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ABSTRACT: Understanding the complex phenomenon be-
hind the structural transformations is a key requisite to
developing important solid-state materials with better efficacy
such as transistors, resistive switches, thermoelectrics, etc.
AgCuS, a superionic semiconductor, exhibits temperature-
dependent p−n−p-type conduction switching and a colossal
jump in thermopower during an orthorhombic to hexagonal
superionic transition. Tuning of p−n−p-type conduction
switching in superionic compounds is fundamentally important
to realize the correlation between electronic/phonon dispersion
modulation with changes in the crystal structure and bonding, which might contribute to the design of better thermoelectric
materials. Herein, we have created extrinsic Ag/Cu nonstoichiometry in AgCuS, which resulted in the vanishing of p−n−p-type
conduction switching and improved its thermoelectric properties. We have performed the selective removal of cations and
measured their temperature-dependent thermopower and Hall coefficient, which demonstrates only p-type conduction in the
Ag1−xCuS and AgCu1−xS samples. The removal of Cu is much more efficient in arresting conduction switching, whereas in the
case of Ag vacancy, p−n−p-type conduction switching vanishes at higher vacant concentrations. Positron annihilation
spectroscopy measurements have been done to shed further light on the mechanisms behind this structural transition-dependent
conduction switching. Cation (Ag+/Cu+) nonstoichiometry in AgCuS significantly increases the vacancy concentration, hence,
the p-type carriers, which is confirmed by positron annihilation spectroscopy and Hall measurement. The Ag1−xCuS and
AgCu1−xS samples exhibit ultralow thermal conductivity (∼0.3−0.5 W/m·K) in the 290−623 K temperature range because of the
low-energy cationic sublattice vibration that arises as a result of the movement of loosely bound Ag/Cu within the stiff S
sublattice.

■ INTRODUCTION

Structural phase transformation remains one of the most
intriguing phenomena for modern-day inorganic and solid-state
chemistry, primarily because it acts as a podium for furnishing
materials with a plethora of novel physical properties,1 viz.,
superconductivity,2 superionic conduction,3−6 the photoelec-
tronic effect,7,8 optical storage,9 giant magnetoresistance,10 p−
n- and p−n−p-type conduction switching,3,11−15 and thermo-
electricity.6,16−20 Apart from changes in the crystal structure,
phase transformation also leads to changes in the orientation of
electron clouds, which, in turn, influences their spin states.
These deformations result in the evolution of electronic
structures and phonon dispersions. Among these novel
attributes, temperature-dependent p−n−p-type conduction
switching is relatively unexplored and can potentially find its
usage in temperature-controlled diode and transistor devices,
which can operate efficiently and reversibly near room
temperature.21

Silver and copper chalcogenides, chalcohalides, and halides
have garnered interest over the past few years because of their
tendency to exhibit mixed ionic and electronic conduction in
superionic phases.3,4,13,22 These compounds are composed of
cationic and anionic substructures that are weakly coupled.
Structural transition of these compounds leads to a superionic
phase at high temperatures, which can primarily be attributed to
the formation of a substructure of mobile cations. AgCuS
belongs to this family and shows several temperature-
dependent structural transitions.13,23 Recently, we have shown
that AgCuS undergoes p−n−p-type conduction switching
coupled with a colossal change of thermopower in the vicinity
of an orthorhombic to hexagonal structural transition.13 The
switching of the conduction type can be attributed to the
change in the electronic structure and Ag vacancy concen-
tration during the first superionic structural transition at ∼360
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K. The room temperature orthorhombic phase β-AgCuS
(Cmc21) is composed of distorted hexagonal-close-packing
(hcp) S atoms (Figure 1a).23 The Cu atoms lie within the
distorted hcp S layer and form a three-coordinated structure.
Ag atoms form a loosely bound face-centered-cubic (fcc)
framework, alternating with those of CuS, which are bonded to
two S atoms with near-linear geometry (Figure 1a).24

Hexagonal (α phase at 361 K) and cubic (δ phase at 439 K)
are high-temperature superionic phases with space groups P63/
mmc and Fm3 ̅m, respectively. AgCuS undergoes structural
phase transformations at 361 K (β → α) and further at 439 K
(α → δ). The high-temperature hexagonal (α) phase is
composed of partially disordered Ag and Cu, with S atoms
preserving the hcp sublattice (Figure 1a).24 The cubic (δ
phase) phase is the other high-temperature structure, where all
of the cations (Ag+/Cu+) are randomly distributed at the
tetrahedral and octahedral sites of the rigid fcc S sublattice
(Figure 1a).24 In general, the anion sublattice is crystalline,
while the cation mobilizes with an increase in the temperature,
akin to liquidlike disorder within the crystalline chalcogenide/
chalcohalide framework, which leads to p−n- and p−n−p-type
conduction switching and important thermoelectric properties
in AgCuS, AgCuSe, Ag10Te4Br3, and AgBiSe2.

