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Functionally graded materials (FGMs) are heterogeneous, with compositions that vary spatially with respect to
their dopant concentrations and structures. FGMs are designed to exhibit the desired properties and function-
alities for various target applications. Recently, 3D printing has emerged as a promising method for fabricating
FGMs with complex customized geometries and precise distributions of materials. However, the use of 3D
printing to fabricate FGMs is generally limited to producing structural materials, and their application to energy
and electronic materials remains relatively rare. Thermoelectric power generation is regarded as a unique so-
lution to recover waste heat; however, the strong temperature dependence of suitably efficient materials restricts
their widespread application. Herein, we report a sequential 3D printing method for fabricating n-type
BiyTey 7Seq 3 thermoelectric materials with electronic dopant and structural void gradients. The formulation of
Na-doped BiyTey 7Seq 3 particle colloid inks with the desired viscoelasiticity for 3D printing enabled the fabri-
cation of materials with complex architectures and a precision of 150 um. These materials incorporated atomic
doping and macroscopic void gradients. The thermoelectric peak temperatures of the printed materials varied
from room temperature to 450 K, depending on the doping concentration. The graded thermoelectric materials
were designed to have a wide operable temperature window and was fabricated by 3D printing, thereby enabling
the fabricated devices to deliver enhanced power-generating performance compared with that of devices based
on the homogeneous material. The proposed method enables rapid and cost-effective production of functionally
graded thermoelectric materials with applications in energy and electronic devices.

1. Introduction

Functionally graded materials (FGMs) represent a class of advanced
materials that are designed to have a gradient in their composition,
microstructure, or porosity along single or multiple spatial directions.
These gradients result in a continuous variation in properties and
functions over the volume of these materials [1-3]. Various functional
effects can be created by fabricating FGMs, which have found applica-
tion in diverse fields such as electrical or electronic [4-9], biomedical

[10-13], aerospace [14-16], automotive [17,18], defense [19], marine
[20], optoelectronic [21,22], and energy devices [23-28]. Various
liquid- and solid-phase methods have been proposed for producing bulk
FGMs [29]. For instance, the centrifugal casting process involves adding
a second phase to a molten metal and applying a centrifugal force to
create a gradient of the second phase in the bulk composite. Another
solid-state powder metallurgy method involves stacking powders ac-
cording to a predesigned spatial distribution, followed by sintering.
However, precise control and optimization of the gradient in FGMs

Abbreviations: FGMs, functionally graded materials; TE, thermoelectric; TEG, thermoelectric generator; ZT, thermoelectric figure of merit; FGTEMs, functionally
graded thermoelectric materials; CAD, computer-aided design model; ChaM, chalcogenidometallate; XRD, X-ray diffraction; SEM, scanning electron microscopy;
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remains a challenge via both the liquid- and solid-phase approaches
[30].

Recently, 3D printing has emerged as a method for manufacturing
FGMs with high-precision gradient profiles because of its nature, which
builds materials or components in a layer-by-layer manner [1,31,32].
Moreover, 3D printing can simplify the process of manufacturing FGM-
based components because it can directly produce FGMs with custom-
ized complex geometries without requiring post-machining of the
product. To date, studies on FGMs produced using 3D printing have been
primarily aimed at enhancing the mechanical properties of metallic
structural materials [33]. However, reports on the synthesis and fabri-
cation of other functional materials, such as electronic and energy ma-
terials, as FGMs via 3D printing remain relatively scarce. Considering
the widespread application of FGMs in the energy and electronic sectors,
including as thermoelectric, dielectric, and piezoelectric materials
[34,35], their fabrication via 3D printing is worthy of investigation.

Thermoelectric (TE) power generators have been attracting consid-
erable interest as devices for recovering renewable energy because they
can directly generate electricity from waste heat without causing any
environmental pollution [36-38]. The efficiency of TE materials is
determined by a figure of merit (ZT), which is evaluated using the
equation ZT=S%¢T/x, where S, o, k, and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity, and absolute temperature,
respectively. TE properties are strongly dependent on temperature, for
example, the ZT of BisTes-based TE materials reaches a maximum value
at approximately room temperature and subsequently decreases rapidly
with increasing temperature. This means that a TE generator (TEG)
generally does not operate in the temperature range in which its ZT is
maximum [39-41]. One approach to addressing this issue is segmenting
multiple materials or cascading multiple devices with different ranges of
best-service temperatures [42-46]. This would enable each segment of
the device to function in a temperature range in which the other segment
(s) do not contribute to the conversion process, thereby contributing to
the overall power generation efficiency. Despite this being an ideal
theoretical concept, a critical problem arising from this strategy is the
unavoidable thermal and electrical losses at the interfaces between
multiple segments or devices. Enhancement of the power generated by
these systems, therefore, requires meticulous optimization of the ma-
terial compatibility and/or engineering in metallization and bonding
[47-50]. Another prominent strategy is achieving a property gradient in
TE materials, mainly in terms of the carrier concentration, which en-
ables the peak ZT temperature of TE semiconductors to be adjusted by
controlling the bipolar effect at elevated temperatures [51-54]. TE
materials with a carrier concentration gradient have been fabricated via
traditional metallurgical methods, such as that of Bridgman and Czo-
chralski, or hot-pressing methods; however, the high-precision control
of gradation remains difficult [55-59].

