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AgCrSej-based compounds have attracted much attention as an environmentally friendly thermoelectric material in
recent years due to the intriguing liquid-like properties. However, the ultra-low carrier concentration and the high Agc,
deep-level defects limit the overall thermoelectric performance. Here, we successfully introduced Pb into Ag-deficient
Ago.97CrSe, alloys to tune the carrier concentration across a broad temperature range. The Pb2T as an acceptor dopant
preferentially occupies Cr sites, boosting the hole carrier concentration to 1.77x10'® cm ™3 at room temperature. Further-
more, the Pb strongly inhibits the creation of intrinsic Agc, defects, weakens the increased thermal excited ionization with
the increasing temperature and slowed the rising trend of the carrier concentration. The designed carrier concentration
matches the theoretically predicted optimized one over the entire temperature range, leading to a remarkable enhancement
in power factor, especially the maximum power factor of ~ 500 uW-m~!.K~2 at 750 K is superior to most previous results.
Additionally, the abundant point defects promote phonon scattering, thus reducing the lattice thermal conductivity. As a
result, the maximum figure of merit z7' (~ 0.51 at 750 K) is achieved in Agg.97Crg 995Pbg.go5S€2. This work confirms the
feasibility of manipulating deep-level defects to achieve temperature-dependent optimal carrier concentration and provides

a valuable guidance for other thermoelectric materials.
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1. Introduction

With the continuous consumption of non-renewable en-
ergy and the looming energy crisis, it is imperative to im-
plement sustainable development strategies.!!! Thermoelec-
tric materials can directly convert waste heat into electric en-
ergy through the Seebeck effect, which has attracted much
attention in recent years. The conversion efficiency of ther-
moelectric materials is limited by dimensionless thermoelec-
tric merit, zT = S?0T /(K. + ki), where S, o, T, ki and ke
are the Seebeck coefficient, the electrical conductivity, the
absolute temperature, and the lattice and electrical compo-
nents of total thermal conductivity k, respectively. Outstand-
ing thermoelectric performance requires the simultaneous im-
provement of electrical transport properties and reduction of
thermal conductivity. However, it is difficult to improve the
thermoelectric performance by improving a single parameter,
due to the strongly coupling of S, o, and k. through carrier
concentration. )

In the past decades, several effective strategies have been
proven and successfully developed for high z7" materials such
as PbTe,3* GeTe, 50! Mg3Sb2[7‘9] and half-Heusler,10-11]
It can be summarized into two major approaches: carrier
concentration modulation,'”! band engineering,!'*! energy
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filtering,"' ™ etc. are devoted to optimizing electrical transport

to improve material power factor PF; defect engineering,!1>16]
complex crystal structure,!!”-1®! liquid-like effects,!'%?! etc.
are employed to reduce the only independent parameter of k..
Specially, due to the atomic disorder and anharmonicity, supe-
rionic conductors with liquid-like effect inherently have low
ki, and are considered as promising thermoelectric materials,
such as Ag,Te, 21221 Agg(Ga,Al)Seg,?>**! CuySe. 227 The
common feature is that they are composed of two special sub-
lattices, i.e., a liquid sublattice composed of moving ions and
a rigid sublattice composed of fixed ions.

AgCrSe; is another typical superionic conductor whose
layered structure and liquid-like effect have been studied for
a long time.[?3%1 Common AgCrSe; is a typical hexagonal
layered compound whose crystal structure can be regarded as
alternating Ag layers and CrSeq layers octahedral substruc-
ture along the c-axis,>!! and undergoes a phase transition
around 450 K.3>34 Below the superionic transition tempera-
ture, AgCrSe; adopts space group R3m. All Ag ions occupy
the tetrahedral « sites coordinated by Se atoms, separating the
layers of CrSeg octahedra. While above this temperature, Ag
ions undergo disordering with equal probability between the o
sites and the symmetry equivalent 3 sites, and the space group
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becomes R-3m.13> Because of the layered structure and liquid-
like effect, AgCrSe; has an ultra-low lattice thermal conduc-
tivity ~ 0.5 W-m~!-K~!.[3%] Nevertheless, the extremely low
carrier concentration ~ 10'7 cm™ at room temperature still
severely limits the effective carrier transport, resulting in a
poor power factor of ~ 70 uW-m~!.K~2. As the tempera-
ture increases, its abundant intrinsic deep energy defect levels
will gradually ionize, the rapidly soaring carrier concentration
seriously deteriorates the thermoelectric performance at high
temperatures. 3’}

