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Sn0.985Cu0.015Se1.92Br0.03-ZTSnSe2 is a layered crystal structure material that is abundant
in  the  Earth's  crust  and  considered  non-toxic.  However,  its
thermoelectric  properties  are  anisotropic  due  to  the  differ-
ences  in  its  interlayer  and  intralayer  electrical  and  thermal
transport  properties.  The  intrinsically  poor  thermoelectric
performance of SnSe2 can be attributed to its lower electrical
transport properties in its pristine condition. To address this,
we  developed  a  method  involving  combined  mechanical  al-
loying (MA) and spark plasma sintering (SPS) to synthesize n-

type Sn-rich Cu-Br co-doped SnSe2 polycrystals. Optimization of Sn enrichment facilitated superior material selection for
subsequent doping. The resulting substitutional doping induced a substantial rise in carrier concentration, leading to
improved thermoelectric performance. Notably, the power factor displayed a significant increase, reaching approxim-
ately 795 µW m−1 K−2 at 765 K through Cu-Br co-doping. Furthermore, density functional theory (DFT) analysis elucid-
ated a reduced bandgap and increased degeneracy within the electronic band structure and density of states, affirming
the enhancement of thermoelectric properties in Cu-Br co-doped Sn-rich SnSe2 polycrystals. Finally, a maximum figure
of merit (ZT) value of 0.46 was achieved at 765 K for the Sn0.985Cu0.015Se1.92Br0.03 sample, perpendicular to the SPS press-
ing  direction,  which  was  nearly  threefold  higher  than  the  pure  SnSe1.95.  This  compelling  outcome  highlights  the  im-
proved thermoelectric performance of the co-doped SnSe2 polycrystals.

 

T he thermoelectric (TE) effect presents a highly prom-
ising solution for the recovery of waste heat by con-
verting  thermal  energy  into  electrical  energy.  TE

devices  offer  a  multitude  of  advantages,  including  reliable
and  vibration-free  operation,  as  well  as  being  emission-free,
making  them  an  excellent  choice  for  a  sustainable  carbon-
neutral renewable energy conversion system[1-4]. Therefore, it
is  no  surprise  that  in  the  past  two  decades,  numerous  re-
searchers  in  the TE community  have focused their  efforts  on
improving the  energy  conversion efficiencies  of  TE  materials
by  manipulating  their  atomic,  crystallographic,  and  micro-
structural  properties[5-7].  With  these  improvements,  the  po-
tential for TE technology to provide an efficient and environ-
mentally  friendly  source  of  energy  continues  to  grow.  Ther-
moelectric materials utilize a fascinating physical phenomen-
on called thermoelectricity,  which enables the direct conver-

ZT = S 2σT/(κele+ κlatt)

sion  of  heat  into  electricity,  and  vice  versa[8].  Indeed,  TE  ma-
terials have the potential to play a significant role in mitigat-
ing the conflict between depleting fossil fuels and increasing
energy demands[9-12]. A dimensionless figure of merit (ZT) can
evaluate the aptitude of energy conversion of thermoelectric
materials, having the formula , where T
is  the absolute temperature, S is  the Seebeck coefficient, σ is
the  electrical  conductivity, κele represents  the  electronic
thermal  conductivity, κlatt is  the  lattice  thermal  conductivity,
and  S2σ is  referred  to  as  the  power  factor  (PF)[13, 14],  further-
more,  it's  important  to  consider  that  the κtot is  equal  to  the
sum of the electronic (κele) and lattice (κlatt) thermal conduct-
ivities. However, the power factor (PF), Seebeck coefficient (S),
electrical conductivity (σ), and thermal conductivity (κ) are in-
terdependent,  making  it  challenging  to  simultaneously  in-
crease the PF and reduce the thermal conductivity. This is be-
cause  factors  that  improve  the  PF,  such  as  the  density  of
states  and  carrier  mobility,  also  affect  the  electronic  and
phonon transport  properties  that  contribute to thermal  con-
ductivity[15, 16]. Therefore, researchers face the task of optimiz-
ing the electronic and phonon transport properties of the ma-
terial  to achieve a balance between the PF and thermal con-
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ductivity.  To  overcome  this  challenge,  various  techniques
have  been  explored,  such  as  nanostructuring,  doping,  and
band engineering,  to  manipulate  the electronic  and phonon
transport  properties  of  the  material.  These  techniques  have
shown promise in achieving significant improvements in the
ZT value,  leading  to  more  efficient  energy  conversion  and  a
wide  range  of  potential  applications  in  sustainable  energy
technology[17-19].

