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ABSTRACT: It has been a substantial challenge to develop a printed
thermoelectric (TE) material with a figure-of-merit ZT > 1. In this work, high
ZT p-type BiysSb,Te;-based printable TE materials have been advanced by
interface modification of the TE grains with a nonstoichiometric $-Cu,_;Se-based
inorganic binder (IB) through a facile printing—sintering process. As a result, a
very high TE power factor of ~17.5 uW cm ™' K2 for a p-type printed material is
attained in the optimized compounds at room temperature (RT). In addition, a
high ZT of ~12 at RT and of ~1.55 at 360 K is realized using thermal
conductivity («) of a pellet made of the prepared printable material containing 10

Cold

wt % of IB. Using the same material for p-type TE legs and silver paste for n-type
TE legs, a printed TE generator (print-TEG) of four thermocouples has been fabricated for demonstration. An open-circuit voltage

-~

(Voc) of 14 mV and a maximum power output (P,

of 1.7 uW are achieved for AT = 40 K for the print-TEG.

KEYWORDS: printed thermoelectrics, high ZT, Bi-Sb-Te alloy, Cu,Se, printed TEGs

1. INTRODUCTION

Thermoelectrics is a simple technology with no moving
component, which could be employed to recover waste heat
into electricity. Approximately 65% of used energy is being
wasted as heat; hence, converting waste heat into electricity via
thermoelectric generators (TEGs) can significantly boost the
renewable energy sector. However, several roadblocks hold
researchers back from reaching the goal.1 So far, the vast
majority of work on thermoelectrics has been involved in
designing bulk TE materials and improving their figure-of-
merit (ZT = S’6T/k, where S, o, and k are the Seebeck
coefficient, electrical conductivity, and thermal conductiv-
ity),””® but lesser effort has been put forward to develop cost-
effective TE devices. Even though a large number of high-
performance TE materials with ZT > 1 have been developed
already, it is still a challenge to produce low-cost and high-
output power-density TE devices using bulk materials because
of a complex manufacturing process.” Furthermore, the TE
devices made of bulk materials are generally found in cuboids
or other symmetric shapes. Hence, they are not easy to be
integrated into nonflat surfaces of different systems. Also, the
conventional TEGs with low internal resistance encounter
problems when the external circuit’s contact resistance is
higher. As a result, the overall performance of the TEG is
found to be diminished. On the other hand, printing
technologies can be implemented in thermoelectrics to
overcome the limitations associated with conventional TE
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devices.'® High-performance printable TE materials could offer
low production cost, shape-versatility, rapid manufacturing,
and high-output-power density devices for large-scale
applications.'”'> However, printed materials with good
printability and ZT > 1 are difficult to design. In particular,
the TE parameters ¢ of inorganic-based printed materials are
affected during ink processing, resulting in low ZT. Organic-
based materials with good printability are there, but they
exhibit low performance mainly because of very low 8.~
Also, to fabricate an efficient printed TE device, both n- and p-
type printed materials with similar performance are required.
Among the conventional materials, Bi,Te; and related
compounds are commonly used for bulk TE devices."*"’
Hence, Bi,Te;-based n- and p-type bulk TE materials have
been targeted extensively to make them printable, preserving
their high performance at room temperature (RT). Unfortu-
nately, the disruption of charge-carrier transport at the grain
boundaries because of binders and additives lowers the overall
ZT*° A ZT ~ 1 was realized in a Sb,Te;-based printed film by
connecting Biy,Sb, sTe; particles with melted Te particles.
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However, an intermediate postprinting high-pressure treatment
is involved in processing.”" In a screen-printed Bi,Te; film, a
power factor value of 3.63 yW cm™ K™* with ZT ~ 0.2 was
attained through interface modification.”” In inkjet-printed
Bi,Te; and Bi,sSb; sTe; flexible nanowire films, power factors
of 1.80 yW cm™ K2 and 1.10 yW cm™ K™? were achieved
through postprinting thermal annealing, respectively.”> In
other reports,”*™>® ZT values of 0.3 and 0.2 are attained in
pressure treatment-free p-type Sb,Te;-based films. Bi,Te;-
based p- and n-type painted/3D printed TE films with ZT ~ 1
were also reported using Sb,Te; chalcogenidometallate as an
inorganic binder (IB). The synthesis process is complicated
and requires several steps.”’ >’ However, there is still no
pressure treatment-free high-performance environmentally
stable printable TE material reported for device applications
because of either low o or poor printability. Hence, it has been
a challenge to develop environmentally stable high-efficiency
inorganic TE materials with good printability with a high
power factor (§’¢) and low thermal conductivity (k).