10,12−14

Tuning of p−n−p-type conduction switching in superionic
compounds is fundamentally important to realize the
correlation between electronic/phonon dispersion modulation
with changes in the crystal structure and bonding, which might
contribute to the design of better thermoelectric materials.
Recently, tuning of p−n−p-type conduction switching in
AgCuS has been performed by reducing the grain size to
nanoscale, which opens up the band gap and increases the Ag
vacancy concentration, thereby altering the conduction switch-
ing.25 Interestingly, in AgBiSe2, p−n−p-type conduction
switching vanishes for its bulk counterpart.17 The crystallite

size here plays a prominent role in conduction switching
because it modifies the electronic structure. Tuning of
conduction switching has also been seen in anion-substituted
Ag10Te4Br3,

26 where substitution influences the carrier trans-
port and electronic structure, which leads to a shift in the phase
transition temperature. p-type conduction in β-AgCuS is the
result of intrinsic Ag vacancy, which provides an effective path
for Ag+-ion migration during superionic phase transition.13 The
presence of hybridized Cu−S orbitals in the intermediate
semimetallic electronic structure state contributes to n-type
conduction, which is responsible for the p−n−p-type
conduction switching in AgCuS.13 The purposeful creation of
nonstoichiometry or cation (Ag+/Cu+) vacancy may result in a
change in the p−n−p-type conduction switching in AgCuS.
The findings will not only help us to gain insight into the
pertinent mechanism for the conduction switching but also
show its usefulness in the development of better thermoelectric
materials.
Herein, we demonstrate an innovative way to tune p−n−p-

type conduction in AgCuS, while trying to keep the grain size
intact. The Ag vacancy concentration and Cu−S hybridized
states are pivotal for p−n−p-type conduction switching in
AgCuS. Thus, we intentionally created extrinsic Ag and Cu
vacancies in AgCuS in order to tune the conduction switching.
In the case of Ag vacancies, p−n−p-type conduction switching
vanishes at Ag0.85CuS, whereas for Cu, p−n−p vanishes even at
only 1 mol % Cu vacant samples. The nature of the vacancy and
relative concentrations with increasing respective cation (Ag+/
Cu+) nonstoichiometry in AgCuS has been analyzed by the
positron annihilation lifetime (PAL) and shape (S) parameter.
An increase in the PAL and an increase in the S parameter with
respect to pristine AgCuS with increasing Ag+/Cu+ vacancy
concentration indicate enhancement of the p-type carrier in
nonstoichiometric AgCuS, which was also further confirmed by

Figure 1. (a) Temperature-driven structural transformations for AgCuS. AgCuS undergoes phase transition from an ordered orthorhombic phase to
a partially cation-disordered hexagonal phase to finally a fully cation-disordered cubic phase. (b and c) Powder XRD patterns for the different Ag-
and Cu-deficient AgCuS, respectively. Extra peak(s) (marked by asterisks) at higher deficiencies is (are) due to the presence of Cu2S.
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the Hall measurement at room temperature. A change in the
thermopower (ΔS) during an orthorhombic to hexagonal
superionic transition decreases with increasing cation defi-
ciency. The superionic phase transition temperature is
independent of vacancy concentrations in AgCuS, which is
confirmed by differential scanning calorimetry (DSC) analysis.
All of the samples exhibit ultralow thermal conductivity (∼0.3−
0.5 W/m·K) in the temperature region of 290−623 K, which is
due to the dynamic movement of the cations within the rigid
anion sublattice. Ag0.85CuS exhibits a maximum thermoelectric
figure of merit (zT) of ∼0.15, which is significantly higher than
that of pristine AgCuS.

