
 

High performance of n-type thermoelectric material
AgInSe2 originated from strong acoustic phonon scat-
tering
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Our work
The chalcopyrite system, which consists of ABC2 (where A can be Cu
or Ag, B can be Ga or In, and C can be Se or Te), has potential uses in
thermoelectric  applications.  However,  the  lack  of  high-perform-
ance n-type chalcopyrite thermoelectric has hindered their practic-
al  application.  This  study  presents  a  new  method  for  inhibiting
cation vacancy in AgInSe2, achieved through the addition of excess-
ive amounts of Ag and Br doping, which further increases electron-
ic concentration. The resulting n-type material, Ag1.03InSe1.99Br0.01,
exhibited  superior  thermoelectric  performance  at  high  temperat-
ures,  with  a ZT of  1.2  at  900  K  and  an  average ZT of  0.75  within  a
temperature range of 600-900 K. The remarkable thermal perform-
ance  of  this  material  is  mainly  due  to  its  extremely  low  lattice
thermal conductivity, which is attributed to the quartic anharmon-

icity and nondispersive phonon dispersion relation. These findings provide new insights into developing high-perform-
ance n-type chalcopyrite thermoelectric for practical use in energy conversion technologies.
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T hermoelectric  technology,  which  involves  the  con-
version of  heat  into  electrical  power  and vice  versa,
has  gained  significant  attention  as  a  potential  solu-

tion  to  global  energy  issues.  Thermoelectric  devices,  includ-
ing refrigeration and power generation devices, have several
attractive features, such as being noiseless, low-maintenance,
emission-free,  and  reliable.  The  efficiency  of  thermoelectric
devices is  proportional  to the figure of  merit  ( ),
where the , ,  are the Seebeck coefficient, electrical con-
ductivity,  and  thermal  conductivity,  respectively.[1] The  total
thermal  conductivity κ can  be  described  by  the  formula:

,  where  the  and  is  electronic  thermal  con-
ductivity and lattice thermal conductivity,  respectively.  Addi-
tionally,  the  and  obey the Wiedemann-Franz law, indic-
ating a coupling relationship between electrical  and thermal
parameters [2].

To explore the decoupling of electronic and thermal trans-
port  in  thermoelectrics,  a  number  of  strategies  have  been

proposed  to  improve  thermoelectric  performance.  These  in-
clude  defects  manipulation,  energy  band  convergence,
strong spin-orbit coupling, strain, heterojunctions, nanostruc-
tures, and entropy engineering[3].  Among these methods, re-
ducing lattice  thermal  conductivity  is  the  most  effective.  For
instance,  low  lattice  thermal  conductivity  in  room  temperat-
ure  (RT)  thermoelectric  Bi2Te3 can  be  achieved  through  the
use  of  dense  dislocation  arrays[4].  Ultralow  lattice  thermal
conductivity  of  medium-temperature  thermoelectric  chalco-
genides  can  be  induced  by  high  entropy,  and  the  lattice
thermal  conductivity  of  high-temperature  thermoelectric
SiGe alloys can be substantially reduced by employing nano-
structures[5].  Recently,  a  group  of  chalcopyrite  ABC2 com-
pounds  (where  A  =  Cu,  Ag;  B  =  Ga,  In;  and  C  =  Se,  Te)  have
drawn  the  attention  of  thermoelectric  scientists  due  to  their
low  lattice  thermal  conductivity.  Examples  of  these  com-
pounds include CuInSe2 (3.9 W m−1 K−1 at RT)[6], CuGaTe2 (6.1
W  m−1 K−1 at  RT)[7],  CuInTe2 (5.8  W  m−1 K−1 at  RT)[8],  AgInSe2

(1.0 W m−1 K−1 at RT)[9], AgGaTe2 (1.1 W m−1 K−1 at RT)[10], and
AgInTe2 (1.4 W m−1 K−1 at RT)[8]. Among the chalcopyrite com-
pounds, Ag-based chalcopyrites exhibit lower lattice thermal
conductivity,  and  AgInSe2 has  a  much  lower  lattice  thermal
conductivity  than  other  chalcopyrite  compounds  due  to  the
weak  chemical  bonds  in  Ag-based  chalcopyrites,  which  res-
ults  in  a  lower  sound  velocity  and  enhanced  Umklapp  pro-
cess[8,10].

