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Flexible thermoelectrics is a synergy of flexible electronics and thermoelectric energy conversion. To date, state-of-the-art

thermoelectrics is based on inorganic semiconductors that afford high electron mobility but lack in mechanical flexibility. By

contrast, organic materials are amply flexible but low in electrical mobility and power output; the inorganic-organic hybrid

design is a viable material-level option but has critical device-level issues for practical application. Here, we report high
intrinsic flexibility and state-of-the-art figures of merit (up to 0.44 at 300 K and 0.63 at 450K) in Ag,S-based inorganic

materials, opening a new avenue of flexible thermoelectrics. In flexible full-inorganic devices made of such Ag,S-based

materials, high electrical mobility yielded a normalized maximum power density up to 0.08 W-m™ near room temperature

under a temperature difference of 20 K, orders of magnitude higher than organic devices and organic-inorganic hybrid

devices. These results promised an emerging paradigm and market of wearable thermoelectrics.

Introduction

Flexible thermoelectrics attracts intense attention in the wake
of the burgeoning flexible electronics and the demand for
versatile green energy harvesting. To date, the primary
bottleneck is the flexibility of material of which the
thermoelectric (TE) device is made. There are three major
approaches, accordingly. The first approach is a hybrid design:
e.g., depositing inorganic TE material in the form of thin film on
a flexible organic substrate or encapsulating bulk inorganic TE
material and bendable electrodes in an organic matrix to grant
some device-level flexibility 1, Such hybrid design is a viable
material-level option but it has inherent device-level issues,
such as the reliability of inorganic-organic interfacing in real-life
applications. The other two approaches, by contrast, rely on the
intrinsic flexibility of TE material: either developing high TE
performance out of flexible organics or searching for flexibility
in high TE performance inorganic semiconductors. In the second
approach, the TE performance of organics such as polyaniline
(PANI) 12, poly[A(M-ett)]s!3, and poly(3,4-ethylenedioxythiophene)
(PEDOT)¥ 15 were investigated. Despite good flexibility and
environmental friendliness, the inherently low carrier mobility
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12,16, 17 orders of magnitude lower than those of inorganic
materials, severely restricts the performance of organic
devicel3 14 1821 On the other hand, the state-of-the-art
thermoelectric materials are inorganic, intrinsically brittle and
thus cannot meet the level of bendability, foldability, and
stretchability required for a flexible TE device 4 1> 22, Hence, the
effortin line with the third approach —searching for flexible high
performance inorganic semiconductors, is scarce, not to
mention fabricating a functioning flexible full-inorganic TE
device.

A surprisingly high ductility was recently discovered in inorganic
semiconductor Ag,S, promising a solution to not only the
aforementioned bottleneck of flexible thermoelectrics but also
the overarching challenge of next-generation flexible and
stretchable electronic devices 23. It is a formidable material
challenge to integrate the trait of inorganic semiconductor (aka
high electrical mobility) and that of organic material (aka
mechanical flexibility) in one single-phased inorganic material.
Being a flexible inorganic semiconductor by itself doesn’t
warrant a flexible inorganic TE material, as it entails scrupulous
doping efforts to manage a delicate balance between the
material’s TE performance and its mechanical flexibility. Such a
balance is the core challenge for flexible inorganic
thermoelectrics. Nonetheless, the TE promise of a flexible
material is still gauged by its TE figure of merit, zT (= a?0T/k),
where a, o, k, and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and the absolute
temperature, respectively. The power factor (PF), aka the term
(a?0), governs the normalized maximum power density (cf.
Supplementary Information) of the TE device 2 2>,

