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Halide perovskites have been considered as promising thermoelectric materials due to their unusual
combination of good charge mobility and ultralow thermal conductivity. Low dimensional halide
perovskite derivatives (0D, 1D and 2D) have been predicted to have high thermoelectric figure of merit
due to quantum confinement effects, but this class of metal halides has been under-explored
experimentally. Here, we investigate the thermoelectric properties of the all-inorganic OD halide
perovskite, CszCu,ls, doped with barium. Ba-doped pellets were fabricated by solid state synthesis. An
enhancement of electrical conductivity by >3 orders of magnitude was achieved upon doping and

extended X-ray absorption fine structure measurements indicate that Ba substituted Cs on the smaller of
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Accepted 8th July 2025 the two A-sites. We show that thermal conductivity is in the ultralow regime and decreases with doping,

consistent with increased scattering from defects. The positive Seebeck coefficient of +2400 + 60 pV

DOI: 10.1039/d5ta02695d K=t for CszCup_xBayls (x = 0.1) confirmed p-type doping. To our knowledge, this is the first study on
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Introduction

Halide perovskites are well established theoretically and
experimentally for optoelectronic applications, memristors,
radiation detectors and scintillators. They have gained
increasing attention as thermoelectric materials owing to
a unique combination of high charge carrier mobility and
diffusion length, high Seebeck coefficient and ultralow thermal
conductivities.” The principal reasons for ultralow thermal
conductivity are generally cited as the scattering of the phonons
by rotational modes of the A-site cation, cluster rattling mech-
anisms, low elastic stiffness and strong anharmonicity.*”
However, their relatively low electrical conductivities compared
to conventional thermoelectric materials have highlighted the
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substitutional doping of a OD halide perovskite to improve the thermoelectric figure of merit.

need to develop new doping strategies such as chemical doping,
photo-induced doping and self-doping. Chemical doping of
CH;NH;Pbl; and photo-induced doping of CH;NH;SnI; have
been shown to improve the thermoelectric figure of merit, z7, by
more than two orders of magnitude.® Substitutional doping of
CH;NH;PbBr; with Bi was shown to increase electrical
conductivity by more than three orders of magnitude.® CH;-
NH,Snl; perovskites with high conductivity resulting from the
self-doping process of Sn** to Sn** in were reported by Taka-
hashi et al.,’ and a similar effect in CsSnlI; films resulted in
electrical conductivity >100 S cm ' and 2T = 0.14 + 0.01.%°
Stoichiometry adjustment in the copper based perovskite Ce-
H,NH,CuBr,I enabled carrier concentrations of ~10*° em 3,
extremely high power factor up to 1.9 mV m > K, electrical
conductivity ~3.6 x 10° S cm " and zT value of 0.14 (at RT)."*
The highest reported 27T in this class of materials is 0.19 (at
room temperature), achieved with charge transfer doping of
(NH,CHNH,)SnI; films using the molecular dopant 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ)."
Compared to organic-inorganic perovskites, fully inorganic
halide perovskites are expected to have higher stability due to
the lack of volatile and weakly bonded organic molecules as well
as a lack of near room temperature phase transitions.”*™**
Another consideration is the toxicity of lead,'® which is widely
used in halide perovskites for optoelectronic applications,'” but
would need to be replaced in halide perovskite thermoelectric
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devices for them to be viable. Sn*" and Ge*" are alternatives to
Pb>" cations in halide perovskites as they have similar ionic
radii. However, the oxidation of Sn*" and Ge*" to Sn** and Ge*"
causes instability, limiting the use of these materials in opto-
electronic devices such as solar cells.” On the other hand,
oxidative instability can generate free charge carriers and
increase electrical conductivity and has been exploited to opti-
mise the thermoelectric properties of these materials.*

