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ic copper(II)-based perovskite:
a low-toxic, highly stable light absorber for
optoelectronic applications

Ines Khelifi,a Hanen Elgahami, a Imed Kammoun, a Nourah A. Alsobai,b

Noweir Ahmad Alghamdic and Abderrazek Oueslati *a

Organic–inorganic hybrid perovskites have emerged as promising next-generation materials for high-

performance optoelectronic devices due to their structural tunability and versatile physical properties. In

this work, bis(triethylammonium) chlorocuprate(II), [(C2H5)3NH]2CuCl4 was successfully synthesized via

a slow evaporation method. The crystal structure, morphology, and optical and electrical properties of

[(C2H5)3NH]2CuCl4 were systematically investigated using powder X-ray diffraction (PXRD), scanning

electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS), Raman

spectroscopy, UV-visible spectroscopy, and complex impedance spectroscopy. PXRD analysis reveals

that the compound crystallizes in a monoclinic system with a centrosymmetric P21/c space group at

room temperature. SEM observations show uniformly distributed grains with an average size of

approximately 17.5 mm, separated by well-defined grain boundaries, while EDS analysis confirms the

expected elemental composition, indicating successful synthesis of the hybrid material. Raman

spectroscopy confirms the coexistence of vibrational modes characteristic of both the organic and

inorganic components. Optical absorption measurements recorded in the 200–800 nm range reveal

a wide direct band gap of approximately 2.36 ± 0.004 eV, characteristic of semiconducting hybrid

perovskites. Electrical investigations demonstrate that the AC conductivity follows Jonscher's universal

power law, indicating a thermally activated charge transport process over the investigated frequency

range. Moreover, the temperature dependence of the frequency exponent s reveals that the correlated

barrier hopping (CBH) model governs the electrical conduction mechanism in the studied material.

Furthermore, complex modulus analysis provides additional insight into the relaxation behavior and the

dominant electrical transport mechanisms.
1. Introduction

Organic–inorganic hybrid perovskites (OIHPs) have attracted
considerable attention in recent years due to their outstanding
performance in optoelectronic applications, including light-
emitting diodes, photodetectors, radiation detectors and solar
cells.1–9 Their remarkable success originates from the syner-
gistic combination of organic and inorganic components,
which enables exceptional tunability of structural, optical, and
electronic properties. Recent reviews and experimental studies
have emphasized that compositional exibility and reduced
dimensionality play a key role in optimizing charge transport,
tion and Optical Materials, Faculty of
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, Taif University, P.O. Box 11099, Taif,

Al-Baha University, Alaqiq, 65779, Saudi

the Royal Society of Chemistry
optical absorption, and environmental stability in hybrid
perovskite systems.10–12 A distinctive advantage of OIHPs lies in
their ability to adopt various structural dimensionalities,
ranging from zero-dimensional (0D) to one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) architec-
tures, depending on the nature of the organic cation and the
inorganic framework.13–15 In particular, low-dimensional hybrid
perovskites have emerged as promising alternatives to conven-
tional 3D structures, as they oen exhibit enhanced structural
stability and tunable electronic behavior. In this context, hybrid
compounds composed of metal halide frameworks coordinated
with organic molecules offer attractive opportunities for
discovering novel physical properties and multifunctional
materials.16–18 Among the different structural families, layered
perovskite-like compounds with the general formula A2M

2+X4

have received signicant attention. In these materials, A
represents a protonated organic cation (e.g., methylammonium
or ethylammonium), M2+ is a divalent metal ion (such as Cu2+,
Zn2+, or Mn2+), and X is a halide anion (Cl−, Br−, or I−).19–21 The
alternating stacking of organic and inorganic layers, held
RSC Adv., 2026, 16, 1585–1599 | 1585
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together mainly by van der Waals interactions and hydrogen
bonding, leads to a two-dimensional perovskite structure. This
layered arrangement has been shown to strongly inuence
exciton connement, dielectric response, and charge transport
properties, making 2D OIHPs particularly attractive for opto-
electronic applications.22 Within this family, copper-based
hybrid perovskites stand out as especially interesting candi-
dates. The presence of Cu2+ ions with a 3d9 electronic congu-
ration gives rise to Jahn–Teller distortions, resulting in exible
coordination environments and enhanced structural
tunability.23 Moreover, copper is a non-toxic and earth-
abundant element, addressing the major environmental and
health concerns associated with lead- and cadmium-based
perovskites. Cu-based hybrid halides have also demonstrated
strong optical absorption across a wide spectral range, making
them promising materials for lead-free optoelectronic devices.24

Despite the rapid progress in perovskite solar cells and related
Fig. 1 Synthesis of [(C2H5)3NH]2CuCl4 single crystals.