■ EXPERIMENTAL SECTION
Starting Materials. Elemental Ag (≥99.99%, Sigma-Aldrich), Cu

(99.999%, Alfa Aesar), and S (99.999%, Alfa Aesar) were used in
stoichiometric amounts for the synthesis of the compounds. They
were used as obtained, and no further purification was done.
Synthesis. Ingots (∼7 g) of Ag1−xCuS (x = 0.01, 0.1, and 0.15),

and AgCu1−xS (x = 0.01, 0.02, and 0.04) were prepared by taking
stoichiometric amounts of Ag, Cu, and S. They were transferred to
quartz ampules and subsequently flame-sealed under high vacuum
(∼10−5 Torr). These vacuum-sealed ampules were then slowly heated
up to 773 K over 12 h to minimize any S evaporation, then gradually
heated to 1223 K in 5 h followed by soaking for 24 h, and finally air-
quenched to room temperature. Each ingot was subsequently cut and
polished into a parallelepiped (∼2 × 3 × 8 mm3) and thin-coin-shaped
(8 mm diameter and 2 mm thick) samples to perform electrical
transport and thermal diffusivity measurements, respectively.
Powder X-ray Diffraction (XRD). The samples were finely

ground using an agate mortar and were used for powder XRD. Powder
XRD was done under room temperature conditions using Cu Kα
radiation source (λ = 1.5406 Å) on a Bruker D8 diffractometer.
Temperature-dependent powder XRD was carried out using a Rigaku
Smart-lab X-ray diffractometer, with the radiation source being Cu Kα
(λ = 1.5406 Å). The temperature ramp rate during heating and cooling
cycles was kept at 5 K/min with an additional 2 min for steadying the
temperature. The scanning rate was kept at 1°/min.
Seebeck Coefficient and Electrical Conductivity. The Seebeck

coefficients and electrical conductivities of the samples were measured
from room temperature to 550 K under He atmosphere using an
ULVAC-RIKO ZEM-3 instrument.
Thermal Conductivity. Thin-coin-shaped samples were used for

thermal diffusivity (D) measurements in a Netzsch LFA 457

instrument under N2 atmosphere. The total thermal conductivity
was then calculated using the equation κtotal = DCpρ, where ρ is the
density of the measured samples. Cp is the heat capacity, which is
obtained using the reference pyroceram. All of the samples have
densities greater than 96% of the theoretical density.

Hall Measurement. Parallelepiped-shaped samples were used for
Hall measurements. The measurement was carried out in an in-house
setup developed by Excel Instruments, using a varying magnetic field
of 0.0−0.57 T and a direct current of 50 mA. For high-temperature
measurements, the ramp rate was kept at a steady 1 K/min, with a
fluctuation limit of 1 K during the measurements.

DSC. Finely powdered samples were used for DSC measurements.
The measurements were carried out on a TA DSCQ2000 instrument
with a heating rate of 5 K/min within the temperature range 290−550
K.

Positron Annihilation Spectroscopy (PAS). PAS measurements
have been carried out using a 22NaCl source (strength ∼10 μCi) and
sealed in a thick Ni foil (1.5 μm). The sealed source has been placed
amidst two identical plane-faced samples (8 mm diameter × 1 mm
thick pellet) for both the PAL and Doppler broadening (DB)
measurements. The PAL have been calculated with a conventional
fast−fast coincidence assembly, which is comprised of two γ-ray
detectors (25 mm long and 25 mm tapered to 13 mm diameter BaF2
scintillator, optically coupled with an XP2020 Q photomultiplier tube)
and two differential discriminators having constant fraction (Fast
ComTech; model 7029A), which has a time resolution (full width at
half-maximum) of ∼220 ps measured by the prompt γ-ray of a 60Co
source. Approximately 10 million coincidence counts have been
detected and recorded in a multichannel analyzer. The recorded
lifetime spectrum has been examined using the computer code
PATFIT-88 with proper source corrections. A DB of positron
annihilation radiation (DBPAR) experiment has been carried out at
room temperature by a single HPGe detector (efficiency, 12%; type,
PGC 1216 sp; DSG, Germany), which has an energy resolution of 1.15
at 514 keV of 85Sr. The DBPAR spectra have been recorded in a dual-
ADC-based multiparameter data acquisition system (MPA-3 of FAST
ComTec, Germany). The DR of annihilation at 511 keV γ-ray spectra
has been examined by evaluating the line-shape parameter (S
parameter).27,28 The S parameter is defined as the ratio of counts in
the central area under the photopeak (|511 keV − Eγ| ≤ 0.85 keV) to
the whole area under the photopeak (|511 keV − Eγ| ≤ 4.25 keV). The
S parameter mainly tells us about the fraction of positrons that are
being annihilated by the lower momentum electrons with reference to
the total electrons annihilated. The contribution of the S parameter is
crucial because of the occurrence of open-volume defects, where the
positrons get annihilated.

