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Abstract:

Among the different technologies to harvest renewable energy, thermoelectric (TE) generators (TEGs) represent a
highly promising route capable of converting heat to electricity based on the Seebeck effect. Here, a new room
temperature (RT) one-pot solution synthesis approach was proposed, together with a sulfur-doping strategy, to
optimize the flexibility and the power factor of n-type S-doped Ag,Se TE thin films deposited by solution-processes,
requiring only mild post-deposition annealing at 150°C. Optimized S-doped flexible Ag,Se thin films exhibited a
maximum power factor of ~2058 pW/m/K’ at RT, allowing for the fabrication of flexible TEGs with a maximum power
output (Pmax) of 3.98 uW under a near-RT AT of 31 K, equivalent to a power density of 11.06 W/m? . Multidomain
applications were further demonstrated by these heavy-metal-free, flexible TEGs to harvest near-RT waste heat from
laptop computers, non-concentrated sun light, and human body together with the realization of a self-powered
motion detector. The current findings open promising paths for innovations on low-cost wearable smart electronics
and energy harvesting.
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1. Introduction

Facing the ever-rising energy demand worldwide, we urgently need to increase our energy production from
renewable and sustainable sources. Among the different technologies to harvest renewable energy, thermoelectric
(TE) generators (TEGs) represent a highly promising route capable of converting heat to electricity based on the
Seebeck effect [1-4], through which a voltage can be generated between the cold and hot ends of a TE material. In
particular, there exist abundant, ambient and near-room temperature (near-RT) low-grade waste heat sources, such
as those from human body, household electronics, and sun illumination. At the arrival of the internet-of-things era,
the research to identify new routes to efficiently harvest near-RT heat sources into energy in an ideally flexible and
wearable manner is of high importance to develop next-generation consumable electronics and to reduce our
dependence on non-renewable energy sources [5-11].

Under this context, much research effort has been focused recently on the quest of flexible, solution-processed, and
lowtemperature-derived material alternatives for near-RT TE applications [3,7,11-14]. So far, promising TE
functionality together with flexibility has been observed on conductive polymers [3], carbon nanotubes (CNTs) and
their hybrid composites [12,13], and a few families of inorganic semiconductors, where processing in form of a
powder-formulated ink is possible [15-21]. For a given TE material, its energy conversion efficiency can be evaluated
by a dimensionless figure-of-merit defined as ZT= S?0T/k , where S, o, k, and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and absolute temperature, respectively. ZT is governed, simultaneously, by both
the material’s electrical property, represented by the power factor (PF, defined as S°c) and thermal property,
represented by the thermal conductivity k. For conductive polymers, despite the intrinsic advantages in terms of low
thermal conductivity, their low Seebeck coefficients lead to only a modest PF, typically ranging from a few tens to a
few hundreds of pW/m/K> and a maximum ZT of 0.42 [22-25], with the exception of p-type electrochemically-
reduced poly (3,4-ethylenedioxythiophene) (PEDOT) films on which a maximum RT PF of 1270 uW/m/K* was
reported under an external applied voltage [26]. In addition, the PF demonstrated on n-type polymers remains more
than an order of magnitude smaller than those of p-type polymers [27]. The formation of CNT/polymer composites
allows for the freedom to engineer p- or n-type conductivity of the final organic composite, resulting in reported PFs
of a similar order of magnitude as those obtained in conductive polymers [28]. Nevertheless, the synthesis of CNTs is
energy demanding, typically requiring chemical vapor deposition-based processes and a high deposition
temperature (~1000 °C or more) [29]. On inorganic semiconductor thin films, p-type Biy4Sb; ¢Te; thin films screen-
printed from a ball-milled nanoparticle ink demonstrated an impressive PF of about 3000 uW/m/K* at RT and ZT of
about 1 [15]. Yet, the relatively high post-printing sintering temperature (at 450 °C) of these Biy4Sby¢Tes thin films is
not compatible to common polyethylene terephthalate (PET) and polyethylene naphthalate flexible substrates. By
comparison to the above-mentioned materials, the inorganic silver chalcogenides Ag,X (X =S, Se, or Te) is currently
considered as one of the most promising material families for flexible TE application near-RT [7,30-34]. In particular,
bulk a-Ag,S (monoclinic, RT phase [35]) has been recently discovered as one of the rare inorganic semiconductors
exhibiting surprising metal-like ductility [33]. But its poor TE property near RT hinders its further application [16,33].
In contrast, bulk a-Ag,Te (monoclinic at RT) and B-Ag,Se (orthorhombic at RT) are not ductile but they exhibited
much better TE characteristics, in view of their higher near-RT PF (~2000 uW/m/K2 for bulk Ag,Te and ~3500
UW/m/K? for bulk Ag,Se) and ZT (~0.5 for Ag,Te and ~1 for Ag,Se) from previous reports [30-32]. The RT ZT of n-type
B-Ag,Se has recently been further boosted to 1.2 by pulsed hybrid reactive magnetron sputtering [34]. In order to
tailor both the TE characteristics and mechanical flexibility, the formation of alloys by doping S into bulk Ag,Se and
Ag,Te was found to be a promising approach [7,16]. For example, very recently, highperformance p-type ductile TE
materials were discovered on AgCu(Se, S, Te) pseudo-ternary solid solutions, exhibiting a ZT of 0.45 at 300 K and 0.68
at 340 K [7]. Nevertheless, prolonged hightemperature annealing at 1323 K is required to obtain these alloy TE
materials. In addition to S-doping, various other attempts have been made to obtain TE thin films, which can lead to
flexible Ag,X (X = Se or Te) TEGs. For example, flexible Ag,X TE thin films have been reported by ‘top-down’ methods
involving a conventional high-temperature synthesis (at > 1000 °C) and a subsequent crushing or cutting of ingots



