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ABSTRACT: Silver selenide (Ag,Se) is a promising near-room-tempera-

ture thermoelectric material, but its narrow stoichiometric window and Orth.

f—o phase transition complicate reproducible microstructure control. Ag;5¢ i =
Here, we present a mismatch-assisted microstructure engineering strategy ) 9 . %
in which Ag,Se particles are treated with polyanionic ZnSe complexes and [ guse sese | &2 -é
consolidated through the f—a transition to introduce ZnSe nanoprecipitates, +AT,P | | de B se 38
Ag,Se/ZnSe interfaces, and local strain fields. The crystallographic mismatch T ®
between ZnSe and Ag,Se, together with the Zn®*/Ag™ size difference, ’ %
amplifies phase-transition-induced deformation and promotes high-density T' = Ag,Se-4% Znse | i
dislocations with periodic strain modulations. This defect architecture sup- TroT

presses grain coarsening, removes excess Ag, limits Ag-interstitial formation, 300 350 200

and reduces lattice thermal conductivity through lattice softening and multi-
scale phonon scattering. Ag,Se—4%ZnSe nanocomposites achieve a peak
2T 0 of 1.13 at 369 K and a 2T, of 1.08 from 300 to 380 K, demonstrating mismatch-driven defect engineering through the
B—o phase transition as a route for optimizing Ag,Se-based thermoelectrics.

Temperature (K)

he growing demand for sustainable energy harvesting near
room-temperature has increased interest in thermoelectric
(TE) materials capable of converting low-grade waste heat from
the human body, industrial processes, or ambient sources
directly into electricity.'™* Among the most promising candi-
dates for this temperature window is silver selenide (Ag,Se),
an intrinsically narrow-bandgap n-type semiconductor that
combines high carrier mobility, glass-like lattice thermal con-
ductivity (k; ), and mechanical flexibility,>™ properties that are
rare to find simultaneously in a single inorganic material.
These characteristics place Ag,Se in a uniquely competitive
position relative to the current near-room-temperature
standard, Bi,Te,, which relies on scarce Te and is inherently
brittle.'0¢
Yet despite its appealing intrinsic properties, Ag,Se has
proven difficult to optimize. First, the material has an exception-
ally narrow homogeneity range, meaning that even small devia-
tions from stoichiometry produce excess Ag precipitates or
Se-rich defect clusters.'” Excess Ag raises the carrier concentra-
tion well above the value required for maximum TE efficiency.'®
Minor Se excess has been shown to be beneficial by compensat-
ing Ag interstitials, but larger excess has been linked to poorly
reproducible materials.'® Second, a structural phase transition
at ~133 °C, where the room-temperature semiconducting
orthorhombic phase (-Ag,Se) transforms into the superionic
cubic phase (x-Ag,Se) with dramatically different transport
properties. This transition imposes a restriction on the
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temperature range over which high TE performance is achieved.
Additionally, the phase transition generates large mechanical
stresses due to the associated volume change, driving disloca-
tion formation and microstructural rearrangement,zo’21 a source
of complexity that is difficult to control reproducibly in conven-
tional processing strategies. Therefore, a wide range of reported
TE figures of merit is found in the literature, 172272 indicating
the sensitivity of these properties to processing.

Three broad strategies have been pursued to address these
challenges. The first one focuses on microstructure engineering
through processing alone, exploiting techniques such as spark
plasma sintering,”’ cold sintering,”*> hot pressing,’* and con-
trolled synthesis of anisotropic nanostructures to tune grain
size, porosity,””>! texture,*#*>3* dislocation densities,>**> and
the Ag/Se stoichiometric ratio during processing.’® These
processing-only approaches underscore how much microstruc-
tural leverage remains accessible in Ag,Se even before any
chemical modification is introduced. The second strategy is
chemical doping, in which aliovalent cations such as Cu,*’
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Pb,%® Cd,* In,?? or Sb,** are introduced to tune the carrier con-
centration and enhance phonon scattering via point defects.
While effective in principle, doping in Ag,Se is constrained by
the low solubility of foreign ions, which limits the achievable
defect density and frequently forces excess dopants into form-
ing secondary phases. The third strategy relies on nanocompos-
ite engineering, embedding secondary-phase nanostructures
within the Ag,Se matrix.'®**3%%1%4> This approach has yielded
meaningful reductions in ¥, but the structural and chemical
relationship between the secondary phase and the matrix, and
in particular whether the elastic mismatch at that interface can
be used as an active tool for defect engineering, has received lit-
tle systematic attention.