Figure 2. DSC curves for (a) Ag1−xCuS (x = 0.01 and 0.15) and (b) AgCu1−xS (x = 0.01 and 0.02). There is no apparent shift in the phase transition
temperature in any of the vacant samples. The inset of part a contains zoomed-in versions of hexagonal to cubic phase transitions around 404 K.
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■ RESULTS AND DISCUSSION

Nonstoichiometric Ag1−xCuS (x = 0.01, 0.1, and 0.15) and
AgCu1−xS (x = 0.01, 0.02, and 0.04) were synthesized by a
vacuum-sealed tube melting reaction of Ag, Cu, and S. Parts b
and c of Figure 1 show the powder XRD patterns of Ag1−xCuS
(x = 0.01, 0.1, and 0.15) and AgCu1−xS (x = 0.01, 0.02, and
0.03) samples, respectively. The samples were found to procure
an orthorhombic β-AgCuS structure (Cmc21) in low concen-
tration of Ag/Cu vacancy. When the Ag/Cu vacancy
concentration is increased significantly, we observe a minute
second phase of Cu2S (P43212, marked by asterisks in Figure
1b,c) along with β-AgCuS. It has been observed that, for both
cation (Ag+/Cu+)-deficient samples, interestingly Cu2S gets
isolated as the minor second phase, where the common
perception is that, in the case of AgCu1−xS, Ag2S or elemental
Ag should contribute to any second phase.
Further, a temperature-dependent structural transition in

nonstoichiometric Ag1−xCuS (x = 0.01 and 0.15) and AgCu1−xS
(x = 0.01 and 0.02) has been studied via DSC measurement
(Figure 2a,b). The heating curve of DSC shows a strong peak
around 369 K, which corresponds to the first high-temperature
orthorhombic to hexagonal (β→ α) phase transition. The peak
around 404 K could be attributed to the low-temperature
boundary region for the second high-temperature hexagonal to
cubic (α → δ) phase transition.23 Although in hindsight the α
→ δ transition shows no peak in the Ag-deficient Ag1−xCuS,
zoomed in the versions of Ag0.99CuS and Ag0.85CuS, the DSC
data around 404 K suggests that there is a presence of the α →
δ transition peak (Figure 2a, inset). The DSC data further
provide information that there is no shift in the transition
temperature with varying vacancy concentration. This finding is
of fundamental interest because it shows, unlike Ag10Te4Br3,
where the transition temperature shifts with anion substitu-
tion;26 here the transition is immune to vacancies. The
presence of a peak at 369 K depicts that the phase transition
does take place in all of the samples, but with an increase of the
Ag vacancy in Ag1−xCuS, which imparts p-type conduction, the
formation of semimetallic states is not enough for a change in
the conduction switching. In the case of the AgCu1−xS samples,
although the β → α transition takes place at around 369 K, as
shown in the DSC plot, the absence of Cu−S hybridized bonds
becomes a contributing factor for the tuning of p−n−p-type
conduction switching. The cooling data show a peak around
440 K for Ag1−xCuS and 425 K for AgCu1−xS. These peaks can

be attributed to the α→ δ phase transition. The peak at around
380 K is a two-phase boundary region of the α → δ transition.
The region between the aforementioned two peaks (425 and
380 K) in the cooling cycle contains both hexagonal (α) and
cubic (δ) forms.
To further corroborate the DSC findings, temperature-

