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1. SEM and HRTEM
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Figure S1. (a) Usual yield of CASe NCs obtained from one large-scale synthesis. (b) SEM image of

CASe NCs after ligand exchange. Inset shows the stable, dark-green dispersion in chloroform formed
by the NCs before ligand exchange.

Figure S2. HRTEM image of a single CASe NC. On the right, detail of the squared regions and its
respective power spectrum fitting showing the CASe tetragonal phase.
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2. Crystal structure

Table S1. Summary of the peaks simulated for tetragonal CASe. (Crystal data: JCPDS No. 85-0003,

Formula CASe, Crystal system Tetragonal, Space group 142m (No. 121), Unit cell dimensionsa =h =
5.6609 A and ¢ =11.280 A).

hkl d-spacing/ A 20/deg hkl d-spacing/ A 20/deg
101 5.0595 17.514 204 1.9977 45.360
110 4.0028 22.190 312 1.7062 53.675
112 3.2642 27.299 116 1.7016 53.831
103 3.1320 28.475 400 1.4152 65.953
202 2.5297 35.456 008 1.4100 66.229
211 2.4701 36.340 332 1.2984 72.775
114 2.3053 39.040 316 1.2964 72.908
105 2.0957 43.130 424 1.1548 83.677
220 2.0014 45,272 228 1.1526 83.867
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3. Potential secondary phases
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Figure S3. XRD patterns (a,c) and detail of the (112) peaks between 20° and 40° 26 values (b,d) of

Cu3Shg 90Big.10Se4 (a,b) and CusShgg3SngosBioo2Ses (c,d) pellets. Red vertical lines correspond to the
reference literature data for CusShSes, JCPDS NO. 85-0003. Blue vertical lines correspond to

CusShSes, JCPDS NO. 1-86-1751.
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4. CASe NC composition

S 4 27.7 10.3
: ICP: Cu;SbSe,

Element [Cu Sb Se
Result 130 1.1 4.0

Intensity (a. u.)

o 1 2 3 4 s & 71 8 8 10
Energy (eV)
Figure S4. Left: EDX spectrum of CASe NCs and quantitative analysis of the as-synthesized CASe
NCs showing a composition consistent with stoichiometric CuzSbSes. Right: Results of the ICP
analysis of CASe NCs showing a composition of Cus¢Sb1.1Se40.

Figure S5. (a) HAADF-STEM image of CASe NCs. (b-d) relative atomic composition of Sb, Cu and
Se.
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5. XPS characterization

XPS analysis was performed to investigate the chemical state of elements within CASe NCs. The
survey scan is shown in Figure S6a. High-resolution spectra of Cu 2p, Sb 3d, and Se 3d are shown in
figure 6b, c, and d, respectively. All spectra were shifted to locate the C1s peak at 284.6 eV, correcting
in this way potential charging effects. The two peaks in the Cu 2p spectrum appear at 932.1 eV (2psp)
and 951.9 eV (2p12), consistent with the standard separation of 19.8 eV and indicative of Cu (I) (Figure
S5b).1 2 In addition, we exclude the presence of Cu®* because the Cu 2pg satellite peak of Cu (1) (936
eV and 942 eV) did not appear in the spectrum.®

Figure S6¢ displays the Sb 3d peaks at surprisingly low binding energies, 528.7 eV and 538.1 eV,
which could be related to the observed Se-poor surface of the NCs. Nevertheless, there has been debate
on the specific valence number of Sb in CASe, both Sb>* and Sb®* have been suggested.*® In this
compound, the Sb 5s bands are quite narrow ~0.5 eV and typically located approximately at 529.5 eV
(3ds/2) and 538.9 eV (3dap), while the Sb p bands are above the Fermi level.*

