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Although there has been significant progress in developing high-temperature
thermoelectric materials, seeking promising near-room-temperature candidates has
been extremely difficult, and the discovery of such materials, which would be
beneficial for low-grade waste-heat power generation and cooling near room
temperature, has been rarely reported. Here we report the enhanced
near-room-temperature performance (Z7y. = ~1.1 at 350 K, ZT,,, = ~1.0 between
300 K and 673 K) of copper chalcogenide (AgCu)gggsTeroSep; by successfully
stabilizing the face-centered cubic (FCC) phase at room temperature. Surprisingly low
lattice thermal conductivity (~0.4 W m™' K™) and a good power factor (~13.8 pW
cm! K?) are simultaneously achieved near room temperature due to the unique
properties of the FCC phase. A competitive conversion efficiency of 11% is obtained
in a (AgCu)gg9sTegoSe, —based single leg at a low temperature difference of 400 K.
The high thermal stability and low operating temperature, combined with the
economically competitive efficiency, will greatly promote the application of
(AgCu)gg95Teg9Se 1-based devices in power generation from low- and medium-grade
waste heat. The results also indicate a new strategy to improve the
near-room-temperature  performance and stability of copper chalcogenide

thermoelectric materials and a new direction for further research.
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Introduction

Due to their small size and their lack of noise, vibration, and gas emission,
thermoelectric devices are one of the most popular solid-state energy converters for
near-room-temperature cooling and power generation. These devices are highly
competitive in applications of miniature cooling systems such as in car seats,
night-vision systems, integrated circuits, and even miniature refrigerators [1], and are
also irreplaceable for low-grade (below 473K) waste-heat power generation, e.g., in
the smart home and Internet of Things (IoT). All of these applications require
near-room-temperature high-performance thermoelectric devices. However, compared
to their counterparts used in high temperature, it is relatively difficult to develop
high-efficiency thermoelectric devices for room-temperature application due to the

small temperature difference and limitation of Carnot efficiency:

n:(TH—TCJ I+ 2T, 1 "
T, 1,
i JI+ 2T, +(ch

H

where Ty and 7 are the hot-side and cold-side temperatures of the device,
respectively, and ZT,, is the average ZT value.

Therefore, for room-temperature applications, the only effective approach to
promote the energy conversion efficiency of thermoelectric devices is to improve the
Z value of material, which is determined by the intrinsic transport properties of
thermoelectric material: Z = S?o/(k.+ki), where S, o, k., and ki are the Seebeck
coefficient, electrical conductivity, electronic thermal conductivity, and Ilattice
thermal conductivity, respectively. High Z requires a large Seebeck coefficient (S),
high electrical conductivity (o), and poor thermal conductivity (x = x.+xi). However,
the strong conflicting correlations among S, o, and x. make it difficult to
simultaneously improve all the parameters to obtain a high Z value. In recent years,
new strategies to decouple the contradicting transport properties have been developed,

such as band structure engineering [2-5], multi-scale phonon scattering [6-12], the
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introduction of resonant levels [13-18], etc., which have proven successful in
improving thermoelectric properties of various materials. Due to the relentless effort
applied to these approaches, the record for peak Z7 has been unceasingly broken,
increasing from 1 to 2.8 for a wide range of thermoelectric materials, including PbTe
[13, 19], Zintls [20-23], AgPb,,SbTe,,+> [24], skutterudites [25-27], clathrates [28, 29],
SnSe single crystals [30], copper chalcogenides [31-36], SiGe [37], and half-Heusler
alloys [38-40], etc. However, most of above achievements focus on the peak Z7T at
high temperature (600-1000 K) benefiting from the higher 7" value and lower lattice
thermal conductivity due to the strong Umklapp scattering at high temperature, and all
of the current state-of-the-art thermoelectric materials, except for Bi;Te; [12, 41-43]
and MgAgSb [44], exhibit poor ZTs at low, especially near-room temperatures.
Therefore, improving the low-temperature performance is a challenge and crucial for
thermoelectric material, because the application at room temperature is its core
competitiveness.

