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a b s t r a c t

Pb, Te, Ag and Se, when reacted in a 1:1:x:1 (x = 1.9, 2.0, 2.01) molar ratio, form a two phase composite
which consists of a phase which crystallizes in the fcc cubic PbSe structure and a phase that crystallizes
in the Ag2Te structure. In this article, we demonstrate that by varying the Ag concentration, we can
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manipulate which variant of the Ag2Te structure stabilizes at room temperature (monoclinic �-Ag2Te or
cubic �-Ag1.9Te) and can consequently manipulate the electrical and thermal transport behavior of the
composite and hence the thermoelectric performance. Additionally, we show that Cu-doping results in
an overall improvement in thermoelectric performance. Our results suggest that formation of composites
is a viable path for achieving a phonon-glass-electron-crystal (PGEC) alloy.
omposites

hase transition
T

. Introduction

Sustainable energy research is currently on the forefront of
cientific exploration thus a major effort is devoted to the devel-
pment of new energy conservation and production techniques.
hermoelectric materials can play a significant part both in energy
onservation and energy production, since they can convert wasted
eat to useful electrical energy [1–4]. For power generation applica-
ions, the dimensionless figure of merit (ZT) should be maximized
t or above temperatures of 400 ◦C. The figure of merit is given
y ˛2�T/�, where ˛ is the thermopower or Seebeck coefficient,
is the electrical conductivity, and � is the thermal conductiv-

ty. Maximizing thermoelectric performance implies minimizing
he thermal conductivity and maximizing the electrical conduc-
ivity and thermopower. Unfortunately these three parameters are
ot independent. For example, metallic electronic conductivity will

ead to low thermopower, and high thermal conductivity because

f large electronic heat conduction. Semimetals and narrow-gap
emiconductors tend to give the best thermoelectric performance
ecause of their low-carrier concentration which limits electronic
eat conduction, and their relatively high thermopower. Still, opti-
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mization of the parameters is required in order to achieve the
maximum thermoelectric performance for a particular alloy. Opti-
mization can be achieved through doping or mechanical processing
or both.

Our approach to design a highly efficient thermoelectric mate-
rial is to begin with an alloy that has inherently low thermal
conductivity. Such a scenario can be realized for example in sin-
gle phase compounds which have large and complex unit cells [5],
or in complex multi-phase structures in which phase competition
and disorder lead to low thermal conductivity. We opted to follow
the latter approach. If the electrical conductivity remains favorable
then the structure will offer a good starting point for optimization.
The goal is the formation of a PGEC [5,6] i.e. an alloy which has the
electronic properties of a crystalline system and the thermal trans-
port behavior of a glass. A typical approach is to form mixtures
of known thermoelectric materials at various molar ratios which
may lead to the formation of multi-phase composites or single-
phase highly disordered compounds (depending on the relative
molar ratios). This approach has yielded very interesting results
with the most notable case being the alloy (PbTe)m(AgSbTe2), in
which a dimensional figure of merit ZT >1.8 was measured [7] for

m = 18. In that particular case, a reduction in total thermal con-
ductivity (when compared to stoichiometric PbTe) was induced by
enhanced phonon scattering due to the presence of nanoscale inho-
mogeneities [8–13]. However, reproducibility of the original results
has proven extremely difficult.

dx.doi.org/10.1016/j.jallcom.2010.10.187
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Room temperature X-ray diffraction data for Pb:Te:Ag:Se (1:1:x:1), x = 1.9, 2.0
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We chose to react Pb:Te:Ag:Se in a 1:1:x:1 (x = 1.9, 2.0, 2.01)
olar ratio in order to monitor the effects of phase competition

etween the cubic PbSe and the monoclinic �-Ag2Te. In a previ-
us article [14] we showed that reacting Pb:Te:Ag:Se in a 1:1:1.9:1
olar ratio, gives rise to a predominantly single phase alloy, which

rystallizes in the PbSe cF8 fcc structure, and has good thermoelec-
ric performance. Further investigation of the structure, using EDX,
evealed the coexistence of two-phases. In this article, we demon-
trate that by varying the Ag concentration we can control the phase
ormed by the Ag2Te, and by doping Cu into the structure, we can
nduce changes in the thermal and electrical transport behavior

hich allows us to optimize thermoelectric performance.