Low dimensional halide perovskite derivatives are sub-
classes of halide perovskites which exhibit a confinement on
the crystal lattice level which breaks the 3D metal halide lattice
into 2D sheets, 1D wires or 0D clusters.” Low dimensional
halide perovskites derivatives have shown excellent electronic
and optical properties due to quantum confinement effects and
anisotropic properties.*® They exhibit good charge transport as
well as lower thermal conductivity and better chemical and
thermal stabilities than 3D analogues making them interesting
for thermoelectrics.” In hybrid halide perovskites, 0D [Mn(C,-
HeOS)6]l; and (CH3NH;);Bi,I; have been reported to have
ultralow thermal conductivities of 0.15 W m ™" K (ref. 22) and
0.23 + 0.02 W m~" K ',® respectively. A large high Seebeck
coefficient of +2.6 mV K was reported for 0D (CH5NH;);Bi,l,
(ref. 24) as well as exceptionally high non-Seebeck thermal
voltages of >40 mV K~ '.* The thermal conductivity of the OD all
inorganic halide perovskite derivative, Cs,PbClg,*® was shown to
be lower (0.30 W m™' K') than derivatives with higher
dimensionalities (3D Cs,PbClg and 2D CsPb,Cls).®

Cs3Cu,Xs (X: I, Cl, Br) 0D halide perovskite derivatives, the
subject of this work, are well established theoretically and
experimentally for optoelectronic applications such as light-
emitting diodes (LEDs),"**”*> photodetectors,** memristors,*
radiation detectors®® and scintillators*® as well as nuclear
batteries®” consisting of a scintillator and a photovoltaic device.
A computational study on thermoelectric properties of Cs;Cu,l5
predicted ultralow thermal conductivity, high power factor and
a remarkably high zT value of 2.6.%® This is in line with the state-
of-the-art exhibited by SnSe* and PbTe* based materials, but
without the toxicity concerns of Pb and, to a lesser extent, Se,
and the heavy regulation of Pb-usage.

Cs;Cu,ls has an orthorhombic crystal structure in the Pnma
space group with two distinct Cu’ cations where Cu1 resides in
a cluster with trigonal planar geometry, ([Cul;]*"), whilst Cu2
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Fig. 1 Crystal structure of CszCuyls. Reprinted with permission.*
©2022 American Chemical Society.
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binds to four I" in distorted tetrahedral geometry ([Cul,]*"), as
shown in Fig. 1.”#*7** In general, low dimensionality features of
copper-based metal halides come from the smaller dispersion
of the valence band maximum (VBM) of CuX that consists of Cu
3d and halogen p orbitals.*® The upper valence band of Cs;Cu,l;
consists of Cu 3d and I 5p orbitals, whilst Cu 4s and I 5s orbitals
dominate the lower conduction band. In this structure, Cs*
neither contributes directly to the VBM nor to the CBM, acting
instead to separate the copper iodide clusters and maintain
charge balance.”® Room temperature electron mobility in
Cs;Cu,l; has been calculated previously as 18.2 cm®> V™' s 13
whilst hole mobility has been measured to be a bit lower than
the electron mobility.*> The lower hole mobility is most likely
because the valence band maximum is highly localised on the
Cu sites, whereas the conduction band maximum is spread over
Cu and I sites.*

Here, we report the thermoelectric properties of 0D Ba-doped
Cs;Cu,l; pellets that are synthesized via a room temperature
mechanical grinding method.”” Ba is incorporated into the
crystal lattice without any significant distortions. The substi-
tution of Cs with Ba with an increasing feed ratio (%) enhanced
the electrical conductivity by ~3 orders of magnitude, and the
location of Ba substitution on the lattice is established by
extended X-ray absorption fine structure studies. Thermal
conductivity was in the ultralow regime and decreased further
with an increasing doping concentration. The positive Seebeck
coefficient of Cs3;Cu,(;—xBa,ls (x = 0.1) confirmed p-type doping
with a value of 2.40 & 0.06 mV K™ ' at room temperature.

Experimental

Materials

Cesium iodide (=99.9%) and barium iodide (=99.9%) were
purchased from Alfa Aesar™ and cuprous iodide (=99.9%) was
purchased from ACROS Organics™. All precursor materials
were opened in a nitrogen glovebox and stored there. All
precursors were used as received without any further
purification.