An alternative way to achieve high low-temperature Z7s is searching for new
materials with intrinsically low x; and unique band structures [45-48]. As one of the
best thermoelectric materials, superionic phases of copper chalcogenides Cu,X or
AgCuX (X= S, Se, or Te), possess a cubic structure with high mobility [49] and an
extraordinarily low xj, even below that of a glass [31]. Their unique liquid-like
behavior provides a strong phonon scattering and the reduces specific heat Cv by
suppressing of transverse phonon modes [32]. The distinctive approach for xi
suppression, as well as the high thermoelectric performance in superionic copper
chalcogenides, point out a new direction for developing novel room-temperature
candidates. Nevertheless, cubic copper chalcogenides are likely to exist only at higher
temperatures. With decreasing temperature, copper chalcogenides undergo one or
more phase transitions from the cubic structure to non-cubic structures [34, 48,
50-53], such as the orthorhombic structure of AgCuSe and the chalcocite structure of
Cu,S, in which Cu/Ag atoms are localized and x; is much higher. Studies have shown

that the phase relation of copper chalcogenides at low-temperature phases is strongly
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affected by their non-stoichiometric compositions, which are complicated and are not
yet fully understood [54]. The low-temperature phases of Cu,Se, for example, have
been reported by different groups to be monoclinic, tetragonal, orthorhombic, or a
mixture of several phases [31, 55, 56]. A few studies have also shown that the
high-temperature cubic structure of Cu,Se could be partially retained at room
temperature upon a considerable deficiency of copper atoms [54]. However, achieving
a relatively pure cubic phase at room temperature is extremely challenging, not to
mention to control the carrier concentration and realize an outstanding thermoelectric
performance. In this work, we report the synthesis and investigation of the
room-temperature cubic phase of copper chalcogenide (AgCu).,TegoSep;, which
displays promising thermoelectric properties in a wide temperature range from room
temperature to 673 K.
Results

With the simultaneous increase in power factor (PF = $?0) and decrease in
thermal conductivity, a maximum ZT of ~1.1 at 350 K and an average Z7, (Z7),yg, of
near unity between 300 K and 673 K were obtained for Se alloyed
(AgCu)og95Teg9Sep 1, as shown in Fig. 1. The enhanced performance is attributed to
the successful stabilization of the face-centered cubic (FCC) phase at room
temperature by Se alloying. As compared with a complex non-cubic phase of
AgCuTe, the room-temperature Z7 is enhanced by 10-20 times for the FCC phase of
AgCuTeoSep; (see Fig. S1, Supporting Information). The superior performance is
demonstrated in Fig. 1 as compared with recently reported important p-type materials
and other copper chalcogenides with non-room-temperature-cubic structures. The best
low-temperature performance in non-room-temperature-cubic copper chalcogenides
to date was recently reported by J.-Y. Tak et al., who achieved a maximum Z7 of ~0.9
at 390 K and an average Z7T of ~0.7 between room temperature and 390 K in
monoclinic Cu,¢75Se [48]. This is a significant improvement, but its performance
seriously deteriorates above 390 K [Fig. 1(a)] due to the phase transition. Other

reported copper chalcogenides show obviously lower Z7 values around room
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temperature, and most of Z7 values are less than 0.4 even when the temperature
increases to near 500 K [Fig. 1(a)]. Additionally, the (Z7),,, between 300 K and 673
K in this work is doubled compared with other reported copper chalcogenides and
most p-type materials [Fig. 1(b)]. A theoretical high conversion efficiency of ~12%
was calculated under such an enhanced (Z7),,, indicating that the copper
chalcogenides could be a potential substitute for Bi,Tes, especially for filling the ZT

gap left by Bi,Te; at higher temperatures.
28
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Fig. 1. Enhanced near-room-temperature and middle-temperature Z7 values in (AgCu)g.g95Te9Se 1 (this work). (a)
Temperature dependence of ZT values of (AgCu)gg95Te€09S€0.1 and other p-type materials from previously reported
studies (Cu, 7S [32], Cu,Se [31], Cuyg75Se [48], CuyTe [57], CuySos2Tegas [33], AgoosCuSe [50], CuyoFeg 3255
[58], Cu,Tet50% CuAg [59], CurgsAgoisSbSes [60], CagZngeSby [23], Nay PbyoSbooSe, [61],
Zry sHfy sCoSby sSny, [62], TiFeq¢Nig4Sb [63], and SnSe [30]). (b) Average ZT values [(ZT)ayg] between 300 K
and 673 K for (AgCu)oesTeooSeo1 and other p-type materials calculated by the formula of (ZT)avg = ZintT oy,

