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ABSTRACT

Semimetals have recently emerged at the forefront of contemporary thermoelectrics research. In this paper, we show that the candidate Dirac
semimetal CaAgP forms with a stable CaAg0.9P composition. Intentionally, Ag-deficient CaAg0.9P shows a promising thermoelectric figure
of merit, achieving zT¼ 0.43 at 660K. This derives from moderate power factors, S2/q¼ 1.25 mWm�1 K�2, and a low lattice thermal con-
ductivity, jlat¼ 1.2Wm�1 K�1. The thermoelectric properties of CaAg0.9P are consistent with that of a small bandgap semiconductor. High
levels of doping are key to suppressing bipolar transport, enabling promising zT values, despite the low �0.2 eV bandgap. Unusually, the
onset of bipolar transport coincides with a transition to a more electrically resistive state, indicating a fundamental change in electronic prop-
erties at high temperature.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080163

In the face of a shift in the energy economy to renewable sources,
it has become critical to develop solid-state materials capable of
improving energy production, storage, and efficiency. Thermoelectric
generators can turn a thermal gradient into an electrical current, allow-
ing for the generation of electricity from sources of waste heat, leading
to improved energy efficiencies.1,2 The performance of a thermoelec-
tric material is linked to its figure of merit, zT¼ S2T/qj, where S is the
Seebeck coefficient, q is the electrical resistivity, j is the sum of lattice
(jlat), electronic (jel), and bipolar (jbi) thermal conductivities, and T
is the absolute temperature.3

Thermoelectric materials research has traditionally focused on
low bandgap semiconductors.3,4 In recent years, interest has grown in
materials, which are at the boundary between semimetallic and semi-
conducting behavior.5,6 This is not an unnatural step, considering that
the bandgap in Bi2Te3 arises due to an avoided crossing at the
C-point.7 Idealized semimetals have equal numbers of electrons and
holes leaving differences in their mobilities responsible for sizeable
thermoelectric effects. Semiconductors rely on high levels of n- or
p-type doping to achieve optimal performance. Examples of novel
thermoelectric behavior in semimetals include huge power factors
S2/q > 100 mWm�1K�2 and giant Peltier coefficients 100A cm�1 K�1

at 10–15K in Ta2PdSe6.
8,9 Applied magnetic fields have also been found

to result in improved properties with S2/q � 50 mWm�1K�2 at 40K
and 9T in TaP,10 and zT� 1.1 at 350K and 7T in Cd2As3.

11

In this Letter, we examine the high-temperature thermoelectric
properties of the ternary metal phosphide CaAg1�xP. The crystal
structure has hexagonal symmetry and consists of a network of cor-
ner- and edge-sharing AgP4 tetrahedra [Fig. 1(a)].

12 The edge-sharing
leads to triangular Ag clusters with a Ag–Ag distance of 3.06 Å, which
is only a little longer than found in elemental Ag (2.9 Å). Ag atoms
connected through tetrahedral corners are at 4.2 Å in the c-direction
and 4.7 Å in the ab-plane. The Ag3 clusters surround the P1 site [red P
atoms in Fig. 1(a)], leading to “Ag3P” chains along the c-axis. The
crystal structure of CaAg1�xP, therefore, has considerable anisotropy,
which is reflected in its electronic band structure. Nominal stoichio-
metric CaAgP has garnered a lot of interest due to its band struc-
ture.13,14 DFT-PBE calculations show a crossing of two near linear
bands in the kx-ky plane in an otherwise gapped material.13 This
suggests that CaAgP is a potential Dirac semimetal with a two-
dimensional line-node band crossing. However, a subsequent DFT-
HSE investigation backed up by experimental ARPES data concluded
that there is no band crossing.14 Instead, CaAgP was found to be a
small direct bandgap semiconductor with a �0.15 eV gap at the
C-point. A schematic of the semiconducting DFT-HSE band structure
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is given in Fig. 1(b). Fitting the reported valence band dispersions (see
the supplementary material)14 suggests a low band mass, mb

� � 0.15me

along the kz direction (C-A) andmb
� � 0.5me in the kx-ky plane.

Metal phosphides have recently started to attract interest as
potential thermoelectric materials,15 with peak zT¼ 0.5–0.6 observed
in a number of systems, including in CaAl2Si2-type AM2P2 structures
(A¼Ca, Lanthanide; M¼Mn, Cu, and Zn)16–18 and in Ag6Ge10P12
cluster compounds reminiscent of the chalcogenide tetrahedrites.19–21

The thermoelectric properties of CaAg1�xP have not been reported
but are of considerable interest, both from its interesting electronic
band structure and the recent reports showing good performance in
metal phosphides.

