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Flexible Thermoelectric Devices of Ultrahigh Power Factor
by Scalable Printing and Interface Engineering
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and Yanliang Zhang*

Printing is a versatile method to transform semiconducting nanoparticle
inks into functional and flexible devices. In particular, thermoelectric nano-
particles are attractive building blocks to fabricate flexible devices for energy
harvesting and cooling applications. However, the performance of printed
devices are plagued by poor interfacial connections between nanoparticles
and resulting low carrier mobility. While many rigid bulk materials have
shown a thermoelectric figure of merit ZT greater than unity, it is an exacting
challenge to develop flexible materials with ZT near unity. Here, a scalable
screen-printing method to fabricate high-performance and flexible ther-
moelectric devices is reported. A tellurium-based nanosolder approach is
employed to bridge the interfaces between the BiSbTe particles during the
postprinting sintering process. The printed BiSbTe flexible films demonstrate
an ultrahigh room-temperature power factor of 3 mW m~' K2 and ZT about 1,

1. Introduction

The thermoelectric (TE) field has seen
significant progress in increasing the
figure of merit (Z7) in the past two dec-
ades. Their solid-state and compact nature
makes thermoelectric generators (TEGs)
produced from such high ZT materials
a promising technology for capturing
waste heat and boosting energy efficiency.
Despite considerable ZT increases in the
past two decades realized via nanostruc-
turing and other techniques,'”! a huge
chasm still remains to make TEGs a cost-
competitive and commercially viable
technology for a broad range of applications.

significantly higher than the best reported values for flexible films. A

fully printed thermoelectric generator produces a high power density of

18.8 mW cm~2 achievable with a small temperature gradient of 80 °C. This
screen-printing method, which directly transforms thermoelectric nanoparti-
cles into high-performance and flexible devices, presents a significant leap to
make thermoelectrics a commercially viable technology for a broad range of

energy harvesting and cooling applications.
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The conventional TEG manufacturing
process is expensive and inflexible, which
is not adaptable for different applications.
Advances in manufacturing methods
are thus a paramount need to transform
high-efficiency nanostructured materials
into cost-effective devices in order to
realize the highly anticipated impact of
thermoelectric technology. Printing tech-
niques, such as direct writing,®-1% inkjet
printing,'*!4 and screen printing,13-1¢)
have shown promise as scalable and cost-
effective fabrication processes to realize flexible electronic and
thermoelectric devices.'”18] Among them, screen printing is a
highly scalable, efficient, and low-cost technique to manufac-
ture flexible thermoelectric devices.

Flexible thermoelectric generators (fTEGs) have attracted
great attention in recent years because of their broad range
of applications as power sources for flexible electronics and
wearable devices, which have rapidly growing markets.[119-24]
Research progresses on flexible TE materials and devices,
including conducting polymers,?’! nanocomposites comprised
of inorganic nanostructures in polymer matrices,?28 and
fully inorganic flexible thin films/?>?4l have been reported pre-
viously.?’l The exponential growth in the Internet of Things
demands a large-scale, affordable, and uninterrupted power
supply. Compared with other potential power sources, such as
solar and piezoelectric devices, fTEGs can continuously gen-
erate electricity from body/ambient thermal energy without
the need for mechanical motion or sunlight.’%3! Nevertheless,
the low thermoelectric power factor of printed flexible films
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compared with that of their rigid and bulk counterparts remains
a major obstacle in applying f-TEGs in a broad range of energy
harvesting and cooling applications.??) Moreover, there exist
limited sintering options for the films printed on flexible sub-
strates, leading to the formation of undesirable pores and thus
reduced electrical conductivity.'>33] Recently, attempts have
been made to improve the electrical conductivity of TE mate-
rials fabricated from nanocrystals using composition-matched
molecular solders,?*%! but this method is not compatible with
scalable printing at ambient conditions due to the complicated
chemical synthesis involving hydrazine.

Here, we report a highly scalable and low-cost screen-
printing process to fabricate flexible and high-performance
p-type films using ball-milled Biy,Sb;¢Te; nanoparticles.
A nanosolder-assisted sintering process with additional tellu-
rium particles was successfully employed to bridge the inter-
faces of TE particles, which significantly improve charge carrier
mobility of the printed films. The printed films demonstrate a
thermoelectric power factor of 3 mW m™! K2 and ZT about 1
at room temperature accompanied by superior flexibility, which
is unprecedented for flexible films. A functional f-TEG was
fabricated that exhibits a power density of 18.8 mW cm™ at a
temperature difference of 80 °C.