. Experimental

The Pb:Te:Ag:Se (1:1:x:1 x = 1.9, 2.0, 2.01) and the Pb:Te:Ag:Cu:Se (1:1:x:y:1
= 1.85, 1.8 y = 0.05, 0.1) samples were grown according to the method described

n Ref. [14]. The X-ray diffraction data was obtained using a commercial Rigaku®

iffractometer and the SEM and EDX analysis were performed using the Hitachi
3400-N and SU6600 SEMs. The high-temperature resistivity and thermopower data
ere obtained using the ULVAC-ZEM2® measuring system. The high-temperature

hermal-conductivity values were deduced from the thermal diffusivity values
btained using the Netzsch LFA 457® laser flash apparatus using the relation
= ˛dCP , with ˛ being the measured value of the thermal diffusivity, d the density
nd CP the heat capacity at constant pressure. The value of d used in the calculations
as the measured density at room temperature, and the value of CP was taken to

e the value of the DuLong Petit limit. The calorimetry data were taken using the
etzsch 200 F3® DSC. The density of all samples was approximately 8 g/cm3.

. Results and discussion

The Ag–Te phase diagram is fairly complicated [15] in the
egion corresponding to Ag2Te. In particular, Ag2Te undergoes 2
tructural phase transitions prior to melting at 960 ◦C. The �-
g2Te ↔ �-Ag2Te phase transition, corresponding to monoclinic
o cubic (fcc) transformation, takes place at 145 ◦C, and the �-
g2Te ↔ �-Ag2Te phase transition, corresponding to cubic (fcc) to
ubic (bcc) transformation, takes place at 802 ◦C. If the system
ontains extra Te, the � ↔ � transition takes place at 689 ◦C. In
ddition, a stoichiometric phase Ag1.9Te can also be stabilized, and

ig. 2. Elemental mapping for Pb:Te:Ag:Se (1:1:x:1, x = 1.9). The SEM image of the compo
b to react with Se and of Ag to react with the Te.
and 2.01. Peaks corresponding to �-Ag2Te can be seen in the case of the x = 2.0 and
2.01 sample. The black dots correspond to the location of the peaks of stoichiometric
PbSe. The arrows show the location of the strongest peaks of the monoclinic �-Ag2Te
phase.

also undergoes a series of phase transitions before it transforms
to �-Ag2Te + L at 460 ◦C (�-Ag1.9Te ↔ �-Ag2Te + L). Specifically, the
transition �-Ag1.9Te ↔ �-Ag2Te + �-Ag5Te3 takes place at 120 ◦C,
and the �-Ag1.9Te ↔ �-Ag1.9Te transition takes place at 178 ◦C.

According to the X-ray diffraction data, reacting Pb:Te:Ag:Se in
a 1:1:1.9:1 molar ratio gives rise to what appears to be a single
phase alloy that crystallizes in the face-centered-cubic (fcc) PbSe
structure. However, energy dispersive X-ray analysis (EDX), reveals

the existence of 2 phases with distinct stoichiometry: a phase with
the stoichiometry PbSe (1:1) and a phase with the stoichiometry
Ag2Te (2:1); hence the formed alloy is a two phase composite.
The X-ray diffraction data is shown in Fig. 1 and the elemental
mapping of an alloy with a nominal composition PbTeAg1.9Te is

site is shown in the upper left corner. Elemental mapping shows the preference of
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Fig. 3. Room temperature X-ray diffraction data for Pb:Te:Ag:Cu:Se (1:1:x:y:1),
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hown in Fig. 2. The elemental mapping clearly shows the Pb–Se
nd Ag–Te grouping which confirms the preference of Se to react
ith the Pb and the preference of Te to react with the Ag. The crys-

al structure of the Ag2Te phase remains in question, but according
o the X-ray diffraction data, in the case of x = 1.9, it appears that
he Ag2Te phase crystallizes predominantly in its high temperature
ubic variant (�-Ag2Te or �-Ag1.9Te). Small amounts of the mono-
linic �-Ag2Te are also evident in the X-ray data. The presence of the
onoclinic �-Ag2Te phase becomes more evident as we increase

he Ag concentration. Particularly, in the x = 2.0 and x = 2.01 sam-
les, the strongest peaks corresponding to the monoclinic �-Ag2Te
hase can be observed at 2� ∼ 31◦ and 2� ∼ 38◦ (Fig. 2).