1 T Th+Te
where Zine =77 7 Z(T)AT and Tayg=—"5— [64].

The room-temperature cubic phase was obtained by Se alloying and confirmed
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by the room-temperature X-ray diffraction (XRD) patterns as shown in Fig. 2(a).
As-prepared AgCuTe exhibits a complex phase relation at room temperature, but with
10% Se alloying, the diffraction peaks of the main phase can be indexed as a
face-centered cubic (FCC) structure with a lattice constant of 6.216 A. The inset of
Fig. 2(a) shows the possible cubic crystal structure of AgCuTeoSeq;, where Te/Se
atoms compose the regular FCC framework, while Cu’/Ag" ions occupy the
interstitial positions (the green octahedral and the dark yellow tetrahedral sites).

Considering the thermal expansion of material, there will generally be a gradual
diminution of interstitial space as temperature decreases, making the high-temperature
FCC phase increasingly unstable until it finally transforms into a stable low-symmetry
phase at low-temperature. Therefore, we replaced a portion of the Te atoms with Se
atoms of smaller size to increase the interstitial space and stabilize the FCC phase of
AgCuTejoSey; at low temperature. As shown in the XRD pattern [Fig. 2(a)], a small
amount of impurity phases remained with the main FCC phase, and no improvement
could be obtained by adjustment of the Se content or the Ag/Cu ratio. Actually,
increasing the Se content to more than 20% or changing the Ag/Cu ratio far away
from 1:1 significantly increases the concentration of impurity phases (see Figs. S2 and
S3, Supporting Information). The fixed Ag/Cu ratio may be due to the fixed Ag atom
in the octahedral sites of the low temperature phase. The Cu atom may locate in half
of the tetrahedral sites (half-Heusler structure) or randomly distribute and move
among all the tetrahedral sites. More carefully investigation and calculation are
required in the future to understand this FCC structure. However, as shown in the
temperature-dependent XRD analyses (see Fig. S4, Supporting Information), the
impurity phases begin to dissolve into the main FCC phase with increasing
temperature over 423 K, and no obvious impurity can be observed when temperature
is as high as 623 K. The actual mechanism for the formation of the room-temperature
FCC phase remains unclear and further study is needed.

The room-temperature high-resolution transmission electron microscopy

(HRTEM) analysis of AgCuTe¢Se ; further confirms the FCC structure, as shown in
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Fig. 2(b) and Fig. S5 (Supporting Information). The lattice constant was measured to
be 6.2 A, consistent with the XRD result. The EDS analysis indicates that the
composition of the FCC phase is close to AgCuTeq¢Se(; (see Fig. S6, Supporting
Information). Moreover, the FCC phase has proven to be very stable during thermal
treatment. It was almost completely unchanged after a series of thermoelectric
properties measurements at temperatures up to 673 K and even after a 4-month

annealing treatment at about 360 K in air (see Fig. S7, Supporting Information).

(a)

AgCuTe

AgCuTe  Se
* impurity phase

Intensity (a.u.)

FCC a=6.216A

| L I Y I e N

20 40 60 80

Fig. 2. Room-temperature XRD and HRTEM analyses of AgCuTeyoSeq;. (a) XRD patterns of the as-prepared
AgCuTe and AgCuTejoSeq; samples at room temperature. Inset: unit cell of AgCuTeqoSeq, in which Cu/Ag*
ions locate in two interstitial sites, the green octahedral and the dark yellow tetrahedral. (b) HRTEM image and its
fast Fourier transform (FFT) diffractogram of the AgCuTey¢Se(; sample at room temperature. The spacing of 0.31