2. Results and Discussion

High-energy ball-milled Biy,Sb;¢Te; (BST) nanoparticles!*®l
were used to synthesize printable thermoelectric ink. The
fabrication process for a f-TEG using scalable and low-cost
screen printing and nanosolder-assisted sintering is shown in
Figure 1. The detailed fabrication process is discussed in the
Experimental Section below.

Figure 2a,b shows the comparison between a scanning elec-
tron microscopy (SEM) images of the printed BST film with
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8 wt% addition of tellurium particles (BST:T) and that of a pure
BST film after sintering at 450 °C. It is clear that the BST:T
sample has denser structures with larger grain size and fewer
pores. Figure 2a,c shows the Te-rich areas in the BST:T film, as
compared with the uniform distribution of Bi, Sb, and Te in the
pure BST film shown in Figure 2b,d. Elemental ratio analysis of
the main phase of each film reveals the Bi:Sb:Te element ratio to
be 0.4:1.6:3, while the Te-rich areas in the BST:T film are domi-
nated by the reprecipitation of tellurium with Te element ratio
exceeding 88%. Details of the energy-dispersive X-ray spectros-
copy (EDS) analysis are provided in Figure S1 (Supporting Infor-
mation), with SEM in lower magnification given in Figure S2
(Supporting Information). In addition, X-ray diffraction pat-
tern comparison between BST and BST:T samples (shown in
Figure S3 in the Supporting Information) verifies the presence
of excess elemental tellurium in the BST:T sample, which is
in agreement with the EDS. During the sintering process at
450 °C, the excess tellurium particles, with melting tempera-
ture < 449 °C, creates a liquefied tellurium phase in the solid
BST matrix, which acts as a coalescing agent to facilitate the
consolidation and interfacial connection between BST particles.

Transmission electron microscope (TEM) images in Figure 3
show the segregation and precipitation of liquid-phase Te in
the area between BST grains, which acts like a “glue” filling in
the voids in the printed BST:T film. The compositions of the
grains across the interface were confirmed by quantitative spot
EDS analysis performed on the grain boundary region (part I)
and bulk BST grain (part II), indicating almost 96 at% Te at the
intergrain region. An EDS line scan across the Te-BST interface
indicates almost pure Te element on the Te side and a mixture
of Bi-Sb-Te elements on the BST side (Figure 3d). A closer look
at the interface region using lattice imaging (Figure 3b) reveals
the presence of nanocrystalline Te, as indicated by the lattice
and Moiré fringes in the overlapping areas, indicating the crys-
tallization of molten Te when the sample was cooled down
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Te Solution-reprecipiitation

Grain Growth
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Figure 1. Converting Big4Sb ¢Te; (BST) nanoparticle ink into a flexible thermoelectric generator using a scalable and low-cost screen-printing process

and nanosolder-assisted interface engineering.