Layered  materials  possess  distinct  characteristics  arising
from  the  anisotropy  between  interlayer  and  intralayer  trans-
port properties. This property enables customizable modifica-
tions,  leading  to  tailored  properties  suitable  for  various  ap-
plications. These materials hold great promise in diverse fields
such as energy,  electronics,  and catalysis[20, 21].  Over the past
two decades,  Sn-based layered chalcogenides have been ex-
tensively  studied  by  thermoelectric  researchers,  leading  to
significant improvements in our understanding of  their  ther-
moelectric  properties[22-25].  SnSe2 is  a  promising  medium-
temperature  (300-830  K)  thermoelectric  material  that  has
been extensively studied due to its unique properties. It is an
n-type  intrinsic  semiconductor[26] with  a  relatively  wide
bandgap of around 1.1 eV, high valence/conduction band de-
generacy,  and  high  Seebeck  coefficient[27, 28].  Additionally,
SnSe2 is affordable and non-toxic, making it an environment-
ally  friendly  material  that  has  gained  much  attention  in  the
past  decade.  It  adopts  a  hexagonal  CdI2-type  layered  struc-
ture with stable two-dimensional Se-Sn-Se crammed interlay-
ers  weakly  coupled  by  van  der  Waals  forces.  Another  study
found  that  SnSe2 exhibits  significant  anisotropy  in  transport
coefficients  along  both  parallel  and  perpendicular
directions[25, 29].  Its  unique  layer-dependent  structure  and
electronic  properties  have  led  to  extensive  investigations  to
improve  the  performance  of  electronic  devices,  including
photo-detectors,  transistors,  and  energy  storage  humidity
sensors[30, 31].  The  layered  structure  of  SnSe2 results  in  inher-
ently  low thermal  conductivity  and robust  anisotropic  phon-
on-transport properties.  Similar  to SnSe,  SnSe2 exhibits  high-
er  thermal  conductivity  in  polycrystalline  form  and  lower
thermal  conductivity  in  single  crystals,  which  can  be  en-
hanced through doping[11, 32, 33].  These notable  properties  of
SnSe2 make  it  a  promising  candidate  for  thermoelectric  ap-
plications. As a result, there has been increasing interest in in-
vestigating  and  improving  its  thermoelectric  performance.
However,  the  options  for  enhancing  thermoelectric  proper-
ties  in  materials  with  a  similar  crystal  structure  to  SnSe2  are
currently  limited  to  techniques  focused  on  reducing  lattice
thermal conductivity through nanostructuring. Some of these
techniques include compacting nanoparticles that have been
synthesized  colloidal[34],  cautiously  packing  nanoplatelets[27],
and embedding dense nanoscale precipitates into SnSe2 nan-
opowders[35].  Nonetheless,  it  is  difficult  to  achieve  a  low  lat-
tice thermal conductivity in SnSe2 similar  to that of  SnSe be-
cause the Sn atoms in SnSe2 form an almost perfect octahed-
ron  with  Se  ligands,  resulting  in  isotropic  Sn-Se  bond  dis-
tances.  As  a  result,  SnSe2 only  exhibits  a  moderately  low
thermal conductivity[11, 27].  Although various studies have at-
tempted  to  enhance  the  thermoelectric  properties  of  SnSe2,
little research has been conducted on the effect of anionic va-
cancy engineering within a broad range. Similarly, while anti-
site defects techniques have also been performed on both Sn

and Se sites, as well as Cu intercalation,[26, 36-39] but combina-
tion  of  anionic  vacancy  engineering  and  co-doping  on  both
sites  of  SnSe2 has  been rarely  explored for  its  thermoelectric
performance.

In  this  work,  we first  obtained the optimal  value of  Sn-en-
richment  in  n-type  SnSe2 polycrystals.  Then  introduced  Cu
and Br on Sn and Se sites, respectively, to improve and optim-
ize its thermoelectric properties by mechanical alloying com-
bined  with  a  Sparkle  plasma  sintering  technique,  as  illus-
trated by Fig. S1 of the supporting information. A broad range
of Cu and Br dopants have been added to Sn-rich SnSe2 {Sn1-x
CuxSe2-yBry (0 ≤ x ≤ 0.035, 0 ≤ y ≤ 0.07)}  to optimize the ther-
moelectric (TE) properties of the material in both in-plane and
out of plane directions. The addition of Br and Cu dopants ac-
ted  as  donors  and  lead  to  increase  in  concentration  of  elec-
trons and optimized power factor to 795 µWm−1K−2 at 765 K.
The  ionic  radii  of  Cu/Br  are  compatible  with  those  of  Sn/Se
and Se/Br atoms, respectively, which prevented any potential
disruption  to  the  host  material's  crystal  structure  and  resul-
ted in an increased carrier concentration. Our results showed
that the optimized Se-rich condition and Cu/Br co-doping res-
ulted  in  a  higher  carrier  concentration  and  a  lower  thermal
conductivity compared to pure SnSe2. This led to a significant
improvement  in  the  power  factor  of  the  material,  which  is  a
key parameter for thermoelectric performance and is directly
proportional to the square of Seebeck coefficient and electric-
al conductivity. Therefore, our findings suggest that Cu/Br co-
doped Sn-rich SnSe2 has the potential to be a promising ther-
moelectric material. We also performed DFT simulations to in-
vestigate the electronic structure, which further corroborated
our experimental findings.

 Experimental details

The temperature gradient technique was employed to fab-
ricate large polycrystalline samples of undoped and Cu-Br co-
doped SnSe2. To this end, highly pure powders of Sn (5N), Se
(5N),  and  CuBr2 (5N)  with  purities  of  99.99%,  99.99%,  and
99.95%,  respectively,  were  used  as  starting  materials.  The
powders  were  weighed  according  to  the  nominal  composi-
tions Sn1-xCuxSe2-yBry (x = 0, 0.01, 0.015, 0.025, 0.035, y = 0.02,
0.03,  0.05,  0.07)  in  a  vacuum  glove  box.  For  convivence  the
Cu-Br co-doped samples were named with increasing dopant
contents  as  CB1,  CB2,  CB3  and  CB4.  The  stoichiometric
powder  mixtures  were  then  thoroughly  homogenized  and
sealed in a quartz tube under vacuum (<10−3 Pa).  The sealed
tube was then heated at 1073 K for 24 h and rapidly cooled to
room temperature by furnace quenching. Next, the synthetic
Sn1-xCuxSe2-yBry samples  were  milled  for  2  hours  at  200  r
min−1 in a ball mill, and the resulting powder was pressed in-
to cylindrical pellets with dimensions of 13.2 × 2 mm3 using a
spark  plasma  sintering  (SPS)  equipment.  The  pellets  were
sintered at 723 K for 5 min under an axial pressure of 50 MPa.
The  resulting  cylindrical-shaped  ingots  were  then  obtained
by cutting the pellets. The thermal conductivity and electrical
properties  of  the  samples  were  measured  along  the  parallel
and  perpendicular  directions  of  the  SPS  pressing  to  enable
proper characterization.

