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Flexible thermoelectric generators (FTEGs) have garnered considerable interest for their potential in energy
harvesting applications. This study investigates the synthesis of SnSe and Bi/Te co-doped SnSe polycrystals
using the solid-state reaction method, followed by the fabrication of FTEGs using a low-cost, scalable

screen-printing technique. Hall effect measurements confirm successful doping, resulting in a transition

from p-type to n-type conduction in SnSe. The Seebeck coefficient of the 2% Bi-doped SnSe/SnSe (p—n

type) FTEG reaches —1146 pV KL, enhancing the thermoelectric performance. A maximum power
output of 6.8 nW was obtained for a p—n-type FTEG consisting of SnSe and Sng ¢gBig.02S€0.97T€0.03 at
a temperature difference of 120 °C. Thermal conductivity measurements indicate that doping reduces
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phonon transport due to increased microstrain and dislocation density, which enhance phonon

scattering. Furthermore, the FTEGs exhibited excellent mechanical stability, with less than 0.5% change
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rsc.li/sustainable-energy

1 Introduction

The rapid expansion of wearable and portable electronic devices
has created a growing need for flexible, lightweight, and effi-
cient energy-harvesting systems.' Among the diverse range of
energy harvesting technologies, thermoelectric generators
(TEGs) stand out due to their intrinsic capability to directly
convert thermal gradients into electrical energy via the Seebeck
effect.” This attribute is particularly advantageous when power
autonomy is crucial, such as in wearable electronics, biomed-
ical sensors, and flexible electronic devices. TEGs are solid-state
devices known for their high reliability, minimal maintenance,
and ability to recover electrical energy from waste heat without
needing mechanical parts, liquids, or gases.® This makes them
a potentially environmentally friendly alternative to traditional
batteries, often requiring frequent replacement and posing
environmental hazards.*

Traditionally, thermoelectric research has concentrated on
chalcogen compounds such as Bi,Te;* and PbTe,* which are
used for low- and medium-temperature applications, respec-
tively. However, the scarcity of tellurium (Te) in the Earth's crust
has constrained the commercial viability of these generators,
limiting their application in niche areas such as space explo-
ration, watches, and Peltier coolers.” Despite investigations into
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in electrical resistance at bending angles up to 120° and after 500 cycles. These results suggest that Bi/
Te co-doped SnSe is a potential candidate for scalable, flexible thermoelectric applications.

alternative materials like oxides,® silicides, and half-Heuslers,?
these materials generally exhibit lower thermoelectric perfor-
mance (Z7) compared to their Te-based counterparts, thus
curtailing their broader adoption. Conventional thermoelectric
materials, however, are predominantly characterized by their
rigidity and brittleness, which significantly hinders their
deployment in flexible and stretchable applications. To address
these limitations, recent research has increasingly focused on
developing flexible thermoelectric materials that maintain high
thermoelectric  performance while offering mechanical
compliance.’® Among these, tin selenide (SnSe) stands out due
to its exceptional thermoelectric properties, including a notably
high Seebeck coefficient and intrinsically low thermal conduc-
tivity; both are critical for achieving high-efficiency energy
conversion."™ SnSe, a tellurium-free compound, has garnered
significant interest within the thermoelectric community,
having demonstrated a ZT of 2.6 in single crystal ingots along
a preferential crystallographic plane.”

In the present study, SnSe samples were prepared through
the solid-state reaction method, and their thermoelectric
properties were further optimized through the strategic co-
doping of bismuth (Bi) and tellurium (Te). The pristine SnSe
exhibits p-type semiconducting behavior, while the Bi/Te-doped
SnSe transitions to an n-type semiconductor. We initially
fabricated and characterized separate n-type and p-type FTEGs.
Subsequently, these n-type and p-type materials were combined
to create a new flexible thermoelectric generator (FTEG)
utilizing the screen-printing technique, which was then char-
acterized to evaluate its performance. The screen-printing
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process offers several key advantages, including cost-
effectiveness, simplicity, scalability, mass-production capa-
bility, and the ability to deposit thermoelectric materials onto
flexible substrates. Additionally, unlike many traditional fabri-
cation techniques for SnSe, such as solvothermal synthesis,"
melting followed by spark plasma sintering (SPS),** and thermal
evaporation,” which require high temperatures, high pres-
sures, and lengthy fabrication times, screen printing can be
performed at room temperature and atmospheric pressure. By
addressing the challenges associated with merging mechanical
flexibility with high thermoelectric efficiency, this study
contributes to the advancement of flexible energy harvesting
technologies. This work also reports the fabrication and opti-
mization of FTEG devices using low-cost and sustainable
materials and methods.

