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% Check for updates Flexible thermoelectric devices show great promise as sustainable power units
for the exponentially increasing self-powered wearable electronics and ultra-
widely distributed wireless sensor networks. While exciting proof-of-concept
demonstrations have been reported, their large-scale implementation is
impeded by unsatisfactory device performance and costly device fabrication
techniques. Here, we develop Ag,Se-based thermoelectric films and flexible
devices via inkjet printing. Large-area patterned arrays with microscale reso-
lution are obtained in a dimensionally controlled manner by manipulating ink
formulations and tuning printing parameters. Printed Ag,Se-based films
exhibit (00 [)-textured feature, and an exceptional power factor (1097
pWmK™ at 377 K) is obtained by engineering the film composition and
microstructure. Benefiting from high-resolution device integration, fully
inkjet-printed Ag,Se-based flexible devices achieve a record-high normalized
power (2 uWK%cm™) and superior flexibility. Diverse application scenarios are
offered by inkjet-printed devices, such as continuous power generation by
harvesting thermal energy from the environment or human bodies. Our
strategy demonstrates the potential to revolutionize the design and manu-
facture of multi-scale and complex flexible thermoelectric devices while
reducing costs, enabling them to be integrated into emerging electronic sys-
tems as sustainable power sources.

Flexible thermoelectric materials and devices have attracted extensive  reliability, and conformal contact with arbitrarily shaped heat sources,
attention due to their ability to generate electricity directly by har- they show great promise as sustainable power supply units for the
vesting thermal energy from the environment or human bodies'™. exponentially increasing number of smart devices such as self-
With the advantages of small size, lightweight, no moving parts, high powered portable/wearable low-energy electronics®, ultra-widely
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distributed wireless sensor network nodes and Internet of things (IoT)
devices’. Generally, there are two ways to fabricate flexible thermo-
electric devices: connecting rigid bulk thermoelectric pellets by flex-
ible electrodes and substrates®®; and developing flexible
thermoelectric materials such as conducting polymers®™, inorganic
films™,  organic-inorganic  composites™, and  ductile
semiconductors*’. The devices fabricated from films offer superior
structural deformation owing to their inherent flexibility, but they
usually produce lower output power densities, mainly due to the lim-
ited thickness of the films and the poor thermoelectric properties.

In addition to performance metrics, another crucial step towards
the commercialization and industrialization of flexible thermoelectric
technology in areas such as electronics and energy harvesting is to
achieve reliable large-scale production and processability of these
films and devices. Traditionally, film-based flexible thermoelectric
devices have been manufactured primarily through photolithography
combined with physical or chemical deposition processes*'®". How-
ever, these methods suffer from disadvantages including multi-step
procedures, expensive equipment, and the production of large
amounts of environmentally harmful waste. Other methods such as
vacuum filtration? and spin/spray coating’ have also been used for
film-based device fabrication, but they offer poor control of the
thickness and roughness of the films and have limited design flexibility
and low levels of integration. Moreover, the films are prepared inde-
pendently of the devices. As a result, performance is greatly reduced
when the films are assembled into the devices. As alternatives, ink-
based printing techniques, including screen printing, dispenser print-
ing, aerosol jet printing, roll-to-roll printing, and inkjet printing are
gaining prominence to facilitate efficient, versatile, and scalable
manufacturing®?. Among them, inkjet printing is particularly
advantageous in the manufacture of film devices owing to its low cost,
easily changeable digital printing patterns, and low material
consumption®. It enables the accurate deposition of micro- and nano-
materials into functional arrangements in a non-impact, additive pat-
terning and maskless approach, becoming a forefront technique for
advanced miniaturized electronics with customized patterns and high
precision. Over the past decade, inkjet printing of flexible thermo-
electric materials including PEDOT*?, Bi-Te alloys**?¢, graphene?, and
TiS,(HA),*® have been reported, demonstrating a versatile platform to
transform material building blocks into functional devices. However,
power generation performance of the corresponding inkjet-printed
thermoelectric devices is not competitive with that of conventionally
fabricated devices>**. In addition, inkjet printing of structures at the
micrometer scale remains challenging due to the limited availability of
printable and high-performance thermoelectric inks. Innovative ink
formulations that not only offer excellent processability and stability,
but also enable on-demand manipulation of electron and phonon
transport properties are essential for the development of next-gen-
eration, high-performance inkjet-printed thermoelectric devices

Ag,Se exhibits excellent thermoelectric properties below 100 °C,
making it a potential candidate for generating electricity from low-
grade heat. A number of groups are currently conducting research to
prepare Ag,Se-based flexible devices, and this has led to significant
progress'>**2, However, the degree of device integration, power-
generation performance, and flexibility are still far from
expectations®. For example, some Ag,Se films show high power fac-
tors, but they exhibit poor control of the thickness and roughness of
the films and have limited design flexibility and low levels of device
integration. In addition, despite exceptional power factors presented
by the films, the power density of corresponding devices is quite low.
This is mainly due to the fact that these films are prepared indepen-
dently of the devices, resulting in a significant loss of performance
during the assembly of the films into the devices.

