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Flexible thermoelectrics provide a different solution for developing portable and sustainable flexible
power supplies. The discovery of silver sulfide-based ductile semiconductors has driven a shift in the
potential for flexible thermoelectrics, but the lack of good p-type ductile thermoelectric materials has
restricted the reality of fabricating conventional cross-plane n-shaped flexible devices. We report a
series of high-performance p-type ductile thermoelectric materials based on the composition-
performance phase diagram in AgCu(Se,S,Te) pseudoternary solid solutions, with high figure-of-merit
values (0.45 at 300 kelvin and 0.68 at 340 kelvin) compared with other flexible thermoelectric
materials. We further demonstrate thin and flexible n-shaped devices with a maximum normalized
power density that reaches 30 pW cm™ K™2. This output is promising for the use of flexible

thermoelectrics in wearable electronics.

earable electronics are widely used in

communication, medicine, health care,

and other areas, but their usage is

greatly limited by the low capacity

and short lifetime of power supply
from chemical batteries (7). Therefore, portable,
reliable, super-thin, and sustainable flexible
power supplies are in great demand (2-4).
Flexible thermoelectric (TE) generators have
the advantages of small volume, no moving
parts, continuously working in all weather
conditions, and high reliability. They can di-
rectly convert the heat from the human body
to electricity with a temperature gradient of
several kelvins (or less) through the Seebeck
effect, providing in principle a self-power
supply solution for wearable electronics (5-7).
The performance of flexible TE devices (Fig. 1A),
which is usually characterized by the normalized
power density (Pra/AAT?, where P, is the
maximum power output, 4 is the cross-sectional
area, and AT is the temperature difference
across the device) (8), is strongly dependent on
the TE figure of merit (27) of n- and p-type TE
materials, as well as device integration tech-
nology. Currently, three typical approaches are
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used to fabricate high-performance flexible
thermoelectrics. The first approach is to de-
posit classic brittle, inorganic, thin-film TE
materials such as Bi,Tes-based alloys on
flexible substrates or scaffolds (9-11). However,

________ X

because of the difficulty in achieving dense
films and/or in precisely controlling the che-
mical compositions, the material’s 27" ob-
tained by this approach is usually low. This
leads to a small normalized power density
(Fig. 1B). The second approach is directly
using organic TE materials to fabricate flex-
ible devices (12). Unfortunately, because of
their poor electrical transport, the 27s of
organic TE materials (Fig. 1C), particularly
for n-type materials (13, 14), are much lower
than those for state-of-the-art inorganic TE
materials. This also leads to very low nor-
malized power density, on the order of 1072 to
107° uW em™2 K2 (Fig. 1B) (15, 16).

Recently discovered ductile TE semicon-
ductors provide a third avenue for high-
performance flexible thermoelectrics because
of their excellent metal-like machinability.
Inorganic Ag,S-based materials and InSe single
crystals with good ductility and tunable electri-
cal properties have been reported (17, 18). After
this development, Ag,(Se,Te,S)-based materials
with both high 27 and inherent ductility were
developed, pushing the =27 value of n-type
ductile TE materials to 0.44 at room temper-
ature, which is among the highest values in
flexible TE materials (Fig. 1C). However, the
current £7 value of p-type ductile TE materials
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Fig. 1. Flexible TE materials and devices. (A) Schematics of flexible thermoelectrics that could be used in
wearable electronics with a cross-plane m-shaped structure. (B) Normalized power density (Pmax/AAT?) of
flexible TE devices achieved by using ductile materials with different filling factors (f). Data for Bi,Tes
film—based devices, organic material-based devices, and traditional Bi,Tes—-based bulk devices are included
for comparison. (C) Room-temperature thermoelectric figure of merit (zT) and Seebeck coefficient (a) for
ductile inorganic materials and organic-based materials. The detailed data in (B) and (C) and the related

references are listed in tables S1 and S2.
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at room temperature is still very poor (0.01 at
300 K) (19). Thus, the fabrication of flexible TE
devices based on ductile TE semiconductors
with the conventional, and often most practi-
cal, cross-plane n-shaped structure (Fig. 1A) are
quite challenging because of the lack of good
p-type ductile TE materials. We report a series
of high-performance p-type ductile TE mate-
rials, AgCu(Se,S,Te) pseudoternary solid sol-
utions, with a 27" of 0.45 at 300 K and 0.68 at
340 K, attractive values for flexible TE mate-
rials (Fig. 1C). We successfully developed the
flexible n-shaped TE devices (0.3 mm thick)
based on inorganic materials, with a maximum
normalized power density up to 30 yW em 2 K2,
This value is about four times that of the
Bi,Tes-based TE devices (20-22), at least four
orders of magnitude higher than that of organic-
based flexible TE devices (Fig. 1B) (13-15), and
one order of magnitude higher than that of
other low-grade heat-to-electricity conversion
technologies (8, 23, 24).