2 Materials and methods
2.1 Materials

The materials employed in this study included tin, selenium,
and tellurium, all with 99.9% purity, purchased from Moly-
chem, Mumbai, India, and bismuth with 99.999% purity from
Otto Kemi, Maharashtra, India. The process also involved the
use of diacetone alcohol from Loba Chemicals and cellulose
acetate propionate from Sigma-Aldrich. The flexible thermo-
electric generator (FTEG) was fabricated on a transparent, flex-
ible polyester terephthalate (PET) film, 100 um thick, provided
by Venlon Polyester Film Ltd, India. Screen-printable silver ink,
specifically Loctite ECI 1010 E&C, was obtained from Henkel,
India.

2.2 Synthesis and characterization of SnSe and Bi/Te co-
doped SnSe samples

A solid-state reaction method is employed to synthesize Sn;_,-
Bi,Seg.o,Te0s (X = 0, 0.02, 0.04) polycrystals. Initially, high-
purity precursor materials, including tin, selenium, bismuth,
and tellurium, were combined in precise stoichiometric ratios
and mixed thoroughly for two hours in an agate mortar using
intense grinding. The homogeneous fine powder was then
pelletized under a compression pressure of 5 tons, resulting in
pellets with dimensions of 10 x 2 x 5 mm?®. These pellets were
sintered at 400 °C for 24 hours in a quartz tube with a diameter

Grinding for 2 hours Pelletizing under

5-ton pressure

Vacuum sealing
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of 12 mm, which was evacuated to a vacuum of 10~ * torr. After
sintering, the furnace was permitted to cool down naturally to
room temperature. The resulting Sn; ,Bi,Seo;T€00s (x = O,
0.02, 0.04) materials were formed into rectangular bulk
samples, which were ground for further characterization. Fig. 1
provides a detailed illustration of the sample preparation
process.'® The structural characterization of SnSe and co-doped
SnSe was performed using X-ray diffraction (XRD) using
a Rigaku Ultima IV instrument, with a scan range of 10° to 90°
and a step size of 0.02° per minute. The surface morphology of
the prepared pellets was examined using a scanning electron
microscope (SEM, Carl Zeiss Sigma).

2.3 Screen printing workflow

The screen-printing technique consists of a sequence of key
procedures. Initially, the ink formulation is prepared. This ink
is then applied to a screen, consisting of a fabric mesh stencil. A
coating blade evenly distributes the ink across the screen
surface, ensuring that it fills the mesh openings. A squeegee is
then employed to apply pressure against the screen, forcing the
ink through the mesh and onto the substrate. As the squeegee is
drawn across the screen, it deposits a uniform layer of ink onto
the substrate in the desired pattern. Upon removal of the
screen, the inked pattern is transferred onto the substrate. Fig. 2
shows the schematic workflow of the screen-printing technique
for the fabrication of the FTEG.

2.4 Ink formulation of SnSe and Bi/Te co-doped SnSe and
characterization

Following the preparation of the bulk materials, these SnSe and
Bi/Te co-doped SnSe samples were further processed to
formulate inks suitable for screen printing. To achieve this, 20%
cellulose acetate propionate (CAP) was dissolved in 80% di-
acetone alcohol, serving as the ink vehicle. Table 1 presents the
composition of the three distinct Bi/Te co-doped Sn,; ,Bi,-
Se.97Teg s (x = 0, 0.02, 0.04) inks. The ink mixtures were
homogenized using a magnetic stirrer for one hour to ensure
uniform distribution of the components. Ink viscosity was
controlled within the ideal range of 1750-2000 cP to ensure
compatibility with screen printing.

