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The n-type I-V-VI2 AgBiSe2 features intrinsically low k due to the anharmonicity of chemical bonds.
Experimentally-determined isothermal section guides the starting compositions for the following AgB-
iSe2-based alloys. Among the undoped alloys, the Ag25Bi25Se50 exhibits a highest peak of zT~0.75, and yet
the neighboring Ag20Bi27.5Se52.5, which involves a Se-rich liquid phase, has a much lower zT~0.3 at 748 K,
respectively. With the incorporation of Ge, the (GeSe)0.03(AgBiSe2)0.97 exhibits an ultralow k~0.3 (W/mK),
owing to the formation of Bi2Se3 nano-precipitate in the size of 20e40 nm. Additionally, the moir�e
fringes with a periodicity of 0.25 nm are observed in the Bi2Se3 nano-precipitate, implying the presence
of local mass fluctuation and superlattice, which could further lead to enhancing phonon scattering and
reduced k. As a result, the ultra-low k~0.3 (W/mK) boosts the peak of zT up to zT~1.05 in n-type
(GeSe)0.03(AgBiSe2)0.97, which shows a 140% enhancement compared with that of the undoped AgBiSe2.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Global need for clean and sustainable energy initiates the
vigorous expansion in the development of high-efficiency ther-
moelectric (TE) materials and modules, which aim for the mid-
temperature (400 K-800 K) waste heat recovery via the solid-
state Seebeck effect [1e3]. In order to evaluate the performance
of thermoelectric materials, a dimensionless thermoelectric figure-
of-merit (zT¼(S2/kr)T) is used, where the S refers to the Seebeck
coefficient (i.e., the thermal power), r is the electrical resistivity, T
stands for the absolute temperature and k is the thermal conduc-
tivity that mainly comprises two contributors from the travelling
phonons (kL) and the transporting electrons (ke), respectively.
Accordingly, ideal TE material requires low k and high power factor
(PF¼ S2/r), which could be satisfied once a demonstration of
“Phonon-glass electron-crystal (PGEC) [4e6]” can be fulfilled. On
the basis of PGEC approach [4e6], the heat conducted by phonon
scattering is similar to that in a glass while the electrons remain
high mobility as that in a crystal.

The I-V-VI2 compounds (I]Ag, Cu or alkali metal; V]Sb, Bi; and
VI2]S, Se, Te) are promising mid-temperature TEmaterials, such as
. Wu).
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p-type AgSbTe2 [7,8] and AgSbSe2 [9], which have been considered
as alternatives to the lead chalcogenides. As known, high perfor-
mance TE modules require successfully integration of high-zTs p-
type and n-type TE materials. Nevertheless, the survey and opti-
mization upon n-type TE materials do not proceed as smoothly as
that of p-type TE materials, presumably due to the challenge in
band structure engineering and the difference in the lifetime of
thermally-activated charged carriers [10,11]. Most of the above-
mentioned I-V-VI2 compounds belong to p-type semiconductors,
except for the n-type AgBiSe2, which attracts growing attentions in
recent years [12e14].

A peak zT value of n-type AgBiSe2 is 0.5 at 773 K [12], and it can
be further improved to 0.9e1.0 through Nb [12] and Cl [13] doping.
The AgBiSe2 crystallizes in a hexagonal structure with space group
of P3 m1 (a,b ¼ 4.194 Å, c¼ 19.65 Å), experiences a phase transition
to an intermediate rhombohedral phase with space group of R3 m
(a,b ¼ 4.184 Å, c ¼ 19.87 Å) at ~410 K, and turns into a cubic-phase
with space group Fm3 m (a,b,c ¼ 5.930 Å) at ~570 K. In the cubic-
phase, the strong anharmonicity in chemical bonds leads to
strong phonon-phonon Umklapp scattering, resulting in the
intrinsically low k. It is worth mentioning that Ag and Bi atoms
share the same cation site in the cubic phase, i.e., the type of
ordering or the change of Ag/Bi ratio could lead to different lattice
structure of AgBiSe2, and that could greatly affect the electronic and
photonic transport properties.
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Table 1
Nominal composition of AgeBieSe ternary alloys equilibrated at 773 K together
with their equilibrium phases.