In this work, we report (i) excellent bendability and flexibility of
Ag,(S, Se), Ag,(S, Te), and Ag,(S, Se, Te) compounds, with high
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Figure 1 Ag,S-based inorganic flexible TE materials and demonstration device. a) TE figure of merit zT and b) power factor PF for Ag,(S, Se), Ag»(S, Te),
and Ag,(S, Se, Te) at 300 K. Several representative organic TE materials are included for comparison. 1215 17, 2628 ¢) Upper panel: a schematic of the
Ag,S055€0.5/Pt-Rh in-plane device with Ag,SosSeqs as n-type legs and Pt-Ru wire as p-type legs. Bottom panel: optical image of a six-couple flexible
Ag,S055€0.5/Pt-Rh TE device. The as-shown in-plane device is merely for the purpose of demonstration. A tilted architecture has been designed for better
harvesting human body heat (cf. Fig. S1). d) Comparison of normalized maximum power density (P,.L/A) among the Ag,(S, Se)-based inorganic TE device,
inorganic-organic hybrid flexible TE devices' >¢, and organic flexible TE devices!31418-21,

zTs up to 0.44 at 300 K and 0.63 at 450 K (cf. Fig. 1a); (ii) high
PFs that are a few orders of magnitude higher than organic TE
materials (cf. Fig. 1b) 12-15.17.26-28 (jjj) high normalized maximum
power density up to 0.08 W-m™ for the flexible full-ioragnic
device made of such Ag,S-based materials under a temperature
difference of 20 K near room temperature, more than an order
of magnitude higher than current inorganic-organic hybrid
flexible TE devices® > ¢ and organic flexible flexible TE devices®
56,13, 14,1821 (cf, Figs. 1c, 1d). These results promise a class of
flexible inorganic TE materials towards wearable and/or curved
thermoelectrics?? 2°.

Among silver chalcogenides Ag,X (X=S, Se, Te), Ag,S has poorest
TE performance but excellent flexibility, whilst Ag,Se and Ag,Te
lack mechanical flexibility but have better TE performance3® 31

2 | Energy Environ. Sci, 2012, 00, 1-3

(cf. Fig. 2a). Here arises a key question, to what extent the Ag,S
doped by Se and Te would retain mechanically flexible and as
well high TE performance? To answer, we have prepared a
series of phase pure Ag,(S, Se), Ag,(S, Te), and Ag,(S, Se, Te)
samples (cf. Supplementary Information and Figs. S2). We
observe that high flexibility and promising zTs coexist over a
fairly broad composition range in the vicinity of room
temperature (cf. Fig. 2a); notably, the level of flexibility is
comparable with that of organic TE materials (cf. Fig. 2b). Figs.
2c and 2d show the room temperature mechanical properties
of bulk Ag,(S, Se) samples. Similar to Ag,53?, the Ag,(S, Se)
samples exhibit an engineering strain above 12% without
cracking in the three-point bending tests, and a maximal
deformation about 50% engineering strain in the compression

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




nergy-& Environmental;Scienc

Journal Name

a

0.6

ARTICLE

=

c 140
—Ag,S o

~_ Ry _

L ot e &~
pc: 1601 - - - - Ag,)S;;Sey s ™ - 120

- = Ag.S .S Lo
E £2205°¢€05 .':,,._,.;’ \_E_, 100
w 120 | ..'-;.d w
& Lo & 80
= Pkt =
* o >
w 80 .,-"-' ’ =] 60 .
b R = Bending
= v = 40F
= y =
g 40, L
e Y B 20f
o Y
0 L 1 L M 1 1 L 1 1
0 10 20 30 40 50 0 2 4 6 3 10 12

Strain (%)

Strain (%)

Figure 2 The flexibility-zT phase diagram and mechanical flexibility of Ag,S-based inorganic TE materials. a) The flexibility-zT phase diagram of Ag,S-Ag,Se-Ag,Te
system. The data of Ag,Se and Ag,Te are taken from Refs. 30 and 31. b) The Ag,SosSeos and Ag,S,sTeo, samples twsited to various shapes. Room temperature strain—
stress curves for ¢) compressing tests and d) bending tests of Ag,S;,Se, (x =0, 0.3, and 0.5). The insets in d) show the optical images of a Ag,S,sSeos sample before and
after bending tests. The bended samples can be mechanically restored to its initial shape.

tests. The shear modulus (G7), bulk modulus (B7), and Poisson’s
ratio (v) are important gauges of a material’s mechanical
properties. Empirically, the B;/Gr ratio higher than 1.75 and v
higher than 0.26 are taken as an indicator of the ductility33. The
room temperature Grand By values for Ag,(S, Se) and Ag,(S, Te)
are calculated from the measured sound speeds (cf. Table Sl and
the details in Supplementary Information). As shown in Table
SlI, all the Ag,S-based materials studied possess B;/Gr ratios
larger than 3.9 and v higher than 0.38 supporting their good
ductility.