Recent work has introduced another concept that the above
strategies address only partially: the deliberate use of liquid—
solid interfacial reactions during solution-phase processing to
simultaneously correct off-stoichiometry, engineer grain bound-
ary chemistry, and introduce secondary phases with controlled
size and interfacial structure; all in a single low-temperature pro-
cessing step.'®** The use of chalcogenidometallate complexes
dissolved in the thiol-amine “alkahest” solvent system enables
targeted reactions at particle surfaces that solid-state routes can-
not replicate.**>° This principle was demonstrated with CdSe
complexes, where interfacial reactions removed excess Ag and
generated CdSe nanoprecipitates that reduced grain boundary
mobility and suppressed Ag™ diffusion, yielding a reproducible
2T of ~1.04 across the full operating temperature range.

Herein, we extend this framework by using polyanionic ZnSe
complexes to exploit the large mismatch that Zn introduces into
the Ag,Se matrix. The origin of this mismatch is twofold. At the
microstructural level, ZnSe nanoprecipitates adopt the cubic
stilleite structure with lattice parameters significantly different
from orthorhombic B-Ag,Se, generating mismatch strain fields
at the ZnSe/Ag,Se interfaces. At the atomic level, Zn** (ionic
radius ~0.74 A) is substantially smaller than Ag" (~1.26 A),
meaning that any Zn that enters the Ag,Se matrix, whether
transiently during sintering or as an interstitial atom, carries a
large local elastic strain field. Critically, we exploit the phase
transition itself to translate this strain landscape into a con-
trolled defect architecture. During sintering, Ag,Se traverses
the f—o phase transition, entering its superionic phase in which
Ag* diffusivity increases by orders of magnitude and the large
volume change drives significant mechanical deformation. We
demonstrate that the coupling of interfacial mismatch strain
and local lattice distortion with the f—o phase transition drives
the formation of high-density periodic dislocation arrays evi-
denced by periodic strain modulations, which are only sparsely
observed in untreated Ag,Se or when secondary-phase elements
with smaller lattice mismatch are used, such as CdSe (ionic
radius ~0.96 A). These high-density dislocation arrays suppress
K;, through multiscale phonon-scattering and lattice softening
while requiring significantly lower secondary-phase loadings,
yielding a peak 2T, . of 1.13 at 369 K for Ag,Se—4%ZnSe nano-
composites (NCPs).

M ZNSE TREATMENT AND MISMATCH-STRAIN-
ENGINEERED MICROSTRUCTURE

The introduction of Zn is done through interfacial reactions
with Ag,Se using polyanionic ZnSe complexes prepared by dis-
solving stoichiometric amounts of ZnO and Se powder in a
thiol-amine mixture at room temperature under a nitrogen
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atmosphere (Figure S1).>' To understand the effects of the
ZnSe treatment on the resulting materials, we first determine
the chemical identity of the ZnSe complexes. High-resolution
electrospray ionization mass spectrometry (HR-ESI-MS) identi-
fied [ZnSez]* as the dominant species, with fragment ions
[Se;]” and [ZnSe,]” (n = 3-7) (Table S1), confirming their
polyanionic character.'® Surfactant-free Ag,Se particles, synthe-
sized in aqueous solution and purified by successive centrifuga-
tion steps (Supporting Information, SI), are subsequently
exposed to varying molar percentages (x = 3, 4, and S) of these
complexes in N-methylformamide, followed by annealing at
400 °C and spark plasma sintering (SPS) at the same tempera-
ture (Figure 1a). These conditions expose the material to the
Ag,Se P—a phase transition, which provides the mechanical
deformation and high Ag* diffusivity conditions that determine
the final microstructure. All pellets reach relative densities above
96% of their theoretical value (Table S2), and the compositions
closely match the nominal ZnSe contents, as confirmed by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis (Table S3).