Polycrystalline CaAg1�xP samples were prepared using a solid-
state route, followed by hot pressing to achieve dense pellets for prop-
erty measurements. The final pellets are stable in air and nonreactive
with water. Full details on the synthesis route and structural and prop-
erty analyses can be found in the supplementary material. An initial
synthesis of stoichiometric CaAgP revealed the presence of �3wt. %
elemental Ag in the x-ray powder diffraction (XRD) data (Fig. 2).
Subsequent Rietveld analysis of the XRD data confirmed the incom-
plete uptake of Ag in the CaAg1�xP structure. Refinement of the site
occupancies yielded a CaAg0.893(5)P composition (Table I). SEM con-
firmed the presence of large domains of elemental Ag (up to 50lm
diameter) and a homogeneous CaAg1�xP phase with approximate
1:1:1 ratio of elements (Fig. S1 and Table S2). The higher Ag content
suggested by EDX is in line with the larger uncertainty of this method.
Subsequently, an intentionally Ag-deficient CaAg0.9P sample was pre-
pared phase pure, without any evidence for elemental Ag from XRD
and SEM (Fig. 2 and S1). Refinement of the Ag site occupancy for this
sample yields 0.894(3), which is within one standard deviation of the
value obtained for the nominal CaAgP sample. The CaAg1�xP phase
in these two samples, therefore, has an identical CaAg0.894(4)P compo-
sition. This means that CaAgP does not form with a 1:1:1 composition
but instead has a stable Ag vacancy fraction of x¼ 0.106(4). However,
for the purpose of labeling, the nominal compositions will be used in
the remainder of the manuscript.

The thermoelectric properties of CaAgP and CaAg0.9P are shown
in Fig. 3 and are stable under temperature cycling (Fig. S2). Both mate-
rials are p-type, demonstrated by the positive S(T) values in Fig. 3(a).
The magnitude of S340 K is quite large, 62 and 88lVK�1, respectively,
which is more characteristic of degenerate semiconducting than semi-
metallic behavior. Up to 600K, both samples have a nearly linear
increasing S(T), as expected for highly doped semiconductors. Above
this temperature, S(T) reaches a plateau, which signals the onset of
minority carrier conduction.

q(T) has a metal-like increasing temperature dependence, consis-
tent with degenerate semiconducting behavior [Fig. 3(b)].
Interestingly, q(T) nearly triples from 340 to 800K, which is a

FIG. 1. (a) Polyhedral representation of the crystal structure of CaAg1�xP. Ca—blue; Ag—silver; P, site 1—red; P, site 2—orange; see Table I for lattice parameters and atomic
coordinates. (b) Schematic semiconducting electronic structure from hybrid-DFT calculations illustrating the anisotropic nature of the valence band, redrawn with permission
from Xu et al., Phys. Rev. B 97, 161111 (2018). Copyrighted 2018 American Physical Society. The C-M direction corresponds to ky, and the C-A direction corresponds to kz,
reflecting the anisotropy of the underlying crystal structure.

FIG. 2. Normalized x-ray powder diffraction data for CaAgP (black) and CaAg0.9P
(red), collected using monochromated Cu Ka1 radiation. Both samples form with a
majority phase in the CaAgP structure. The CaAgP sample contains �3 wt. % of
elemental Ag, which is not present in the CaAg0.9P sample.
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relatively large increase for a heavily doped semiconductor. Both S(T)
and q(T) have a larger magnitude in CaAg0.9P, suggesting that this
sample is less p-type doped, despite the identical composition of the
main phase in both samples. The difference could instead be due to
the presence of �3wt. % metallic Ag in the nominal CaAgP sample.
This small amount is below the percolation limit, but it could provide
a route for carrier doping or cause the sample to behave as a
semiconductor-metal composite.

The most interesting feature of q(T) is the substantial change in
behavior near 550K, which occurs for both samples [Fig. 3(b)]. Below
550K, q(T) / Tq with q¼ 1.15, increasing to q¼ 1.75 at higher tem-
perature. This behavior is very unexpected and fundamentally incon-
sistent with the established impact of bipolar transport, where a drop
in q(T) occurs due increased carrier concentration. This will be dis-
cussed further below.