The phase diagram and chemical defects are
quite complicated in the (Ag, Cu)-X (X = S, Se,
Te) family, which includes Ag,X, AgCuX, and
their derivatives, and also provides an op-
portunity for tuning their transport and
mechanical properties through composition and
structure modulation. Generally, Ag-contained
compounds are n-type, whereas Cu-contained
ones are p-type; a high S content or a high Ag
content tends to result in ductile materials,
whereas high Se and Te contents or high Cu
content are prone to be brittle materials (19).
We focused on AgCu(Se,S,Te) pseudoternary
solid solutions in an attempt to find high-
performance p-type ductile TE materials. We
use a composition-performance phase diagram
to show the relationship that we obtained ex-
perimentally (Fig. 2). Additional details on the
crystal structures and phase compositions of
AgCu(Se,S,Te) pseudoternary solid solutions
can be found in the supplementary materials
and in figs. S1 to S3. AgCuSe is brittle and
shows n-type conduction, with a maximum
bending deformation of ~3% in the three-
point bending test (fig. S4A). Alloying Te in
AgCuSe does not change the brittle feature
(fig. S4A) but does convert the electrical con-
duction to p-type. The boundary of p/n con-
ductions in AgCu(Sey.,Te,) is ~y = 0.5 (fig. S5).
Upon further alloying a tiny amount of S
in AgCu(Se,.,Te,) (0.7 = y = 0.5), a “brittle-
ductile” transition occurred, and we obtained
ductile p-type materials in AgCu(Se;.,,.,S,Te,)
with & between 0.05 and 0.08 and y between
0.5 and 0.7 (Fig. 2).

AgCuSeg 3.5, Tep; (x = 0.06 and 0.08) are
ductile and plastic materials, as determined
with mechanical tests (Fig. 3, A and B). Room
temperature compression and three-point bend-
ing tests showed strain values of >30% and
10%, respectively, which are comparable to
ductile Ag,S and its derivates (17, 25, 26). We
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Fig. 2. Composition- T

performance phase dia- 0.5
gram of AgCuSe-AgCuS- 0.4
AgCuTe pseudoternary 03

solid solutions. Columns
represent zT at room tem-
perature. Blue and red
symbols represent n- and
p-type conduction, respec-
tively. Filled circles repre-
sent ductile compositions
and hollow circles brittle
compositions.
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also observed a similar metal-like ductility in
other AgCu(Se,.,.,S,Te,) pseudoternary solid
solutions over a broad composition range,
such as AgCuSey 5.,S,Teo 5 (@ = 0.05 and 0.07),
AgCuSeg 3550.05T€eo ¢ (fig. S4B), and cation-
deficient (Agcu)l_gseo_QQSO_osTeoj ©® = 0.002)
(Fig. 3, A and B).

We used AgCuSe 2250 0sT€07, Which has the
highest 27" among all of the fabricated p-type
materials tested (Fig. 2), as the typical exam-
ple to perform the detailed microstructure
characterization. After compression tests, we
observed obvious slip bands along different
directions on the material’s surface, indicating
the existence of multiple slip bands (Fig. 3C).
Inside each slip band, we observed numerous
finer slip lines (fig. S6A). The space between
the nearby parallel slip lines was dozens of
nanometers. In addition, numerous dimples
with sizes ranging from several hundred nano-
meters to several micrometers appeared on
the fracture surface of AgCuSeg22S¢.0sT€07
(Fig. 3D), which was different from the river-
like patterns on the fracture surface of brittle
AgCuSe sTe,; (fig. S6B). Similar to many
metals, these dimples are considered to be
produced by the nucleation, growth, and ag-
gregation of the microscopic cavity during
plastic deformation (27, 28). Because of their
good ductility, the AgCu(Se,S,Te) materials can
be easily machined to flexible films with a
thickness down to 100 um (Fig. 3E).