BiyTes-based materials are workhorse n-type TE materials operable
at room temperature, and their properties resulting from doping are
well-established [40,60-71]. In this paper, we report a sequential 3D
printing method for achieving doping concentration and structural
gradients in n-type BizTey 7Sep 3 TE materials. We precisely controlled
the concentration of the Na dopant in the formulated BiyTey 7Seq 3 inks
by tailoring the rheological properties by adding molecular anionic
complexes of szTe‘Z{ to induce an electroviscous effect to improve the
viscoelasticity. These inks were sequentially deposited in a layer-by-
layer manner by employing the extrusion 3D printing process to create
TE materials with a doping gradient or graded structural voids with a
precision of 150 um in the thickness direction. These FGMs have the
potential to exhibit synergistic functional properties via the combined
gradient of electronic and structural characteristics. The TE properties of
the 3D-printed Na-doped TE materials, including the variation in the
maximum ZT in the range from room temperature to 450 K, clearly
depend on the doping concentration. Based on these temperature de-
pendences, a TEG consisting of a multiply graded n-type BisTez 7Seq. 3
leg, doped with increasing concentrations of Na ions in a stepwise
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manner, combined with a p-type BiySboyTes leg, was designed and
evaluated in comparison with a TEG consisting of homogeneous mate-
rials. The proposed 3D printing process can be used to fabricate efficient
functionally graded TE materials (FGTEMs) and devices.

2. Experimental section
2.1. Materials

Bi, Sb, and Te granules (>99.999 %) were purchased from Ther-
moelectric Total Solution, and Na (>99.9 %), ethanethiol (>97 %),
ethylenediamine (>99.5 %), acetonitrile (>99.8 %), and glycerol
(>99.5 %) were purchased from Aldrich Chemical Co. Se (>99.999 %)
was purchased from Thermo Fisher Scientific.

2.2. Synthesis of BiyTez 7Sep 3 based inks doped with x wt% Na

The Bi, Sb, and Te granules were ball-milled using a SPEX 8000 M
Mixer/Mill to obtain fine powders. Stainless-steel balls, comprising two
balls with a diameter of 12.7 mm and four balls with a diameter of 6.35
mm, were employed for a milling duration of 30 min. TE powders with a
stoichiometric composition of BiyTe; 7Seo 3 with Na doping concentra-
tions of 0-0.25 wt%, were synthesized via mechanical alloying using
high-energy ball milling (Fritsch Monomill, Pulverisette, Germany) at
450 rpm for 12 h. A zirconia (ZrO,) jar with a volume of 80 mL and
zirconia grinding balls, each with a diameter of 5 mm, were used and a
5:1 wt ratio of the balls to the powder was maintained. The SbyTe3
additive was synthesized by mixing 0.64 g of Sb powder and 1.36 g of Te
powder in a co-solvent consisting of 4 mL of ethanethiol and 16 mL of
ethylenediamine at room temperature in a glove box under N, atmo-
sphere. The mixture was stirred for more than 24 h using a magnetic
stirrer. Subsequently, acetonitrile was added to the mixed solution at an
8:1 vol ratio, whereupon the szTe?{ powder was precipitated via
centrifugation at 7,500 rpm for 10 min, followed by vacuum drying for
1 h. To formulate the viscoelastic TE ink, the TE powder and szTe?{
were combined with glycerol and stirred using a planetary centrifugal
mixer (ARM-100, Thinky) for 1.5 h.

2.3. 3D printing of FGTEMs

The formulated TE inks were used for printing by employing an
extrusion-based 3D printer equipped with a nozzle connected to an ink
reservoir, a pressure controller, a compressor unit, and a three-axis stage
with a stepper motor. The TE inks were loaded in a printing barrel with a
volume of 5 mL (Saejong), and they were released with resolution of
200-1000 pm. Using a computer-aided design by Blender, SolidWorks,
and Ultimaker Cura, we deposited the TE inks on a graphite substrate.
The extrusion pressure was adjusted using a dispensing controller
(Saejong). The FGTEMs were sequentially printed using TE inks con-
taining BisTey 7Seq.3/ Na x wt% (x = 0.175, 0.1, and 0) and BiySb;_,Tes
(y = 0.55, 0.5, and 0.35). The as-printed n-type TE materials and the
FGTEMs were dried at 403 K on a hot plate for 24 h and then sintered at
783 K for 3 h in a box furnace in a glove box filled with Ny gas. The as-
printed p-type FGTEM was dried at 423 K on a hot plate for 24 h and
then sintered at 723 K for 3 h in a tube furnace in an atmosphere con-
taining 4 % Hj and 96 % Ar.

