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to environmental issues that arise from 
fossil fuels.[1–4] The energy conversion 
efficiency of thermoelectric materials is 
measured by the dimensionless figure 
of merit ZT = S2σT/κ  = S2σT/(κe + κl),[3] 
where σ, S, S2σ, T, κ, κe, and κl are the 
electric conductivity, the Seebeck coeffi-
cient, the power factor, the absolute tem-
perature, the total thermal conductivity, 
and the electronic and lattice thermal con-
ductivities,[5,6] respectively. To date, two 
major strategies for achieving high ZT are 
optimizing the power factor and reducing 
κl by band and structural engineering, 
respectively.[7,8]

Stannous selenide (SnSe) has 
attracted much attention because of 
its great potential in realizing high-
performance, low-toxic, and low-cost 
thermoelectric devices.[3,9–13] Spectacu-
larly high peak ZTs of ≈2.6 at 923 K[14] 
and ≈2.8 at 773 K[15] were reported in 
p-type and n-type SnSe single crystals, 
owing to their high power factor and 

remarkably low thermal conductivity along specified crystal 
directions.[14,15] However, due to the special demands of 
crystal-growth techniques, prospective high cost for produc-
tion, and undesirable mechanical properties,[10,16] SnSe single 
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1. Introduction

By converting heat into electricity, thermoelectric materials pro-
vide a potential solution to the world energy crisis as well as 
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crystals are not well-suited for thermoelectric devices and 
have considerable limitations for industrial scale-up.[15,17,18] 
Besides, there are critical controversies on the reported high 
ZTs in single-crystal SnSe[19,20] because the mass densities of 
experimental samples are much smaller than the theoretical 
density of SnSe.[20] In this context, polycrystalline SnSe has 
become a promising alternative candidate.[3,7,21,22] To improve 
the relatively low power factor and reduce the high thermal 
conductivity of polycrystalline SnSe,[17] three major strategies 
including doping,[3,7,23] multiphase alloying,[3,24] and micro/
nanoscale texturing[3,25] have been employed. The peak ZTs 
have been improved from ≈0.5 to ≈1.5 before 850 K.[3] Consid-
ering that SnSe is easy to volatilize Se and become unstable 
at higher temperature, it has been a challenge to improve ZT 
even higher to ZT > 1.5 before 850 K, which is necessary for 
device applications.[18,26,27]

In order to achieve high-ZT polycrystalline SnSe, a key step 
is to tune an appropriate carrier concentration n, which opti-
mizes the electrical transport properties.[3,28] In solution-based 
synthesis routes such as hydrothermal[3] and solvothermal[3,29] 
syntheses, the cation and/or anion vacancy concentrations can 
be controlled by tuning the synthesis parameters such as the 
stoichiometric ratio of precursors, synthesis temperature, syn-
thesis pressure, and potential of hydrogen (pH) level according 
to the reaction kinetics and/or thermodynamics.[3,30] “Vacancy 
engineering” is an effective strategy to tune n and ultimately 
enhance ZTs of polycrystalline SnSe because Sn vacancies are 
known to dope SnSe p-type, and Se vacancies are known to 
dope SnSe n-type.[3] For p-type SnSe, however, to achieve an 
optimal Sn vacancy level has historically been difficult.[31–34] A 
previous study found that heavy Na+ doping achieved a high 
maximum Sn vacancy level of ≈2%, which induces a hole car-
rier concentration p  =  ≈1.5 × 1019 cm−3 and a relatively high 
ZT = ≈1.36 at 823 K.[7] However, such ZT is still not optimal 
since 2% Sn vacancies are not sufficient for the desired p,[7] 
while higher Na+ concentration could not further increase 
the Sn vacancy concentration because Na+ does not act as a 
dopant but only triggers Sn-vacancy formation.[7] Therefore, it 
is necessary to seek an appropriate dopant that has stable +2 
valence state (same as Sn2+) as well as a different atomic/ionic 
size because the size difference can result in lattice hetero
geneity (dilatation or contraction),[21,23] which can weaken 
the bonding ability of Sn and Se and expand the maximum 
cation vacancy level. Meanwhile, such lattice heterogeneity 
can also reduce κl by increasing the phonon scattering with 
nanoscale crystal imperfections such as point defects and lat-
tice distortions.[31–34]

In this study, we choose Cd as dopant to meet the 
requirements listed above since Cd is an ideal candidate 
with stable 2+ valence state and different atomic/ionic size 
(0.166/0.095  nm) compared to Sn/Sn2+ (0.151/0.112  nm).[35] 
We design a facile solvothermal synthesis route with a 
fast spark plasma sintering (SPS) technique to fabricate 
polycrystalline Cd-doped SnSe, as shown in Figure  1a,b, 
respectively. Comprehensive compositional investigations 
including X-ray photoelectron spectroscopy (XPS), electron 
probe micro-analyzer (EPMA), and energy dispersive spec-
troscopy (EDS) demonstrated that our Cd-doping achieved 
a high cation vacancy concentration of ≈2.9%, leading to an 

increased p = ≈2.6 × 1019 cm−3, and in turn an improved S2σ 
of ≈6.9 µW cm−1 K−2 at 823 K. Besides, extensive structural 
and morphological characterizations including XPS, X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM) with spherical aber-
ration-corrected scanning TEM (Cs-corrected STEM) indicate 
that the Cd-doping can result in localized crystal imperfec-
tions including localized lattice distortions and strains, dis-
locations, and nanoscale vacancy domains (illustrated in 
Figure 1c). These defects lead to a low κl of ≈0.33 W m−1 K−1 
and in turn a high peak ZT of ≈1.7 at 823 K, which is a record 
value at this temperature compared with reported studies, as 
shown in Figure 1d. Furthermore, a competitive ZT of ≈1.3 at 
773 K before the phase transition temperature (800 K) and a 
high average ZT of 0.84 for the entire temperature range can 
be simultaneously achieved, showing that the polycrystalline 
Cd-doped SnSe has considerable potential for device applica-
tions. In fact, this study serves as an exploration of the fun-
damental Cd-doping mechanisms at the nanoscale in a SnSe 
matrix, and describes a novel concept to realize high ZT in 
polycrystalline SnSe.