Adv. Funct. Mater. 2019, 1905796

1905796 (2 of 8)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

BST:T film

Figure 2. SEM images of a) printed Bi4Sb; ¢Te; films with 8 wt% Te and b) printed pure Biy 4Sby ¢Tes films after sintering. c,d) The corresponding EDS
mapping is given, respectively.
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Figure 3. a) Bright-field TEM image of BST:T specimen, showing the presence of pure Te in the intergrain region highlighted using dotted lines.
b) Lattice-resolved HRTEM image of the intergrain region, revealing the nanocrystalline nature of the segregated Te. c) EDS analysis of part | and part
Il marked in (a). d) EDS line scan performed along the region marked with a red dotted line in (a), showing the variation of Te and other elements
across the BST and Te interface.
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below the sintering temperature. In addition to these nanocrys-
talline Te filling in the nanosized voids between BST grains,
some Te grains of larger sizes were observed near the surfaces
of the BST:T film, which were likely formed when a fraction
of the excess liquid-phase Te was expelled toward the surfaces
of the film during the sintering process (Figure S6, Supporting
Information). For comparison, TEM analysis of pure BST films
with no extra Te does not show the presence of pure Te grains
or segregates (Figure S7, Supporting Information).
Temperature-dependent thermoelectric properties were
systematically studied based on printed films with an average
thickness around 27 um. As shown in Figure 4a, both BST
and BST:T systems show decreased electrical conductivity with
increased temperature, which is consistent with their semime-
tallic nature. The room-temperature electrical conductivity of
the BST:T film is 42% higher than that of the BST film. It is
believed that the tellurium addition results in: I) diminished
carrier scattering due to improved interfacial connections
between BST particles, and II) an increased carrier (hole) con-
centration consistent with previous reports, which is closely
related to the modulation of antisites (Sby~ and Bip-) and
anion vacancy (Vr.2*) defects in the BST matrix.l’”*¥ In order
to confirm the change of carrier concentration and mobility,
room-temperature Hall measurements were performed on
a series of flexible films. An increased carrier concentration
from 2.4 x 10¥ to 3.1 x 10! cm, as well as an increased car-
rier mobility from 111.4 to 135.9 cm? V! s7!, were observed
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in the BST:T film as compared with the BST film. Normally,
the carrier mobility is insensitive to such a small change of car-
rier concentration, as observed in the bulk BiSbTe materials.”!
However, the introduction of additional Te in the BST:T system
could be conducive to the synergistic effect of increased car-
rier concentration accompanied by the suppressed scattering
of charge carriers. Specifically, it is believed that the excess
Te particles create a liquefied tellurium phase in the solid
BST matrix, which acts as a coalescing agent to facilitate the
consolidation of the BST nanoparticles. As a result, the melted
tellurium at the BST interfaces improves the network between
the BST particles and thus increases the carrier mobility due to
reduced film porosity and diminished carrier scattering at the
pore boundaries.*®! Therefore, the simultaneously improved
carrier concentration and mobility finally gives rise to the
enhanced electrical conductivity in the printed BST:T film,
approaching that of the bulk BST counterpart.

With the tellurium addition, the Seebeck coefficient of the
BST:T films decreases slightly from 230 to 204 uV K, as shown
in Figure 4b. The reduced Seebeck coefficient is associated with
the increased charge-carrier concentration as discussed above.
At the same time, the Seebeck coefficient of BST:T films first
increases and then starts to decrease at the higher temperature
of 150 °C as compared with 105 °C for pure BST films. This is
because the excess tellurium reduces the density of positively
charged tellurium vacancies (minority carriers),®> decreasing
the extent of the bipolar effect, which is in agreement with
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Figure 4. Temperature-dependent a) electrical conductivity, b) Seebeck coefficient, and c) power factor of both BST and BST:T films. d) Normalized
resistance of flexible films versus number of bending cycles with a 10 mm bending radius for both BST and BST:T films. Here, R, and R are the

resistances before and after bending.
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the Hall-measurement results. Figure 4c shows that the room-
temperature power factor of the BST:T film is 13% higher than
that of the pure BST film due to its significantly increased
electrical conductivity. The room-temperature thermal conduc-
tivity of the BST:T film and the BST film were determined to
be 0.9 and 0.95 W m™! K™! using the Angstrom method. This
results in a room-temperature ZT value about 1 for the BST:T
films, which is significantly higher than the previous best
reported ZT values of flexible films, as shown in Table 1. The
thermal conductivity of the BST:T film is slightly lower than the
BST film because the secondary tellurium phase presented in
the BST:T film increases phonon scattering and thus reduces
the lattice thermal conductivity x;. The xj of the BST:T film
and the BST film is calculated to be 0.62 and 0.74 W m™! K™!
using the Lorenz number extracted from previous report.3®
Table 1 summarizes the room-temperature power factor and
ZT values of several p-type flexible films fabricated by different
methods, showing that BST:T has the highest reported values
thus far in both categories. The room-temperature power factor
of our printed BST:T films reaches 3 mW m! K2, which is sig-
nificantly higher than the dispenser-printed and inkjet-printed
BiSbTe films of similar compositions due to orders of magni-
tude increased electrical conductivity. Screen-printing method
used in this work offers a high TE particle loading in the
ink, minimizing the solvent and other parasitic additives and
thereby increasing the density and electrical conductivity of the
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Table 1. Comparison of room-temperature thermoelectric performance
between this work and previous best reported values of p-type flexible
thermoelectric films.