X-ray diffraction (XRD) patterns of all Ag,Se—x%ZnSe pel-
lets index exclusively to orthorhombic -Ag,Se, with no second-
ary phase reflections within detection limits and no shifts in
peak positions across compositions (Figures 1b, S2, and S3).
Rietveld refinement confirms that the lattice parameters remain
unchanged regardless of the ZnSe content (Figures 1c and S4).
Given the large size difference between Zn** (~0.74 A) and
Ag" (~1.26 A),** substitutional incorporation of Zn at Ag sites
would produce a measurable lattice contraction. Conversely,
previous work reports slight lattice expansion for Zn incorpora-
tion at very low concentrations in Ag,Se, attributed to intersti-
tial occupation.”® The absence of either signature across all
compositions confirms that Zn does not incorporate into the
Ag,Se lattice in measurable quantities under our processing
conditions. The large electronegativity difference between Ag
(2.88) and Zn (2.26),>® and the different crystal symmetry of
Ag,Se and ZnSe, all thermodynamically disfavor solid solution
formation. The quasi-binary Ag,Se—ZnSe phase diagram cor-
roborates immiscibility, showing that ZnSe solubility in Ag,Se
is negligible and drops sharply below 545 °C (Figure 1d).>*
In situ heating XRD confirms that this picture holds across
the full operating temperature range. Both untreated Ag,Se
and the Ag,Se—4%ZnSe NCP undergo a complete and revers-
ible B—o phase transition at ca. 403 K, and their respective lat-
tice parameters show normal thermal expansion but remain
indistinguishable between the two compositions at all tempera-
tures upon Rietveld refinement (Figures 1b,c, S5, and S6), con-
firming that Zn does not progressively dissolve into the Ag,Se
lattice upon heating through the superionic phase.

Zn therefore resides primarily as ZnSe nanoprecipitates
within the Ag,Se matrix, as confirmed by scanning transmission
electron microscopy energy dispersive X-ray spectroscopy
(STEM-EDX) elemental mapping (Figure le) and the high-
resolution transmission electron microscopy (HRTEM) show-
ing that these precipitates adopt the cubic stilleite structure
(F43m, space group 216, Figure 1f), consistent with the negli-
gible ZnSe solubility in Ag,Se predicted by the phase diagram
and confirmed by structural refinement. Although the lattice
parameters remain unchanged with varying ZnSe content,
which indicates that Zn incorporation into the Ag,Se lattice is
very limited and below laboratory XRD resolution, a trace
amount of Zn-related point defects cannot be fully excluded.

https://doi.org/10.1021/acsenergylett.6c01499
ACS Energy Lett. 2026, 11,5752-5762

920z ¥snbny 61 U0 JasN V|Y1SNY ADOTONHOIL B IONIIOS LSNI Aq Jpd [66+10-9202-2u/L6819€99/252S/8/ | L Apd-ajoie/dodjae/Bi0'soe sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c01499/suppl_file/nz6c01499_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.6c01499

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

a) Liquid-phase surface modification

T

4 7
Se Se Se Se Nz

Z
Sese'sese | . NN
() 2

+ZnSe complex + AT, annealing

ABy55€

Ag-terminated Ag,Se

Solid-state consolidation

b) 323K c)

