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Results and Discussion.

1 Computational details of density functional theory (DFT)

In this work, we conducted density functional theory (DFT) calculations using the Vienna ab initio
simulation package (VASP) ®. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) 2 was applied as the exchange—correlation functional. We constructed a 3x3x3 supercell of PbTe
containing 54 atoms and substituted one Te atoms with S to simulate the Pb2;TezsS alloy. The cutoff energy
for plane wave was set to 350 eV and the k-point mesh density was set to 21x0.03 A using the I'-centered
Monkhorst-Pack scheme 2. The energy convergence criterion was set to 106 eV. The structures were fully
relaxed before non-self-consistent band structure calculations, where the spin-orbit coupling (SOC) effect
was included. The decomposed charge density was calculated for the electrons near conduction band
minimum (CBM), corresponding to an n-type carrier concentration of 5x10%° cm3, The elastic constants (Cij)
of PbTe1«Sx were calculated using a conventional unit cell containing 8 atoms by employing a larger cutoff
energy of 400 eV and the virtual crystal approximation (VCA) scheme *. The moduli of the corresponding
polycrystalline PbTe1.«Sxalloys were calculated by adopting the Voigt-Reuss-Hill approximation 5.

2 Modelling on the electrical transport properties

To estimate the band parameters more precisely, the Hall factors, A=A«A.,°® allows the anisotropy effect for
conduction band, which is chosen to be a constant of 0.9 (corresponding to a mass anisotropy factor of
K=3.58). A; measures the degeneracy of carriers and was adopted as 1 in the calculation, regardless of the
scattering mechanism of carriers. The room temperature density of states effective mass (m*) is 0.25me and
is considered as composition independent based on the band structure calculation. The degeneracy of the
bottom of conduction band (Ny) equals 4. The m* depends on temperature via A=dInm*/dInT=0.5 for the
conduction band. The temperature (T in Kelvins) dependence of energy gap (Eg) is given by
E;=0.18+4T/1000 (eV). The deformation potential coefficients (Eqer) for acoustic phonon in conduction band
of PbTe and PbS are 22 eV and 27 eV 7, respectively and are considered as temperature independent. For
PbTe1.xSx-3%Sh-lo.004 (x=0.05, 0.10, 0.15) samples, the deformation potential coefficients are estimated by
a mole average of the Eger values for PbTe and PbS. Thus, the deformation potential coefficients are 22.25
eV, 22.5 eV, 22.75 eV for x=0.05, 0.01, 0.15 samples, respectively. The combined elastic modulus (Cy) is
calculated by C=v.%d, where d and v, are the mass density and longitudinal phonon speed, respectively. In
the equations for drift mobility the integral is defined by?:
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Where f is the Fermi-Dirac distribution function, e=E/kgT is reduced charge carrier energy and a=ksT/Eq is
the nonparabolicity parameters. All the room temperature parameters used in the calculation are listed in the
Table S2 below.

(S1)

3 Discussion on the carrier mobility

From Figure S6a and S6b, we observe that the electron concentration of the PbTe-3%Sb-loo04 Sample
remains nearly unchanged, while the Hall mobility decreases dramatically after alloying PbS, as indicated
by the black dashed ellipse in Figure S7b, which is the exact reason for the decrease in electrical conductivity
at room temperature. To determine the mechanism behind this phenomenon, we use the SKB model to
calculate the theoretical mobility by considering the acoustic phonon scattering, grain-boundary scattering,
and alloy disorder scattering. First, the Hall mobility (un) versus carrier concentration (n) curve at 300 K is
calculated based on deformation-potential theory. When acoustic phonon scattering dominates, the drift
mobility x is expressed as®
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where 7, kg, Ci, m*, my*, and Eger are the reduced Planck constant, Boltzmann constant, combined elastic
modulus, inertial effective mass, single-valley effective mass, and deformation potential coefficient,
respectively. "F™ is the generalized Fermi integral, the definition by Equation S1. And the values of
parameters used in this model are shown in Table S2. The drift mobility () is related to the Hall mobility
(un) Via un =Au, where A is the Hall factor®®. As shown in Figure S6b, the calculated line (black solid line)
fits well with the experimental results of single-phase PbTe in Ref. 1%, which confirms the validity of this
theory.