Despite the differences in S(T) and q(T), the power factor S2/q is
largely the same [Fig. 3(c)]. Both samples have S2/q340 K � 0.8–0.9
mWm�1K�2, increasing to a peak value �1.25 mWm�1K�2 at
600K, with a decrease upon further heating. The most significant dif-
ference is that CaAg0.9P has a stronger decrease in S2/q above 600K,
which correlates with a stronger drop of S(T) [Fig. 3(a)].

The higher q(T) in CaAg0.9P translates to a significantly reduced
j(T), as can be seen in Fig. 3(d), due to a much lower jel contribution.
CaAg0.9P also has a slightly lower jlat at low temperatures [Fig. 3(e)],
approximately 0.2Wm�1 K�1 lower. This difference, despite the near
identical composition of the main phase, could again be due to the
absence of elemental Ag, which has a very large j �400W m�1 K�1.
The decreasing temperature dependence of jlat up to 500K is consis-
tent with dominant Umklapp scattering. Above this temperature, sub-
stantial flattening occurs, evolving into an increase on further heating,
which is the behavior expected from an increasing bipolar contribu-
tion, jbi.

The removal of elemental Ag from the sample ultimately leads to
an increase in zT, due to the reduction in j [Fig. 3(f)]. CaAgP has a
peak zT¼ 0.32 at 800K, while CaAg0.9P has a peak zT¼ 0.43 at 660K
and is still better at 800K with zT¼ 0.38. The zT in both samples
begins to plateau above 600K, largely due to the bipolar contributions
to both S(T) and j(T).

Perhaps the most important characteristic to address is the pres-
ence of intrinsic Ag vacancies in CaAg1�xP and its relation to the
observed Hall carrier concentrations.22,23 Within the Zintl description,
charges of Ca2þ, Ag1þ, and P3- are consistent with semiconducting
behavior, each element achieving a closed shell electronic configura-
tion. Since Ag acts as an electron donor, the presence of Ag vacancies
leads to p-type doping in the material, consistent with experimental

observations. However, the reported Hall carrier concentrations
nH¼ 4–10� 1019 cm�3 for comparable samples (Fig. S3 shows a com-
parison of q(T) data) correspond to the removal of only �0.2%
Ag,22,23 which is far less than the 10% Ag deficiency from diffraction.
This observation suggests that CaAg0.9P is the thermodynamic stable
composition, with small deviations from this composition causing the
carrier doping. The presence of a consistent 10% Ag deficiency is also
evident from the crystallographic data in Table I that reveals similar
lattice parameters for CaAg1�xP samples from across the literature.
An alternative view of the defect chemistry of CaAg1�xP is possible:
this involves charge compensation, where P deficiency occurs in paral-
lel with Ag vacancy formation. For example, a 3.3% P3- deficiency
compensates for a 10% reduction in Agþ content. This balances n-
and p-type charge removal and can reconcile the observed nH with the
10% Ag deficiency from diffraction. Trial Rietveld fits of the P site
occupancies are not conclusive and await the collection of higher qual-
ity synchrotron x-ray diffraction data.

Using the reported nH and our S data, Single Parabolic Band
analysis as outlined in the supplementary material leads to an esti-
mated electronic density of states mass, mDoS

� ¼ 0.3–0.9me. This is in
good agreement with analysis of the DFT-HSE band dispersions,
which yields mDoS� �0.33me (see the supplementary material), pro-
viding tentative evidence for the validity of the semiconducting band
structure model.

The thermoelectric property data in Fig. 3 are consistent with a
low bandgap system, as suggested by the semiconducting band struc-
ture in Fig. 1(b). The plateau in S(T) above 600K and the plateau
in j-jel above 500K clearly reflect the emergence of bipolar charge
transport. Assuming semiconducting behavior, application of the
Goldsmid–Sharp equation yields a bandgap, Eg� 0.24 eV from S(T).24

This value compares well with Eg� 0.15 eV from DFT-HSE,14

although it is known that the basic GS expression is only reliable when
electrons and holes have similar mb�.25 However, a significant feature
of CaAg1�xP is the high level of p-type doping, which lowers the
Fermi level into the valence band. According to earlier reports, this
can be by as much as 0.15–0.4 eV.22,23 In these studies, the band struc-
ture is considered to be a strongly hole doped Dirac semimetal, and
this model was used to rationalize the low-temperature transport.22,23

However, it not clear if this semimetallic model can be extended to
account for the intrinsic carrier excitations observed in this study at
higher temperatures.

