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ABSTRACT: Perovskite materials have surged to the forefront of
materials science, captivating researchers worldwide with their
distinctive crystal lattice arrangement and remarkable optical,
electric and dielectric attributes. The current study focuses on the
development of a novel zero-dimensional (0D) Ge(II)-based
hybrid perovskite, formulated as NH;(CH,),NH;GeF;, and
synthesized through a gradual evaporation process conducted at
room temperature. The crystal structure is characterized by an
arrangement of organic cations and isolated octahedral [GeF4]*~
groups. This configuration is stabilized by relatively weak
intermolecular bonds. A comprehensive analysis of the material’s
thermal properties using differential scanning calorimetry (DSC)
revealed a distinct phase transition occurring at approximately 323 K, which was further confirmed through electrical measurements.
The studied compound provided a broad absorption range across the visible spectrum and an optical band gap of 3.30 eV, indicating
its potential for semiconducting applications in optoelectronic devices. Photoluminescence PL analysis displays a blueish broad-band
emission with a high color rendering index CRI value of 91, when excited at 325 nm. This emission primarily originates from the
self-trapped excitons (STEs) recombination in the inorganic [GeF¢]*". Herein, the temperature-dependent behavior of grain
conductivity exhibited an Arrhenius-type pattern, with an activation energy (E,) of 0.46 eV, confirming the semiconductor nature of
the investigated compound. In addition, a deep investigation of the alternating current conductivity, analyzed using Jonscher’s law,
demonstrates that the conduction mechanism is effectively described by the correlated barrier hopping (CBH) model. The dielectric
performances show a significant dielectric constant (¢’ ~ 10*). Thus, all these interesting physical properties of this hybrid perovskite
have paved the way for advancements in various technological applications, particularly in the field of electronic capacitors.

1. INTRODUCTION demonstrated numerous technological applications. Since
these hybrid compounds are made up of inorganic entities
and organic cations, inherent properties in both organic and
inorganic components are likely to be obtained.'” >’ The
outcome of both components’ combination offers the
opportunity to integrate useful properties inside a single
composite, thus giving rise to a broad area of multifunctional
materials.”*"*° A hallmark of perovskites lies in their crystal
structure, recognized as the perovskite structure, which can be
customized across a spectrum of dimensions, spanning from
three-dimensional (3D) to zero-dimensional (0D).”” These
crystalline materials are remarkable not only for their superior
electrical properties but also for their impressive optical

Electronic capacitors have recently appeared as one of the
most crucial technologies that have significantly improved our
daily existence. These components play a pivotal role in the
precise control of electric currents and the storage of electrical
energy. Their significance lies in their ability to regulate the
flow of electricity and store this energy for various applications.
These advancements can be found in a wide variety of
electronic devices, encompassing smartphones, laptops,
appliances, and even electric vehicles.™®

Semiconducting materials, including ceramic, perovskite,
porous Metal—Organic frameworks (MOFs), and organo-
metallic materials, have garnered significant progress in the
field of electronics as resistors and capacitors.””/ Owing to
their exceptional physical properties, such as tenability, high Received:  June 4, 2024
electron mobility, low thermal conductivity, better perform- Revised:  August 29, 2024
ance, and lower cost of production, hybrid organic—inorganic Accepted:  September 27, 2024
perovskite materials, with the general formula AMX; (where A Published: October 10, 2024
is the organic cation, M is a metal (Si**, Sn**, Ge**, Pb*, etc.)
and X is a halide anion (CI-, Br, F~, etc.)), have particularly
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characteristics. This dual functionality renders them highly
adaptable to various advanced technologies, from boosting
solar energy conversion efficiency to driving innovations in
optoelectronic devices.”® With ongoing research enhancing
their performance and stability, perovskites are set to be key
players in the future of renewable energy and high-perform-
ance electronics.

