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Experimental details

Ball-milling was carried out using a Pulverisette 7 planetary micro mill (Fritsch, Germany) with zirconium oxide balls
(diameter of 5 mm, powder-to-ball ratio of 1:5) and vials (45 ml) in an argon atmosphere in reverse mode. To avoid overheating
of the powders, the milling periods never exceeded 5 minutes. For instance, ball milling for 8 hours was performed as 96 cycles
of “5 min milling + 5 min break”. In order to obtain bulk samples, the ball-milled powders were put into cylindrical graphite die
with a diameter of 12.7 mm and compressed in an SPS machine at room temperature for 1 minute under a uniaxial pressure of
50 MPa in an evacuated to ~10 Pa chamber, which then was filled with Ar. The temperature of the samples was gradually raised
to a sintering temperature of 973 K with a heating rate of 50 K min; after the dwelling for 5 min at a sintering temperature, the
pressure was gradually reduced to ~10 MPa, and the sample was cooled to room temperature with a cooling rate of 20 K min2,
Figure S1 displays a schematic illustration of the synthesis route used in this work. For comparative analysis, one pristine
BiCuSeO sample was prepared without using the ball milling (without BM-1, BM-2, and BM-3 steps, respectively; see Fig. S1)
with hand-grinding instead. All the densified disk-shaped specimens had a dimension of 12.7 mm diameter x 10 mm height,

respectively. Obtained bulks were annealed at 973 K for 6 hours in an argon atmosphere.

SPS: 0.8 Ar

Weighting: BM-3: Ar Holding time: 5 minutes

Weighting the precursors in a
stoichiometric ratio

Time: 8 hours
Speed: 300 rpm

Temperature: 973 K
Pressure: 50 MPa
hrt = 50K min-1; crt = 20 K min-!

BM-1: Ar
Time: 8 hours
Speed: 400 rpm

SSR-2: Vacuum
Time: 12 hours
Temperature: 973 K
hrt =5 K min-%; crt = free

Annealing: 0.75 Ar
Time: 6 hours
Temperature: 973 K
hrt =5 K min; crt = free

CP-1: Air
Cold-pressing at room temperature

CP-2: Air
Cold-pressing at room temperature

SSR-1: Vacuum
Time: 8 hours
Temperature: 573 K
hrt =5 K min-1; crt = free

Time: 4 hours
Speed: 400 rpm

Figure S1. Schematic illustration of the fabrication route for the Bi:_xR«CuSeO (R = La or Pr, x = 0, 0.02, 0.04, 0.06, 0.08)

samples (hrt and crt are heating and cooling rates, respectively).
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Thermal diffusivity and heat capacity

The thermal diffusivity (y) was measured by a laser flash method (LFA 457 MicroFlash, Netzsch, Germany) under a
continuous Ar flow, and the data is shown in Fig. S2a. Generally, experimental data for the specific heat capacity of BiCuSeO
oxyselenides can be fitted and analyzed by the Debye model as it was shown by many reports (see Fig. S2b).%2 In this work, the

heat capacity was calculated by the Debye model (similar to the Dulong-Petit law when T > p):34

30D/T 4>(
9R
C, =T+ ”( } [ 2 (s1)
D 0 e

where y is the Sommerfeld coefficient, R is the ideal gas constant, n is the number of atoms, M is the molar mass of a primitive
cell, 0p is the Debye temperature, and x = hv/kgT. The Debye temperature and the Sommerfeld coefficient were assumed to be
independent of chemical composition; 8o = 243 K and y = 3.075-107 J g K2as reported by C. Barreteau and L. Pan.2% The first
term of Equation (S1) corresponds to the electronic part, while the second one corresponds to the phonon contribution to the C,.
For undoped BiCuSeO the C, approaches the Dulong-Petit limit at high temperature (C, = 3nR/M; 0.271 J-g'1-K! for BiCuSeO).
However, it can be expected that due to a significant difference in atomic mass between La, Pr, and Bi (138.91, 140.91, and
208.98, respectively) the heat capacity of the R-doped samples should be slightly higher than for the undoped sample. All

calculations were carried out considering this mass difference (see Fig. S2c).
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Figure S2. Temperature dependence of (a) the thermal diffusivity, y, for Bi._«RxCuSeO (R = La or Pr, x = 0 —0.08), (b) the
specific hear capacity calculated by Debye model (black solid line) and experimental data from previous reports®® (adapted
from Ref.[9]) and (c) the calculated heat capacity (solid lines) for doped Bi1xRxCuSeO (R = La or Pr, x = 0 — 0.08) used for

thermal conductivity calculation.
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Rietveld refinement