In our previous work, we have developed a hi§h-perform-
ance Ag,Se-based n-type printable TE material’>”" using an
organic binder. In this work, Bi-substituted Sb,Te;-based p-
type TE material BiysSb;sTe; has been targeted to make it
printable, preserving its high RT TE performance using a Cu-
Se-based IB. For a BijSb, sTe;-based conventional printable
ink containing BiysSb, sTe; particles, an organic binder, an
additive, and a solvent, the electrical conductivity ¢ of a
sintered-printed film is found to be very low because of
interruption of the electronic transport at the highly resistive
grain boundaries, which leads to low ZT. Here, we report a
high-performance Bij;Sb, sTe;-based p-type printed material
with ZT > 1 using a Cu-Se-based IB without a mechanical
pressure treatment. Our work is inspired by the enhanced TE
performance observed for a combination of a bulk half-Heusler
alloy, HfCoSb, and a band-matched chalcogenide, Cu,Te with
the same charge carrier polarity, at the interfaces®” leading to a
phonon filtering effect. Similarly, the reason behind using the
Cu-Se-based IB instead of previously reported n-type Ag-Se-
based ink is that highly conducting bridges of the p-type f-
Cu,_sSe phase are formed through postprinting sintering via
dissociative adsorption of Se by Cu. As a result, the p-type
BiysSb, sTe; grains are bridged by a similar-charge carrier
polarity nonstoichiometric p-type f-Cu, ;Se phase preserving
their high electrical conductivity and high ZT.

2. EXPERIMENTAL SECTION

2.1. Materials. Ingots of p-type BijsSb; sTe; (beads, 99.99% trace
metals basis, Sigma-Aldrich), copper powder (spheroidal) (10-2$
um, 98%, Sigma-Aldrich), Se powder (100 mesh, >99.5% trace metals
basis, Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP) (anhydrous,
99.5%, Sigma-Aldrich), polyvinylpyrrolidone (PVP) (average M,
~40,000, Sigma-Aldrich), fumed silica (Evonik), and Kapton
substrate (DuPont de Nemours) were used.

2.2. Experimental Methods. 2.2.7. Ink Formulation. To prepare
a Cu-Se-based IB, the powder elements (Cu and Se) were weighed in
a stoichiometric ratio. The powder elements were then mixed with an
NMP/PVP solution (organic solvents NMP/binder (PVP) = 92:8) in
a 3:2 ratio followed by adding excess 0.5 wt % fumed silica. The
obtained mixture was stirred for >4 h at 1000 rpm. The p-type
BiysSb, sTe; (BST) was ground to powder using a mortar and pestle
for 20 min. The resulting powder was then mixed with the Cu-Se-
based IB in different ratios, (1 — x)BST—(x)IB, x = 0 to 1 to optimize
their performance by characterizing their morphological and physical
properties. “x” is the weight fraction (weight percentage, wt % of IB =
x X 100) of IB in the BST—IB blend. It should be noted that the IB

should be placed on a magnetic stirrer with low speed while collecting
it using a syringe to avoid agglomeration and inhomogenization.
Then, an additional ~20 wt % of the NMP/PVP solution is added to
the mixture. The final mixture was then stirred for 2 h at 1000 rpm at
RT. The synthesis methods of the BST—IB-based inks and printed TE
materials are shown in Figure 1.

BST ingots
d s
\/ V.Qx - 4 M b =
~ Stirring for > 4 hr at 1000 rpm
Pulverization of BST ingots \ Printable ink
-
-
v{\o"“&

Sintered BST-IB printed film

Figure 1. Routine of the synthesis processes of the BST—IB printed
TE materials.