High flexibility and high zTs are two key ingredients of flexible
thermoelectrics. On top of high flexibility, Ag,(S, Se), Ag,(S, Te),
and Ag,(S, Se, Te) exhibit good TE properties near room
temperature (cf. Fig. 3). With increasing Se or Te content, the
monoclinic-cubic phase transition temperature of Ag,S is

This journal is © The Royal Society of Chemistry 20xx

substantially suppressed (Table Sl). The electrical conductivity
(o) behavior of pristine Ag,S is typical of an intrinsic
semiconductor. The room temperature o value of Ag,S is as
small as 0.1 S-m. With increasing Se or Te content, the o
increases to a value of 3.0x10%S-m™! for Ag,SosSeqs and 2.7x104
S‘m for Ag,SpsSepssTepos at 300 K, about five orders of
magnitude higher than that of Ag,S. These large o values are
comparable to those state-of-the-art brittle inorganic TE
materials3437. All Ag,(S, Se), Ag,SpsTeo2, and Ag,SpsSeoasTeoos
possess negative Seebeck coefficient (a), indicating that
electrons are the primary carrier. With increasing o, the a
gradually decreases with increasing Se or Te content in the
entire temperature range studied. The a value at 300 K is -
123uV-K1 for Ag,SosSeps and -136 uV-K! for Ag,So sSeg.asTeo.os,
respectively, about one-tenth of Ag,S. Nonetheless, the |a]

Energy Environ. 5ci, 2013, 00, 1-3 | 3
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Figure 3 Thermoelectric properties of flexible Ag,S-based inorganic TE materials. Temperature dependences of a) electrical conductivity o, b) Seebeck coefficient ¢,
c) Power factor PF (=c?0), and d) TE figure of merit zT for Ag,S;.,Se, (x =0, 0.1, 0.3, and 0.5), Ag,SosT€o2, and Ag,So.s5€p.45T€0 05

values are fairly large compared to organic TE materials? 16 17
that typically have an |a| of a few dozens of uV-K1. Due to the
significantly enhanced o, the PF (PF = a?0) is enhanced to a
maximum value of 4.8 pW-cm1-K2 for Ag,SosSegs and 5.0
UW-cm1-K2 for Ag,So55€0.45T€0.05 at 300 K, about four orders of
magnitude higher than that for Ag,S (Fig. 3c).

Ag,(S, Se), Ag,(S, Te), and Ag,(S, Se, Te) have very low k values
in the range of 0.3-0.6 W-m-K! at 300-450 K (see Fig. S3a),
among the lowest values observed in fully densified inorganic
solids38. The electronic thermal conductivity (k.) is calculated by
the Wiedemann-Franz relation3® k. = LTo, where L is the Lorenz
number (cf. Fig. S3b). The k, is obtained by subtracting k. from
the total thermal conductivity k (cf. Fig. S3c). Fig. S3d
summarizes the k; for Ag,(S, Se) at 300 K. For Ag,S, the k; is
about 0.55 W-m1-K-1. Wang et al.3° have calculated the phonon
dispersion relations for Ag,S. One eminent feature is a branch
of low lying optical phonon modes located (around 3 meV).
These low-frequency optical phonon modes typically interrupt
the heat transport of acoustic phonons with similar frequencies,

4 | Energy Environ. Sci, 2012, 00, 1-3

at least partially accounting for the intrinsically low k; of Ag,S.
Alloying Se and/or Te at the S-site further reduces k; by
introducing point defects to scatter heat-carrying phonons that
are of short wavelengths near room temperature. Such
reduction of k; is well accounted by the classic Callaway model*®
(cf. more details in Supplementary Information).