To determine the densities of the SPS-sintered samples, the
Archimedes' principle was employed. The crystal structure of
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the  samples  was  analyzed  using  a  D/max-RB  diffractometer
(Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54 Å) oper-
ating at 40 kV and 40 mA, with a continuous examination rate
of 4° min-1. The lattice constants were obtained through step-
scan X-ray diffraction (XRD) with a  step width of  0.02°,  utiliz-
ing the least  square method.  Prior  to  the step-scan XRD,  the
surfaces  of  the  bulk  samples  were  finely  polished  to  ensure
accurate X-ray peak readings. The morphological characterist-
ics  of  the  samples  were  investigated  using  a  field  emission
scanning electron microscopy (FE-SEM) instrument (LEO 153,
Germany).

The  ZEM-3  Seebeck  coefficient  and  electrical  resistivity
measuring  apparatus  (Ulvac-RiKo,  Japan)  was  used  to  meas-
ure  the  Seebeck  coefficient  and  electrical  resistivity  of  the
samples  as  a  function  of  temperature,  from  308  K  to  767  K.
The Hall  coefficients were obtained at room temperature us-
ing  the  van  der  Pauw  technique  under  a  universal  magnetic
field  of  0.50 T,  utilizing the HL5500PC instrument (Nanomet-
rics).  The  thermal  diffusivity  was  determined  under  argon
flow using the laser flash diffusivity method (LFA467, Netzsch,
Germany).  The  carrier  concentration  (n)  and  carrier  mobility
(µ)  were  calculated  using  the  equations n =  1/(eRH)  and µ =
1/(neρ), respectively, where e is the charge of an electron, and
RH is the Hall coefficient obtained using a four-probe method.
The  total  thermal  conductivity  was  estimated  using  the  ex-
pression κtot = dCpD,  where d, Cp,  and D are the density, spe-
cific  heat,  and  thermal  diffusivity,  respectively.  The  specific
heat (Cp) value was obtained from the literature[40].

 Theoretical details

The electronic band structures and density of  states (DOS)
for Sn1-xCuxSe1.95-yBy (where x = 0, 0.01, 0.015, 0.025, 0.035 and
y = 0.02, 0.03, 0.05, 0.07) were meticulously calculated to gain
a deeper understanding of the material's properties. This was
achieved  using  the  advanced  Vienna  Ab  Initio  Simulation
Package  (VASP)  within  the  framework  of  density  functional
theory  (DFT)[41, 42].  The  calculations  were  carried  out  using
plane-wave  pseudopotential  formalism  and  the  electron-ion
interaction  was  modelled  by  exploiting  the  projector-aug-
mented  wave  (PAW)[43] technique  for  Sn  (4d105s25p2),  Se
(4s24p2), Br (4s23d14p5), and Cu (3d104s1) atoms. To ensure the
accuracy of the results, the wavefunction's cut-off energy was
set  to  600  eV,  and  the  generalized  gradient  approximations
(GGA)[44] with  the  Perdew-Burke-Ernzerhof  potential  (PBE)[45]

were used for the exchange-correlation function. To optimize
the crystal  structures,  the Hellmann-Feynman forces on each
atom were minimized to below 1×10−6 eV Å-1.  Moreover, the
energy  convergence  criterion  was  set  to  1×10−7 eV.  The  su-
percells  of  4×4×2,  consisting  of  32  Sn  and  64  Se  sites,  were
employed to model all structures. In the first step of the calcu-
lation,  a  self-consistent  field  (SCF)  calculation  with  a  Monk-
horst-Pack  k-point  mesh  of  6×6×3  was  performed.  Sub-
sequently,  the  k-point  mesh  was  increased  to  8×8×4  for  the
calculation of the density of states. To plot the electronic en-
ergy bands, a 384 k-point grid was employed.

 Results and discussions

Mechanical  alloying (MA) and spark plasma sintering (SPS)

techniques were employed to synthesize high-quality, n-type
Sn-rich  polycrystalline  SnSe2.  The  anisotropic  characteristics
of SnSe2, which stem from its layered structure, were investig-
ated in both the parallel  and perpendicular  directions to the
SPS  pressing  process.  Additionally,  Cu-Br  onsite  co-doping
has been achieved, with Cu replacing Sb atoms and Br repla-
cing Se atoms. Fig.  2a and 1e present  X-ray diffraction (XRD)
patterns  of  Cu-Br  co-doped  SnSe1.95 samples  synthesized
along parallel  and perpendicular  directions to the SPS press-
ing. For convenience we will denote the doped samples, Sn1-x
CuxSe1.95-yBy (where x = 0.01, 0.015, 0.025, 0.035 and y = 0.02,
0.03, 0.05, 0.07), as CB1, CB2, CB3 and CB4 respectively in the
work.  The  diffraction  peaks  indicate  that  the  synthesized
samples are in a hexagonal phase, consistent with the JCPDS
data  standard  card  (JCPDS  No.  38-1055)  and  previous  re-
search[36]. Fig.  1b,  d shows that  the major  diffraction peak of
SnSe1.95 shifts  towards  higher  2θ with  increasing  Br  and  Cu
contents,  but slightly  shifts  back at x = 0.025 and y = 0.03 in
both  directions  to  the  SPS  pressing.  The  lattice  parameters
were  estimated  using  Bragg's  law  and  the  expression  of d
spacing, dhkl. The observed peak shift can be ascribed to alter-
ations in  the crystal  structure of  the material  induced by the
integration of dopant atoms. These dopant atoms possess the
capability to distort  the lattice owing to disparities in atomic
dimensions,  electronic  characteristics,  or  chemical  bonding.
Consequently,  the  diffraction  peak  experiences  a  displace-
ment  towards  either  higher  or  lower  angles.  At  elevated
dopant  concentrations,  the  lattice  undergoes  a  reorganiza-
tion process aimed at minimizing strain, which ultimately res-
ults in the peak returning closer to its initial position. The re-
fined  lattice  parameters  of  Sn1-xCuxSe1.95-yBry samples  were
achieved by Rietveld refinement using X-ray diffraction data.
The  lattice  parameters  of  the  a  =  b,  c  axes  improve  with  in-
creasing  Cu-Br  co-doping.  After  a  certain  doping  contents,
the  lattice  parameters  shortened  again  which  also  agrees
with patterns of major diffraction peak shifts, as shown in Fig.
1c.  For example,  the lattice parameters of the a-axis SnSe1.95,
CB1,  CB2,  CB3  and  CB4  samples  are  approximately  3.794,
3.799, 3.803, 3.794 and 3.793 Å, respectively.