363 K1 ’ ' BhedE | 20«

| ) . 483 K
393 K OFth. + Cubic %:

| S 463 K
413K b L 443 K
453 K1 423 K

1 473K a-Ag,Se
453 K 403 K
213 ] ® £383 K
393 K] il Yy d 8 22

] Orth. + Cubic £ L343 K
363 K1 B-Ag,Se \ 1323 K
323K t r — —————

35 40 45 55 3 4 5 6 7 8 9
20 / Degree Lattice parameter (A)

4) 1200
900 ~850°C
600 f

~140°C

ZnSe content

° .
Ag,Se 10 20 30 40 50 mol%

Figure 1. (a) Schematic illustration of the Ag,Se—ZnSe NCPs preparation process: (1) surface modification of Ag,Se particles with polyanionic ZnSe
complexes; (2) thermal annealing of the Ag,Se—ZnSe powder composite under N,; and (3) powder consolidation into dense pellets using SPS under
vacuum. (b) HT-XRD of Ag,Se—4%ZnSe pellet showing the 2D plot of intensity as functions of 20 and temperature (T). (c) Corresponding lattice
parameter comparison of untreated Ag,Se with Ag,Se—4%ZnSe obtained from Rietveld refinement of the HT-XRD data. (d) Quasi-binary Ag,Se—
ZnSe phase diagram.>* (e) ADF STEM image and corresponding EDX elemental maps of Ag (red), Se (blue), and Zn (green). (f) HRTEM image
of a ZnSe nanoprecipitate embedded in the Ag,Se matrix, with the corresponding FFT pattern indexed to cubic stilleite ZnSe along the [100] zone axis.

The literature reports both ZnSe secondary phases and Zn
interstitial doping in Ag,Se, depending on concentration and
processing route.”>** Moreover, the high Ag" diffusivity in
the superionic phase has already been exploited to grow
Ag,Se/ZnSe heterostructures by supersaturation,™ suggesting
that limited Zn mobility into interstitial sites during the p—a
phase transition is physically plausible at the low loadings used
in this work.

The presence of ZnSe nanoprecipitates and any Zn-related
point defects together creates a two-scale elastic strain land-
scape in the Ag,Se matrix: mismatch strain by the ZnSe/
Ag,Se interfaces, and local strain fields from Zn point defects
throughout the grain interior. Both contributions are activated
or amplified by the p—a phase transition.”>>” These indepen-
dent bulk measurements directly confirm the development of
this strain landscape. Williamson—Hall analysis shows micro-
strain increasing systematically with ZnSe content, directly
confirming the development of mismatch-induced strain fields
in the Ag,Se matrix (Figures 2a and S7). Sound velocity mea-
surements reveal a 39% reduction in average sound velocity
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upon ZnSe incorporation (Figure 2b), directly evidencing lat-
tice softening consistent with strain-induced reduction in
effective elastic stiffness. Nanoindentation measurements
show an approximately 42% increase in average hardness in
Ag,Se—4%7ZnSe relative to untreated Ag,Se (Figures 2c and
S8), reflecting the combined mechanical response to ZnSe
inclusions and the strain-engineered defect microstructure.
This strain landscape has two distinct and consequential
effects on the microstructure: (i) it controls the grain size
through impeding grain boundary migration, and (ii) it drives
the formation of high-density dislocation arrays.

At the micrometer scale, thermal processing above the phase
transition temperature drives significant grain coarsening in
untreated Ag,Se, a consequence of the liquid-like mobility of
Ag* ions in the superionic phase that facilitates mass transport
and grain coalescence (Figure 2d). ZnSe nanoprecipitates
reduce grain boundary mobility, and progressively suppress
grain coarsening with increasing ZnSe content, because Ag,Se
and ZnSe do not form a solid solution across the operating tem-
perature range. The electron backscatter diffraction (EBSD)