Until now,
tions and phonon scattering optimization strategies have

numerous electronic structure modula-

been utilized to enhance the thermoelectric properties of
AgCrSe;-based materials. Adjusting Ag vacancies by non-
stoichiometric doping has been demonstrated as an efficient

36,37

method to increase the carrier concentration. ! I Moreover,

the doping of Sb/Bi at the Cr sites can reduce the effec-
tive mass as well as optimize the carrier concentration. "]
Notably, the optimal carrier concentration pyepe is a dy-
namic temperature-dependent parameter, following py opt ~
(m*T)'>, where m* is the density of state effective mass. %%
Only when the measured Hall carrier concentration py is
temperature-dependent and matches the py opt, a large PF can
be obtained over the whole temperature region.!'?! The in-
troduction of magnetic nanoparticles and synergistic shallow-
deep defect levels facilitate a temperature-dependent trap-
reactivation process of carriers, enabling efficient modulation
of the carrier concentration and high thermoelectric perfor-
mance across a broad temperature range.!'>3! Fortunately,
the temperature-dependent intrinsic carrier concentration of
AgCrSe; provides the possibility to modulate Agc, deep-level
impurity states by simple doping, i.e., promoting low carrier
concentration at room temperature and suppressing the higher
concentration at medium and high temperatures. Addition-
ally, both the solid solution of similarly structured compounds
and secondary phase precipitates in AgCrSe, show enhanced
phonon scattering effects, further reducing the & .[2840]

In this work, we have investigated the influence of Pb
doping on the thermoelectric properties of Agg97CrSe, with
Ag vacancies on the basis of the above requirements. The
Pb?* is introduced as an acceptor dopant into the Cr sites,
which increases py from 3x10'® cm™3 to 1.77x10" cm™3
at room temperature. Simultaneously, the Pb doping mitigates
the influence of the intrinsic Agc, deep-level defects, and flat-
tens the increasing trend of py with temperature. At higher
temperatures, the impurity levels are fully ionized, and the
bipolar effect leads to a further slow rising in py. The obtained
PH closely matches the py ope predicted by the single parabolic
band (SPB) model, resulting in an increase of the maximum
PF from ~ 340 uW-m~"-K~2 to ~ 500 uW-m~'-K~2, which
is better than most previous results. Additionally, the Pb dop-
ing introduces additional point defect scattering, which de-

creases the ki, even more in the whole temperature range. This
work effectively manipulates the deep-level defects and opti-
mizes the py across the whole temperature range, providing a
precious reference for other thermoelectric materials.

2. Experimental details

High purity elements (> 99.99%) were weighed accord-
ing to the nominal composition of Agp ¢7Cri_,Pb,Se; (x =0,
0.25%, 0.5%, 0.75%, and 1%). According to preliminary ex-
periments, we set the nominal composition of the optimal Ag
vacancy to 0.97. Then, the mixture was sealed in a quartz tube
under a high vacuum. The quartz tubes were slowly heated to
1373 K and held for 48 h, and then gradually cooled to room
temperature. The synthesized sample was then ground into
powder using a mortar and pestle and hot pressed in a graphite
die at 773 K for 30 min with the pressure set at 50 MPa. Sub-
sequently, the square samples (6 mmx6 mmx 1 mm) and strip
samples (3 mmx2 mmx9 mm) were prepared for thermal and
Due to
the presence of AgCrSe, anisotropy, the thermoelectric prop-

electrical performance measurements, respectively.

erties were measured perpendicular to the hotpressing direc-
tion. Powder x-ray diffraction (PXRD) was performed with
Cu Ko radiation. Microstructure and phase composition were
probed with the scanning electron microscopy (SEM, JEOL
7100) equipped with energy dispersive spectrometry (EDS).
The electrical conductivity ¢ and the Seebeck coefficient S
were measured by the CTApro apparatus (Beijing Cryoall Sci-
ence and Technology Co. Ltd) under helium atmosphere. The
Hall coefficient (Ry) was measured with the van der Pauw
technique at a reversible magnetic field of 1.5 T. The thermal
conductivity was calculated via the relationship k¥ = DCpd,
where D is the thermal diffusivity measured by the laser flash
system (LFA 467, Netzsch); C, is the heat capacity at con-
stant pressure, which is calculated using the Dulong—Petit law;
and d is the density of samples obtained using the Archimedes
principle.

