility for 170 and 300 pm thickness p-BST and n-
BTS composite films were investigated using scanning electron micro-
scopy (SEM). The grain, grain boundaries, grain interfaces, and micro-
sized defects within the films at different thicknesses were investi-
gated using SEM images (Fig. 4). The cross-sectional 100pm SEM images
of our thinner and thicker p-BST and n-BTS films (Fig. 4b, d, f, h)
showed minor thickness variations compared to Vernier caliper mea-
surements. The difference between SEM and Vernier caliper-measured
thickness can be attributed to the fact that the Vernier caliper mea-
sures the thickness of the film between its jaws, whereas SEM measures
film thickness in a small film region. The film thickness measured by
SEM can be sensitive to the particle-size variations in the starting ther-
moelectric material. Given the particle size variation (particles up to 50
pum size) in the starting thermoelectric material, the SEM thickness
measurements are within the expected range.

The results confirmed the thickness measurement accuracy and the
difference between the 170 and 300 pm thickness films. Fig. 4a, ¢, e, g

shows the grains, grain boundaries, particle interfaces, and pores of p-
BST and n-BTS for the 170 and 300 pm thickness films, respectively. The
top-view SEM image of the p-BST 300 pm thickness film shows more
grains and pores (Fig. 4a) than the 170 pm thickness film (Fig. 4c).
ImageJ software was used for the SEM images (Fig. 4b, d, f, h) of p-
BST and n-BTS 300 and 170 pm thickness films to acquire particle size
and particle numbers, as shown in Fig. §2. The number of grains in p-
BST 300 pm films is almost double that of p-BST 170 um films (Fig. S2a-
b). Similarly, the number of grains in n-BTS 300 pm films is nearly
double that of n-BTS 170 pm films (Fig. S2¢, d). This difference can be
attributed to the thickness variation of the films. The 300 pum thickness
films have a higher TE particle count when film area and particle size are
fixed. The higher number of particles increases grains, grain boundaries,
interfaces, and micro-sized defects in the composite films, forming a
short mean free path, causing increased charged carrier scattering, and
reducing the carrier concentration. Thus, reduced carrier mobility,
carrier concentration, and electrical conductivity were obtained for p-
type and n-type 300 pm thickness films [43,44]. On the contrary, 170 pm
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Fig. 4. SEM cross-section images (1 pm and 100 um) of p-BST and n-BTS composite films with different thicknesses: (a-b) 300 um BST, (c-d) 170 um BST, (e-f) 300 pm

BTS, and (g-h) 170 pm BTS.

thickness films have a smaller TE particle count, thus containing fewer
grain boundaries and grains that can form a longer mean free path.
Therefore, 170 pm thickness films exhibited less charged carrier scat-
tering, higher mobility, and electrical conductivity [43-45].

3.4. Thermoelectric properties across an increase in temperature

Fig. 5 shows the TE properties (electrical conductivity, Seebeck co-
efficient, Power factor, and Weighted Mobility) of p-BST and n-BTS 170
pm films at increasing temperatures. The temperature-dependent mea-
surements suitable for low waste heat applications were performed at
298, 323, 348, and 373 K [12,15,46]. Fig. 5a shows the electrical con-
ductivity of both p-BST and n-BTS films at increasing temperatures. The
electrical conductivity of p-BST films was 660 S/cm at 298 K and 600
S/em at 373 K. The slight decrease in electrical conductivity with
increased temperature indicates its semi-metallic behavior, consistent
with previous reports [18,25,46]. Conversely, the electrical conductivity
for n-BTS films was 286 S/cm at 298 K and 290 S/em at 373 K. The
slightly increasing trend in electrical conductivity with increased tem-
perature indicates its semiconducting behavior [15]. The absolute See-
beck coefficient for p-BST and n-BTS films did not change significantly
with an increase in the temperature (Fig. 5b). The power factor for p-BST
170 pm films decreased slightly due to the decrease in the electrical
conductivity and a comparable Seebeck coefficient (Fig. 5¢). The power
factor for n-BTS films increased slightly due to increased electrical
conductivity and a comparable Seebeck coefficient (Fig. 5¢).