nm corresponds to (200), indicating that the lattice constant is 0.62 nm (6.2 A).
The comparisons of thermoelectric properties between AgCuTe and
AgCuTej¢Sey; are shown in Fig. S1 (Supporting Information). Due to the main cubic

phase of the Se alloyed sample, the electronic properties are significantly improved.
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The electrical behavior transforms from metal to semiconductor, which is much more
favorable for thermoelectrics. Consequently, the power factor increases by ~500%
and ZT is thus enhanced by 10-20 times for the FCC phase of AgCuTeoSey .
Moreover, as the temperature increase, all the transport properties of AgCuTe
fluctuate at ~450 K, including electrical conductivity, Seebeck coefficient, and
thermal conductivity, which should be attributed to the dissolution process of the
impurity phases (Fig. S4).

The carrier concentration of AgCuTeyoSeo; was further optimized by slightly
adjusting the vacancy of Ag/Cu. Table S1 (Supporting Information) shows the
room-temperature Hall carrier concentrations for the (AgCu);_TegoSeq; (x=-0.025, 0,
0.005, 0.01, 0.075) samples. Fig. 3 shows the temperature dependence of
thermoelectric properties. Due to the intrinsic Ag/Cu deficiency, even in the sample
with excess Ag/Cu content, holes remain as the dominant charge carriers. Additional
Ag/Cu vacancy was introduced to adjust the carrier concentration and to optimize the
power factor. As shown in Fig. 3(a) and 3(b), with increasing Ag/Cu vacancy from
AgCuTepoSep; to (AgCu)gosTepoSep;, the electrical conductivity (o) increases,
leading to a reduced Seebeck coefficient (S). The electronic properties follow this
trend very well at a high temperature where only peaks of the FCC phase can be
observed in the XRD pattern (see Fig. S4, Supporting Information). However, at low
temperatures, the impurity is vacancy concentration-dependent, and thus the trend is
more complicated. The (AgCu)gg9sTe09S€o | possesses the highest S but not the lowest
o, which may due to the competition between the main FCC phase and impurity
phases on electronic transport. Both the S and ¢ increase with the rising temperature
[Fig. 3(a) and 3(b)], and a peak power factor of about 13.8 pyW cm™! K2 was obtained
in (AgCu)pgosTepoSey; at about 350 K, which is twice as high as that of
AgCuTejoSe; [Fig. 3(c)]. The dissolution process of the impurity phase with rising
temperature (Fig. S4) may be the reason for the deterioration of electronic transport
properties above 350 K. The power factor would possibly be further improved if a

pure room-temperature FCC phase could be achieved.
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Fig. 3. Temperature dependence of thermoelectric properties for (AgCu),_, TepoSeq; (x =-0.025, 0, 0.005, 0.01, and
0.075) samples. (a) Electrical conductivity (o). (b) Seebeck coefficient (). (c) Power factor (PF). (d) Total thermal

conductivity (k). (e) Lattice thermal conductivity (x). Inset: xp of (AgCu)ggosTegoSep1 and other state-of-the-art

thermoelectric materials at room temperature (Bi,Sb,. Te; [12], Mgy goLio01Ag0.97Sbogg [45], GegssPbo.1BigosTe

[65], Mg3,SbysBigaeTeoor [22],

0.2%Co/Bag3Ing3Co4Sby, [66], PbTe-4 mol% SrTe 2 mol% Na [19],

and

Hfy 75210 25NiSng 99Sbg 01 [67]). (f) ZT values. The uncertainty for Z7 is about 20%.

Fig. 3(d) shows the temperature dependence of the total thermal conductivity ().

(AgCu)o.925TegoSeq exhibits a relatively high thermal conductivity (~1.2 W m 1 K1)

at near-room temperatures due to the impurity and the large electrical conductivity at

low temperature. The other samples possess relatively low thermal conductivities

(below 0.6 W m™! K1) over the whole temperature range from 300 K to 673 K. The
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calculated lattice thermal conductivities (ki) are around 0.35-0.45 W m ' K'! at room
temperature for all of the samples [Fig. 3(e)]. It is difficult to realize such very low x_
in a fully densified solid at room temperature. Clearly, the room-temperature x; of
(AgCu)gg95TegoSep 1 is much lower than most of other state-of-the-art thermoelectric
materials [inset, Fig. 3(e)]. At higher temperatures, as all impurities disappear, &
decreases with increasing Ag/Cu vacancy due to stronger phonon scattering by the
point defects, falling to ~0.2-0.3 W m™! K'!, almost one of the lowest room
temperature x values ever achieved among state-of-the-art thermoelectric materials
[68, 69].