Figure S6d shows the Se 3ds, peak at 54.75 eV, indicating Se with a valence of Se. In the inset of
Figure S6d, we observe the Se 3p core located at 161.1 eV (3ps2) and 166.8 eV (3p12) with a peak
separation of 5.7 eV, which are in good agreement with values reported previously for Se 3ps, and 3pi,
respectively. -
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Figure S6. XPS spectrum of the obtained CASe NCs: (a) survey spectrum of CASe, and high
resolution spectrum of (b) Cu 2p, (c) Sb 3d, and (d) Se 3d.
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Figure S7 shows the XPS spectra of CusShogoBio10Ses NCs. Figure S7e shows the high resolution
spectrum of the Bi 4f region. The Bi 4fs;; and 4f7, peaks exist at binding energies of 166.2 eV and
161.0 eV, respectively. These values are slightly above those generally reported for Bi** compounds
such as Bi,Ses”™ and Bi,Os."' However, Bi** is a very strong oxidizer with a very high reduction
potential (Bi**/Bi** E = 2V), which makes it extremely improvable to be found within CASe, especially
taking into account Bi was introduced as Bi**.

The high resolution XPS spectrum of the Bi 4f region obtained from the Cu3ShoggSng10Bio02S€s
sample is shown on figure S7f. The Bi 4fs;, and 4f7, peaks were found at binding energies of 165.9 eV
and 160.4 eV, respectively. These binding energies are again slightly above those that would
correspond to a Bi®" state, indicating that the chemical environment seen by Bi 4f electrons when Bi
replaces a Sb, resembles that of Bi°*.
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Figure S7. High resolution XPS spectrum of CU3Sbo_goBio,1oSE4 NCs and CU3Sb0,sgSﬂo_1oBio,ozS€4 NCs.
a)-e) C 1s, Cu 2p, Sb 3d, Se 3d and Bi 4f spectra of CusShggoBio10Ses NCs. f) Bi 4f spectra of
CU3Sbo,8gsno,1oBio_ozse4 NCs.
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6. TEM micrographs of Sn-, Bi- and Sn,Bi-doped CASe NCs
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Figure S8. Representative TEM images of CuzSh;.xSnxSe4 NCs with (a) x=0.01, (b) x=0.02, (c) x=0.05
and (d) x=0.10. Scale bars correspond to 200 nm.
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Figure S9. Representative TEM images of CusSh;.«BixSes NCs with (a) x=0.01, (b) x=0.02, (c) x=0.04
and (d) x=0.10. Scale bars correspond to 200 nm.
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Figure S10. Representative TEM images of Cu3Shg gsxSnxBio02Ses NCs with (a) x=0.02, (b) x=0.05
and (c) x=0.10. Scale bars correspond to 200 nm.
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7. Composition of Sn- and Bi-doped CASe NCs

(d)
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Figure S11. Left: ADF-STEM images of CusSbogsSnoo.Ses (a), CusShgggBio2Ses (b) and
Cu3Sho gsSno.10Bio02Ses (c) NCs. Right: (d-f) EDX spectrum from single or few particles (inset), as
indicated in the squared regions on the left. As observed, Sn and Sb peaks appear almost overlapped
and the Sn signal was generally so weak that it was just on the detection threshold. Thus, although the
analysis confirmed the presence of Sn, quantification was not possible. Similarly, the Bi signal could be
observed in Bi-doped CASe, but it was quite weak, in the detection threshold, preventing quantification
from single particle analysis.
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Figure S12. Representative SEM-EDX spectra of Sn-CASe and Bi-CASe consolidated materials.
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Table S2. Composition of CuzSh;.xSnsSe4 NCs obtained from ICP analysis.

Element x=0 x=0.01 x=0.02 x=0.05 x=0.10
Cu 3 3 3 3
Sb 1.1 1.1 1.2 1.2 1.1
Sn 0 0.01 0.02 0.06 0.11

Table S3. Composition of CuzSh;.xBixSe; NCs obtained from ICP analysis.

Element x=0 x=0.02
Cu 3
Sb 1.1
Bi 0

Table S4. Composition of CuzSh;.xSn,Se, after consolidation obtained from SEM-EDX analysis.

Element x=0.01 x=0.02 x=0.10
Cu 3.0 3.0
Sb 1.1 0.9
Sn 0.01 0.11
Se 3.8 3.9

Table S5. Composition of Cu3sSh;.xBixSe, after consolidation obtained from SEM-EDX analysis.