The  X-ray  diffraction  (XRD)  pattern  exhibits  a  noticeable
shift  in  the  position  of  the  prominent  diffraction  peak.  At
lower doping concentrations, the peak shifts towards a high-
er  angle,  followed  by  a  shift  back  towards  a  lower  angle  at
higher  doping  concentrations.  This  behavior  can  be  attrib-
uted to the alterations in the crystal structure and lattice para-
meters induced by the presence of Cu and Br dopants. The in-
corporation of Cu and Br dopants involves the substitution of
some Sn and Se atoms within the crystal lattice. This substitu-
tion leads to changes in the crystal structure and lattice para-
meters.  Specifically,  at  lower  doping  concentrations,  the  Cu
and  Br  dopants  occupy  the  interstitial  sites  within  the  SnSe2

lattice. This occupation results in lattice expansion and an in-
crease in the lattice parameter.  This  expansion causes a  shift
in  the  major  diffraction  peak  towards  a  higher  angle  in  the
XRD  pattern.  However,  at  higher  doping  concentrations,  the
Cu  and  Br  dopants  also  substitute  some  of  the  Sn  and  Se
atoms in the lattice, leading to a contraction of the lattice and
a  decrease  in  the  lattice  parameter.  This  contraction  causes
the major diffraction peak to shift back towards a lower angle
in the XRD pattern.
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The  field  emission  scanning  electron  microscopy  (FE-SEM)
images  provide  vivid  insights  into  the  surface  topography
and  lamellar  microstructural  features  of  Sn1-xCuxSe1.95-yBry

polycrystals, manifesting along both the parallel and perpen-
dicular  axes  of  spark  plasma  sintering  (SPS)  pressing.  The
evidence supporting these statements is presented in Fig. 2a-
f and  Supplementary  Fig.  S2,  as  described  in  the  supporting
information. Notably, the field emission scanning electron mi-
croscopy (FE-SEM) analysis  allows for  the visualization of  the
structural morphology, revealing distinct crystallographic do-
mains  within  the  synthesized  polycrystalline  samples.  Addi-
tionally, Fig.  2g-j presents  energy-dispersive  X-ray  spectro-
scopy  (EDS)  images  of  a  representative  sample  (CB2).  These
EDS elemental mapping images demonstrate a uniform distri-
bution  of  Cu  and  Br  atoms  throughout  the  scanned  areas,
similar to that of Sn and Se. This implies the successful incor-
poration of Cu and Br dopants into the SnSe2, which is condu-
cive to tuning the electronic and thermoelectric properties of
the material.

The  search  for  high-performance  thermoelectric  materials
has  gained  momentum  in  recent  years,  with  SnSe2 being  a
promising candidate due to its excellent thermoelectric prop-
erties. However, a factor that can significantly affect the ther-
moelectric properties of SnSe2 is the presence of Se vacancies,
which  are  locations  where  Se  atoms  are  missing  from  the
crystal structure. Increasing Se vacancies in SnSe2 can lead to
several  changes  in  its  thermoelectric  properties:  SnSe2 is  an

intrinsic  semiconductor,  meaning it  has a  relatively low elec-
trical conductivity in its pristine form. However, the introduc-
tion of a certain number of Se vacancies can create defects in
the  crystal  structure,  which  acts  as  charge  carriers  and  in-
crease the electrical conductivity. The additional charge carri-
ers  provided  by  Se  vacancies  enhances  the  overall  electrical
conductivity of the material  as shown in Fig 3a. The Seebeck
coefficient  measures  the  ability  of  a  material  to  generate  a
voltage  when  subjected  to  a  temperature  gradient.  With  in-
creasing  Se  vacancies,  the  Seebeck  coefficient  of  SnSe2 may
change.  The  presence  of  defects  alters  the  electronic  band
structure,  leading to modifications in the energy levels  avail-
able for charge carriers and affecting the Seebeck coefficient
as  shown  in Fig  3b.  The  exact  effect  of  Se  vacancies  on  the
Seebeck coefficient depends on the specific  nature and con-
centration  of  the  vacancies.  A  higher  Seebeck  coefficient  in-
dicates a larger voltage output for a given temperature differ-
ence,  which  can  contribute  to  a  higher  power  factor.
However,  the  relationship  between  the  Seebeck  coefficient
and power factor is not straightforward, as other factors such
as electrical conductivity and thermal conductivity also come
into  play.  Se  vacancies  also  influence  the  carrier  concentra-
tion  and  carrier  mobility.  Both  of  these  factors  have  an  im-
pact on the power factor. An increase in carrier concentration,
as  facilitated  by  Se  vacancies,  can  enhance  the  power  factor
by  increasing  the  number  of  available  charge  carriers.  Simil-
arly,  higher  carrier  mobility  can  lead  to  better  electrical  con-
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ductivity  and improved power  factor.  SnSe2 has  low thermal
conductivity as shown in Fig.  3c,  which is  crucial  for  efficient
thermoelectric  performance.  Se  vacancies  can  disrupt  the
crystal lattice and introduce scattering centers for heat-carry-
ing  phonons,  resulting  in  an  additional  reduction  in  thermal
conductivity.  Therefore,  increasing  Se  vacancies  can  poten-
tially  enhance  the  thermoelectric  efficiency  of  SnSe2 by  fur-
ther lowering its thermal conductivity.