The  attainment  of  desirable  thermoelectric  properties
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heavily relies on maintaining a low lattice thermal conductiv-
ity. The AgInSe2 chalcopyrite has emerged as a prominent re-
search  material  for  its  low  lattice  thermal  conductivity[9,11,12].
Three-phonon  (3ph)  scattering,  including  the  normal-mode
process and Umklapp process, is generally considered to play
a dominant role in thermal transport[13],  however,  the theory
only  includes  3ph  scattering  usually  overestimate  the  lattice
thermal  conductivity  of  many  traditional  thermoelectric  ma-
terials (including AgInSe2)[14-17]. Despite the number of ongo-
ing  research,  the  fundamental  explanation  behind  the  low
thermal conductivity is yet to be fully understood. Our previ-
ous research has shown that AgCrSe2,  another Ag-based ma-
terial  characterized  by  low  lattice  thermal  conductivity  with
weakly Ag-bonded rattling constituents, exhibits strong four-
phonon (4ph) scattering[12]. It inspires us to consider whether
AgInSe2, a material with similar composition and low thermal
conductivity,  may  also  exhibit  strong  4ph  scattering.  In  this
study, our anharmonic lattice dynamics calculations and ana-
lysis of AgInSe2 reveal that the strong localized phonon coup-
ling is indeed due to 4ph interactions of low-frequency phon-
ons  in  thermal  transport.  Including  4ph  interaction,  the  lat-
tice  thermal  conductivity  of  AgInSe2 has  been  successfully
predicted. We have found the impact of low-frequency optic-
al phonons on thermal transport and resolve the issue of seri-
ous  overestimation  caused  by  3ph  interaction  on  lattice
thermal conductivity in this work (which even led to the the-
oretical  prediction  value  being  more  than  twice  the  experi-
mental value)[18-21].

 Materials and methods

 Synthesis
The  AgInSe2 samples  were  synthesized  by  mixing  ele-

ments (High-purity Ag (99.999%),  In (99.999%),  Se (99.999%),
and Br (99.999 %)) in stoichiometric proportions and reacting
in a  molten state,  then spark  plasma sintering into bulk.  The
total mass of each sample was about 8 g. The specific process
is as follows: The mixtures of elements were sealed in evacu-
ated  silica  tubes  and  heated  to 1323 K  at  100  K  h−1,  kept  at
this  temperature  for  12  h,  and  quenched  in  cold  water  to
room temperature; The samples were then annealed at 673 K
under vacuum for 12 h before cooling to room temperature.
The  annealed  ingots  were  crushed,  and  ground  into  a  fine
powder, followed by spark plasma sintering at 773−823 K un-
der  a  pressure  of  50  MPa  for  5  min  to  obtain  densified
samples.

 Measurement details
X-ray Diffraction: The obtained samples were analyzed by

powder  X-ray  diffraction  on  a  Rigaku  smart  lab  system  at  45
kV and 200 mA with Cu Kα radiation (LKα1 = 1.540593 Å, LKα2 =
1.544414 Å) at a scan rate of 2° min−1 and a step size of 0.020°.

Electron  Microscopy: STEM  experiments  were  conducted
on  a  Thermofischer  Themis  G2  60-300  electron  microscope
under 300 kV. The convergence angle is 30 and the collection
angle is 60-200 mrad, respectively. EDS mapping was conduc-
ted using a Super-X EDX detector.