The average weighted mobility was calculated using Snyder’s for-
mula, Eq. (2), and measured electrical conductivity and the Seebeck
coefficient of p-BST and n-BTS 170 pm films, respectively [471:

exp k__2
cm? (mW em T\ l_ﬂ
=331— £
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2)
318
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where p,, is the weighted mobility, p is the electrical resistivity, T is the

absolute temperature, S is the Seebeck coefficient, and kg/e is 86.3 pv/
K. The average weighted mobility of p-BST 170 pm films was 272 cm?/V-
s at room temperature and decreased to 194 cm?/V-s at 373 K (Fig. 5d).
Similarly, the average weighted mobility of n-BTS 170 pm films was 109
cm?/V-s at room temperature and decreased to 78 cm?/V-s at 373 K.
Moreover, the high-weighted mobility indicates a higher density of state
(DOS) effective mass was achieved for p-BST and n-BTS 170 pm thick-
ness films [47]. It is well known that applying pressure to composite
films may induce lattice defects, resulting in a change in DOS effective
mass, phonon vibrations, high-weighted mobility, and electrical con-
ductivity [47-49]. XRD and Raman analysis was performed on p-BST
and n-BTS powder and 170 pm composite films to confirm the intro-
duction of lattice defects [33,47-51]. XRD peak shifts illustrate changes
in d-spacing or lattice spacing, which is determined by Bragg’s law, as
shown in Eq. (3) [52].

ni

d= 2 sinf )
where d represents the d-spacing in the lattice, 1 is the wavelength of the
X-ray, and 0 is the diffraction angle (0°-45°) in the XRD pattern. The
clear XRD peak shift was observed for p-BST and n-BTS films at (006),
(015), and (0015) (Fig. S3, Supporting Information), indicating a
change in lattice spacing [52]. In addition, the full width at half maxima
(FWHM) from Raman spectra of p-BST and n-BTS 170 pm films (Fig. 5e,
f) indicates the FWHM peak intensity increase and peak shift compared
to p-BST and n-BTS powders at all Raman active vibration modes A} .
and Afg (62, 108, 160 cm™1) [33,48,49]. The increased FWHM and peak
shift suggest that the defects were introduced into the composite films by
applied pressure in both n-type and p-type composite films [48,49].
Therefore, the Raman peak shift and increase in FWHM intensity indi-
cate a change of DOS effective mass and increased phonon vibrations
due to applied pressure [33,48,49]. The DOS effective mass was calcu-
lated using Snyder’s Eq. (4) to confirm the change [47].

3
m"\?
pen(i) @
The DOS effective mass for the p-BST and n-type BTS 170 pm films
was calculated to be 1.66 and 1.67 m. respectively using weighted
mobility found at 20 MPa, higher than the typical DOS effective mass of
1.1 for BST [47,53]. The reduced weighted mobility of p-BST and n-BTS
170 pm composite films with an increase in temperature aligns with the
prediction of deformation potential phonon scattering theory [47].



J. Huang et al.

—_—
W
—

-]
(=]
=]

HT Electrical Conductivity = BST

R I

@
[=]
=]

Electrical Conductivity (S/cm)
-y
o
o

200
273 303 333 363 393
Temperature (K)
(c)
3000
HT Power Factor = BST
& * BTS
X
£ {
S
=.2000
S
°
S
1
@
3 1000} § i i i
o
273 303 333 363 393
Temperature (K)
(e)
20
777 BST powder
E 170 pm BST
15}
- S m
£ Al ; .
2 ]
= 10 _
I 7
= _'/':.’-'
[T
5k
!
1
0 - : :
62 62 108 102 160 135

Raman shift (cm™)