The samples are highly dense with densities varying from 7.93 to 8.04 g cm?
except for (AgCu)go25Te09S€0.1, Which has a density of only 6.95 g cm™ due to large
amounts of impurities (see Table S1, Supporting Information). Assuming that all
atoms completely occupy the sites in the cubic structure, the upper limit of the
theoretical density can be estimated to be 8.11 g cm™. Therefore, the relative density
for the (AgCu);.,TepoSep; (x=-0.025, 0, 0.005, 0.01) samples is above 97%,
indicating the samples are highly dense. It should be noted that all of the samples
were hot-pressed at a low temperature of only 473 K. The high mobility of the
Cu'/Ag" ions enables the production of a well-distributed and well-sintered sample at
such a low temperature (see Figs. S8 and S9, Supporting Information). It is worth
mentioning that the high hot-press temperature of 923 K results in a large number of
highly oriented cracks in the samples, likely caused by the volatilization of Se and Te
(see Fig. S10, Supporting Information). The oriented cracks may lead to highly
anisotropic properties even for the materials with cubic structure as we observed in
some cases of hot pressed half-Heuslers, and a much higher invalid Z7 may be
obtained by the combination of the thermal conductivity measured parallel to the
hot-press direction and the electronic properties measured perpendicular to the
hot-press direction (see Fig. S11, Supporting Information). The cracks remain but
become smaller and more weakly oriented when the hot-press temperature decreases

to 823 K (see Fig. S12, Supporting Information). By further reducing the hot-press
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temperature, the anisotropy finally vanishes with the disappearance of cracks, as
shown in the cross-sectional scanning electron microscopy (SEM) image of the
sample hot-pressed at 473 K (Fig. S8), and highly dense samples are obtained. The
isotropic thermal conductivity values along different directions were further
confirmed by the efficiency measurement.

The ZT values are shown in Fig. 3f. Combined with the optimized power factor
and low thermal conductivities, (AgCu)og9sTeooSey; demonstrates very good
performance over the entire temperature range studied in this work. Its
low-temperature Z7s are almost twice the value of AgCuTe(Seq 1, and the peak value
of ~1.1 is obtained at 350 K. However, the performance deteriorates seriously with
excessive Ag/Cu deficiencies which could not be used to stable the cubic phase in this
material system. With Ag/Cu vacancy increasing to 7.5%, the sample exhibits
near-zero room-temperature Z7s due to a large amount of impurity phases (see Fig.
S13, Supporting Information).

To wverify the reliability and to appraise the thermal stability of
(AgCu)og95Teg9Sey 1, the sample was first measured six times from 300 K to 373 K
and then measured again from 300 K to 673 K six times. The results of repeated
measurement at low-temperature (300 K-373 K) are shown in Fig. S14 (Supporting
Information). The relative variations in all thermoelectric properties are no more than
5% within the six measurements. Among the repeated high-temperature
measurements (300 K to 673 K), the largest relative variations in electrical
conductivity and Seebeck coefficient are no more than 10% (see Fig. S15, Supporting
Information). The power factor and the thermal conductivity are almost the same over
six high-temperature measurements [Fig. 4(a)-(c)], confirming high reliability and
indicating the good thermal stability of the sample with temperatures up to 673 K.

Additionally, the reproducibility of thermoelectric  properties of
(AgCu)gg95TegoSeq; was studied with four samples of different batches, as shown in
Fig. 4(d)-(f). The relative differences in the electrical conductivity and Seebeck

coefficient are comparable (see Fig. S16, Supporting Information), and the difference
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in power factor is no more than 10% over the whole temperature range measured in
this work. The thermal conductivities are similar over the entire temperature range,
except that of the third sample at temperatures above 550 K, which may be caused by
unknown measurement errors. As a result, the largest variation in Z7 is below 13%
throughout the studied temperature range, indicating the good reproducibility of this

material.
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of different batches.