The final refinement was carried out assuming a tetragonal symmetry with a space group of P4/nmm and taking the
pseudo-Voigt function for the peak profiles. Figure S3 displays the observed (circles) and fitted (solid red lines) diffraction
patterns taken at room temperature, with their differences plotted below the XRD patterns (solid blue lines). They agree very
well with Ry < 8.6%, Rup < 10.9%, and 2 <2.3.
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Figure S3. Rietveld refinement of powder XRD pattern for BiCuSeO' and Bi; xRxCuSeO (R = La or Pr, x = 0 — 0.08)

specimens.
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Compositional and structural analyses
Energy-dispersive X-ray spectroscopy.
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Figure S4. SEM image of the polished surface, EDS spectra, and mapping for pristine BiCuSeO bulk prepared from non-

milled powder (hereinafter labeled as BiCuSeO?).
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Figure S5. SEM image of the polished surface, EDS spectra, and mapping for pristine BiCuSeO bulk prepared from ball
milled powder.
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Figure S6. SEM micrographs of the polished surfaces and corresponding EDS mapping for (a) Bio.osPro.02CuSeO and (b)
Big.gsLao 0sCuSeO.

X-ray diffraction and X-ray fluorescence. XRD pattern evolution for the starting mixture with a nominal composition
of BiCuSeO during the solid-state fabrication route followed by SPS is shown in Figure S7a. The elemental composition of the
studied Biy xRxCuSeO (R = La or Pr, 0 < x < 0.08) samples were examined by X-ray fluorescence (XRF), the XRF spectra were
taken with a ZSK Primus 9 Il spectrometer (Rigaku, Japan), employing the standard setup at room temperature. The XRF spectra
for some samples are shown in Figure S7b. The relative elemental proportion of (Bi + R):Cu:Se:O determined from XRF and

EDS can be found in the main text (see Table 2).
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Figure S7. (a) XRD patterns for raw mixture, powders after first (SSR-1) and second (SSR-2) steps of solid-state reaction,
after spark plasma sintering for BiCuSeO; (b) XRF spectra for the Bi; x\RxCuSeO (R = La or Pr, x =0, 0.04, 0.08) samples.
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Scanning electron microscopy. SEM images of the fractured cross-section of the densified BiCuSeOf, BiCuSeO,
Bio.gsPro04CuSeO, and BiopgslagoaCuSeO samples are displayed in Figure S5. All the samples exhibited a similar lath-like
microstructure with randomly arranged platelet grains stacked densely, which is typical for BiCuSeO based compounds. The
grain size after SPS remained 5 — 20 um for BiCuSeOT and 200 — 700 nm for Bi; xRxCuSeO (R = La or Pr, x = 0, 0.04, 0.08).

i (a) £ ; (b) T 536nm I

ISUU nm 5 p'm

AN 11244 nm
¢ . 186148 nm

{ SR " b 'ﬂ_ 570 nm
|5 807 nil; i| 282 nm

X ! 72 : 7 [ e00nm 238nm L
. = 12679 nm.. ; : nm F 236 nm 248 nm

352 nm

;497 nm
i 1 11 264 nm
v 348 nm u -

‘281nm 280 nm

..: 275 nm ~ 391 nm

*.563 nm
336 nm 401 nm

Figure S8. SEM micrographs of the fracture surfaces for (a) BiCuSeQOf, (b) BiCuSeO, (c) Bio.osPro04CuSeO, and (d)
Bio.gsLao.04CuSeO bulk sample.
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First principles calculations
The total and partial DOS. The computed projected density-of-states for BisgLasCussSessOgs are in good agreement
with the results for LaCuSeO reported by H. Hiramatsu et al.*°
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Figure S9. The total DOS and partial DOSs of (a) BissCugsSesaOgsa and (b) BisglasCugaSessOga.
Projected band structures. Projected band structures, where the contributions of Bi p, Cu d, Se p to a band are plotted.**
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Figure S10. Projected band structure of (left) BigaCussSessOs4 and (right) BisglLasCugsSessOga.
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Electrical and thermal transport properties
Pristine BiCuSeO. Transport data (o, o, xit, T) for pristine BiCuSeO' and BiCuSeO are presented in Fig. S11, some