Sintering at 400° C
for 24 hours

Samples

Fig. 1 The sequential process of the solid-state reaction method for synthesizing SnSe and co-doped SnSe materials.
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Fig. 2 Schematic workflow of the screen-printing technique for the fabrication of the FTEG.

Table 1 Composition of SnSe and codoped SnSe inks

Sample Sn(g) Se(g) Bi(g) Te(g) Inkvehicle (g)
SnSe 3.002 1.997 — — 1.75
SNo.0sBio 02S€0.07T€00s  2.895 1.906 0.103 0.096 1.75
Sny 96Bip.0aS€0.97T€0.03 2.810 1.889 0.206 0.095 1.75

The crystallinity of the inks was characterized using a Rigaku
Ultima IV X-ray diffraction (XRD) instrument, with a scanning
range of 10° to 90° and a step size of 0.02° min~'. The
morphology of the prepared inks was examined using a scan-
ning electron microscope (SEM, Carl Zeiss Sigma). The ink
samples were pelletized using a hydraulic press at 5 tons of
pressure for a duration of 5 minutes. These pellets were then
analyzed for their electrical properties through Hall effect

E3|

Keithley 2001 source meter

Fig. 3
FTEG, and (e) setup for the FTEG's flexibility analysis.

This journal is © The Royal Society of Chemistry 2025

n-type Bi/Te codoped SnSe legs

Thermocouple (cold side)

measurement using a Keithley Hall measurement system,
employing the Van der Pauw method at room temperature.

2.5 Screen printing of FTEGs

To develop flexible thermoelectric generators (FTEGs) using
specially formulated inks, separate p-type and n-type FTEGs
were initially fabricated, each consisting of eight legs measuring
3 mm x 10 mm (see Fig. 3(a and b)). A mesh screen with a mesh
count of 120 cm " (Shebro, INDIA) was employed, and the
stencil was created using a combination of direct and indirect
techniques.”” A flat, wedge-shaped rubber squeegee with
a hardness of 75 Shore A was used to apply multiple overprints
(12 layers) of the respective p-type and n-type inks (refer to Table
1). Additionally, commercially available silver ink was screen
printed as electrodes on both the p-type and n-type devices.
Subsequently, a combined p-n type FTEG was fabricated using

n n n
SnSe/codoped SnSe legs

(a) FTEG with p-type legs, (b) FTEG with n-type legs, (c) FTEG with alternative p—n type legs, (d) characterization arrangement for the
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the same inks (Fig. 3c), interconnecting the p-type and n-type
legs with four layers of silver ink screen printed onto a 100
um thick flexible PET substrate. All FTEGs were fabricated to
have the same dimensions of 15 mm x 55 mm.

2.6 Characterization of the FTEG

A customized experimental setup consisting of two thermo-
couples and a Keithley 2001 source meter (illustrated in Fig. 3d)
was utilized to determine the Seebeck coefficient and power
output of the FTEGs based on SnSe and Bi/Te codoped SnSe
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inks. One side of the FTEG was heated via a hot plate to create
a temperature gradient, whereas the opposite remained at room
temperature. The temperatures at both ends of the FTEG were
recorded using a K-type digital thermocouple (Lutron TM-
902C). As previously documented, the Keithley 2001 source
meter records both the voltage generated across the FTEG and
its internal electrical resistance.®>* A Mitutoyo 547-301 Di-
gimatic thickness gauge was employed to measure the thick-
ness of the ink film. The flexibility of the FTEGs was tested at
ambient temperature using a two-probe multimeter (Fluke 179)
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Fig. 4
graph of ink-based samples.
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(a) XRD peak pattern of powder, (b) XRD peak pattern of ink-based samples, (c) peak shift graph of powder samples, and (d) peak shift
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in conjunction with a specially designed bending device
(Fig. 3e).?* Additionally, an evaluation of the thermoelectric
performance was conducted after subjecting the FTEGs to
various single-fold bending cycles (0, 100, 200, 300, 400, and
500).