2. Results and Discussion

A suitably large p and low κ are vital for achieving high ZT 
for polycrystalline SnSe. To predict an suitable p for high ZT, 
we use a single parabolic band (SPB) model[42–45] to study 
p-dependent ZT at T = 823 K with a fixed κl of 0.4 W m−1 K−1, 
as shown in Figure  2a (details can be seen in  1 in the Sup-
porting Information). It is seen that p  =  ≈3.0 × 1019 cm−3 
can contribute to a peak ZT of ≈1.4, which is competitive to 
the currently reported polycrystalline SnSe.[3] In terms of 
thermal conductivity κ, since lattice vibrations (κl) contribute 
more than 50% to the total κ in polycrystalline SnSe under 
850 K,[7,14,21] minimizing κl plays a significant role in lowering 
κ. We have studied p-dependent ZT at T = 823 K with different 
κl values. As shown in Figure 2b, a high peak ZT of ≈1.85 at 
823 K can be obtained when κl is reduced to 0.2 W m−1 K−1, 
which is close to its minimum value of 0.26 W m−1 K−1[46] cal-
culated under the condition of full density along the a-axis.[3] 
Thus, it is possible to improve ZTs by appropriately tuning 
p and reducing κl.

To verify that Cd is an ideal candidate for improving the 
cation vacancy level, we first explore the solubility of Cd in 
SnSe, and then study the real compositions of Cd-doped SnSe 
with different doping concentrations, as shown in Table  1. In 
this study, we use SnCl2·2H2O, Na2SeO3, and CdCl2 as pre-
cursors to fabricate Cd-doped SnSe. We first define the mole 
percentage (x) of CdCl2 in SnCl2·2H2O. The nominal composi-
tions of Cd-doped SnSe can then be described as Sn1−xCdxSe, 
where the selected x values are 0% (no CdCl2 added), 0.5%, 1%, 
1.5%, 2%, 2.5%, 3%, and 3.5% as listed in Table  1. Through 
detailed EDS and EPMA studies, however, it was found that 
the real compositions of the synthesized products are different 
from the nominal compositions, as shown in Table  1. With 
increasing x, the cation vacancy level gradually increases until 
reaching a maximum value of 2.9%, from which a solubility 
limit of Cd (≈2.3%) is achieved when the real composition is 
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Sn0.948Cd0.023Se. The instrumental error of EMPA is ≈0.1%, 
which demonstrates a high accuracy. These results indicate 
that Cd-doping has great potential for further increasing the 
cation vacancy level and hence the hole concentration as well 
as enhancing ZT.

To understand the impact of Cd atoms on Sn-vacancy for-
mation, we performed density functional theory (DFT) calcu-
lations using SnSe supercells (256 atoms) with and without 
a Cd atom occupying the Sn site. The results are shown in 
Figure  2c. We find that the Sn-vacancy formation energy in 
pure SnSe lattice is about 1.63 eV (with respect to the chem-
ical potential of Sn metal). After a Cd atom is introduced in 
the lattice by occupying a cation site, we recalculate the Sn-
vacancy formation energies. We find that for the Sn atoms 
that are far from the Cd atom, the vacancy formation energy 
remains the same as expected. For the Sn atom that is nearest 
to the Cd atom, the vacancy formation energy is 1.50  eV, 
reducing by 0.13  eV, which is much larger than the room-
temperature thermalization energy 0.026  eV. Therefore, the 
DFT results explicitly support the experimental observation 
that Cd dopants can facilitate the formation of Sn vacancies 

in SnSe. It should be mentioned that secondary phase 
(mainly CdSe) was identified after the doping level reached 
the Cd solubility in SnSe. However, the ultrasonic separation 
technique can effectively remove the secondary phase after 
the synthesis, as confirmed in Figure S2 in the Supporting 
Information.[7,21,23]

Table  1 indicates that Cd-doping can further improve the 
hole concentration p, but it is still unclear if such improve-
ment is caused by the Cd atoms themselves or the induced Sn 
vacancies. To gain insight into the mechanism of the increase 
of the hole concentration, we have performed DFT calcula-
tions on the electronic band structure evolution for SnSe 
after Cd-doping with and without cation vacancy. Figure 3a–d) 
compares the calculated band structures of pure SnSe (with 
the supercell of Sn128Se128), Cd-doped SnSe without vacan-
cies (CdSn127Se128), Cd-doped SnSe with one Sn vacancy 
(CdSn126Se128), and SnSe with one Sn vacancy without Cd, 
respectively. Figure  3e compares their corresponding density 
of states (DOSs). We find that the band structures and DOSs 
are almost identical with and without Cd replacing Sn, with 
the only difference being that the degenerate bands in the 
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Figure 1.  Illustrations of fabrication for our Cd-doped SnSe. a) Illustration of solvothermal synthesis; b) obtained Cd-doped SnSe products and subse-
quent sintering and cutting processes; c) phonon scattering sources observed in our pellets; and d) comparisons of achieved temperature-dependent 
ZT from our pellets with reported polycrystalline SnSe.[7,36–41]
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perfect SnSe lattice split after a Cd atom is introduced. This 
difference originates from the breaking of the supercell sym-
metry by the Cd impurity and has negligible impact on the 
hole concentration.[3] In contrast, for the pure SnSe and Cd-
doped SnSe with an extra Sn vacancy introduced, the Fermi 
level moves into the valence band, making the material a 
degenerate semiconductor with significantly increased hole 
concentration. Therefore, we conclude that it is the Sn vacan-
cies rather than the Cd atoms that introduce holes in SnSe. 

The role of Cd atoms is to increase the Sn vacancy concentra-
tion. More discussion about the effect of Cd-doping on con-
duction band of SnSe is shown in Figure S1 in the Supporting 
Information.