2.2.2. Film Preparation. The prepared inks were printed on
different substrates (glass and Kapton) using the doctor-blading
technique. The Kapton substrates were rubbed in one direction using
emery paper before printing. Finally, the printed films with a thickness
of ~150—200 um were sintered at 703 K in a vacuum oven for 10
mins. Afterward, the samples were taken out after slow cooling down
to below 350 K. The density of the sintered films on glass substrates
was estimated to be in the range between 2.33 and 2.5 g cm™. A
video clip of the printed films is given in Supporting Information,
Video S1.

2.2.3. Characterization and TE measurements of the Films. The
phase and crystal structure of the printed films were determined by X-
ray diffraction (XRD) on a Bruker D8 diffractometer with a Lynxeye
XE detector and an Anton Paar HTK1200 heating chamber in Bragg—
Brentano geometry using Ni-filtered Cu Ka;, lines. While the
diffraction patterns were collected, a heating rate of 20 K min™" with
isothermal holds of 25 min at particular temperatures was used. The
XRD patterns of the printed films were recorded varying the
diffraction angle (260) while the incident angle of the X-ray beam was
fixed. The thicknesses and morphology of the printed films on glass
substrates were measured using a Bruker 3D white-light interferom-
etry (WLI) microscope. Backscattered electron (BSE) micrographs,
secondary electron (SE) micrographs, and energy-dispersive X-ray
spectroscopy (EDXS) analysis results were acquired using an FEI
Quanta 650 environmental scanning electron microscope equipped
with a Schottky field emitter and an SSD detector operated with 5 and
15 kV. The local-concentration line scans and the energy spectra were
acquired and evaluated using Bruker EDXS Quantax 400 software.
Temperature-dependent transport parameters, electrical conductivity
(o), Hall coefficient (Ry), Hall mobility (uy), carrier concentration
(pu), and type of charge carriers were determined using the Hall
measurement technique (Linseis HCS 10) with a digital accuracy of
65 pV. Temperature-dependent S of the printed films was measured
using a custom-built setup with an experimental measurement error of
~10% in the temperature range from 300 to 373 K. The custom-built
setup has been described in detail in the previous report.>® The
measurement errors related to ¢ and « are 6 and 10%, respectively.
Temperature-dependent bulk thermal conductivities (k) of 10 mm
discs made of (1 — x)BST—(x)IB inks by cold pressing at SO MPa
pressure followed by sintering at 703 K in vacuum for 10 min were
determined using a Netzsch LFA-427. The densities of the samples
are 3.12, 3.37, 3.41, 3.57, and 4.58 g cm ™ for x = 0, 0.05, 0.1, 0.2, and
1, respectively.
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Figure 2. RT XRD patterns of the films (1 — x)BST—(x)IB for x = 0, x = 0.10, and x = 1 (a). The XRD pattern with Rietveld refinement results of
the film with x = 1 at RT (b). The cubic -Cu,_sSe is found to be a prominent phase at RT. The Fourier maps at different planes along the [001]
direction for electron density distributions of the atoms, Cu and Se, in the -Cu, sSe unit cell (c).

3. RESULTS AND DISCUSSION

3.1. Crystallographic and Microstructure Analysis.
The crystallographic structures and phases of the printed films
(1 — x)BST—(x)IB for x = 0, x = 0.10, and x = 1 sintered at
703 K were investigated by XRD analyses at RT (c.f. Figure 2).
The XRD pattern of the film with x = 0 corresponds to the p-
type BiysSb;sTe; material with a trigonal crystal structure
belonging to the space group R3m (PDF#49-1713). The XRD
pattern of the film for x = 0.10 indicates the formation of the f-
Cu, sSe phase along with the main p-type BiySb, ;Te; phase.
The RT XRD pattern of the pure IB film with x = 1 indicates
that the nonstoichiometric cubic #-Cu, sSe phase is prominent
together with a small amount of excess Cu. To determine the
Cu,_;Se phase formation temperature, temperature-dependent
XRD analysis of the printed film with x = 1 was performed
from 298 to 673 K (cf. Figure S1). The film is found to be a
mixture of unreacted Cu and Se at RT. The elemental Cu and
Se start to react at a temperature T > 473 K, and the Cu,Se
phase is found to be formed at 623 K through thermally
stimulated dissociative adsorption of Se by Cu.