3 Results and discussion
3.1 Structural evaluation via X-ray diffraction analysis

The X-ray diffraction (XRD) analysis of pellet powder and ink-
based SnSe/Bi-Te co-doped SnSe powder (prepared by adding
20% cellulose acetate propionate (CAP) and 80% diacetone
alcohol as the ink vehicle) reveals similar peak patterns, indi-
cating that the addition of the ink vehicle did not affect the
crystal structure of the material. As seen in Fig. 4a and b, all the
diffraction peaks matched with the JCPDS data (48-1224)
without any secondary phases within the detectable range of the
analysis,” confirming that all prepared samples are single-
phase and correspond to the intended composition. The (400)
plane exhibited the most intense diffraction peak across all
samples, denoting the sample's preferred growth orientation.
All samples crystallize in the low-temperature orthorhombic
phase of SnSe, associated with the Pnma space group.”® The
orthorhombic crystal structure of SnSe is retained across both
preparation methods.

Fig. 4c and d show a noticeable shift towards the lower angle
side in the high-intensity peak pattern at (400), which is
observed upon doping SnSe with Bi/Te. This shift suggests
lattice expansion due to the substitution of Sn atoms by the
larger Bi and Te atoms, leading to increased interplanar
spacing.** The observed peak shifts in the XRD spectrum arise
from the slight variation in ionic radii between Bi (230 pm) and
Sn (225 pm), causing strain in the matrix.'® The difference of 5
pm in ionic radii results in tensile stress within the compounds.
The variation in lattice parameters tabulated in Table 2
confirms the correlation between increasing Bi content and the
observed peak shifts. These results indicate successful incor-
poration of dopant atoms into the SnSe lattice. We adopted the
Scherrer method to determine the crystallite size (D) and strain

(¢). The Scherrer equation is given by eqn (1),>
0.9 2
" Bcos b (1)

considering the X-ray wavelength (1), full width at half
maximum (8), and peak position (f) in radians. Dislocation
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refers to flaws or irregularities in the crystal structure. However,
the addition of Bi/Te has increased dislocation density and
microstrain. The dislocation density (6) can be determined
using eqn (2),>

6= hE (2)

Similarly, eqn (3) was utilized to calculate the average
microstrain (¢) present in the samples,*

B
4 tan 60

&=

(3)

The changes in crystallite size, dislocation density, and
microstrain, as demonstrated in Table 2, are well aligned with
earlier reports.*® Materials with smaller crystallite size, elevated
dislocation density, and higher microstrain typically show
reduced thermal conductivity.”” Dislocation plays a crucial role
in thermoelectric properties, as it can impact both charge
carrier flow and heat transfer within the material. These factors
are interrelated: as crystallite size decreases, dislocation density
and microstrain tend to rise due to an increase in grain
boundaries, which introduce more defects.

3.2 SEM and EDAKX studies of screen-printed ink films

Scanning electron microscopy (SEM) was employed to study the
microstructural properties of the samples, as depicted in
Fig. 5a-f. The SEM images of the pellet samples with a magni-
fication scale of approximately 1 pm made from SnSe and Bi/Te
co-doped SnSe (Fig. 5a-c) using the solid-state reaction method
exhibit a relatively smooth and uniform surface texture char-
acterized by fine granulation. This uniform morphology indi-
cates effective particle interconnection, essential for optimizing
thermoelectric performance.”® The observed layered structure
suggests a well-organized arrangement of the material that can
enhance carrier mobility. Distinct crystal boundaries may
influence the scattering of charge carriers and phonons, thereby
affecting both electrical and thermal conductivity. The
compactness of the structure also implies good mechanical
integrity, crucial for the stability of thermoelectric devices
during operation.