To address the above issues, we thereby focus on inkjet printing
technology and take Ag,Se materials as research objects. First of all, we

develop additive-free Ag,Se-based inks. By manipulating Ag,Se-based
ink formulations and optimizing printing parameters, we obtain pat-
tern arrays with high resolution in a controlled manner. For example,
multiple parallel lines with a line width of 150 um and a gap of 100 um
are accurately achieved. Benefiting from excellent ink printability and
composition design, the printed films exhibit a high power factor of
1097 pWm™ K2 at 377 K, more than five times that of state-of-the-art
inkjet-printed materials. To exploit the capabilities of the inkjet
printing process, a number of flexible thermoelectric devices with leg
widths and lengths ranging from micrometers to millimeters are fab-
ricated. The filling factor of our inkjet-printed devices can reach up to
81%, and the density of leg integration gets as high as 125 legs per
square centimeter. This unique patterning capability and high-
resolution device integration has rarely been reported for flexible
thermoelectric devices because it is quite challenging to achieve via
commonly used film preparation methods such as spin coating, sput-
tering, thermal evaporation, and screen printing. As a result, our
Ag,Se-based inkjet-printed devices demonstrate a record-high nor-
malized power (2uWK?cm™) and exceptional device flexibility (sur-
viving 3,000 bending tests at bending radii of 3-4 mm), proving great
potential for applications in powering portable/wearable and low-
power electronics.

Results and discussion
Ink formulation and printability
Ag,Se nanoparticles were synthesized by a solvothermal reaction, as
detailed in Methods. Powder X-ray diffraction (XRD) patterns (Sup-
plementary Fig. 1a) show that the diffraction peaks of as-synthesized
Ag,Se nanoparticles can be indexed to [3-Ag,Se phase (PDF #24-1041)
with the space group of P2;2,2;. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force micro-
scopy (AFM) images indicate that Ag,Se nanoparticles are pellet-like in
shape, featuring a narrow size distribution and an average particle
lateral diameter of 108 nm with an average thickness of 50 nm (Fig. 1a
and Supplementary Fig. 1). Representative elemental mapping results
(Supplementary Fig. 1d) further reveal a homogeneous distribution of
the constituent elements within Ag,Se nanoparticles. High-resolution
TEM image shows lattice spacings of 3.08 A, 3.66 A, and 2.30 A, cor-
responding to the (102), (020), and (122) lattice planes of orthor-
hombic Ag,Se, as confirmed by fast Fourier transform (FFT) pattern
(Supplementary Fig. 1e). These phase and microstructure character-
izations confirm the synthesis of nanoscale orthorhombic Ag,Se with
particle dimensions that fully meets the requirements for drop-on-
demand inkjet (solute size less than 1/10th of the nozzle diameter
(21 um in this work) to avoid clogging or blocking during printing**).
Then, Ag,Se ink was prepared by dispensing Ag,Se nanoparticles
in anhydrous ethanol, followed by sonication for 2 h (see “Methods”).
The resulting ink exhibits good dispersion and stability, as there is no
obvious sedimentation or aggregation in the resting experiments
(Fig. 1b). Such good stability is due to the presence of poly-
vinylpyrrolidone (PVP) attached to the surface of Ag,Se nanoparticles
(Supplementary Fig. 1e), which acts as an effective steric stabilizer to
stabilize the dispersion system. In addition, the ink is free of toxic
additives, environmentally friendly, and sustainable, making it suitable
for industrial-scale production. To be inkjet printable, the ink must
have specific physical properties, such as viscosity, surface tension,
and density, which are within suitable ranges for a fixed nozzle dia-
meter. In general, the inverse Ohnesorge number Z can be used to
determine the jettability of the inks (Supplementary Note 1). It is
proposed that the Z has to be in the range of 1-14 for stable drop
generation”. For a fixed nozzle diameter of 21uym (DMC 11610 car-
tridge) in this work, our Ag,Se ink with a concentration of 10 mg/mL
gives a Z value of 13.5 (Supplementary Table 1). By applying a single-
peak waveform with a jetting frequency of up to 2.5kHz and a max-
imum voltage of 18V (Fig. 1c and Supplementary Fig. 2), the drop
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velocity is determined to be 4.5 m-s™. The corresponding Re and We
are both within the printable region constructed in the Re-We para-
meter space®*® (Fig. 1d), ensuring stable droplet formation without
any satellite tails or nozzle blockage (Fig. 1e). In addition, to get rid of
the coffee effect, a substrate temperature of 40 °C and a nozzle tem-
perature of 30 °C are used in the printing process.