Similarly, in the case of the Cu-doped samples
PbTeAg1.85Cu.05Se and PbTeAg1.80Cu.1Se), the X-ray diffrac-
ion data (Fig. 3) also suggests that the resulting alloy is single
hase, and that it crystallizes in an fcc structure. However, in
he case of the PbTeAg1.8Cu.1Se sample, there is an increase in
he lattice parameter and the appearance of impurity peaks. The
rigin of the impurity peaks is most likely the formation of the
-Ag5Te3 phase, whose presence is confirmed in the differential
canning calorimeter (DSC) measurements. EDX analysis (Fig. 4)
or the x = 1.8 y = 0.1 sample shows clearly the presence of 2
istinct phases which appear to occupy similar volume fractions.
he two distinct phases have been identified as PbSe and Ag2Te.
ccording to the elemental map, the Cu appears to be distributed

hroughout the material, but according to localized EDX mea-
urements, the Cu concentration in the Ag2Te regions is slightly
igher than the Cu-concentration in the PbSe regions. Localized
DX measurements reveal the following compositions: (a) PbSe
hase, Pb 48.46 at.%, Se 46.90 at.%, Te 4.23 at.%, Cu 0.4 at.% and (b)
g2Te phase, Ag 64.10 at.%, Te 29.95 at.%, Se 3.77 at.%, Cu 2.18 at.%.

he variations in the atomic percentages are of the order of 1.5%.
egardless, the X-ray diffraction data in conjunction with the
DX measurements, confirms that the Ag2Te indeed stabilizes in
ts high-temperature cubic variant when the Ag concentration is
educed.

ig. 4. Elemental mapping for a polished Pb:Te:Ag:Cu:Se (1:1:x:y:1, x = 1.8 y = 0.1) sampl
hases can be observed which have been identified as PbSe (light gray) and Ag2Te (dark g
e uniformly distributed throughout the sample, though according to local EDX measure
x = 1.85 y = 0.05 and x = 1.8 y = 0.1. The dominant structure is fcc and an increase
in the lattice parameter occurs in the x = 1.8 y = 0.1 sample. The arrows show the
location of impurity peaks, most probably corresponding to the presence of Ag5Te3.
The black dots correspond to the location of the peaks of stoichiometric PbSe.

In order to confirm that removing Ag from the structure results
in the stabilization of the high temperature cubic structure, a differ-
ential scanning calorimeter (DSC) was utilized in order to study the
temperature evolution of the structure as a function of Ag concen-
tration (x = 1.9, 2.0 and 2.01 (y = 0)). The relevant data is shown in
Fig. 5. For x = 2.0 and x = 2.01, a transition can be clearly seen around

◦ ◦
T ∼ 140 C. The calculated onset of the transition is T = 130 C and it
corresponds to the �-Ag2Te ↔ �-Ag2Te structural phase transition.
In the case of the x = 1.9 y = 0 samples, the transition at T = 130 ◦C
is suppressed, which implies that only traces of the monoclinic �-
Ag2Te phase are present in the sample. A transition though appears

e. The SEM image of the composite is shown in the upper left corner. Two distinct
ray). The element distribution confirms the Pb–Se, Ag–Te grouping. Cu appears to

ments it has a preference for the Ag2Te phase.
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Fig. 5. Differential scanning calorimeter data for Pb:Te:Ag:Cu:Se (1:1:x:y:1). The
transition at 130 ◦C, seen only in the x = 2.0 y = 0 and x = 2.01 y = 0 samples, corre-
sponds to the �-Ag2Te ↔ �-Ag2Te phase transition. The transition at 443 ◦C, seen
only in the case of the x = 1.9 y = 0 samples corresponds to the �-Ag1.9Te ↔ �-
Ag2Te + L phase transition. Suppression of the �-Ag2Te ↔ �-Ag2Te transition is also
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Fig. 6. Differential scanning calorimeter data for the x = 1.9 y = 0 sample. Heat-
ing the sample above the �-Ag1.9Te ↔ �-Ag2Te + L phase transition (black line)
leads to the formation of �-Ag2Te which persists as the temperature is lowered
below �-Ag1.9Te ↔ �-Ag2Te + L the transition. Consequently upon cooling, both �-
Ag2Te ↔ �-Ag2Te and �-Ag1.9Te ↔ �-Ag2Te + L transitions are present (blue line)
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article).