Element x=0.01 x=0.02 x=0.10
Cu 3.0 3.0
Sb 1.1 1.0
Bi 0.01 0.11
Se 3.9 4.0

Table S6. Composition of CusSb;.«,SnyBiySe, after consolidation obtained from SEM-EDX analysis.

Element x=0.02, y=0.02 x=0.05, y=0.02 x=0.010, y=0.02
Cu 3.0 3.0 3.0
Sh 1.0 0.9 0.9
Sn 0.02 0.05 0.10
Bi 0.02 0.02 0.02
Se 3.8 3.9 3.9
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8. Additional NMR data and FTIR spectra
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Figure S13. NOESY spectrum of CASe synthetized with OA.
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Coefficient values + one standard deviation
A1 =1451.8 +50.1
D1 =45.236 +2.01
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LD =0.0025+0
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Figure S14. Fitting the signal intensity decay with the Stejskal-Tanner equation of CASe NPs
synthetized with OA (further information on the experimental section). Bi exponential fitting with two
different diffusion coefficients D1 and D2 (slow: 45 pum2/s => 16 nm; fast: 652 pum?/s).
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Figure S15. FTIR spectra of pure OLA, Cu3SbSe;,—OL and CuzSbSe,—LD NCs.
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9, Pellet structural characterization
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Figure S16. XRD patterns (a, c, €) and detail of the (112) peaks around 27.2° 26 values (b, d, ) of a)
CusSh;Sn,Sey (x=0.00, 0.01, 0.02, 0.05, 0.10), b) CusSh;—Bi.Se; (x=0.00, 0.01, 0.02, 0.04, 0.10) and
) CusSbix.,SnyBiySes (x=0.02, 0.05, 0.10 and y=0.02) pellets. Red vertical lines correspond to the
reference literature data for CASe, JCPDS NO. 85-0003.
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Figure S17. Representative SEM images of the fracture surfaces of bulk materials compacted from (a)
CU3SbSE4; (b) CU3Sbo,988no,02864; (C) Cu38b0,988i0,028e4 and (d) CU3SbolggsnolloBio_ogse4 NCs. Inset of (a)
shows one of the pellets measured.
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10.Hall charge carrier concentrations and mobilities

Table S7. Room temperature carrier concentration (p), electrical conductivity (o), and carrier mobility
(},l) of Cu38b8e4, Cu38b0_988n0_028e4, CU3Sbo_ggBiolozse4 and Cu38b0,888n0,108i0_02864 samples.

Sample p (cm?) o(Scm™) n(em?v?s?)
Cu;ShSe, 5x 10" 29 36
Cu3Sbo.0sSNo.025€s 9 x 10" 454 32
Cu3Sbo 6sBig.025€4 2x10" 26 58
Cu3Sbo 55SN0.10Bi0.025€4 1x10% 1309 80
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11. Additional thermoelectric properties
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Figure S18. Temperature dependence of (a) power factor (PF), (b) thermal diffusivity (1), (C)
specific heat (Cp), and (d) lattice thermal conductivities (i) of CuzSb1xSnySes (x=0.01, 0.02,
0.05 and 0.10).
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Figure S19. Temperature dependence of (a) power factor (PF), (b) thermal diffusivity (1), (c)
specific heat (Cp), and (d) lattice thermal conductivities (k) of CusSbh.,BixSes (x=0.01, 0.02,
0.04 and 0.10).
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Figure S20. Temperature dependence of (a) power factor (PF), (b) thermal diffusivity (), (c) specific
heat (Cp), and (d) lattice thermal conductivities (i) of CuzSbi..,SnyBiySes (x=0.01, 0.02, 0.05, 0.10
and y=0.02).
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12.Stability