As a result, in all printed films with 0 < x < 1, the BST TE
grains are connected by the high-electrical conductivity Cu,Se
phase minimizing the interfacial resistance at the grain
boundaries. In addition, Figure 2a indicates that the printed
films are polycrystalline. The lattices inside the grains of BST
are mostly oriented in four different crystallographic planes
including [006], [009], [015], and [1010]. To extract the in-
detail crystallographic structure of the Cu,Se phase at RT,
Rietveld refinement of the XRD pattern of the film with x = 1
was performed using the FULLPROF program. The crystallo-
graphic structure with refinement results is shown in Figure 2b.
The Rietveld refinement analysis indicates that the film
corresponds to a primary nonstoichiometric cubic f-Cu,_;Se
phase belonging to space group Fm3m with a <1 vol % of
excess Cu. The nonstoichiometry “0” is found to be in the

range of 0.04—0.05. Typically, Cu,Se is found to be in the a-
Cu,Se phase with a complex structure at RT, but non-
stoichiometry leads to the cubic f-Cu,Se phase. It is reported
that 6 = 0.03 can cause a structural phase transition to the
cubic B-Cu,Se phase.”* Hence, in our work, a cubic -Cu,Se
phase is formed because of nonstoichiometry “6” in Cu,_sSe.
The lattice parameter of the f-Cu,.sSe phase unit cell is
calculated to be a = 0.576(2) nm. The Se atoms in the f-
Cu,_sSe crystal lattice are found to occupy Wyckoft position 4a
(0, 0, 0) in a face-centered cubic arrangement, and disordered
Cu atoms are located in two different Wyckoff positions 8c (1/
4,1/4,1/4) and 32f (x, x, x). Fourier maps for electron density
distributions inside a unit cell of #-Cu,_sSe at the planes z/c =
0, z/c = 025, and z/c = 0.5 along the direction [001] are
shown in Figure 2c. It can be seen that the electron density
distributions of the Se atoms at the z/c = 0 plane are
concentrated at the corners and the center 4a (0, 0, 0)
position. Similarly, from the Fourier maps of the electron
density distribution of atoms at z/c = 0.25 and z/c = 0.5
planes, the position of the Cu and Se atoms can be located to
be 8c (1/4, 1/4, 1/4) and 4a (0,0,0). Overall, a homogeneous
film is formed after printing and sintering. The morphology of
a printed film with x = 0.1 sintered at 703 K is analyzed using a
white light interferometer which is found to be homogeneous,
see Figure 3a. To understand the microstructures and
interfacial effects, secondary electron micrographs, BSE
micrographs, and EDXS analysis results of a polished cold
pressed pellet made of the ink with x = 0.1 were obtained (c.f.
Figures 3b,c and S2 and S3). The micrograph studies indicate a
two-phase system, dark-spot Cu, ;Se phase embedded on the
large Bi-Sb-Te grains. Line scan was performed across the
interfaces of the two phases starting from a Bi-Sb-Te grain to
observe the change in at % of the elements (c.f. Figure 3d).
The at % of Bi, Sb, and Te elements starts to decrease, and
prominently the at % of the Cu starts to increase at the
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Figure 3. Morphology of the printed film for x = 0.10 using WLI (a). Electron microscopy investigation of the BijsSb; sTe-Cu, ;Se ink composite.
Overview SE image acquired at 5 kV exhibiting the topography of the ink after sintering (b). The micrograph reveals two types of material contrast
(dark and bright gray regions). SE image at a higher magnification showing a close up of the two-phase region (c), and arrow indicates the location

of the EDXS line scan revealed in (d).