2.4. Characterization of materials

An oscillating rheometer (Haake MARS III, Thermo Scientific) was
used to analyze the rheology of the Na-doped BisTes7Seps TE inks.
During the frequency sweep tests, the stress was maintained at 1 Pa,
whereas the stress sweep assessments were performed at a frequency of
1 rad s7! to vary the stress in the range 0.005—300 Pa.

X-ray diffraction (XRD) analysis was conducted using a high-power
X-ray diffractometer (Rigaku) with a Cu-rotating anode X-ray source
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operating at 20 kV and 10 mA at the 26 range from 10° to 70° and scan
speed of 4° min~". The microstructure of BiyTes 7Seq 3 with Na-doping
concentrations of 0-0.2 wt% was examined using scanning electron
microscopy (SU7000 FE-SEM, Hitachi High-Tech Corporation) at an
accelerating voltage of 15 kV. Doping gradient in the printed sample was
evaluated via energy-dispersive spectroscopy (EDS). Optical microscopy
(OM) images of the as-printed filaments were acquired using an
Olympus BX51M instrument. The compressive tests were performed
using universal testing systems (5948 MicroTester, Instron) with a strain
rate of 1 x 103571,

Using a thermal analyzer (SBA458 Nemesis, NETZSCH, Germany),
the electrical conductivity and Seebeck coefficient were measured in the
temperature range 300 — 525 K under Ar. The equation x = acp, where p
is the density, a is the specific heat capacity, and c¢ is the thermal
diffusivity, was used to calculate the thermal conductivity (x). The
thermal diffusivity was evaluated using a laser flash analyzer (LFA-457,
NETZSCH, Germany) in the temperature range 300 — 525 K. The di-
mensions and measured weights of the polished sample were used to
calculate the relative densities. Hall measurements (HMS-5000, ECO-
PIA) were conducted to determine the carrier concentrations and mo-
bilities of Na-doped Bi;Te; 7Seq 3 at room temperature.

2.5. Numerical simulation of TEG

A three-dimensional finite element analysis (FEA) was developed
using COMSOL Multiphysics, a commercial software, to calculate the
temperature distribution and the electrical properties such as output
voltage, resistance, and output power in the TEG at steady-state. A
model containing electrodes and TE legs with the same dimensions as
those used in the experiment was used for the calculations. The material
properties of the TE leg measured in previous experimental section were
interpolated using the cubic spline to simulate. The electrical contact
resistance between TE leg and electrodes was applied using experi-
mentally measured values. As boundary conditions, the hot-side tem-
perature was increased from 350 K to 525 K and the cold-side
temperature was maintained at 300 K. Similar to the vacuum condi-
tion, the lateral sides were applied adiabatic condition. The cold-side
electrode of n-type TE leg was electrically grounded.

2.6. Measurement of the power output of the FGTEM module and
homogeneous material TEG

Copper electrodes with a length of 0.5 mm were used in the FGTEM
module and homogeneous material TEG. The p-type FGTEM (5 x 5 x 5
[mm?®]) and n-type FGTEM (5.23 mm x 5.23 mm x 5 mm) were soldered
with copper electrodes using Sn/Ag/Cu solder at 623 K. In the case of the
homogeneous material TEG, p-type Big 35Sb; g5Tes (5 mm x 5 mm x 5
mm) and n-type BisTey 7Seg 3 doped with 0.175 wt% Na (5.23 mm X
5.23 mm x 5 mm) were used. All measurements were conducted under
vacuum. A ceramic heater was used as the heat source, and a water-
circulating cooler for heat dissipation was used to control the temper-
atures on the hot and cold sides. A thermal pad with a thickness of 0.5
mm (Thermalright, Valor Odin) was used to insulate the TEG and
maintain contact with the heater and cooler. The FGTEM module and
homogeneous material TEG were connected to the feedthrough of a
vacuum chamber (<1072 torr), which was connected to a Keithley 2400
to measure the generated voltage, resistance, and power supply of the
heater. The hot- and cold-side temperatures were recorded by attaching
thermocouples (T-type) between the electrode and TE leg.

