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We investigate the thermoelectric properties of electron and hole doped PtSb2. Our results show that

for doping of 0.04 holes per unit cell (1:5� 1020 cm�3) PtSb2 shows a high Seebeck coefficient

at room temperature, which can also be achieved at other temperatures by controlling the carrier

concentration (both electron and hole). The electrical conductivity becomes temperature

independent when the doping exceeds some 0.2 electrons/holes per unit cell. The figure of merit at

800 K in electron and hole doped PtSb2 is comparatively low at 0.13 and 0.21, respectively, but may

increase significantly with As alloying due to the likely opening of a band gap and reduction of the

lattice thermal conductivity. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803145]

I. INTRODUCTION

Efficient thermoelectric materials are currently a striking

challenge for researchers.1 In general, the efficiency is deter-

mined by the figure of merit ZT ¼ rS2T=j, where r is the

electrical conductivity, S is the Seebeck coefficient, T is the

temperature, and j is the thermal conductivity. To achieve a

high ZT, r and S should be large, while at the same time j
should be small. However, increasing r by increasing the

carrier concentration usually decreases S and increases j.

Therefore, it is a prime task to control the numerator rS2

(the powerfactor) and the denominator j independently.

Kuroki and coworkers have shown that a metal with pud-

ding mold type bands (a dispersive portion and a flat portion)

can exhibit good thermoelectric properties.2 Recently, such

bands have been reported in the cubic pyrite material PtSb2,

which has a high S¼ 250 lVK�1.3 Bulk PtSb2 can be both

metallic and semiconducting for deviations from the ideal

stoichiometry, and it can be n- and p-type doped with charge

carrier concentrations spanning several orders of magnitude

(1016 cm�3 to 1020 cm�3), as observed for different synthesis

methods and parameters.4–9 While p-doping (by Ir doping on

the Pt site) gives a high metallic conductivity and large

Seebeck coefficient,3 n-doping (by Sb deficiency) gives a

large Seebeck coefficient and thermal conductivity between 0

and 300 K.10 PtSb2 has a high mobility due to a small differ-

ence in the electronegativities of Pt and Sb (2.28 and 2.05,

respectively).11

In the present work, we address the effect of electron

and hole doping in PtSb2, which has a melting temperature

of 1500 K,12 on r and S from 300 K to 800 K. We study the

powerfactor and the figure of merit for both types of doping.

We also address the thermopower of PtAs2 and the likely

effects of alloying PtSb2 with As.

II. COMPUTATIONAL METHOD AND RESULTS

We calculate the band structure of PtSb2 using density

function theory as implemented in the WIEN2K package.13 The

popular generalized gradient approximation14 is employed to

optimize the volume and the internal atomic coordinates. To

simulate doping, we use the virtual crystal approximation15

and rigid band approach.16,17 This approximation is widely

employed in calculations of transport properties of doped

semiconductors and is accurate when the doping is not too

large. After having reached self-consistency in the calcula-

tions, we employ the post-processing BoltzTraP code18 to

calculate the thermopower. This tool has demonstrated quan-

titative accuracy in calculating the thermopower of metals

and doped semiconductors.19–22 We use 3000 k-points in the

full Brillouin zone for calculating the electronic structure and

a dense mesh of 3564 k-points in the irreducible wedge of the

Brillouin zone for the thermoelectric calculations. PtSb2 crys-

tallizes in a cubic pyrite structure with space group Pa�3 and,

therefore, exhibits isotropic transport properties. Our opti-

mized lattice constant is 6.47 Å, which is close to the experi-

mental value of 6.44 Å.23

III. RESULTS AND DISCUSSION

The metallic states are reproduced by our band structure

calculation for Pt0.99Ir0.01Sb2, see Fig. 1, while undoped

FIG. 1. Band structure of doped Pt0.99Ir0.01Sb2.a)udo.schwingenschlogl@kaust.edu.sa. Tel.: þ966(0)544700080.
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PtSb2 is an insulator with an experimental band gap of

110 meV at T � 10 K.24 Already a small doping of 0.04 holes

per unit cell results in a metallic state.3 Similarly, a small

n-doping also results in a metallic state.10 The bands near the

Fermi energy (EF) mainly are due to the Sb 5p orbitals, with

some admixtures of the Pt 5d orbitals. The band that crosses

EF originates completely from the Sb 5p orbitals throughout

the symmetry lines C-X-M-C. Mori and coworkers have

shown that the bands at EF are corrugated and not the pud-

ding mold type bands that establish the high Seebeck coeffi-

cients in NaxCoO2 (Ref. 2) and KxRhO2.25,26 Calculated

densities of states (DOSs) of PtSb2 and Pt0.99Ir0.01Sb2 are

shown in Fig. 2. It is clearly visible that doping does not

change the shape of the DOS but only the position of EF, jus-

tifying our usage of the rigid band approximation.