interface between the Bi-Sb-Te grain and Cu, sSe phase with
higher charge carrier concentration. Thus, a modulation-
doped-like two-phase system is manifested enhancing overall
electrical conductivity. In elemental mapping of the printed
film (Figure S4d), there is a clear contrast between the Bi-Sb-
Te and Cu,_sSe phase. It should be noted that the EDS line
profile only indicates in a nonquantitative manner the presence
of the elements. The Se-signal shows an increase which,
however, is obscured by the noisy Se-signal in the other
regions. This can be explained by the volatile nature of the Se
and the fact that we have performed the line scan in the
backscattering mode. Thus, signals from the deeper layers of
the samples could superimpose the signals from the surface.
3.2. Thermoelectric (TE) Performance of Printed
Films. First, the composition-dependent Seebeck coefficient
of the printed films sintered at 623 and 703 K was studied,
varying the Cu-Se-based inorganic binder IB wt %. to identify
the optimum composition and sintering temperature, Figure
4a. It is found that the films with 0.05 < x < 0.2 exhibit S
values of >100 uV K™' with a reasonably high electrical
conductivity. Low S for the printed films with >20 wt % of IB
indicates the formation of percolation paths of the Cu, ;Se
phase, reducing the Seebeck coefficient of the material
According to 3D continuum models, the percolation threshold
for a composite of two different lattices with a spherical shape

is ~29 vol % of any lattices.”*® Above the percolation

threshold, the electrical transport is dominated by the Cu, ;Se
phase because of its higher electrical conductivity than the
pristine BST film.

Hence, temperature-dependent thermotransport properties
of the printed films with <20 wt % of IB and the film with 100
wt % of IB on glass substrates were studied in the temperature
range from 300 to 400 K in detail. The variation of Hall carrier
concentration (py) and Hall carrier mobility (uy) with
temperature calculated from the Hall coefficient (Ry) is
shown in Figure 4b—d. The RT transport parameters of the
printed films are given in Table 1.

The py increases with increasing wt % of the IB in the films
because of the higher content of higher carrier concentration
Cu,_sSe phase. The py is found to be in the range between 2 X
10" cm™ and § X 10%° cm™ for all the films. The variation of
py with temperature is found to be insignificant for all films
except for x = 0.20 and x = 1.0 at temperature T > 360 K. On
the other hand, the i is initially increased to ~47 cm? V™' s7!
for x = 0.05 and starts to decrease with increasing IB. For all
the films except with x = 0, the gy values decrease with
increasing temperature, and the change is more prominent for
x =0.20 and x = 1.0 at T > 360 K because of the creation of
disordered Cu ions, which is consistent with the temperature-
dependent pyy. Inherently, BST alloys exhibit high carrier

https://doi.org/10.1021/acsami.1c13526
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13526/suppl_file/am1c13526_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13526?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13526?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13526?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13526?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

§ 200{ (@),
3 B
oy .
n % E
- «
€ 150 - R
2 12 ---m-- Sintered at 623 K for 30 min
g # ~-e-- Sintered at 703 K for 10 min
8 100-
o e
o L
O 50+ W
g N T, ®
2 ettt ™
0 . y r y r r
0 20 40 60 80 100
Amount of Cu,Se based binder in ink/ wt. %
1E22
(c)
'?E o
G 1E214
=
o
3]
c
8 120
-
2
=
©
2 1E10 ] e, S eereesenereens b eeeneenenesnes Al eerereenaarens .
©
==
1E18 T T T T
300 320 340 360 380 400

Temperature T/K

Hall coefficient R,/cm3C""

] (b)
e Wecrrnciocnnanons {__TTTT PP Wecovrencitanans] ]
01] @i, @ reerreren PSR @-rreeeennrans °
R TP Berenrereineinaes Y GO A
W Weereeraernneens Apereonensenons -
@orrrrenee 2 h s 4
0.01- s *..
e .
wome X=0 -0 x=0.05 .
Ao x=0.10 ---v- x=0.20 ¢
9 X=1.0
0.001 T T T o
300 320 340 360 380 400
Temperature T/K
60
- d
W @
-
i R S
Op{ T O
> | e ®....
= T e
= |, -
R
] A, L T
E AELY TP A
@
KTIPTI R I R
t A ALLTTTPPI [ ATTTTPTT e v.,
H e eveeesnes n
S . P s -
= ) e ivaseses ®.
© = A S -
L ' v
R
0 T T . ;
300 320 340 360 380 400

Temperature T/K

Figure 4. Composition-dependent Seebeck coefficients of the printed films sintered at 623 and 703 K (a). The Seebeck coefficient value is
decreased with increasing Cu-Se-based IB. The temperature-dependent Hall coefficient (Ry) (b), Hall carrier concentration (py) (c), and Hall
carrier mobility () (d) of the printed films (1 — x)BST—(x)IB for x = 0 to 1.