Figure 4a shows XRD results for our synthesized Cd-doped 
SnSe with different Cd-doping levels. It is clearly seen that all 
diffraction peaks can be indexed as orthorhombic-structured 
SnSe and a space group of Pnma, according to the JCPDS 
48-1224 Standard Identification Card. The strongest diffrac-
tion peaks of 400* suggest our products contain significant 
(100) surfaces.[3,7,21,23] With increasing Cd-doping level, the 
other diffraction peaks such as 111* become weaker (refer 
to Figure S2b in the Supporting Information), indicating a 
strengthened anisotropy in the synthesized products.[3,7,21] 
Figure 4b shows magnified 400* diffraction peaks, and shows 
all peaks shifted toward higher 2θ angles, from 2θ = 31.081° 
as the standard value, indicating a reduced lattice parameter 
a,[7,23,47] and in turn a shrunken unit cell derived from the Sn 
vacancies in SnSe.[7] Figure  4c,d shows the calculated lattice 
parameters a, b, c, and unit cell volume V as functions of the 
cation vacancy level given in Table 1. With increasing vacancy 
concentration, a, b, and c slightly decrease, resulting in a V 
shrinkage.[48]

Figure  5a shows a typical SEM image of the synthesized 
Sn0.948Cd0.023Se microplates. The inset optical image shows 
that these microplates have silver-like metallic luster.[7] 
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Table 1.  Comparisons of measured real compositions via EPMA with 
nominal composition (Sn1−xCdxSe). The corresponding vacancy rates 
(%) are also included.

Nominal composition 
[Sn1−xCdxSe]

Real composition via EPMA Vacancy  
[%]

SnSe Sn0.994Se 0.6

Sn0.995Cd0.005Se Sn0.984Cd0.005Se 1.1

Sn0.99Cd0.01Se Sn0.976Cd0.009Se 1.5

Sn0.985Cd0.015Se Sn0.966Cd0.014Se 2.0

Sn0.98Cd0.02Se Sn0.957Cd0.019Se 2.4

Sn0.975Cd0.025Se Sn0.948Cd0.023Se 2.9

Sn0.97Cd0.03Se Sn0.948Cd0.023Se 2.9

Sn0.965Cd0.035Se Sn0.948Cd0.023Se 2.9

Figure 2.  Calculated thermoelectric performance as a function of hole concentration and Sn-vacancy formation energy of SnSe. a) Calculated 
p-dependent ZT of polycrystalline SnSe at T = 823 K with a fixed κl of 0.4; b) improvement of p-dependent ZT via reducing κl; c) calculated results of 
Sn-vacancy formation energy before and after inducing Cd. The units of S2σ and κ (κl) are µW cm−1 K−2 and W m−1 K−1, respectively.
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Compared with their undoped counterparts shown in 
Figure S3 in the Supporting Information, the most signifi-
cant surfaces of Cd-doped microplates are also (100). But 
their average size (124.5  µm measured via Nano Measurer 
software with a sample capacity larger than 1000) is larger 
than their undoped counterparts (110.7  µm), indicating a 
strengthened anisotropy in these Cd-doped microplates,[3,7] 
which agrees with the XRD results shown in Figure  4a. 
Figure 5a also shows that the Cd-doped microplates tend to 
agglomerate to form a flower-like morphology.[21,25] Figure 5b 
shows a typical Sn0.948Cd0.023Se microplate with a (100) sur-
face, from which pores and slight crystal bent can be seen.[21] 
A typical pore is shown in the inset of Figure 5b in a magni-
fied SEM image. Figure 5c shows one typical Sn0.948Cd0.023Se 
microplate with lateral surfaces at a microscale as well as 
the corresponding atomic structure related to the surface 
features.

To further investigate the structural characteristics of the 
Sn0.948Cd0.023Se microplates, detailed TEM characteriza-
tion was performed. Figure  5d shows a [100] zone-axis TEM 
image for a typical Sn0.948Cd0.023Se plate with the surface per-
pendicular to the electron beam. The inset corresponding to 
a selected area electron diffraction (SAED) pattern indicates 
that the plate has a typical orthorhombic structure with a (100) 
surface,[7,21] same as the undoped SnSe shown in Figure S4 in 
the Supporting Information. Figure  5e shows EDS results of 
Figure 5d, in which Cd has a uniform distribution at a micro-
scale. Figure 5f is a high-resolution TEM (HRTEM) image cir-
cled in Figure 5d, showing local lattice distortions and disloca-
tions (inset), which should be derived from the doped Cd with 
different atomic/ionic size of Sn.[21,23] Figure  5g is a STEM 
high-angle annular dark field (HAADF) image taken along the 
a-axis. The overlays in a normal area show Se atoms in green 
and Sn atoms in purple. The nonuniform structural contrast 
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Figure 3.  Band structures and DOS of SnSe. Comparisons of calculated electronic structures of a) pure SnSe (Sn128Se128); b) Cd-doped SnSe without 
vacancy (CdSn127Se128); c) Cd-doped SnSe with vacancy (CdSn126Se128); d) SnSe with vacancy (Sn127Se128); and e) Comparisons of corresponding 
DOS.
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suggests a lattice distortion, likely derived from the local ele-
mental variation.[21,23] Figure  5h is the intensity line profile 
(taken along the dashed red line in Figure 5g, and shows dif-
ferent peak intensities between different areas, reflecting the 
local compositional variations (such as Cd replacement and 
cation vacancies).

We sintered the synthesized microplates into pellets to eval-
uate their thermoelectric performance along different direc-
tions, as illustrated in Figure  1b. Before the evaluation, we 
performed detailed structural and morphological characteriza-
tions on these pellets to confirm the structural and composi-
tional features are stable after sintering. Figure 6a shows their 
XRD patterns (pure SnSe and Sn0.948Cd0.023Se) taken along both 
the ⊥ and // directions. Here “⊥” and “//” mean the directions 
perpendicular and parallel to the pressure of sintering, respec-
tively. All diffraction peaks can be indexed as orthorhombic-
structured SnSe, showing that the structural features remain 
with no extra phase observed.[21,23] Figure  6b magnifies the 
111* and 400* peaks to reveal the peak-shifts. It shows the 
strongest 111* peaks for the sample taken along the // direc-
tion and the strongest 400* peaks along the ⊥ direction, demon
strating significant anisotropy in the pellets. Meanwhile, pure 
SnSe has a slightly stronger 111* peak than Sn0.948Cd0.023Se 
along the ⊥ direction, indicating more significant anisotropy in 
Sn0.948Cd0.023Se pellets.[23] Besides, the diffraction peaks taken 
from the Sn0.948Cd0.023Se pellet move toward a higher 2θ than 
the peak from pure SnSe, similar to the XRD results shown in 
Figure 4a,b. Figure 6c shows XPS spectra of the Sn0.948Cd0.023Se 
pellet with a full survey scan, demonstrating the existence 
of energy states for Se 3d, Sn 3d, and Cd 3d, indicating the 

successful doping of Cd. Except C and O, no other elements 
were identified. Figure 6d shows XPS spectra with a high-reso-
lution scan for Cd 3d5/2 and Cd 3d3/2 (peaks at 405 and 412 eV, 
respectively), showing that only Cd2+ valence state exists in the 
system. These results indicate that the Cd atoms substituted Sn 
on Sn sites via doping, and there is no interstitial atom of Cd in 
the matrix of SnSe. The quantified at% of Cd fitted well with the 
proposed ≈2.3% of Cd.