No. Nominal composition (at%) phase Equilibrium Composition (at%)

Ag Bi Se Ag Bi Se

1 75.0 10.0 15.0 Ag2Se 65.5 1.9 32.6
L 57.0 41.5 1.5
Ag 98.6 1.0 0.4

2 60.0 20.0 20.0 Ag2Se 68.0 0.0 32.0
L 44.5 52.6 2.9

3 50.0 30.0 20.0 Ag2Se 67.3 0.0 32.7
L 29.5 54.5 16.0

4 50.0 20.0 30.0 Ag2Se 67.2 0.0 32.8
L 6.8 68.8 24.4

5 40.0 35.0 25.0 Ag2Se 65.7 0.1 34.2
L 6.8 68.8 24.4

6 50.0 15.0 35.0 AgBiSe2 26.4 24.7 48.9
L 6.8 68.8 24.4
Ag2Se 66.6 0.0 33.4

7 45.0 20.0 35.0 Ag2Se 66.3 0.3 33.4
L 14.6 60.3 25.1
AgBiSe2 24.8 25.6 49.6

8 20.0 55.0 25.0 Ag2Se 66.5 0.0 33.5
L 12.3 63.8 23.9
AgBiSe2 25.0 25.4 49.6

9 25.0 40.0 35.0 AgBiSe2 24.8 24.5 50.7
L 14.0 59.0 27.0
Ag2Se 66.5 0.0 33.5

10 30.0 20.0 50.0 Ag2Se 69.5 2.3 28.2
AgBiSe2 25.9 25.0 49.1

11 45.0 5.0 50.0 AgBiSe2 25.5 23.5 51.0
L 0.0 0.1 99.9
Ag2Se 66.5 0.0 33.5

12 20.0 20.0 60.0 AgBiSe2 23.6 23.6 52.8
L 0.6 0.0 99.4

13 15.0 15.0 70.0 AgBiSe2 22.6 32.4 45.0
L 0.0 0.4 99.6

14 12.5 35.0 52.5 AgBiSe2 21.2 29.6 49.2
Bi3Se4 2.1 45.6 52.3

15 10.0 35.0 55.0 AgBiSe2 15.8 32.2 52.0
Bi3Se4 5.9 38.6 55.5

16 12.5 30.0 57.5 AgBiSe2 20.2 28.9 50.9
L 1.4 0.4 98.2
Bi2Se3 7.6 39.2 53.2

17 25.0 25.0 50.0 AgBiSe2 25.2 24.4 50.4
18 10.0 40.0 50.0 AgBiSe2 18.7 30.4 50.9

BiSe 2.7 49.0 48.3
19 5.0 60.0 35.0 AgBiSe2 16.7 34.5 48.8

L 4.5 65.6 29.9
BiSe 3.3 46.2 50.5

20 5.0 50.0 45.0 AgBiSe2 16.1 32.3 51.6
L 3.6 77.8 18.6
BiSe 4.9 40.0 55.1

21 5.0 55.0 40.0 AgBiSe2 18.8 29.5 51.7
L 3.0 70.6 26.4
BiSe 2.0 50.8 47.2

22 12.5 47.5 40.0 AgBiSe2 23.4 26.0 50.6
L 1.7 77.4 20.9

23 10.0 55.0 35.0 AgBiSe2 21.7 32.8 45.5
L 2.8 73.1 24.1
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Given that the wavelengths of heat-carrier phonons are varying,
effective reduction in kL might be achieved by increasing the
phonon scattering, as a consequence of introducing various di-
mensions of defects and precipitates. In comparison to the large-
scaled secondary phases or mesoscale grain boundaries that
effectively scatter the long-wavelength phonons, the nano-
precipitates with feature size less than 100 nm have a significant
impact upon the scattering of mid-wavelength phonons [15].