together with hot-pressing into flexible thin films [16,17]. By the technique of hot-pressing, which typically requires a
few MPa of pressure and a simultaneous heattreatment, various ‘bottom-up’ synthesized nano- and sub-micron size
Ag,Se powers were integrated into flexible TE thin films [18-20]. Recently, without the use of any vacuum
equipment, high-temperature annealing, or hot-pressing, Lemmer et al. reported an one-pot solution synthesis of
the Ag,Se ink formulated with the aid of a commercial additive [36], of which the exact type and composition remain
nevertheless obscure. The screen printing of this ink generated flexible Ag,Se TE thin films, requiring a
postdeposition temperature as low as 200 °C, with a maximum PF of about 1700 pW/m/K* and ZT of 1.03 at 300 K
[36]. By coupling these n-type Ag,Se thin films together with p-type PEDOT:PSS legs, flexible TEGs were
demonstrated on polyethylene naphthalate substrates, exhibiting a maximum power output (Pmax) of 0.19 pwW
under a temperature difference (AT) of 75 K [36].

In this work, we propose a new RT one-pot solution synthesis approach for the Ag,Se ink, which can be solution
processed into flexible n-type TE thin films requiring only a post-deposition heat treatment at a mild temperature as
low as 150 °C. By applying sulfur-doping (S-doped) directly into the Ag,Se ink synthesis, both the flexibility and the TE
characteristics of the achieved thin films are optimized, with the best sample exhibiting a maximum PF of ~2058
UW/m/K? at RT. These flexible n-type S-doped Ag,Se thin films are further integrated into functional and flexible
TEGs under both the uni-leg and p-n (by coupling with p-type PEDOT:PSS) configurations, with the optimized TEG
exhibiting a maximum power output Pmax of 4.2 uW under a near-ambient AT of 31 K. We further show that these
flexible TEGs can perform near-RT energy harvest from various low-grade heat sources including laptop computers,
non-concentrated sun light, and human body, together with the demonstration of TEG-enabled self-powered human
motion detection.

Table 1
The atomic percentage detected and the equivalent composition of the achieved thermoelectric thin films determined by Energy-dispersive X-
ray spectroscopy spectroscopy from different spots of the same sample.

Composition determined by Energy-dispersive X-ray spectroscopy on thin films

Ag/Se/S (atomic %) Equivalent composition AgxSeyS;
Undoped 67.66 + 0.90/32.67 + 0.43/0 AgsSeq 066
Sample A 65.95 + 0.61/33.19 + 0.61/0.86 + 0.15 Ag>5e1 00750.026
Sample B 65.30 + 0.31/33.05 + 0.39/1.65 + 0.17 Ag:5€1 01250050
Sample C 64.31 + 0.67/33.56 + 0.73/2.13 + 0.14 Ag-5€1 04450.066
Sample D 61.81 + 0.56/33.23 + 1.18/4.90 + 0.56 Ag25€1 .07550.159

2. Experimental details
2.1. Materials

Se powder (100 mesh, 99.5%), Ag powder (2-3.5 mm, 299.9%), S powder (299.9%), polystyrene (average Mw =
192,000 g/mol), toluene (anhydrous, 299.8%), PET (Polyethylene terephthalate) flexible substrates (thickness = 175
pm), CuSe (= 99.5%), a CNT (a single-walled, solvent-based conductive ink, SWCNT), ethyl cellulose (viscosity 10 cP
and 46 cP, 5% in toluene/ethanol 80:20 (lit.)), ethylene glycol (99.8%), a-terpineol (90%), and titanium isopropoxide
were obtained from Sigma Aldrich/Merck. PEDOT:PSS (PH1000) was purchased from Ossila. Conductive silver paint
(no. 123-9911) and conductive carbon paint (no. 835-2699) were obtained from RS Components.