The thermoelectric conversion efficiency for a p-type (AgCu)g.g95Te€9Se0 1-based
single leg as a function of the hot-side temperature (7,) was measured with a
home-made system (Fig. 5). The experimental values of output power (P), thermal
conductivity (x), and conversion efficiency (7) were calculated from Fig. S17
(Supporting Information). The theoretical values of output power, thermal
conductivity, and conversion efficiency were calculated based on the data of
(AgCu)g95TegoSeq; given in Fig. 3(a)-(c), in which electrical and thermal contact
resistances, increasing cold-side temperature during the measurement, and other heat

losses are not considered.
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Fig. 5. Thermoelectric conversion efficiency for a p-type (AgCu)gg9sTe9S€; single leg. (a) Schematic diagram of
the measurement setup. (b) Experimental and theoretical output power (P) as a function of the hot-side temperature
(Ty). (c) Experimental and theoretical thermal conductivity (x) as a function of T} using different standard samples:
Constantane (red circles) or Mg;Sb, (blue triangles). (d) Experimental and theoretical conversion efficiency (7) as a
function of T}. The reported maximum efficiencies of other materials are shown for comparison (p-type single
legs: BiyTes [44, 70], MgAgSb [44, 70], NbgesTigosFeSb [71], and ZnSb [72]; modules: unicouple skutterudite
module [73], 8-couple skutterudite+graphene module [74], 32-couple skutterudite module [75], 8-couple PbTe
module [76], and segmented Bi,Te;/PbTe module [76]).
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The experimental and calculated output powers agree very well with each other
[Fig. 5(b)], indicating the negligible contact resistance in this single-leg device, and
confirming the reliability of the electrical conductivity and Seebeck coefficient
measurements. When using Constantane as a standard sample, the experimental
thermal conductivity is much higher than the theoretical value [red circles in Fig.
5(c)]. This is because the thermal conductivity of Constantane is much larger than that
of the sample, which leads to a large experimental error due to the small temperature
difference across the Constantane, as discussed in the Supporting Information. By
changing the standard sample to Mg;Sb, with closer thermal conductivities (1-1.05 W
m~ ! K1 at 300-400 K [77]) to those of (AgCu)goosTenoSeo; (0.4-0.45 W m ! K1 at
300-400 K), the error becomes smaller and the experimental results show good
agreement with the theoretical values [blue triangles in Fig. 5(c)]. Such agreement
indicates the isotropic property of the (AgCu)ygosTepoSer; sample since the
experimental and theoretical values of the thermal conductivity are obtained in two
directions perpendicular and parallel to the pressing direction, respectively.

Due to the heat losses by radiation, the temperature rising of the cold side during
the measurement, and the thermal contact resistance, the experimental efficiency
values are lower than the theoretical values [Fig. 5(d)]. With the hot-/cold-side
temperatures of 473 K/304 K and current density of 2.8 A cm?, the
(AgCu)og95Teg9Se 1-based single leg yields an efficiency of 5.5%, comparable to that
of the p-type Bi,Te;-based single leg with a similar temperature difference (A7) [44,
70], and similar to that of the state-of-the-art p-type single-leg devices with much
larger AT [71, 72]. The efficiency increases almost linearly with 7},. Due to the high
low-temperature performance and enhanced average Z7, the efficiency of about 11%
with hot-/cold-side temperatures of 723 K/322 K and current density of 6.8 A cm?
was obtained, which is higher than the previously reported maximum efficiency of
other state-of-the-art materials even when they are under a much larger AT [Fig. 5(d)]
[73-76]. The high efficiency is comparable to that of Bi,Te;/PbTe segmented legs

with almost 1.5 times of the AT [76] [Fig. 5(d)]. The much lower operating
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temperature of (AgCu)gggsTe9Seq 1, combined with its high efficiency, will greatly
promote its application in power generation for low- and medium-grade waste heat.
Conclusions