Applied Materials Today 37 (2024) 102116

(b)
220
HT Seebeck Coefficient = BST
*« BTS
g
>
-1
$ S200f
[
o 2
s 0
SE
w @
a R
< © 180}
273 303 333 363 393
Temperature (K)
(d)
400
- Weighted Mobility = BST
3 e BTS
“g 300}
o .
2 ']
B200f . -
£
H
E 100 | ” . . .
@
=
u A A A
273 303 333 363 393
Temperature (K)
(f)
20 —
! BTS powder
8 i |170 pm BTS
= E,
E12f °| Al
2 R 5
z sl k.
£
ap
nw 1

65 65 110 118 160 139

Raman shift (cm™)

Fig. 5. (a) Electrical conductivity, (b) Absolute Seebeck coefficient, (c) power factor, and (d) weighted mobility of p-BST and n-BTS composite films at different
temperatures, (e) FWHM for BST powder and composite 170 pm film, and (f) FWHM for BTS powder and composite 170 pm film confirming peak shift and change

of intensity.
3.5. Thermal conductivity

In-plane thermal conductivity measurements were performed for
170 and 300 pm thickness films of p-BST and n-BTS to study the effect of
low-thermal budget manufacturing method on thermal conductivity.
The thermal conductivity for p-BST 170 and 300 pm thickness films was
0.77 and 0.73 W/m-K, respectively, comparable to previously reported
binder-based printed composite films [25,28,29,54]. However, this
value is less than the thermal conductivity of printed films with the
removable binder and bulk BST (0.9-1.5 W/m-K) [18-20,30,39,54]. The
lattice thermal conductivity, which mainly depends on phonon trans-
port, for the p-BST 170 pm and 300 pm thickness films was 0.44 and 0.45
W/m-K, respectively. These values were approximately 43% of the BST
bulk lattice thermal conductivity (1.04 W/m-K) [39,54,55]. Similarly,
the thermal conductivity for n-BTS 170 pm and 300 um thickness films
were 0.65 and 0.64 W/m-K, respectively, comparable to previously

reported binder-based printed composite films and lower than bulk BTS
(1.6 W/m-K) [14,15,27,42]. Further, the lattice thermal conductivity for
n-BTS 170 pm and 300 pm thickness films was 0.5 and 0.54 W/m-K,
lower than n-BTS bulk lattice thermal conductivity (1.23 W/m-K) [54,
55]. No significant difference was observed in the thermal conductivities
of 170 pm and 300 pm thickness films for both p-BST and n-BTS
composites.

We hypothesize that the following four factors could effectively in-
crease the phonon scattering, reducing the lattice thermal conductivity
of composite films as compared to bulk: (1) the presence of insulating
chitosan binder, (2) the existence of grain-grain and grain-polymer in-
terfaces, (3) increased phonon vibrations and scattering caused by
pressure-induced lattice defects, and (4) the density and size of nano-
sized defects and TE particles [29,39,46]. The HRTEM images show
the presence of p-BST, n-BTS, and chitosan binder, as well as the
grain-grain and grain-polymer interfaces in p-BST and n-BTS composite
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Fig. 6. HRTEM images of (a) BST powder, (b-c) BST 170 pm and 300 pm composite film showing the grains and polymer interfaces, HRTEM images of (d), BTS
powder, (e-f) BTS 170 pm and 300 pm composite film showing the TE particles and chitosan interfaces.