It is noteworthy to acknowledge that the specific influence
of selenium (Se) vacancies on the thermoelectric properties of
SnSe2 can  vary  depending on factors  such as  the  concentra-
tion,  distribution,  and characteristics  of  these  vacancies.  Fur-
thermore, the presence of Se vacancies can interact with oth-
er  factors  like  doping or  alloying with  different  elements,  in-
troducing  additional  complexities  that  impact  the  overall
thermoelectric performance of SnSe2. The effect of increasing
Se vacancies  on its ZT value,  the impact  can vary depending
on the specific conditions and characteristics of the vacancies.
Generally, increasing Se vacancies can lead to changes in the
electrical  conductivity,  Seebeck coefficient,  and thermal con-
ductivity,  as  discussed  earlier.  The  combined  effect  of  these
changes  will  ultimately  determine  whether  the ZT value  in-
creases,  decreases,  or  remains  unchanged.  Here,  we  can  ob-
serve that SnSe1.95 exhibits the highest ZT value, specifically in
the perpendicular direction, as depicted in Fig. 3d. Therefore,
this  value  will  be  utilized  for  the  doped  structure  to  further
enhance the thermoelectric properties.

Thus far, our investigation has involved a comparative ana-
lysis of the electrical parameters of SnSe2 and its variations in

both  parallel  and  perpendicular  directions  (refer  to  support-
ing data S3 for the parallel  direction).  This approach was un-
dertaken to identify the optimum level of Sn enrichment and
the  direction  of  Spark  Plasma  Sintering  (SPS)  pressure  that
yield superior outcomes. Our results, depicted in Fig. 3a-d, un-
equivocally  demonstrate  that  SnSe1.95 exhibits  the  most
promising properties in the perpendicular direction, surpass-
ing  all  other  samples.  The  implications  of  these  findings  ex-
tend beyond a comprehensive comprehension of the behavi-
or of thermoelectric materials based on SnSe. They also hold
significance  in  facilitating  the  design  and  optimization  of
more  effective  candidates  and  quantities  of  dopants  for
SnSe2,  thereby further enhancing its thermoelectric perform-
ance.

In the temperature range studied, most of the synthesized
samples of  SnxCu1-xSe1.95-yBry (0  ≤ x ≤ 0.035 and 0 ≤ y ≤ 0.07)
exhibit  semiconductor  behavior  and  are  thermally  sensitive.
In  comparison  to  previous  studies  conducted  by  Kim  et  al.
and Wu et al. with equivalent nominal doping content, larger
values of electrical conductivity (σ) and Seebeck coefficient (S)
have been observed[28, 46].  Moreover, the change in S is more
significant than the change in σ, as shown in Fig. 4a, c. There-
fore,  the  improvement  in  S  can  be  attributed  to  the  heavy
doping  of  Br,  while  maintaining  the  semiconducting  trans-
port  nature[47].  This  increase in  S  is  more advantageous than
the  increase  in σ,  as  the  thermoelectric  efficiency  is  directly
proportional to the power factor, which is represented by S2σ.
Therefore, the sample with x = 0.015 and y = 0.03 exhibits the
highest  power  factor  (PF)  value  up to  795 µW m-1 K-2 in  per-
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Fig. 2    FE-SEM images of the fresh fracture surfaces for the Sn1-xCuxSe1.95-yBry samples along a-c perpendicular and d-f parallel directions to
the  pressing  of  SPS, g-j the  EDX  and  the  equivalent  mappings  for  Sn,  Se,  and  Br  atoms  of  the  representative  doped  compound
(Sn0.085Cu0.015Se1.92Br0.03).

DOI: 10.54227/mlab.20230023

230023 (Page 5 of 12) Materials Lab 2024, 3, 230023



pendicular direction, as illustrated in Fig.  4f,  showing a signi-
ficant enhancement of ~ 250% compared to pure SnSe1.95 at
765 K.  As  the  temperature  increases  beyond 400K,  there  is  a
noticeable  decrease  in  the  thermoelectric  power  factor,
which is  primarily  attributed to  a  reduction in  electrical  con-
ductivity  (σ).  The  PF  along  the  perpendicular  direction  in-
creases vibrantly from 12.5 µW m−1 K−2 for pristine SnSe1.95 to
255.7 µW  m−1 K−2 for  the  Sn0.985Cu0.015Se1.92Br0.03 sample  at
300 K,  respectively.  This behavior is  similar to the conduct of
electric  conductivity  versus  temperature,  thus  PF  for  CB4  is
smaller than that of CB2. For the transport properties for par-
allel direction refer to Fig. S4 of supporting data.