Herein, the correlations between the TE properties and mate-
rials’ microstructural architectures are systematically investigated.
Among the AgBiSe2-based alloys, peak zT value of stoichiometric
Ag25Bi25Se50 achieves 0.75 at 748 K, which is 375% and 150% higher
compared with that of pristine AgBiSe2 (zT~0.3 [13] and zT~0.5
[12]), respectively. Moreover, an ultralow k of 0.3 (W/mK) is found
for the n-type (GeSe)0.03(AgBiSe2)0.97, presumably due to the for-
mation of Bi2Se3 nano-precipitate, and that further boosts peak zT
value to 1.05 at 748 K.

2. Experimental procedure

2.1. Synthesis

In total of 1 g, pure elements of Ag, Bi and Se (99.99%) were
weighed according to the pre-determined compositions as listed in
Table 1, and sealed in 7 mm � 9 mm quartz tubes under vacuum
atmosphere. Each sample ampoule was homogenized at a tem-
perature above themelting point of the alloy (~1123 K) [16] for 12 h,
followed by water-quenching process to suppress the grain growth
of low-temperature solidification phases and to maintain the fine-
grained microstructure. After completely mixing, the sample
ampoule was annealed at 773 K for 45 days, to ensure that the
thermal equilibrium was reached. Thermally-equilibrated alloys
were then subjected to the following metallographic observation,
compositional analysis and crystal structure identification.

For TE properties measurements, six ternary alloys, labelling
with alloy #A (Ag25Bi25Se50), #B (Ag20Bi30Se50), #C (Ag17.5B-
i32.5Se50), #D (Ag20Bi27.5Se52.5), #E (Ag17.5Bi30Se52.5) and #F
(Ag15Bi30Se55), and five quaternary Ge-doped (GeSe)x(AgBiSe2)1-x
(x¼ 0.01, 0.03, 0.0.5, 0.07 and 0.09) were grown using the Bridgman
method. In total of 5 g, alloys were loaded in quartz tubes with
inner-diameter of 7 mm, sealed under vacuum and subjected for
the Bridgman growth in a furnace consisted of three heating zones.
Using a constant downward growth rate of 1 (cm/hr), the sample
ampoulemoved axially from the high-temperature zone, where the
alloy was liquid melt, to the low-temperature zone, where the melt
solidified completely. Bridgman-grown alloys were subjected for
the following TE properties measurements.

2.2. Characterization

Thermally-equilibrated and Bridgman-grown alloys were
mounted in epoxy resin, grinding using a series of SiC papers
ranging from#800 to #4000, and polishing using the Al2O3 powder
with particle sizes of 1.0 mm and 0.3 mm, respectively. A field-
emission scanning microscope (FESEM, JEOL6330) equipped with
a backscattered electron (BSE) detector was employed for metal-
lographic observation while a wavelength dispersive X-ray spec-
trometer (WDS, JXR-8900R, JEOL) was used to measure the
compositions of equilibrium phases. The crystal structure was
identified by using a powder x-ray diffractometer (X-ray powder
diffractometer, Bruker D-5000) with Cu Ka target at angles (2q) of
20e90�. The obtained diffraction patterns were compared with the
JCPDS database (Joint Committee on Powder Diffraction Standard).

The #G2 alloy (GeSe0.03(AgBiSe2)0.97) was further analyzed us-
ing field-emission transmission electron microscopy (FETEM, FEI
E.O Tecnai F20 G2) equipped with EDS. The TEM specimen was
prepared by the use of focused ion beam (FIB, FEI Nova 200, Japan)
milling. In order to reduce the Gaþ ion-thinning damage, a Pt layer
of 3 mm thicknesses was sputtered on the sample’s surface. The ion-
thinning specimen was taken out by a glass probe, placed on the
carbon coated copper/gold mesh and subjected the following TEM
analysis. The microstructures were analyzed utilizing the typical
bright-field imagemode with 200 KV acceleration electron voltage,
and their diffraction patterns were obtained using selected-area
diffractions (SAD) mode. Furthermore, high-resolution images
were taken at magnifications of 250,000e300,000�.