films (Fig. 6) [29,41,61-67]. The BST powder shows the presence of only
BST particles with no chitosan interface (Fig. 6a). The BST 170 and 300
pum composite films show the presence of BST (black particles) and
chitosan binder (white region) and grain-binder interfaces (Fig. 6b,c).
While BTS powder shows the presence of only BTS particles with no
chitosan interfaces (Fig. 6d), BTS 170 and 300 pm composite films
indicate the presence of BTS (black particles), chitosan binder (white
region), and grain-binder interfaces (Fig. 6e,f). Further, to differentiate
the BST and BTS particles, the high-resolution transmission electron
microscope (HRTEM) was performed, which clearly depicts the crys-
talline structure with lattice fringe spacing of BST and BTS particles
(Fig. S4, Supporting Information). The HRTEM images showed that the
lattice spacing increased from 0.215 nm corresponding to (110) crystal
plane (BST powder, Fig. S4a, Supporting Information) to 0.24 nm cor-
responding to (1010) crystal plane (BST 170 pm film, Fig. S4b, Sup-
porting Information). Similarly, the lattice spacing increased from 0.308
nm (BTS powder, Fig. S4c¢, Supporting Information) to 0.32 nm (BTS
170 pm film, Fig. S4d, Supporting Information). The increased lattice
spacing corresponds with the defects introduced by applying mechanical
pressure [50-51]. In addition, EDAX analysis (Fig. $5-S10, Supporting
Information) shows the presence of TE particles and chitosan binder (Bi,
Sb, Te, C, O, N elements) for p-BST. While the n-BTS 170 and 300 pm
composite films show the presence of Bi, Te, Se, C, O, and N elements in
the composites [25], the presence of grain-grain and grain-polymer in-
terfaces and insulating chitosan increases the interfacial thermal resis-
tance and lowers the lattice thermal conductivity [25,56-67]. Increased
phonon vibrations and scattering caused by pressure-induced lattice
defects have been shown by peak shift and change in peak intensity
using XRD and Raman (See Fig. 83, Fig. 4e, ), and the peak shift was
confirmed by measuring lattice spacing using HRTEM (Fig. S4).

The average nanoparticle and pore size for p-BST and n-BTS 170 and
300 pm composite films was estimated to be ~5 nm using FESEM images
and ImageJ software (Fig. S11 and S12, Supporting Information). The

total volume occupied by the pores is less than 1% (Fig. $13 and S14,
Supporting Information) through Brunauer-EmmettTeller (BET) anal-
ysis. The low volume (~ 1%) occupied by the pores reinforces that these
n-type and p-type composite films are dense, as shown earlier. Hellman
et al. showed that the lattice thermal conductivity of Bi; Tes decreases to
less than 0.3 W/m-K when the phonon mean free path is about 10 nm
[60]. Lee et al. showed that lattice thermal conductivity could be
reduced to 0.35W/m-K using a combination of an average grain size of
less than 10 nm and a small wt% of nanoparticles and nanopores (~ 0.5
wit2) [58]. However, Dresselhaus et al. predicted that charge carriers
would pass through without getting scattered when nano features are
smaller than 10 nm [56,57]. Based on this work on bulk TE materials, we
expect nano-sized TE particles (~ 5 nm), pores (~ 5 nm), and interfaces
present in the composite films to only cause phonon scattering [29,39,
46,56,57,60,61]. Therefore, a lower lattice/thermal conductivity was
achieved for p-BST and n-BTS 170 and 300 pm thickness films than their
bulk values and other binder-free printed composite films without
compromising the electrical conductivity. It is worth mentioning that
micron-sized TE grains are larger than the electron mean free path,
which reduces charge-carrier scattering and contributes to high mobility
and electrical conductivity. Therefore, we successfully decoupled elec-
trical and thermal conductivity. The p-BST 170 and 300 pm thickness
films have a ZT of 0.89 and 0.81, while the n-BTS 170 and 300 pm
thickness films have a ZT of 0.5 and 0.34, respectively, at room tem-
perature. These results confirm that the 170 pm films exhibit a better TE
performance than 300 pm thickness films primarily due to higher elec-
trical conductivity. Using interfacial engineering and low-thermal
budget printing, we achieved a ZT comparable to the best-reported
printed films (Table $2, S5, Supporting Information) [19-30,62-71].

3.6. TEG power output characterization

The fabrication of TEG was done using six-couple devices (5 cm x 2
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Fig. 7. (a) Photographic image of the fabricated TEG device, (b) cross-sectional SEM image of the solder paste and metal electrode thickness at ends of TEG legs, (c)
cross-sectional SEM image of TE material combined with the solder paste and metal electrode at ends of TEG legs, (d) calculated and measured open circuit voltage
with respect to temperature difference, (e) TEG voltage, power, and current curve at AT of 10, 20, and 40 K, and (f) measured and the calculated ideal power density

with respect to temperature difference.