data from literature is also displayed.'>** Results for BiCuSeOT are in good consistent with previous reports: the temperature
dependence of the electrical conductivity exhibits a non-degenerate behaviour; moreover, the temperature dependence of the
Seebeck coefficient is also in good agreement and shows low values at T < 600 K as was also reported by F. Li et al. for BiCuSeO
fabricated without ball milling during powder preparation; noteworthy values of the lattice thermal conductivity measured in
parallel to SPS applied pressure direction are also close to those presented by F. Li et al. for both ball-milled (BM) and non-ball-
milled (NBM) specimens. On the other hand, values determined in the perpendicular direction are higher by ~20%, which can
be attributed to the preferential grain growth in the perpendicular direction to the axis applied during SPS uniaxial pressure as

shown in Figs. S12a —d.
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Figure S11. Temperature dependence of (a) the electrical conductivity, (b) the Seebeck coefficient, (c) the lattice
thermal conductivity and (d) the figure of merit zT for BiCuSeO", and BiCuSeO samples. Data from previous reports are also
given for comparison.1?%4

Anisotropy. In order to perform all the measurements with consideration of the possible anisotropy, the samples were
cut in two pieces getting cylinder-shaped and parallelepiped-shaped specimens (see Fig. S12). These two slices were used for
the thermal diffusivity measurements in the parallel and the perpendicular to the SPS pressure direction, respectively (see
Fig. S12e). Then the slices were cut one more time to get bars for the electrical transport properties measurements in both
directions (Fig. S12e). The electrical transport properties were measured at loffe Institute (Saint-Petersburg, Russia) using a

homemade system®® and for some samples repeated measurements were carried out at the National University of Science and
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Technology MISIS (Moscow, Russia) using a laboratory-made system developed by Ltd. Cryotel (Moscow, Russia). All the

measured data were in excellent agreement (see Figs. S11a and S11b).
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I paralelepiped-shaped sample for thermoelectric properties measurements

Figure S12. Schematic illustration of the (a) BiCuSeO powder particles before SPS and (b) the lamellar grains of the
bulk BiCuSeO after SPS. SEM images of the fractured surfaces for (c) BiCuSeO and (d) Big.gsLao.04CuSeO bulks.
(e) Schematic illustration of the measured direction for electrical and thermal transport properties.

The ratios of the electrical resistivity and the Seebeck coefficient measured in parallel and perpendicular directions do
not outperform 5%, so the electrical transport properties for BiCuSeO polycrystalline specimens understudy can be assumed to
be isotropic (Fig. S13). However, the thermal conductivity values indicated a difference of ~20% for those measured in the
parallel and the perpendicular directions, respectively. It can be suggested that the observed anisotropy in the thermal
conductivity is mainly attributed to a preferential grain growth along the perpendicular to the applied pressure direction during
the SPS process (see Figs. S11c, S12a, S12b, S13e, and S13f), which is in a good consistent with the literature data and confirmed
by SEM studies (see Figs. S12¢, S12d).1® For doped samples, the difference is decreased to 10 — 15% due to the increased
electronic contribution to the total thermal conductivity.
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Figure S13. Electrical and thermal transport properties for Bii xPrCuSeO (x = 0, 0.04, 0.08) measured in the parallel (|I) and
the perpendicular (L) to SPS applied pressure direction. Temperature dependence of (a) the electrical resistivity, (b) the
Seebeck coefficient, and (c) the total thermal conductivity. The ratios of the corresponding properties measured in different
directions (d) pilpL () awla, and (f) ri/xcL. (2, b) For o and p of pristine BiCuSeO sample black solid line represents values
obtained from homemade equipment at loffe Institute (in || direction), while filled and empty squares display results obtained

from homemade equipment at NUST MISIS.
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Single parabolic band model calculations

Despite the complex nonparabolic multiband electronic structure in BiCuSeO, the experimental transport data can be
roughly analyzed using a single parabolic band model with relaxation time approximation. The equations shown below are valid
for a single scattering mechanism where the energy dependence of the carrier relaxation time can be expressed by a simple
power-law 7 = 7oE* (1 is the scattering parameter).*® The Hall carrier concentration is related to the so-called chemical carrier

concentration p via p = puru, Where ry is the Hall factor, which is given by

3 ( )(3/2+ 22)Fy 5432 (1)