dependent powder XRD has also been carried out to provide
conclusive evidence of the phase transition taking place in the
cation vacant samples. We have performed temperature-
dependent powder XRD for two samples, i.e., Ag0.85CuS and
AgCu0.98S (Figure 3a,b). The presence of different phases with
changes in the temperature provides us with conclusive proof of
the phase transformations in these cation vacant samples. For
both samples, we have observed temperature-dependent phase
transitions from orthorhombic (room temperature) to
hexagonal (∼370 K) to a mixture of hexagonal and cubic
(∼423 K) to finally a fully cubic phase. The heating and cooling
cycles prove that the phase transitions in cation (Ag+/Cu+)
vacant AgCuS samples are reversible in nature, which do
complement our DSC results. For the Ag vacant sample (i.e.,
Ag0.85CuS), we observe the presence of a minor second Cu2S
phase, which does not undergo any noticeable phase transition
within the measured temperature range.
The p-type conduction in the orthorhombic phase is due to

the intrinsic Ag vacancies, which acts as an effective route for
the hopping of Ag+ ions to these inherent vacant positions.13

Here, we have extrinsically created Ag vacancies by using
stoichiometric amounts of Ag, Cu, and S in the appropriate
ratio to form compounds with the nominal composition of
Ag1−xCuS (x = 0.01, 0.1, and 0.15). The motive behind this was
to create more vacancies for the Ag+ ions to migrate to, which
may tune the conduction switching property in AgCuS.
Because it has already been understated that Ag vacancies are
responsible for p-type conduction in β-AgCuS at room
temperature, creating more such vacancies will lead to
predominantly p-type conduction throughout the temperature
range. We have measured the carrier type and concentrations of
Ag1−xCuS samples by Hall coefficient measurement at room
temperature (Table 1). Pristine AgCuS exhibits a p-type carrier
concentration of 1.3 × 1015 cm−3, which significantly increases
to 1.27 × 1017 cm−3 in Ag0.9CuS.
Figure 4a shows the temperature-dependent thermopower

(S) for the Ag1−xCuS samples. The room temperature Seebeck
coefficient value decreases from 719 μV/K in pristine AgCuS to

Figure 3. Temperature-dependent heating and cooling powder XRD data for (a) Ag0.85CuS and (b) AgCu0.98S. Both samples show reversible phase
transitions. The peak marked with an asterisk (*) in part a is due to the presence of a Cu2S second phase.
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378 μV/K for Ag0.85CuS (Figure 4c). Such a decrease in the
thermopower with an increase in the Ag vacancy concentration
in Ag1−xCuS can be attributed to the increase in the p-type
carrier concentrations (Table 1). With an initial increase in the
temperature, the thermopower increases gradually, followed by
a sudden colossal jump (ΔS = 1737 μV/K), accompanying with
it a change in the conduction type from p to n during an
orthorhombic to hexagonal superionic transition (∼367 K) in
pristine AgCuS. Upon a further increase in the temperature, the
thermopower reverts back to the p type and stays p type
afterward. With a gradual increment in Ag vacancy, the change

in the thermopower (ΔS) during the superionic phase
transition decreases (Figure 4c). This decrease in the change
of the ΔS value can be attributed to an increase in the p-type
carrier (Table 1), which nullifies some of the effective n-type
carriers during the phase transition. For the Ag0.85CuS sample,
the absence of such p−n−p-type conduction switching is
observed and the compound remains predominantly p-type
throughout the measured temperature. Although there is a
slight drop in the thermopower at the vicinity of the β → α
phase transition, the drop is not sufficient enough to cause a
change in the conduction type. The hump around 450 K in the
thermopower value for Ag0.85CuS is most likely due to the
pronounced effect of α → α + δ to finally a fully δ phase
transition, which is present in other samples also but the hump
is not as prominent as that of Ag0.85CuS, which is not clear at
this moment. Thus, we were able to tune the p−n−p-type
conduction switching in AgCuS to fully p-type conduction via
nonstoichiometric Ag1−xCuS.
We have conducted temperature-dependent Hall measure-

ments for both the pristine AgCuS and Ag0.85CuS samples. We
have seen a similar trend in the sign of the Hall coefficient
(RH), which gives an indication regarding the nature of the
conduction in the material. In the case of pristine AgCuS, RH is
initially positive (p-type conduction), then changes to negative

Table 1. Carrier Concentrations for the Different Cation
(Ag+ and Cu+) Vacant Compoundsa

sample carrier concentration (cm−3)

AgCuS 1.3 × 1015

Ag0.99CuS 1.09 × 1016

Ag0.90CuS 1.27 × 1017

Ag0.85CuS 1.02 × 1017

AgCu0.99S 7.11 × 1015

AgCu0.98S 9.26 × 1015

AgCu0.96S 5.37 × 1015

aAll of the measurements are done at room temperature.

