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Supporting Information

Section 1. Demonstration of removing Cu,Se secondary phase.

To make a clear claim for the demonstration of removing Cu,Se secondary phase, we add three
detailed XRD patterns of synthesized products with r=10 %, r = 20 % with Cu,Se secondary phase,
and r = 20 % after removing the Cu,Se secondary phase, respectively, as shown in Figure S1(a-c).
It can be seen that when r = 10 %, there is no Cu,Se secondary phase, indicating that it has not
reached the Cu solubility. Figure S1(b) shows that Cu,Se secondary phase has been observed
when r = 20 % and indicate the products have reached the Cu solubility. The Cu solubility was
analyzed to be 11.8 % via electron probe micro-analysis (EPMA). Also, when r = 20 % after
removing the Cu,Se secondary phase, no Cu,Se can be found, indicating that high pure SnSe
phase can be achieved by our solvothermal method.
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Figure S1. Detailed XRD patterns of synthesized products with (a) r = 10 %, (b) r = 20 % before
removing Cu,Se secondary phase, (c) r = 20 % after removing Cu,Se secondary phase.



Section 2.

Transitions

of lattice

constant

and unit cell volume.

Figure S2(a-c) are the plots of the calculated lattice parameters (a, b, and c). As can be seen, with
increasing r, both a and b decrease until the solubility (11.8 %) of Cu in SnSe is reached. For c,
however, the value slightly fluctuates in the entire range of r. This result suggests that there may
be special atomic arrangement in our heavily Cu-doped SnSe, resulting in a morphology change
for the single crystal products. From determined lattice parameters shown Figure S2(a-c), the
unit cell volumes for different r can be calculated. Figure S2(d) shows the result, in which the unit
cell shrinks is found with increasing r. Considered that the radius of Cu* (0.077 nm) or Cu?* (0.073
nm) are much smaller than that of Sn?* (0.112 nm) and SeZ (0.198 nm), the unit cell shrinkage is
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Figure S2. The determined r-dependent lattice parameters (a) a, (b) b, (c) ¢, and (d) unit cell
volumes. The dashed line indicates the solubility of Cu.



Section 3. Detailed morphological transition.

To demonstrate the morphological transition of synthesized products with increasing x values,
intensive SEM investigations are performed. Figure S3(a-f) show the SEM images of synthesized
products for x =0, x =0.01, x = 0.05, x=0.1, x = 0.118 when r = 20 %, and x = 0.118 when r = 30
%, respectively. Itis clear to see that with increasing x, the morphology of SnSe products gradually
transfers from rectangular plate-like into long belt-like morphology. Meanwhile, when x reaches
to 0.118, the morphology does not change, indicating the solubility of Cu.

Figure S3. SEM images of synthesized products for (a) x =0, (b) x =0.01, (c) x = 0.05, (d) x=0.1,
(e) x=0.118 when r =20 %, and (f) x=0.118 when r = 30 %, respectively.



Section 4. Simulation of crystals.

To illustrate the potential surfaces of our SnSe plate and Cu-doped SnSe belt, we simulate the
single crystal plate of SnSe via using software (WinXMorph) %, and corresponding crystal model
is shown in Figure S4(a-b). It needs to be emphasized that the real heavily Cu-doped SnSe is a
microbelt, not a plate like (b) shows.

a b

Figure S4. Crystal model of (a) undoped and (b) heavily Cu-doped SnSe with labelled
crystallographic plane.



Section 5. Anisotropy of thermoelectric performance.

To demonstrate the anisotropy of thermoelectric performance in our SnSe pellets, we show the
plots of properties (temperature-dependent o, S, S0, k, and ZT) with different measured
directions from the SnSe and Sng g5,Cug 1135€ pellets in Figure S5, in which label “L” stands for the
measured directions perpendicular to the sintering pressure, and label “//” represents the
measured directions parallel to the sintering pressure. It is clear that except S, all properties
measured along the L direction are higher than that measured along the // direction due to the
anisotropy. This is why we chose 1 direction as the main measured direction.
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Figure S5. Plots of T-dependent properties with different measured directions from our SnSe
pellets with different x values: (a) o; (b) S; (c) S%0; (d) k, and (e) ZT. The measured directions
perpendicular to the sintering pressure is labelled as “1”, and the measured directions parallel
to the sintering pressure is labelled as “//”.



Section 6. Calculated Lorenz number and ratio of T-dependent k,/k for Cu-doped SnSe pellets.

The calculated Lorenz number (L) for Cu-doped SnSe pellets are shown in Figure S6(a). The L
values for all sintered pellets are stable with the entire temperature range (~1.5x108 V2 K?2),
indicating that SnSe is a typical thermoelectric material that the k are significantly depended on
the phonon scattering. For calculation details, a single parabolic band model>* was employed as:
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where n, kg, e, r, Ry, h, C; and E,s are the reduced Fermi level, the Boltzmann constant, the
electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering),? the Hall
coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations and the
deformation potential coefficient, respectively. Here:

C=vip (S6-5)

where v, is the longitudinal sound velocity and taken as 3350 m-s! in this study.’ F(n) is the Fermi
integral expressed as:
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The predicted ZT values in Figure 6(i) are also calculated based on the above model at 823 K, and
the k; used in the calculation are derived from Figure 6(h). Figure S6(b) shows the calculated k;/«
ratio, in which all ratios are greater than 80 % for our pellets, indicating that the phonon transport
dominates «.
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Figure S6. Plots of (a) calculated T-dependent L and (b) calculated T-dependent k/k ratio.