H.-J. Wu et al. / Acta Materialia 141 (2017) 217e229 219
2.3. TE property measurement

Three temperature-dependent TE properties (S, r and k) of the
Bridgman-grown alloys were evaluated within 300 Ke750 K. A
commercial instrument ZEM-3 (ULVAC-RIKO, Japan) was used, for
measuring the S and r simultaneously, under a helium-filled at-
mosphere. Thermal conductivity (k) are related to the thermal
diffusivity (D), the density (d) and the heat capacity (Cp) via the
equation k ¼ CpDd. A commercial apparatus LFA467 (Netzsch,
German) was used to measure the D, while the d is obtained by the
Archimedes method. The heat capacity (Cp) was estimated using
the Dulong-Petit equation (Cp ¼ 3R/M), where the R is the gas
constant and M refers to the molar mass.
3. Results and discussion

Fig. 1 summarizes the temperature dependence zT for two series
of Bridgman-grown alloys within 300 Ke750 K: (1) alloy #A
(Ag25Bi25Se50), #B (Ag20Bi30Se50), #C (Ag17.5Bi32.5Se50), #D (Ag20B-
i27.5Se52.5), #E (Ag17.5Bi30Se52.5) and #F (Ag15Bi30Se55), and (2) the
Ge-doped quaternary (GeSe)x(AgBiSe2)1-x (x ¼ 0.01, 0.03, 0.05, 0.07
and 0.09), labelling with alloys #G1-#G5, respectively. In general,
trends of temperature dependence zTs for both doped and undoped
samples are similar, which increase with increasing temperature.

It is worth mentioning that the nominal compositions of alloys
#A-#F locate inside or neighboring the AgBiSe2 homogeneity
regime, resulting in either single-phase AgBiSe2 or multi-phase
features. A peak zT value of alloy #A (Ag25Bi25Se50) approaches
Fig. 1. Temperature dependence of the Bridgma
0.75 at 748 K, which is 150% and 250% higher than that of the re-
ported values (zT ¼ 0.5 at 773 K [12] and zT ¼ 0.3 at 700 K [13],
respectively). In comparison to our Bridgman-grown AgBiSe2, the
AgBiSe2 synthesized through the conventionally melt-quenching
[12] or through the solid-state reaction [13] show higher elec-
trical resistivity and relative lower power factors that leads to lower
zT values. The peak zT value for the solution-synthesized AgBiSe2
even drops to 0.03 at 550 K [14]. Herein, the Bridgman-grown
AgBiSe2 gives a lower r, presumably due to the high packing den-
sity, high crystallinity and less grain boundaries, which benefit from
Bridgman crystal growth process.

The discrepancy in peak zT value of AgBiSe2 [12e14] might
originate from the complicated phase relations andmicrostructural
fluctuations. For example, peak zT value of alloy #D is ~0.3, and that
of alloy #E and #F is ~0.5, respectively. Attentions are especially
drawn upon the discontinuity in the temperature dependence of zT
in Fig. 1, reflecting the phase transformation from rhombohedral-
to-cubic at 570 K. However, the transition from hexagonal to
rhombohedral at relatively low-temperature (T~410 K) does not
induce significant change upon the temperature dependence of zTs,
presumably due to the fact that the occupancies of Ag and Bi atoms
are ordering and distinguishable in both hexagonal and rhombo-
hedral crystals [13].

To correlate the TE property with phase stability and micro-
structure, an isothermal section of ternary AgeBieSe system at
773 K (Fig. 2(a)) is determined by collecting the phase equilibrium
information from three constituent binaries [17e19] and various
thermally-equilibrated alloys. The nominal compositions and
n-grown alloys #A-#F and alloys #G1-#G5.