2.1.1. Synthesis & deposition for different undoped and S-doped Ag,Se thin films

Briefly, for the undoped Ag,Se ink, 0.305 g (2.8 mmol) of Ag and 0.11 g (1.4 mmol) of Se powders were mixed in 0.4

mL toluene together with 0.025 g of polystyrene. For the S-doped inks, in addition to the above-mentioned materials

and solvents, various amounts of sulfur powders (0.005 g, 0.01 g, 0.015 g, and 0.025 g, corresponding to 0.156

mmol, 0.312 mmol, 0.468 mmol, and 0.780 mmol, respectively) were added in order to achieve different levels of S-

doping in sample A, B, C, and D, respectively. This was followed by an addition of 50 pL of an adhesive solution,

which was pre-formulated by string 0.1 g of ethyl cellulose (10 cP), 0.1 g of ethyl cellulose (46 cP), 8 ml of -
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terpineol, and 0.5 ml of titanium isopropoxide together at RT until forming a homogenous solution. This solution was
then stirred for at least 72 h at 1200 rpm at RT leading to the formation of a dark-color ink. Any un-dissolved
precipitate found at the bottom of the ink container was discarded before the ink was applied for the fabrication of
the TE legs. We found that the addition of the adhesive solution was necessary to form the Ag,Se ink. As shown in
Fig. S1 of the supporting information, without the adhesive addition, even under prolonged stirring and sonication, it
is not possible to obtain a semi-stable Ag,Se ink for the thin film deposition. To form undoped and S-doped Ag,Se
legs on substrates, the ink was printed by a doctor blading through a screen mask onto the unmasked areas of the
PET substrates followed by drying on a hotplate at 150 °C in air for 10 min prior to mask removal. Each thin film
Ag,Se leg (to build the undermentioned TEGs) has a geometrical dimension of about 3 mm (width) x 15 mm (length)
x 10 mm (thickness). The synthesis and deposition procedures for different p-type flexible thin films are described in
the supplementary material.

—
L))
—

ﬂ I Sample D
A A sample C
I I Sample B
I | sample A
I “ Undoped

m.)\ w/o. heat treatment
A A,
JCPDS no. 00-024-1041

Intensity (a.u.)

T T T T T T

25 30 35 40 45 50 55 60
20 (degree)

Fig. 1. X-ray diffraction spectra (a) and SEM images (b-g) of the different thermoelectric thin films under study. The compositions
of undoped and S-doped samples are listed in Table 1. (c)-(f) were measured on samples after a 150 °C post-deposition heat
treatment.



2.1.2. Fabrication of p/n- and uni-leg-type TEGs

Upon defining the legs by the above-mentioned procedures, gold electrodes were evaporated through a shadow
mask by thermal evaporation (with a chamber pressure connection between the p- and n-legs was achieved by the
abovementioned gold electrodes. For the uni-leg-type TEGs, after evaporating gold electrodes on the two ends of
each leg, they were further connected to each other (with hot ends connected to cold ends) by silver lines achieved
by commercial silver paint. Care was taken to not avoid direct contact between the Ag,Se legs and the silver paint. In
the case of contact issues, conductive carbon paint was applied between the silver lines and the evaporated gold
electrodes.

2.2. Characterizations

The thin film thickness was measured by a Dektak mechanical profilometer. Scanning electron microscopy (SEM) and
Energydispersive X-ray spectroscopy (EDX) characterizations were performed by a FEI Magellan 400 system with a
standard field emission gun source and equipped with EDX. X-ray diffraction (XRD) spectra were measured by a
PANalytical X'Pert X-ray diffractometer using Cu-Ka radiation. X-ray photoelectron spectroscopy (Thermo ESCA-LAB
250 Xi), using Al-Kou radiation, was used to examine the binding energies of the elements of the undoped and
different S-doped Ag,Se samples.

To cross-compare the PF of different TE thin films under study, their RT electrical conductivities were measured in air
by a standard four-point probe method (by an Ossila Four-Point Probe system with a built-in source measurement
unit). Their RT Seebeck coefficients were measured and cross-compared in an argon-filled glovebox by a home-built
setup according to previously reported methods [37,38], while a commercial physical property measurement system
(PPMS, Quantum Design) system was applied on the most optimized thin film sample to determine its Seebeck
coefficient at different temperatures and to perform Hall effect measurements with an applied reversible magnetic
field up to * 3T allowing (to determine the sample's electrical conductivity (o), carrier type, carrier mobility (u), and
carrier density (n) at a certain temperature). For the measurement of the temperature-dependent Seebeck
coefficient, the sample was fixed onto a PPMS puck with the cold end contacting a copper heat-sink stage and the
hot end contacting a current-controlled heating table (by a chip-fixed resistor of 1000 Q). Two Pt100 temperature
sensors were fixed onto the two ends of the sample to measure the temperature difference obtained, and the
Seebeck coefficient was measured by recording the Seebeck voltage (AV) induced by temperature gradient (AT).