https://doi.org/10.1021/acsenergylett.6c01499
ACS Energy Lett. 2026, 11,5752-5762
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Figure 2. (a) Comparison of the Williamson—Hall derived microstrain for the different Ag,Se—x%ZnSe (x = 0, 3, 4, and S) composites. (b) Room
temperature transverse (v,), longitudinal (), and average (vavg) acoustic sound velocities of untreated Ag,Se and Ag,Se—4%ZnSe pellets. (c) 3D
cloud hardness maps of untreated Ag,Se, and Ag,Se—4%ZnSe pellets. (d—g) EBSD orientation maps of untreated Ag,Se and Ag,Se—x%ZnSe pellets
with x = 3, 4, and S, respectively. (h) HRTEM image showing an inside grain region of the Ag,Se—4%ZnSe NCPs. (i) Corresponding FFT pattern,
with satellite spots (dotted circles). (j) IFFT image of the 011 reflection, and dislocations observed in the yellow-squared region of (h), along with the
corresponding GPA maps of the strain components €, €,, and €, (k) Overview TEM image of highly strained and disordered microstructure.
(I) HRTEM image of a small-angle grain boundary. (m) 4D-STEM based Center-of-Mass (COM) analysis showing local beam deflection maps
in x-direction from strain fields and local electrostatic potential deviations, and (n) in y-direction. (o) WBDF image showing the dislocations at a
grain boundary, and inside the grain as bright contrast.

orientation maps of Ag,Se—x%ZnSe (x = 0, 3, 4, and S) pellets
show this systematic reduction in grain size (Figure 2d—g). The
stripe-like features observed within larger grains of untreated
Ag,Se are consistent with deformation-induced lamellar fea-
tures, likely including deformation twins, commonly observed
in materials subjected to significant plastic deformation. It is
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reported that during the p—a phase transition, substantial plastic
deformation takes place.”’ In ZnSe-treated samples, ZnSe pre-
cipitates and the increased grain boundary density both act as
obstacles to dislocation motion and restrict the glide of partial
dislocations required for twin nucleation and propagation, sup-
pressing these lamellar features.

https://doi.org/10.1021/acsenergylett.6c01499
ACS Energy Lett. 2026, 11, 5752-5762
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At the nanometer and atomic scales, TEM analysis of the
Ag,Se—4%ZnSe pellet reveals a microstructure qualitatively dif-
ferent from that of untreated Ag,Se in two aspects. First, the
10-50 nm Ag nanocrystals present in untreated Ag,Se and dis-
tributed throughout the matrix (Figure S9), are absent in the
ZnSe-treated material (Figures 2h, S10, and S11). Their
removal is attributed to the dissolution power of residual
thiol-amine solvent from the ZnSe complex preparation, which
is known to dissolve multiple bulk inorganic materials into reac-
tive molecular species,”* " combined with the direct reaction of
ZnSe complexes with excess Ag at the particle surface, a mech-
anism established for the chemically analogous CdSe system
(Figure S12).'"® Second, the ZnSe-treated sample exhibits a
markedly higher dislocation density than the untreated Ag,Se,
which is supported by the bulk scale properties (Figure 2a—c).
HRTEM images acquired from intragranular regions show the
orthorhombic Ag,Se structure with additional diffuse satellite
reflections at approximately ' /¢(321) in the FFT (Figure 2i).
These reflections are present throughout the Ag,Se—4%ZnSe
sample (Figure S13). Inverse FFT (IFFT) images constructed
from these satellite spots reveal strain modulations distributed
across the grain interior, and GPA strain maps confirm discrete
localized strain fields consistent with dislocation cores
(Figures 2j and S13), collectively supporting the presence of
high-density dislocation arrays with periodic character. The
highly strained microstructure is further evidenced through a
lower magnification TEM image (Figure 2k). While satellite
reflections can in principle arise from grain overlap moiré, the
uniform periodicity observed through the sample is more con-
sistent with a periodic structural feature intrinsic to the
Ag,Se—4%ZnSe microstructure than with a projection artifact,
which would produce orientation-dependent periodicities vary-
ing across the sample. This interpretation is supported by 4D-
STEM analysis (Figures 2m,n and S14): a virtual dark-field
image generated from the satellite diffraction intensity from
the position averaged condensed beam electron diffraction
(PACBED) pattern highlights the same grain boundary and
grain interior dislocation structures observed in the correspond-
ing bright-field image under two-beam conditions (Figure S15)
and weak beam dark-field (WBDF) image (Figure 20), indicat-
ing that the satellite diffraction intensity is spatially correlated
with dislocations and their associated local lattice distortions.