Figure 7a is a typical SEM image of a polished surface from 
a Sn0.948Cd0.023Se pellet (as inset optical image shows), in which 
a flat surface without any observable flaws can be seen, indi-
cating a high compaction in the sintered pellets. Figure  7b 
shows corresponding EDS maps, indicating compositional 
stability after sintering. EPMA studies on the Sn0.948Cd0.023Se 
pellet indicate that the Sn:Cd:Se ratio is 48.1:1.2:50.7, sug-
gesting a stable composition of Sn0.948Cd0.023Se. Figure  7c,d 
are SEM images of pellets, fractured from different directions. 
Similar to the undoped SnSe (refer to Figure S5 in the Sup-
porting Information), the distinct fracture features indicate an 
obvious anisotropy in the sintered pellets,[7,21] fitting well with 
the XRD results shown in Figure 6a,b. However, different from 
undoped SnSe pellets, faveolate structures can be occasion-
ally found on the fractured grains of Sn0.948Cd0.023Se pellets, as 
shown in magnified SEM images in the insets of Figure 7c,d. 
These specific structures might be derived from the crystal 
imperfections of the SnSe microplates caused by Cd-doping.[21] 
Figure  7e shows a TEM image of our sliced Sn0.948Cd0.023Se 
pellet, from which obvious overlap of the grains can be 
observed. The inset HRTEM image shows a typical dislocation, 
indicating that the dislocation still existed after SPS. Figure 7f 
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Figure 4.  Structural characterizations of synthesized products. a) XRD results; b) enlarged 400* peaks to see the peak deviation. Achieved lattice 
parameters of c) a, b; d) c and V as a function of vacancy rate shown in Table 1.
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shows a [201] zone-axis HRTEM image, in which local lattice 
distortion is seen. Such local structural variations have been 
predicted to enhance the phonon scattering and in turn reduce 
κl.[3,21,23] Figure  7g shows STEM HAADF images taken from 
pure SnSe (left) and Sn0.948Cd0.023Se (right) pellets, respectively, 
both viewed along their b-axes. As can be seen, Sn0.948Cd0.023Se 

pellets contain nanoscale dark domains, similar to the reported 
“vacancy domains” caused by Sn vacancies.[32,49,50] Figure  7h 
is an enlarged STEM HAADF image taken from a typical 
boundary between normal and dark areas, in which the over-
lays in a normal area show axes and Se atoms in green and 
Sn atoms in purple. It is clear that a nonuniform contrast can 
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Figure 5.  Morphological and compositional characterizations of the synthesized products. a) SEM image with inset of optical image of synthesized 
flower-like Sn0.948Cd0.023Se microplates; b) magnified SEM image of one Sn0.948Cd0.023Se microplate showing (100) surface with crystal imperfections 
exemplified in inset; c) one typical Sn0.948Cd0.023Se microplate with simulated atomic model showing the out of plane; d) TEM image of a typical 
Sn0.948Cd0.023Se microplate with inset of corresponding SAED pattern; e) EDS spot and mapping images. Cu comes from the TEM copper grid; 
f) HRTEM image circled in (d) to see the localized lattice distortion with inset of HRTEM image to see the dislocations; g) high-resolution Cs-STEM 
HAADF images to see the difference of contrast; h) corresponding intensity line profile taken from (g) to illustrate the potential reasons causing the 
contrast difference.
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be seen, suggesting local elemental variation. Besides, no inter-
stitial atom can be found, indicating that there is no intersti-
tial atom of Cd in the matrix of SnSe, supporting to the XPS 
results. Figure  7i is the intensity line profile (dashed purple 
line in Figure  7h across both normal area and contrast area) 
taken along the c-axis, from which the peak intensities for Se 
sites keep stable for the entire range, but different peak inten-
sities for Sn sites between normal and dark areas, indicating 
local elemental variation such as Cd replacing Sn and/or cation 
vacancies, which can effectively scatter the high-frequency 
phonons and in turn contribute to a low κl.[3,21,23]

We measured σ, S, S2σ, and κ as the main thermoelectric 
properties from 300 to 873 K for the Cd-doped SnSe pellets  
with different doping levels and the results are shown in 
Figure  8a–d, respectively. High repeatability was realized with 
measured fluctuations being 10%, 2%, and 5% for σ, S, and κ, 
respectively, as shown in Figure S6 in the Supporting Informa-
tion. Besides, considering the anisotropy shown in Figure S7 
in the Supporting Information,[7,14] the ⊥ direction is chosen 
as the main direction for measurements.[51] Figure  8a shows 
T-dependent σ. After Cd-doping, σ was significantly improved 
due to the improved cation vacancy concentration. As can 
be seen, the totality of σ values includes two regions. Taking 
Sn0.948Cd0.023Se as an example, a representative metallic trans-
port behavior can be seen before 723 K, derived from the vibra-
tion of cations, which can effectively impede the transport of 
carriers.[14] After 723 K, a classic thermally activated semicon-
ducting behavior is observed, derived from the carrier thermal 