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins
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Figure 4 Room temperature electrical properties of flexible Ag,S-based TE materials and device. a) Hall carrier concentration n, for the Ag,(S, Se), Ag,SosTeo.,, and
Ag,S055€0.45T€0.05. b) Comparison of carrier mobility uy between flexible Ag,S-based inorganic materials and organic TE materials. 1%1617¢c) Electrical conductivity o, the
absolute value of Seebeck coefficient |a|, and power factor PF as a function of n,. The lines are guides to the eyes. d) Output voltage V and power output P, as a
function of current (/) for a six-couple Ag,S,sSeqs/Pt-Rh device under different operating temperature difference. The cold side temperature is fixed at 293 K.

We obtained a zT value of 0.26 for Ag,SosSeops, 0.44 for
Ag,S0.55€0.45T€0,05 at 300 K and 0.63 for Ag,SpsTeq, at 450K (cf.
Fig. 3d), which are comparable with or higher than those of
organic TE materials21> 17. 26-28 (cf, Fig. 1a). More importantly,
the TE properties of these flexible inorganic materials have
excellent repeatability and reproducibility. For example, the
variations of a and o for the 10 um thick Ag,SosSeq s strip are
less than 10% after 1000 bending cycles with bending angle over
120° (cf. Fig. S4). In addition, the relative resistance variation of
a Ag,SosSeps strip is practically unchanged under different
bending radii, suggesting that the strain has little influence on
the TE properties (cf. Fig. S5). These results corroborate that the
as prepared Ag,S-based flexible inorganic materials are suitable
for mass production with easy quality control.

Compared to Ag,S, the significantly improved PFs and zTs in
Ag,(S, Se), Ag,(S, Te), and Ag,(S, Se, Te) are mainly ascribed to
increased ny (cf. Fig. 4a and Fig. S6). Ag,S is a nearly intrinsic
semiconductor with a very low ny of 1.6x10% cm=3 at 300 K.
Increasing Se or Te content significantly increases ny. For
Ag,S0.5S€e0.5 and Ag,(S, Se, Te), the ny values are increased to the

This journal is © The Royal Society of Chemistry 20xx

order of 1018-101° cm-3 at 300 K, about 4-5 orders of magnitude
higher than that for Ag,S. Ag interstitials are expected the main
defects to provide charge carriers in Ag,S-based materials. As
shown in Fig. S7, the DFT calculation suggests that the defect
activation energies (E,) of Ag interstitials in both Ag,S and
Ag,(S,Se) are sufficiently shallow. Thus, they can be easily
ionized to donate electrons. In addition, the carrier
concentration ny from Ag interstitials is also determined by
their density (Ng), which is related to the defect formation
energy (Eform). Fig. S8c shows that the Ef,n, of Ag interstitial in
monoclinic Ag,S phase is 0.91 eV. When the Se concentration is
gradually increased, the Ef,, of Ag interstitial is significantly
reduced, which can be attributed to the small electronegativity
difference between Ag and Se as compared with that between
Ag and S*. The reduced Eg,n, results in large density of Ag
interstitials Ny, which could account for the increased carrier
concentration in Se- or Te-alloyed Ag,S shown in Fig. 4a.

The flexible Ag,(S, Se), Ag,(S, Te), and Ag,(S, Se, Te) materials
possess excellent electrical properties (Fig. 1b) as compared to
organic TE materials, which are mainly underpinned by their

Energy Environ. 5ci, 2013, 00, 1-3 | 5
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large uy. In polycrystalline materials, large uy values often
suggest light carrier effective mass (m*)38. As shown in Fig. S8d,
highly dispersive bands dominated by Ag-5s electrons are found
at the conduction band minimum (CBM) with a m* of 0.27-
0.47my for electrons (see Table Sll), where mgis the mass of free
electron. Such small m* values explain the observed high puy
values in Ag,(S, Se), likewise for other Ag-based TE materials
(e.g. CuAgSe?? and Ag,Se3°). In the same vein, alloying Se at the
S-site not only substantially reduces the band gap but also alters
the shape of CBM yielding smaller m* (cf. Fig. s8d). For example,
the carrier effective mass along the I->Y direction is decreased
from 0.46 mq for Ag,S to 0.37 mg for Ag,SosSeq s (cf. Table SlI).
Hence, the reduced m* accounts for that Ag,SgsSeq s has much
higher uy than Ag,S (cf. Table SI). Fig. 4b summarizes the room
temperature uy values of Ag,(S, Se), Ag,(S, Te), Ag,(S, Se, Te),
and a number of representative organic TE materials. Clearly,
the uy values of these Ag,S-based materials are about two or
three orders of magnitude higher than those of organic TE
materials. These flexible Ag,S-based materials can achieve
similar o values of those organic TE materials but at lower
carrier concentrations (Fig. 4c). A low carrier concentration
generally favors a higher Seebeck coefficient. Thus, both large o
and high o can be easily achieved in Ag,(S, Se), Ag,(S, Te), and
Ag,(S, Se, Te) to realize superior PF to the organic TE materials
(Figs. 1b and 4c)?® 43,