Band engineering has emerged as a promising strategy for
enhancing the thermoelectric (TE) figure of merit  (ZT)  of  ma-
terials. However, achieving a high ZT value is often a complex
and  daunting  task  owing  to  the  interplay  of  competing
factors  that  contribute  to  it.  The ZT value  is  determined  by
several  parameters,  including  the  Seebeck  coefficient,  elec-
trical  conductivity,  and  thermal  conductivity,  which  are
strongly influenced by the charge carrier concentration (n) in
a  counterintuitive  fashion.  Consequently,  optimal  tuning  of
the  carrier  concentration  is  critical  for  maximizing  the ZT
value.  In Fig.  4b,  the  Hall  carrier  concentration  (n)  and  Hall
mobility  (µ)  of  SnxCu1-xSe1.95-yBry (0  ≤ x ≤ 0.035  and  0  ≤ y ≤
0.07) at room temperature are presented as a function of dop-
ing  concentration.  The  data  reveals  a  uniform  increase  in n
from 0.4 to 2.6 ×1018 cm-3 until CB3, followed by a significant
increase.  The  observed  carrier  concentration  is  almost  tem-

perature-independent, indicating a degenerate conduction in
the majority  of  samples  by a  single  band,  which agrees  with
electronic band structure calculations via DFT, as depicted in
Fig.  6a-c.  Using the relationship µ = σ/en,  where e is  the ele-
mentary charge, the mobility (µ) is estimated and plotted as a
function  of  doping  content.  The  sample  CB2  shows  the
highest mobility, which is attributed to its superior crystallin-
ity in comparison to the other samples, as confirmed by XRD
results  in Fig.  1e.  In  contrast  to n, µ decreases  again  beyond
CB3, indicating an increase in the mean free path of the elec-
tron with decreased donor ionization energy, which behaves
as a trap energy level  of  the scatters when x and y are lower
than 0.015 and 0.03,  respectively.  The optimized carrier  con-
centration, nopt increases  with  increasing  doping  concentra-
tion,  and  the  power  factor  also  increases.  The  electrical  con-
ductivity (σ) of n-type doping exhibits a rapid increase as the
carrier  concentration  rises,  indicating  a  transition  from  semi-
conductor-like  behavior  to  metal-like  behavior.  The  power
factor  (PF),  which  is  defined  as  the  square  of  the  Seebeck
coefficient  (S)  multiplied  by  the  electrical  conductivity  (σ),
serves as a crucial parameter when searching for new thermo-
electric  materials  with  high  output  power.  In  the  case  of  n-
type Cu-Br co-doped SnSe1.95, the dependence of PF on carri-
er concentration is illustrated in Fig. 4e, and it is observed that
the  maximum  PF  value  corresponds  to  the  optimal  carrier
concentration.  Light  electronic  bands  with  small  effective
mass require a low content of dopants to optimize the power
factor,  while  heavy  band  materials  demand  higher  carrier
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Fig. 3    Electrical transport properties for all the SnSe2-x (x = 0.05, 0.010, 0.15) samples, i.e. electrical conductivity, Seebeck coefficient as a func-
tion of temperature. a, b Thermal conductivity and ZT values as a function of temperature c, d along the perpendicular direction to SPS press-
ing.
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concentrations. The PF values for CB3 reach the maximum at
a carrier concentration of 12 × 1018 cm−3.

Precise  determination  of  the  effective  mass  of  the  density
of  states  (md*)  holds  paramount  importance  in  the  realm  of
thermoelectric  materials  research,  as  it  enables  the  formula-
tion of advanced strategies for material  design and develop-
ment.  This  is  due  to  the  temperature-dependent  transport
properties of  these materials,  which enable the computation
of  md*  using the single  parabolic  model  (SPB)[8].  The density
of  states  effective  mass  (DOS)  is  a  band  parameter  that
primarily  regulates  the  density  of  electronic  states  in  a  para-
bolic band. In the context of acoustic phonon scattering, the
DOS effective mass is equivalent to the md* computed from S
and n. Precise estimation of md* necessitates the fitting of the

|s| =
8π2k2

b

3eh2

(
π

3n

)23
m∗T

n-dependent S calculations to the SPB model, which is a com-
plex numerical computation. Therefore, estimating md* using
the SPB model is a complicated process that involves numer-
ical calculations. Alternatively, a simple equation that interre-
lates S, n,  and  md*  has  been  widely  employed  to  estimate

md*[45], .  This  equation  must  be  used

with caution as it is only valid for metals or degenerate semi-
conductors.  Consequently,  we  have  utilized  this  equation  to
obtain the effective mass of the SnSe2-based samples. A signi-
ficant increase in md* has been observed with the increase in
Cu-Br  doping,  consistent  with  previously  reported  values[46],
as  demonstrated in Fig.  4d,  which could potentially  enhance
the  power  factor  optimization. Fig.  4d also  depicts  the  vari-
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Fig.  4    Electrical  transport  properties for  all  the Sn1-xCuxSe1.95-yBry samples along perpendicular  direction. a Electrical  conductivity. b Carrier
concentration and mobility versus doping content. c Seebeck coefficient, as a function of temperature. d Effective mass and Edef versus doping
content. e Power factor as a function of carrier concentration and f Power factor versus temperature.
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ation of deformation energy (Edef) as a function of Cu-Br dop-
ing  level.  The  data  reveals  that  the  effective  mass  values  ex-
hibit  an  increasing  trend  with  increasing  doping  content.  In
contrast, Edef shows a decreasing trend with increasing Cu-Br
doping.  These  trends  indicate  a  coupling  between  the  See-
beck coefficient and electrical conductivity, which can poten-
tially enhance the power factor of the material.