The size of deposited droplets, which is an important parameter
that affects the continuity and integrity of the printed layer, is then
investigated by jetting individual drops on polyimide and photo-
graphic paper substrates. As shown in Fig. 1f and Supplementary Fig. 3,
Ag,Se droplets are uniformly distributed, showing an average splat
diameter of 48 um. This allows us to delicately optimize the drop
spacing of Ag,Se droplets, which in turn affects the uniformity, por-
osity, and thickness of the printed patterns. It is found that when the
drop spacing is 40 um, ink consumption is low, but it gives rise to
uneven patterns with porosity (in red) as high as 34% (Fig. 1g). Redu-
cing the drop spacing results in uniform print patterns. However, a
drop spacing as low as 10 um deteriorates the resolution of the printed
features and imposes higher ink consumption. Consequently, we set
the drop spacing at 20 um in this work, which allows us to obtain
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patterns with high resolution. For example, multiple parallel lines with
aline width of 150 um and a gap of 100 um can be controllably obtained
(Fig. 1h). It is worth noting that such high resolution is hardly achiev-
able by commonly used film preparation methods such as spin coating,
sputtering, thermal evaporation, and screen printing, reflecting the
superiority of inkjet printing technology. Furthermore, we investi-
gated the thickness of the annealed Ag,Se films in relation to the
number of printing layers. Samples with different numbers of printing
layers were prepared separately and annealed after printing. As shown
in Fig. 1i and Supplementary Fig. 4, the film thickness gradually
increases with increasing number of printing layers. However, more
printing layers result in a significant discrepancy in the film thickness
values. To ensure a uniform film thickness, 40 printing layers are used
in subsequent studies.

Characterization of inkjet-printed Ag,Se films

XRD patterns (Fig. 2a) of the printed Ag,Se film annealed at 723K
reveal that the main diffraction peaks can be indexed to 3-Ag,Se phase
(PDF#24-1041), indicating an orthorhombic crystal structure. The XRD
peaks at 20 = 23° and 47°, corresponding to the (002) and (004) planes
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Fig. 1| Ag,Se nanoparticles synthesis and ink printing characteristics.

a Scanning electron microscopy image of Ag,Se nanoparticles. The inset shows the
particle size statistics. b Digital photographs of Ag,Se ink in the normal and
inverted states before and after 24 h of resting. ¢ Schematic diagram of the working
principle of an inkjet printing equipment. An electronically-driven piezoelectric
actuator generates a pressure pulse that ejects the droplets from the nozzle.

d Parameter plot of the Reynolds and Weber numbers for our Ag,Se ink. Several
inks reported previously for inkjet printing are included for comparison®-°.
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e Jetting cycle of a 10 pL Ag,Se ink droplet during a time interval of 20 ps. f Splat
diameter histogram for Ag,Se ink and the droplets on a photographic paper (inset).
g Dependence of the uniformity and porosity of printed Ag,Se films on the droplet
spacing (DS). h Inkjet printing multiple parallel lines on a micron scale using Ag,Se
ink, demonstrating high printing accuracy. i Variation of Ag,Se film thickness with
the number of printing layers after annealing. The inset shows a photograph of an
Ag,Se film with 40 printing layers.
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Fig. 2 | Microstructure and phase composition of inkjet-printed Ag,Se-

based films. a XRD patterns of Ag,Se/Ag composite films annealed at 723 K.

b Crystal structure of low-temperature -Ag,Se phase. ¢ Schematic diagram of film
orientation growth. d SEM image of Ag,Se film. e SEM image of Ag,Se/15%Ag
composite film. f HAADF-STEM image of the cross-section of Ag,Se film, and

Binding Energy (eV)

corresponding EDS elemental mapping, together with SAED pattern and HRTEM
image. g High-resolution TEM image of Ag,Se/15%Ag composite film with the inset
showing FFT images corresponding to Ag,Se grain and Ag grain. h XPS results of Ag
3d core-level spectra: hl for Ag,Se; h2 for Ag,Se/15%Ag. i XPS results of Se 3d core-
level spectra: il for Ag,Se; i2 for Ag,Se/15%Ag.

of 5-Ag,Se, become particularly strong after annealing (Supplemen-
tary Fig. 1a). This indicates an increase of crystallinity and the pre-
ferential growth of a large number of Ag,Se grains along the c-axis
direction (Fig. 2b, c), similar to the Ag,Se films prepared by other
methods, such as vacuum-assisted filtration> and thermal
evaporation”. Furthermore, the XRD results show the presence of a
second phase of Ag in the annealed Ag,Se film, with diffraction peaks
at 260=38° and 44° corresponding to the (111) and (200) planes of
cubic Ag (PDF#04-0783). Excess Ag may come from the preceding
reduction of Ag ions during solvothermal synthesis®. The micro-
structure and phase composition of the annealed Ag,Se film were then
fully characterized as they determined the thermoelectric properties
of the film. SEM images show that the surface of Ag,Se film is flat, and
the distribution of Ag and Se elements is homogeneous (Fig. 2d and
Supplementary Fig. 5). However, there are numerous pores with a size
of approximately 1 pm inside the film. These pores can seriously
deteriorate the electrical properties of the film, as evidenced by its
square resistance, which is as high as 14 Q/7. In order to improve the
density of the film and to facilitate the transport of electrons, we then

added commercial inkjet-printable Ag inks with different weight per-
centages (Supplementary Fig. 6) to the Ag,Se ink (see Methods). As a
result, the addition of Ag ink does not affect the printability of the
Ag,Se ink (Supplementary Table 1), but significantly reduces the por-
osity of the films after annealing at 723 K (Fig. 2e and Supplementary
Fig.5). The increase in film densities is due, on one hand, to the melting
of small-sized Ag nanoparticles during annealing of the film, which
acts as a solder to locally connect the Ag,Se particles®; on the other
hand, to the direct filling of the pores by those larger-sized Ag parti-
cles. XRD patterns (Fig. 2a) indicate that the peak intensity of the Ag
phase increases gradually with the addition of commercial Ag ink, but
the crystallinity and (00/) texture of the Ag,Se films are not sig-
nificantly affected.