To characterize the achieved TEGs, a dual-channel Keithley 2632 SMU was applied to measure the current-voltage
characteristics of the device under test at a fixed AT achieved between the hot and cold end of the sample. In such a
measurement, one SMU (SMUA) was applied as a current source / (acting a similar function as a variable load
resistance R;) while the other SMU (SMUB) was applied as a voltmeter to measure the output voltage (V) between
the two ends of the device. The generated power from the TEG can be obtained by P = |-V = PR, = [Voe /(Rine+RI)1*-R:
[39], where the R, is the internal resistance of the TEG and V,, is the open-circuit voltage. The different AT was
created between the hot and cold ends of the sample by placing the hot end onto a temperaturecontrolled hot-
plate. The achieved AT was further monitored by two external digital thermometers (RS PRO RS42).

For the demonstration of solar energy harvest, a photothermal coating based on plasmonic gold nanoparticle (NP)
were applied on the hot end of the TEG, as described in our previous work [40]. This photothermal coating converts
the absorbed solar illumination into heat. The half-hidden (with the cold end hidden from illumination) TEG was then
placed under a class AAB (ASTM) ABET solar simulator (with an AM 1.5G filter) operated at 1-SUN (100 mW/ cm? ) at
an ambient condition. The output voltage was measured by a digital multimeter. For the demonstration of self-
powered human motion detection: the hot-end of the TEG under test was hand-held (i.e. in-contact with a human
palm) while the cold-end was left in ambient air. A AT was created by the temperature difference between the hand
and the ambient temperature. A circuit is made so that the output of the TEG was connected to two resistors in
series so that the output voltage of the TEG was shared between these two resistors (described below in section
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3.4), among which one (R,) is a fixed-value resistor (R; = 1.19 + 0.05 MQ) and Ry is a force sensing resistor (FSRO3BE
from OHMITE). This force sensing resistor Rf was then attached onto a human arm by a medical adhesive tape.
During the repetitive arm movements, the evolution of the voltage felt onto R; over time was monitored by a
computer-controlled Keithley 2632B SMU.
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Fig. 2. (a) An X-ray photoelectron spectroscopy (XPS) spectrum of the Se 3p regions of an undoped Ag,Se thin film; (b) The
evolution of the XPS spectra in the same spectral region comparing an undoped and different S-doped Ag,Se thin films. (c) An XPS

spectrum of the Se 3p and S 3p regions a doped sample B. (d) and (e) XPS spectra of the Ag 3p regions of an undoped (d) and
doped sample B (e).

3. Results and discussion
3.1. Undoped and S-doped Ag,Se ink and their n-type TE thin films

Various extents of sulfur doping were achieved by applying different amounts of sulfur powders directly into the
reactants for ink formation (c.f. Experimental details). Table 1 lists the molar percentage of the different elements
measured on the achieved TE thin films by EDX spectroscopy (coupled with SEM), averaged from different spots of
each sample and the corresponding equivalent composition. EDX elemental mapping together with SEM imaging is
shown in Fig. S2 of the supporting information. EDX results revealed that the undoped sample was slightly Se-
deficient or Agexcess (with an average Ag/Se molar ratio slightly >2:1). Ag excess may not be advantageous for the
thin film's TE property due to the possible formation of metallic clusters. With the addition of sulfur doping, this
situation is progressively inversed, resulting in slight Se excess as the S-doping increases. Sample A, the sample with
the smallest amount of S-doing, exhibits an average Ag/Se molar ratio very close to 2:1 (Table 1, results are averaged
on five different spots of the same sample). Nevertheless, for sample A, on some sample spots, Se-deficient or Ag-
excess was still detected (e.g. two out of five sample spots still exhibiting a Ag/Se ratio >2:1, Table S1). With a further
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increase of S-doping likely providing sufficient anions to react with all available or excess Agp cations, on sample B, C,
and D, all examined sample spots exhibit an Ag/Se ratio close to 2:1 (sample B) or < 2:1 as S-doping further increases
(sample C and D).
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Fig. 3. (a) and (b): Cross-comparison of the thermoelectric properties of different undoped and S-doped Ag2Se thin film samples
under study. (a) The absolute value of the Seebeck voltage per leg, measured on eight legs of each sample connected in series,
over different DT measured between the hot and cold electrodes; (b) The room temperature electrical conductivity, Seebeck
coefficient, and power factor values of samples with different S-doping. (c) and (d): On the optimized doping condition (sample
B), the temperature dependence of (c) carrier concentration (n) and Hall mobility (m) as well as (d) electrical conductivity,
Seebeck coefficient, and power factor were measured for the near-room temperature range from 300 to 380 K.