The electronic band structure of a material describes the ar-
rangement and distribution of  allowed energy levels,  known
as  bands,  for  electrons  within  the  material's  solid  lattice.  It
provides valuable insights into the material's electronic prop-
erties, such as its electrical conductivity, thermal conductivity,
and thermoelectric  behavior.  The density of  states (DOS) is  a
fundamental concept that quantifies the number of electron-
ic states available within a specified energy range. It serves as
a  crucial  measure  for  analyzing  and  understanding  the  elec-
tronic  characteristics  of  a  material.  The  band  structure  and
density  of  states  are  essential  tools  for  comprehending  and
predicting  various  properties  and  behaviors  of  materials  at
the electronic level. SnSe2 has been found to possess a multi-
valley  electronic  band  structure  akin  to  Bi2Te3

[48],  where  the
conduction band minimum (CBM) and the valence band max-
imum  (VBM)  have  a  degeneracy  number  of  N  =  6.  The  high
valley  degeneracy  results  in  a  potentially  high  density-of-
states  effective  mass  (m*

d)[49],  which  in  turn  leads  to  low
thermal  conductivity[25, 50].  In  this  study  case,  we  used  first-
principles  calculations  to  investigate  the  effect  of  Cu  and  Br
co-doping  on  the  electronic  properties  of  Sn-rich  SnSe2. Fig.

5a shows that pure SnSe2 is an indirect semiconductor with a
bandgap  of  0.72  eV,  consistent  with  previous  experimental
studies[28].  The conduction band minima (CBM) bandwidth is
wider  than  that  of  the  valence  band  maxima  (VBM),  indicat-
ing that n-type conduction is more advantageous than p-type
conduction  in  SnSe2,  as  evidenced  by  the  negative  S  values.
We  found  that  the  enrichment  of  Sn  caused  decrease  in  the
bandgap and introduction of Cu and Br on Sn and Se sites re-
spectively,  caused further  decrease in  the bandgap,  which is
the energy difference between the CBM and VBM as shown in
Fig. 5b, c. The increase in thermoelectric performance can be
attributed to the creation of additional electronic states with-
in  the  bandgap  by  the  substituted  atoms.  These  additional
states effectively lower the energy required for electron trans-
itions  from  the  valence  band  to  the  conduction  band.  Fur-
thermore,  our observations revealed an increase in band de-
generacy  in  the  Sn-rich  and  doped  materials,  resulting  in  an
increased effective mass of the density of states. The effective
mass refers to the apparent mass of an electron within a crys-
tal, influenced by its interactions with the surrounding atoms.
The  effective  mass  is  associated  with  the  curvature  of  the
electronic  bands  near  the  Fermi  level,  and  a  larger  effective
mass typically corresponds to a higher Seebeck coefficient. In
doped  semiconductors,  the  Fermi  level  shifts  either  towards
the conduction band or the valence band, depending on the
type of doping, in order to maintain charge neutrality. In the
case of SnSe1.95, the observed shift of the Fermi level towards
the  conduction  band  indicates  the  presence  of  holes  result-
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Fig. 5    a-c Electronic band structures for the SnSe2, SnS1.95 and CB2 crystal structures. d-f Total and projected density of states of the samples.
The calculations have been done by DFT using VASP.
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ing from the transfer of electrons from the Br atoms. The high
degree of band degeneracy of n-type SnSe2 is significant be-
cause  it  suggests  that  there  is  room  for  further  optimization
of  this  material  for  thermoelectric  applications.  Additionally,
Fig.  5e-f provides  plots  of  the  total  and  projected  electronic
density  of  states  (DOS  and  PDOS)  for  all  relevant  structures.
These diagrams clearly illustrate that the Fermi level has shif-
ted  towards  the  conduction  band,  which  is  a  common  fea-
ture of doped semiconductors. This shift is essential for main-
taining  charge  neutrality  and  conserving  the  number  of
particles,  and  it  occurs  here  due  to  the  transfer  of  electrons
from Cu and Br atoms, which generates holes. It is known that
the Seebeck coefficient (S) is directly proportional to the vari-
ation in density of states with respect to energy at the Fermi

level. The asymmetry in the DOSs near the Fermi level is relat-
ively uniform for most doping concentrations, and as a result,
the  variation  in  S  is  not  significant  despite  the  significant
change  in  carrier  concentration.  The  reduction  in  the
bandgap  of  SnSe2 to  0.081  eV  after  Br  and  Cu  co-doping  as
shown Fig. 5c can be attributed to the introduction of impur-
ity states within the bandgap. The incorporation of Br and Cu
atoms  into  the  SnSe2 crystal  lattice  creates  additional  elec-
tronic states, leading to a modification of the electronic band
structure.  This  modification  results  in  a  narrower  bandgap
compared to pristine SnSe2.  The phenomenon of bipolar dif-
fusion, where both electrons and holes contribute to electric-
al conduction, can occur in materials with a narrow bandgap.
When  the  bandgap  is  reduced,  the  energy  barrier  for  elec-
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Fig.  6    Thermal  conductivity  for  all  the  pure  and  Br-doped  samples  along  the  perpendicular  direction  to  the  SPS  pressure. a and b Total
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tron-hole  pair  formation  decreases,  enabling  the  simultan-
eous movement of electrons and holes, leading to bipolar dif-
fusion[51].  As  for  the  thermal  conductivity,  it  is  important  to
note  that  in  the  case  of  SnSe2,  the  reduction  in  bandgap
alone  may  not  directly  influence  the  thermal  conductivity.
The  thermal  conductivity  of  a  material  depends  on  various
factors  such  as  lattice  vibrations  and  phonon  scattering
mechanisms.  While  the  bandgap  narrowing  may  affect  the
electronic properties and charge transport, it does not neces-
sarily  result  in  a  significant  change  in  thermal  conductivity.
This  indicates  that  the  material's  thermoelectric  properties
may not be drastically affected by changes in doping concen-
tration,  making  it  a  promising  candidate  for  use  in  thermo-
electric devices.