Samples were heated within the LINSEIS system in a He atmosphere up to 673 K at 10 K/min with the
boron nitride coating before measurement. Such preliminary treatment warranted sample stability for
all the cycles tested. All the samples were measured at least 3 consecutive times during heating up to
around 673 K under the same conditions.
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Figure S21. (a-c) Temperature dependence of the electrical conductivity (o), Seebeck coefficient (S)
and power factor (PF) of CuzShSe, and CuzShg gsSng.02Se4 measured 3 consecutive times during heating
up to around 673 K. No pre-stabilization treatment was carried out before the first measurement. (d-f)
display the thermoelectric properties of CuzShggsSno.10Bio.02Ses pellet measured for 5 consecutive up-
down cycles between room temperature and up to 673K. Measurements obtained during the first
temperature ramp were slightly different from the ones obtained in posterior cycles, especially at low
temperatures. We also observed a slight increase in electrical conductivity with the cycle number and
no significant variation of the Seebeck coefficient in the low temperature range of the measurement.
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13.DFT calculations

Table S8. Effective masses of studied compounds for holes (m*) and electrons (m") along different
directions of the Brillouin Zone. Effective masses are in unit of the mass electron (me).

I-Z I'-X I'-A I'-M
CAse m’/m, 0.06 0.17 0.19 0.18
m*/me 0.10 0.30 0.17 0.14
Bi-CASe m/me 0.06 0.11 0.11 0.10
m*/me 0.10 0.32 0.20 0.15
Sn-CASe m/m, 0.07 0.13 0.14 0.13
m*/me 0.14 0.38 0.65 0.45
0.8 ,
CASe Bi-CASe Sn-CASe
0.7 A
—— m/m,
0.6 -
—O— m/m,
0.5 A
RZA
SN 04 A
s
0.3 A1
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Figure S22. Effective masses for electrons (m") and holes (m®) calculated from DFT for CASe, Bi-
CASe and Sn-CASe
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14. Influence of the minority carriers on the Seebeck coefficient

The measurement of the TE parameters from DFT calculations did not take into account the effect of
the minority carriers. This effect becomes important as the temperature increases and more carriers of
each type are thermally generated, eventually reaching densities comparable to that of the doping level.

To qualitatively determine the influence of the thermally generated charge carriers on the Seebeck
coefficient, we calculated the Seebeck coefficient for holes and electrons using the expressions:

_ 8m’Ki(m 2/3 |

Se =~ 3eh? (E) meTl @
__8n’KE (m 2/3 |

Sn = (35)  mAT 2)

Where Kg is the Boltzmann constant, e is the electron charge, h is the Plank constant and n, p, m; and
m,, are the charge carrier concentration and effective masses for electrons and holes.

We considered the following charge carrier concentrations:

n=n; = /M.M, e Fe/?KsT (3)

P=pPo+Di=Dot+n (4)

Where n; and p; are the thermally generated charge carrier concentrations, p,is the hole concentration
associated to the doping (which we consider independent of temperature) that we could approximate to
the value measured at ambient temperature by Hall effect, Eg is the semiconductor band gap and M. and
M, are the densities of states at the CBM and VBM, respectively. We approximate the values of M, and
M, to:

2nmisKpT\3/2
M, = 2 (FZeeT) )
2 * T 3/2
M, =2 (225 (6)
Then we calculate the Seebeck coefficient using:
Snon+Spop
S = et )
with
On = enpy 8)
o, = epiL ©)

In our calculations, we took: u, = 2u, and used the values of Eg, mg and m;, obtained from DFT
calculations. Overall this calculation cannot be used to obtain a quantitative fitting to the experimental
data due to the many approximations used. However we believe it gives a useful qualitative view of the
influence of the thermally generated carriers on the Seebeck coefficient.
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Figure S23. Temperature dependence of the charge carrier concentrations (n, p) and Seebeck
coefficients (Sn, Sp, S) of CuzSbSe, (left) and Cu3Shg g75Bio.125S€4 (right) calculated using equations 1-7
and considering po=5x10"%,

Notice how in spite of the lower bandgap of Bi-CASe, and thus the higher charge carrier concentrations
associated to thermal generation, the reduced m; in this compound translates in a lower S, and thus an
overall higher Seebeck coefficient.