Fabrication of pellets

Cs;3Cu,;_xBayl; was prepared by a solid state reaction accord-
ing to previous work? with some modifications. For the
synthesis of undoped Cs;Cu,l5;, 3 mmol CsI and 2 mmol Cul
were mixed and ground for 45 min in an agate mortar. For
doped Cs;Cuy(; _y)Ba,ls, CsI (3 mmol), Cul and Bal, were mixed
in the desired stoichiometric ratio and ground for a longer time
(60 min) to prevent any by-products such as CsCu,I; forming.*”
Subsequently, materials were cold pressed with an Atlas™
Series Autotouch Automatic Hydraulic Press (Specac Ltd) at 4
tonnes or 5 minutes. All synthetic procedures were carried out
in an N, environment, and the pellets were pressed in a 13 mm
diameter evacuable pellet die that had been loaded in an N,
environment. Fabricated pellets were 13 mm in diameter and
had suitable thicknesses (1.43-1.99 mm) for measuring ther-
moelectric properties. Our labelling is the nominal degree of
doping based on the amount of Ba used in the synthesis place of

This journal is © The Royal Society of Chemistry 2025
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Cu. Fabricated pellets were stored and transported in inert
atmosphere before being exposed to air during electrical and
thermal measurements. No degradation in properties was
observed over the timescale of the measurement.

X-ray diffraction (XRD)

XRD patterns of powders were recorded on a D5000 X-ray
powder diffractometer (Siemens) using Cu-K, radiation and
a Nifilter. The diffraction patterns were collected at room
temperature over a 26 range of 5-70°.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on freshly synthesized
powders with a Thermo Scientific™ Nexsa™ Surface Analysis
System. Thermo Avantage software was used for the recording
and analysis of all XPS spectra.

DFT calculations

Periodic ab initio quantum mechanical calculations were
carried out with density functional theory (DFT) using the
PWscf package in the Quantum Espresso 6.7 suite.***° Ready-to-
use PBEsol pseudopotentials were selected from the standard
solid-state pseudopotentials (SSSP) library.**> Energy cutoffs of
55 Ry and 440 Ry were used for wavefunctions and charge
density, respectively. A fully relaxed 1 x 2 x 1 Cs3Cu,ls super-
cell was used as starting point for defective systems compar-
ison. Structure relaxations and single-point calculations were
carried out on G-centered Monkhorst-Pack (MP) grids with a k-
point distance of 0.3 and 0.2 A, respectively. The convergence
threshold criteria are as follows: 10~® atomic units (a.u.) for
electronic structure, 10~* a.u. for total energy, 10> a.u. for
forces, and 0.5 kbar for pressure. To evaluate the defect
formation energy in the doped structure, full relaxation and
single point energy calculations of bulk Cs, Cu, Ba, CsI, Cul and
Bal, were first carried out at the same level of theory of Cs;Cu,I;.
Then, the appropriate chemical potential of each element was
chosen as to ensure the stability of Ba doped-Cs;Cu,l; against
precipitation of elemental phases (i.e., Cs, Cu, Ba and I,) and
secondary phases (i.e., Bal,, CsI and Cul).

Extended X-ray absorption fine structure (EXAFS)

X-ray absorption spectroscopy experiments were performed at the
BMS8 beamline of the European Synchrotron Radiation Facility on
Cs;Cuy(;—xBa,l5 samples with different doping concentrations (x
= 0.05 and 0.1) at the Ba K-edge. Bal, was also measured as
a reference. The samples were prepared as pellets. Powders (9-15
mg) were mixed with cellulose binder (<100 mg) in air, and then
cold pressed in an Atlas™ Series Manual Hydraulic Press under 5
T for 10 minutes. Ba K-edge spectra were acquired in fluorescence
mode using a multielement energy-resolving detector. Samples
were kept at 80 K using a liquid nitrogen cryostat. All data
reduction and analysis was performed with Viper®® using theo-
retical amplitudes and phase shifts generated with the FEFF9
code.* Even if special precautions were taken for EXAFS (i.e. the
pellet was kept in the liquid nitrogen cryostat at 80 K under