Now we shift the focus from material performance to
fabrication and performance of full-inorganic TE device. As the
power output of a TE device is directly determined by PF of TE
material?* 25, the TE device based on the flexible Ag,S-based
materials displays excellent performance compared with those
based on organic TE materials despite relatively high lattice
thermal conductivities (Fig. S9). A six-couple in-plane TE device
(Fig. 1c) consisting of n-type Ag,SqsS€eq s and p-type Pt-Rh wires
is fabricated with the dimension of 3 x 15 x 0.1 mm?3 for
Ag,SosSegs legs. Copper foils are used as the electrodes to
connect Ag,SosSeos and Pt-Rh wires. The internal electrical
resistance of the as-prepared in-plane TE device is around 9 Q.
The current, output voltage, and power output are measured
under different temperature gradients (AT = 2K, 5K, 10 K, 15 K,
and 20 K), which are shown in Fig. 4d. Due to the high «, a
maximum open circuit voltage of 20 mV is obtained at AT = 20
K (cf. Fig. 4d). With increasing AT, the maximum power output
(Pmax) is gradually increased due to the enhanced open circuit
voltage and short circuit current (cf. Fig. 4d and Fig. S10a). When
AT = 20 K, P,,qx reaches a peak value of 10 pW. This leads to a
normalized maximum power density of 0.08 W-m (cf. Fig. 1d),
more than two orders of magnitude higher than those for
current organic TE devices 1314, 18-21,

The in-plane Ag,(S,Se)-based TE device can be easily and
repeatedly bent in all directions. Upon > 100 bending cycles at
a bending radius of 10 mm, the change of electrical resistance
of the device is small (cf. Fig. S10b). Note that the in-plane
design is for the purpose of proof of concept, it is yet optimized
for harvesting human body heat. We have successfully
fabricated a tilted flexible TE device out of the same Ag,(S, Se)-
based materials for better harvesting the body heat (cf. Fig. S1),
the new architecture elevated the cold end away from skin to

6 | Energy Environ. Sci, 2012, 00, 1-3

increase the temperature difference. All of these results provide
a testimony to the feasibility, robustness, reliability, and
configurability of flexible inorganic TE generators for wearable
thermoelectrics.

In summary, we report on a series of flexible inorganic Ag,S-
based TE materials with good carrier mobility, outstanding
power factor, and high zT value up to 0.44 at 300 K and 0.63 at
450 K, a crucial step towards flexible thermoelectrics. A six-
couple Ag,SpsSeps/Pt-Rh in-plane TE device exhibits a high
normalized maximum power density of 0.08 W-m2, which is
superior to all current flexible organic TE devices. These results
greatly accelerate the development of flexible thermoelectrics
towards bendable sensors and electronics.

Experimental section

Sample Synthesis. Ag,S-based materials with the chemical
formula Ag,S:.,Se, (x = 0, 0.03, 0.1, 0.3, and 0.5), Ag,SosTep.,
and Ag,SosSepssTeoos were prepared from high purity
elemental Ag (99.999%, Alfa Aesar, shots), S (99.999%, Alfa
Aesar, powders), Se (99.999%, Alfa Aesar, shots), and Te
(99.999%, Alfa Aesar, shots). The stoichiometric admixture was
weighed out, loaded into a BN crucible, sealed in an evacuated
quartz tube, heated to 1000 eC, dwelt for 12 hours before slowly
furnace-cooled to 100 °C within 25 hours. After that, the tube
was annealed for 5 days at 450 2C to obtain the final product.
The ingot was crashed into fine powders in stainless steel
mortar filled with liquid nitrogen. Then, spark plasma sintering
process was conducted at 190 2C for 20 min under a pressure of
50 MPa to obtain dense bulk samples for further
characterization.