2.7. Calculation of optimal TE leg height and areal ratio

The TE properties of the n-type materials obtained were fitted as a
function of temperature. The calculations revealed that BisTe; 7Seg 3
doped with 0, 0.1, and 0.175 wt% Na had the highest ZT in the tem-
perature ranges of 450.18-525 K, 390.63-450.18 K, and 300-390.63 K,
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respectively. As indicated by the calculations by Yang et al. [49], p-type
BiySby.yTes (y = 0.35, 0.5, and 0.55) materials have the highest ZT in the
temperature ranges of 468.13-525 K, 392. 88-468.13 K, and
300-392.85 K, respectively. Next, the heights of each layer and cross-
sectional area ratio between the n-type and p-type TE legs should be
optimized to obtain the same temperature differences in both the p-type
and n-type TE legs and a uniform current density distribution. This is
necessary to improve the overall performance of the module to
compensate for the different TE properties of the p-type and n-type TE
materials [72-74]. To find the optimal height of each layer that satisfies
the given temperature distribution, a 3D FEA was conducted using
COMSOL Multiphysics considering a 3D heat conduction model. The
dimensions of the electrodes included in the model are 10 x 20 x 0.5
mm?, and the area of the three-layered TE leg is 5 x 5 mm? with a total
height fixed at 5 mm. For the n-type TE leg, simulations were performed
by sweeping the height of the bottom layer from 1.7 to 1.9 mm and the
height of the middle layer from 1.2 to 1.4 mm, in increments of 0.01
mm. For the p-type TE leg, simulations were conducted by sweeping the
height of the bottom layer from 1.7 to 1.9 mm and the height of the
middle layer from 1.7 to 1.9 mm, also in increments of 0.01 mm. The
temperature-dependent material properties of each composition in a TE
leg measured in this work were interpolated using piecewise cubic to
simulate. The electrical contact resistance between the TE leg and
electrodes was applied using experimentally measured values. As
boundary conditions, the hot-side temperature was maintained at 525 K
and the cold-side temperature was maintained at 300 K. Similar to the
vacuum condition, the lateral sides were subjected to adiabatic condi-
tions. By varying the heights of the bottom and middle layers of the n-
type and p-type TE legs, over 400 different combinations of the tem-
perature distributions at the junctions for all these cases are shown in
Fig. S7. We found that the smallest discrepancy of 0.025 % and 0.034 %
between the target temperatures and the calculated temperatures of
designed structures were obtained at the heights of n-type layers of 1.83
mm (Na0.175), 1.28 mm (Na0.1), and 1.89 mm (Na0). Similarly, for the
p-type material, the optimum heights of each layer were identified to be
1.82 mm (Bi0.55), 1.76 mm (Bi0.5), and 1.42 mm (Bi0.35).

To optimize the cross-sectional areal ratio of the FGTEM module, the
equation ZT: —S%6T/x was reproduced using the areal term; R=Lp/(0pAp)
+ Ln/(64An), K = (pAp)/Lp 4 (knAn)/Ly where R and K are the electrical
resistance and thermal conductance of the FGTEM module, respectively.
When differentiated from A,/Ap, ZT reaches its maximum value when
the following equation is satisfied:

A T
v

To validate the design derived from analytical calculations, we
conducted the computation of the output power of the p-type and n-type
TE legs at different A,/A, using the FEA models (Fig. S9). The results
confirmed that the TE module is expected to achieve maximum power at
an A,/A, ratio of approximately 0.96, which agrees with the calculated
value from the Eq. (1).

0p(T)p(T)
on(T)x:(T)>/(ThTC) (@]

3. Results and discussion
3.1. 3D printing of FGTEM

Dopant- and void-graded BisTe; 7Seg 3 FGTEMs were fabricated via
extrusion-based sequential 3D printing of all-inorganic inks in a layer-
by-layer manner (Fig. la). The doping gradient was achieved by
sequentially printing colloidal inks of BisTey7Seps particles with
various Na concentrations. A printed single layer had a minimum
thickness of 150 pm, and a sequence of compositions containing
BiyTes 7Sep 3 doped with x wt% Na (x =0, 0.05, 0.1, 0.15, 0.2, 0.25) was
layered from top to bottom (Fig. 1b) to obtain the final FGTEM with
dimensions of 2 mm x 2 mm x 1.5 mm. After high-temperature
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Fig. 1. Schematic of the extrusion-based 3D printing process for fabricating the electronic dopant-graded and structural void-graded FGTEM. (a) Sequential ink
deposition with graded functionalities. (b) SEM image and (c) EDS mapping of 3D-printed Bi,Te, ;Seq 3 with layers containing six doping concentrations in the range
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I-1V of each FGTEM.

sintering at 783 K, the final sample had dimensions of 1.4 mm x 1.4 mm
x 1.0 mm because of sintering shrinkage. Owing to the high reproduc-
ibility of the sintering shrinkage rate, the computer-aided design (CAD)
model could be scaled before printing to ensure production of the
desired FGM. The doping gradient in the printed sample was evaluated
via EDS analysis (Fig. 1¢), which showed that all printed layers exhibited
Na doping concentrations identical to those of the printed TE inks.
Accordingly, a linearly graded concentration of Na doping was achieved
over the entire volume of the sample in the vertical direction (Fig. 1d).
This dopant gradient enabled us to control the carrier concentration and,
in turn, adjust the operable temperature ranges of the TE materials by
suppressing or promoting the bipolar effect.