Composition Power factor ZT Fabrication Ref.
[mW m™ K2 method

BiSbTe + 8 wt% Te 3.0 1 Screen printing  This work

BiSbTe 0.06 n/a  Inkjet printing [11]

BiSbTe 0.18 0.2 Direct write [10]

p-type Bi,Tes/poly(3,4-ethyl- 1.35 0.58 Evaporation [40]

enedioxythiophene) hybrid

Doped carbon nanotube 0.7 0.1 Spray coating [41]

Hybrid complex 0.06 0.3 Drop casting [42]

Doped poly(3,4-ethylene- 0.45 0.42 Spin casting [43]

dioxythiophene)

Cul 0.4 0.21 Sputtering [44]

Ca3Co40q 0.23 n/a Sputtering [45]

printed films. Furthermore, the optimized sintering condition
with the addition of the Te particles improves interfacial con-
nections and carrier mobility of the printed TE films.

In order to test the flexibility of the printed films, the room-
temperature electrical resistance was tested using a van der Pauw
method as a function of bending cycles with a 10 mm bending
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Figure 5. Performance of a flexible TE device fabricated by screen-printing process: a) calculated and experimental open-circuit voltage versus tempera-
ture differences (AT) (inset: photo of the printed device), b) device operating voltage versus current tested at various AT, c) calculated and experimental
electrical power density tested at various AT, and d) power output versus electrical current at various AT.
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radius. Electrical resistance was chosen to evaluate the film flex-
ibility because it is highly sensitive to any cracks that may develop
during bending test. As shown in Figure 4d, the BSTT film and
the BST film show 3% and 7% increases in resistance, respec-
tively, after 1000 bending cycles, indicating the superior flexibility
of the printed film with the nanosolders. No noticeable changes
of Seebeck coefficient were observed before and after bending.

Finally, a fTEG consisting of four BST:T TE elements
(shown in the inset of Figure 5a) was printed, and tested at var-
ious temperature differences (AT) with the hot side varying in
the range of 40-100 °C and the cold side maintained at 20 °C.
Figure 5a shows that the experimentally measured device
open-circuit voltage linearly increases with AT by virtue of the
Seebeck effect, which agrees with the calculated results within
5% at 80 °C AT. Figure 5b,d shows the device operating voltage
and power output, respectively, as a function of electrical cur-
rent tested at different AT. A maximum power output of 54 pW
was obtained with a AT of 80 °C when the external load resist-
ance matches the internal resistance of the device. The device
power density increases with AT and reaches 18.8 mW cm™ at
80 °C AT, as shown in Figure 5c. It should be noted that the
power density is one of the most important criteria to evaluate
the performance of TEG energy harvesters. Here, the power
density was evaluated based on the total cross-sectional area
of the four thermoelectric elements perpendicular to the heat
flow direction. The differences between the experimental power
density and the calculated values increases slightly with AT due
to the increasing electrical contact resistances at the junctions
between the metal electrodes and the TE elements. The average
contact resistance of the device is determined to be about 0.9 Q
at room temperature. The fully printed flexible thermoelectric
generator with a power density of 18.8 mW cm™2 at 80 °C AT
is sufficient to power the Internet of things and sensors with
typical power consumptions from 100 nW to 100 mW.l*°l The
screen-printed thermoelectric devices based on flexible films
have potential to significantly reduce thermoelectric mate-
rials cost compared with bulk devices with TE element thick-
nesses of millimeters due to reduced material consumptions.
In addition, the direct conversion of thermoelectric particles
into devices realized by the screen-printing process not only
eliminates materials waste but also reduces manufacturing
cost compared with conventional device manufacturing method
which typically involves numerous processes such as powder
hot press, polishing, dicing, and assembling and joining TE
elements with metal electrodes.*’]

3. Conclusion

In conclusion, flexible BiSbTe-based thermoelectric devices
were fabricated using a highly scalable and low-cost screen-
printing method. A bulk-like power factor of 3 mW m™ K2
and a ZT about 1 were achieved at room temperature, which
is significantly higher than previous reported values of flexible
TE films and is ideal for near room-temperature energy har-
vesting applications. Bending test revealed excellent flexibility
of the printed films, which exhibit only a 3% increase in elec-
trical resistance after 1000 bending cycles on a 10 mm radius
cylinder. The flexible thermoelectric device fabricated using
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printed BiSbTe films and silver electrodes exhibits an excep-
tional power density of 18.8 mW cm™ at a relatively small tem-
perature difference of 80 °C. The flexible, high-performance,
and low-cost thermoelectric devices demonstrated in this work
present a significant leap in the field of thermoelectrics toward
a commercially viable technology for a broad range of energy-
harvesting and thermal-management applications.