Figure 4. Temperature-dependent Seebeck coefficient values for (a) Ag1−xCuS (where x = 0, 0.01, 0.1, and 0.15). The p−n−p-type conduction
switching is tuned and eliminated at x = 0.15. Temperature-dependent Seebeck coefficient values for (b) AgCu1−xS (where x = 0, 0.01, 0.02, and
0.04). Here the p−n−p-type conduction switching vanished at low deficiencies only. (c) Change in the thermopower (ΔS) versus vacancy
concentration. ΔS decreases with increasing vacancy.
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(n-type) during the β → α phase transition, and reverts back to
a positive value (p-type). In the case of cation vacant Ag0.85CuS,
the RH remains positive (p-type) within the measurement
range, indicating that Ag0.85CuS is a fully p-type conductor
(Figure S1a,b), which supports the temperature-dependent
Seebeck coefficient data. The temperature-dependent carrier
concentration data are given in Tables S1 and S2.
Hybridized Cu−S orbitals in AgCuS forms the semimetallic

intermediate electronic state during β → α transition, which
provides n-type conduction at ∼365 K.13 To understand the
role of Cu vacancy, we extrinsically created Cu vacant samples
using stoichiometric amounts of Ag, Cu, and S in the
appropriate ratio to form compounds with the nominal
composition of AgCu1−xS (x = 0.01, 0.02, and 0.04).
Interestingly, Cu nonstoichiometry does not increase much
the p-type carrier concentration of AgCu1−xS compared to that
of Ag vacant samples (Table 1). For example, the p-type carrier
concentration of 5.37 × 1015 cm−3 was obtained in AgCu0.96S,
which is much lower compared to that of Ag1−xCuS.
Figure 4b shows the temperature-dependent thermopower

(S) for the AgCu1−xS samples. Unlike the Ag vacant samples,
where the tuning of the conduction switching was possible to
attain only at higher vacancy (e.g., Ag0.85CuS), here we
observed complete loss of p−n−p-type conduction switching
at lower Cu vacancies, i.e., in AgCu0.99S. This can be attributed
to the fact that the hybridized Cu−S states are the prime factor
for the formation of an n-type semimetallic electronic state
during the β → α phase transition, which can be perturbed by
creating a small amount of Cu vacancy. Moreover, a partial
density of states in the electronic structure clearly showed that
the Cu 3d orbital resides near the Fermi level during p−n-type
conduction switching,13 making the contribution from Cu
toward the conduction switching much more prevalent than its
Ag counterpart in Ag1−xCuS. Because the Cu 3d orbitals reside
so close to the Fermi level, a small perturbation in them might
hinder overlapping of the valence and conduction bands during
the phase transition, which actually makes AgCu1−xS a fully p-
type semiconductor. Typically, AgCu0.96S exhibits a S value of
733 μV/K at room temperature, remains p-type throughout,
and has a S value of 630 μV/K at 550 K. Here the change is the
thermopower with increasing vacancy is much more gradual.
The ΔS value for AgCu0.99S is 500 μV/K, which decreases
gradually to 422 μV/K for AgCu0.96S (Figure 4c). The

temperature-dependent Hall coefficient data of AgCu0.96S are
also consistent with the observed Seebeck coefficient, which
confirms that AgCu0.96S is indeed a fully p-type semiconductor
(Figure S1c). The temperature-dependent carrier concentration
data are given in Table S3.
Although the presence of a minor second phase of Cu2S in

nonstoichiometric AgCuS could contribute to tuning of the p−
n−p transition because a significant amount of it is present in
high cation (Ag+/Cu+) vacant samples, it is to be noted that, in
AgCu0.90S, the presence of Cu2S does not inhibit the change in
the conduction type. In the case of AgCu0.99S, p−n−p-type
conduction switching vanishes, although no such Cu2S phase is
observed. Thus, the presence of Cu2S might not play a
profound role in the tuning of p−n−p-type conduction
switching.
The Ag1−xCuS (x = 0.01, 0.1, and 0.15) and AgCu1−xS (x =