H.-J. Wu et al. / Acta Materialia 141 (2017) 217e229220
compositions of equilibrium phases are denoted by filled green
triangles and open red circles in Fig. 2(a), respectively, and are
further summarized in Table 1. The equilibrated microstructures
and corresponding XRD patterns of selective alloy #9 (Ag-40.0 at%
Bi-35.0 at%Se), alloy#14 (Ag-35.0 at%Bi-52.5 at%Se) and alloy#20
(Ag-50.0 at%Bi-45.0 at%Se) are shown in Fig. 2(b)e(d) and (e)e2(f),
respectively, which aim to confirm the phase regions of
AgBiSe2þAg2Se þ liquid, AgBiSe2þBi3Se4, and
AgBiSe2þBiSe þ liquid. Taking alloy #9 (Fig. 2(b)) as an example,
the irregular phases with light-gray and dark-gray contrasts are of
AgBiSe2 and Ag2Se, with compositions of Ag-24.5 at%Bi-50.7 at%Se
and Ag-33.5 at%Se, respectively, while thematrix comprises a liquid
phase with an average composition of Ag-59.0 at%Bi-27.0 at%Se.
Upon quenching, the liquid matrix solidified, and the AgBiSe2
Fig. 2. (a) Isothermal section of ternary AgeBieSe system at 773 K superimposed with alloy
alloy #9 (Ag-40.0 at%Bi-35.0 at%Se), (c) alloy#14 (Ag-35.0 at%Bi-52.5 at%Se), (d) alloy#20 (A
Se), (f) alloy#14 (Ag-35.0 at%Bi-52.5 at%Se), (g) alloy#20 (Ag-50.0 at%Bi-45.0 at%Se).
dendrite precipitates out, leaving the remaining matrix as a bright
Bi-rich phase.

On the basis of the isothermal section, the solubility of Ag in BiSe
and Bi2Se3 reaches ~3 at%Ag and ~7 at%Ag, respectively, while the
solubility of Bi in Ag2Se is less significant, which is around ~1 at%Bi.
It is worth noting that, due to the similarities in the composition
and the crystal structure, it might not be possible to distinguish the
Bi3Se4 and Bi4Se5. In short, the 773 K isothermal section concludes
that the ternary AgBiSe2 stabilizes in a homogeneity region of
16.4e26.5 at%Ag and 52.7e45.3 at%Sewhere it guides the following
starting compositions of Bridgman-grown alloys #A-#F.

An enlarged isothermal section superimposed with the starting
compositions of the alloys #A-#F is shown in Fig. 3(a), suggesting
that alloys #A-#C (Ag25-xBi25þxSe50) locate in the AgBiSe2 single-
s’ nominal compositions. BEI micrographs of AgeBieSe alloys equilibrated at 773 K (b)
g-50.0 at%Bi-45.0 at%Se). XRD diffraction pattern of (e) alloy #9 (Ag-40.0 at%Bi-35.0 at%
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phase region, alloy #D (Ag20Bi27.5Se52.5) falls in the AgBiSe2þliquid
two-phase region, and alloys #E (Ag17.5Bi30Se52.5) and #F (Ag15B-
i30Se55) include the BieSe binary compounds (Bi2Se3, Bi3Se4) in
addition to the AgBiSe2, respectively. Fig. 3(b) summarizes the XRD
patterns of alloys #A-#F, revealing that the majority phase of all
alloys is of AgBiSe2.

Fig. 3(c)e(e) further reveal distinct microstructures in alloy #A,
#C and #D. The stoichiometric alloy #A exhibits the polygonal
morphology (Fig. 3(c)), while the Bi-enriched alloy #B (Ag17.5B-
i32.5Se50) stabilizes as a homogeneous solid solution (Fig. 3(d)),
respectively. With a slight deviation in the starting composition,
the alloy #D (Ag20Bi27.5Se52.5) steps outside the AgBiSe2 homoge-
neity regime (Fig. 3(e)), and incorporates a Se-rich liquid, in addi-
tion to the AgBiSe2 matrix. A small inset embedded in Fig. 3(e) gives
a clear observation upon the surface morphology of alloy #D,
suggesting that the Se-rich liquid reveals rugged surface, due to the
fact that the Se could evaporate from the liquid phase during the
annealing process. Such a variation in microstructures might lead
to the varying peak zT values of alloys #A-#F, which range from the
highest zT~0.75 (alloy #A) and the lowest zT~0.3 (alloy #B) at 748 K,
respectively.