1586 | RSC Adv., 2026, 16, 1585–1599
technologies, several critical challenges remain, notably the
toxicity of Pb-, Cd-, and Hg-based perovskites and the poor
stability of some lead-free alternatives such as Sn- and Bi-based
compounds under light, moisture, heat, and mechanical
stress.25 Recent studies have therefore highlighted the urgent
need to develop non-toxic, stable perovskite-like materials with
suitable electronic and optical properties for sustainable opto-
electronic applications.10–12 In this regard, layered Cu(II)-based
hybrid perovskites have been revisited as promising Pb-free
semiconductors combining stability, tunability, and func-
tional performance.26 Based on these considerations, the
present work focuses on the synthesis and comprehensive
characterization of the Cu-based perovskite-like hybrid halide
[(C2H5)3NH]2CuCl4. Previous studies by Ozga et al. reported that
this compound crystallizes in a two-dimensional layered
perovskite structure.27,28 However, a detailed correlation
between its crystal structure, microstructure, vibrational
© 2026 The Author(s). Published by the Royal Society of Chemistry
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features, optical absorption, and electrical transport properties
remains limited. In this study, [(C2H5)3NH]2CuCl4 was synthe-
sized and systematically investigated using powder X-ray
diffraction (PXRD) to conrm phase purity and crystallinity.
Scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) was used to examine
surface morphology and elemental composition, while Raman
spectroscopy was employed to analyze vibrational modes and
bonding characteristics. UV-visible spectroscopy was used to
evaluate the optical absorption properties and band gap, which
are crucial parameters for optoelectronic applications and
impedance spectroscopy was carried out to elucidate the elec-
trical and dielectric behavior.
2. Experimental
2.1. Synthesis of [(C2H5)3NH]2CuCl4

All chemical reagents were used as received from Sigma-Aldrich
without further purication. Single crystals of [(C2H5)3-
NH]2CuCl4 were grown using a slow evaporation method at
ambient temperature. Triethylammonium chloride [(C2H5)3NH]
Cl (Fluka, purity 98%, 1.487 mmol) and copper(II) chloride
CuCl2 were dissolved in a small amount of distilled water and
magnetically stirred to ensure a homogeneous solution. The
resulting solution was then le to evaporate slowly at room
temperature (approximately 28 °C). Yellow, transparent single
crystals began to form aer several days (see Fig. 1). The reac-
tion proceeds according to eqn (1).

2
�ðC2H5Þ3NH

�
Clþ CuCl2 �!H2O �ðC2H5Þ3NH

�
2
CuCl4 (1)
Fig. 2 Powder X-ray diffraction pattern and Rietveld refinement of
[(C2H5)3NH]2CuCl4.
2.2. Characterization

To ensure the phase purity and homogeneity of [(C2H5)3-
NH]2CuCl4, high precession powder X-ray diffraction (PXRD)
measurement was carried out at room temperature. Data were
collected using a Bruker D8 diffractometer with Cu Ka radiation
(l = 1.54056 Å) over a Bragg's angle of 5° # 2q # 50°.

To visualize and quantify the intermolecular interactions
within the crystal structure, Hirshfeld surface (HS) analysis was
performed using the CrystalExplorer soware,29 based on the
crystallographic information le (CIF).

On the other hand, Raman spectroscopy was employed to
conrm the presence of both organic and inorganic groups, as
well as to identify their vibrational modes. The Raman spectrum
was recorded using a Horiba HR 800 micro-Raman spectrom-
eter equipped with a helium-ion laser, operating with a red
exciting ray (l = 633 nm) in the frequency range 50–3500 cm−1.

Raman spectroscopy was employed to conrm the coexis-
tence of organic and inorganic components and to identify their
vibrational modes. The Raman spectrum was recorded using
a Horiba HR800 micro-Raman spectrometer equipped with
a He–Ne laser (l = 633 nm), operating in the spectral range of
50–3500 cm−1.

The surface morphology and elemental composition were
examined using a scanning electron microscope (SEM, JEOL
© 2026 The Author(s). Published by the Royal Society of Chemistry
JSM-6510LV) coupled with energy-dispersive X-ray spectroscopy
(EDS). The ImageJ soware was used to analyze SEM micro-
graphs, evaluate particle size distributions, and generate cor-
responding histograms.