Sample Characterization. The phase of the samples was
examined by X-ray diffraction (XRD) analysis (D8 ADVANCE
instrument, Bruker Co. Ltd). Phase composition analysis was
carried out by the Energy Dispersive Spectrometer (EDS, ZEISS®
Supra 55). The sound speed data were obtained on an ultrasonic
measurement system (RITEClab®, UMS-100) with shear wave
transducers of 5 MHz and longitudinal wave transducers of 10
MHz. Electrical conductivity and Seebeck coefficient were
measured using the modified thermal expansion equipment
(Netzsch, DIL 402C) from 300 K up to the monoclinic-cubic
phase transition temperature. The thermal conductivity was
calculated from the formula k= DC,d, where the thermal
diffusivity (D) was measured by using the laser flash method
(Netzsch® LFA 457), the specific heat capacity (C,) was
measured by differential scanning calorimetric (Netzsch® DSC
404F3), and the density (d) was measured by using the
Archimedes method. Hall coefficient (Ry) was measured in a
Physical Property Measurement System (Quantum Design®) by
sweeping the magnetic field between + 3 T. Hall carrier
concentration (ny) and Hall mobility (uy) were estimated by the
relations ny = 1/eRy and uy = oRy, respectively. Bending tests
and compressing tests on the bulk specimens were conducted
on an Instron® 5566 universal machine with a loading rate of 0.5
mm/min. The specimen dimension for bending test was about
3 x4 x 32 mm3. The specimen’s dimension for compressing test

This journal is © The Royal Society of Chemistry 20xx
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was about 5 x 5 x 10 mm3. All specimens were cut directly from
the as-prepared ingot.

Device fabrication and tests. Thin slices of Ag,Sos55eq5 with a
thickness of 0.1 mm were directly cut from the as-spark-plasma-
sintered ingot using a diamond saw (KJ group, SYJ-160). The
cutting speed is 80 rpm. The slices were cut into long strips with
a width of 3 mm and a length of 15 mm by the scissors. The
direction is the same as that for the TE properties
measurement. The Pt-Rh wires with a diameter of 0.1 mm were
used as the p-type legs. Copper foils were used as the electrodes
of the device. Laser welding was used to connect copper foil and
Ag,So5Seqs strips. Silver paste was used to connect copper foil
and Pt-Rh wires. A six-couple TE device was fabricated. The
performance of TE device was measured using a home-built
instrument with the schematic shown in Fig. S11. A series of
temperature difference (2K, 5 K, 10 K, 15 K, and 20 K) was
produced by heating one side of the device using a resistance
heater. The temperature at two ends of the device were
recorded by the K-type thermocouples pasted on the surface of
the electrodes. By adjusting the resistive load in the circuit, the
I-V curve under each temperature difference was recorded for
power output calculations. Under each temperature difference,
the maximum power output was reached when the resistance
of external electrical load was matched with the device’s
internal resistance.
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Broader context

Flexible thermoelectrics enables a direct and green conversion of heat from human
body or environment into electricity to power wearable electronics. It also proposes a
paradigm shift in materials research as flexible thermoelectrics requires the material of
which the device is made to simultaneously have inorganic semiconductor-like high
thermoelectric performance and organic material-like mechanical flexibility. In this
work, we tackled this dilemma, on both material level and device level, by fabricating
a full-inorganic flexible thermoelectric device based on Agy(S, Se) and Agy(S, Te).
Upon compositional optimization, these silver chalcogenides reached a delicate balance
between high carrier mobility, power factor, figure of merit and good mechanical
flexibility, underpinning a normalized maximum power density of device at least an
order of magnitude higher than that of organic thermoelectric devices. These results,
along with other recent advances in full-organic and organic-inorganic composite
flexible thermoelectric devices, constitute a stride towards wearable or curved
thermoelectrics, which greatly extends the scope of applications of thermoelectrics.