Fig. 4(a) and (b) show the temperature dependence of S and r for
alloys #A-#F. The negative values of S suggests that the alloys #A-
#F are n-type semiconductors. A discontinuity could also be found
in the temperature dependence of S and r, which corresponds to
the rhombohedral to cubic transformation at T~570 K. Among the
three series of alloys (Ag25-xBi25þxSe50, Ag23.75-xBi23.75þxSe52.5 and
Ag22.5-xBi22.5þxSe55), the decreasing Ag/Bi ratios degrades the ab-
solute values of S and r, presumably implying that the substitution
of Agþ by Bi3þ would increase the carrier concentrations [20]. At
300 K, the value of S range from S ~ �40 (mV/K) for alloy #E and #F,
to S ~ �70 (mV/K) for alloy #A, while the value of r are generally
low, falling in the range of 2e5 (mUcm). Within the rhombohedral
phase region, the r increases with increasing temperature, showing
the metallic-like behavior, while the jSj also increases mono-
tonically up to the rhombohedral-cubic transition (T~570 K), where



Fig. 3. (a) Enlarged isothermal section superimposed with the nominal compositions of Bridgman-grown alloys #A-#F. (b) XRD diffraction pattern of Bridgman-grown alloys #A-#F.
BEI micrographs of Bridgman-grown (c) alloy #A (Ag25Bi25Se50), (d) alloy #C (Ag17.5Bi32.5Se50) and (e) alloy #D (Ag20Bi27.5Se52.5). A corresponding SEI (secondary electron imaging)
image is embedded in Fig. 3(e).
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the jSj and r reach the maximum values. As temperature elevates
higher than 570 K, the jSj and r drop rapidly and reach a plateau
value.
Fig. 4. Temperature dependence of the (a) S, (b) r, (c) k and (d) kL m
The lattice thermal conductivity kL is calculated by kL ¼ k-ke. The
electronic thermal conductivity ke can be evaluated using the
Wiedemann-Franz law ke ¼ LT/r, where L is the Lorentz number.
easured within 300 Ke800 K of Bridgman-grown alloys #A-#F.



Fig. 5. (a) XRD diffraction patterns of alloys #A (AgBiSe2), #G1 ((GeSe)0.01(AgBiSe2)0.99), #G2 ((GeSe)0.03(AgBiSe2)0.97), #G3 ((GeSe)0.05(AgBiSe2)0.95), #G4 ((GeSe)0.07(AgBiSe2)0.93)
and #G5 ((GeSe)0.09(AgBiSe2)0.91), (b) Lattice constant for alloy #A, #G1, #G2 and #G3. BEI micrographs of the Bridgman-grown (c) alloy #G2 and (d) alloy #G5.
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Fig. 5. (continued).

Fig. 6. Temperature dependence of (a) S, (b) r, (c) k and (d) kL, measured within 300 Ke800 K of Bridgman-grown alloys #G1-#G5.
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The k and kL (Fig. 4(c) and (d)) show a hump near the
rhombohedral-cubic phase transition temperature. Among alloy
#A-#F, the alloy #A has the lowest k and kL at elevated temperature
(k~0.7 (W/mK) and kL~0.4 (W/mK)). One might ascribe the low k to
the high phase-purity of AgBiSe2 with a polygonal morphology
(Fig. 3(c)). At 300 K, the k for alloy #A is 0.96 (W/mK), and remains
nearly constant up to ~425 K (at the hexagonal to rhombohedral
transition). With further increase in temperature to ~570 K, the k

decreases with increasing temperature. At temperatures higher
than 570 K, the k for alloy #A increases first (~623 K), shows a
decrease with increasing temperature, and reached a minimum
value of k~ 0.7 (W/mK) at 748 K. The decrease in k with respect to
the temperature could be attributed to the Umklapp phonon scat-
tering [13]. Mention must be made that the Umklapp phonon
scattering is only applicable when ke/k is small. Since the ratio of ke/
k is ~0.7 for off-stoichiometric alloy #B and #C, it is therefore only
the alloy #A is selected to explain the Umklapp phonon scattering
process in AgBiSe2.