4. Experimental Section

It was determined that a small amount of tellurium particles could
be mixed with the Big,Sby¢Te; particles to facilitate sintering and
help connect the Big4Sb; ¢Te; particles. The tellurium particles melted
during sintering when the temperature was above its melting point
but below the BST melting point. A suitable amount of TE powder was
weighed and mixed with a measured amount of solvent and binder.
Here, the optimized ink contained 84 wt% TE particles, 13 wt% solvent
(o-Terpineol, Sigma-Aldrich), and 3 wt% binder (Disperbyk-110, BYK
USA Inc.). The ink was well mixed using a planetary centrifugal mixer for
20 min followed by a vortex mixer for 10 min to obtain uniformity.

The TE ink was printed onto a 51 um thick HN-Kapton substrate
using 180 mesh screens. Before printing, Kapton films were cut to
required dimensions and cleaned using methanol and isopropanol
by sonication. Multiple passes of printing were applied to obtain the
desired film thickness and uniformity. Freshly printed films were allowed
to rest for 30 min in their initial state, allowing reduction of the mesh
pattern on the films. The printed films were then dried at 200 °C for
30 min in a nitrogen environment in order to remove the solvent and
binder. The dried samples were further densified using a hydraulic press
with pressure up to 200 MPa. Finally, the pressed films were sintered at
450 °C for 45 min using a tube furnace under inert environment. The
sintering temperature was kept below the melting point of the Kapton
substrate.

In order to fabricate a thermoelectric device, a series of sintered
films were electrically connected using screen-printed silver contacts
(HPS-FG57B silver ink, Novacentrix) and flash-dried at 350 °C for 1 min.
A completely printed device was fabricated using four thermoelectric
elements with 27 um thickness connected by silver prints. The total
weight of the printed thermoelectric generator with electrical contacts
was under 19 mg. The thickness, microstructure, and elemental
compositions of the films were characterized using field emission-
scanning electron microscopy (Teneo) equipped with EDS.

The temperature-dependent in-plane electrical conductivity and
Seebeck coefficient of the film were measured using a commercial
Linseis Seebeck and resistivity instrument (LSR system, Germany).
The measurement uncertainties of the LSR were less than 2% for the
electrical conductivity and less than 3% for the Seebeck coefficient,
respectively. The Hall measurement was conducted on a modified Hall
Effect measurement system (Ecopia HMS5000/AMP55T) at a permanent
magnetic field of 0.545 T in a van der Pauw configuration. The room-
temperature thermal conductivity k of the printed films was determined
through the measurement of the thermal diffusivity ¢, specific heat
capacity ¢,, and density p, using the relationship k = opc,. Thermal
diffusivity was measured using the Angstrom method (Figure S8,
Supporting Information) by applying a sinusoidal heat signal at one end
of the sample and measuring the temperature response as a function
of time at two different locations along the sample. The thermoelectric
device was measured using a custom-built testing system with controlled
hot-side and cold-side temperatures, and a variable resistor to match the
TE device resistances in order to obtain the maximum power output.

The crystallization of all films was analyzed by X-ray diffraction using
Cu Ko radiation (A = 1.5418 A, Bruker D2 Phaser). Scanning electron
microscopy (SEM) and related EDS tests were performed using Magellan
400 (FEI Company), with working voltage 15 KV and working distance
4.5 mm. TEM specimens of BST:T film were prepared using both focused
ion beam (FIB) milling and conventional ion milling process. For the first
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one, a FEI Helios FIB-SEM (FEI Company, Hillsboro, OR, USA) was used
for serial sectioning and data collection. For the latter, the films were
initially punched to 3 mm diameter disks using a Gatan 659 disk punch.
These disks were then attached to copper aperture grids (Ted Pella
Inc.) for support with the film side down using Epotek 350ND epoxy.
Once the epoxy was cured, the Kapton substrate was peeled off leaving
behind only the BST:T film attached to the support grid. The sample
was then ion milled using a Gatan 691 precision ion polishing system
until perforation. Bright-field, high resolution (HR) transmission lattice
imaging (HRTEM) and EDS were carried out using a JEOL 2100 HRTEM
fitted with an Oxford Instruments X-MAX 80 TLE EDS spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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