All TE thin films under study exhibited a phase-pure orthorhombic b-Ag,Se phase (JCPDS no. 00-024-1041) revealed
by XRD (Fig. 1(a)), without the appearance of any diffraction peaks corresponding to the elemental S, Ag,S, or Ag
phase. It is likely that the amounts of these impurity phases, if existed in some samples, were too little to be
identified in XRD experiments. The mild postdeposition heat treatment at 150 °C significantly enhances the thin
film's crystallinity (Fig. 1(a), grey and black curve), resulting in stronger and narrower diffraction peaks. From the
Debyee-Scherrer formula, an average grain size of the heat-treated thin film is estimated to be about 40 nm, while
by the same method, the average grain size of the film before heat treatment is only about 28 nm. Besides the
enlarged grain size, from SEM measurements (Fig. 1(b) and (c)), we observe that, after the heat treatment, the
different multicrystalline domains are fused together, forming interconnected networks with smooth edges, which is
likely favorable for charge transport properties. This is further confirmed by the increase of electrical conductivity (s)
found on the heat-treated Ag,Se thin films (o = 1026 + 40 S/cm) compared to the non-heat-treated films (c =125+ 1
S/cm) (Fig. S3). Concerning the undoped and S-doped Ag,Se thin films after the heat treatment (Fig. 1(c)-1(g)), SEM
revealed similar morphologies, with interconnected domains formed by multiple crystalline grains and with a slight
coarsening of these domains as the extent of S-doping increases (Fig. S4 of supporting information). X-ray
photoelectron spectroscopy was applied to examine the surface chemistry of the undoped and S-doped Ag,Se thin
films (Fig. 2). For the undoped thin film, one can observe that the Se 3p core splits into a doublet of Se 3ps;, and Se
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3py,; at binding energies of ~160.6 eV and ~166.1 eV, respectively (Fig. 2(a)), together with the identification of Ag
3ds/; at ~368.7 eV and Ag 3d3/, at ~374.8 eV (Fig. 2(d)). The binding energies and the shapes of these Se 3p and Ag 3d
peaks are consistent with Se* and Ag* in a Ag,Se lattice [41-43]. Upon S-doping, a clear peak-shape modification can
be observed at the binding energies corresponding to the doublet of Se 3ps,, and Se 3p,/, (Fig. 2(b)), with fittings
revealing a major contribution from S° 2p (163.9 eV), as well as some minor contributions from S 2ps/, (~161.8 eV)
and S 2p1/2 (~162.9 eV), suggesting sulfur exists on the surface of the thin film mainly as S° together with some
minor contribution of Ag,S [42,44]. This corroborates with the formation of peak shoulders on the Ag 3ds;, and Ag
3d3/, peaks upon S-doping (Fig. 2(e)) due to the slightly lower binding energies of the Ag 3d peaks in Ag,S compared
to those in Ag,Se [45].

100 - 100 -
(a) I Flexibility test of undoped (b) I Flexibility test of sample B
90 90 4
80 4 80 -
70 70 4
__ 60+ g 60 -
2 w ~
e 50+ & 50 -
& 40 a -
a ) 40
30 + 30 - =
20 - 20 -
10 10
0 - T 0 - T
0 200 400 600 800 1000 0 200 400 600 800 1000

Bending cycles Bending cycles

Fig. 4. Bending tests comparing the power factor loss over initial values of an undoped (a) and S-doped (b) Ag,Se thin film on a
polyethylene terephthalate substrate with a bending radius r = 6 mm. Inset shows the sample image under bending.

3.2. TE properties and flexibility

The TE properties of the undoped, different S-doped Ag,Se and various p-type flexible thin films were first cross-
compared by examining their electrical conductivity, Seebeck coefficient, and PF at ~RT. For such a cross-
comparison, for a given sample, ‘uni-leg’- type devices were fabricated on PET substrates, where a few numbers (N)
of thin film stripes were connected in series (N % 8 legs for Ag2Se devices). The near-RT Seebeck coefficient (AT <
26.5 K) was then estimated by the slope of the linear fit of the Seebeck voltage (AV) normalized per leg generated
under different steady temperature differences (AT) between hot and cold ends, as in methods reported previously
[29,37,38]. On n-type undoped and S-doped Ag2Se thin films, results indicate that at ~RT the thin film's conductivity
progressively decreases while its Seebeck coefficient slightly increases along with the addition of S-doping (Fig. 3(a)
and (b)). This corroborates with the above-presented EDX results as in the undoped and sample A (i.e. the smallest
amount of S-doping) Ag excess was found in all or some sample spots. The excessive silver may lead to the formation
of metallic clusters favorable to conductivity but not to the sample's Seebeck coefficient [34,36]. As shown in Fig.
3(b), a maximum PF reaching 2003 pW/m/K> at RT was obtained on sample B with a mild S-doping. This doping
condition will thus be chosen as the optimized condition for the following experiments and discussions. The results
obtained on different p-type materials are summarized in the supplementary information (Fig. S5).