cm x 170 pm) (length x width x height) by a stencil printing method
using p-type BST and n-type BTS composite ink. The dimensions of each
thermoelectric element leg (TE element) were 7 mm x 3 mm x 170 pm
(length x width x height), as shown in Fig. 7a. Fig. §15 (Supporting
Information) shows the custom-built setup for the performance mea-
surement of the TEG. Cross-section SEM images were used to measure
the thickness of TE material printed on the TEG device. Fig. 7b shows the
cross-section SEM with the solder paste and metal electrodes at the ends
of the legs within the TEG device, being ~ 113 pm in thickness. Once TE
materials were printed, the same area of TEG was ~ 280 pm in thickness
(Fig. 7¢). Therefore, the thickness of the TE element can be confirmed to
be ~ 167 pm, similar to the 170 pm film thickness desired. Fig. 7d,e
shows the voltage and power output characterizations performed at
room temperature. The measured voltage output increased linearly with
AT (Fig. 7d) and was comparable to the calculated open-circuit voltage
using the Seebeck coefficient of BST and BTS films. The maximum power
output of 357.6 pW was achieved at a AT of 40 K with a closed circuit
voltage of 45.5 mV and a cwrent of 9 mA (Fig. 7e). The maximum
measured power density of 5.0 mW/cm? (including spacing between
thermoelements) was achieved at AT of 40 K, shown in Fig. 7f [15,16].
The increasing difference between the measured and calculated power
density with AT can be attributed to the increased device resistance at
higher temperatures, confirming the slight decrease in electrical con-
ductivity of the semi-metallic p-BST composite at higher temperatures.
The TEG device fabricated using a low-thermal budget method achieved
a 45% higher power density than our previous work (Table $3, Sup-
porting Information) [25]. It was also comparable to the previous
best-reported values of the printed TEG devices (Table S1, Supporting
Information).

Flexibility and air stability tests were performed to investigate the
TEG device durability for practical applications. First, the flexibility test
was performed by bending the device at a bending radius of 3 em for up
to 1000 cycles (Fig. Sa,b). The device resistance increased by 4.3% only
after 1000 cycles of bending, and no measurable change in voltage and
4% change in power at a AT of 40 K was observed (Fig. $16a) dem-
onstrates its high flexibility and potential application in harvesting
waste heat from planar and conformal surfaces.

Next, the stability of the fabricated TEG device was investigated by
directly exposing the device to ambient air with no encapsulation for

10

more than six months (Fig. S¢). As a result, the device resistance
increased by 10% after 48 days and 23% after 184 days with no change
in voltage and a 20% decrease in power observed at a AT of 40 K
showing the oxidization of n-type BTS (Fig. $16b). This indicates the air
stability of the fabricated TEG device. Moreover, we powered a blue LED
and charged a capacitor to investigate the device’s practicality for real-
world applications (Fig. 8d). Finally, the device was integrated with a
voltage step-up circuit (LTC 3108EDE demo board, Linear Technology
Corp.), which can amplify the low input voltage (up to 20 mV provided
from TEG) to high output voltage (up to 5 V). However, it is worth
mentioning that the input voltage realized by the step-up circuit depends
on the TEG device internal resistance and voltage output based on Eq.
(5).

Ry

Vo=V Lt
L R, + R,

(5)

Where V; is the voltage through the step-up converter, V; is the voltage
provided by the TEG device, Ry, is the resistance of the converter, and R,
is the inner resistance of the TEG. The Ry at the input side was measured
to be 5.8 Q by source meter (Keithley 2410-C). The TEG’s closed circuit
voltage and internal resistance must be sufficient to meet the minimum
voltage input requirement of the step-up converter circuit Vi (20 mV).