After grinding the sintered pellets into fine powder, the
material was used to fabricate screen-printed FTEGs. The cor-
responding SEM images of the printed films after thermal
annealing are shown in Fig. 5d-f, captured at a magnification

Table 2 Powder XRD analysis of SnSe and Bi/Te co-doped SnSe: structural characterization of powder and ink-based samples

Average crystallite Dislocation density Microstrain
Sample size (D) (nm) a(d) b (A) c (&) (6) 10" m™2 (e)107?
SnSe 303 11.490 4.151 4.432 1.1 3.7
Sny.0gBi.025€0.97T€0.03 28 £2 11.505 4.153 4.434 1.3 4.3
Sny.06Bio.045€0.97T€0.03 27 £2 11.520 4.158 4.438 1.4 4.7
SnSe ink 29 +3 11.495 4.150 4.432 1.2 4.0
Sny.9gBig.025€0.97T€0.03 ink 24 +2 11.510 4.154 4.433 1.7 5.6
Sny.96Big.045€0.97T€0.03 ink 23 +2 11.515 4.157 4.439 1.9 6.3

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 SEM images of (a) SnSe, (b) Sno 9gBio.025€0.97T€0.03, and (C) Snp.oeBio.04S€0.97T€0.05 Pellet samples, and SEM images of (d) SnSe, (e)
SNp.98Bin.02S€0.97T€0.03. and (f) Sng g6Bin.04S€0.97T€0.03 iNk-film samples.

corresponding to a 1 pm scale to reveal surface morphological
features. The presence of a layered structure and different
particle morphologies may facilitate phonon scattering, which
is advantageous for achieving low thermal conductivity while

Element Atomic %
Sn 50.99
Se 49.01

%

@

200pm

Sl -
0 2 4 6 8
IFull Scale 2422 cts Cursor: 0.000

maintaining adequate electrical conductivity.” The rougher
texture observed in the printed samples can enhance interfacial
contact between the thermoelectric material and the substrate,
thus improving overall device performance. Additionally, any

Element Atomic %
Sn 48.54
47.60
1.87
1.99

200um

Element Atomic %

Sn
Se
Bi

Full Scale 1542 cts Cursor: 0.000

4842
4752

2004m
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Fig. 6 EDAXimages with precise locations of spectrum acquisition of (a) SnSe, (b) Sng 9gBig.025€0.97T€0.03 and (C) SNp.96Big.045€0.97T€0.03 iNk-film

samples.
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visible cracks or voids may serve as potential points for phonon
scattering, further contributing to thermoelectric efficiency.
The bulk samples exhibit densely packed grains with relatively
uniform morphology, while the printed films appear less
compact and structurally more porous, likely due to the nature
of the screen-printing process and post-deposition drying
limitations. Overall, the SEM analysis highlights distinct
microstructural characteristics between the pellet samples and
the printed FTEGs. The uniform structure of the pellets shows
high material quality, while the varied structure of the printed
devices enables tunable thermoelectric properties in flexible
applications.

The EDAX spectra obtained from the ink films reveal their
elemental compositions, accompanied by inset images indi-
cating the precise spectrum acquisition locations with
a magnification scale of 200 pm. The SnSe sample displays
a nearly stoichiometric ratio of Sn and Se (Fig. 6a), while the Bi/
Te co-doped SnSe ink films confirm the successful integration
of Bi and Te alongside substantial amounts of Sn and Se
(Fig. 6(b and c)). This elemental distribution aligns with the
intended doping concentrations, thereby facilitating the antic-
ipated enhancement in the thermoelectric properties of the
materials.

Fig. 7a illustrates the thickness measurement of the SnSe
and Bi/Te co-doped SnSe ink films. The data reveal that the
maximum observed variation in thickness does not exceed 2%,
underscoring the consistency and reliability of the film depo-
sition process.

3.3 Hall effect study

Hall effect measurements were conducted at an ambient
temperature of 300 K to assess the impact of Bi and Te doping
on the carrier concentration, type, and mobility in SnSe
samples. The result shown in Fig. 7b reveals that pure SnSe
behaves as a p-type semiconductor,*® as evidenced by its positive
carrier concentration. However, with the introduction of
dopants, the samples display n-type behavior, represented by