The calculated Seebeck coefficient of PtSb2 in a doping

range from 0.04 to 0.4 electrons/holes per unit cell for a tem-

perature range from 300 to 800 K is plotted in Figs. 3(a) and

4(a). Note that a doping of 0.04 electrons/holes per unit cell

is equivalent to a carrier concentration of 1:5� 1020 cm�3

(as obtained experimentally for Pt0.99Ir0.01Sb2 (Ref. 3)). We

find that S shows a maximum a bit above 100 lV/K for each

doping level, except for dopings of 0.3 and 0.4 electrons/

holes per unit cell, but at different temperatures. This is due

to the fact that the conduction band close to EF gives a nega-

tive contribution to the Seebeck coefficient at different tem-

peratures and doping levels.

For nh ¼ 0:04 holes per unit cell, our calculation gives

at room temperature a value of S¼ 122.5 lV/K, which

roughly agrees with the experiment (100 lV/K).3 Our maxi-

mum S value is 129.7 lV/K, while the experimental value is

112 lV/K at 400 K. For nh ¼ 0:04, the value of S remains

high up to 450 K and decreases thereafter. Overall, Fig. 3(a)

shows that with increasing hole doping the Seebeck coeffi-

cient decreases at room temperature, which is also consistent

with the experiment. Importantly, the maximal S value can

be obtained at different temperatures by controlling the car-

rier concentration, which helps to achieve an optimal per-

formance of the thermoelectric device under different

FIG. 2. Density of states of undoped and doped PtSb2.

FIG. 3. Calculated S and r=s of hole doped PtSb2. The number of holes per

unit cell is denoted by nh.

FIG. 4. Calculated S and r=s of electron doped PtSb2. The number of elec-

trons per unit cell is denoted by ne.
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conditions. In Fig. 3(b), we examine the effect of hole dop-

ing on the electrical conductivity r=s at the temperatures for

which we have obtained the highest S for each doping. We

find variations with the temperature in the case of low dop-

ing, with the highest value at 800 K. For nh � 0:2, the value

of r=s increases rapidly and becomes virtually identical for

the considered temperatures. We note also the unusual tem-

perature dependence (significant increase) of r=s at low dop-

ing. This is due to bipolar conduction, which increases

substantially at higher temperatures. The high temperature

ZT predictions are generally in a doping range sufficiently

heavy to preclude bipolar conduction, as this is destructive to

the thermoelectric performance.

As it is experimentally known that both types of doping

are possible in PtSb2, we also consider electron doping,

which has not been addressed experimentally. Nishikubo and

coworkers have shown that the substitution of Sn at the Sb

site results in a small powerfactor.3 This suggests that substi-

tution at the Pt site is more favorable for the transport prop-

erties. Hence, we study the substitution of Au at the Pt site,

see Figs. 4(a) and 4(b). At room temperature, we find for

ne ¼ 0:04, 0.12, and 0.4, values of S¼�91 lV/K, �62 lV/

K, and �34 lV/K, respectively. This decreasing trend of S
with increasing doping is similar to our observations for hole

doping. The maximal S is always found around �94 lV/K,

except for ne ¼ 0:3 and 0.4, in the considered temperature

range. It shifts more and more to higher temperature with

increasing doping. The variation of r=s with the electron

concentration and temperature is similar to the case of hole

doping.

It is fruitful to compare electron and hole doping in

PtSb2 for possible applications in thermoelectric generators

with the same host material. In Figs. 5(a)–5(d), we present

S2r and ZT of doped PtSb2 in a doping range from 0.04 to 0.4

electrons/holes per unit cell and temperature range from

300 K to 800 K. For a realistic description of the conductivity,

we vary the mobility with respect to the carrier concentration

and temperature. Whereas the electronic contribution jel is

deduced from the Wiedemann-Franz relation, the phononic

contribution is taken from the experiment and varied as

jpha T�1. Details of the methodology can be found in Ref.