excitation by heat, which can produce extra carriers and improve 
the carrier concentration. The temperature between these two 
regions (723 K in the case of Sn0.948Cd0.023Se) is described as 
bipolar-effect temperature (T*), where T* increases from 623 to 
723 K with increasing the doping level (cation vacancy concen-
tration), fitting well with the reported calculation-based works.[3] 
Figure  8b shows the measured T-dependent S, in which peak 
S values can be achieved at T*. With increasing the Cd-doping 
level, S gradually decreased, accompanied by a slight shifting of 
T* toward a higher T, indicating an increase of p.[3,7] Figure 8c 
shows the determined S2σ, from which two peak values of 
7.33 µW cm−1 K−2 at 423 K and 6.86 µW cm−1 K−2 at 823 K can 
be found in the Sn0.948Cd0.023Se pellet. Figure  8d shows the 
calculated T-dependent κ via κ = D·Cp·ρ,[7] where measured 
D values are plotted in Figure S8a in the Supporting Informa-
tion, and measured Cp and ρ are listed in Table  2. As can be 
seen, with an increasing Cd-doping level, κ decreases, derived 
from the enhanced nanoscale crystal imperfections including 
locally distorted lattice, dislocations, and point defects. These 
nanoscale defects can effectively strengthen the scattering of 
phonons from medium and short wavelengths. Considering the 
high relative densities in our sintered pellets (all >97.1%),[14,19] 
the κ values are intrinsic.

To better understand our achieved electrical transport prop-
erties, we measured the T-dependent p. The result is shown in 
Figure 9a. A slightly increased p after T* can be seen, triggered 
by thermal activation.[3] By increasing the Cd-doping level, p is 
improved, caused by the higher cation vacancy concentration. 

Adv. Energy Mater. 2019, 1803242

Figure 6.  Structural and compositional characterizations of sintered pellets. a) XRD results of sintered Sn0.994Se and Sn0.948Cd0.023Se pellets measured 
along different directions; b) magnified XRD results to see the deviations of 400* and 111* peak. XPS spectrum of c) survey scan for Sn0.948Cd0.023Se 
pellet and d) high-resolution scan for Cd 3d.
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Figure  9b shows the corresponding T-dependent carrier 
mobility µ, which roughly follows the power law (µ ∝ Td).[25,52] 
At low temperatures, µ is slightly increased, roughly following 
µ ∝ T1.1, suggesting that the ionized impurities dominate the 
scattering mechanism.[25,52] At medium temperatures, µ is 
decreased following µ ∝ T−1.5, meaning that acoustic-phonon 

scattering dominates the scattering mechanism instead.[25,52] 
At high temperatures, µ increases roughly following µ ∝ T1.5, 
indicating extra scattering behaviors. Potential carrier scat-
tering at local crystal imperfections observed in the Cd-doped 
SnSe may cause a special µ ∝ Td relation.[25,53,54] Besides, µ 
decreases with increasing Cd-doping level, which is caused 

Figure 7.  Morphological and compositional characterizations of sintered pellets. a) SEM image with inset of optical image of Sn0.948Cd0.023Se pellet 
polished from the ⊥ direction; b) corresponding EDS mapping results for (a); SEM images of Sn0.948Cd0.023Se pellet fractured from c) the ⊥ direction 
and d) the // direction, the inset magnified SEM images show the honeycomb-like structure; e) TEM image of sliced Sn0.948Cd0.023Se pellet to see 
the overlap of grains with inset HRTEM image showing a typical dislocation; f) HRTEM image to show the local lattice distortion; g) Comparison of 
Cs-STEM HAADF images between Sn0.994Se (left) and Sn0.948Cd0.023Se (right) pellets to see the difference; h) high-resolution Cs-STEM HAADF image 
of Sn0.948Cd0.023Se pellet viewed along the b-axis to see different contrast; and i) corresponding intensity line profile taken from (h) to illustrate the 
potential reasons causing the contrast difference.
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by the significant blocking and/or scattering of carriers. At 
high temperature, because the thermal activation can pro-
vide additional carriers (mainly holes as majority carriers),[3] 

with increasing doping level (cation vacancy concentration), 
additional carriers can be released, resulting in a lower µ 
between 600 and 800 K.

Table 2.  The main properties of Cd-doped SnSe at both 300 and 823 K.

Parameters Sn0.994Se Sn0.984Cd0.005Se Sn0.976Cd0.009Se Sn0.966Cd0.014Se Sn0.957Cd0.019Se Sn0.948Cd0.023Se

ρ (g cm−3) 6.121 6.103 6.077 6.045 6.021 6.002

p300 K (cm−3) 2.79 × 1018 7.29 × 1018 9.98 × 1018 1.33 × 1019 1.71 × 1019 2.33 × 1019

p823 K (cm−3) 7.71 × 1018 1.17 × 1019 1.48 × 1019 1.91 × 1019 2.25 × 1019 2.60 × 1019

µ300 K (cm2 V−1 s−1) 39.0 37.8 37.6 37.0 35.9 35.5

µ823 K (cm2 V−1 s−1) 29.9 26.8 24.4 21.7 20.4 18.9

σ300 K (S cm−1) 17.4 44.2 60.1 78.8 98.3 132.9

σ823 K (S cm−1) 37.0 50.3 58.0 62.2 73.4 78.8

S300 K (µV K−1) 310.0 262.2 241.6 223.0 207.5 197.1

S823 K (µV K−1) 337.9 322.5 313.8 306.2 299.5 295.1

S2σ300 K (µW cm−1 K−2) 1.67 3.04 3.51 3.92 4.23 5.16

S2σ823 K (µW cm−1 K−2) 4.22 5.23 5.71 6.20 6.58 6.86

Cp300 K (J g−1 K−1) 0.273 0.27 0.267 0.263 0.259 0.254

Cp823 K (J g−1 K−1) 0.286 0.281 0.277 0.272 0.268 0.264

κ300 K (W m−1 K−1) 1.50 1.30 1.17 1.03 0.93 0.91

κ823 K (W m−1 K−1) 0.52 0.47 0.45 0.42 0.37 0.33

Figure 8.  Plots of measured T-dependent properties from Cd-doped SnSe pellets: a) σ; b) S; c) S2σ; and d) κ.
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To further understand the electronic structure and DOS 
evolution of the Cd-doped SnSe with different cation vacancy 
concentrations, we performed DFT calculations. Figure  10a–c 
compares the calculated band structures for Sn0.994Se, 
Sn0.976Cd0.009Se, and Sn0.957Cd0.019Se, respectively, and 
Figure  10d compares the DOS of Sn0.994Se, Sn0.984Cd0.005Se, 
Sn0.976Cd0.009Se, Sn0.966Cd0.014Se, Sn0.957Cd0.019Se, and 
Sn0.948Cd0.023Se, respectively. It is clear that the Fermi level 
moves toward the valence band with increasing cation vacancy 
concentration, indicating a degenerate semiconductor which 
can provide more holes, contributing to an improved p and in 

turn an enhanced S2σ, agreeing with the experimental results 
shown in Figure 9.