0.0730 - (@) Q Q
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£
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£ 0.0m20 o
4 0. "
g
=
=
H
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the negative sign of the carrier concentration."” These findings
are consistent with Seebeck coefficient measurements. Fig. 7b
also illustrates the effect of dopant concentration on both
mobility and carrier concentration. As the concentration of Bi
increases, mobility decreases, likely due to the enhanced scat-
tering of carriers. It is also evident that mobility and carrier
concentration follow opposing trends, as reported in previous
studies.** Upon introducing an n-type dopant like Bi to the p-
type SnSe matrix, electrons introduced by the dopant shift the
majority carrier from holes to electrons. This transition reduces
the carrier concentration from +4.28 x 10'® em™? (in undoped
SnSe) to —0.708 x 10'® ecm ™ in a sample doped with 2% Bi
(Sng.9sBig.02S€0.07T€0.03).- With further increase in Bi concentra-
tion, the material maintains its n-type behavior, and the carrier
concentration rises to —1.78 x 10 em ™ in the 4% Bi-doped
sample. Te, which partially substitutes for Se, plays
a supportive role by slightly modifying the band structure and
defect chemistry, thereby facilitating n-type conduction and
influencing carrier scattering behavior.** Initially, the neutrali-
zation of p-type defects by n-type dopants reduces defect-
induced scattering and thus increases mobility. However, at
higher doping levels, the increased carrier concentration
contributes to enhanced electron-electron scattering, resulting
in a subsequent decline in mobility.*® These changes in carrier
concentration and mobility are crucial for tuning the Seebeck
coefficient and optimizing the thermoelectric performance of
the material.

3.4 Transient thermal conductivity studies

Fig. 8a and b depict the variation in the specific resistance and
transient thermal conductivity of the p-type, n-type, and p-n-
type FTEGs across five different temperature gradients. The
plots reveal that as the temperature increased, the specific
resistance of the fabricated FTEGs decreased, which can be
attributed to the increase in thermally excited charge carriers.>*
As the temperature rises, more electrons or holes are activated,
leading to a higher carrier concentration. Although phonon

- Carrier concentration

I Mobility (b)

n

w
1
T

w

~ N
(;-S1-Awd) (1) Hmqoy

Carrier concentration (n) (10'%cm™)
S
L

0.00
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Dopant concentration (Bi)
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(a) Thickness values and (b) carrier concentration and mobility graph of ink samples.
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scattering generally intensifies at elevated temperatures, the
increase in charge carriers compensates for this effect, resulting
in an overall reduction in specific resistance. This behavior is
typical in semiconductor-based thermoelectric materials.*
Among the four FTEGs, the SnSe (p-type) FTEG exhibited the
highest transient thermal conductivity of 4.52 x 10 *Wm™ 'K,
while the Sng.ogBig.025€0.97T€0.03, SNg.06Bio.025€0.97T€0.03, and
SnSe/Sng.9gBip.025€0.97T€0.05 (P—1 type) FTEGs demonstrated the
lowest values. The FTEGs showed the lowest thermal conduc-
tivity, attributed to the increased microstrain and dislocation
density in the Bi/Te-doped SnSe compared to undoped SnSe.
These defects promote phonon scattering, reducing thermal
transport.

This result correlates well with the XRD findings, where the
introduction of Bi and Te dopants caused an increase in
microstrain and dislocation density with significant variation in
lattice parameters. The atomic size mismatch between the
dopants and SnSe contributed to these changes, leading to
greater defect formation. These microstructural defects,
particularly dislocations, serve as effective phonon scattering
centers, hindering thermal conductivity.