Table 1. RT Transport Parameters, Hall Carrier Mobility
(i), and Charge Carriers Concentration (py) Determined
by Measuring the Hall Coeflicient of Printed Films

electrical Hall Hall carrier Hall coefficient
conductivity mobility concentration P, Ry
films 0, S cm™! Hip cm?/V's x10" cm™ %1072 cm?/C
x = 21 8 1.7 37.3
x = 447 47 6.0 10.4
0.05
X = 524 32 10 6.2
0.10
x = 617 21 18.6 33
0.20
x = 1068 15 45.4 1.4
1.0

mobility >100 cm” V™! 57!, and the Cu, ;Se shows low carrier
mobility <20 cm®* V™' s7'. In this case, BST grains in the
pristine printed film are not directly connected because of the
presence of leftover binder, hence a high interfacial resistance,
which suppresses the carrier mobility. The interfacial resistance
is minimized enhancing resultant mobility by a low-resistive
Cu,_sSe path across the BST grain for the x > 0 compositions.
The temperature-dependent TE parameters in the range from
300 to 400 K of the films for x = 0 to 1.0 are shown in Figure S.
The positive sign of the Seebeck coefficient S for all the films
indicates that the majority of charge carriers are p-type.

The pristine film with x = 0 shows the highest S value for all
the temperatures with a maximum value of ~240 uV K" at
RT. The Seebeck coeflicient S increases with increasing

temperature and reaches a maximum value at ~360 K for all
the BST-based films (c.f. Figure Sa). The pristine with x = 0
film shows a semiconducting behavior with low conductivity.
However, the electrical conductivity ¢ is found to be much
higher with values >400 S cm™" for the printed inorganic film
for IB wt % > 0. The electrical conductivity is high at RT and
decreases with increasing temperature for the films with IB wt
% > 0 because of a decrease in carrier mobility (c.f. Figure Sb).
The metallic behavior of the films indicates that the charge
transport of all the films with IB wt % > 0 is dominated by the
highly conducting $-Cu,_;Se phase connecting the BST grains
in the composite. To estimate the thermal conductivity of the
printed films, cylindrical pellets were made by cold pressing
using the TE inks followed by sintering. The thermal
conductivities of the pellets were measured by the laser flash
method.

It should be noted that because of the difficulties in
measuring the in-plane thermal conductivities of the printed
films using a thin-film analyzer setup, we adopted the above-
mentioned procedure to estimate the x values. Moreover, the
density of the pellets is much higher than that for printed films
because of the expulsion of solvent and resin during pellet
preparation. Therefore, it is assumed that the thermal
conductivity of the printed films would not be higher than
that of the pellets. The « for all the compositions decreases
slightly with increasing temperature and is estimated to be
lower compared to that of their bulk values. The low k value is
mainly due to the low density of the samples (<50% of
theoretical density) and the reduced heat transfer in the
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0.05 and 0.10 at T > 350 K (a). This is the highest ZT value achieved for a pressure-treatment-free printed film (b).

presence of remnant organic binders and additives. The lowest
k of ~0.30 W m™" K™! is found for x = 0 and increases with
increasing IB content at RT, reaching a maximum value of
~0.75 W m™ K™! for the film with x = 0 (c.f. Figure 5c). The
lattice contribution to the k is dominant for the pristine film
with a negligible contribution from carrier transport, and a
more prominent electronic contribution to x is found for
higher IB contents. The temperature-dependent power factor,
S26, for all the films is calculated using S and ¢ and is shown in
Figure Sd. The highest power factor value of ~18 yW cm™

K2 at RT is found for x = 0.05, and a maximum value of ~20
UW cm™! K72 is reached at 360 K for x = 0.10. Although the
power factor value is lower than that for the bulk Bi-Sb-Te
alloy, the value is significantly high for a printed material. The
lower value of the power factor is mainly due to the lower
electrical conductivity of the printed films compared to that of
the bulk. The temperature-dependent figures-of-merit ZT is
estimated from the power factors and the thermal conductivity
values for all the films shown in Figure 6. The ZT is found to
be increased with temperature for all the films. A high ZT of
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(d), respectively.