For the thermal transport performance, κe and κl are inves-
tigated to further understand the contributions of electrons 
and lattice on the total thermal conductivity κ. κe is obtained 
via κe = L·σ·T by the Wiedemann–Franz law.[3] Here L is the 
Lorenz number (≈1.5 × 10−8 V2 K−2) calculated via the SPB 
model[42–44] as shown in Figure S8c in the Supporting Infor-
mation, and κl is determined by κl = κ − κe. Figure 9c shows 
the determined κe with very low values, which have the same 
trend compared with the corresponding σ. Figure  9d shows 

Figure 9.  Plots of measured and/or calculated T-dependent properties for Cd-doped SnSe pellets: a) p; b) µ; c) κe; d) κl with 1000/T-dependent κl as 
inset; and e) ZT. f) A comparison of achieved ZTs with calculated predicted ZTs.
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the determined T-dependent κl, with the inset showing the 
determined 1000/T-dependent κl roughly following a linear 
relationship, showing that Umklapp phonon scattering 
dominates phonon scattering in SnSe.[26,55] Such intrinsic 
low κl have been derived from significantly anharmonic 
bonding[3,7,14,21,23,26] and the observed nanoscale crystal imper-
fections including the dislocations, local lattice distortions, 
point defects (vacancy domains), grain boundaries, and/or 
interfaces, which can effectively scatter phonons of different 
wavelengths.[1,3] The calculated κl/κ ratio of ⪆70% (refer to 
Figure S8d in the Supporting Information), indicates that 
phonon transport is significant for κ.

Figure  9e presents the calculated T-dependent ZT values 
for the Cd-doped SnSe pellets, indicating that the improved 
cation vacancy concentration is critical for securing a high 
ZT value. The high ZTs (>0.6) are in a wide range from 450 
to 873 K, which is of significance because the device has to 
be operated under a large temperature gradient.[1,3] Figure 9f 
compares the achieved ZT values with predicted values deter-
mined by the SPB model-based calculations at 823 K.[42–45] 
As can be seen, the measured p = ≈2.6 × 1019 cm−3 is much 
closer to the best value of ≈3 × 1019 cm−3 as we calculated, 
indicating that p can be indeed tuned through our developed 
methodology. Table  3 compares our achieved thermoelectric 
properties with reported studies, showing a strong competi-
tiveness in our polycrystalline Cd-doped SnSe fabricated via 
a facile solvothermal synthesis. It should be mentioned that 
SnSe is a typical low-toxic and high cost-effective thermo
electric material.[3,51] Even though Cd is a toxic element,[56] 

the amount of Cd in our SnSe system is very low (only 
≈2.3%), thus our Cd-doped SnSe is still a green thermoelec-
tric material.

3. Conclusion

In this study, a combination of cation vacancy engineering 
and local lattice engineering is used to realize excellent ther-
moelectric properties in p-type polycrystalline Cd-doped 
SnSe via a facile solvothermal synthesis method and a fast 
spark plasma sintering technique. The Cd solubility in SnSe 
is ≈2.3 at% with a high cation vacancy concentration of 
≈2.9%, contributing to a high hole carrier concentration of 
≈2.6 × 1019 cm−3 and in turn leading to a high power factor 
of ≈6.9 µW cm−1 K−2 at 823 K. Meanwhile, the doped Cd 
results in massive nanoscale crystal imperfections including 
dislocations, intensive local lattice distortions, and point 
defects, which contribute to a low thermal conductivity of 
≈0.33 W m−1 K−1 and in turn a record high ZT of ≈1.7 at this 
temperature. This study explores the fundamental Cd-doping 
mechanisms at a nanoscale in a SnSe matrix and describes a 
novel concept to achieve high ZT.

4. Experimental Section
The experimental details can be seen in Section S9 in the Supporting 
Information.

Figure 10.  Comparisons of calculated band structures for a) Sn0.994Se, b) Sn0.976Cd0.009Se, and c) Sn0.957Cd0.019Se; and d) comparisons of DOS of 
Sn0.994Se, Sn0.984Cd0.005Se, Sn0.976Cd0.009Se, Sn0.966Cd0.014Se, Sn0.957Cd0.019Se, and Sn0.948Cd0.023Se.
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Section 1. Calculation details for the prediction of ZT and the discussion for the effect of 

Cd-doping on the conduction band of SnSe. 

The single parabolic band (SPB) model has been comprehensively used in predicting 

thermoelectric efficiencies (ZT) and optimizing doping levels (electronic or hole 

concentrations) for a number of thermoelectric materials.
[1-4]

 In this study, we used SPB 

model to calculate the hole concentrations p-dependent ZT for polycrystalline SnSe at a fixed 

temperature of 873 K. The predicted ZT values in Figure 9(f) are also calculated based on this 

model at 823 K, and the κl used in the calculation are derived from Figure 9(d). For 

calculation details, the carrier transport property analysis was employed as: 
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where S, μ, η, kB, e, r, RH, ħ, Cl, Edef, and L are the Seebeck coefficient, the carrier mobility, 

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, the deformation potential coefficient, 

and the Lorenz number, respectively. Here: 
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    Cl = vl
2ρ      (S1-5) 

where vl is the longitudinal sound velocity and taken as 2730 ms
-1

 in this study.
[5]

 Fi(η) is the 

Fermi integral expressed as: 

      ( )  ∫
  

   (   )

 

 
      (S1-6) 

For the effect of Cd-doping on the conduction band of SnSe, Figure S1 compares the density 

of state (DOS) of pure SnSe (Sn128Se128), Cd-doped SnSe (CdSn127Se128) with and without 

relaxation, respectively. Since Cd has 2 valence electrons less than Sn, the replacing of Sn by 

Cd should leave out a defect empty band with two holes in the gap. Actually we indeed 

observed this gap if the Cd atom is not relaxed. But this gap moves to the conduction band 

after relaxation. This is why Cd does not make any difference to the valence band structure or 

hole concertation. 
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Figure S1. Comparisons of DOS for pure SnSe (Sn128Se128), Cd-doped SnSe (CdSn127Se128) 

with and without relaxation. 