The temperature-dependent TE property of the optimized sample B was further characterized by a PPMS system
(Fig. 3(c) and (d)). By PPMS, Hall effect measurements were performed on the sample, revealing a negative Seebeck
coefficient confirming that the conductivity is n-type. For the near-RT temperature range (300-380 K), the main
temperature window targeted by near-RT energy harvest, as temperature increases, the Hall mobility, and the
absolute value of the Seebeck coefficient were found to slightly decrease while the carrier density and conductivity
slightly increased. The PF remains overall stable over this temperature range, with PF = 2058 + 177 pW/m/K’
measured at 300 K and PF = 2547 + 122 uW/m/K2 measured at 380 K. Previously, on offstoichiometric solution-
8



processed Ag,.,Se thin films achieved by an annealing temperature of 200 °C [36], a maximum PF of ~1700 pW/m/K?
could be obtained at RT. The PF values obtained in the current S-doped Ag,Se thin films at RT are therefore
remarkable, especially considering the facile RT solution-synthesis and the very low-heat treatment temperature
(150 °C) required in the present work.

Besides the optimization in terms of the above-mentioned TE characteristics, S-doping was also found to enhance
the flexibility of the doped Ag,Se thin films. A bending test was performed to compare the undoped Ag,Se thin film
and S-doped Ag,Se thin film (Sample B condition), both of which were deposited on a PET substrate. The sample
under study was applied around a rod with a radius of 6 mm, while its RT electrical conductivity and Seebeck
coefficient were monitored over different numbers of bending cycles. As shown in Fig. 4, after 1000 cycles of
bending, sample B maintained >91% of its initial PF, while for the same condition, the undoped sample exhibited
only ~81% of its initial PF. From the evolution of the conductivity and Seebeck coefficient over bending cycles (Fig.
S6), we observed that, upon 1000 cycles of bending, on the undoped sample, there was a ~9% loss in terms of
conductivity and a ~6% loss of Seebeck coefficient. This was improved on the Sdoped sample B, where only a 6%
decrease in terms of conductivity and a 1% decrease of Seebeck coefficient were observed after 1000 bending
cycles. The origins leading to the improved flexibility due to S-doping in the current samples are still to be debated.
While we cannot exclude the role of the more ductile nature of Ag,S [33], it is likely not the major reason leading to
the flexibility improvement due to the minor amount of S-doping in the current samples (Table 1). Nevertheless, a
change of the thin film morphology can be observed due to S-doping (Fig. 1 and Fig. S7). By comparing the
lowmagnification SEM images of the undoped and S-doped sample (Fig. S7), we observed a more porous (and less
compact) morphology in the doped films. As porous structures have been previously found to favor the mechanical
flexibility of thin films [18,46], the S-doping-induced change in the film morphology likely plays a major role here,
contributing to the observed improved flexibility.

3.3. TEGs by S-doped Ag,Se thin films

To demonstrate the energy-harvesting functionality, flexible TEGs were fabricated by applying the optimized S-
doped Ag,Se TE thin films (sample B condition) with a film thickness of ~10 pm under both an uni-leg (Fig. 5(d)-(e))
and a p/n-type (Fig. S8) device architecture on a PET substrate. Fig. 5(a) and (b) shows the measured current-voltage
(I-V) and power-load resistance (P-R,) characteristics of the optimized TEG at different AT near RT. Similar
characteristics of a p-n type TEG applying the optimized S-doped Ag,Se legs together with p-type PEDOT:PSS legs are
shown in the supporting information (Fig. S8). Here, in Fig. 5, the uni-leg TEG allows for a higher power output as
compared to the p-n type TEG due to the large PF differences between n and p-type legs (Fig. 3(b) and Fig. S5). On an
optimized uni-leg TEG, a maximum output (P) was found when the load resistance RL equals to ~ 176 U, below
referred as R, pmax. From the relationship between Ry, pma and the value of the internal resistance (R;,:) in TEGS, Ry, pmax
= R,-,,t(1+ZT)1/2 [47,48], we estimate that the R;,; of the current device should be within the same order of magnitude
but slightly smaller than 176 Q.

While the present internal resistance value is much larger than some previous works [20], it is still within a
reasonable range when comparing with the values reported in other studies [18,49]. For example, by a similar uni-
leg TEG device structure applying n-type Ag,Se thin films, Ding et al. [18] reported an internal resistance of 250 Q. Lu
et al. [49] reported an internal resistance of about 150 Q on uni-leg TEG devices applying Ag,Se/Ag/CulgSe
composite thin films. Here, R;,; should be composed of three parts: the total resistance (R,) of the 12 TE legs, the
resistance of the silver lines (R,, formed by silver paint), and the contact resistance (R.) between the TE legs and the
gold electrodes. By applying the RT conductivity of the TE legs (Fig. 3(d)) and their geometrical dimensions, R, can be
estimated to be ~ 70 Q. To a first approximation, R, is ignored due to the highly conductive silver paint applied (with
a typical sheet resistance in the order of a few tens of mQ/square). Based on a rough approximation of Ri,:~ Ry pmax =
176 Q, which somehow overestimates the value of R;,;, we can further estimate the contact resistance (R. ~ Ri,: — R,)
to be about 100 Q in total or about 8 Q per leg. We note that a nearly ohmic contact between gold electrodes and
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hot-pressed Ag,Se films was achieved previously [20]. In comparison, the reason behinds such a relatively large
contact resistance in the current study may be attributed to a slight overestimation of R;,, the organic-inorganic
hybrid nature of the current S-doped Ag,Se thin films as well as their porous morphologies. Indeed, additional
contact barriers between the legs and the electrode can result from the organic materials (e.g. polystyrene and the
adhesive solution added into the ink formulation) remained in the film.
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Fig. 5. Steady-state (a) current-voltage (I-V) and (b) power output-load resistance (P-R,) characteristics curves measured under
different AT on an uni-leg-type thermoelectric generator (TEG) formed by 12 legs of S-doped Ag,Se (sample B doping condition)
on a polyethylene terephthalate substrate. (c) The comparison between the maximum power density generated by the current S-
doped Ag,Se TEG and those reported in the literature. (d)-(e) Schematic (d) and optical image (e) of the S-doped Ag,Se TEG under
study. (f) Schematic of the equivalent circuit applied to characterize the TEG under study.