Given that the Umklapp phonon scattering dominates the heat
conduction for alloy #A, the kL is likely to decrease with increasing
temperature, following a T�1 relation [15]:

kL ¼ C
Mn3

TU2=3g2
(1)

Whereas the C equals to (6p2)2/3/4p2 suggested by [21],M is the
atomic weight, n represents the speed of sound, which is assumed
to be a constant (~2.28� 103m/s),U refers to the volume of unit cell
and g is the Grȕneisen parameter (g ¼ 2.05 for cubic crystal [22]),
respectively. As shown in a small inset in Fig. 4(d), the calculated kL
using Eq. (1), which displays as the green dashed line, fits well with
the experimental-obtained kL of alloy #A, within 600 Ke750 K,
implying that the heat conduction of cubic AgBiSe2 fulfills the T�1

temperature dependence. As mentioned, the distinct microstruc-
tures of alloy #A to #F might be responsible for the varying TE
transport properties (i.e. S, r and k), and eventually lead to the
fluctuating zTs.

Provided that the alloy #A shows the highest zT, it therefore acts
as a starting composition for further incorporating with Ge, to form
a series of GeSex(AgBiSe2)1-x (x equals to 0.01, 0.03, 0.05, 0.07 and
0.09), labelled as alloy #G1, #G2, #G3, #G4 and #G5, respectively.
The XRD patterns of the (GeSe)x(AgBiSe2)1-x are summarized in
Fig. 5(a), suggesting that the alloys crystallize from the single-phase
AgBiSe2 (x ¼ 0e0.05) to the two-phase AgBiSe2þAg2Se (x > 0.05)
with increasing Ge doping. The refined lattice constants (Fig. 5(b))
for single-phase alloys (x ¼ 0e0.05 in (GeSe)x(AgBiSe2)1-x) in-
dicates that a decreases monotonically with increasing x, while c
remain almost constant. The shrinkage in the basal plane is
contributed from the substitution of the Ag (atomic radius ~1.65 Å)
and Bi (atomic radius ~1.43 Å) by the smaller Ge (atomic radius
~1.43 Å). Nevertheless, the anisotropic lattice shrinkage observed in
(GeSe)x(AgBiSe2)1-x, which has also been reported in In-doped
Zn4Sb3 [23], may not be simply explained by the changes in the
covalently bonding lengths or the differences in the ionic radius
upon Ge doping. And yet the bonding features and phase trans-
formations in AgBiSe2 might account for the anisotropic structural
change. Fig. 5(c) and (d) further demonstrate the difference in
microstructures of as-grown alloy #G2 and #G5, which are of
single-phase AgBiSe2 and two-phase AgBiSe2þAg2Se, respectively.

Fig. 6(a)-(d) summarize the temperature dependence S, r, k and
kL of alloy #G1-#G5. With the increasing x, the absolute value of
maximal S (Smax) and and r (rmax) shift to lower temperature,
implying that Ge-doping is beneficial to stabilize the high-zT cubic
phase. At 300 K, the absolute value of S increase from 60 (mV/K) to
130 (mV/K) as x increases up to 0.09 (i.e., alloy #G5), while the r

simultaneously show higher values. In Fig. 6(b), the enlarged figure
shows the high-temperature r of alloy #G1-#G5, which decrease
with increasing temperature, while their S increase with increasing
temperature, referring the decoupling between S and r in the cubic
phase.

The k and kL of alloy #G1-#G5 are presented in Fig. 6(c) and (d).
As expected, the minimal k of alloy #G1-#G5 correspond to the
rhombohedral-cubic structure transition where the Smax and rmax
are also located. Among the Ge-doped and undoped alloys, the alloy
#G2 achieves the an extremely low k~0.3 (W/mK) at 748 K, showing
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a significant reduction compared with the undoped alloy #A (k~0.7
(W/mK)). To validate the reproducibility in k of alloy#G2, three
different measurements are conducted and summarized in an inset
in Fig. 6(c), generally giving good consistency. It is also well known
that the random occupation of cation atoms in the very same lattice
sites is beneficial to reducing the k/kL owing to the enhanced
scattering for high-frequency phonons [15].