Fig. 7. High temperature resistivity data for the Pb:Te:Ag:Cu:Se (1:1:x:y:1) samples.
Reducing the Ag concentration causes the resistivity to increase considerably. The
bserved in the case of the x = 1.85 y = 0.05 and x = 1.8 y = 0.1 samples. However,
n the case of the x = 1.8 y = 0.1 sample, a transition appears at T ∼ 420 ◦C, which
orresponds to �-Ag5Te3 ↔ �-Ag1.9Te + L.

t T ∼ 450 ◦C (calculated onset at T = 443 ◦C) which corresponds to
he �-Ag1.9Te ↔ �-Ag2Te + L structural phase transition. Removing
g from the structure (x = 2.0 → x = 1.9) leads to the stabilization of

he high temperature cubic �-Ag1.9Te phase at room temperature.
n the case of the Cu-doped samples (x = 1.8 y = 0.1, x = 1.85 y = 0.05),
he �-Ag2Te ↔ �-Ag2Te structural phase transition has been elim-
nated in but in the case of the x = 1.8 y = 0.1 sample another peak
ppears at a temperature T ∼ 420 ◦C (calculated onset at T = 415 ◦C),
hich corresponds to the �-Ag5Te3 ↔ �-Ag1.9Te + L transition. The

ppearance of the Ag5Te3 is reasonable when one considers that
he Ag concentration has been reduced by 10% (Ag2 to Ag1.8).

Additionally, according to the DSC data shown in Fig. 5, heat-
ng the x = 1.9 samples past the �-Ag1.9Te ↔ �-Ag2Te + L structural
hase transition leads to the formation of �-Ag2Te, which remains
resent after cooling through the transition and leads to the
eterioration of the thermoelectric performance. Its existence is
onfirmed by the appearance of the transition at T = 130 ◦C, in addi-
ion to the transition at T = 443 ◦C, on cooling (Fig. 6).

The electrical and thermal transport behavior of these compos-
tes is strongly affected by the Ag and Cu concentration. Distinct
ifferences can be seen in the resistivity, thermopower and ther-
al conductivity behavior. The resistivity (Fig. 7) of the x = 2
= 0 and x = 2.01 y = 0 samples increases with increasing temper-
ture, and can be described as metallic in the temperature region
0 ◦C ≤ T ≤ 400 ◦C. The resistivity value at T = 50 ◦C for both the
= 2 and x = 2.01 samples is � = 1.3 × 10−5 � m. Only a small fea-

ure corresponding to the � → � structural phase transition can be
een. The resistivity for the x = 1.9 y = 0 samples on the other hand,
hows activated behavior. Its value at T = 50 ◦C is � = 5.0 × 10−4 � m,
hich is considerably larger than the resistivity of the x = 2 and
= 2.01 samples. In addition, there is no feature at T = 130 ◦C; this

s presumably due to the very small amount of �-Ag2Te present
n the sample. The upturn in the resistivity of the x = 1.9 y = 0 sam-
les at T ∼ 300 ◦C, is due to minority carrier contribution. In the

ase of the Cu-doped samples, the resistivity also shows activated
ehavior, and their resistivity values are comparable to those of
he x = 1.9 y = 0 samples. However, the resistivity of the Cu-doped
amples is lower in the temperature region between 300 ◦C and
upturn at T = 300 ◦C for the x = 1.9 y = 0 sample is due to minority carrier contribution.
The x = 2.0 y = 0 and x = 2.01 y = 0 samples show metallic behavior. The reduced-Ag
concentration and Cu-doped samples show activated behavior.

375 ◦C (1.8 × 10−4 � m versus 2.1 × 10−4 � m at T = 350 ◦C) because
of the absence of minority carrier contribution. The reduction in
resistivity in that temperature region contributes to the improved
thermoelectric efficiency.