2 Y2 22
(3/2+/1) F,m/z(??)
with the j-th order Fermi integrals, Fj() defined by
© i
J
&
FJ (77) = ) —1+e5—77 dé‘, (83)
where ¢ is the reduced carrier energy, # is the reduced electrochemical potential related to Fermi energy via
E,—Ep
kgT

Here (Ev — Ef) is the Fermi energy with respect to the top of the valence band, kg is the Boltzmann constant, 4 is the
scattering parameter related to the energy dependence of the carrier relaxation time, z. # values could be obtained from analysis
of the Seebeck coefficient experimental data (details below).% For complete degeneracy (5 > 5) ryy = 1 regardless of the scattering
mechanism and 1 =0 regardless of the # value (energy-independent charge carrier relaxation time); for nondegenerate
semiconductors ( < —1), ry tends to 1.93 for ionized impurities scattering (4 = 3/2), ry — 1.11 for polar optical phonon scattering
(4 =1/2), ry — 1 for charge-neutral impurity scattering (A = 0) and ry — 1.18 for a scattering of carries with acoustic phonons
(A =-1/2).2%22 The values of 5 and ry showed in Table S1 were calculated assuming 4 = —1/2 for acoustic phonon scattering as
the main charge carrier scattering mechanism. It can be clearly seen that the R-doping leads to a degeneration of BiCuSeO, which

is in good agreement with the experimental data (see Fig. 7).

Table S1. Room-temperature values of the Seebeck coefficient of Bi;_xRxCuSeO (R = La or Pr, x = 0 — 0.08) samples; 7,
ru, and m* were calculated within a single parabolic band model with acoustic phonon scattering (SPB-APS)

Nominal composition a (uV K7?) n Iy

BiCuSeOf 62 446 1.03
BiCuSeO 266 -0.91 1.16
Bip.gsLao0.CuSeO 243 -0.58 1.15
Bip.gsLao02CuSeO 213 -0.13 1.14
Big.94L2006CuSeO 186 032 113
Bio.gaLao0sCuSeO 173 056 1.12
Bio.osPro.02CuSeO 232 -042 115
Bio.osPro.04CuSeO 212 -0.12 114
Bio.0aPro.0sCuUSeO 173 056 1.12
Bio.o2Pro.0sCuSeO 169 0.63 112

Reduced chemical potential can be calculated from:
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_ke|(4+5/2)F32(n)
e | (1+312)F,,1(n)

-n (S5)

where e is the electron charge.

Lorenz number can be calculated as follows:1%2

— k_B ’ (ﬂ“+7/2)Fﬂ+52(77)_ (/1_"5/2)':/%32(77) i
L(n)_[ej (“3/2)642(77) (ﬂ+3/2)FM/2(77)

The calculated Lorenz number of all the samples decreases with temperature, while the Hall factor exhibits similar to the Seebeck

(S6)

coefficient temperature dependence, as shown in Figure S14. The Hall mobility can be modeled using

_ exh*C, (3/2+24)Fy5,02(n) (S7)

V2 (kgT )2 () gy (324 A)Faa ()

where 7 is the reduced Planck's constant, Cy is the elastic constant for longitudinal vibrations (Cy = dv/?, where v; is the
longitudinal component of sound velocity), mg”™ is the density-of-states effective mass, and Aqs is the deformation potential
characterizing the carrier-phonon interaction (see Fig. S14c).
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Figure S14. Temperature dependence of (a) the Lorenz number and (b) the Hall factor for Bi; xRxCuSeO (R = La or Pr,
x =0-0.08). (c) The Hall mobility versus the Hall carrier concentration for the samples at 300 K. The experimental data
(colored symbols) are compared to theoretical curves calculated under the SPB model assuming carrier mobility is limited by

acoustic phonon scattering (blue dashed curve), and data from previous reports are also given for comparison.?5823-25

Comparison with previous reports. Transport properties of the Big.gsLao04CuSeO and Big.gsPro.04CuSeO (not optimally
doped but with close chemical composition to other reported samples) were compared with those reported for other rare-earth
doped BiCuSeQ."*2%6-%0 Difference in the temperature dependence of the electrical conductivity may originate from the
fabrication technique and the initial number of defects in the system. Nevertheless, in general, all the thermoelectric properties
for studied samples are in good agreement with those reported for other R-doped BiCuSeO (even for doping with the variable-
valence elements such as Yb or Sm). This is also true for the figure of merit zZT considering the uncertainty of its determination
and possible overestimation for the cases when anisotropy of properties is not considered. Only Er- and Sm-doped samples
exhibited zT > 0.4 at 800 K.
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Figure S15. Temperature dependence of (a) the electrical conductivity, (b) the Seebeck coefficient, (c) the total thermal
conductivity, and (d) the figure of merit zT for BiggsLao04CuSeO and Bio.gsPro04CuSeO samples, and data from previous