Electronic Transport Measurements: For all samples (~2 ×
2  ×  8  mm3),  the  electrical  resistivity  and  Seebeck  coefficient
were simultaneously measured using a ZEM-3 system (Ulvac-

Riko, Japan) under a helium atmosphere from 300 to 900 K.
Thermal Transport Measurements: The thermal conduct-

ivity was calculated with the relationship κ=ρλCp. The density
ρ was  determined  using  the  dimensions  and  mass  of  the
samples, respectively. The specific heat capacities and the dif-
fusivities λ were measured using pellets cut and polished into
square shapes of ~6×6×1.0 mm3 and with the laser flash dif-
fusivity  method  by  LFA-457  (Netzsch,  Germany),  using  the
Pyroceram 9606 as a calibration standard.

Hall Measurements: The carrier concentration values were
measured  by  the  Van  der  Pauw  method  with  an  HMS-5500
Hall  measurement  system  under  a  static  magnetic  field  of
0.56 T.

 Computational details
In this study, electrical properties were calculated based on

the crystal cell (16 atoms: 4 Ag, 4 In, and 8 Se/Br) within a 7 ×
7 × 3 mesh. The Perdew-Burke-Ernzerhof (PBE) with the gen-
eralized  gradient  approximation  (GGA)[22] was  used  for  ex-
change and correlation energy in structural optimization and
band structure computations. In the Vienna Ab-initio Simula-
tion Package (VASP)[23–26], the hybrid functional HSE06[27, 28] is
further  utilized  to  estimate  the  energy  band.  The  cutoff  en-
ergy for the wave function is  400 eV.  To simplify the calcula-
tion, the phonon transport is calculated based on the original
cell (8 atoms: 2 Ag, 2 In, and 4 Se). The anharmonic lattice dy-
namics  of  AgInSe2 were  calculated  using  temperature-de-
pendent  effective potential  (TDEP)[29,30].  An energy cut-off  of
400  eV  was  used  throughout  Ab  initio  molecular  dynamics
simulation.  During  molecular  dynamics  simulation,  lattice
parameters  of  a  2  × 2  × 4 supercell  with 128 atoms were re-
laxed  until  the  external  pressure  is  smaller  than  0.05  GPa.
Then  the  results  from  molecular  dynamics  simulation  were
used  to  determine  2nd,  3rd,  and  4th  order  force-constants
(IFCs)  by  TDEP.  The  cut-offs  for  the  2nd,  3rd,  and  4th  order
IFCs are 8.0 Å, 7.0 Å, and 4.5 Å, respectively.

τ−1
3ph

τ−1
4ph τ−1

Lattice thermal conductivity for 3ph scattering  was ob-
tained by the Peierls-Boltzmann transport equation for phon-
ons on a 26 × 26 × 26 mesh, as implemented in the software
TDEP[31]. Since the full solution of the 4ph transport equation
needs  expensive  calculations,  the  4ph  scattering  process  is
accounted  for  in  a  non-self-consistent  way.  The  4ph  scatter-
ing  rate was added to the total scattering rate  as:

τ−1 = τ−1
3ph+τ

−1
4ph. (1)

The  calculation  of  4ph  was  carried  out  by  interpolation
method on an initial 6 × 6 ×6 mesh.