3.5 Electrical resistance, Seebeck coefficient, and power
output studies

Fig. 9a illustrates the variation of electrical resistance as
a function of the temperature difference (AT) in the fabricated
FTEGs. It is observed that as AT increases, the electrical resis-
tance of all FTEGs decreases, demonstrating semiconductor
behavior, which is advantageous for thermoelectric applica-
tions.*® Compared to the pristine SnSe FTEG with the Bi and Te
doped FTEGs, the pristine SnSe FTEG displays lower electrical
resistance. In contrast, increasing the concentration of dopants
leads to a rise in electrical resistance. This increase can be
attributed to changes in mobility and carrier concentration
caused by the doping process. Specifically, higher doping levels
can disrupt the transport of charge carriers, resulting in
increased resistance. For this reason, the doping level has been
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limited to 4%, and based on this result, we opted to fabricate
a p—n device using SnSe and a 2% Bi-doped sample. Addition-
ally, introducing dopants can create defects within the crystal
lattice, which can impede the flow of charge carriers.?” Fig. 9b
illustrates the internal voltage (AV) generated by the FTEGs at
various temperature differences (AT). The results indicate
a consistent increase in voltage output as temperature rises,
which is characteristic of thermoelectric materials. This
behavior occurs due to the enhanced thermal excitation of
charge carriers that leads to greater mobility, resulting in
increased voltage generation. Among the tested devices, the p-n
SnSe-Sng 0gBip.025€0.97T€0.03 FTEG shows the highest voltage
output across all AT values, likely due to the effective integra-
tion of p-type and n-type semiconductors that promote efficient
charge carrier transport.

The Seebeck coefficient of the FTEGs (Fig. 9c) was deter-
mined by applying a linear fit to the slope of the AV versus AT
data. The pristine SnSe exhibited p-type behavior, characterized
by positive thermopower, while the doped SnSe FTEGs di-
splayed n-type behavior due to the additional charge carriers
provided by Bi doping.”® Te co-doping supported this transition
by complementing the electronic effects of Bi and aiding in the
stabilization of n-type conduction.*” Notably, the p-n SnSe/
Sny 9sBi.025€0.07T€0.05 FTEG achieved the highest Seebeck
coefficient at —1146 pV K%, reflecting enhanced thermoelectric
performance due to the synergistic effect of p-type and n-type
materials. In contrast, the 4% Bi-doped FTEG recorded the
lowest Seebeck coefficient (—207 pV K '), which can be attrib-
uted to the increased carrier concentration resulting from
higher doping levels. According to the Pisarenko relation,®® the
Seebeck coefficient decreases with increasing carrier concen-
tration, consistent with our observations. Furthermore, the
enhanced carrier-carrier and impurity scattering at high doping
levels likely contribute to reduced mobility, collectively leading
to the observed decline in thermopower. The power output (P)
of the printed flexible thermoelectric generator can be deter-
mined using eqn (4):"’

This journal is © The Royal Society of Chemistry 2025
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P= (@)

Here, V is the open-circuit voltage across the FTEG measured in
volts at a specific temperature gradient, while R is the internal
resistance of the FTEG in ohms. The estimated power outputs
for the screen-printed p-type, n-type, and p-n-type FTEGs are
depicted in Fig. 9d. The p—n type FTEG achieves the maximum
power output of approximately 6.8 nW at a temperature differ-
ence (AT) of 120 °C. This optimal power output is primarily due
to the increased internal voltage (Fig. 9b), Seebeck coefficient
(Fig. 9¢), and decreased transient thermal conductivity (Fig. 8b)
in the p—n type FTEG. The combination of p-type and n-type
materials considerably affects the thermoelectric properties,
as their interaction enhances overall performance. Various
factors account for the observed results. First, the presence of
the p-n junction facilitates a higher voltage output, as the
thermal gradient promotes charge separation, resulting in
a greater potential difference across the junction.** Secondly,
the synergistic effect of the p-type and n-type materials opti-
mizes charge carrier dynamics, which improves energy conver-
sion efficiency.*® Lastly, the interplay between thermal and
electrical properties in the combined materials enhances the

This journal is © The Royal Society of Chemistry 2025

overall power output of the p-n type FTEG, which is reflected in
the significant performance observed at elevated temperature
gradients.

Table 3 compares the power output of the p-n-type FTEG
with some of the standard reported results.