0.01, 0.02, and 0.04) samples exhibit ultralow thermal
conductivity (κtotal) of 0.3−0.5 W/m·K in the 290−623 K
range, which is slightly lower than that of pristine AgCuS
(Figure 5). The total thermal conductivity is given as a
summation of both the electrical and lattice thermal
conductivity (κtotal = κlattice + LσT, where L is the Lorentz
number). Because the electrical conductivity of the samples is
very low (Figure S2), the total conductivity is effectively
comprised of the lattice thermal conductivity (κlattice). A rational
explanation for such a low thermal conductivity is probably due
to the effective phonon scattering by the mobile cations, which
shows dynamic disorder inside the rigid S sublattice. With an
increase of the vacancy, the relative ease of hopping increases,
which might be the possible reason for having a lower thermal
conductivity than that of pristine AgCuS. Also, the previous
first-principle calculations on AgCuS provide us with a phonon
dispersion plot, which reveals a distinct separation of the two
energy modes.13 The low-lying phonon modes are primarily
constituted of loosely bound cations. This low-lying acoustic
phonon mode is indicative of the softness of AgCuS and, hence,
the low thermal conductive nature. Because electron transport
is governed predominantly by the rigid S sublattice and the low
thermal conductivity is due to a loosely bound cation sublattice,
an effective decoupling has been observed between the
electrical and phonon transport in AgCuS, which is essential
for thermoelectrics. With an increase in the vacancy, the
electrical conductivity also increases because of the apparent

Figure 5. Temperature-dependent total thermal conductivity plots for (a) Ag-deficient Ag1−xCuS samples and (b) Cu-deficient AgCu1−xS samples.
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increase in the p-type carrier concentration (Table 1), which
results in a thermoelectric figure of merit (zT) of ∼0.15 at 445
K for the Ag0.85CuS sample. For the AgCu0.96S sample, a zT
value of ∼0.12 is achieved at 400 K. The zT values of ∼0.15 in
Ag0.85CuS and ∼0.12 in AgCu0.96S are significantly higher than
that of pristine AgCuS (zT ∼ 0.025), which is due to tuning of
p−n−p-type conduction switching (Figure S3).
PAS has been a cornerstone in recent history for character-

izing and identifying the chemical nature of the defects in
different solids.12,13,27−30 The PAL and DB measurements of
the Ag1−xCuS and AgCu1−xS samples are the two principle
techniques; one probes the electron density distribution, while
the other probes the electron momentum distribution in the
studied material. Structural phase transitions in different sulfide
samples using these two positron annihilation techniques have
been studied successfully.13,25

We have characterized all of the as-synthesized samples
(Ag0.85CuS, Ag0.90CuS, Ag0.99CuS, AgCu0.99S, AgCu0.98S, and
AgCu0.96S) by positron lifetime spectroscopy and DBPAR
spectroscopy. The entire lifetime spectrum has been analyzed
by the PATFIT-88 program with proper source correction. The
best fit of the spectrum (variance of fit of <1 per channel) is
with three lifetime component fittings, having a long lifetime of
1.3 ns with 4% intensity. This lifetime component is due to the
formation of positronium at the surfaces or at the void spaces
inside the sample. Figure 6a represents the PAL spectrum for
the Ag0.99CuS and AgCu0.96S samples. The shortest lifetime

component (τ1) of about 156 ps is attributed to the free
annihilation of the positron. The intermediate lifetime
component (τ2) is due to the positron annihilation at defect
sites. In the present studies, the intermediate lifetime (τ2)
components are in the range of 321 ± 5−347 ± 5 ps with
relative intensities of 43−53%.
Figure 6b represents the variation of τ2 with the

stoichiometric ratio of Ag and Cu (i.e., Ag/Cu) in the
AgCuS sample. It was already observed earlier that, for a high-
quality crystalline ingot of AgCuS, the value of τ2 is about 272
ps and had been identified as the Ag vacancy.13 It is interesting
that τ2 is minimal around Ag/Cu ∼ 1. With decreasing Ag/Cu
ratio to values of less than unity, τ2, there is a gradual increase
from 343 ps for Ag0.99CuS to 346 ps for Ag0.90CuS and then a
slight decrease to 339 ps for Ag0.85CuS, while the increment of
τ2 is relatively faster in the case of the Cu vacant samples (320
ps for AgCu0.99S to 339 ps for AgCu0.96S). The increase of τ2
suggests the agglomeration of cation defects at a particular
defect site and hence increases of positron lifetime value, which
indicates toward an increase in the cation vacancy in the
Ag1−xCuS and AgCu1−xS samples. The intensity of the
intermediate positron lifetime (I2), which is directly propor-
tional to the defect concentration, is also plotted for all of the
samples (Figure S4). This also suggests that the cation defect
concentration is more when the stoichiometry is changed in
either way. The average and bulk positron lifetimes were further
calculated using the formula ⟨τ⟩ = (τ1I1 + τ2I2)/(I1 + I2) and τB