3. Results and discussion

Room-temperature PXRD pattern of Agg.97Cr;_Pb,Ses
x=0, 0.25%, 0.5%, 0.75%, and 1%) is shown in Fig. 1(a).
All Bragg diffraction peaks are well matched to the trigonal
AgCrSe; with a R3m space group (PDF#74-0195), and no dis-
tinct impurity phase peaks are detected within the XRD de-
tection limit. It can also be found that the diffraction peak
intensities of all samples are clearly distinguished from those
of the standard card, especially the stronger diffraction in the
(001) direction, which is attributed to the more exposure of a
certain crystal plane due to the special hot melt phasing-reheat
pressing process. Moreover, no obvious shift is observed in
the magnified main diffraction peak (see Fig. S2), which is
consistent with the almost constant lattice parameters obtained
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by structural Rietveld refinement [see Fig. 1(b)]. Note the
strange crystal structure of AgCrSe,, the schematic diagram
is displayed in the inset of Fig. 1(b), Cr’>* and Ag* have weak
bonding with Se?~ anions, the occupation of Pb at their sites
is random. These synergistical result in the doping of Pb**,
which has a moderate ionic radius (1.19 A) compared to Cr’+
(0.615 A)and Ag™ (1.26 A),[#1=*3] has less effect on the lattice
parameters.

In order to further observe the microstructure and confirm
the effective solid solution of Pb for the Agg97Cr;_,Pb,Se,
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samples, the SEM and the corresponding EDS are performed.
As shown in Fig. 1(c), the transgranular fracture surface ex-
hibits the typical layered ordered structure of AgCrSe,-based
materials, while the macroscopic disorder is attributed to the
polycrystalline preparation process, verifying the unusual per-
formance of the XRD peak intensity. The EDS composition
mappings demonstrate that all elements are evenly distributed
without apparent accumulation, indicating that the Pb is suc-

cessfully solidified into the AgCrSe, matrix.
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Fig. 1. (a) The room temperature powder XRD patterns, (b) the Pb doping concentration dependent lattice parameters with the room tem-
perature crystal structure for Agp 97Cri_,Pb,Se; samples and (c) SEM image of the cross-section and the EDS composition mappings for the

Ag).97Cr1_,Pb,Ses (x = 0.5%) sample.

The electrical transport properties for Agp.97Cri_Pb,Se,
samples are displayed in Fig. 2. The electrical conductivity ¢
of both pristine AgCrSe; and Agg 97CrSe; increases monoton-
ically with the increasing temperature [see Fig. 2(a)], exhibit-
ing typical non-degenerate semiconductor behavior, which is
associated with the intrinsic high concentration of Agc, deep-
level defects even under nominal Ag deficiency. For Pb-doped
samples, the o is significantly improved, and exhibits a degen-
erate semiconductor behavior below 450 K that decreases with
elevating temperature. Interestingly, the o in the near-room-
temperature region decreases gradually with the increase of
the Pb doping content, but it is still higher than that of pris-
tine Agpo97CrSe;. The trend of ¢ can be explained by the
room-temperature Hall measuring results shown in Fig. 2(c).
About 0.25% of Pb** as an electron acceptor occupies Cr
sites and efficiently increases the carrier concentration py to
1.77x10" em~3, and due to the abundant Ag vacancies in the
matrix, further Pb doping tends to occupy Ag sites, resulting

in a decrease in py. However, increasing occupation of Ag
sites by Pb>* leads to the poor-Cr behavior of the matrix and
produces more Cr vacancies that provide additional hole car-
riers to delay the decrease in py. The evolution trend of Hall
mobility py is completely opposite to that of py, the lower
pH, the higher uy, which may be due to the dominance of the
ionized impurity scattering and inter-carrier scattering.

Figure 2(b) shows that the Seebeck coefficients S of all
samples are synchronously anti-correlated with the conduc-
tivity. The increased py leads to a worsened S near room
temperature, while it is well maintained in the medium and
high-temperature regions, which enables a higher PF. Herein,
to understand the potential origin of the varying S, the well-
established Pisarenko curves based on the SPB model are plot-
ted in Fig. 2(d). It can be clearly seen that the data are well pre-
dicted over a wide range of py. The data points for all samples
fall stably around the theoretically predicted curve with a def-
inite effective mass m™, indicating a negligible effect of the Pb
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doping on the band structure of Agg 97Cr;_,Pb,Se;.

For further understanding of the transport properties of
the Pb-doped AgCrSe,, the SPB model is employed to predict
the thermoelectric properties.*+*3] According to the model, S,
Uy, and PF can be calculated by the following equations:
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where Fj(1n), vi, d, Eqer and r are the Fermi integral, the longi-
tudinal sound velocities, the density, the deformation potential
coefficient, and the scattering factor. Obviously, these param-
eters are closely related to the Fermi level determined by the
carrier concentration pyy.
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Fig. 2. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (c) Hall carrier concentration and Hall mobility as a function
of x at 300 K and (d) Seebeck coefficient versus Hall carrier concentration for Agp 97Cr;_,Pb,Se, and pristine AgCrSe, samples.