 Results and discussion

I4
−
2 d

AgInSe2 is a semiconductor with a tetragonal structure and
a wide bandgap of approximately 1.2 eV, which makes it suit-
able for various applications such as thermoelectricity, photo-
voltaic  generation,  and  optical  engineering[32,33].  The  crystal
structure of AgInSe2 is diamond-like, with each Se atom bon-
ded  to  two  other  elements  Ag  and  In.  The  space  group  of
AgInSe2 is  as  shown in Fig.  1a.  The difference in  bond
lengths between Ag-Se and In-Se provides a basis for the di-
versity  of  electron  and  phonon  transport  properties [8].  The
carrier concentration of undoped AgInSe2 at room temperat-
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ure is relatively low, ~1.3 × 1013 cm−3, resulting in low electric-
al conductivity of 10−3 S cm−1[34]. Due to the wide bandgap of
AgInSe2,  free  carriers  are  difficult  to  be  excited  in  electronic
transport.  Furthermore,  most  chalcopyrites  are  naturally  p-
type due to cation vacancy, making it difficult to achieve high
thermoelectric  performance  and  n-type  thermoelectric  ap-
plications[9].  One  approach  to  improve  the  conductivity  of
AgInSe2 is  through  Ag  doping[34].  As  Figure  S1  shows,  com-
pared  with  the  experiment  data  of  AgInSe2 without  excess
Ag,  the  electrical  conductivity  of  Ag1.03InSe2 is  much  higher,
and the total thermal conductivity is lower. The resulting lar-
ger ZT values in a temperature range of 300-900 K mean that
our  strategy  of  3%  Ag  over-doping,  is  effective.  To  improve
the conductivity of AgInSe2, 3% Ag over-doping is applied to
each sample. This approach provides more electronic concen-
tration than undoped AgInSe2.  The extranuclear  5s electrons
in  Ag  provide  extra  electronic  carriers  for  the  whole  system,
resulting in a carrier concentration of 9.0 × 1015 cm−3 at room
temperature for Ag1.03InSe2. This concentration is about three
orders  of  magnitude  higher  than  that  of  undoped  AgInSe2,
which  means  that  over-doping  Ag  is  a  very  effective  ap-
proach to improve the carrier concentration. In several n-type
thermoelectric materials, the addition of Br dopants has been
found to enhance the electronic concentration in chalcogen-
ide  compounds  like  SnS[35],  SnSe[36],  SnSe2

 [37], PbTe[38],  and
AgBiSe2

[39].  Thus,  we  introduced  Br  doping  into  Ag1.03InSe2

and  synthesized  a  series  of  samples  with  varying  Br  content
(x= 0, 0.01, and 0.02) by mixing the elements in stoichiomet-
ric  proportions  and  then  reacting  them  in  the  molten  state.

The  resulting  mixtures  were  consolidated  into  bulk  using
spark  plasma  sintering.  The  powder  X-ray  diffraction  (XRD)
patterns  of  the  synthesized  samples  were  recorded  at  room
temperature  and  are  presented  in Fig.  1b.  According  to  the
PDF card (#No. 35-1099) of AgInSe2,  the secondary phase Ag
is found in our sample. Scanning transmission electron micro-
scopy high-angle annular dark field (STEM HAADF) images are
shown in Fig. 1c, the STEM images reveal the presence of sec-
ondary  phase  precipitates  homogeneously  distributed
throughout the matrix, with a size ranging from 500 nm to 2
µm. Energy-dispersive X-ray (EDX) spectroscopy analysis con-
firms that these precipitates consist mainly of Ag, with minor
amounts  of  In  and  Se,  thus  verifying  that  the  synthesized
samples meet our desired specifications.

Our  study  also  investigates  the  effect  of  Br  doping  on
AgInSe2 using  ab  initio  calculations.  The  electronic  band
structures  of  AgInSe2 and  Br-doped  AgInSe1.75Br0.25 are  dis-
played  in Fig.  2a and 2b,  respectively.  Both  have  a  direct
bandgap  at  the Γ high  symmetry  point,  with  the  valence
band maximum (VBM) and conduction band minimum (CBM)
determined  through  calculation.  The  bandgap  of  AgInSe2 is
approximately 0.77 eV, which is lower than the experimental
value  due  to  ab  initio  calculations'  tendency  to  underestim-
ate the bandgap. While our model's precision may not be suf-
ficient to determine the actual solid solubility of Br, our qualit-
ative analysis shows that Br doping introduces the change of
Fermi energy and enhances electronic concentration. We cal-
culated the effective mass of holes and electrons by fitting a
parabola to the CBM and VBM, respectively. The projected en-
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ergy  band  diagram  of  CBM  (Fig.  2c)  indicates  an  isotropic
electronic effective mass of 0.16  in both a and c directions,
where  denotes  electronic  mass.  The  CBM  in  AgInSe2 has
only one valley, and the conduction band energy valley is iso-
tropic,  enabling  the  single  parabolic  band  model  to  explain
electronic  transport  properties [40].  The  effective  mass  of  the
hole, as shown in Fig. 2d, is slightly anisotropic. The values of

 and  are 0.79 and 0.62 , respectively, which are rel-
atively larger than those of the electron. Using the electronic
effective mass for  n-type AgInSe2 at  300 K is  1.2  × 1018 cm−3