Fig. 6 presents thermal conductivity curves with respect to
temperature  in  the  perpendicular  direction,  indicating  a  lin-
ear relationship between temperature and both total thermal
conductivity  (κ)  and  lattice  thermal  conductivity  (κLatt)  for  all
Cu-Br  co-doped  samples.  Both κLatt and κ decrease  signific-
antly  with  increasing  temperature  for  all  samples.  The  elec-
tronic thermal conductivity (κele) is much lower than κLatt, and
the  lattice  thermal  conductivity  is  almost  equal  to  the  total
thermal  conductivity,  suggesting  that  phonons  contribute
significantly to thermal transport. These effects lead to lower
lattice thermal conductivity in doped samples. Previous stud-
ies  have  indicated  that  the  thermal  conductivity  of  SnSe2 is
primarily dependent on phonon conduction. The reduction in
thermal  conductivity  observed  in  Cu-Br  co-doped  SnSe1.95 is
attributed  to  the  dopant-related  alteration  in  the  phonon
spectra,  which provides a  new avenue for  phonon engineer-
ing  of  polycrystalline  TE  materials.  The  impact  of  electronic
thermal  conductivity  is  minimal  due  to  the  smaller  values  of
electrical  conductivity.  As  the  temperature  increases,  the  av-
erage free path of phonons in the lattice decreases, resulting
in a reduction in thermal conductivity.  The thermal conduct-
ivity  curves  versus  temperature  in  the  perpendicular  direc-
tion  exhibit  a  nearly  linear  dependence  on  temperature  and
decrease significantly with increasing temperature for all  Cu-
Br  co-doped  samples.  In Fig.  6e,  the 1000/Temperature-de-
pendent  lattice  thermal  conductivity  of  Sn1-xCuxSe1.95-yBy
(where x = 0, 0.01, 0.015, 0.025, 0.035 and y = 0.02, 0.03, 0.05,
0.07) is plotted along the perpendicular direction of SPS pres-
sure.  The  linear  relationship  observed  in  the  figure  suggests
that  the  Umklapp  phonon  scattering  phenomenon  domin-
ates  the  scattering  of  phonons[52, 53].  In  the  supporting  in-
formation  S5,  it  is  evident  that  there  is  a  substantial  differ-
ence between the values of total thermal conductivity in both
directions,  especially  for  the  doped structures.  The  observed
significant  difference  in  thermal  conductivity  between  the
two directions indicates a strong anisotropy between them.

The ZT values for all samples of Sn1-xCuxSe1.95-yBy (where x =
0,  0.01,  0.015,  0.025,  0.035  and y =  0,  0.02,  0.03,  0.05,  0.07)
were estimated by utilizing the measured values of σ, S, and κ,
and plotted in Fig. S5 and Fig. 6f for both parallel and perpen-
dicular  directions,  respectively.  The  results  demonstrate  that
the ZT along the perpendicular  direction is  greater than that
along the parallel direction, and this difference increases with
the  level  of  Cu-Br  co-doping,  indicating  a  strong  anisotropy.
The ZT values  exhibit  notable improvement as  a  result  of  in-
creasing  Cu-Br  doping,  primarily  attributed  to  the  enhance-
ment of the power factor, as illustrated in Fig. 4f. Specifically,

for  CB2,  the  maximum ZT value  of  0.46  in  the  perpendicular
direction  was  achieved  at  765  K,  representing  an  approxim-
ately 2.5-fold increase compared to pure SnSe1.95 (ZT = 0.19).
This finding suggests that co-doping in the perpendicular dir-
ection  yields  superior  thermoelectric  performance.  Con-
versely,  in  the  parallel  direction,  the ZT value  for  the  same
doping and temperature is significantly lower, specifically 0.3.
Our investigations have found that the optimization of carrier
concentration through the co-doping of  Cu and Br upon Sn-
rich SeSe2 can significantly enhance the ZT value. The highest
ZT value of 0.46 at 748 K for the CB2 sample is more signific-
ant than most reported single and polycrystalline SnSe2

[36, 37,

54] at the same temperature range, including those that were
Br-doped, Br-co-doped and Br-doped combined with intercal-
ated Cu in layers. [28, 46]

 Conclusions

SnSe2 has emerged as a promising thermoelectric material
due to its desirable attributes such as excellent thermal stabil-
ity  and  low  toxicity.  However,  its  inherent  poor  thermoelec-
tric  performance  has  hindered  its  practical  applications.  To
address this  limitation,  we have devised a novel  approach in
this  study,  combining  mechanical  alloying  (MA)  and  spark
plasma  sintering  (SPS)  techniques,  to  synthesize  n-type  Sn-
rich  Cu-Br  co-doped  SnSe2 polycrystals.  Through  careful  op-
timization  of  the  substitutional  doping  process,  we  have
achieved  an  optimized  material  for  further  enhancements.
The introduction of co-doping has resulted in a significant in-
crease in carrier concentration, thereby greatly improving the
thermoelectric  performance  of  SnSe2.  Notably,  the  power
factor,  which  quantifies  the  combination  of  electrical  con-
ductivity  and  Seebeck  coefficient,  has  been  increased  to  ap-
proximately 795 µW m−1 K−2 at  765 K,  primarily  attributed to
the Cu-Br co-doping. Density functional theory (DFT) calcula-
tions have been employed to investigate the electronic band
structure and density of states, revealing a reduced bandgap
and increased degeneracy.  These findings  provide theoretic-
al support for the observed enhancement in the thermoelec-
tric  properties of  the Cu-Br co-doped Sn-rich SnSe2 polycrys-
tals. Finally, we have achieved a maximum figure of merit (ZT)
value of 0.46 at 765 K for the Sn0.985Cu0.015Se1.92Br0.03 sample,
measured  perpendicular  to  the  SPS  pressing  direction.  This
value  is  nearly  three  times  higher  than that  of  pure  SnSe1.95,
clearly  demonstrating the improved thermoelectric  perform-
ance achieved through co-doping of SnSe2 polycrystals.
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