TEM and scanning TEM (STEM) were conducted to further study
the nanostructure characteristics and compositions of the films. A
focused ion beam (FIB) was used to prepare cross-sectional TEM
samples cut from Ag,Se and Ag,Se/15%Ag composite films. The high-
angle annular dark field STEM (HAADF-STEM) image and EDS elemental
mapping confirm the uniform distributions of Ag and Se in the pristine
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Fig. 3 | Thermoelectric properties of inkjet-printed Ag,Se-based films.

a Temperature-dependent electrical conductivity (o) and Seebeck coefficient (a) (x
indicates the weight percentage of Ag ink added). b Room-temperature o, a and
power factor (a?0) as a function of Ag ink content. ¢ Room-temperature Hall carrier
concentration (ny) and mobility (iy). d Seebeck coefficient as a function of carrier
concentration for Ag,Se/Ag composite films. e AFM topography image of Ag,Se/

15%Ag. f Surface potential map measured by KPFM. g Surface potential line scans of
the interfaces between dispersed-Ag particles and Ag,Se matrix. h Energy band
diagram for Ag\Ag,Se before and after contact. i Molecular dynamics calculations
showing atomic exchanges between Ag and Ag,Se interface. j Comparison of the
power factor of inkjet-printed films!?#2540-43,

Ag,Se film (Fig. 2f). The selected-area electron diffraction (SAED) pat-
tern of Ag,Se film reveals an orthorhombic lattice viewed along [100]
zone axis. High-resolution TEM image proves the good crystallinity and
strongly oriented grains along the (00/) plane (Fig. 2f), consistent with
the XRD patterns. A typical cross-sectional TEM image of an Ag,Se/15%
Ag composite film and the corresponding EDS elemental mapping are
shown in Supplementary Fig. 7a. In contrast, the composite film shows
a denser microstructure with few pores and more Ag-rich regions, in
agreement with SEM observations. EDS line scanning combined with
HRTEM confirms the co-existence of orthorhombic Ag,Se and cubic Ag
phases (Fig. 2g and Supplementary Fig. 7b). Also, it can be found that
Ag particles are tightly wrapped by Ag,Se, further confirming that the
addition of Ag ink plays a role in filling the voids of Ag,Se particles
during the annealing process. X-ray photoelectron spectroscopy (XPS)
results further determine the elemental composition and valence
states of the films (Fig. 2h, i, Supplementary Fig. 8 and Tables S2-S4).
The spectrum shows that Ag, Se, C, O, and N have been detected in the
Ag,Se and Ag,Se/15%Ag composite films annealed at 723 K. Notably,
the percentage of fitted Ag° spectra increases with the addition of Ag
ink, in agreement with XRD results.

Thermoelectric properties of inkjet-printed Ag,Se films
The temperature-dependent electrical conductivity (o) and Seebeck
coefficient (a) of inkjet-printed Ag,Se-based films annealed at 723K

were simultaneously measured along the in-plane direction from 300
to 460 K. The pristine Ag,Se film shows an electrical conductivity of
730.7 S-cm™ and a Seebeck coefficient of -87.3 pV-K™ (n-type) at room
temperature (Fig. 3a). The electrical conductivity increases with
increasing temperature while the absolute Seebeck coefficient
decreases, and both show a sharp variation around 420 K due to the
phase transformation from [-Ag,Se (semiconductor) to o-Ag,Se
(superionic conductor). With the addition of Ag ink, the electrical
conductivity increases significantly while the Seebeck coefficient is
well maintained without obvious deterioration (Fig. 3a). Especially, the
room-temperature electrical conductivity increases to 1040.2S-cm™
for the Ag,Se/15%Ag composite film, resulting in a power factor as high
as 889.0 pW-m™K? (Fig. 3b). Based on the Hall effect measurement,
we obtain the carrier concentration (ny) and carrier mobility (). As
shown in Fig. 3¢, ny monotonically increases with increasing Ag ink
content, and uy also increases when the loading fraction of Ag ink is
not higher than 15 wt%. Therefore, the simultaneous increase in ny and
py leads to a significant increase in the electrical conductivity. How-
ever, an increase in ny usually leads to a decrease in the Seebeck
coefficient (Supplementary Note 2), which is not the case here.