Section 2. Demonstration of removing CdSe secondary phase. 

To demonstrate the CdSe secondary phase can be effectively removed through ultrasonic 

separation and centrifuging technique after the solvothermal synthesis, we provide detailed 

XRD patterns of synthesized Sn0.948Cd0.023Se products with CdSe secondary phase derived 

from the excessive usage of Cd source (CdCl2) during solvothermal synthesis, and pure 

Sn0.948Cd0.023Se after removing the CdSe secondary phase, respectively, as shown in Figure 

S2(a, b). It is clear that when achieving Sn0.948Cd0.023Se before removing the CdSe secondary 

phase, CdSe can be found; after removing the CdSe secondary phase, no CdSe can be found, 

indicating that high pure SnSe phase can be achieved. 

 

Figure S2. Detailed XRD patterns of synthesized Cd-doped SnSe products (Sn0.948Cd0.023Se) 

with (a) before and (b) after removing CdSe secondary phase. 
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Section 3. Optical and SEM results for our synthesized pure SnSe products. 

Figure S3(a) is an optical image of synthesized pure SnSe powders, which show silver-like 

metallic lustre. Figure S3(b) is their SEM image, from which the pure SnSe have typical 

rectangular plate-like morphology. Figure S3(c) shows a magnified SEM image of SnSe 

microplate to show the (100) surface with its lateral dimension varies between 30 and 40 µm. 

Compared with other surfaces, the SnSe microplates possess significant (100) surfaces, which 

explains why 400
*
 is the strongest peak observed in the XRD results shown in Figure 4(a). 

Figure S3(d) is a magnified SEM image of SnSe microplate to show its lateral surfaces, and 

the measured thickness of the microplate is ~3.2 μm. 
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Figure S3. (a) Optical and (b) SEM images of synthesized pure SnSe (Sn0.994Se) microplates. 

(c) Magnified SEM image of one typical Sn0.994Se microplate with (100) surface and (d) 

magnified SEM image to show the side surfaces. 

Section 4. TEM results of pure SnSe products. 

For pure SnSe microplate, Figure S4(a) shows its TEM image with the plate laid 

perpendicular to the electron beam. Same to its SEM results, the exterior of microplate 

showed rough crystal information. Figure S4(b) is a magnified TEM image taken from the 

circled area shown in Figure S4(a) to show the edge of microplate, which shows rough 

lattice. Figure S4(c) is the HRTEM image, and Figure S4(d) shows corresponding SAED 

pattern taken along the [   ] zone-axis, both indicating that the microplate has typical 

orthorhombic structure and a (100) surface. 
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Figure S4. (a) TEM image of one typical pure SnSe (Sn0.994Se) microplate; (b) Magnified 

TEM image of (a); (c) Corresponding HR-TEM image; and (d) SAED pattern. 

 

Section 5. SEM results for our sintered pure SnSe pellets. 

To investigate the morphological characteristics of our sintered pure SnSe pellets, detailed 

SEM investigations were performed. Figure S5(a, b) are SEM images of polished surfaces 

from the ⊥ direction and the // direction, respectively. It is clear that flat surfaces without 

observable flaw can be achieved, indicating that our sintered pellets have high compact. 

Figure S5(c, d) are SEM images of pellets fractured from the ⊥ direction and the // direction, 

respectively. The much more distinct fracture features confirm the sintered pellets containing 

an obvious anisotropy, fitting well with the XRD results shown in Figure 6(a, b). 
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Figure S5. SEM images of pure SnSe pellet (Sn0.994Se) polished surfaces from (a) the ⊥ 

directions and (b) the // directions; SEM images of Sn0.994Se pellet fractured from (c) the ⊥ 

directions and (d) the // directions. 

Section 6. Examination of the reproducibility for obtained thermoelectric properties. 

For SnSe, the phase transition between α-SnSe and β-SnSe at 800 K is detrimental to the 

stability of performance and the mechanical properties. To evaluate the reproducibility of our 

thermoelectric properties, we measured 6 times for our Cd-doped SnSe pellets 

(Sn0.948Cd0.023Se) from room temperature to 773 K. Figure S6 shows the T-dependent σ, S, 

S
2
σ, 𝜅, and ZT with different measured times. All properties were measured along directions 

perpendicular to the sintering pressure (⊥ direction). 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 are high under 773 K. 
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Figure S6. T-dependent properties with different measured times for our Cd-doped SnSe 

pellets (Sn0.948Cd0.023Se): (a) σ; (b) S; (c) S
2
σ; (d) κ; 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. 

Section 7. Examination of the anisotropy for obtained thermoelectric properties. 

To evaluate the anisotropy of thermoelectric properties in our pellets, we measured the main 

properties for both pure SnSe and Cd-doped SnSe (Sn0.948Cd0.023Se) pellets with different 

measured directions from room temperature to 873 K. Figure S7 shows the plots of measured 

T-dependent properties (σ, S, S
2
σ, 𝜅, and ZT) from our SnSe pellets. The measured direction 

perpendicular to the sintering pressure is labelled as “⊥”, and the measured direction parallel 

to the sintering pressure is labelled as “//”. The results indicate that Sn0.948Cd0.023Se pellets 

possess stronger anisotropy than their pure counterparts, fitting well with the XRD results 

shown in Figure 6(a, b). 
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Figure S7. Plots of T-dependent properties with different measured directions from our Cd-

doped SnSe pellets: (a) σ; (b) S; (c) S
2
σ; (d) κ; and (e) ZT. The measured directions 

perpendicular to the sintering pressure is labelled as “⊥”, and the measured directions parallel 

to the sintering pressure is labelled as “//”. 

Section 8. Measured thermal diffusivities and calculated effective mass, Lorenz number 

and phonon transport occupation for Cd-doped SnSe pellets. 