The thermopower, shown in Fig. 8, changes dramatically as
Ag is removed from the structure. In the case of the x = 2.0 and
x = 2.01 samples, the thermopower is small and negative, indicat-
ing n-type behavior. Both samples display identical temperature
dependence, albeit a slight decrease in the magnitude of the ther-
mopower in the case of the x = 2.01 sample. This suggests that

excess Ag makes the sample more metallic. For both x = 2.0 and
x = 2.01 concentrations, there is a clear feature at T = 130 ◦C cor-
responding to the �-Ag2Te ↔ �-Ag2Te structural phase transition.
The thermopower below the transition appears to be weakly tem-
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Fig. 8. High temperature thermopower data for the Pb:Te:Ag:Cu:Se (1:1:x:y:1) sam-
ples. Reducing the Ag concentration changes the thermopower from n-type to
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� = 8.5 × 10−5 � m, the electronic and lattice contributions to the
thermal conductivity at T = 390 ◦C are 0.15 W/m K and 0.62 W/m K
respectively. Hence, reducing the Ag concentration enhances
phonon scattering.
-type. The maximum in the thermopower observed at T = 300 ◦C for the x = 1.9 y = 0
ample is due to minority carrier contribution, in agreement with the resistivity
ata. The thermopower values for the Cu-doped samples are higher than the x = 1.9
= 0 sample for T < 300 ◦C but for T > 300 ◦C the values are identical.

erature dependent, while above the transition it becomes more
egative with increasing temperature. The absolute values of the
hermopower for both x = 2.0 and x = 2.01 samples, in the tempera-
ure range 50 ◦C ≤ T ≤ 400 ◦C, are smaller than the corresponding
alues of pure Ag2Te [16–19] but this is most probably due to
he presence of impurities. The sign of the thermopower though
s in agreement. In the case of the x = 1.9 samples, the sign of the
hermopower changes to positive, indicating p-type behavior. In
ddition, the magnitude of the thermopower increases consider-
bly when compared to the x = 2.0 and 2.01 samples. The decrease
n thermopower at T ∼ 300 ◦C is due to minority carrier contribu-
ion and it coincides with the feature in the resistivity. There is no
oticeable feature at T = 130 ◦C which implies that the �-Ag2Te is
uppressed, in agreement with the DSC data. In the case of the Cu-
oped samples, there is a notable increase in the thermopower at

ower temperatures, but at high temperatures the thermopower
alues are similar to the ones obtained in the x = 1.9 y = 0 samples.

An n → p change was observed in an Ag1.9Te sample that we syn-
hesized, with the n → p transition coinciding with the monoclinic
o cubic phase transition (Fig. 9). The resistivity shows a metal to
nsulator transition at that temperature as well. The magnitude of
he thermopower in that sample, at high temperature, is compa-
able to the magnitude observed in these composites, which offers
urther proof that the Ag2Te stabilizes in a cubic phase. The ther-

opower of the stoichiometric Ag2Te remains negative through
he transition [19] which implies that in the Ag1.9Te sample, the
omposition of the cubic phase is �-Ag1.9Te and not �-Ag2Te and
hat the p-type behavior in the composites is associated with the
eduction in Ag concentration.

The thermal conductivity data are shown in Fig. 10. In the
ase of the x = 2.0 and x = 2.01 samples, the total thermal conduc-
ivity at T = 50 ◦C is approximately �T ∼ 1 W/m K but it does vary
ith Ag concentration (due to variations in nominal versus actual
g concentration for x = 2 and x = 2.01). The thermal conductivity
ecreases with increasing temperature as the �-Ag2Te ↔ �-Ag2Te
ransition temperature is approached. Both x = 2.0 and x = 2.01

amples display approximately a 30% reduction in the thermal
onductivity as the samples go through the transition. Above the
tructural phase transition, the total thermal conductivity remains
elatively temperature independent. The data suggests that the
resence of �-Ag2Te dictates the behavior of the thermal conduc-
Fig. 9. Resistivity (solid circles-left axis) and thermopower (black/white pentagons-
right axis) of Ag1.9Te. The n → p change coincides with the monoclinic to cubic
structural phase transition. The resistivity shows metal to insulator transition as
the sample goes through the transition.

tivity below the transition. On the other hand, a large reduction in
the total thermal conductivity is observed for the x = 1.9 samples
throughout the temperature range, and the feature at T = 130 ◦C
has been suppressed, indicating that the amount of �-Ag2Te in
the sample has been substantially reduced (data points taken at
closer temperature intervals in the temperature region of the tran-
sition show a weak feature at the transition temperature which is
consistent with the suppression of the �-Ag2Te phase).