Remarkably, no reduction in q(T) due to the emergence of intrin-
sic carriers is observed. In fact, in both CaAg1�xP samples, there is an
increase in the gradient of q(T), the opposite of what is expected for
bipolar behavior. Given that both S(T) and j(T) demonstrate the

TABLE I. Overview of refined lattice parameters, atomic coordinates, Ag site occupancies, and elemental Ag impurity weight percentages for the CaAg1�xP samples investi-
gated and previously reported in the literature. Space group: P-6 2 m (189); Ca: 3g (x, 0, 0.5); Ag: 3f (x, 0, 0); P1: 1b (0, 0, 0.5); P2: 2c (1/3, 2/3, 0).

a (Å) c(Å) Volume (Å3) Ca-x Ag-x Ag-site occupancy Ag wt. %

CaAgP12 7.045(1) 4.174(1) 179.4 0.5871(3) 0.2505(1) � � � � � �
CaAgP22 7.0431(6) 4.1614(4) 178.8 � � � � � � � � � >0a

CaAgP 7.0515(1) 4.1777(1) 179.90(1) 0.5849(3) 0.2519(1) 0.893(2) 2.98(5)
CaAg0.9P 7.0509(1) 4.1773(1) 179.85(1) 0.5851(3) 0.2515(1) 0.895(3) 0

aElemental Ag noted but not quantified.
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existence of minority carriers, this must result from a substantial
decrease in carrier mobility. For a single carrier, the mobility l¼ es/mI,
where e is the electron charge, s is the relaxation time, and mI is the
inertial carrier mass. The apparent decrease in l is, therefore, either
linked to the emergence of additional scattering channels (reduced s) or
an increased mI. This unusual behavior remains unexplained and will

require further investigation. One possibility is a structural phase transi-
tion upon heating, for example resulting in a more isotropic valence
band and increased averagemb

�.
The degradation of the thermoelectric performance above 600K can

also be seen in the calculated weighted mobility [lw ¼ (mDoS�)3/2.l0],
which is plotted in Fig. 4, calculated from S(T) and q(T).26 This product

FIG. 3. Thermoelectric properties of CaAgP (black) and CaAg0.9P (red) between 300 and 800 K. Panel (a) shows the absolute Seebeck coefficient (S), (b) shows the electrical
resistivity (q), (c) shows the power factor (S2/q), (d) shows the total thermal conductivity (j), (e) shows the combined lattice and bipolar thermal conductivity (j – LT/q), and (f)
shows the figure of merit, zT. For CaAg0.9P, the smooth S(T) line has been used for further data analysis.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 120, 073903 (2022); doi: 10.1063/5.0080163 120, 073903-4

VC Author(s) 2022

https://scitation.org/journal/apl


ofmDoS
� and the carrier mobility (as nH! 0) give a measure of the elec-

tronic quality of a thermoelectric material. The trend lines in Fig. 4
show an acoustic phonon scattering l � T�1.5 temperature depen-
dence, common for many good thermoelectric materials. The calcu-
lated lw values and trendline agree well up to about 600K. A reduction
in lw occurs above 600K, driven by the decrease in S(T) that occurs
due to intrinsic carrier effects. The degradation of the electronic perfor-
mance naturally leads to the peak of zT at more intermediate tempera-
tures. Near room temperature, l0 can be estimated to be in the range of
130–850 cm2 V�1 s�1, which is a fairly large mobility for a phosphide
thermoelectric.15

To conclude, we have demonstrated high thermoelectric perfor-
mance in CaAg1�xP with intrinsic Ag vacancies, where x � 0.1 has been
determined by XRD data. This material is a low bandgap p-type semicon-
ductor with low jlat and moderate S2/q. There is considerable potential
for further improvement of the thermoelectric performance. No attempt
has been made to use alloying or doping to optimize performance.
Alloying is a proven strategy to suppress jlat, and CaAgP1�xAsx is of
particular interest because theory suggests that the expansion of the lattice
may lead to a semimetal transition.14 Doping can be achieved though
chemical substitutions (for example, exchanging Ca for Na), while control
of the cooling profile could allow for a degree of tuning of the Ag vacancy
concentration. While Ag is an expensive element, Ca and P are relatively
cheap, and the investigation of other transition metals may lead to a cost-
effective thermoelectric material. Despite the decline in electronic perfor-
mance above 600K, the thermoelectric properties remain moderate at
high temperatures due to the large p-type carrier concentration, which
compensates for the low electronic bandgap.

See the supplementary material for the detailed synthesis proto-
col for CaAg1-xP; SEM and EDX data; band analysis of literature data;
thermoelectric stability measurements; and a comparison to published
electrical resistivity data.
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