Optical measurements were carried out using a Shimadzu
UV-3101 PC UV-is spectrophotometer over the wavelength range
of 200–800 nm, employing a xenon lamp as the light source. A
spectral resolution of 2 nm was used to ensure accurate acqui-
sition of absorbance and reectance spectra.

Electrical measurements were performed using a Solartron
SI 1260 impedance analyzer coupled with a Solartron 1296
dielectric interface. Temperature control was achieved using
a Linkam LTS420 system. Impedance data were collected over
a frequency range of 102–106 Hz and a temperature range of
273–313 K, with an applied AC voltage of 0.5 V. The measure-
ments were carried out on a pellet with a diameter of 8 mm and
a thickness of 1.1 mm.

3. Results and discussion
3.1. X-ray diffraction

Rietveld renement of the bis(triethylammonium) chloro-
cuprate(II) compound was performed using the Fullprof so-
ware package.30 The calculated diffraction pattern shows
excellent agreement with the experimental powder X-ray
diffraction (PXRD) data, as illustrated in Fig. 2. The quality of
the renement is conrmed by the reliability factors (Rp = 12.6,
Rwp = 18.0, Rexp = 6.94, and c2 = 6.76), indicating a satisfactory
structural model and good convergence. The PXRD pattern was
successfully indexed in the centrosymmetric monoclinic space
group P21/c. The rened lattice parameters are: a = 12.783 Å,
b = 12.914 Å, c = 12.113 Å, and b = 98.02°, in good agreement
with previously reported layered chlorocuprate perovskite
structures.

The quality of the renement is conrmed by the reliability
factors (Rp = 12.6, Rwp = 18.0, Rexp = 6.94, and c2 = 6.76),
indicating a satisfactory structural model and good
RSC Adv., 2026, 16, 1585–1599 | 1587
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Fig. 3 Crystal packing arrangement of [(C2H5)3NH]2CuCl4 compound.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 5

:3
5:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
convergence. The PXRD pattern was successfully indexed in the
centrosymmetric monoclinic space group P21/c. The rened
lattice parameters are a = 12.783 Å, b = 12.914 Å, c = 12.113 Å,
and b= 98.02°. These results are consistent with those obtained
from single-crystal X-ray diffraction reported in the literature,
thereby conrming the phase purity of the synthesized
compound.31 The average crystallite size was estimated from the
XRD peak broadening using the Debye–Scherrer equation.32

D ¼ Kl

b cosq
(2)

Where D is the crystallite size, K is the shape factor (z0.9), l is
the X-ray wavelength (l = 1.54 Å), b is the full width at half
maximum (FWHM) of the most intense diffraction peak corre-
sponding to the (hkl) plane, and q is the Bragg angle (in
radians). The calculated crystallite size is approximately 8 nm,
indicating a nanocrystalline nature.

Notably, the Rietveld-rened nanometric crystallite size
contrasts with the micrometer-sized grains observed in SEM
images, suggesting that the material consists of nanoscale
crystallites aggregated into larger grains. This multiscale
structural organization is commonly observed in hybrid perov-
skite materials and has been reported in similar systems.33

Fig. 3 shows the crystal structure of [(C2H5)3NH]2CuCl4. As
shown in the gure, the structure consists of two crystallo-
graphically independent triethylammonium cations
[(C2H5)3NH]+ and a single [CuCl4]

2− anion. Each Cu(II) center is
coordinated by four chloride ions, forming a distorted
1588 | RSC Adv., 2026, 16, 1585–1599
tetrahedral geometry around the copper atom. The Cu–Cl bond
lengths range from 2.2368(5) to 2.2487(5) Å, while the Cl–Cu–Cl
bond angles vary between 96.093(2)° and 139.01(2)°. The crystal
structure can be described as an alternating arrangement of
organic and inorganic layers along the [101] direction. The
cohesion between the organic and inorganic components is
ensured by C–H/Cl hydrogen bonds.
3.2. Hirshfeld surface analysis

The Hirshfeld surface was mapped using the dnorm descriptor,
which incorporates two parameters: de and di. Here, de repre-
sents the distance from a point on the surface to the nearest
external atom, while di corresponds to the distance to the
nearest internal atom.34 The dnorm, de and di surfaces of the title
compound are shown in Fig. 4. The dnorm parameter is
a normalized contact distance that reects the proximity of
intermolecular contacts in specic regions of the Hirshfeld
surface, enabling the identication of hydrogen bonds and
other close contacts. Red circular depressions on the dnorm
surface typically correspond to strong hydrogen bonding
interactions, whereas weaker interactions appear as smaller
regions in lighter shades. Specically, red regions indicate close
contacts (dnorm < 0), blue regions represent longer contacts
(dnorm > 0), and white regions correspond to contacts at van der
Waals separation (dnorm z 0).