(details are provided in the Supplementary Information).
Fig.  3 displays  the  electronic  transport  properties  of

Ag1.03InSe2−xBrx (x= 0, 0.01, and 0.02). The comparison of oth-
er  sample  results,  Ag1.03InSe2−xBrx (x=  0.005,  0.015),  and  the
thermal and electrical transport properties of AgInSe2 without
excess  Ag  are  shown  in  Fig.  S1.  Ag1.03InSe1.99Br0.01 and
Ag1.03InSe1.98Br0.02 exhibit higher room temperature (RT) elec-
trical conductivity, with values of 3.9 and 4.3 S cm−1, respect-
ively,  compared  to  Ag1.03InSe2 (~1.6  ×  10−3 S  cm−1).  This  in-
crease in conductivity is due to the increase in electronic con-
centration  and  mobility.  The  electronic  concentration  of
Ag1.03InSe2−xBrx (x= 0.01 and 0.02) at RT is 1.4 × 1017 and 4.3 ×
1017 cm−3,  respectively.  The  relationship  curves  for  the  See-
beck  coefficient  and  carrier  concentration  are  shown  in Fig.
3c,  and  the  fitted  electronic  effective  mass  and  relaxation
time  values  are  presented  in Table  1.  Comparing
Ag1.03InSe1.99Br0.01 and Ag1.03InSe1.98Br0.02,  the relaxation time
remains  virtually  unchanged  with  increasing  Br  doping  con-
centration,  implying  that  the  decrease  in  mobility  is  mainly
caused by the increase in effective mass. The Seebeck coeffi-
cient values for Ag1.03InSe2−xBrx (x= 0.01 and 0.02) at RT are 3.0
× 102 and 3.6 × 102 µV K−1, respectively. The absolute value of
the  Seebeck  coefficient  |S|  for  Ag1.03InSe2 decreases  with  an
increase in Br content (Fig. 3c). Additionally, |S| for Ag1.03InSe2

sharply  decreases  in  the  temperature  range  of  300−400  K,
which is a typical characteristic of two-band model dominant

intrinsic  semiconductors  with  a  dramatic  shift  in  Fermi  en-
ergy,  in  general.[41] However,  our  DFT  calculated  band  struc-
ture  has  shown  that  there  is  only  one  valley  on  CBM,  which
means the shift of Fermi energy has little contribution to elec-
trical  transport  properties.  Here,  excess  Br  introduces  many
defects,  which  may  enhance  the  energy-filtering  effect.  The
electrons with lower energy are scattered by the defect barri-
er,  only  the electrons with high energy will  cross  the barrier,
resulting in an increasing absolute value of the Seebeck coef-
ficient. Compared to the results of the 1 % Br-doping sample,
the  electronic  effective  mass  is  enhanced  due  to  the  strong
energy-filtering effect after 2 % doping, simultaneously. In ad-
dition,  the PF of  Br-doped  Ag1.03InSe2 is  significantly  en-
hanced with a maximum value of 5.37 µW cm−1 K−2 at  900 K
for  Ag1.03InSe1.99Br0.01.  The  measured  data  indicate  that  Br
doping can increase electronic concentration and conductiv-
ity, which is consistent with our ab initio calculation results.