To elucidate the reasons for the variation in electrical properties,
we plotted the Seebeck coefficient as a function of carrier con-
centration (Fig. 3d). The dotted lines are Seebeck coefficient as a
function of carrier concentration calculated assuming a parabolic
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density of states and a simple power-law dependence of the relaxation
time (Supplementary Note 3). By assuming acoustic phonon scattering
(r=-1/2), the increased carrier concentration should result in a much
lower Seebeck coefficient for the composites. However, all nano-
composites show an enhanced Seebeck coefficient for a given carrier
concentration. This is attributed to the higher scattering parameter in
the composites, which compensates for the decrease in the Seebeck
coefficient due to the increased carrier concentration. The increase in
scattering parameter is usually ascribed to the impurity scattering or
barrier energy scattering®. Given that the impurity scattering mainly
occurs upon doping or filling with alien atoms, which is obviously not
the case here, it is very likely that the energy barrier scattering plays a
key role for our Ag,Se/Ag samples.

To further analyze the electrical transport properties between the
Ag,Se and Ag interfaces, we investigated the local work function (®)
near the interface by Kelvin probe force microscopy (KPFM). Figure 3e,
f shows the topography and the surface potential of Ag,Se/15%Ag
sample. According to the surface potential analysis (Fig. 3g), the work
function of Ag is ~0.03 eV smaller than that of Ag,Se. Despite the
difference in values between the tested and calculated work function
(Supplementary Fig. 9), the changing trend keeps the same. The
metallic Ag shows a lower @ than that of n-type Ag,Se semiconductor,
suggesting that electrons can be injected from Ag to Ag,Se, leading to
the increase of the carrier concentration. Meanwhile, band bending
occurs at the Ag,Se/Ag interface (Fig. 3h), which could scatter the
carriers with low energy, leading to increased scattering parameters
that restrain the severe reduction of the Seebeck coefficient.

Furthermore, MD calculations (Fig. 3i) show that there are atomic
exchanges between Ag and Ag,Se interface at higher temperatures
(e.g., 723K). This implies that strongly bound heterogeneous inter-
faces could form in the composite films during annealing. We further
compared the microstructure and thermoelectric properties of Ag,Se/
15%Ag films annealed at different temperatures. As shown in Supple-
mentary Fig. 10, after annealing at 573 K, there is no significant change
in the particle size and the film is porous. In contrast, when the printed
sample is annealed at 723 K, the porosity is significantly reduced. The
increase in film densities is due, on the one hand, to the growth of
Ag,Se particles at higher temperatures; on the other hand, to the
melting/filling of Ag nanoparticles during annealing of the film. The
robust Ag,Se/Ag interfaces combined with the bridging effect of Ag
particles as conducting paths facilitate the transport of electrons in the
composite films, resulting in enhanced uy at a low loading fraction of
Ag ink (Fig. 3c and Table S5). However, the addition of excess Ag ink
will strongly scatter the electrons, leading to the decrease of uy
(Fig. 3c). As a result, the highest electrical conductivity is obtained in
the Ag,Se/15%Ag sample.

As a result of the improved o and the unattenuated a, the power
factor is substantially improved over the entire measurement tem-
perature range (Supplementary Fig. 11). The highest power factor of
1097 pWm™K 2 is obtained at 377 K for the Ag,Se/15%Ag composite film.
Compared to other inkjet-printed thermoelectric materials'*-254043,
our result is remarkably higher (Fig. 3j). Furthermore, we performed 10
consecutive thermal cycling tests on the ¢ and a in the temperature
range of 300-373 K to investigate the stability of Ag,Se/15%Ag compo-
site film. The results show that the variations of ¢ and « are less than 6%
(Supplementary Fig. 12), indicating that the film is well qualified for
application in a variable environment close to room temperature.

Fully inkjet-printed Ag,Se-based flexible devices

Based on the properties-optimized films, we fabricated fully inkjet-
printed flexible thermoelectric devices (Fig. 4a). Silver electrodes are
printed firstly, followed by printing thermoelectric legs of Ag,Se/15%
Ag in electrically series and thermally parallel. After heat treatment, a
flexible device is obtained (See Methods). In contrast to existing pro-
cesses for patterning flexible thermoelectric legs, such as

photolithography***, prefabricated stencil methods™?*°, cutting and
pasting processes'>*’, our fully inkjet-printing procedure facilitates the
precise integration of thermoelectric legs into patterned electrode
arrays, thereby making it possible to fabricate flexible thermoelectric
devices in a fast, direct, and cost-effective manner, which is compatible
with large-scale manufacturing (Fig. 4b, c). In addition, the shape
engineerability of the inkjet printing technology enables the design of
complex and versatile thermoelectric legs to optimize heat transfer, as
exemplified in Supplementary Fig. 13. More notably, benefiting from
the excellent printability of our Ag,Se-based inks, we can precisely
control the printing of thermoelectric legs with width and length
ranging from millimeters down to micrometers. As shown in Fig. 4b,
five flexible Ag,Se-based devices with the same geometrical ratio (the
ratio of the leg length to leg cross-sectional area) are printed on the
polyimide substrate. The dimensional parameters of these devices are
detailed in Supplementary Table S6. Among them, the largest device
(Device #1) features a single thermoelectric leg size of 4 mm x10.5
mm, while the smallest device (Device #5) features a single thermo-
electric leg size of 250 pm x 660 pm. The filling factor of our inkjet-
printed devices can reach up to 81%, and the density of leg integration
gets as high as 125 legs per square centimeter (Fig. 4d). This capability
to print high-resolution thermoelectric leg patterns makes it possible
to build integrated devices with high packing density, thus enabling
high power densities’ .