This journal is © The Royal Society of Chemistry 2025
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vacuum before the measurements), sample degradation as
a result of X-ray irradiation, combined with air exposure during,
may explain the presence of non-negligible Ba-O contributions in
all samples. This was visible in all samples as a Ba-O signal at
2.75 A but was easily distinguished from Ba-I signals that occur at
distances >3.5 A. Nonetheless, Cs3Cuy(1—xBa,ls samples showed
Ba-I distances (3.56 A and 4.10 A when x = 0.1) that were distinct
from Ba-I distances in Bal, (3.5-3.67 A). The footprint of the
beam was also evident in the pellet after the measurements,
hinting to a beam-induced surface degradation. For this reason,
shorter measurements were acquired on 16 different points on
the pellet, and eventually averaged. No further improvements on
the data quality are arguably achievable on this system since: (a)
both higher photon flux or longer measurements are bound to
result in higher beam damage; (b) fluorescence counts on the
detector are saturated by iodine fluorescence lines, which are
much more intense than barium ones because of stoichiometry.
For these reasons, while the evidence presented in this manu-
script on Ba®>" chemical environment is limited, it is arguably the
best that can be achieved using X-ray absorption spectroscopy.

Electrical conductivity measurement

Two-point electrical resistance measurements were performed
using a C-Series Analytical Probe Station (Lambda Photometrics
Ltd) with a Keithley 2636B Source Measure Unit. A two-point
method was used instead of a 4-point method because of the
high resistance of the samples. Contacts were formed by
applying 5 mm x 5 mm of silver paste on the two opposite
surfaces of the pellet. The contact configuration and experi-
mental apparatus are depicted in Fig. S2 (ESI}). The electrical
conductance was obtained by fitting the linear region of
a current-voltage (I-V) curve. During the measurement, the
sample was kept in ambient atmosphere at room temperature
and in a dark environment. The error bars denote standard
errors of three data points for each doping concentrations.

Thermal conductivity

The thermal conductivities (k) of the pellets were calculated
from k = DCpp, where D is the thermal diffusivity, C;, is the
specific heat capacity and p is the density. For D measurement
(Fig. 84t), Cs3Cuy(;—yBa,l; pellets were coated with graphite on
both sides for prevention of any reflection and transmission of
the incident laser pulse to the detector. Thermal diffusivity was
measured (Netzsch 453 LFA) along the short (~1 mm) pellet
dimension with a 13 x 13 mm holder using a laser voltage of
1730 V. The raw data were analysed using a Cowan model with
pulse correction. The specific heat capacities of the pellets were
measured using differential scanning calorimetry (DSC 25, TA
Instruments) between 20 °C and 80 °C and the density of pellets
were determined using Archimedes’ principle (Fig. S1 and Table

S17).

Seebeck coefficient

The Seebeck coefficient was measured using SB1000 Seebeck
Measurement System with integrated K20 Programmable
Temperature Controller (MMR Technologies Inc.), in the

J. Mater. Chem. A, 2025, 13, 26009-26018 | 26011
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temperature range 293 K to 353 K under a vacuum of 10> mbar
in complete darkness. Ba-doped Cs;Cu,l;5 pellets were cut into
smaller pieces (~1 mm width). The reference sample and pellet
were mounted onto the sample holder using silver paste, as
shown in Fig. S3.}

Photoelectron yield spectroscopy in air (PYSA)

The ionization potential of the pristine Cs;Cu,ls pellet was
determined by photoelectron yield spectroscopy in air using
(PYSA) using a Riken Keiki spectrophotometer (Japan) model
AC-2. The conditions employed during the measurements were
a scanning energy range from 4.30 to 6.20 eV with a measure-
ment interval of 0.05 eV, an integration time of 10 s and an
ultraviolet spot intensity of 50 nW. The resolution of the
instrument is 10 meV and the incident ultraviolet spectrum is
calibrated against a standard photodiode.

Results and discussion

Solid state reactions such as mechanochemical synthesis are
induced by mechanical energy from grinding or milling of solid
reactants and eliminate the need for solvents, which have
economic and environmental benefits.***® Cation doping in
halide perovskite derivatives can be challenging when low
chemical activity of the dopant ions during synthesis results in
low incorporation into the structure as compared to the feed
ratio.*”*”** On the other hand, the driving force of solid-state
reactions is more significant than driving forces in solution
synthesis due to the higher chemical potential®® and might be
advantageous for cation doping. Recently, Mn was successfully
doped into Cs3;Cu,ls by a solid-state grinding method, with
undoped Csz;Cu,ls and Mn-doped Cs;Cu,ls showing similar
lattice structure.*