In addition to gradient engineering at the atomic scale, we demon-
strated a macroscopic structural gradient in the printed FGTEM.
Employing the CAD model, we generated a gradient consisting of a va-
riety of macroscopic voids with sizes ranging from several hundreds of
micrometers to several millimeters in the printed materials in both two
and three dimensions, as shown in the photographs in Fig. le-h. In
addition, we controlled the shapes of the voids (squares, pentagons, and
hexagons) inside the printed material. On the basis of the size and shape
of the voids, we could control the void formation such that fractions
ranging from 0 % to 78 % were occupied by voids in the 2D-printed
samples (Fig. 1i-k). Moreover, in the 3D-printed graded sample
(Fig. 1h), the void gradient in the vertical direction was obtained by
controlling the line spacing between the printed filaments in a lattice
pattern, which enabled the void gradient to be varied from 0 % to 60 %
(Fig. 11). These structural gradients could potentially affect electrical
and thermal conductance, which would provide an additional engi-
neering parameter for the optimization of the TE properties of the ma-
terials and devices.

The high structural integrity and precision of the 3D-printed

structures of the FGTEMs are attributed to their excellent 3D printability
characteristics, such as the diameter of the printed filament, line-to-line
resolution, and homogeneous sintering shrinkage. The diameter of the
printed filament was varied from 200 pm to more than 1 mm by con-
trolling the nozzle diameter or extrusion pressure (Fig. 2a and 2d,
Fig. S1), whereby an almost linear relationship could be established
between the diameter of the nozzle and that of the printed filament
(Fig. 2d). The filament diameter decreased uniformly after sintering at
783 K for 3 h (Fig. 2b). This sintering shrinkage enabled strong bonding
between the printed layers, a crucial factor for implementing structural
or dopant gradients in the horizontal or vertical direction without the
need for a separate complex joining process. Regardless of the filament
diameter, the filaments exhibited almost identical sintering shrinkage of
29.5 %, in good agreement with the volumetric shrinkage observed in
the bulk sample (Fig. 1b). In addition, controlling the diameter of the
printed filaments in a 3D lattice presented a simple way to control the
volume of the void among the filaments. As seen in the OM images
(Fig. 2¢), the projected areas of the voids between the printed lattices
progressively narrowed as the diameter of the printed filament increased
(Fig. 2f). These results demonstrate the feasibility of using our 3D
printing process to manufacture FGMs efficiently in a cost-effective
manner.

3.2. Formulation and characterizations of TE inks

The TE inks for 3D printing were formulated by preparing a colloidal
dispersion of the synthesized Na-doped Bi;Tej7Seps microparticles,
which were synthesized by alloying elemental Bi, Te, and Se (that
contained the desired Na doping concentrations of 0, 0.1, 0.15, 0.175,
and 0.2 wt%) in a mechanical process. The XRD patterns of the syn-
thesized particles, shown in Fig. S2a, correspond well with those of bulk
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BiyTe; 7Sep 3 without any additional peaks related to impurities. Of
particular interest is that the XRD peaks shifted according to the Na
concentration. As evident from the enlarged XRD pattern, the (015)
peak of the undoped alloy at ~ 28° initially shifted to a lower angle for a
Na concentration of 0.1 wt%, followed by progressive shifts to higher
angles with increasing Na concentration (Fig. S2b). This structural
behavior corresponds well with previous observations of Na-doped
BisTe3 bulk materials [61]. Moreover, an increase in the Na concen-
tration is reportedly accompanied by a decrease in the formation energy
of Te vacancies. This is ascribed to the increasing difference in the
electronegativity between the anions and cations, which ultimately in-
creases the concentration of Te vacancy defects [75]. This doping-
induced formation of defects was responsible for the progressive shift
of the peaks to higher angles in the XRD patterns caused by lattice
shrinkage. In contrast, at a Na concentration of 0.1 wt%, the Bir, antisite
defects, which form when Bi with its larger atomic radius occupies
vacant Te sites, predominated over Te vacancies. This increased the
distance between the layers inside the crystal and thus the lattice con-
stant. This competitive formation of Te vacancies and Bir, antisites,
depending on the Na concentration, is considered responsible for the
peak shifts in the XRD patterns.

Rheological viscoelasticity is a crucial requirement for the applica-
tion of inks in the 3D printing of architectures via layer-by-layer depo-
sition (Fig. 3a). We improved the viscosity of the ink by exploiting the
electroviscous effect by introducing chalcogenidometallate (ChaM)
SbyTeZ complexes as inorganic additives to provide surface charges to
the particles [76]. The rheology of the ink doped with Na was measured
using a rheometer, and these results are depicted in Fig. 3b,c. The
rheology was assessed by determining the dynamic viscosity and storage
modulus. The former denotes the absolute magnitude of the resistance of
the fluid to flow in the direction of motion, whereas the latter quantifies
the extent to which a material responds elastically to external defor-
mation. The measurements revealed that, regardless of the Na doping