To demonstrate the power generation performance of the inkjet-
printed devices, we measured the output voltage and output power as
a function of current at temperature gradient (A7) from 10K to 40 K.
Theoretically, the five devices with the same geometrical ratio in
Fig. 4b should produce the same open-circuit voltage (V,.) and the
same maximum output power (Pny.y) (Supplementary Note 4). Here,
taking Device #1 and Device #2 as examples, the measured V. and Pyax
are indeed comparable (Fig. 4e and Supplementary Fig. 14). For
example, V,c of ~30 mV and P,,. of ~0.8 uW are obtained for both at a
AT of 40 K. In addition, we inkjet-printed devices with different num-
bers of thermoelectric legs (Supplementary Fig. 15). The test results
show that the output voltage and power of the devices increase linearly
with the number of thermoelectric legs (Fig. 4f). These results
demonstrate a high degree of consistency in material properties and a
high degree of controllability in device fabrication for mass production
and large-scale applications.

In order to compare the performance of different thermoelectric
devices, we calculated the normalized power, which is defined as the
maximum output power divided by the area of the device perpendi-
cular to the heat flux and the square of the applied temperature
difference’. Accordingly, the normalized power of Device #1 and
Device #2 is 1.1 yW cm K2 and 2.0 yWem 2K, respectively. Compared
to previously reported in-plane flexible thermoelectric devices, such as
various devices fabricated by printing techniques®***°*%, and Ag,Se-
based devices fabricated by non-printing processes such as physical
vapor deposition processes”, and vacuum filtration'>***°"*!, our inkjet-
printed flexible Ag,Se-based devices show a significant performance
advantage (Fig. 4g). This advantage is attributed to high power factor
of our printed materials, the short thermoelectric leg length, as well as
high integration density of the devices. Theoretically, Devices #3, #4,
and #5 would exhibit higher normalized powers owing to their shorter
thermoelectric leg lengths and higher integration densities, but their
dimensions are too small to be measured in our laboratory at present.

We then characterized the flexibility and thermal reliability of the
fully inkjet-printed devices. Device #2 was subjected to repeat
mechanical bending with radii of 4 mm, 3.5 mm, and 3.0 mm (Fig. 4h).
1000 bending cycles were performed for one radius, followed by the
next. Reassuringly, the resistance of Device #2 increases by less than
10% after 3,000 cycles (Fig. 4h). The device power-generation perfor-
mance under different temperatures before and after bending at a
bending radius of 4 mm for 1000 times is also compared. As shown in
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Fig. 4 | Device fabrication and power generation performance. a Fabrication
flow of a fully inkjet-printed Ag,Se-based flexible device. b Digital photographs of
devices consisting of thermoelectric legs with the same geometrical ratio but the
width and length ranging from micrometers to millimeters. ¢ Digital photograph of
a fully inkjet-printed Ag,Se-based flexible device consisting of 160 Ag,Se legs.

d Comparison of the filling factor and leg integration density of state-of-the-art in-

Number of bending cycles

plane flexible devices fabricated by different methods. e Output voltage and power
as a function of current at different temperature gradients. f Output voltage and
power as a function of the number of Ag,Se legs. g Comparison of the normalized
voltage and normalized power of state-of-the-art in-plane flexible devices.

h Change of device resistance after continuously repeated bending at different
bending radii.

Supplementary Fig. 16 and Table S7, the normalized power decays less
than 10%, demonstrating superior flexibility. Moreover, the bending
test along the direction of the thermoelectric legs was performed,
which also shows good flexibility (Supplementary Fig. 17). The excel-
lent flexibility probably results from the (00 [)-textured feature of the
printed film, as was recently reported in Bi,Te; film". In addition,
thermal cycling tests in air were performed on Device #1. The results
show a fast response and stable output voltage without degradation
over 130 cycles (Supplementary Fig. 18). These test results demon-
strate the great potential of our fully inkjet-printed Ag,Se-based flex-
ible devices for sustainable power generation applications.

Various power generation scenarios
Inkjet-printed Ag,Se-based flexible devices offer the ability to revolu-
tionize the design and fabrication of multi-scale devices while reducing

costs, and opening new applications for the loT, wearable electronics,
and medical devices. As a showcase, we designed and fabricated a solar
thermal/thermoelectric/radiative cooling (STR) hybrid device, which
integrates a photothermal layer, an inkjet-printed thermoelectric
device, and a radiative cooling layer to enable outdoor all-day power
generation (Fig. 5a-c). The prototype device includes a ring-like ther-
moelectric device with fan-shaped thermoelectric legs that are inkjet
printed on a flexible polyimide substrate. The outer and inner dia-
meters of the thermoelectric device are 80 and 10 mm, respectively. A
carbon-based photothermal material is applied to the outer edge of
the thermoelectric device by direct writing. A radiative cooling mate-
rial cut into a circle is stuck upon the thermoelectric device after a
thermal insulation layer is inserted. The properties of the photo-
thermal material and radiative cooling material are shown in Supple-
mentary Fig. 19. This unique structural design makes it possible to set
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Fig. 5 | Demonstrations of thermoelectric power generation by harvesting
thermal energy from the environment and human body, respectively.