Section 7. Comparison of ZT.

Figure S7 provides the comparison of both average and peak ZT with reported Cu-doped works
from 298 K to 873 K.% 7 Our heavily Cu-doped SnSe achieves a high peak ZT of 1.41 at 823 K and
competitive average ZT of 0.35 for the entire temperature range, which is very competitive

compared with reported Cu-doped SnSe studies.
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Figure S7. The comparison of both average and peak ZT with reported Cu-doped SnSe works from
298 K to 873 K.& /

To compare the ZT values in more detail, Tables S1 summaries both average and peak ZT with
the similar studies of p-type doped SnSe. As can been seen, based on our high peak ZT of 1.41 at
823 K and competitive average ZT of 0.35 for the entire temperature range, our heavily Cu-doped
SnSe is competitive compared with reported p-type doped SnSe.



Table S1. A comprehensive summary on the ZT of the p-type doped polycrystalline SnSe. Here
solvothermal is abbreviated as ST, hydrothermal is abbreviated as HT, melting is abbreviated
as M, zone-melting is abbreviated as ZM, annealing is abbreviated as A, solid-state solution is
abbreviated as SSR, mechanical alloying is abbreviated as MA, and hot-pressing is abbreviated
as HP. The average ZT means the average ZT values are calculated for the entire temperature
range.

Product Synthetic Method
11.8% Cu-doped SnSe ST+SPS 1.41 823 ~0.35 This
work
Sno.97CuUg.03S€e M+HP 0.79 823 ~0.16 6
SnogsCugepSe M+A+SPS 0.7 773 ~041 —
ShogeCUomse | HT+SPS 12 873 ~0.35 .

SNo.99Ago.015€ M+A+HP 0.6 750 ~0.27 9
SNg.99A80.015€ M+A+SPS 0.74 823 ~0.31 10
SNo.985A80.0155€ M 1.3 773 ~0.49 1
SNno.97AL0.035€ ST+SPS 0.8 850 ~0.3 12
Sng.g9Nag g1Se M+A+SPS 0.85 800 ~0.32 13
Sng.ggNag g1Se M+SPS 0.75 823 ~0.29 14
Sno.g9aNag1Se M+SPS ~0.8 800 ~0.34 15
Sng.ggsNagg155€ M+MA+HP ~0.8 773 ~0.37 16
Sng.ogNag gSe SPS 0.87 798 ~0.35 17
Sng.97Nag g3Se SPS 0.82 773 0.44 18
Sng.99Nag.gosKo.0055€ MA+SPS 1.2 773 ~0.53 19
SNg.995Nag 0055€Clo o5 SSR+HP 0.84 810 ~0.35 20
Sng.99Nag 01S€0.84T€0 16 MA+SPS 0.72 773 ~0.32 21
(Sng.96Pbg.04)0.99Nag 015€ M+SPS ~1.2 773 ~0.47 22
SNo.99Ko.015€ MA+SPS ~1.1 773 ~0.49 23
SNp.gg5Tlg gosS€ M+HP 0.6 725 - 24
SNo.g9lNg.015€ M+HP 0.2 823 ~0.09 25
Snp9Geg.1Se M - 400 - 26
Sno,g6Ge0,Q4Se ZM+HP 0.6 823 ~0.17 27
SNp.99ZNgp15€ M+HP 0.96 873 ~0.29 28
Sng.97SMg g3Se M+HP 0.55 823 ~0.15 23
SnSeg.085Clo.o1s M 1.1 773 ~0.26 1
SnSegpqTeg s ST+SPS 1.1 800 ~0.6 30
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Section 8. Examination of the reproducibility for obtained thermoelectric properties.

To evaluate the reproducibility of our thermoelectric properties, we tested 6 times for our
11.8 % Cu-doped SnSe pellets from room temperature to 873 K. Figure S8 shows the T-
dependent properties (g, S, S?0, k, and ZT) with different cycles. All properties were measured
along directions perpendicular to the sintering pressure. The 1st, 3rd and 5th measurements
were taken under heating processes, and the other three measurements were taken under
cooling processes. The results indicate that the reproducibility of our obtained thermoelectric
properties is excellent under 873 K, and the phase transition at 800 K did not affect the stability
of thermoelectric properties in our Cu-doped SnSe pellets to a great extent.
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Figure S8. T-dependent properties with different measured times for our 11.8 % Cu-doped
SnSe pellets: (a) o; (b) S; (c) S20; (d) k; and (e) ZT. All properties are measured along |
direction. The 1st, 3rd and 5th measurements were taken under heating processes, and the
other three measurements were taken under cooling processes.
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