The XRD spectra (Fig. 2) of doped and pristine Cs;Cu,(; -
Ba,I; show consistency with standard data (JCPDS: 45-0077).
Peaks of Cul, that might be present either due to incomplete
incorporation of precursors during synthesis or precipitation
due Ba incorporation, were not observed in the spectra. Rietveld
refinement (Fig. S6-S10 and Table S21) confirms this, but
detects CsI contributions that increase with Ba-doping. This
would point to a precipitation of CsI to maintain charge balance
upon doping with Bal,. We explore this possibility with EXAFS
measurements and DFT calculations, vide infra. 1D CsCu,l; was
also identified in all samples by the Rietveld refinement, but
only in small quantities (<3 w/w%). A small shift of the XRD
peaks towards higher 26 angles, as shown in Fig. 2(b), was
detected upon doping. A lattice contraction might be due to the
change in the lattice parameters by the introduction of vacan-
cies on anion site.*”” Alternatively, ionic radius differences
between Ba*" (135 pm) and Cs* (178 pm) could explain the
contraction if the Ba>* dopes onto a Cs" site rather than a Cu®
(radius 74 pm) site.*”***® However, Rietveld refinement (see
ESI}) indicates that peak shifts upon doping are mostly due to
sample displacement in the vertical axis during measurement
and not significant changes in lattice parameter.
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Fig. 2 (a) Powder XRD patterns of pristine and Ba doped CszCusls.
Diffraction peaks located at 13.1°, 15.2°, 24.1°, 25.6°, 26.4°, 27.1°, 28.2°,
30.7° and 47.8° correspond to the (111), (002), (122), (312), (222), (130),
(131), (313) and (152) planes, respectively. (b) Is shows the principal
peaks in the 25-27.5° region in more detail.

X-ray photoelectron spectroscopy (XPS) survey spectra
confirm the presence of Cs, Cu, I and Ba in the pellets (Fig. 3(a)).
There is an oxygen signal at ~535.3 eV and a carbon signal at
~288.7 eV. These binding energies point to adventitious
hydrocarbons being present (including C-O; O-C=0O etc.
groups) Le. the Ar' clean didn't remove all of the adventitious
hydrocarbons. High-resolution XPS spectra of the Cu 2p peak
with various Ba feed ratios are shown in Fig. 3(b). We assign the
peaks at ~931.5 eV for 2p;,, and ~951.5 eV for 2p,,, to Cu*.** No
peaks were observed at 932 eV or 952 eV, the linewidth is
narrow, and there are no significant satellites, which confirms
that Cu" is not oxidized to Cu>*. Fig. 3(c) shows high resolution
XPS spectra of the I 3d peaks at different doping concentrations.
Peaks at ~619 eV and ~630 eV are assigned to I 3ds/, and I 3d;,,
respectively, and there is a small shift towards higher binding
energy with an increasing Ba concentration. If Cu is substituted
by Ba, the shift of I might be due to the higher bond dissociation
energy of Ba-I (>431 k] mol ") than Cu-I bonds (197 k] mol™*).®?
The slightly positive charge on Cu leads to higher binding
energy in XPS. On the other hand, unlike Cu-I chemical
bonding, Cs-I bonds are weak physical bonds which are likely
van der Waals type bonds which are typical for interactions
between atoms 3 to 6 A apart.®® In Cs;Cu,l;, the two distinct Cs*
ions bond with I" in different coordination geometries; in the

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02695d

Open Access Article. Published on 08 July 2025. Downloaded on 11/7/2025 11:45:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Pa per
a) =
o
& B
S &3
S
g
]
c
3
<}
($]
1200 1000 800 600 400 200
Binding Energy (eV)
b) —pristine
2% Ba doped
——5% Ba doped
~——10% Ba doped
Cu 2p,), ~——15% Ba doped
=5 . Cu2py, J\\
B s S—————— —~———]
=
s k
2
@
c
2 ,/\_ _k_
] S|
960 955 950 945 940 935 930 925 920
Binding Energy (eV)
<)
~—— pristine
2% Ba doped
13dy, ——5% Ba doped
13d . 10% Ba doped,
® . 15% Ba doped|
g
o
s
2
@
c
2 A
E _JL