The good ductility of AgCuSe 3..SyTeo; (@ =
0.06 and 0.08) comes from the alloyed S, even
though the content is very low. The engineer-
ing strain was just 3% for S-free AgCuSe, 5Te, ;
in the three-point bending test, but was sub-
stantially enhanced to ~13 and 18% by alloying
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S contents of 0.06 and 0.08, respectively (Fig.
3F). We observed a similar phenomenon in
S-alloyed AgCuSesTe, s (fig. S4, A and B). To
understand the underlying reason for this
sort of brittle-ductile transition, we calculated
the slipping energy barrier (£;,) and cleavage
energy (E.) of S/Te-alloyed AgCuSe. The E;,
along the (010)[100] slip system was almost
unchanged upon alloying either S or Te; how-
ever, the E. was obviously increased upon
alloying S but decreased upon alloying Te
(fig. S7). The enhanced ratio of E./E}, caused
by the increased amount of multicentered
and diffused Ag-S bonds (17) is beneficial for
the material’s slip before fracture.

Beyond the attractive ductility, AgCuSe 3.,
S.Teq (@ = 0.06 and 0.08) showed p-type
conduction with relatively good TE properties.
‘We measured a positive Seebeck coefficient o
(fig. S8A) and Hall coefficients Ry (fig. S8B),
indicating the p-type conduction behavior.
Upon alloying S, the a was enhanced but the
electrical conductivity c was lowered (fig. S8,
A and C) because of the lowered hole concen-
tration py (fig. S8D). Because the Ag-S bond is
more ionic than Ag-Se and Ag-Te bonds, the
Cu-deficiency defects were greatly suppressed
when alloying S, leading to the decreased re-
duced Fermi energy (fig. SSE) and hole con-
centrations. Likewise, both carrier thermal
conductivity (xc) and lattice thermal conduc-
tivity (ky) were also reduced upon alloying S
(fig. S8F), yielding the lowered thermal con-
ductivity « (fig. S8G). The power factors (PF =
0%6) of AgCuSey 5..S,Teo; (x = 0.06 and 0.08)
were ~3 uW cm ™! K2 (fig. S8H), whereas the
thermal conductivities x (fig. S8G) were only
~0.3t0 0.4 W m ™ K, leading to a 27 of up to
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0.31 at 300 K (Fig. 3G). Upon further intro-
ducing a tiny amount of cation deficiency, we
were able to enhance the PFto 5.1 uW cm™ K2 103 ——x=006,6=0
at 300 K (fig. SSH). Although the « of cation
deficient material was slightly enhanced be-
cause of the increased «¢ (fig. S8, F and G), the
2T was still improved to 0.45 at 300 K and 0.68
at 340 K (Fig. 3G) for (AgCu)(),gg8se().22sO'08Teo.7, o 1
respectively. Likewise, good reproducibility of

TE pr(?pertif:s was observed in our ductile TE (AgCu),Sers.S.Te; G I
materials (fig. S9). 10° . . . \ , 4 .

The 2T values of our ductile semiconduc- 0 10 20 30 40 50 60 0 5 10 15 20

tors were much higher than those of organic Strain (%) Strain (%)

. c D , _

materials (Fig. 1C), even close to the commer-
cial zone-melted Bi,Te;-based alloys. These
high 27 values can be mainly attributed to
their ultralow «y, originating from the severe
atomic-lattice disorders caused by the com-
plex chemical compositions (29). The « of duc-
tile AgCuSey 3..5,T€o; (x = 0.06 and 0.08) was
much lower than that of the classic Bi,Tes-
based materials (1.0 to 1.8 Wm™ K at 300 K)
(21), and was even comparable to that of wood
(0.1t0 0.3 Wm™ K™) (30). Such an ultralow
k is helpful for realizing a large temperature E
gradient across a TE device. In addition, ductile
TE materials have larger o and PF than the
organic TE materials (Fig. 3H), which is bene-
ficial for achieving high onset voltage with
fewer p/n couples in TE devices.