reportS.7'12'26‘3°

Thermal properties. For the theoretical calculations of the lattice thermal conductivity a modified Callaway’s model

was used: the normal scattering process was ignored and the Umklapp scattering term is altered from BT ’w’ */" to BT’ /™
as was suggested by Slack for materials with the temperature dependence of xa ~T* at T > 6p.3! The theoretical disorder
scattering parameter was obtained using both Egs. (9) and (10) in the main text. For the strain field fluctuation, ¢ is directly
estimated by:*?

2

2 1+v
e=—|(4+6.4 e, S8
5| (4+647) o, (s8)
where y is the Griineisen parameter and vy is the Poison ratio:
1-2 ’ 3( 1+v
p:—(U‘/U')2 and y =~ —2 |, (S9)
2-2(v/v) 2\ 2-3v,

with o and o as transverse and longitudinal sound velocities (1900 m s™ and 3290 m s™,7 respectively).

The disorder scattering parameter of the experimental data (including both effects from dopants and vacancies) was
obtained using the Klemens model.3® This model predicts the ratio of the lattice thermal conductivities of a material containing
defects (x 9°Pd) to that of the parent material (x ") and can be written as:
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tantu &l L 7° 05" T
= a =
0 K v

: (S10)

a
where u is the disorder scaling parameter, 05 is the Debye temperature, Q is the average atomic volume, Vv, is the average sound

velocity and 7" is the disorder scattering parameter, respectively.
-3
L, = 11 + 2 (S11)
B < P '

The mass-difference scattering for vacancy is given by similar to Eq. (9) in the main text expression:

j=1 i M it M
Zinzlci

Here f'f ' (Mil— M. )2 :(1— fi"ac)(Mil—(l— fi"B‘C)M.l)2 + fr (0—(1— fi"a°)M.1)2. However, by

d =

and M = Z(l— fivac) MK, (S12)
k

virial-theorem treatment for broken bonds, the above expression should be adjusted by tripling the mass difference on vacancy

sites to provide more accurate calculations as proposed by R. Gurunathan et al.:3

R (M2 M, ) = (1= %) (ME-(1- 1) ME) 4 g (_Mﬁ—zﬁ)z (513)

Calculated fitting coefficients are displayed in Table S2. As expected, the point defect scattering contributes to the
thermal conductivity reduction by the mass and strain fluctuations. The relaxation constant A increases with the doping level
along with the disorder scattering parameter. It should be noted that for the BiCuSeO' sample the grain size, L, was assumed to

be ~1000 nm, while for the samples prepared using ball milling the average grain size was assumed to be 400 nm.

Table S2. Calculated temperature and frequency independent fitting parameters based on Debye—Callaway model, calculated
and experimental thermal conductivity for Bi; x\RxCuSeO (R = La or Pr, x = 0 — 0.08) compounds at room temperature
Compound (T + ®)catc (x102)  Texp (X102 A(10*s®) B(10®s) wma®WmIK?Y wa®® (WmtK?

BiCuSeOf - - 0 6.31 1.24 1.30+£0.09
BiCuSeO 2.36 2.58 0.72 5.37 111 1.14 £ 0.09
Bio.ssLa002CuSeO 3.19 6.42 1.30 5.35 0.97 0.99 +£0.08
Bio.osLa0.04CuSeO 4.00 7.88 1.79 4.83 0.95 0.95+0.08
Bio.9aLa0.06CuSeO 4.82 8.29 2.53 4.17 0.93 0.94 +0.08
Bio.oaLa0.0sCuSeO 5.62 9.08 4.39 2.96 0.90 0.92+0.08
Bio.9sPro.02CuSeO 3.14 391 1.78 6.57 111 1.08 +£0.08
Bio.96Pro.04CuSeO 3.91 7.54 291 3.64 0.96 0.96 = 0.08
Bio.94Pro.0sCuSeO 4.68 5.84 0.73 5.95 1.05 1.01+0.08
Bio.92Pro.0sCuSeO 5.45 6.80 3.11 3.52 0.95 0.98 +0.08
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