It is noteworthy that the Hall mobility of our PbS-free sample is slightly lower than that of iodine-doped
PbTe with the same carrier concentration. This discrepancy might be attributed to grain-boundary scattering,
by considering the ball milling process before sintering in our sample synthesis process, which would result
in a large interface density. The drift mobility with grain-boundary scattering (ucs) is given by*?
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where D, mp*, and Eg are the grain size obtained from EBSD analysis, single-valley effective mass, and
potential barrier, respectively. Eg is the most important parameter characterizing grain-boundary scattering,
which is an undetermined variable. To obtain the value of Eg, we conducted low-temperature Hall
measurements, and the results are shown in Figure Séc. As is well known, if electron scattering is dominated
by acoustic phonons, the Hall mobility xn will exhibit a T-*° dependence'®. However, the experimental
mobility of PbTe-3%Sblooos increases much more slowly with deceasing temperature, following a T076
trend rather than a T trend, which implies that other electron-scattering effects may exist, consistent with
the existence of grain-boundary scattering, which we suspected. Combining the two scattering mechanisms
(acoustic phonon and grain boundary) according to the Matthiessen’s rule yields the expression for the
overall drift mobility (u):
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The Eg value of 0.055 eV is obtained by fitting the experimental mobility values of the PbTe-3%Sb-lo.004
sample, which is reasonable when compared with the literature values®®. The calculated overall z4 for PhTe-
3%Shb-lo.004 in Figure S6c is well consistent with the experimental values at 200-300 K. When temperature
decreases below 200 K, the calculated Hall mobility for the PbTe-3%Sb-lo004 Sample starts to decrease
rapidly because the room-temperature values of Eqer, Ci, and Ep, are used in the calculation of low-temperature
mobility, while actually they are only reasonable near room temperature.

The Hall mobility of PbTeogsSo.15-3%Sb-lo.004 exhibits a T~%° trend with decreasing temperature (Figure
S6c¢), which indicates the dominance of alloy scattering©. Therefore, we must include the contribution from
alloy scattering (uaL) to explain the behavior of Hall mobility after alloying PbS. The drift mobility due to
alloy scattering is given by'* 15
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where Q, X, and E4 are the volume per atom, percentage of substituted atoms, and alloy scattering potential,
respectively. The alloy scattering potential Eas measures the ability of alloy scattering. For PbTe;xSx-3%Sh-



lo.oos (x>0.00), we assume that the values of Eg and my™* are the same as for PbTe—-3%Sb-lo.004. By applying
an Eq of 2 eV, the calculated Hall mobility values can roughly simulate the experimental results within a
15% error bar, as shown in Figure S6d. The fitted Ex value for PbTe;—«Sx-3%Sb-1g.004 (X>0.00) is relatively
larger than that for the n-type (PbTe); x(PbSe)x system?!® (approximately 1.1 eV) and many other alloy
systems?6. The large Ea of PbTe—PbS alloys may be due to the large electron-affinity difference (~1.2 eV)
between PbTe (4.6 eV) and PbS (3.4 eV).

To deeply understand the obvious mobility reduction of PbTe after alloying PbS and the large Ea value,
theoretical charge densities of pure PbTe and PbTe-PbS alloy were calculated based on DFT and the
calculated contour plots of the (1 —1 0) plane are shown in Figure S7. In pure PbTe, as shown in Figure S8a,
lead and tellurium atoms form columns via ionic—covalent mixed bonds due to the small electronegativity
difference (~0.23) between Pb and Te. As a binary semiconductor, the covalence feature of the Pb—Te bonds
can partly account for the high-mobility nature of PbTel’. On the contrary, owing to the larger
electronegativity difference (~0.71) between lead and sulfur atoms, the Pb-S bond is more ionic than the Pb—
Te bond. Therefore, charge density is more localized around sulfur atoms and the covalent-like links in lead-
and tellurium-atom columns are broken, as clearly shown in Figure S8b. This phenomenon is also shown by
the electron localization function (ELF) (Figure S8). Therefore, we argue that the substantial disturbance of
the charge-density distribution can serve as an origin of the large E, values of PbS alloying in PbTe.