In Fig. 4, the dnorm color scale for [(C2H5)3NH]2CuCl4 ranges
from −0.5453 to 1.2370 Å, with the dominant intermolecular
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The Hirshfeld surface of [(C2H5)3NH]2CuCl4 mapped with dnorm, de and di.

Fig. 5 2D fingerprint plots corresponding to the different intermolecular contacts for the title compound.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1585–1599 | 1589
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Fig. 6 Histogram showing the relative contributions of various intermolecular contacts to the HS area.
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interaction being Cl/H/H/Cl contacts. Hirshfeld surface
analysis also generates two-dimensional (2D) ngerprint plots
that quantitatively identify different types of molecular inter-
actions, including intra- and intermolecular contacts, and their
relative contributions to the Hirshfeld surface area. As shown in
Fig. 5, the dominant interactions in the crystal packing of
[(C2H5)3NH]2CuCl4 are H/H (65.8%) and Cl/H/H/Cl (32.3%)
contacts, which together account for 98.1% of all intermolec-
ular interactions. The Cl/H/H/Cl interactions arise from C–
H/Cl hydrogen bonds. Symmetrical spikes observed in the 2D
ngerprint plot further conrm Cl/H electrostatic attractions
between positively polarized hydrogen atoms H+ and chloride
anions Cl−. In contrast, H/H interactions reect the close
spatial proximity of hydrogen atoms within the structure. The
relative contributions of the various close intermolecular
contacts are summarized in Fig. 6.

3.3. SEM-EDX analysis

Scanning electron microscopy (SEM) analysis of the bi-
s(triethylammonium) chlorocuprate(II) compound was carried
out on crystalline samples to examine their surface morphology.
The corresponding micrograph is presented in Fig. 7a. The SEM
image reveals particles with similar morphologies but varying
sizes. The corresponding particle size distribution histogram is
shown in Fig. 7b. The average grain size is approximately 17.5
mm, indicating the successful synthesis of microparticles.

Energy-dispersive X-ray spectroscopy (EDX) was performed
to verify the elemental composition of the synthesized material.
The EDX spectrum, shown in Fig. 7c, exhibits distinct charac-
teristic peaks corresponding to copper (Cu), chlorine (Cl) and
carbon (C), which are the non-hydrogen constituent elements of
the compound. No impurity peaks were observed, conrming
the high purity of [(C2H5)3NH]2CuCl4 compound.

3.4. Raman vibrational study

Raman spectroscopy was employed to investigate the vibra-
tional modes of both the organic and inorganic components of
1590 | RSC Adv., 2026, 16, 1585–1599
the bis(triethylammonium) chlorocuprate(II) compound. The
Raman spectrum, recorded at room temperature over the
wavenumber range from 50 cm−1 to 3200 cm−1, is shown in
Fig. 8, and the corresponding vibrational band assignments are
summarized in Table 1. All assignments were made by
comparison with Raman spectra reported in previous studies of
structurally related compounds.35–38 The Raman bands observed
below 400 cm−1 are attributed to the internal vibrational modes
of the anionic [CuCl4]

2− group. The intense band observed at
78 cm−1 is assigned to the symmetric deformation mode, ds(-
CuCl4), while the asymmetric deformation mode, das (CuCl4),
appears at 100 cm−1. The symmetric stretching vibration, ys(-
CuCl4), is detected at 278 cm−1, whereas the asymmetric
stretching vibration, yas (CuCl4), is observed at 310 cm−1. The
cationic [(C2H5)3NH]+ group exhibits several vibrational modes
in the spectral range from 410 cm−1 to 2984 cm−1. The band
observed around 410 cm−1 is attributed to the symmetric
deformation mode, ds(C–N–C). Vibrational modes of the CH3

groups, including stretching, deformation and rocking are
observed at 734, 1058, 1450, and 2984 cm−1. In contrast, CH2

group vibrations, such as twisting, torsion and stretching
modes, appear at approximately 1312, 1342, 2886 and
2943 cm−1, respectively. In addition, the skeletal deformation
mode (C–C–N) is observed at 1209 cm−1, the symmetric
stretching vibration ys(C–N) appears near 892 cm−1 and the
N–H stretching vibration is detected around 2746 cm−1.
3.5. UV-visible measurement