κ

κe

κe = LTσ

Fig.  S1  displays  the  temperature-dependent  total  thermal
conductivity of  all  samples.  The  total  thermal  conductivity
comprises  mainly  two  components,  electronic  and  lattice
thermal  conductivity.  The  electronic  thermal  conductivity 
is  determined  by  the  Wiedemann-Franz  relationship,

,  where L denotes  the  Lorenz  number.  The  lattice
thermal conductivity (Fig. 4a) obtained for all  samples exhib-
its  similar  RT  values  of  approximately  0.85  W  m−1 K−1,  which
suggests  that  Br  doping  has  a  weak  effect  on  thermal  trans-
port. Compared to other conventional thermoelectric materi-
als,  such as Bi2Te3 (0.7 W m−1 K−1),  PbTe (0.8 W m−1 K−1),  and
SnSe (1.3 W m−1 K−1), AgInSe2 demonstrates relatively low lat-
tice thermal conductivity.

To further  investigate the origin  of  the low lattice  thermal
conductivity of AgInSe2,  the phonon dispersion at 300 K was
calculated,  as  illustrated  in Fig.  4b.  Low-frequency  optical
phonons were observed around 4 meV, which partially over-
lap with the acoustic phonons. Many avoided-crossing points
were  identified  between  the  low-frequency  optical  phonons
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and acoustic phonons along the path from the zone center Γ
point  to  the  boundary  of  the  Brillouin  zone,  leading  to  a
strong  coupling  effect  between  phonons.  Furthermore,  the
acoustic  branch  and  low-frequency  optical  branch  display
many  flat  dispersions,  providing  significant  4ph  scattering
phase  space.  The  localized  low-frequency  acoustic  phonon
also  implies  low  group  velocities.  These  nondispersive  low-
frequency phonon dispersions are highly significant and sug-
gest  that  strong  phonon  coupling  excites  not  only  3ph  but
also  4ph  interaction  in  thermal  transport.  Fig.  S2  vividly
demonstrates  the  3ph  and  4ph  scattering  processes.  In  3ph
scattering processes, two phonons ( and ) combine to cre-
ate  a  new phonon ( ).  According to  the  law of  energy  con-
servation  ( where  is  reduced  Planck  con-
stant and ω is phonon frequency), the newly generated phon-
on  energy  must  be  higher  than  or .  This  results  in
limited 3ph scattering when there is no higher energy phon-
on branch (dashed in Figure S2). However, in the 4ph scatter-
ing  recombination  processes,  two  phonons  ( and )  com-
bine into two new phonons( and ),  are permitted.  If  two
phonon branches are parallel, both the laws of energy conser-
vation  ( )  and  momentum  conserva-

k1+ k2 = k3+ k4+Gtion (  where G is a reciprocal lattice vector)
are  met.  As  a  result,  the  cumulative  4ph  scattering  phase
space  is  enormous,  and  4ph  must  be  considered  in  phonon
transport.  The  projected  phonon  DOS  (Fig.  4c)  shows  that
low-frequency  phonons  with  an  energy  of  ~4  meV  mainly
come from Ag, which can be the reason for the strong phon-
on-phonon coupling.[12].

ω0

Γω
τ−1 τ−1 = 2Γω (ω0)

To  further  confirm  the  significant  role  of  4ph  in  phonon
transport  in  AgInSe2,  we directly  performed lattice  dynamics
calculations for anharmonic phonons, as detailed in the Sup-
plementary  Information. Fig.  4d shows  the  lineshape  peaks

 of  the  transverse  acoustic  (TA)  and  longitudinal  acoustic
(LA) phonon spectrum functions at the P point, which are 3.2
meV  and  4.1  meV,  respectively.  The  imaginary  part  of  phon-
on  self-energy  functions  is  closely  related  to  the  phonon
scattering rate , where .[12] At the character-
istic  frequency  of  the  TA  phonon  (3.2  meV),  the  imaginary
part of the 4ph is comparable to that of the 3ph. Additionally,
at  the  characteristic  frequency  of  the  LA  phonon  (4.1  meV),
the  4ph  imaginary  part  is  only  slightly  smaller  than  the  3ph
imaginary part.  This behavior is common for both TA and LA
modes, as seen in Fig. S3 where the intensity of 4ph phonon
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m∗

τ

Table 1.    Electrical conductivity σ, carrier concentration n, mobility µ, electronic effective mass  obtained by single parabolic band model, electronic
relaxation time  of all samples at RT.