The measured T-dependent thermal diffusivity (D) for our Cd-doped SnSe pellets are shown 

in Figure S8(a). Meanwhile, the calculated T-dependent effective mass (m*) and Lorenz 

number (L) for our Cd-doped SnSe pellets are shown in Figure S8(b, c), respectively. It is 

clear that the m* slightly increase with increasing the amount of cation vacancy. For L, the 

values for all samples are stable with the entire temperature range (~1.5×10
-8

 V
2
 K

-2
), 

indicating that SnSe is a typical thermoelectric material that the κ are significantly depended 

on phonon scattering. The calculations were based on the SPB model discussed in Section 1. 

Besides, the calculated T-dependent κl/κ ratio is shown in Figure S8(d), from which more 

than ~70 % of κ were derived from the phonon transport (κl) when T < 873 K, indicating κ is 

dominated by phonon transport. 
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Figure S8. Plots of T-dependent (a) D; (b) m*; (c) L; and (d) κl/κ ratio. 

Section 9. Experimental Section. 

Reagents and Synthesis. Single crystal Cd-doped SnSe microplates were solvothermally 

synthesized using Na2SeO3 (99.99 %), SnCl2·2H2O (99.99 %), CdCl2 (99.99 %), ethylene 

glycol anhydrous (EG, C2H6O2, 99.8 %), and NaOH (99.99 %) as precursors (all purchased 

from Sigma-Aldrich Co. LLC). For the chemical reactions, EG acted as both the solvent and 

the reducing agent, which can be expressed as:
[6]

 

   SnCl2·2H2O 
      
→     Sn

2+
 + 2Cl

-
 + 2H2O   (S9-1) 

   Na2SeO3 
      
→     2Na

+
 + SeO3

2-
    (S9-2) 

   SeO3
2-

 + C2H6O2 
  
→ Se + C2H2O2 + H2O + 2OH

-
  (S9-3) 
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   CdCl2 
        
→      Cd

2+
 + 2Cl

-
     (S9-4) 

and NaOH was used to adjust the environment of solvent (pH), benefited the ion reaction of 
[6-

8]
: 

   Se + Sn
2+

 
 
→ Se

2-
 + Sn

4+
     (S9-5) 

   xSn
2+

 + yCd
2+

 + Se
2-

 
  
→ SnxCdySe. (Not balanced)  (S9-6) 

In a typical synthesis, Na2SeO3, SnCl2·2H2O and CdCl2 were dissolved in EG (45 ml), and 

then added NaOH, kept stirring for 15 min at room temperature. The solution was then sealed 

in a 125 ml polytetrafluoroethylene-lined stainless steel autoclave. The autoclave was heated 

in an oven at 230 °C for 36 h, followed by naturally cooled to room temperature. The 

synthesized products were collected by centrifugation and washed by ethanol and deionized 

water for several times before drying in the oven at 60 °C for 12 h. 

Sintering and Thermoelectric Properties Measurements. To measure their thermoelectric 

properties, the synthesized products were sintered by SPS (SPS-211Lx, Fuji Electronic Co., 

Ltd.) at 573 °C for 5 min with a pressure of 60 MPa to form disc-shaped pellets with a 

dimension of Ф = 12.6 mm and h = 8.0 mm. The densities (ρ) of the sintered pellets were 

measured by the Archimedes method.
[9]

 In our measurements, σ and S were measured 

simultaneously using a Seebeck coefficient/electric resistivity measuring system (ZEM-3, 

ULVAC Technologies, Inc.) in the temperature range between 300 and 873 K. The thermal 

diffusivity D was measured using the laser flash diffusivity method (LFA 457, NETZSCH 

Group). κ was calculated using κ = D·Cp·ρ,
[10]

 where Cp is the specific heat capacity obtained 

by differential scanning calorimetry (DSC 404 C; NETZSCH Group), and hole carrier 

concentration p was measured using the van der Pauw technique under a reversible magnetic 
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field of 1.5 T. To ensure the repeatability of synthesized products and their demonstrated 

thermoelectric properties, each pellet are measured for at least 3 times. 

Characterizations. The synthesized products were characterized by XRD (Bruker-D8) to 

determine their crystal structures, and XPS (Kratos Axis Ultra) to determine the existence and 

amount of Cd in SnSe. The lattice parameters were obtained by analyzing the diffraction 

patterns with the JADE software package. The morphological characteristics of both 

synthesized products and sintered pellets were investigated using SEM (JSM-6610, JEOL 

Ltd.), and their structural and chemical characteristics were studied using HRTEM (TECNAI-

F20) and Cs-corrected HR-STEM (Titan-G2). The TEM specimens of sintered specimens 

were prepared by both focused ion beam technique (FEI Scios Dual-beam System) and slicing 

the sample using Ultramicrotone. The EPMA (JEOL JXA-8200) was used to determine their 

compositions, and the EDS (installed in TECNAI-F20) was used to identify the distribution of 

the elements. The instrumental error of EMPA is 0.1 %. There were 12 test areas for each 

sample. 

DFT calculations. Density functional theory calculations were carried out using the Vienna 

Ab initio Simulation Package (VASP)
[11, 12]

 with the projector augmented wave method 

(PAW)
[12]

 and the generalized gradient approximation of Perdew, Burke and Ernzerhof 

(GGA-PBE)
[13]

 for the electronic exchange-correlation functionals. The plane-wave energy 

cutoff is 450 eV. The SnSe unit cell was relaxed with a 6×18×18 Γ-centered k-mesh, and the 

convergence thresholds of the total energy and the forces on each atom are 10
−8

 eV and 10
−6

 

eV Å
-1

, respectively. The relaxed lattice constants are     11.7615 Å,     4.2062 Å, and 

    4.5475 Å. With Cd defects and Sn vacancies at different concentrations, we constructed 

2×4×4 (256 atoms) and 2×5×5 (400 atoms) supercells. The atoms in supercells were relaxed 

with 3×3×3 Γ-centered k-mesh until the forces of each atom are smaller than 10
−3

 eV Å
-1

. The 

densities of states were calculated by using 3×3×3 Γ-centered k-mesh with the tetrahedron 
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smearing method. The band structures along high-symmetry directions were calculated by 

using Gaussian smearing method. 
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