The origin of the dislocation array lies in the interplay
between the two-scale mismatch strain discussed above and
the phase transition. The reversible p—a phase transition in
Ag,Se induces giant mechanical deformation, analogous to plas-
tic deformation in metals, that generates dislocations through-
out the material.>’ Our prior work on solution-processed
Ag,Se established that the dislocation density increases signifi-
cantly when the sintering temperature exceeds the f—a phase
transition temperature, directly confirming that traversal of the
phase transition is responsible for dislocation generation in
Ag,Se*® Grain boundaries can act as preferential nucleation
sites during the phase-transition-induced deformation,®"“? with
the dislocation spacing in the grain interior inheriting the peri-
odicity set by the grain boundary geometry.> HRTEM of a
low-angle grain boundary provides direct evidence for this
nucleation mechanism (Figure 21): the FFT of this region
shows satellite spots from both adjacent grains at identical posi-
tions (Figure S16), indicating a shared structural periodicity at
the boundary consistent with a periodic dislocation array whose
spacing is determined by the crystallographic misorientation
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between the two grains. The structural and elastic mismatch
between ZnSe nanoprecipitates and the Ag,Se matrix raises
the local stress concentrations at the interfaces, amplifying dis-
location nucleation at grain boundaries beyond what the phase
transition alone produces.’* Any Zn-related point defects
throughout the grain interior may contribute additional local
strain fields, providing a driving force for dislocation generation
away from interfaces.”> Center-of-mass (COM) analysis of the
bright-field disk was used to map local beam deflections arising
from strain fields in the vicinity of dislocation structures
(Figures 2m,n). The pronounced beam deflections observed
in the COM-x and COM-y maps, appearing as localized regions
of enhanced contrast at dislocation sites, together with the more
gradual variations reflecting extended strain fields across the
dislocation-rich regions, provide quantitative spatial mapping
of the strain landscape associated with the dislocation network.
Together, these strain sources explain both the high overall dis-
location density and the presence of dislocation-related features
deep within grain interiors, well away from visible ZnSe precip-
itates. Both the systematic microstrain increase with ZnSe
content (Williamson—Hall analysis, Figures 2a and S7) and
the direct visualization of dislocations by WBDEF imaging
(Figure 20) are consistent with this picture.

The combination of a high-diftusivity superionic phase and a
strong mismatch driving force finds close analogy in other mate-
rial systems where periodic dislocation arrays emerge from the
coupling of solute strain fields and thermally activated diffusion.
In PbTe/Ag composites, the low solubility and high diffusivity
of Ag in PbTe lead to solute accumulation at dislocation arrays,
producing strain modulations with ~5 nm periodicity.®®
Similarly, in Mg—Nd—Mn alloys, periodically spaced misfit dislo-
cations at tilt grain boundaries develop ordered interfacial struc-
tures when diffusion is enabled, driven by atomic size mismatch
as the dominant factor.®> In both cases, the periodicity of the
resulting structure is inherited from the grain boundary geome-
try, consistent with what is proposed in this work. The absence
of equivalent periodic dislocation arrays in Ag,Se treated with
CdSe,'® where the smaller lattice mismatch between CdSe
and Ag,Se generates weaker interfacial strain fields and a lower
driving force for dislocation nucleation, indicates that mismatch
magnitude is one controlling design parameter.