3.5.1. Absorbance and reectance. The absorbance and
reectance spectra of the [(C2H5)3NH]2CuCl4 compound,
recorded at room temperature, are presented in Fig. 9. The
absorbance spectrum exhibits four distinct peaks at 280 nm,
346 nm, 390 nm, and 468 nm. The strong absorption observed
in this region can be attributed to electronic transitions from
the valence band to the conduction band. This behavior is
consistent with previous studies on [CuCl4]

2− complexes39,40 and
indicates the presence of a characteristic band gap in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM micrograph (a), Size distribution histogram (b) and EDX analysis (c) of [(C2H5)3NH]2CuCl4.
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material. Moreover, the title compound exhibits high reec-
tance in the visible and near-infrared (NIR) regions, which is
a desirable property for optoelectronic applications such as
light-emitting diodes (LEDs) and solar cells.

3.5.2. Gap energy. The band gap energy of bi-
s(triethylammonium) chlorocuprate(II) was determined using
the Kubelka–Munk function, as described by the following
relation:41

(F(R) × hy)1/n = A(hy−Eg) (3)

FðRÞ ¼ ð1� RÞ2
2R

, is the Kubelka–Munk function and R repre-

sents reectance. The parameter n is the transition index,

taking the value n ¼ 1
2
for allowed direct transitions and n = 2

for allowed indirect transitions, Eg denotes the optical band
© 2026 The Author(s). Published by the Royal Society of Chemistry
gap, A is a constant related to the transition probability (Tauc
parameter)42,43 and hn is the photon energy of the incident light.

Fig. 10 depicts the variation (F(R)× hy)1/n as a function of the

photon energy E = hy with n ¼ 1
2
and n = 2 corresponding to

direct and indirect band gap transitions, respectively. From the
extrapolation of the linear regions, the band gap energies were
determined to be Eg = 2.36 ± 0.004 eV for the direct transition
and Eg= 2.17 eV Eg= 2.17± 0.003 eV for the indirect transition.
To determine the nature of the electronic transition (direct or
indirect band gap) in [(C2H5)3NH]2CuCl4, the rst derivative of
the reectance spectrum, expressed as [(1/R) × (dR/dl)], was
analyzed. This method allows the estimation of the optical band
gap based on the positions of inection points in the reectance
spectrum.44 Fig. 11 shows in the amplitude of this derivative as
a function of wavelength.

Using the relationship between the band gap energy and
wavelength, Eg = 1240/l (nm), the optical band gap was
RSC Adv., 2026, 16, 1585–1599 | 1591
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Fig. 8 Raman spectrum of [(C2H5)3NH]2CuCl4 compound at room temperature.

Table 1 Assignments of most important observed bands in Raman
spectrum of [(C2H5)3NH]2CuCl4 at room temperaturea

Raman wavenumber
(cm−1) Assignments

78 ds (CuCl4)
100 das (CuCl4)
209 —
278 ns (CuCl4)
310 nas (CuCl4)
410 ds (C–N–C)
679 —
734 r (CH3)
892 ns (C–N)
1008 n (C–C)
1058 r (CH3)
1209 (CCN) skeleton
1312 s (CH2)
1342 u (CH2)
1450 das (CH3)
1580 —
2746 n (NH)
2886 n (CH2)
2943 ns (CH2)
2984 nas (CH3)

a ns: symmetric stretching, nas: asymmetric stretching; ds: symmetric
deformation; das: asymmetric deformation; s: twisting; r: rocking, u:
torsion.

Fig. 9 Room temperature UV-vis absorption and diffuse reflectance
spectra.
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estimated to be approximately 2.37 ± 0.004 eV, corresponding
to a prominent peak at 521.50 nm. On the basis of the band gap
value obtained from the (1/R) *(dR/dl) versus l plot, the optical
1592 | RSC Adv., 2026, 16, 1585–1599
absorption process is conrmed to be of a direct transition
nature. The compound exhibits signicant light absorption in
the visible region, extending over the wavelength range of 400–
800 nm, which highlights the semiconducting behavior of the
studied Cu(II) complex. This result is consistent with previously
reported band gap values for similar hybrid materials based on
[CuCl4]

2− units, such as: [CH3NH3]2CuCl4 (Eg = 2.63 eV),45,
[C6H9N2]2CuCl4 (Eg = 2.47 eV),46, [C4H14N2]2CuCl4 (Eg = 2.47
eV).47
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Kubelka–Munk plots for direct and indirect band gap of
[(C2H5)3NH]2CuCl4.