Chemical Engineering Journal 497 (2024) 154547

concentration, the rheological properties of the ink were similar, with a
dynamic viscosity of 2-3 x 10° Pa s and a storage modulus of 4.2-5.8 x
10* Pa. The rheology of the ink is closely related to the surface charge of
its particles, which suggests that doping with Na does not significantly
affect the surface charge of the TE inks. After 3D printing using the
viscoelastic TE inks, the printed samples were sintered in a box furnace
at 783 K for 3 h. The sintered samples with different Na concentrations
also exhibited no second-phase peaks in their XRD patterns (Fig. 3d).
SEM images (Fig. 3e and Fig. S3) revealed that all the samples were well
sintered and had grains with sizes ranging from several to several tens of
micrometers. The effectiveness of the sintering was further supported by
the fact that the samples had a relative density of 70 %-75 % (Fig. S4),
which is significantly higher than the values reported for 3D-printed n-
type BipTes [76-78].

We further measured the mechanical properties of 0.1 wt% Na doped
and undoped samples by a compressive strength test. As shown in
Fig. S5, both samples exhibited almost similar behaviors in the
strain-stress curves, resulting in similar Young’s modulus and
compressive strength. This result demonstrates that the Na doping
doesn’t affect the mechanical properties of the samples.

3.3. TE properties of BiyTez 7Sep 3 doped with different amounts of Na

To verify that the carrier concentration could be controlled via Na
doping, room-temperature Hall effect measurements were conducted on
3D-printed BiyTep 7Sep 3 with Na doping concentrations of 0-0.2 wt%.
An increase in the Na concentration from 0 to 0.2 wt% caused the
electron concentration of the 3D-printed samples to gradually decrease
from 5.5 x 10'° em ™ to 2.2 x 10! em 3. This clearly indicates the
electron dedoping effect of the Na impurity (Fig. 4a). Na doping of
BipTes-based materials lowers the formation energy of Nare or Bire
antisites. These anti-sites act as hole dopants to increase the concen-
tration of minority hole carriers and decrease the electron
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Fig. 4. TE properties of Bi,Te, 7Seq 3 with Na doping concentrations of 0-0.2 wt%. (a) Electron concentration (red) and mobility (blue), (b) electrical conductivity vs.
temperature, (c) Seebeck coefficient vs. temperature, (d) estimated band gap by Goldsmid-Sharp relation, (e) power factor vs. temperature, (f) thermal conductivity
vs. temperature, (g) figure of merit, ZT for various Na doping concentrations. (h) ZT profiles vs. Na concentration at selected temperatures in the range 300-525 K,
and (i) temperature at which the TE materials have a maximum ZT value and dependence on the Na doping concentration.
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concentration. This behavior corresponds with previous results for Na-
doped BiyTes bulk materials synthesized via the melting method [61].
Additionally, the electron mobility of the 3D-printed samples doped
with 0-0.2 wt% Na decreased from 209 cm? V!5 1t0 130 cm? v 1s L.
This reduction in the carrier mobility can be attributed to intensified
impurity scattering by the Na dopant and formation of defects, such as
anti-sites and vacancies.

The controllable changes in the electron concentration owing to Na
doping are clearly reflected in the electrical properties of the 3D-printed
samples. As expected, the room-temperature electrical conductivities of
the samples gradually decreased as the Na doping concentration
increased from 0 to 0.2 wt%. For example, the pristine undoped
BiyTe, 7Sep 3 sample had an electrical conductivity of 837 S cm™! at
room temperature, whereas 300 S cm ™' was measured for the
BiyTe; 7Sep 3 doped with 0.2 wt% Na. The dependence of the conduc-
tivity on the doping concentration is attributed to changes in the elec-
tron concentration and mobility because the electrical conductivity is
defined by the equation ¢ = enu, where o represents the electrical con-
ductivity, e is electric charge, n is the electron concentration, and y
represents the electron mobility. Furthermore, the electrical conduc-
tivity of all the samples was inversely related to the temperature, a
property that is commensurate with the characteristics of a degenerate
semiconductor (Fig. 4b) and in agreement with that of previously re-
ported BijsTes-based materials [60-71,76-81]. Additionally, the tem-
perature dependence weakened for samples with a higher Na doping
concentration. This is understandable, considering that the bipolar
contribution to the electrical conductivity at higher temperatures in-
tensifies as the electron concentration decreases. The electrical con-
ductivities of 0.15 and 0.175 wt% Na doped BisTes7Seq 3 exhibit
similarity, although they are not precisely identical (Table S1). Despite
variations in electron concentrations and mobilities between these
samples (Fig. 4a), their resulting electrical conductivities fortuitously
align.