Bl TRANSPORT PROPERTIES

The microstructural features described above each have direct
and distinguishable consequences for charge carrier and phonon
transport. We discuss these transport properties in the temper-
ature range from 300-390 K (Figures 3 and 4), within the
-Ag,Se phase, where the material exhibits its highest TE per-
formance.>®%”%® The transport data across the phase transition
temperature up to 440 K can be found in Figure S17.
Untreated Ag,Se exhibits a higher ¢ than most reported bulk
Ag,Se-based materials,’>*>*7% due to the presence of Ag
nanoprecipitates and Ag interstitials that increase the Hall car-
rier concentration (ny; = 1.3 X 10" cm™>) above the value
for optimal zT (Figure 3a,c).'®”” Liquid—solid interfacial reac-
tions of the Ag,Se particles with polyanionic ZnSe complexes
address this in two different ways. First, surface excess Ag is
removed, preventing the formation of Ag nanoprecipitates dur-
ing consolidation, similar to the behavior previously observed
for CdSe complexes.18 Second, the mismatch strain fields asso-
ciated with Ag,Se/ZnSe heterointerfaces and the periodic

https://doi.org/10.1021/acsenergylett.6c01499
ACS Energy Lett. 2026, 11,5752-5762
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Figure 3. Transport properties of Ag,Se—x%ZnSe (x = 0, 3, 4, and 5S) NCPs. Temperature dependence of (a) electric conductivity (c) and
(b) Seebeck coefficient (S). (c) Hall charge-carrier concentration (ny, solid symbols) and carrier mobility (1, open symbols) at room temperature
as a function of ZnSe content. (d) Pisarenko plot at 300 K. with black open dots representing reference data from other Ag,Se-based TE mate-
rials.f%73767788L82 (o) Temperature dependence of power factor (PE). (f) Temperature dependence of ny; and p,, for untreated Ag,Se and the
Ag,Se—4%ZnSe pellet. Temperature dependence of (g) thermal conductivity (k), and (h) lattice thermal conductivity (k;). (i) Comparison of
the temperature-dependent ¥; values of Ag,Se—4%ZnSe obtained in this work with those of previously reported Ag,Se-based TE

. 1. 18,26/42,69,72,75,78,83,84
materials.

dislocation arrays act as trapping sites for Ag interstitials,**
suppressing their ionization® and hindering their formation
with increasing temperature.*” This is evidenced by the
temperature-dependent n,; measurements (Figure 3f). In
untreated Ag,Se, ny; increases with temperature, reflecting the
thermal activation of Ag atoms into interstitial sites while in
the Ag,Se—4%ZnSe NCP the increase is significantly smaller.
Beyond the decrease in ny, the Hall charge carrier mobility
(py) of the Ag,Se—ZnSe NCPs is progressively reduced as the
Zn content increases, which is attributed to the increased den-
sity of interfaces that efficiently scatter charge carriers in
Ag,Se.””

The reduction of ny; due to off-stoichiometry correction and
interstitial trapping, together with the smaller p;; caused by
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increased interface density, leads to an approximately threefold
decrease of G at room temperature from 2237 to 754 S cm™*
(Figure 3a), and a corresponding increase in the absolute values
of S, reaching —178 uV K™! for Ag,Se—5%ZnSe at room temper-
ature (Figure 3b). The unchanged effective mass (m* =
0.28m,) across all compositions, confirmed by the predicted
Pisarenko relation (Figure 3d), indicates that these changes
do not arise from ZnSe-induced band-structure modification.
Overall, the NCPs achieve higher power factors (PF = 65%)
at elevated temperatures, compared with the untreated Ag,Se,
as shown in Figure 3e.