4 Supplementary tables and figures (Table S1 and S2, Figure S1-S11)

Table S1 Elastic constants (Cjj, in GPa) and lattice parameters (a in A) of PbTe:xSx alloys calculated from
DFT. Bulk moduli (B, in GPa), shear moduli (G, in GPa), and Young’s moduli (E, in GPa) of polycrystalline
PbTe1.xSx alloys calculated adopting the VRH approximation.

X Cu Con Cus B G E B/G a

0 106.94  6.05 1430  39.68 24.40 60.74 1.63 6.56
0.05 106.99  6.60 1436  40.06 24.40 60.84 1.64 6.54
0.1 107.66  7.25 1442  40.72 24.45 61.12 1.67 6.52
0.15 107.39  7.45 1451  40.76 24.48 61.18 1.67 6.50
0.2 107.56  7.76 1464  41.03 24.58 61.46 1.67 6.48
0.4 11092 10.11 1529 4371 25.27 63.55 1.73 6.37
0.6 11545 11.79 1640  46.34 26.57 66.92 1.74 6.26
0.8 122.64  15.19 1790 51.01 28.32 71.70 1.80 6.14
1 13041 17.07 2040  54.85 31.16 78.61 1.76 6.00

Table S2 room temperature parameters used in the calculation of Hall mobility of the PbTe-3%Sb-10.004
sample.

Parameters values
Hall factor A 0.9
Band degeneracy Nv 4
Density of states effective mass m*=N,23mg;* 0.25 me

Inertial or conducting effective mass m; =3(1/m*+2/m¢*)* 0.8604 mg1*



Single valley effective mass mg1*

Energy gap Eq

Mass anisotropy factor K=my*/m¢*

Deformation potential coefficient for acoustic Egef
Grain size D

Potential barrier at grain boundary Eg

Alloy scattering potential E

Volume per atom 2

0.0992 me
0.3eV
3.58

22 eV
1300 nm
0.05eV
2eV

33.7923 A3




Figure S1~S13
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Figure S1 a-d the back scattering electron (BSE) images of PbTe1-xSx-3%Sb-10.004 (x=0.00, 0.10, 0.15 and
0.20) samples, respectively. Apparent PbS phases in micrometres size appeared when x exceeds 10%.

Figure S2 the EDS line analysis of PbTeo gsSo.15-3%Sb-10.004 Sample. The area with dark contrast is rich in
sulfur and lack lead, which is PbS phase according to the XRD results.
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Figure S3 (a) a low magnified HAADF mode image of the PbTeo.00S0.10-3%Sb-l0.004 Sample, (b) a typical
area in (a) containing three nano particles with dark contrast, (c) the EDS mapping analysis of the area
shown in (b), (d) the energy dispersive spectrometer (EDS) spectrum. The appearance of peaks in the
spectrum corresponding to cooper is due to the copper supporting ring.



Figure S4a shows one typical region in PbTeg 9S0.1-3%Sb-10.004, Where three grains are separated by
boundaries. Figure S4b are the fast Fourier transformation (FFT) patterns of the areas in grain A and B
indicated by the yellow and blue boxes, respectively. These two sets of patterns correspond to the same
zone axis and only rotate a very small angle with each other, which is a solid evidence showing that the
boundary separating grain A and B is a low angle boundary. The small orientation difference between
grain A and B may account for their different contrast in the HRTEM mode.
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Figure S4 (a) the HRTEM image of one typical region PbTeo.9So.1-3%Sh-l0.004 Sample. (b) the fast Fourier
transformation (FFT) pattern of two areas indicated in Figure 4a by a yellow and a blue box, respectively.
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Figure S5 (a)-(d) the low magnified TEM images of the reference and the PbTeo.90S0.10-3%Sb-10.004 Sample,
respectively. The zone axis of (a) and (c) are [1-11] and [110], respectively. (e) the HRTEM image of the