Figure 6. (a) PAL spectrum for Ag0.99CuS (red dots) and AgCu0.96S (black dots). The red and black fitting lines are used to obtain different lifetime
components for the two samples, respectively. Vacancy-dependent (b) τ2 values due to the formation of positronium at larger voids, (c) average
lifetime (⟨τ⟩), and bulk lifetime (τB). (d) Variation of the DBPAR line-shape parameter (S parameter in PAS) with the stoichiometric ratio of Ag and
Cu (Ag/Cu) in AgCuS.
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= (I1/τ1 + I2/τ2)
−1(I1 + I2), respectively, and plotted against the

stoichiometry as Figure 6c. The nature of both graphs are
similar, and as is typical, the value of τB is more than ⟨τ⟩,
indicating the presence of a vacancy defect in the sample, which
increases with increasing nonstoichiometry in AgCuS, which
has a significant impact on the vanishing p−n−p-type
conduction switching in the Ag1−xCuS and AgCu1−xS samples.
The DBPAR line-shape parameter, S (defined in the

Experimental Section), provides us with a quantitative idea
about the number of positrons being annihilated with the lower
momentum valence electrons. Figure 6d shows variation of the
S parameter of the different samples plotted against their
stoichiometry. With the corresponding increase of the vacancies
(due to the change of the stoichiometry, i.e., Ag1−xCuS or
AgCu1−xS), the S-parameter value increases drastically
compared to that of pristine AgCuS and then it varies only
slightly with an increase in the vacancy concentration in
nonstoichiometric samples. The initial drastic increase in the S
parameter in the nonstoichiometric sample is due to the
formation of vacancies, which is expected.27 The consequent
slight change in the S parameter in cation vacant samples can be
ascribed to the saturation trapping of positrons, which can be
activated with even a few atomic percent of vacancies. The
lifetime (τ2) values of the cation (Ag+/Cu+) vacant samples are
in the range of 320−345 ps, which can mainly be attributed to
the formation of vacancy clusters, unlike the lifetime of pristine
AgCuS (∼272 ps), which is mainly due to the innate Ag
vacancies. The I2 (%) plot against cation (Ag+/Cu+) vacancies
(Figure S4) shows the increase in the cation defect
concentration with an increase in the vacancy. The slight
decrease in the S parameter for nonstoichiometric samples can
thus be a combination of certain factors along with cation-
vacancy-like formation of vacancy clusters, saturation trapping,
and diffusion of positrons to grain boundaries.

■ CONCLUSIONS

Cation (Ag+ and Cu+) vacancies in AgCuS tune the
temperature-dependent p−n−p-type conduction switching,
and the samples remain p-type, which indeed improves the
thermoelectric performance. Cu nonstoichiometry proved to be
more detrimental to the p−n−p-type conduction switching
than Ag vacancies. Cu nonstoichiometry disrupts the hybridized
Cu−S orbitals, which are pivotal for the formation of an
intermediate n-type semimetallic state and subsequent
electronic band overlap, which is the key for p−n−p-type
conduction switching in AgCuS. Thus, the vacancy-induced
disappearance of p−n−p-type conduction switching can be due
to a combination of a couple of contributing factors: (a) excess
Ag vacancies, which impart p-type conduction to the material,
and (b) perturbation of the Cu−S n-type semimetallic state by
the formation of Cu nonstoichiometry, which enables
compounds to remain p-type throughout the measured
temperature range. Ag+/Cu+ vacancy increases the p-type
carrier concentration, which provides a boost to electrical
transport. Further, the Ag1−xCuS and AgCu1−xS samples
demonstrate ultralow thermal conductivity due to low-energy
soft phonons arising from the hopping of cations within the
rigid anion sublattice.
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