~12 at RT is appraised in the film with x = 0.0S, which
increases with temperature. An impressive maximum ZT of
>1.5 is estimated with the films with x = 0.05 and x = 0.10 at a
temperature T > 350 K. This is the highest reported figure-of-
merit value for a printed TE film without any high-pressure
post-treatment to the best of our knowledge.

3.3. Performance of the Printed TEG. First, four films
with a dimension of ~4 cm X 0.5 cm X 0.015 cm are printed
on a Kapton substrate using the prepared printable ink
containing 10 wt % of IB for p-type legs. The Kapton substrate
was rubbed using emery paper to make the surface rough for
better adhesion of the films. Subsequently, the films were
sintered at 703 K for 10 min followed by connecting the films
electrically in series and thermally in parallel by silver paste to
fabricate a TE generator (print-TEG). The print-TEG was
characterized by the maximum power point tracking method
varying the device current from 0 to 500 A and the
temperature difference AT from 10 to 40 K. The output
voltage of the print-TEG was measured using a KEITHLEY
source measuring Unit 2601B. Hereby the one side of the
print-TEG was thermally coupled to the hot unit of a
measuring setup, and another side of the device was exposed
at ambient temperature (cf. Figure S5). The working principle
of the TEG measurement setup is given in Supplementary
Note 2 of the previous report.”” The performance of the print-
TEG is shown in Figure 7. An open-circuit voltage of 14 mV
and a maximum power output of 1.7 W are achieved for AT
=40 K. As the estimated cross-sectional area of the print-TEG
through which heat is conducted from the hot to cold side
~0.04 cm?, the maximum power output density is calculated to
be ~42.5 yWem™.

4. DISCUSSION

The major challenge in developing a high-performance printed
TE material using particles made from conventional TE
materials is to preserve its high electrical conductivity. The
detrimental effects on the S and k are not significant, while the
o is reduced critically in a printed material because of an
increase in interfacial resistance. The interfacial resistance is
increased at the grain boundaries because of insulating organic
binders, additives, and changes in the chemical structure of the
surfaces of the TE particles by reacting with solvent molecules
(e.g, oxidation). To overcome these challenges, the grain
boundary interfaces of BST particles are modified using a high
electrical/low thermal conductivity f-Cu, sSe phase. The
bandgap of the pristine BST film is calculated using the
Seebeck coefficient via the following expression;”’ E, =
2GS maxTmax (g is the elementary charge and S, and T, are
the maximum Seebeck coeflicient and the temperature where S
is maximum). Generally, the S, for the Biy;Sb, Te; is
reported to be around 400 K, Ty,.>* Also, the S value for the
pristine BiySb, ;Te; film remains almost unchanged between
360 and 380 K in this work. Hence, considering S, to be at
380 K, the bandgap of the pristine BST film is estimated to be
~0.18 eV. The cubic $-Cu, sSe phase with a low bandgap of
~0.1 eV is formed in between the BST grains with a higher
bandgap during sintering through dissociative adsorption of Se
by Cu. As a result, interruption of charge-carrier transport at
the grain boundaries is significantly reduced compared to
conventional printed materials with high interfacial resistance.
Furthermore, the p-Cu,sSe phase has a higher carrier
concentration py and electrical conductivity ¢ than BST with
a low thermal conductivity k value and facilitates a modulation-
doped-like system. Therefore, the overall carrier concentration
and o of the BST/IB composite films are increased with
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Table 2. Maximum Power Output per Thermocouple for Currently Reported Printed TEGs