selected area in (c), which shows a line with black and white contrast. (f) the FFT pattern of (e). To make it
easy to see, the Fig. S7f are magnified and several obvious dislocations are indicated by white dashed box.
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Figure S6 (a,d) Sulfur-content dependence of electron concentration and Hall mobility for PbTe; «Sx-
3%Sb-lo.004 (x=0, 0.05, 0.10, 0.15, and 0.20) samples at 300 K, respectively. Blue dashed line in (d) is
calculated based on SKB model only considering three phonon-scattering mechanisms. (b) Hall mobility
vs carrier concentration curve at 300 K for PbTe;—xSx-3%Sb-lo.004 (x=0, 0.05, 0.10, 0.15, and 0.20) and
PbTe.s5--xS0.15-3%Sb-Ix (x=0.000, 0.002, 0.004, and 0.006) samples. Some reported values of PbTe'?,
PbSe'8, and PbS’ are also included for comparison. Black line is calculated based on SKB model only
considering the acoustic scattering. (c) Temperature dependence of Hall mobility for reference and
PbTeo.85S0.15-3%Sh-l0.004 Samples from 160 to 300 K. Blue dashed line in (c) is calculated based on SKB
model considering both acoustic and grain-boundary scattering.



(x105e borh®)

Figure S7 Decomposed charge density on the (1 —1 0) plane of (a) pristine PbTe and (b) Pba7TexS,
corresponding to an electron concentration of 5x10%° cm-.

Figure S8 the ELF plot of the (110) crystal plane of the pristine and S-doped PbTe calculated using a
3x3x3 supercell. As can be seen in the Figure S7(b), the bond of Pb-S is more ionic than that of Pb-Te
bond.



Figure S9 shows the band structures and density of states of pure PbTe and PbTe-PbS alloys. PbTe is a
semiconductor with a direct gap of about 0.18eV, which is consistent with the reported results. It is noted
that the band gap is a little smaller than the experimental results, which is due to the underestimation of
energy gap via first-principles calculation. The conduction band is mainly contributed from Pb atoms while
the valence band is mainly contributed from Te atoms. After alloying with PbS, the shapes of the bottom
of conduction band and the top of valence band are unchanged, which implies that the density-of-state
effective mass of conduction band will not change much after alloying PbS. As PbTe1.xSx-3%Sb-10.004
(x=0.00, 0.05, 0.10, 0.15 and 0.20) samples have similar electron concentration, it is normal that we did
not observe any obvious change in Seebeck coefficient.
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Figure S9 Band structures of the pristine and S-doped PbTe calculated using a 3x3x3 supercell. It is seen
that the electron effective mass at the CBM at L point is almost unaffected by S alloying.
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Figure S10 The pseudobinary diagram of PbS and PbTe
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Figure S11 the temperature dependence of the thermoelectric properties of PbTeo 85S0.15-3%Sb-1x (x=0.000,
0.002, 0.004 and 0.006) samples. (a) Electrical conductivity, (b) Seebeck coefficient, (c) total thermal
conductivity and (d) dimensionless thermoelectric figure of merit (ZT). The reported indium doped
PbTeoSo.2 and Sb doped PbTeogsSo.1o Samples are also shown for comparison.
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Figure S12 The comparison of averaged ZT values between this work and literatures.
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Figure S13 the heat capacity of the reference sample, PbTe1xSx-3%Sb-lo.004 (x=0.05, 0.10, 0.15, 0.20) and
PbS. The heat capacity C, of PbTe-3%Sb and PbS are determined using the equation Cy/kg atom™
=3.07+4.7x104(T/K-300) for lead chalcogenides. The total C, of PbTe1xSx-3%Sb-10.004 (Cp(X)) (x=0, 0.05,
0.10, 0.15, 0.20) was estimated by a mass average of the temperature dependent specific heat values for
PbTe and PbS, which is described in the manuscript in detail.
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