Three, 4 coupled TEG devices were manufactured with a resistance
of 12.6 ohms in total and produced 64 mV of open circuit voltage, suf-
ficient to power the step-up converter at a temperature difference of 17
K (Fig. S17, S18, Supporting Information). This integrated TEG was
utilized to light up a 2.4 V blue LED at 14 pA (Fig. 8d) and charge a
capacitor at 25 pA (Fig. Se) [72,73]. Commercially available batteries
used in wireless sensors must be periodically charged, interrupting
continuous monitoring of physical parameters. Therefore, this work
demonstrates that fTEGs integrated with a step-up voltage circuit can
charge a capacitor (50 V, 100 pF) and act as a self-sufficient power
source for wireless sensor network devices. The charging and dis-
charging voltage of the capacitor was recorded at regular intervals
(Fig. Se,f) at a temperature difference of 17 K. It took 6 minutes to
charge the capacitor and stabilize its voltage at the 5.1 V outputted by
the step-up circuit. The wireless monitoring sensors use less than 10 pW
power in sleep mode (~ 96% of time), ~ 300 pW during sensing (~ 4%
of time), and ~ 1 mW during communication (~ 0.05% of time) [74,75].
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Fig. 8. (a) Normalized resistance of TEG vs. bending cycles, Ry and R is resistance before and after bending, (b) bending demonstration, (c) normalized resistance of
TEG vs. exposing time, Rp and R is resistance before and after exposure to ambient air, (d) LED lighting setup, (e) capacitor voltage with respect to time during

charging and discharging, and (f) capacitor charging and discharging setup.

Therefore, the achieved power output of TEG is sufficient for sleep
mode, which will be utilized 96% of the time. Hence, integrating TEGs,
step-up circuits, and capacitors can meet wireless sensor devices’
continuous power requirements and act as self-sufficient power supplies.

In our future works, we will utilize the scalability of our low-cost and
energy-efficient manufacturing process to connect a more significant
number of TEG devices in series, which can potentially be a self-
sufficient and long-lasting power source for many wearable devices to
monitor physical parameters continuously using body heat at tempera-
tures differences of 10 K or below [76]. Thus, we believe that the high
output voltage obtained could be utilized to charge the capacitors,/bat-
teries used in next-generation flexible wireless sensor devices and enable
continuous monitoring of physical parameters. The flexibility test, air
stability test, LED lighting, and capacitor charging demonstrations
confirm the TEG device’s capability as a sufficient and long-lasting
power supply for multiple wireless sensors and wearable monitoring
devices.
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4, Conclusion

In summary, this work investigates the synergetic impact of the low-
energy input printing method on the micro and nanoscale composite
microstructure (grains, grain boundaries, pores, and other defects) and
interfaces to decouple the electrical and thermal conductivity. The p-
BST-chitosan and n-BTS-chitosan composite films were fabricated using
various thicknesses (170, 240, and 300 pm), a small amount of binder
(0.05 wt%), heterogenous distribution of micron and nano-sized parti-
cles, and applied pressure. The study demonstrates that 170 pm films
have fewer micro-scale defects (grains, grain boundaries, grain-chitosan
binder interfaces) than 300 pm thickness films. Therefore, the smaller
micro-scale defects in 170 pm thickness films caused less charge carrier
scattering and higher electrical conductivity. The nanoscale defects
introduced by applied pressure, nano-sized TE particles, nanopores, and
grain-polymer interface resulted in low thermal conductivity. High
electrical conductivity and low thermal conductivity resulted in a ZT of
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0.89 for p-BST 170 pm and a ZT of 0.50 for n-BTS 170 um composite
films at room temperature. The higher ZT achieved for p-type and n-type
composite films is among the best-reported values for printed films using
a low-thermal budget method with a low curing temperature (120°C for
10 min). The achieved power density of 5.0 mW/cm? at a temperature
difference of 40 K for 6 couple BST-BTS devices stands as a 40%
improvement from our previously best reported TEG. Further, the sta-
bility and flexibility tests showed that the fabricated TEG device is
suitable for practical and real-world applications. Demonstrating LED
lighting and capacitor charging at a temperature difference of 17 K
confirms the device’s capability as a self-sufficient power source for
wireless sensor devices. We envisage that the high-performance, flex-
ible, scalable, and air-stable TEG device, fabricated with energy-efficient
methods, can be a self-sufficient and long-lasting power source for many
wireless sensors to monitor physical parameters continuously.
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