The two-scale mismatch strain landscape that governs elec-
tronic transport also determines heat transport through the mate-
rial. Compared with untreated Ag,Se, all Ag,Se—ZnSe NCPs
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. . : 18,20 8,86,8
TE materials produced by solution-processing methods'®>%7>7%788657

380 K.

and

69-72,75-77,82,88

solid-state methods in the temperature range of 300—

exhibit significantly reduced k (Figure 3g) and k; (Figure 3h)
values across the entire temperature range (Figure S18). For
Ag,Se—4%ZnSe NCPs, the room temperature k¥ and K are
reduced by S0 and 35%, respectively, relative to untreated
Ag,Se. Notably, the k; values of Ag,Se—4%ZnSe are among the
lowest reported for Ag,Se-based TE materials in the near-
room-temperature range (Figure 3i).18:26:42,69,72,75,78838% g
reduction can be attributed to multiple phonon-scattering mech-
anisms operating over different length scales: (i) atomic scale
mismatch strain fields from Zn point defects, (ii) extended peri-
odic strain fields from dislocation arrays, and (iii) interface scat-
tering from ZnSe nanoprecipitates. The synergistic contribution
of these multiscale defects enables broadband phonon scattering,
thereby effectively lowering k;.** In addition to these scattering
mechanisms, a 39% reduction in average sound velocity upon
ZnSe incorporation directly evidences lattice softening, which
reduces phonon group velocity and contributes independently
to K, reduction (Figure 2b).

Although ZnSe treatment reduces py; through the increased
grain boundary and interface density, the stronger reduction
in ¥, through multiscale phonon-scattering results in a net
improvement of the TE quality factor (B) (Figure 4a).%°
Since B is proportional to pi,,/k; (Figure S18d), its increase
indicates that the reduction in %, more than compensates for
the mobility loss in the Ag,Se—ZnSe NCPs. Carrier concentra-
tion analysis further shows that Ag,Se—4%ZnSe shifts n;; closer
to the optimal range compared with untreated Ag,Se
(Figure 4b). Consequently, all Ag,Se-ZnSe NCPs exhibit
enhanced zT values, with Ag,Se—4%ZnSe reaching a maximum
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2T of 1.13 at 369 K (Figure 4c), which is superior to most other
Ag,Se-based TE materials prepared via solution-proc-
essed 3207374788687 o4 < lid-state methods®®—7275—778288
(Figure 4d). More importantly, this enhanced performance
extends across a broad temperature range, yielding a high aver-
age zT value of ~1.08 from ~300 to 380 K (Figure 4e), with
performance stability confirmed over repeated thermal cycling
and sample-to-sample reproducibility verified by repeated mea-
surements (Figures S19 and S20). To assess the practical poten-
tial of the material without the confounding variables of device
fabrication, we calculated the theoretical conversion efficiency
based on the measured transport properties. Ag,Se—4%ZnSe
achieves a theoretical efficiency of 4.4% under AT = 85 K,
among the highest values reported for Ag,Se-based TE mate-
rials across both solution-processed and solid-state routes
(Figure S21), directly demonstrating the practical energy har-
vesting potential of the mismatch-driven defect engineering
strategy.

In summary, we have shown that the f—o phase transition of
Ag,Se, combined with deliberately engineered mismatch strain,
constitutes an effective microstructure design strategy. Treating
Ag,Se particles with polyanionic ZnSe complexes and process-
ing the resulting composite through the B—a phase transition
drives the formation of a two-scale mismatch strain landscape
and corrects stoichiometry through interfacial chemistry, sup-
presses Ag interstitial formation through strain-field trapping,
and generates high-density dislocation arrays evidenced by peri-
odic strain modulations that reduce «; through multiscale pho-
non scattering and lattice softening more effectively than it
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degrades carrier transport. Together, these effects lead to signif-
icantly enhanced zT values, with the peak zT increasing from
0.52 at room temperature for the untreated Ag,Se to 1.13 at
369 K for Ag,Se—4%ZnSe NCPs. More importantly, this work
demonstrates that mismatch magnitude and the kinetic condi-
tions of the phase transition are critical design parameters, pro-
viding a design principle extendable to other phase-transitioning
TE systems where solute mismatch and diffusivity can be simi-
larly leveraged.
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