Fig. 11 dR/Rdl as a function of wavelength (l).

Fig. 12 Nyquist plot (−Z00) vs. (Z0) at T = 313 K, inset equivalent circuit.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6. Complex impedance analysis

Complex impedance spectroscopy is a powerful technique for
investigating the electrical properties of materials. It enables
clear differentiation between various transport phenomena and
provides insights into the relative contributions of different
mechanisms involved in the overall conduction process.48

3.6.1. Nyquist plots. The Nyquist plot (−Z00 vs. Z0) of the title
compound, recorded at 313 K, is presented in Fig. 12. The plot
exhibits two well-dened semicircles, which can be attributed to
the electrical responses of the grains and grain boundaries,
respectively.49 Furthermore, the decrease in the diameters of
these semicircles with increasing temperature indicates
a reduction in the material's resistance, characteristic of nega-
tive temperature coefficient of resistance (NTCR) behavior.50,51

This trend reects a thermally activated conduction mecha-
nism, conrming the semiconducting nature of the [(C2H5)3-
NH]2CuCl4 material.

Fig. 13a illustrates the variation of the real part of the
impedance (Z0) with frequency at different temperatures [273 K–
313 K]. At low frequencies, Z0 increases as the temperature rises
from 273 K to 293 K. Above 293 K, Z0 decreases with increasing
temperature, which can be attributed to the reduction of trap-
ped charge density and the thermal activation of charge carrier
mobility.52 Additionally, at high frequencies (>105 Hz), the Z0

values converge, indicating that the charge carriers have
acquired sufficient energy to overcome the potential barriers.53

The variation of the imaginary part of the impedance (−Z00) as
a function of the angular frequency (u) shown in Fig. 13b,
exhibits a well-dened relaxation peak at each temperature. As
the temperature increases, the maximum of Z00 shis toward
higher frequencies and decreases in magnitude. This behavior
reects a thermally activated relaxation process characterized
by shorter relaxation times at higher temperatures, due to the
enhanced mobility of charge carriers.54,55 Overall, these obser-
vations conrm the semiconducting nature of the material.

3.6.2. AC electrical conductivity. AC conductivity (sAC) is
a fundamental property that reects the electrical dynamics of
a material, encompassing parameters such as conductivity,
capacitance, and loss factor. It also provides insight into the
conduction mechanism and how these properties vary with
temperature and frequency. Fig. 14 shows AC conductivity
spectra recorded over the temperature range 273–313 K
revealing two distinct regions. At low frequencies, the conduc-
tivity remains nearly constant, indicating a region dominated by
direct current (DC) conduction, where mobile charge carriers
respond efficiently to the applied electric eld. At high
frequencies, a dispersion region appears, corresponding to AC
conduction, where the electrical response becomes more
complex due to the involvement of trapped charges. Further-
more, at a constant frequency, sAC increases with temperature,
consistent with a carrier hopping process, indicating that the
conduction mechanism is predominantly thermally acti-
vated.56,57 The phenomenon of conductivity dispersion is
generally described by the following equation:41

sACðuÞ ¼ ss

1þ s2u2
þ sNs2u2

1þ s2u2
þ Aus (4)
RSC Adv., 2026, 16, 1585–1599 | 1593
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Fig. 13 Variations of real (Z0) (a) and imaginary (−Z00) (b) parts of impedance as a function of frequency at several temperatures.
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Here, ss denotes the conductivity in the low frequency region,
while sN corresponds to the estimated conductivity at high
frequencies, s represents the relaxation time, A is a temperature-
dependent constant and u = 2pf is the angular frequency. The
DC conductivity data, presented as a plot of ln (sDC T) vs. 1000/
1594 | RSC Adv., 2026, 16, 1585–1599
T−1 versus 1000/T−1 over the temperature range 273–313 K
(Fig. 15a), exhibits Arrhenius-type behavior, which is described
by the following equation:58

sDC ¼ s0 exp

�
� Ea

KBT

�
(5)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Angular frequency dependence of the AC conductivity at
various temperatures.