Based on the S and py, the temperature-dependent m™ is
calculated as presented in Fig. 3(a). The m* rises with the tem-
perature, probably due to the increase in band gap caused by
thermal expansion, [*6] and the estimated Eqe; decreases with
the increasing temperature. The similar trend can be found in
MnGeTe,,!*”) Cu,S and CuySe. 8! On the basis of the pre-
dicted m* and Eg¢, theoretical PF curves at different tempera-
tures can be calculated, which are displayed in Fig. 3(b). The
value of the horizontal coordinate corresponding to the peak
PF is the py op, which is shown as a solid blue line in the
figure, showing a strong correlation with temperature. Obvi-
ously, a high PF can be obtained at room temperature when
the py is close to 5.5x10'"® cm™3, while at 750 K, the py
close to 3x10%° cm ™3 is required. Only when the measured
PH is temperature-dependent and matches the py op value, a
high PF value can be attained. The ppy op is compared with
the measured py, as shown in Fig. 3(c). It can be seen that Pb
doping enhances the py of pristine Agp 97CrSe, at room tem-
perature, while suppressing the rapid growth trend at a higher

temperature, thereby optimizing the py in the full temperature
region.

In order to understanding the underlying principle of py
optimization, the ionization energy (Ea) of the impurity de-
fects can be obtained by the following equations:

Naly \ /2 E

pH< A4V) exp (,@’}) “)
2mm* kg T)*?

R S L 5)

h3 ’
where N, is the acceptor concentration, Ny is the density of
states near the valence band maximum, and E4 is the ioniza-
tion energy. We calculate the Ex for all samples, as shown in
Fig. 3(d). A higher slope of the line means a higher ionization
energy. For the pristine Agp 97CrSe,, the E4 of ~ 0.23 eV im-
plies that the defect level is situated at the center of the band
gap (E; ~ 0.49 eV).[28] The deep-level impurity states are
formed due to the occupation of Cr vacancies by Ag (Agcy),
even if the sample is in a poor-Ag state, and they are continu-
ously ionized with the increasing temperature, resulting in an
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elevated py. Such a high E leads to a low room-temperature
pu ~ 3 x 10" cm ™3, deviating from the predicted DPH,opt- Si-
multaneously, the rapidly increasing py gradually becomes
higher than the py op¢ in the medium and high-temperature re-
gions, leading to the deterioration of the electrical properties.
The Pb occupying Cr sites not only significantly increases the
pH at room temperature, but also inhibits the deep-level de-
fects of Agcr, thus reducing the E5. Notably, with further
increase of the Pb, the E exhibits a slight increase, which
is attributed to the solubility limit restricting the occupation
of Cr sites by Pb>* and the more exposed Cr vacancies ex-
acerbate the formation of Agc, defects. Benefiting from the
acceptor effect of Pb>* and the reduced ionization energy, the
room-temperature py is greatly enhanced. Moreover, with the
defect level completely ionized, the curve of py tends to be
flat, approaching the optimal value. The sudden rise of py at
high temperatures may be because of the bipolar effect.

As illustrated in Fig. 4(a), the temperature-dependent piy
decreases with the increasing temperature via py ~ 771,
which indicates that acoustic phonons dominate the charge
carrier scattering and the Pb doping will not change the scat-
tering mechanism. The pg dependent ug and PF at 300 K,
450 K and 750 K are displayed in Figs. 4(b) and 4(c). Ap-
parently, the experimental uy values correspond well with the
predicted. Benefiting from the optimized py and gy, the PF is
close to the predicted optimal value shown in Fig. 4(c). The PF
of all samples is shown in Fig. 4(d). Clearly, the PF has been
considerably improved. Both the samples of x = 0.25% and
x = 0.5% show a large increase in PF over the whole temper-
ature range. Eventually, the highest PF value increases from
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~ 340 uW-m~1-K~2 to ~ 500 uW-m~!-K~2, which is higher
than the majority of previous reports (see Fig. S5),[29-36-37:40]
illustrating that the Pb doping can effectively enhance the elec-
trical properties.

Temperature-dependent thermal conductivity (x) and lat-
tice thermal conductivity (ki) are displayed in Fig. 5(a). The
Kk, is calculated by subtracting the electronic component via
the Wiedemann-Franz law (k. = LoT) from the total k. Due
to the superionic transition at ~ 450 K, the k decreases sharply
to 0.5 W-m~!.K~! and then increases slowly, which is a typ-
The ki fitted according
The

inapplicability of the model reveals that the ultra-low &, of

ical feature of AgCrSe, material.
to the Debye—Callaway model is shown in Fig. 5(b).