635 630 625 620 615 610
Binding Energy (eV)

Fig. 3 Structural characterization of CssCu,y_xBaxls via XPS. (a) XPS
survey spectra of a 10% Ba doped pellet, (b) Cu 2p and (c) | 3d spectrain
pellets with different dopant concentrations.

first site Cs" is bonded to eight I~ and the bond distance is
between 3.78 and 4.03 A, whereas, in the second site, Cs* is
bonded to nine I and the bond distance is in the range of 3.91-
4.37 A% Thus, it is difficult to know if the I 3d shift would be
due to Ba on a Cs' or Cu" site because of the large number of
bonds involved. The Ba 3d binding energies (Fig. 3) are
consistent with previous work on Ba incorporated in CsPblI;.*
However, no further insights are gained on the structure. We
therefore need to use other techniques to explore the local
structure of barium in Cs;Cu(,_xBa,l;.

Although XPS has revealed binding energy differences
between the undoped and doped material, the nonequivalent
crystallographic positions of the dopant atoms and their
distribution among these positions cannot be determined

This journal is © The Royal Society of Chemistry 2025
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Fig.4 (Top panel) Smoothed EXAFS experimental spectra at the Ba K-
edge of 5% and 10% doped samples analysis of CszCuyn_xBaxls.
(Bottom panel) Simulated EXAFS data of first-shell signals for a Ba atom
placed in different cations sites of the CszCu,ls structure.

directly by XRD or XPS alone. The local structure and coordi-
nation of barium in Cs;Cuy;_xBa,l; pellets was therefore
studied by extended X-ray absorption fine structure (EXAFS)
using signal from the barium K-edge. Smoothed EXAFS spectra
of 5% and 10% Ba-doped Cs;Cu,(; _xBayl; samples are shown in
Fig. 4 (upper panel). The lower panel of Fig. 4 shows the
simulated EXAFS spectra at the Ba K-edge for a barium atom
placed in different Cu and Cs sites. Theoretically, the substi-
tution of Cu® with Ba®>" would imply Ba-I distances between 2.5
A and 2.8 A, yet there is no reported Ba-I bond distance below
3.3 A in the literature.®>*® Our DFT calculations show that the
Cs;Cu,ls crystal structure contains two different crystallo-
graphic sites for cesium where the Cs1 site has a much smaller
polyhedral volume (100.7089 A®) than Cs2 (133.2977 A®) (Fig. 6).
Such a difference in volume is due to the lower average Cs-I
bond length of Cs1 site (3.84 A vs. 4.08 A for Cs2), and the lower
effective coordination number of Cs1 (7.87 vs. 8.54 for Cs2).

The distribution of selected atomic distances around the Cs
sites is shown in Fig. 5(a). By comparing the Cs-X distances
(with X being a heavy atom) around the two different Cs sites, it
is evident that the smaller Cs site (Cs1) shows sharper Cs-X
distance distribution in the range between 4 and 7 A, which is
more consistent with the recorded spectra.

To further corroborate such a dopant localization, DFT
simulated Ba-doped Cs;Cu,ls structures were computed by
substituting Ba>" at each of the two possible Cs” sites (i.e. in
Kroger-Vink notation, creating Bag, and Bag, defects),
respectively. The total energy is lower (~0.22 €V) when Ba*" is
placed in the smaller site (Cs1). To sum up, the bond lengths of

J. Mater. Chem. A, 2025, 13, 26009-26018 | 26013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02695d

Open Access Article. Published on 08 July 2025. Downloaded on 11/7/2025 11:45:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a) s
——Cs1
Cs2
20 4
3
g 15
L
&
gw-
>
w
-
04

T T y T
4.0 45 5.0 55 6.0 6.5 7.0 7.5 8.0
Distance R(A)

b)

Sharp Ba-Cs signals|

FT Magnitude (arb.u.)