a Exploded schematic diagram of a solar thermal/thermoelectric/radiative cooling
(STR) hybrid device. b Schematic diagram of the preparation process of a STR
hybrid device. ¢ Schematic diagram and corresponding optical photograph. Power
generation performance of a STR hybrid device: d During daytime; e At night.

f Photograph of generating electricity using the temperature difference between
the wrist and the environment. A fully inkjet-printed Ag,Se-based flexible device
consisting of 150 Ag,Se legs is used for the demonstration. Schematic diagram of
thermoelectric power generation utilizing body heat: g top view; h side view.

i Electricity obtained by using body heat.

the hot and cold ends on the same plane, achieving an effective AT
along the in-plane direction (Supplementary Fig. 20). As a result, out-
door tests show that a maximum AT of 22 K can be established during
the daytime, which yields a corresponding V. of 16.1 mV and a Pyy,x of
120.3 nW (Fig. 5d). Meanwhile, a stable AT of 1K can be maintained at
night, resulting in a V. of 0.8 mV and Py, of 1.3 nW (Fig. 5e). These
results prove that this STR hybrid device can achieve 24-hour con-
tinuous power generation using the naturally-available temperature
differences. The electrical output performance can be further
enhanced by integrating more thermoelectric legs and enlarging the
device area. Only 8 thermoelectric legs are used here to demonstrate
the feasibility. The output voltage and power of STR devices will
increase with increasing number of thermoelectric legs, similar to the
enhancement shown in Fig. 4f. This hybrid power generation device
operates completely passively without any external artificial energy
input and requires no maintenance, offering a green and sustainable
solution for the energy supply of decentralized wireless sensors and
smart loT devices.

Furthermore, benefiting from the unique patterning capability
and high resolution of inkjet printing technology, we printed another
device consisting of 150 Ag,Se legs and then used it to harvest body
heat (Fig. 5f~h). As a result, the output power can initially reach 400
nW and then stabilize at 100 nW (Fig. 5i). Correspondingly, the voltage
can be maintained above 40 mV. Such power generation performance
is capable of running some low-power microelectronics, such as
wireless intraocular pressure monitors®’, and 32kHz Quartz
Oscillators®. The size of this 150-legged device is only 1cm in width
and 16 cm in length, so 10 of these small devices (similar in size to a
tennis wristband) are capable of generating microwatts of power.
Considering that the wearable or implantable sensors progressively
require lower powers to operate’, our flexible thermoelectric gen-
erators can fully meet the power demand as a portable and sustainable
battery, as inkjet printing opens the path to adapting the required
voltage and power by adjusting the number of thermoelectric legs.

In summary, we prepared Ag,Se nanoparticles and formulated
them into printable inks. By tuning printing parameters and optimizing
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ink formulation, we obtained Ag,Se-based thermoelectric films and
flexible devices via inkjet printing technology. The printed Ag,Se/15%
Ag composite film exhibited a power factor of 1097 pWm™K?2 at 377K,
more than five times that of reported inkjet-printed materials. In
addition, it is found that the additive, non-contact, and maskless nat-
ure of inkjet printing provides a simple, inexpensive, and scalable
route to pattern complex thermoelectric legs over a large area. Bene-
fiting from the excellent printability of Ag,Se-based inks, we have
designed and fabricated a number of flexible devices with leg widths
and lengths ranging from millimeters down to micrometers. This
unique patterning capability and high-resolution device integration
have rarely been reported for in-plane flexible thermoelectric devices,
as it is very challenging to achieve via commonly used film preparation
methods such as screen printing, dispenser printing, spin coating,
sputtering, and thermal evaporation. As a consequence, our devices
achieve unprecedentedly high normalized voltage and power. Fur-
thermore, based on inkjet-printed high-performance devices, we
demonstrated the applications for different power generation sce-
narios. Our research strategy can be extended to more thermoelectric
materials to synthesize printable inks and fabricate devices with multi-
scale dimensions and complex shapes by inkjet printing technology so
that flexible thermoelectric generators can be directly integrated into a
variety of emerging printed microelectronics (e.g., inkjet-printed dis-
plays, inkjet-printed sensors) to serve as power supply units for
energy-autonomous systems.

Methods

Preparation of inks and inkjet printing

Raw materials used in this work and the synthesis of Ag,Se nano-
particles are detailed in Supplementary Methods. The synthesized
Ag,Se nanoparticles were then sonicated in 10 mL of ethanol for 2 h to
form an Ag,Se ink at a concentration of 10 mg-mL™. Ag,Se/Ag com-
posite inks were formulated by mixing Ag,Se inks with a commercial
Ag ink (BroadCON INK550, 30 wt%) at different weight percentages. To
ensure the homogeneous distribution of Ag particles in the compo-
sites, we used ultrasonic dispersion in the form of a solution to for-
mulate Ag,Se/Ag inks. Taking the Ag,Se/15%Ag ink as an example,
25mg Ag ink was added into 5 mL Ag,Se ink and then sonicated in a
water bath for 2 hours. The composite ink was stored at a low tem-
perature (2-5 °C) to avoid oxidation.