Ago.97Cr|_Pb,Se; is mainly due to its intrinsic liquid-like
effect.[*”] The strong phonon scattering in AgCrSe; is one of
the sources of its low ki.[*>% As displayed in Fig. S6, the
mean free paths of the Pb-doped samples are all reduced, indi-
cating that the Pb doping can enhance phonon scattering and
promote the reduction of the k.. Therefore, the ki, of all Pb-
doped samples is lower than that of the pristine Agg 97CrSe;.

On the basis of the calculated PF and the estimated aver-
age of the x as displayed in red background in Fig. 5(a), the pyg
dependent zT' can be estimated as shown in Fig. 5(c). Obvi-
ously, the zT is close to the optimal value at different temper-
atures, indicating that the py in this work approaches the op-
timal value. Consequently, the temperature-dependent z7 val-
ues for pristine and Pb-doped samples are shown in Fig. 5(d).
Benefiting from the optimized py op¢ and the ultralow ki, the
Pb-doped sample (x = 0.5%) shows a high zT value of ~ 0.51
at 750 K.

(b) 600 T T T
PH,opt.
— SPB MODEL I
& 5007 S ©
% 400t
|
£ 300t
= 200t
& 100}
ot < ]
0.1 1 10 100
pu (10 cm~3)
(d) 43 T T T T
Ag.97Cr1_,Pb,Ses
< Tgey |
Sap CEEge-,
g ®z=0 .:ii* 2
S 40 @ 2=0.25% \\t\::-
= z=0.5% .~
= 39F P x=0.75% e
s Wo=1% Ey= 023eV
Q 9 N o Q )
O O QO OF O P
QO QO 8 87 8 °
1/T (K1)

Fig. 3. (a) The density of state effective mass and deformation potential coefficient versus temperature for Agg 97Cr;_,Pb,Se, samples, (b) the
power factor versus Hall carrier concentration at different temperatures, (c) the Hall carrier concentration versus temperature with the optimal
carrier concentration and (d) the determination of ionization energy (Ea ) for Agp.97Cri_,Pb,Se; samples.
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Fig. 4. (a) Temperature-dependent Hall mobility for Agpo7Cr;_,Pb,Se, samples. (b) Hall mobility, (c) power factor versus Hall carrier
concentration at 300 K, 450 K and 750 K and (d) temperature-dependent power factor for Agg 97Cr|_,Pb,Se, and pristine AgCrSe; samples.
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Fig. 5. (a) The temperature-dependent total, lattice thermal conductivity, (b) lattice thermal conductivity as a function of x at room temperature,
compared with the Debye—Callaway model predicted result for Agp97Cri_,Pb,Se; compounds, (c) zT versus the Hall carrier concentration
and (d) temperature-dependent z7 for Agg.97Cr;_,Pb,Se; and pristine AgCrSe, compounds.

4. Conclusions

Thermoelectric transport properties of Agp.97Cr;_,Pb,Se;

are systematically investigated in this work. We optimize

the py in a broad temperature region by inducing Pb into

Cr sites to suppress the intrinsic Agc, deep-level impurity
states. As the acceptor impurity, the Pb>* occupies the
Cr sites and increases the pyg at room temperature from

~3x 1018 cm™3 to ~ 1.77 x 10! cm™3. Moreover, the
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rapid increase in py at medium and high temperatures is sup-
pressed due to the sharp decrease in ionization energy, ap-
proaching the optimal py op: curve. The optimized py leads
to a steady increase in PF over the whole temperature range,
and the maximum PF elevates from ~ 340 uW-m~'-K~2 to
~ 500 uW-m~!.K~2. Simultaneously, the Pb doping intro-
duces additional point defects to scatter phonons that reduces
the ki to ~ 0.4 W-m~!.K~! at 750 K. Synergistic optimized
electrical properties and reduced ki, a high peak z7" ~ 0.51
is obtained in Agp 97Crg.995Pbg oosSe> at 750 K. The current
finding demonstrates that the intrinsic Agc, deep-level de-
fects can be suppressed by the Pb doping in AgCrSe;, which
provides a useful guidance for other thermoelectric materials.

See the supplementary material for SPB model simu-
lation; Debye—Callaway model simulation; table with den-
sity for Agpo7Cri_,Pb,Se;; thermoelectric properties of
Ag,CrSe; samples; the enlarged XRD patterns along the [009]
direction; the Lorenz number, the electrical thermal conductiv-
ity; thermal diffusivity; the property comparisons of this work
and other AgCrSe,-based thermoelectric materials; the mean
free path.
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