It should be noticed that the introduction of Sn also translates into larger differences in the effective
masses of holes and electrons and that in spite of the strong band gap decrease in this material, the
calculated Seebeck coefficients at moderate doping concentrations are higher than those of CASe and
even Bi-CASe. However, the introduction of sufficient amounts of Sn to modify the band structure has
associated the injection of very large amounts of charge carrier, which inevitably results in overall
lower Seebeck coefficients. Thus the introduction of both dopants, Sn to control charge carrier
concentration and Bi to modify the band structure is necessary to optimize performance in this material.
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Figure S24. Temperature dependence of the Seebeck coefficient (S) of CusSbSe, and
Cu3Sho g75Bio.125Se,4 calculated using equation 1-9 for different doping levels as indicated by the
different colors.
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15. TE properties literature comparison

Table S9. State-of-art thermoelectric performance values for Pb- and Te-free Cu- and Ag-based
chalcogenides and some other Pb- and Te- free compounds at 673 K (excepted when otherwise
specified).

Material X10° S ps}K mWPmF',lK'Z wmikt 2T Ref.
Cuge75BiSe0 3.2 230 0.17 0.50 0.23 12
Cu,GeSe; 5.2 160 0.13 0.39 0.23 13
CuFeS, 0.33 816 0.23 0.43 0.26 (500 K) u
Cu,SnSe; 6.0 215 0.28 0.68 0.27 1
Cu,SnSes 12 299 1.07 1.91 0.34 (598 K) 16
CUp15ZNg s5GeSes 25 100 0.25 0.41 0.41 1
CU,SNg 901Ng 105€3 49 150 1.10 1.52 0.49 18
CU3Sbyg 05SN0.025€4 24 200 0.96 1.10 0.50 (575 K) 19
Cu,CdSnSe, 24 170 0.70 0.85 0.55 20
AgBiSe; ¢5Clo.o 21 -150 0.47 0.56 0.56 2
Cu3Shy.g7Alg 05Ses 20 230 1.05 1.08 0.58 (600 K) 2
Cu,15Cdo gsSNSeso 7.9 165 0.22 0.25 0.59 2
Cu,1CdgoSnSe, 20 155 0.48 0.55 0.59 2
Cuy.85A00.15SN0 851No 155€3 46 140 0.90 1.01 0.60 %
CU,SNg 0N 105€3 50 150 1.13 1.12 0.68 2%
CuBig g75Bag 1255€0 24 152 0.56 0.55 0.69 2
CuU3Shy 0sBig.025€4 10 325 1.10 0.90 0.70 (600 K) 28
AgShg ¢6Pbo 0sSe; 2.3 375 0.32 0.30 0.70 29
CU3Sbyg 9755N0,0255€4 23 235 1.30 1.17 0.75 %0
Ago.ssNbg 04BiSe, 19 -200 0.76 0.64 0.80 3
B-Cu,Se 24 210 1.07 0.90 0.80 3
B-Zn,Sbhs 33 183 1.09 0.75 0.80 (550 K) i
Cu3Sbo.¢7Ge0.035€2,8S1 2 22 235 1.20 0.91 0.89 (650 K) 3
CuAgSe 10 202 0.41 0.28 0.90 (623 K) ®
Cuy07S 16 210 0.70 0.52 0.91 %
AgShg esNag o15e; 4.4 340 0.51 0.37 0.92 3
CU3Sbyg 05SN0.025€4 29 230 1.55 1.10 0.95 %
AgShg¢sBag 02Se; 4.2 350 0.51 0.35 0.98 %
AgShg 0sCdo.02Se, 5.4 325 0.57 0.37 0.98 (640 K) 40
Ag,Se: s 20 -125 0.32 1.30 0.99 (400 K) 4
AgShg.ssMgo02Se> 6.7 300 0.60 0.40 1.00 %
AgShSe,~ZnSe 5.0 348 0.60 0.40 1.00 42
MmggFe; 1C0g.0Sb1, 75 202 3.06 1.96 1.05 3
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230
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0.58
3.77
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4.53
0.80
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6.25
2.35
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0.13
1.03
0.35
25
0.29
1.95
1.45
2.17
0.44
0.25
0.97
1.63

2.85

2.90
0.75

1.07 (550 K)
1.08 (650K)
1.10
1.13
1.13 (575 K)
1.20(620 K)
1.20 (620 K)
1.20 (575 K)
1.21 (660 K)
1.25
1.26
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