Remarkably, a maximum power output reaching ~1.55 uW, 2.68 uW, 3.98 uW, 5.39 uW, and 6.47 uW was measured,

corresponding to a different near-ambient AT of ~17 K, 25 K, 31 K, 45 K, and 58 K, respectively. Dividing the

maximum output P by the sum of the cross-sectional area (A) of all legs, the maximum power density (defined as

Paensity = P/(A-N), where N is the number of legs) [20] achieved by the current TEG can be obtained and plotted in Fig.

5(c) over different AT, together with other results from the literature for comparison. For example, under a AT of ~30
10



K, which was considered as a most relevant AT for near-RT energy harvest [8,50,51], a power density of 11.06 W/m?
was achieved by the current optimized S-doped Ag,Se TEG. This value is significantly higher than those obtained on
previous TEGs based on PEDOT [49,50,52,53], CNTs [54], silver and/or copper chalcogenides [18,41,49,50], and their
composites [39,53]. Indeed, the current Pge,sir, value at AT = ~30 K is only slightly lower (but remains comparable) to
that reported on TEGs based on Ag/Ag,Se nanodendritic composite powders [20], where a maximum Pyepsr, of 13.56
W/m? was reported at AT = 30 K. But these previous nanodendritic composite samples were not solution-processed
(i.e. requiring hot pressing at 210 °C and 1 MPa). The current flexible TEGs, employing RT solution
synthesis/processing and requiring only a mild post-deposition heat treatment at 150 °C, thus represent a significant
progress towards the large-scale development of this technology.

3.4. Application of S-doped Ag,SeTEGs on near-RT energy harvesting

We further demonstrate that the optimized S-doped Ag,Se TE flexible thin films proposed in this work can be applied
into various situations to perform near-RT low-grade heat harvesting (Fig. 6), suggesting bright perspectives for their
applications in future wearable self-powered smart electronics [55]. For example, the temperature difference
between a laptop running at its full potential and an ambient condition (e.g. at ~25 °C) can reach ~10 K. Under this
situation, by fixing the hot end of the above-mentioned uni-leg-type S-doped Ag,Se TEG onto the laptop, an open-
circuit output voltage of ~10 mV can be obtained (Fig. 6(a)). In terms of solar light harvest, here, we applied onto the
hot end of the current S-doped Ag,Se TEG the same plasmonic Au NP photothermal coating as the one proposed in
our previous work [40]. Such a plasmonic photothermal coating absorbs the visible part of the non-concentrated sun
illumination and converts the absorbed light into heat, generating a AT ~40 K between the hot and the cold end of
the device. As a result, even though the current sun illumination spot only covers 58% of the hot end area (i.e.
covering 7 legs out of 12 legs), an open-circuit output voltage reaching ~32 mV can already be obtained by the
current TEG (Fig. 6(b)). Estimated from the /-V-P characteristics shown in Fig. 5(a), under a AT of ~40 K, if achievable
thanks to sunlight and the photothermal coating, a maximum output P,,., of ~4.6 uW can be obtained by the present
TEG. This is significantly larger than the value reported in our previous study (P,,.« ~ 146 nW at AT ~ 40 K) [40] due to
the S-doping strategy and the choice of the current TEG device structure.