In summary, we have achieved a highly enhanced room-temperature power
factor and strongly suppressed thermal conductivity in copper chalcogenide
(AgCu)gg95TegoSeq by realizing the FCC phase at room temperature. As a result, a
maximum Z7 of ~1.1 at 350 K and an average Z7 of ~1.0 between 300 K and 673 K
have been obtained. The elevated performance is confirmed by the high conversion
efficiency of 11% measured by a (AgCu)ygesTeooSey—based single-leg device.
Moreover, the excellent stability and reproducibility of this material make it a
promising candidate for applications. Importantly, in future studies, it is likely that the
room-temperature performance of (AgCu);,Te;.Se, will be further improved by
reducing the impurities. We expect that this high-performance copper chalcogenide
could be a promising complement for Bi,Te;, and that it will attract more attention to
this material family for potential applications in waste-heat power generation and,

even more importantly, for portable cooling systems.

Methods

Silver (Ag, Atlantic Metals & Alloys LLC, 99.99%, grains), copper (Cu, Alfa
Aesar, 99.5%, grains), tellurium (Te, Alfa Aesar, 99.9%, chunks), and selenium (Se,
Alfa Aesar, 99.9%, grains) were weighed according to the stoichiometry of
(Ag,Cu,.,)iTe;.Se., where the variance of x from -0.025 to 0.075 is used for
optimization of the electrical conductivity, and that of y and z from 0.6 to 1.4 and
from 0 to 0.25, respectively, are used for optimization of the room-temperature phase
relation. All of the elements were loaded into a stainless-steel jar with stainless-steel
balls and then sealed in an argon atmosphere inside a glove box for mechanical
alloying by a high-energy ball mill (SPEX 8000D) for 15 h. The resulting
nanopowders of about 2 g (4.5 g for efficiency measurements) were loaded into a

graphite die with an inner hole diameter of 12.7 mm and then hot-pressed at 473 K
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under 77 MPa for 5 min with a heating rate of 100 K min-!. The hot-pressed sample
was cooled down naturally in the air.

Room-temperature X-ray diffraction (XRD) spectra were collected using a
PANalytical multipurpose diffractometer with an X’celerator detector (PANalytical
X’Pert Pro). Temperature-dependent XRD spectra were collected using a DX-2700B
(HAOYUAN China). The TEM and EDS analyses were conducted using a FEI
Tecnai G2 F30 300KV. The SEM analysis and EDS mapping were conducted using a
Zeiss Gemini LEO 1525 FEG, a JEOL JSM-6330F, and a JEOL JSM-7800F. The
electrical conductivity (o) and Seebeck coefficient (S) were simultaneously measured
on a commercial system (ZEM-3, ULVAC) using the four-point direct-current
switching method and the static temperature difference method. The total thermal
conductivity (x) was calculated using the equation k¥ = DppCp, where thermal
diffusivity (D) was measured using a laser flash apparatus (LFA 457, NETZSCH),
volumetric density (pp) was measured by the Archimedes method, and specific heat
(Cp) was calculated from the Dulong—Petit law. Lattice thermal conductivity (x) was
calculated from x; =k-k., in which . is defined as x.=LyoT, where L, is the Lorenz
number with an estimated value of ~1.6x10-8-1.8x10-® V2K-2 based on the single band
model and electron-phonon interactions. Considering the uncertainties from all
thermoelectric parameters, the measurement of electrical conductivity o, Seebeck
coefficient S, and total thermal conductivity k (from the thermal diffusivity D,
volumetric density pp, and specific heat Cp), the uncertainty for final Z7 is about 20%
[78]. The Hall carrier concentration (py) at room temperature was calculated by py
= 1/(eRy), where Hall coefficient (Ry) was measured by a Physical Properties
Measurement System (PPMS D060, Quantum Design). The output power (P) and
conversion efficiency (77) were measured using a home-made apparatus. A detailed
description of the measurement setup is provided in the Supporting Information and in

Ref[71, 79].
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Average ZT of near unity provides a competitive thermoelectric conversion efficiency
of ~12% at low temperature difference of 400K.