According to the Wiedemann–Franz relation (with
L ∼ 2.0 × 10−8 W � K−2), in the case of the x = 1.9 y = 0 sam-
ples, for �T = 0.57 W/m K and � = 1.7 × 10−4 � m, the electronic
and lattice contributions to the thermal conductivity at T = 390 ◦C
are 0.08 W/m K and 0.49 W/m K respectively; whereas in the case
of the x = 2.0 samples, for �T = 0.77 W/m K (average value) and
Fig. 10. High temperature thermal conductivity data for the Pb:Te:Ag:Cu:Se
(1:1:x:y:1) samples. The transition at 130 ◦C, seen only in the x = 2.0 y = 0 and x = 2.01
y = 0 samples, corresponds to the �-Ag2Te ↔ �-Ag2Te phase transition. The transi-
tion is strongly suppressed in the x = 1.9 y = 0 samples which also show a reduction
in total thermal conductivity. A further reduction, albeit slight, is observed in the Cu
doped (x = 1.85 y = 0.05, x = 1.8 y = 0.1) samples.
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ig. 11. Power factor, ˛2�T, as a function of temperature for PbTeAg1.8Cu0.1Se.

A further reduction in the total thermal conductivity is observed
n the case of the Cu-doped samples; the reduction is slight. In par-
icular, in the case of the x = 1.8 y = 0.1 sample, the total thermal
onductivity at T = 350 ◦C is approximately �T = 0.52 W/m K, which
orresponds to a ∼5% reduction when compared to the thermal
onductivity of one of the x = 1.9 y = 0 samples at the same tem-
erature (�T = 0.55 W/m K). However, another x = 1.9 y = 0 sample
isplayed a similar thermal conductivity value at the same temper-
ture. This suggests that the decrease in the thermal conductivity
an be attributed to both Cu addition and reduction in Ag concen-
ration. There is a distinct difference however in the temperature
ependence of the thermal conductivity between the x = 1.9 y = 0
amples and the Cu doped samples. In the temperature region
etween 50 ◦C and 200 ◦C the thermal conductivity of the x = 1.9
= 0 samples decreases with increasing temperature, while in the
u-doped samples it is flat, which suggests that the monoclinic
hase has been eliminated, in agreement with the DSC data.

The calculated ZT in the case of the x = 1.9 y = 0 samples was
T = 0.45 at T = 390 ◦C whereas in the case of the x = 1.8 y = 0.1 sam-
le, ZT = 0.54 at T = 350 ◦C, which corresponds to a 20% increase. The
ower factor, defined as ˛2�T (where � = 1/�), for the x = 1.8 y = 0.1
ample is shown in Fig. 11. ZT values can be obtained by diving
he power factor with the thermal conductivity value at a specific
emperature (ZT = ˛2�T/�). The linear increase of the power fac-
or as a function of temperature is promising but unfortunately
ur temperature range is limited due to the oncoming structural
hase transition, which deteriorates the samples and the thermo-
lectric performance. Nonetheless, we have been able to improve
he thermoelectric performance of these composites via Cu-doping.
. Conclusions

The phase separation in Pb:Te:Ag:Se mixtures allows for sub-
tantial manipulation of the lattice. We have shown that slight

[

[
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variations in Ag concentration lead to substantial changes in the
electrical and thermal transport through phase control. The max-
imum thermoelectric performance obtained in the non-Cu-doped
composites is ZT ∼ 0.45 [14] and we have shown in this article that
ZT ∼ 0.54 can be achieved via Cu doping. The thermoelectric effi-
ciency is too low to be competitive, but higher ZT values have been
obtained in AgSbTe2:Ag2Se composites [20]. However, further lat-
tice manipulation and processing may result in higher ZT values.
We are currently investigating the effect of other dopants and addi-
tional reduction in Ag concentration, in an effort to further improve
thermoelectric performance. We are also investigating the effects
of magnetic impurities. Regardless, our work suggests that forma-
tion of multi-component composites, formed by reacting certain
elements in specific molar combinations, is a viable approach to
developing a PGEC.
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