Finally, a self-powered motion detector can be realized by the current optimized S-doped Ag,Se TEG through
harvesting the AT between a human body (e.g. human hand) and an ambient temperature (e.g. at ~20-25 °C). As
shown in Fig. 6(c) and (d), when the TEG was held in hand with its hot end contacting the palm and its cold end
remaining in air, an infrared camera reveals that the temperature of the hand can reach ~ 31 °C, while that of the
cold end stayed at ~ 25 °C (Fig. 6(d), measured at the ‘green-cross’ location with the measured value shown at the
upper left corner of the image), leading to a AT of typically in the range of 4-6 K. While such a AT is not large, by
which the TEG can generate an opencircuit voltage of ~6-7 mV (Fig. 6(c)). As a proof of concept, the output of the
TEG was connected to a simple circuit with two resistors connected in series (Fig. 6(g)), among which one is a
fixedvalue resistor (Rygixeq) = 1.19 MQ) and the other one is a force (f)-sensing variable resistor (Ry) which was
attached to the arm. Due to the drastic decrease of the Ry value during the arm movements (i.e. Ry (f = 0 kg) ~ 59 MQ
decreased to Ry (f = ~1 kg) ~ 2 kQ)), the part of the output voltage (provided by the hand-held TEG) felt onto R; can
be read out and associated with arm movements (Fig. 6(h), video available in supplementary information). As a
result, the combination of the hand-held TEG based on S-doped Ag,Se together with the above-mentioned circuit
provided self-powered human motion detection with a sensitivity of ~6 mV/kg (or ~ 0.3 uV/Pa) in terms of voltage
readout per unit of force. This sensitivity is within the same order of magnitude as compared to the previous flexible
TEGs applying 25 pairs of Bi,Tes/Sb,Te; legs sputtered on polyimide substrates, where a sensitivity of ~0.6 uV/Pa was
obtained under a AT of 5 K [56]. For the similar type of arm movements, the current voltage peak-to-peak readout
(~6 mV) is significantly higher than that reported previously on fibers-based TEGs (~0.2 mV) [57]. We expect that the
present sensitivity can be further increased by engineering means such as the application of a more sensitive Ry and/
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or a Wheatstone bridge-type circuit. Indeed, other TE materials than the current S-doped Ag,Se system can possibly
also achieve the above-mentioned applications. But the combined advantages of the current system in terms of low
synthesis temperature, mechanical flexibility, high power density, and absence of toxic heavymetal elements render
it particularly attractive in this regard.

Laptop wasted heat harvest Unconcentrated solar Body heat harvest
light/heat harvest

¥
- | e S
AT~ 40K, V,,,~32mV

LI nin:26.9
~

AT~4-6K, Vyy

Body-heat-powered motion detector oss

(8) . (h)
x 0.006 b b b b
X s
+ 1 S =
(fixed) = £ 0.004 -
@™ N
~ 38
< 0.002
Ry
(force-sensing)
0.000
= 0 20 40 60 80 100
Time(s)

Fig. 6. Different demonstrations applying the optimized flexible S-doped Ag2Se thermoelectric generator (TEG) to harvest near-
room temperature low-grade heat. (a)-(c) The harvest of a laptop waste heat (a), or non-concentrated (simulated) 1-sun
illumination (b), or human body (hand) (c). For the application in (b), a photothermal Au NP coating (which converts the sun
illumination to heat) was applied onto the hot end of the TEG, while the cold end of the TEG was covered, preventing direct sun-
light-heating. The AT achieved in (a), (b), and (c) was respectively from the temperature difference between the laptop (a), or the
photothermal Au NP coating (b), or the hand (c) and the cold end of the TEG kept under ambient conditions. (d) Exhibits the
infrared image confirming the AT in (c). The measured temperature at the location of the green-cross (at the cold end of the
device) is shown at the upper left corner of the image (25.4 °C). The red and blue cross represent, respectively, the highest and
lowest temperature point of the image (measured value shown in the scale bar). (e)-(h) By harvesting the body heat, the TEG can
be further applied to detect motion by connecting its output to two resistors in series, R; (fixed) = 1.19 M2 and Ry (a force-
sensing variable resistor) which is attached to arm ((e) and (f), circuit shown in (g)). (h) The evolution of the voltage felt onto R;
over time when the arm was bent multiple times (corresponding voltage peaks labeled as ‘b’).

4. Conclusions

In summary, a new RT one-pot solution synthesis approach was proposed to achieve and deposit functional n-type
flexible Ag,Se TE thin films with the necessity of only a mild post-deposition heattreatment at 150 °C. The sulfur-
doping strategy was investigated here, leading to an optimization on both the flexibility and the TE characteristics of
the achieved TE thin films. The most optimized S-doped Ag.Se thin films exhibited a maximum PF of ~2058 pW/m/K
at RT and maintained >90% of their initial PF after 1000 cycles of bending with a bending radius of 6 mm. Flexible
TEGs, capable of performing near-RT energy harvest, were then fabricated, allowing for a maximum power output
Pmax Of 3.98 uW and a maximum power density Pgensi, of 11.06 W/m? at AT = ~30 K near RT. Multidomain
demonstrations were made to apply these flexible Sdoped Ag,Se TEGs to harvest low-grade heat from a laptop
computer, the non-concentrated sun light, and the human body together with the realization of a TEG-enabled self-
powered human motion detector exhibiting a sensitivity of 6 mV/kg in terms of voltage readout per unit of force.
The current functional and flexible S-doped Ag,Se TEGs, free of heavy-metal elements and achieved by a solution
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synthesis compatible to scalable deposition methods, thus provide exciting perspectives for the ongoing
development of wearable smart electronics and energy harvesting.
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