27. According to Fig. 5(a), the calculated room temperature

S2r for nh ¼ 0:40 is 31 lW/cmK2, which is in excellent

agreement with the experimental value of 35 lW/cmK2. For

all other doping levels, S2r decreases with temperature, as in

the experiment. In the case of electron doped PtSb2, the value

of S2r reaches up to 17 lW/cmK2 for low doping, which is

about half the value obtained for hole doping, while at higher

doping the electron and hole doped materials exhibit a S2r of

similar magnitude at room temperature. Importantly, S2r
shows the opposite temperature trend for a doping of 0.04

(both electron and hole) as compared to the other doping lev-

els. The room temperature ZT for a doping of 0.04 holes per

unit cell is about 0.1, which is in good agreement with the ex-

perimental value of 0.12. For doping levels between 0.12 and

0.2 electrons/holes per unit cell, a large S2r at 800 K results

FIG. 5. Calculated S2r and ZT for electron and hole doped PtSb2 as functions of the temperature for several doping levels.
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in a high ZT of 0.1/0.2, which is more than twice the room

temperature value. A further enhancement of ZT by reduction

of the thermal conductivity may be achieved in nano-

structured PtSb2.

The previous discussion demonstrates a relatively low

performance of PtSb2, primarily due to two factors: its com-

paratively large 300 K lattice thermal conductivity of approx-

imately 7.5 W/mK and the lack of a band gap, which severely

limits the Seebeck coefficient. Experimentally, PtSb2 appears

to have a small band gap of �0:1 eV, which we are unable to

reproduce. However, in practice, the large lattice thermal

conductivity will strongly hamper performance at all but the

highest temperatures, where the slight calculational discrep-

ancy will have little effect. There is, however, an opportunity

for significant ZT enhancement via alloying with As. PtAs2 is

isoelectronic and isostructural to PtSb2, with a somewhat

smaller lattice parameter of 5.97 Å. More importantly, how-

ever, PtAs2 exhibits a significant band of approximately

0.5 eV (our calculations with the modified Becke-Johnson

potential find a band gap of 0.38 eV). This means that the

Seebeck coefficients in PtAs2 will not be nearly as impacted

by bipolar conduction as in PtSb2, where this effect precludes

Seebeck coefficients much higher than 100 lV/K above room

temperature. Given this larger band gap, it is likely that an

alloy PtAs2�xSbx will have a significant band gap, although

the exact value is unknown (and x-dependent) and must await

experimental investigation. Such alloying would also have a

beneficial effect on the lattice thermal conductivity, although

the effect is largest at low temperature, while the best per-

formance of PtAs2�xSbx is expected at high temperature.

With these effects in mind, we depict in Figs. 6(a) and

6(b) the calculated thermopower of PtAs2 within the constant

relaxation time approximation (note that no internal coordi-

nate or lattice parameter optimization was performed) for

hole and electron concentrations comparable to those pre-

sented for PtSb2. For low temperature (200 to 300 K), the

values are comparable to those obtained for the correspond-

ing dopings (per unit cell) for PtSb2. At higher temperature,

however, the values continue to rise due to the band gap,

exceeding absolute values of 200 lV/K around 1000 K, for

both hole and electron doping. This is a typical value for a

high performance thermoelectric, although it is not clear

whether appropriate optimization techniques in this family

of materials can lead to high performance thermoelectrics

(typically described by ZT of unity or greater).

Since we are concerned with As alloying, we have

included in the figures thermopower results in which the band

gap is taken as 0.2 eV, or half of the calculated band gap of

PtAs2, as a rough estimate of the band gap of PtAsSb. The

p-type thermopower (left panel) still shows values exceeding

200 lV/K at temperatures of 800 to 1200 K, whereas the

corresponding thermopowers for n-doping do not exceed

160 lV/K. It, thus, is likely that for the alloying scenario con-

sidered here the p-type performance will significantly outstrip

the n-type performance. A second conclusion to be drawn is

that for n-doping higher As concentrations (with likely larger

band gaps) are more probably optimal than for p-doping. We

also point out that the likely dominance of the lattice thermal

conductivity in the heat transport means that nanostructuring

techniques to reduce this term can be helpful. Lastly, as a

practical matter, we note the high vapor pressure of the toxic

As in the high temperature range, so that great care in sample

preparation and measurement is a necessity.

IV. CONCLUSION

To conclude, we have studied the transport properties of

electron and hole doped PtSb2 over a wide doping range. A

doping of 0.04 electrons/holes per unit cell gives a high

powerfactor at room temperature, which decreases with

increasing temperature. Our results show that for doping

between 0.12 and 0.2 electrons/holes per unit cell, the ZT
values, while low, are more than double than those achieved

at 800 K, due to a high electrical conductivity. Experiments

should be performed at this doping level and temperature

range for confirmation. Moreover, it will be desirable to

study in more detail nanostructuring strategies in doped

PtSb2 to further reduce the thermal conductivity. Finally, we

have explored the effect of As alloying, finding that this

approach may significantly enhance the performance due to

a likely larger band gap.
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