The Seebeck coefficients at room temperature increased with
increasing Na concentration for all samples, as shown in Fig. 4c. In
particular, the Seebeck coefficient of undoped Bi;Te; 7Seq 3 is approxi-
mately — 130pV K1, whereas that of BiyTes 7Sep 3 doped with 0.2 wt%
Na reached — 208V K. This dependence on the doping concentration
can be understood by considering that the Seebeck coefficient and
electron concentration have reciprocal proportions. That is, the tem-
perature at which the Seebeck coefficient is maximized decreased with
increasing doping concentration because of the decreased electron
concentration, which promoted the bipolar contribution. The undoped
sample exhibits a maximum Seebeck coefficient at 450 K, whereas the
sample doped with 0.2 wt% Na reaches its maximum at room temper-
ature, indicating the occurrence of the bipolar effect at room tempera-
ture. This bipolar contribution can be quantitatively understood by
considering that the band gap (Eg) varies depending on the doping
concentration. This suggests that the bipolar effect should be more
pronounced in a material with a narrower E, owing to the intrinsic
excitation at a given temperature. We used the Goldsmid-Sharp equa-
tion, E; = 2€|Smax| Tmax [82], Where Spay is the maximum value of the
Seebeck coefficient at the temperature (Tpayx), to calculate the band gap
of the BisTey 7Sep 3 samples doped with Na. The calculations showed
that the band gaps of the samples became progressively narrower with
increasing doping concentration and could be responsible for the
changes in the electrical properties, most likely due to the bipolar
contribution. The similarity of the maximum power factors (6S%) of the
samples, which ranged from 13 to 15pW cm ™! K2, was considered to
compensate for the electrical properties of each sample. For example,
the sample doped with 0.175 wt% Na at room temperature had the
highest power factor owing to its relatively large Seebeck coefficient,
although its electrical conductivity was lower than that of the undoped
sample (Fig. 4e).

To further understand the Na doping effect on the Seebeck coeffi-
cient, the effective masses (m*) of the samples were calculated using the
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following equation,

2

T\3
() @
where S, kg, T, m*, e, h and n are the Seebeck coefficient, Boltzmann’s
constant, absolute temperature, effective mass, electronic charge,
Planck’s constant and electron concentration [83]. The Seebeck coeffi-
cient is generally determined by the effective mass of carriers as well as
their concentrations. The calculated effective masses for all samples are
almost identical, and the only slight variation was observed (Table S2).
Moreover, the carrier concentration dependence of the Seebeck coeffi-
cient is illustrated by the Pisarenko plot at 300 K (Fig. S6). The solid
curve was generated with an effective mass of m* = 0.85 my, that was
the calculated values for the properties of the 0.1 wt% Na doped
BiyTey 7Sep. 3 samples. The Seebeck coefficients of all samples at room
temperature are merged in the solid curve, suggesting that the variation
of carrier concentrations played a main role to change the Seebeck
coefficient.

The thermal conductivities of the Na-doped samples depended
similarly on the electrical conductivity, with the values increasing with
decreasing Na doping concentration. At low temperatures, with
increasing the Na doping content, the thermal conductivity of the
samples decreased. This doping-dependent thermal conductivity could
be attributed to the Na impurity scattering of phonons, reducing the
thermal conductivity. On the other hand, at high temperature range
(400-525 K), a bipolar effect was observed for the temperature depen-
dence of the thermal conductivity, which increased faster with tem-
perature for a sample with a higher doping concentration. Since the
intrinsic thermal excitation of minority carriers are promoted at high
temperature, the larger number of holes in our samples could contribute
to the heat transport as a bipolar thermal conductivity. As a conse-
quence, the thermal conductivity of all samples became similar at the
highest measurement temperature of 525 K. The lowest thermal con-
ductivity of 0.54 W m~* K} was measured for the sample with a Na
doping concentration of 0.2 wt%, which is significantly lower than that
of the undoped BiyTey 7Seq 3 (Fig. 4f).

Consequently, the calculated temperature-dependent ZT values
clearly varied in the operable temperature ranges depending on the
doping concentration. For example, the temperature at which the ZT
value was maximized increased from 300-325 K for the sample doped
with 0.2 wt% Na to 425-450 K for the undoped sample. Among all the
samples, the sample doped with 0.175 wt% Na had the highest ZT value
of 0.8 at 350 K (Fig. 4g), which is comparable with that of bulk
BiyTey 7Sep 3 synthesized via traditional bulk processes such as hot-
pressing and zone-melting [84-87]. Moreover, this maximum was
significantly enhanced by Na doping compared with the 0.71 of the
undoped sample. We additionally plotted the calculated ZT values vs.
the Na concentration at selected temperatures (Fig. 4h), which served to
determine the optimal dopant level in a particular temperature range.
On this graph, the room-temperature ZT values gradually increase with
increasing Na doping concentration, whereas the ZT values at 525 K
show the opposite trend, thereby indicating the effect of doping on the
ZT values. The temperature at which the ZT value is maximized for each
doping concentration was plotted (Fig. 4i) and shows the tunability of
the operable temperature range by adjusting the amount of dopant. This
tunability enabled us to optimize the structures in the FGTEM such that
the power-generating performance was maximized over a wide tem-
perature range.