Inkjet printing of flexible Ag,Se-based films

The prepared ink was then loaded into an inkjet print cartridge of a
FUJIFILM Dimatix printing system (DMP-2850). The cartridge has a
nozzle diameter of 21 um and a nominal droplet volume of 10 pL. The
printing pattern was designed by a computer-controlled program.
Prior to printing, the nozzle temperature was set to 30 °C. During
printing, the substrate platform was heated to 40 °C to accelerate the
evaporation of the solvent. The thermoelectric film is built up layer-by-
layer. After printing one layer, it is dried for 40 s before printing the
next layer. After printing, the sample was first dried under vacuum at
60 °C for 6 h, then placed in a tube furnace and annealed under a
mixed gas atmosphere (95%Ar +5%H,) at 450 °C for 10 minutes. Poly-
imide films (50 um thick) were used as the substrates. Prior to use, the
substrates were ultrasonically cleaned with isopropyl alcohol, ethanol,
and water for 15 minutes, respectively.

Inkjet printing of flexible Ag,Se-based devices

Ag electrodes are printed firstly, followed by printing thermoelectric
legs of Ag,Se/15%Ag in electrical series and thermally parallel. A dro-
plet spacing of 50 um is used for printing Ag electrodes, and a droplet
spacing of 20 um is used for printing Ag,Se legs. The printed devices
were dried under vacuum at 60 °C for 6 h and then annealed at 450 °C
for 10 minutes, which is the same procedure used to print the
films above.

Characterization

Ink viscosity was measured using a rotational viscometer (ROTA-
VISC lo-vi Complete) at 25°C. Surface tension was measured by a
contact angle goniometer (Kruss DSA100). X-ray diffraction (XRD)
measurements were performed on a Rigaku D/Max-2550 PC (Japan)
diffractometer, using Cu-Ka radiation (1=1.541A) at 40 kV, 30 mA.
The microstructure and chemical compositions of Ag,Se powders
and composite films were analyzed by field emission scanning
electron microscopy (FE-SEM, TESCAN/MAIA3, Czech), equipped
with an energy dispersive spectrometer. Transmission electron
microscopy (TEM, JEOLJEM-2100F) was used to further investigate
the microscopic morphology of Ag,Se powder and commercial Ag.
The cross-sectional microstructure of the films was examined by a
double-aberration corrected transmission electron microscope
(Hitachi HF5000 @200kV in TEM and STEM modes. The TEM
samples were prepared by the Focused lon Beam (FIB, FEI Versa 3D)
with the in-situ lift-out technique. X-ray photoelectron spectro-
scopy measurements were used to investigate the elemental
valence states of the films through a Thermo Fisher Scientific elec-
tron spectrometer (XPS, ESCALAB 250Xi) with Al Ka X-ray beam
(1486.6 eV). The spectra fitting was performed using Thermo
Avantage software. The high-resolution spectra of the Ag 3d and Se
3d were obtained using Cls as the reference at 284.8 eV. All spectra
were fitted with Gaussian peaks after Shirley background subtrac-
tion. The optical absorption spectra were evaluated on a UV-Vis-NIR
spectrophotometer (HITACHI, U-3010). The surface potential dis-
tribution was measured by Kelvin probe force microscopy (Bruker
Dimension Icon).

Performance evaluation

The in-plane electrical conductivity and Seebeck coefficient were
simultaneously using a ZEM-3 (ULVAC-RIKO, Japan) at He atmosphere,
with a measurement uncertainty of 5%. Hall coefficients (Ry) were
determined by the Hall measurement system (Lakeshore 8400 Series
HMS, USA) using the Van der Pauw method. The power generation
performance of the inkjet-printed thermoelectric devices was mea-
sured by a homemade apparatus as detailed in our previous report®.
Repeated bending tests were performed using a mechanical system
with a controlled bending radius. Device resistance was measured after
every 100 cycles.

Theoretical calculations

Our calculations were performed on the Vienna Ab initio Simulation
Package (VASP). Calculations were conducted based on density
functional theory (DFT) within local-density approximations
(LDA)®*. DFT calculations were performed using pseudo-potentials
established by the projector-augmented wave (PAW) method and
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.
Geometry optimization of Ag,Se and all surface relaxation calcula-
tions were performed. The exchange-correlation effects were
modeled using the PBE generalized gradient approximation (GGA)
functional. All calculations considered the spin effect with the plane
wave cutoff energy for 400 eV. The Kohn-Sham equations were
solved using a basis of augmented plane wave. Ab initio molecular
dynamics (AIMD) was performed in NVT steady-state by Nosé-
Hoover thermostat with the 2fs time steps and 40 ps total
simulation time®. 10 Ag,Se with 12 Ag atoms were used to study the
atomic exchanges between Ag,Se and Ag interface at high
temperatures.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files
and the data that support the findings of this study are available from
the corresponding author upon reasonable request.
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