Fig. 15 (a) Variations of ln(sDC T) versus (1000/T−1) and the exponent
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where s0 is the pre-exponential factor, Ea is the activation energy
and KB is the Boltzmann constant. From the plotted graph, it is
evident that the DC conductivity increases with increasing
temperature, conrming the thermally activated nature of the
conduction mechanism. Linear tting of the ln (sDC.T) versus
1000/T−1 data yielded an activation energy of approximately
0.65 eV over the temperature range 273–313 K. This value
indicates that the conduction is governed by a thermally acti-
vated hopping process.

Fig. 15b presents the variation of the frequency exponent, s,
as a function of temperature for [(C2H5)3NH]2CuCl4. The
gradual decrease in s with increasing temperature indicates an
improvement in the electrical conductivity of the material. This
behavior suggests a change in the conduction mechanism,
which can be interpreted using several theoretical models based
on the temperature dependence of s. Several microscopic
models have been developed to better understand conduction
mechanisms in materials, including Quantum Mechanical
Tunneling (QMT), Correlated Barrier Hopping (CBH), Non-
overlapping Small Polaron Tunneling (NSPT), and Over-
lapping Large Polaron Tunneling (OLPT).59–61 For the present
compound, the observed decrease of s with temperature
strongly suggests that the CBH model is the most appropriate.
In this model, charge carriers move via successive hops between
localized sites separated by potential barriers. The frequency
exponent s is described by the following expression:62

s ¼ 1� 6kB T

WM þ kB T lnðus0Þ (6)

Here, s0 is the characteristic relaxation time, WM is the self-
trapping energy required for a charge carrier to hop between
localized sites, kB is the Boltzmann constant and T is the
absolute temperature. If WM >> kBT ln(us0), relation (4) can be
simplied as follows:

s ¼ 1� 6kB T

WM

(7)
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.6.3. Dielectric modulus. The analysis of electrical prop-
erties is based on the complex modulus formalism, which is
particularly well-suited for emphasizing the bulk response of
the crystal sample and for revealing phenomena such as elec-
trode polarization and conductivity relaxation times.63 The total
complex modulus M* is dened by the following equation:64

M* = M0 + M00 = iuC0Z* (8)

Here,M0 andM00 are the real and imaginary parts of the complex
modulus, respectively, C0 represents the vacuum capacitance
and Z* is the complex impedance.

The frequency dependence of the imaginary part, M00,
measured at different temperatures, is shown in Fig. 16a. The
plot exhibits distinct relaxation peaks, which systematically
shi toward higher frequencies as the temperature increases.
This behavior indicates that the relaxation process is thermally
activated and associated with enhanced charge carrier mobility.
(s) as a function of the temperature (b).
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Fig. 16 (a) Angular frequency dependence of the imaginary part (M00)
of the electric modulus at different temperatures, (b) plot of relaxation
time (s) as a function of 1000/T−1.
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The peak frequency (umax), corresponding to the transition
between long-range and short-range ionic mobility, allows the
determination of the relaxation time (s). This transition is
governed by the relationship umax x s = 1, where s denotes the
most probable relaxation time of the ions. The plot of ln(s)
versus (1000/T−1) is presented in the Fig. 16b. The activation
energy of the charge carriers can be estimated using the
Arrhenius law:65

s ¼ s0 exp

�
� Ea

kBT

�
(9)

Here, s0, Ea, T, kB, represent the relaxation time at innite
temperature, the activation energy, the measurement tempera-
ture and the Boltzmann constant respectively.

From the slope of ln(s) versus 1000/T−1 plot, the activation
energy was determined to be 0.73 eV, which is consistent with
the value obtained from the slope of ln(sDC T) versus 1000/T−1.
This agreement conrms that the conduction mechanism is
governed by a hopping transport.66
1596 | RSC Adv., 2026, 16, 1585–1599
4. Conclusions

The bis(triethylammonium) chlorocuprate(II) hybrid perovskite
was successfully synthesized by a slow evaporation method at
room temperature. Various characterization techniques were
employed to investigate the structural, optical, and electrical
properties of the compound. Powder X-ray diffraction analysis
conrmed that the compound crystallizes in the monoclinic
system with the centrosymmetric P21/c space group. Raman
spectroscopy at room temperature, allowed the identication of
the different vibrational modes and the structural composition
of the crystal. The UV-Visible spectrum revealed strong optical
absorption and pronounced semiconducting behavior, with the
direct band gap estimated to be approximately 2.36 eV using the
Kubelka–Munk function. Electrical conductivity measurements
conrmed the semiconducting nature of the material. More-
over, the charge transport behavior was found to be consistent
with the Correlated Barrier Hopping (CBH) model, as evidenced
by the temperature-dependent variation of the frequency expo-
nent s. These ndings highlight the potential of [(C2H5)3-
NH]2CuCl4 as a promising candidate for future optoelectronic
device applications.