The discovery of high-performance n- and
p-type ductile TE materials offers the opportu-
nity to fabricate flexible cross-plane n-shaped TE
devices (Fig. 4A). We selected p-type (AgCu)o.g9s
Seo.2250.08T€o.7 and n-type AgyoS;Te; (Fig. 1C)
to connect electrically in series and thermally
in parallel between two polyimide (PI)-based
flexible circuit boards. Taking advantage of G
the materials’ duCtﬂity’ we cut n- and p-type —H—x=0,0=0 —A—x=0.08,6=0 ‘*‘ Ductile inorganic TE materials
ultra-thin plates with a thickness of 0.1 mm 0.8} —@—x=0.06,6=0 —A—x=0.08,0=0.002 O Organic-based TE materials I
directly from bulk ingots. The intrinsic brittle-
ness of traditional thermoelectric alloys such 0.6} /
?ts the I?iz"l‘eg—bat.sed ones prevents fabrif:at- - A/A
ing a similar thickness in these materials. %04l /
We metallized the thin plates by magnetron ﬁ‘/‘
sputtering using tungsten (W) and tin (Sn) | | ~—— " 7 77
as contact layers with an electrical contact
resistivity (pe) of 19 and 2 pQ em? for Sn/W/ (AgCW,Se03.5.Teo ,
FAgCU)o.ggsse.oazso.osTeov and Sn/W/Agz0S7Tes 0.0 360 3i0 350 3;;0 3:‘0 3é0 902 10*
interfaces (Fig. 4B), respectively. These small T (K) o-(Sm'l)
pc values, as well as the large thermal con-
ductivities of W and Sn, suggest that the ad-
ditional thermal resistance introduced by the
contact layer was very low. The metalized thin | Fig. 3. Mechanical and thermoelectric properties of (AgCu),.;Seo 3xSxTeo 7. (A and B) Engineering
films were cut into the assigned shapes and | stress-strain curves for compression (A) and bending (B) tests for (AgCu)1.sSeos-xSxTeo7 (x = 0, 0.04,
then soldered onto the Cu/Au electrodes in | 0.06, and 0.08; 8 = 0 and 0.002) at room temperature. Data for Ag,S and its n-type derivates are included
PI-based flexible circuit boards using a low- | for comparison (17, 25, 26). (C and D) SEM images of the surface (C) and fracture surface (D) of
temperature solder paste (fig. S1I0A). AgCuSeq22So.08Ten7 after the compression test. (E) Optical image of the AgCuSeq 22S0.08T€07 thin film

We successfully fabricated a few flexible | showing good flexibility. (F) Maximum engineering strains of bending test as a function of S content for
cross-plane n-shaped TE devices with six-couple | AgCuSeqs.SyTeos and AgCuSeq 3,ScTeqy. (G) Temperature dependence of TE zT for (AgCu)i-sS€0.3+SxT€07
(AgCW)0.9985€0.2950.08T€0.7/ A820S7Tes legs (Fig. | (x =0, 0.06, and 0.08; & = 0 and 0.002). (H) Absolute value of Seebeck coefficient (o) as a function
4C). We designed the same dimensions of TE | of electrical conductivity (o) for p-type AgCu(Se,S,Te) ductile TE materials. Data for n-type Ag,S-based
legs but different filling factors (f) with the | ductile materials and typical organic-based TE materials are included for comparison. The detailed data in (H)
values of 38, 55, and 72%. The total thickness | and the related references are listed in table S1.
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Fig. 4. Super-thin flexible TE devices based on ductile semiconductors. (A) Structure of the n-shaped
flexible (AgCu)o.998S€0.22S0.08T€0.7/Ag20S7Tes TE device. The bottom panel is the SEM image for the overall
cross-section of the flexible device with the thicknesses of each layer labeled. (B) Resistance (R) line
scanning across the interface for the p- and n-type TE elements. (C) Optical images of the as-prepared
six-couple flexible TE devices with different filling factors (f = 38, 55, and 72%) and 31-couple flexible TE
devices (f = 33%). (D) Measured output voltage (V) and output power (P) as a function of current (/) under
different temperature differences for the six-couple (AgCu)o.g98S€0.22S0.08T€0.7/Ag20S7Tes flexible TE
device with f = 72%. (E) Optical image of the 31-couple flexible TE device adhered on a human’s wrist.

of our flexible TE was only 0.3 mm with an
upper limit of several millimeters, like a normal
rigid device. Therefore, the thickness of our
flexible device can be freely tuned from 0.3 mm
to a few millimeters. We characterized the
performance of these devices using a home-
made test platform (fig. SI0B). We show the
output voltage (V) and output power (P) as a
function of current (/) under different AT for
the device with f= 72% in Fig. 4D. The device
internal resistance (R;,) was ~18 mQ, which
is comparable to the theoretical value (19 m<2)
calculated on the basis of the material’s elec-
trical resistance. This R;, was at least three
orders of magnitude lower than that of flexible
organic material-based TE devices (14, 15) and
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two orders of magnitude lower than that of
classic bulk Bi,Te;-based TE devices (fig. S11).
Such low R;,,, caused by the super-thin TE legs,
is beneficial for achieving super-high output
power P. The open circuit voltage (Voc) and
maximum output power (Prax = Voc/4Rin)
increased with increasing AT, reaching 3.7 mV
and 203 uW at AT =15 K (Fig. 4D), respec-
tively. The maximum normalized power den-
Sity Ppax/AAT® was ~30 uW cm ™2 K2 a high
value compared with other reported flexible
TE devices and even bulk TE devices (Fig. 1B)
(14-16, 20-22).