3.6 Flexibility analysis of FTEGs

The flexibility and durability of the screen-printed FTEGs
fabricated using SnSe and Bi/Te co-doped SnSe were rigorously
evaluated using a customized bending apparatus (Fig. 3e). To
assess the impact of mechanical stress on electrical perfor-
mance, electrical resistance was measured at bending angles of
0°, 30°, 60°, 90°, and 120°. The results showed minimal varia-
tion in resistance across these angles, with a maximum devia-
tion of less than 0.5% (Fig. 10a). This minimal change indicates
that the FTEGs maintain their electrical integrity even when
subjected to significant mechanical deformation. Furthermore,
the stability of the devices was tested over multiple bending
cycles, specifically after 0, 100, 300, 400, and 500 cycles,
revealing only slight variation in internal resistance (Fig. 10b).
These findings underscore the exceptional mechanical stability
and flexibility of the SnSe and Bi/Te co-doped FTEGs,
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Table 3 Reported power output of FTEGs: present work and literature comparison
Number of Seebeck coefficient Power
FTEG material Fabrication technique Substrate leg couples (uv K™ output (nW) AT (K) Ref.
PEDOT:PSS Solution coating Polyester fabric 5 18.5 12.29 75 40
PEDOT-Tos/carbon Inkjet printing Silicon 54 —48.0 1.13 308 41
PEDOT:PSS/Ag Inkjet printing Polyimide 8 — 0.24 x 10 5 42
Sb,Te;/Bi,Te; Deposition Silk fabric 12 — 15.00 35 43
Ag,Se/PVDF Physical mixing PI 5 95.9 5.00 30 44
+ cold pressing
Graphene Printing Paper 5 —21.5 1.70 60 45
Silver/nickel Thermal evaporation Fiber 7 — 2.00 6.6 46
AuCl;-doped P3HT Spin coating Flip film 20 163.0 1.90 10 47
Cu,Se Magnetron sputtering Kapton 10 55.0 3.30 38 48
+ thermal evaporation
MWCNT-NH,/NiO Screen printing PET film 15 55.2 1.44 373 21
MWCNT-NH,/CuO Screen printing PET film 15 47.7 1.06 373 21
MWCNT-NH,/Fe,03 Screen printing PET film 15 43.3 0.32 373 21
SnSe/PEDOT:PSS/ Vacuum filtration PI 5 22.3 14.70 39 49
MWCNT/DMSO
SnSe-Bi/Te Screen printing PET film 8 1146.0 6.80 120 “
co-doped SnSe
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Fig. 10

confirming their robustness under repeated stress. As a result,
these properties make them highly suitable for practical appli-
cations in wearable devices and flexible sensors, where reli-
ability and durability are crucial for optimal performance in
dynamic environments.

4 Conclusion

This study explores the thermoelectric performance of SnSe and
Bi/Te-doped SnSe flexible thermoelectric generators (FTEGs),
fabricated using a low-cost, scalable screen-printing technique.
The SnSe and doped SnSe materials were synthesized using the
solid-state reaction method, ensuring high purity and phase
stability. Characterization techniques, including XRD, SEM,

5644 | Sustainable Energy Fuels, 2025, 9, 5635-5647

(a) Internal resistance vs. bending angle and (b) internal resistance vs. bending cycles of the fabricated FTEGs.

and EDAX, were employed to assess the structural integrity,
morphology, and elemental composition. XRD analysis
confirmed the successful incorporation of Bi and Te dopants
into the SnSe matrix, leading to modified lattice parameters.
SEM and EDAX results demonstrated uniform film morphology
and consistent distribution of dopants. The Bi/Te co-doping
facilitated a transition from p-type to n-type behavior, opti-
mizing the carrier concentration and significantly enhancing
the thermoelectric performance. The p-n-type SnSe/Sng.og-
Big.025€0.97T€0.03 FTEG achieved a peak Seebeck coefficient of
—1146 pv K" and a power output of 6.8 nW at a 120 °C
temperature gradient. Transient thermal conductivity
measurements indicated a reduction in thermal conductivity,
attributed to phonon scattering resulting from defects

This journal is © The Royal Society of Chemistry 2025
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introduced by Bi/Te doping. The FTEGs also demonstrated
remarkable mechanical flexibility, retaining electrical stability
even after 500 bending cycles, with less than 0.5% variation in
resistance across different bending angles. These findings
highlight the potential of screen-printed Bi/Te co-doped SnSe
FTEGs for flexible thermoelectric energy harvesting, offering
promising applications in wearable devices and flexible
sensors. Future work will focus on optimizing the material
composition and improving device efficiency for large-scale
commercial usage.
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