Conflicts of interest

There are no conicts of interest among the authors.

Data availability

The authors conrm that the data used to support the ndings
of this study are included within the article and are available
from the corresponding author upon reasonable request.

References

1 X. Li, et al., Lead-Free Halide Perovskites for Light Emission:
Recent Advances and Perspectives, Adv. Sci., 2021, 8(4),
2003334, DOI: 10.1002/advs.202003334.

2 F. Yan, S. T. Tan, X. Li, H. V. Demir, et al., Light Generation in
Lead Halide Perovskite Nanocrystals, Small, 2019, 15(47),
1902079, DOI: 10.1002/smll.201902079.

3 D. Lencer, M. Salinga, M. Wuttig, et al., Design Rules for
Phase-Change Materials in Data Storage Applications, Adv.
Mater., 2011, 23(18), 2030–2058, DOI: 10.1002/
adma.201004255.

4 B. Champagne, A. Plaquet, J.-L. Pozzo, V. Rodriguez,
F. Castet, et al., Nonlinear Optical Molecular Switches as
Selective Cation Sensors, J. Am. Chem. Soc., 2012, 134(19),
8101–8103, DOI: 10.1021/ja302395f.

5 F. Hao, C. C. Stoumpos, R. P. H. Chang, M. G. Kanatzidis,
et al., Anomalous Band Gap Behavior in Mixed Sn and Pb
Perovskites Enables Broadening of Absorption Spectrum in
Solar Cells, J. Am. Chem. Soc., 2014, 136(22), 8094–8099,
DOI: 10.1021/ja5033259.

6 I. C. Smith, E. T. Hoke, D. Solis-Ibarra, M. D. McGehee,
H. I. Karunadasa, et al., A Layered Hybrid Perovskite Solar-
Cell Absorber with Enhanced Moisture Stability, Angew.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1002/advs.202003334
https://doi.org/10.1002/smll.201902079
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1002/adma.201004255
https://doi.org/10.1021/ja302395f
https://doi.org/10.1021/ja5033259
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08521g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 5

:3
5:

12
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Chem., Int. Ed., 2014, 53(42), 11232–11235, DOI: 10.1002/
anie.201406466.

7 F. Hao, C. C. Stoumpos, D. H. Cao, R. P. H. Chang,
M. G. Kanatzidis, et al., Lead-free solid-state organic–
inorganic halide perovskite solar cells, Nat. Photonics, 2014,
8(6), 489–494, DOI: 10.1038/nphoton.2014.82.

8 D. B. Mitzi, Synthesis, Structure, and Properties of Organic-
Inorganic Perovskites and Related Materials, in Progress in
Inorganic Chemistry, ed. K. D. Karlin, Wiley, 1st edn, vol.
48, 1999, pp. 1–121, DOI: 10.1002/9780470166499.ch1.

9 H. Zhu, et al., Lead halide perovskite nanowire lasers with
low lasing thresholds and high-quality factors, Nat. Mater.,
2015, 14(6), 636–642, DOI: 10.1038/nmat4271.

10 P. Priyadarshini, S. Senapati, R. Naik, et al., Lead-free
organic inorganic hybrid halide perovskites: An emerging
candidate for bifunctional applications, Renewable
Sustainable Energy Rev., 2023, 186, 113649, DOI: 10.1016/
j.rser.2023.113649.

11 K. Sahoo, et al., Highly stable and luminescent
formamidinium-based perovskite nanocrystal probe for
temperature and mercury sensors and in vitro imaging in
live cells, J. Mater. Chem. C, 2024, 12(42), 17315–17327,
DOI: 10.1039/D4TC02282C.

12 K. Sahoo, L. Juneja, R. Naik, S. Bhaumik, et al., Double-
encapsulated red-emitting formamidinium lead halide
perovskite nanocrystals for uorescence sensing and
lighting applications, Nanoscale Adv., 2025, 7(17), 5411–
5420, DOI: 10.1039/D5NA00412H.
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