T T v T

0 1 2 3 4 5 6
R(A)
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(FT) EXAFS data of 10% Ba-doped CszCusyls (black) and a calculated first
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the shells in the EXAFS data are more consistent with Ba sitting
on one of the Cs sites, with both the EXAFS data and the DFT
simulations indicating that the smaller Cs1 site is preferred,
consistent with a previous computational study*®

If Ba®* resides in the Cs1 site, there are three possible ionic
compensation mechanisms (not involving valence changes,
excluded by all experimental evidence):

2Cs¢, + Bal, » Bag, + V¢, + 2Csl 1)
Csg, + Cug, + Bal, > Bay, + Vi, + CsI + Cul )
Cs¢, + Bal,—Bag, + I, + Csl 3)

(3) can be ruled out due to steric hindrance considerations.
The formation energies for the systems described in (1) and (2)
are very similar: 1.33 eV and 1.17 eV respectively. Vi, is slightly
preferred, though it cannot be excluded that mechanism (1)
also occurs. Our Rietveld refinement of the XRD data (Table S27)
shows no precipitation of Cul, which rules out compensation
mechanism of (2) by itself. However, CslI precipitation in
quantities less than the feed ratio of Bal, was observed. This
indicates that mechanism (1) could be occurring, but not in
isolation as this would result in CsI precipitation in quantities
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Fig. 6 DFT simulations of Ba doped Cs3Cu,ls on different Cs sites. (a)
DFT simulation of Ba doped CszCusls The Cs—I polyhedra around the
Csl site have been shaded green. (b) DFT simulation of Ba doped
CszCuyls. The Cs—I polyhedral around the Cs2 site have been shaded
green.

greater than the Ba incorporation. Our experimental evidence,
therefore points to (1) and (2) both occurring. For example, if (2)
occurred with double the frequency of (1), the precipitated Cul
from (2) could react with the precipitated CsI from (1) and (2) to
form Cs;Cu,l;s. This would leave residual CsI at about a third of
the concentration of incorporated Ba - not far off what we
observe.

We note that substitution on the Cs sites might point to
Cs;(1—xBa,Cu,l; being a more logical stoichiometry. However,
we found that Cs;;_Ba,Cu,I; showed similar electrical prop-
erties to Cs3Cu,;_nBasls so we didn't pursue the Cs;;_xBa,-
Cu,l;5 stoichiometry further.

The ionisation energy obtained from PYSA on the undoped
pellet was 5.31 £ 0.02 eV. This value is comparable, albeit
slightly lower than the previously reported valence band
maximum of 5.65 eV,* though that was recorded by ultraviolet
photoelectron spectroscopy (UPS) in high vacuum on thin films.
Adsorbates from the atmosphere tend to reduce work functions
in air through the push-back effect on electrons near the surface
of the material under study.

The thermal diffusivity (D, Fig. S4(a)t) of Ba-doped pellets is
between 0.19 and 0.40 mm” s ' at room temperature and
decreases with both increasing temperature and increasing
doping. With increasing temperature, the internal energy also
rises (due to the vibrational and rotational energies) and,
therefore, so does the heat capacity (C,, Fig. S4(b)T). However,
doping doesn't have a large effect on C,, or p (Fig. S4 and Table
S17), noting that our values for p are comparable with the values
obtained for Cs;Cu,l; nanocrystals®” and single crystals®® indi-
cating a high density of our pellets. Doping decreases the
thermal conductivity substantially (Fig. 7), which might be due
to phonon scattering off the Ba point defects, small lattice

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Temperature-dependent thermal conductivity (k) of pristine
and Ba-doped CszCusls pellets.

distortions to incorporate Ba, or other defects introduced by the
doping process such as copper vacancies. Overall, the thermal
conductivities of pristine and Ba-doped pellets are in the
ultralow regime, between 0.19 and 0.40 W m™' K '. The
ultralow thermal conductivities might be due to the ultralow
group velocities,” weak bonds and soft phonon dispersions,*
which are typical for halide perovskites and their derivatives. At
high doping concentrations the thermal conductivity is <0.2 W
m~' K! at room temperature, a reduction of ~50% from the
pristine value. This is also lower than doped 3D halide perov-
skites (e.g. ~0.33 W m™ ' K ' for Bi-doped MAPbBr; single
crystals®), but not as low as predicted for Cs;Cu,l5 (<0.1 W m ™"
K ') by a computational study.?®