_ 8%k}

S =
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3.4. Fabrication and power measurement of FGTEM module

Our sequential 3D printing technology facilitates the manufacturing
of FGTEMs with high-precision gradient profiles in a rapid, direct, and
cost-effective manner (Supplementary video 1). Moreover, the
tunability of the property gradient of the material enables the design of
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TE legs with high efficiency to maximize the average ZT and resulting
output power of the FGM. Based on the temperature dependence of the
TE properties of our samples, we designed the optimum FGM leg by
considering two design parameters: i) doping engineering to fine-tune
the peak ZTs for a wider range of temperatures and ii) geometrical en-
gineering to optimize the dimensions of the TE legs for a uniform current
density distribution and to improve the overall performance of the
module (Fig. 5b-c and Fig. S8, S9). We attempted to fabricate a TEG
consisting of multiple n-type Bi;Te; 7Se( 3 legs with a dopant gradient in
combination with a p-type BiySby yTes leg with a composition gradient.
The respective components of the p- and n-type FGTEM exhibited
similar compatibility factors (Fig. $10), thereby indicating that they are
suitable for the fabrication of graded TE modules [47]. We succeeded in
fabricating a BipTeg7Seq s leg with a doping gradient with three Na
concentrations. This composition extended the temperature range of the
peak ZTs to achieve an average ZT value of 0.71 over a broad temper-
ature range from 300 K to 525 K, which was an improvement of
approximately 10 % compared with the ZT value of a homogeneous TE
material (Fig. 5d).

A TEG chipped with legs comprising an n-type FGTEM with a doping
gradient and p-type FGTEM with a composition gradient, precisely 3D
printed according to the design specifications, was fabricated with Cu
electrodes using Sn/Ag/Cu solder (Fig. 5a). Although the contact
resistance between the TE leg and electrode was negligible, we consid-
ered this when determining the geometric design of the TEG. The per-
formance of the TEG was assessed under controlled conditions, where
the top electrode was heated using a ceramic heater and the bottom
electrodes were cooled using a water-circulating cooler. The hot-side
temperature was increased gradually from 297.65 K to 523.27 K while
the cold-side temperature was maintained at 298.15 K with a variation
of less than + 1 K. Fig. S11 shows the hot- and cold-side temperature
profiles. The system was monitored until it reached the steady state, at
which point the temperature fluctuation was < 0.5 K. The module
resistance was measured to be 6.3 mQ at room temperature, which was

a b

N-type
BizTe2_7Se0_3 + Na X WtD/O c
390.63 K 450.18K
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almost the same as the value predicted by the simulation. In addition,
the module resistance versus the temperature difference (AT) was also
similar to the simulation data (Fig. S12a). For instance, for a AT of
224.96 K (Fig. 5e), the maximum voltage and output power measured
for the FGTEM module were 86.1 mV and 187 mW, respectively.
Compared with the properties of the homogeneous material TEG con-
sisting of p-type Bip 35Sb; ¢sTes and n-type BiyTes7Seqs doped with
0.175 wt% Na, those of the FGTEM module at a AT of 224.96 K were
superior, with a maximum power density of 357 mW cm’z, which is 20
% higher than that of the homogeneous TEG (Fig. 5f). These values are
highly consistent with the simulated values (Fig. S13). The slight de-
viation from the experimental results could be attributed to the mea-
surement uncertainty of the temperatures and the assumption for the
simulation, where the perfect adiabatic condition was assumed.

4. Conclusion

We developed a sequential 3D printing method to fabricate the
graded n-type BisTey7Seps TE materials with electronic dopant and
structural void gradients. The synthesized BiyTey7Seqg 3 TE particles,
with controlled Na-doping concentrations, were used for the formula-
tion of inks. These inks, which were highly viscoelastic and suitable for
3D printing regardless of the Na-doping concentration, enabled the use
of filaments with a minimum diameter of 150 pm for printing 3D
structures. Using sequential 3D printing, we fabricated an FGTEM with a
gradient of atomic Na doping concentrations or structural voids in a
layer-by-layer manner. Furthermore, the ZT peak temperatures of the
3D-printed TE materials varied controllably depending on the Na con-
centration and high average ZT values were achieved over a wide tem-
perature range by introducing a doping gradient in the 3D-printed
materials. Combined with the p-type BiSbTe material with a composi-
tion gradient, the fabricated power generator chipped with the 3D-
printed n-type BiyTe, 7Seq 3 material with the optimal doping gradient
had substantially higher output power compared with those of the

P-type
Bi,Sb, ,Te,
392.85 K 468.13 K
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device chipped with ungraded homogeneous materials. Our 3D
sequential printing method offers a rapid and cost-effective way to
manufacture FGTEMs with customized shapes and precisely controlled
composition, doping, and structure gradients, which can extend the
application of FGTEMs to energy and electronic devices beyond that of
structural materials.
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