Samples
σ n Μ m∗ τ

S cm−1 cm−3 cm2 V−1 s−1 me fs

Ag1.03InSe2 1.6 × 10−3 9.0 × 1015 1.1 0.8 5.1 × 10−1

Ag1.03InSe1.99Br0.01 3.9 1.4×1017 1.9×102 0.08 8.6
Ag1.03InSe1.98Br0.02 4.3 4.3×1017 5.7×101 0.27 8.8
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scattering  is  not  lower  than  that  of  3ph  scattering  at  the  Z
point.  Thus,  4ph interactions should not  be ignored.  The lat-
tice thermal conductivity of 3ph interaction was calculated to
be 2.1 W m−1 K−1 in a direction and 2.3 W m−1 K−1 in c direc-
tion, while the lattice thermal conductivity of 3ph and 4ph in-
teractions  was  found  to  be  0.8  W  m−1 K−1 in a direction  and
0.9 W m−1 K−1 in c direction,  respectively.  The theoretical  lat-
tice  thermal  conductivity,  taking  into  account  the  4ph  inter-
action,  is  in  perfect  agreement  with  the  experimental  value
(Fig. S4)[9,42,43].  Therefore, the underlying cause of the intrins-
ic  low  thermal  conductivity  in  AgInSe2 can  be  attributed  to
the four-phonon interaction. Fig.  4e shows the temperature-
dependent ZT of various AgInSe2 samples, including AgInSe2,
Ag1.01InSe2, Ag1.03InSe2, Ag0.9Cd0.1InSe2, and Ag1.03InSe1.99Br0.01.
The addition of 1% Br doping significantly enhances the elec-
tronic  transport  performance  without  substantially  increas-
ing  the  lattice  thermal  conductivity.  Compared  to  undoped
AgInSe2, the ZT value of Ag1.03InSe1.99Br0.01 increases from 0.7

to 1.2 at 900 K, achieving an average ZT of 0.75 over the tem-
perature range of 600 to 900 K, which is comparable to many
reported p-type chalcopyrite compounds.

 Conclusions

In  summary,  we  have  successfully  prepared  Br-doped  n-
type  AgInSe2 with  outstanding  thermoelectric  performance.
Preparation  of  the  n-type  chalcopyrite  materials  has  been  a
notable challenge primarily due to inherent cation vacancies.
However,  through the suppression of Ag vacancies using ex-
cessive Ag and the optimization of electronic transport via Br
doping,  n-type  AgInSe2 has  been  successfully  achieved.  This
offers  a  viable  method  to  hinder  persistent  cation  vacancies
in  intrinsic  p-type  semiconductors  while  obtaining  n-type
semiconductors.  It  brings  forth  new  insights  into  the  design
of  thermoelectric  devices  aiming  to  acquire  n-type  counter-
parts for intrinsic p-type thermoelectric materials. In terms of
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thermal  transport,  ultralow  lattice  thermal  conductivity  is  a
crucial factor for ensuring excellent thermoelectric properties.
The flat  low-frequency phonon dispersion and avoided cros-
sovers between acoustic phonons and low-frequency optical
phonons in AgInSe2 are the characteristics of  strong phonon
coupling.  In  general,  3ph  scattering  is  dominant  in  most  of
the  materials,  whereas  the  high-order  phonon  scattering
phase space is significantly enhanced in strong phonon coup-
ling  materials,  which  results  in  ultralow  lattice  thermal  con-
ductivity.  This  provides  a  new  perspective  for  the  high-
throughput screening of potential high-performance thermo-
electric materials with ultralow lattice thermal conductivity.
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