Electrical conductivity, o, increases from 2.1 x 10°® S cm™
for non-doped pellets to 4.1 x 10> S em ™" for 10% Ba-doped
Cs;Cuy_xBayls, a difference of >3 orders of magnitude
(Fig. 8(a)). The positive sign of the Seebeck coefficient in 10%
Ba-doped Cs;Cu,(;—x)Ba,l; (Fig. 8(b)) confirms that holes are the
majority charge carriers. This is contrary to predictions of
a shallow donor level supporting n-type doping for Bags
defects.*® This is probably a further indication that doping
substitutes Ba atoms onto Cs sites as well as generating other
defects such as the copper vacancies predicted by our DFT
calculations, which are known to be a source of positive charge
carriers in cuprous iodide.*® From the low electrical conductivity
it is likely that only a low density of free charges are created,
perhaps due to ionic compensation of Bag, defects.® Indeed,
the charge mobility is expected to be up to 18 cm*> V' s~ " for
electrons, though slightly lower for holes due to the valence
band maximum being highly localized on the Cu sites, whereas
the conduction band minimum is spread across Cu and I
sites.*®*® The large S value (2400 + 60 pV K ' at 293 K) arises in
part due to the low carrier density but can also come from the
large band gap and low dimensional character. The Gold-
schmidt relation E, > 2€|Smax| Tmax links the Seebeck coefficient
to the bandgap. The direct bandgap of Cs;Cu,I5 (3.82 eV,* and
3.98 eV for pristine pellet from our measurement) is large and
the Goldschmidt relation predicts |Spma] = 6 mV K™ in this
material. The reduced dimensionality in Cs;Cu,l; is known to

1
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result in wave function localization of electrons and holes,
larger bandgap, more discrete states, and could increase the
sharpness of the density of states (dg(E)/dE) at the Fermi Level
(Eg) which results in enhanced Seebeck coefficient according to
the Cutler and Mott equation.” The obtained S value is
comparable to the value obtained with 0D (CH;NH;);Bi,I, (2600
+ 200 uV K 1).2* However, it is much larger than reported in 3D
halide perovskites such as MAPbI; (~920 puv K ', at room
temperature [RT]),”* MAPb, ¢5Bio 15Br; (378 uv K~ at RT),® and
CsSnBr; (325 pv K~ ' at RT).”

Conclusions

In summary, the substitutional doping of Cs;Cu,l5; with barium
and its effect on thermoelectric properties was studied. Struc-
tural analysis showed that introduction of barium leads to
a lattice distortion, whilst XAFS data combined with ab initio
calculations indicates that Ba®" resides preferentially in the
smaller Cs' site (Cs1). Ba improved the electrical conductivity of
the 0D perovskite derivative by >3 orders of magnitude and
a large positive Seebeck coefficient was observed (+2400 + 60 uv
K~' at RT and 10% Ba), indicating p-type doping. The thermal
conductivities of pristine and Ba-doped pellets are ultralow
between 0.19 and 0.40 W m ™' K™ and decrease with increasing
dopant concentrations. zT, however, remains low (2.2 £ 0.3 x
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1077 at RT) despite a computational study on Cs;Cu,l; (ref. 38)
predicting a maximum z7 for Cs;Cu,l; of 2.57 at 600 K. This was
in part because « in our doped pellets was larger than the
computational work predicted (<0.1 W m™~* K™ *). However, the
main difference is due to larger predicted electrical conductiv-
ities of 3.5-2.3 x 10* Sm™" enabled by carrier concentrations of
10"® to 10%° cm  and a high dispersion of the conduction band.
In our work, we found experimentally that the substitution of
Ba>" onto the Cs1 site is favourable, but actually delivers Cu
vacancies and weak p-type doping. Therefore, a lower disper-
sion of the valence band may be reducing charge mobility,
whilst ionic compensation of defects is likely to be suppressing
free charge carrier density, the combination of which reduces
the electrical conductivity drastically. However, this is none-
theless the first study where full zT' measurements have been
reported for a low dimensional halide perovskite. The substi-
tution of Ba>* onto the Cs1 site has been well established in our
work, and the high Seebeck coefficient in combination with
ultralow thermal conductivity of this material gives hope for
high zT in the future if the electrical conductivity can be
improved through an increase in doping efficiency.
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