We also tested the performance of the de-
vices with = 38% and f'= 55% (fig. S12, A and
B). Under similar AT, the device with higher
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f had higher Voc/A4 and Py, /AAT? (fig. S12,
C and D). The Py, /AAT? values were ~13 and
20 uW em™? K2 when f = 38 and 55%, respec-
tively, still much higher than that of current
TE devices (Fig. 1B) (I14-16, 20-22). Such
ultrahigh performances are mainly caused by
the material’s high TE figure of merit, short
length of TE legs, and low energy loss at the
material/electrode interfaces.

The super-thin and highly efficient flexible
TE devices developed in this study can be
implemented into the Internet of Things,
quartz watches, or motion detectors, acting
as a charge-free battery to monitor human
health or the environment. Toward these
potential applications, we fabricated a cross-
plane n-shaped TE device including 31-couple
(AgCW)0.9985€0.2250.08 T€0.7/ Ag20S7Tes With f =
33% (Fig. 4C, right). This device can easily and
effectively adhere to the curved surface of
human skin using adhesive tape (Fig. 4E).
Under an ambient temperature of 298 K and
humidity of 42%, directly adhering the device
on a human’s wrist gave a V¢ and Pp,.x Of
0.2 mV and 70 nW, respectively (fig. S13A). The
Prax/ AAT? of this device was ~11 pW cm 2 K2,
the same as for the six-couple device with a
similar filling factor. By shaking the arms to
strengthen the convective heat transfer, the
AT across the TE device could be enhanced
to 0.1 K to yield a V¢ and Py« of 0.76 mV
and 1 uW, respectively (fig. S13B). Spraying
alcohol on the device’s upper surface could
cause a large AT (0.35 K), yielding a high V¢
and P of 2.5 mV and 13 uW, respectively
(fig. S13C). In real applications, various heat-
dissipation approaches (e.g., copper pipes and
graphite sheets) will be applied to further en-
hance AT'to 1 to 2 K to reach the threshold of
100 uW, which is strong enough to power many
microelectronics such as quartz watches and
wireless sensor nodes. Furthermore, the total
thickness of our flexible device can be freely
tuned for various working conditions with differ-
ent temperature gradients and working spaces.

We also tested the service stability of our
flexible TE device by cyclically bending the
31-couple device with a filling factor of 33%
under a bending radius of 15 mm. After bend-
ing 500 times, the relative inner resistance
(Rin/Rin,0) Was scarcely changed (fig. S13D).
A service stability test was also performed in
two long-strip-shaped devices with high filling
factors of 55 and 71%. The maximum incre-
ment of R;,/Rino Was <5% after bending 500
times (fig. S13, E to G). These tests indicate
that the service stability of our device is ac-
ceptable. Furthermore, we found that humid-
ity had little influence on the V¢ and P, of
the device (fig. S13H).

In summary, we have discovered p-type
ductile TE materials with a relatively high TE
figure of merit compared with other flexible
materials. Coupled with high-performance
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n-type ductile materials, we successfully devel-
oped super-thin flexible TE devices with a
conventional n-shape, ultra-high normalized
power density, and reasonable service sta-
bility. Ductile semiconductors thus provide a
different strategy for high-performance flex-
ible thermoelectrics, which can directly and
efficiently convert low-grade heat energy such
as the heat from human body into useful and
sustainable electricity. Our study offers a
promising example of applying a self-powered
supply technology to wearable electronics.
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A flexible power source

Thermoelectric materials can harvest heat and turn it into power. Heat sources potentially include the heat generated
by humans through wearable devices and might enable self-powering systems, but the lack of ductility for most
thermoelectrics poses a major problem. Yang et al. found a thermoelectric silver/copper—based semiconductor

that also is ductile (see the Perspective by Hou and Zhu). This material allows for a thin, flexible device capable of
producing power, even when adhered to a wrist. —BG
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