TE legs
n-type: n-doped CNT and p-type: p-doped CNT
n-type: (PEDOT)03V,05 and p-type: PEDOT:PSS
p-type: Bi,Te,Sey; and n-type: Ag
Sb,Te; and Bi; gTe;,
n-type: Bi,Te; and p-type: BijsSb, sTe;
n-type: Ag,Se and p-type: PEDOT
n-type: Ag and p-type: BijSb, jTe;

3D printing
inkjet-printing

screen printing

inkjet-printing

doctor blading

printing methods

3D aerosol jet printing

painted on 3D scaffolds

max. power output per thermocouple/nW AT references
28.3 30 K 39
0.087 20 K 40
35 50 K 41
Ny 20 K 42
25.4 325K 23
75 70 K 12
422 45 K this work

increasing f-Cu, ;Se contents. As a result, even though the
Seebeck coeflicient S also decreases, the power factor and ZT
are increased significantly because of the large enhancement of
0. Consequently, the uni-leg print-TEG fabricated using the p-
type BST—IB material has exhibited a promising power output
of ~422 nW/leg. A comparison of power outputs from
different printed TEGs is given in Table 2. However, the
estimated Seebeck coefficient per leg using eq 1 is found to be
lower than the material Seebeck coefficient.

_ _ VOC
(S, = S) = (AT X N) (1)

S, is the Seebeck coefficient of the p-type BST—IB film, S,is
the Seebeck coefficient of the silver, and N is the number of
legs. The (S, — S,) is determined to be 143 uV K™* for AT =
10 K, and it decreases at higher ATs (c.f. Figure S6). The
reduced thermal voltage output because of the thermal contact
resistance and Joule heating might be the reason behind the
lower Seebeck coeflicient per leg. Also, the actual temperature
difference AT, between the hot and cold ends of the TEG
is lower compared to its set value AT during device operation.

The resultant power output of a TEG depends on the total
number of thermocouples (N), the device internal resistance
Ry, the temperature difference AT between the hot and cold
sides, and Seebeck coefficient values of the TE legs. Hence, the
device power output can be expressed as

oo Voc _ (5 = S) X (AT X N)FR,
(R, +R)* " (R + R))’ )

[(S, = S.) x (AT x N)P?
= orR; = Ry
4R, (3)

max

where R; is the total internal resistance of the TEG, Ryis the
load resistance, S, and S, are the Seebeck coefficients of the n-
and p-type TE legs, respectively, and P, is the maximum
power output. If the internal resistance of a thermocouple is R;,
then R; = NR;. The R; depends on the electrical conductivity,
cross-sectional area, and length 6, A, L, and o, A, L, for the
p-type and the n-type legs, respectively.

-1 -1
A A
R, =|lo,—| + (FP—P
L, L,
(4)

Hence, the performance of the print-TEG can be improved
by adjusting the dimension and the number of the TE legs. An
estimated power output of >100 uW could be achieved by the
print-TEG increasing cross-section area by two times and the
number (N = 100) of the TE legs.

5. CONCLUSIONS

The main challenge in printed thermoelectrics is to preserve
high electrical conductivity after printing a conventional TE
material with high performance to overcome the high
interfacial resistance. Furthermore, insulating organic binders,
additives, and chemical modification of the grain surfaces of
the TE particles increase the interfacial resistance. In our work,
the grain interfaces of BST particles in printed films have been
modified using a low bandgap, high o, and low-x material, f-
Cu, ;Se. The f-Cu, sSe phase is formed between BST grains
through a mild sintering process on a Kapton substrate
creating a highly conducting path. As a result, a high electrical
conductivity o together with low x and moderately high S is
attained in the printed films (1 — x)BST—(x)IB with 0 < x < 1.
A very high TE power factor of ~17.5 yW cm™ K™* with a
record-high ZT of ~1.2 is achieved in the printed film with x =
0.05 at RT. A printed TE generator with four thermocouples
has been fabricated using the film with x = 0.05 material for p-
type TE legs and silver as n-type TE legs. The print-TEG
exhibited an open-circuit voltage of 14 mV with a maximum
power output of 1.7 yW for AT = 40 K.
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