To further unveil the reason for the ultralow kL, the TEM analysis
was employed for alloy #G2, which appears to be a homogeneously
solid solution (Fig. 5(c)). Unexpectedly, the low-magnification
Fig. 7. (a) Low magnification and (b) high magnification TEM Bright-field images of alloy #G
(R2) embedded in the matrix (R1). The FFT image of R2 is embedded in the upper-left corne
(R2). (e) the diffraction pattern for figure (a) together with two simulated rhombohedral p
bright-field (BF) image (Fig. 7(a)) suggests that the alloy #G2 ex-
hibits enormous amount of nano-precipitates. The nano-
precipitates, as revealed in the high-magnification BF image
(Fig. 7(b)), adopt a faceted shape, and the averaged size is about
20e40 nm. An enlarged inverse fast Fourier-Transformation (FFT)
view (Fig. 7(c)) indicates excellent crystallinity of the matrix
(denoted as R1) and the precipitate (denoted as R2). The chemical
compositions of those two regions, analyzed by the EDS (Fig. 7(d)),
suggest that the faceted shape R2 phase (the precipitate) is of Bi2Se3
while the matrix is of AgBiSe2, with compositions of Ag-37.1 at%Bi-
2. (c) inverse fast Fourier-Transformation (FFT) image, showing two a nano-precipitate
r, suggesting that the g ¼ 001. (d) the EDS results for matrix (R1) and nano-precipitate
hases.
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58.0 at%Se-2.3 at%Ge and Ag-32.3 at% Bi-45.4 at%Se-1.8 at%Ge,
respectively.

Moreover, the typical moir�e patterns can be found throughout
the R2 phase (Fig. 7(b) and (c)), as shown by the black and white
stripes with periodicity of 2.5 nm, which is resulted from the
interference of two constituent lattices with nearly the same d-
spacing. Upon closer observation in Fig. 7 (c), the absence of phase
boundary between R1 and R2 indicates the formation of trans-
lational moir�e fringes that both lattices are nearly parallel. Ac-
cording to Eq. (2), the d-spacing for R1 (d1) and R2 (d2) phase, under
the diffraction condition of g¼ 111 and g¼ 001, respectively, can be
related to a set of fringes with spacing dtm:

d2 ¼ dtmd1
ðd1 þ dmÞ (2)

Given that the d1 contributed from plane ð101Þ is of 0.208 nm
and dtm is measured to be 0.25 nm, the calculated d2 equals to
0.192 nm, which corresponds to the plane (110) in Bi2Se3 phase. The
observed moir�e pattern implies the existence of local mass fluc-
tuations or superlattice, which could enhance the scattering of
acoustic phonons [24] so as to significantly reduce the k. Fig. 7(e)
shows the selected area electron diffraction (SAED) pattern of
Fig. 7(c), which can be indexed as the coexistence of the AgBiSe2
matrix (R1) and the Bi2Se3 precipitates (R2). Both the R1 and R2
phase crystallize in a rhombohedral symmetry ðR3mÞ, but orient
along the different zone axis of ½111� and [001], respectively. In
short, apart from the intrinsically low k of AgBiSe2 matrix, the ultra-
low k~0.3 (W/mK) of alloy#G2 could be attributed to the combi-
natorial effects of nano-precipitates and mass fluctuations/super-
lattice, which are beneficial to the phonon scattering.
4. Conclusions

In summary, the homogeneity regime of AgBiSe2 is depicted by a
773 K isothermal section that collects the phase equilibria infor-
mation of three constituent binaries and various thermally-
equilibrated alloys. Selective n-type AgBiSe2-based alloys are
grown by the Bridgman method, with the starting compositions
spreading near/inside the homogeneity regime of AgBiSe2. Among
the undoped alloys, the alloy #A (Ag25Bi25Se50) exhibits a peak zT
value of 0.75 and a moderately low k~0.7 (W/mK) at 748 K. With
properly doping of Ge, an ultralow k~0.3 (W/mK) is achieved for n-
type (GeSe)0.03(AgBiSe2)0.97, and that further boosts the peak value
of zT to 1.05 at 748 K. The TEM analysis of (GeSe)0.03(AgBiSe2)0.97
reveals that the AgBiSe2 matrix is embeddedwith the faceted shape
rhombohedral Bi2Se3 precipitates, and forming the translational
moir�e fringes. The existence of Bi2Se3 nano-precipitate with
featuring size of 20e40 nm could be beneficial to scattering the
acoustic phonons, leading to the reduced k and enhanced zT.
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