In particular, the hybrid perovskite (CH;NH;)Pbl; com-
pound, is notably appealing owing to its distinctive 3D
structure and outstanding optoelectronic characteristics. This
compound with a gap band of 1.51 eV, was introduced as a
novel material for solar cells, showing promising light
absorption and charge transport properties.”” Another example
is the layered two-dimensional (2D) perovskite
(C¢H;C,H,NH;),Gel, which garnered growing interest
because of its distinct photophysical attributes and remarkable
stability, interesting semiconducting properties with an optical
gap energy of 2.12 eV, making it an excellent candidate for
photovoltaic applications.”® Additionally, Chouaib and co-
workers synthesized a layered 2D perovskite with the general
formula (C;H;,NO),SnBr¢-2H,0, which demonstrated a good
ionic conductivity with an activation energy of Ea; = 0.117 eV
and Ea, = 0.074 eV at 300 K.’' Similarly, Karoui and
colleagues reported a halide-based perovskite-like material
namely -NH;(CH,),NH,SnCls** From a structural point of
view, the crystal structure of this material is composed of a
layered arrangement of distorted [SnCls]*™ anions and organic
[C,H (N, ]** groups. Also, Braiek and coauthors reported a
new semiconductor perovskite material (CsHgN,Cl), SiF, that
demonstrated good photophysical properties for electronic
devices.”

In addition, extensive research efforts have been dedicated to
the crystal structure investigation and dielectric character-
ization of hybrid 4perovskite compounds such as
NH,(CH,),NH,SiF,>* NH,(CH,),NH;SiFs, (n = 2, 3,
4),*% NH,(CH,),NH,SnCl’** and NH;(CH,),NH;MX
(Mn, Co, Tl Cd--).”~* Most of these semiconducting
compounds exhibit phase transitions, caused by the reor-
ientation movement of the ammonium cations as well as the
movement of H" ions through intermolecular hydrogen bonds.
Such type of phase transition is known as “order-disorder”.

Besides, dielectric relaxation and alternative AC conductivity
measurements have been frequently used to better understand
the molecular dynamics and the conduction processes of these
materials.

As an extension of these previous researches, we report a
novel perovskite named ethylenediammonium
hexafluorogermannate(II) with the formula
NH;(CH,),NH;GeF,, which demonstrates impressive elec-
trical and dielectric properties. Its structure presents a zero-
dimensional inorganic framework built from the [GeFq]*~
octahedron and organic cations [NH;(CH,),NH;]*". The
thermogravimetric and Differential Scanning Calorimetry
(TGA/DSC) analyses were performed and a phase transition
was observed. These studies are supported by a detailed
investigation of the semiconducting properties, electric and
dielectric mechanisms to understand the origin of the phase
transition and extend these results toward the production of
efficient and sustainable electronic and optoelectronic devices.

2. EXPERIMENTAL DETAILS

2.1. Raw Materials. Chemical reagents were purchased
from a commercial source (Sigma-Aldrich) and used as

received without further purification. All these chemical
characteristics and the purity of the products used for the
preparation of the single crystals of NH;(CH,),NH;GeF are
grouped in Table S1.

2.2. Synthetic Approaches of the NH;(CH,),NH;GeF,
Compound. Using the slow evaporation method at room
temperature, the preparation of the title compound
NH;(CH,),NH;GeF4 was carried out in our laboratory from
a mixture of ethylenediamine solution with germanium oxide
GeO, in a molar ratio of 1:1. Hydrofluoric acid was added
dropwise in stoichiometric proportions of the mixed solution
and then agitated thoroughly for over 15 min. The resulting
solution has remained at room temperature for a few days.
After recrystallization in an aqueous solution, colorless
parallelepipedal crystals suitable for single-crystal X-ray
investigation were recovered (Figure S1). The reaction
mechanism is given in the following equation

20

NH Geo, ;. 6HF _H:0 ® R | P~ ]‘- -1, amo0 (1)
H,N/\/ 2+ 2+ —_— “;N/\/ 3 F’C\'e‘p + 2Hyf
F

2.3. Single Crystal X-ray Data Collection. To have a
good resolution of the structure of NH;(CH,),NH;GeF,
compound, an appropriate transparent crystal of parallelepiped
form with dimensions of (0.40 X 0.20 X 0.10) mm’ was
carefully selected at room temperature (293 K) for data
collection. Using a Bruker Kappa APEX- II diffractometer and
molybdenum radiation (Ayoxe = 0.71073 A), diffracted
intensities were gathered within an angular range of 3.8° < @
< 32.1° resulting in the Miller indices: =8 <h < 8; =14 <k <
14 and =9 <1 £ 9. This selection allowed the collection of
1305 independent reflections, among which 1144 verify the
intensity condition I > 26(I). Subsequently, the circumstances
of the collection, as well as the main results of the refinement
relative to the structure of the analyzed compound, are
performed using the WinGX platform.*”

The crystal structural was solved in the monoclinic system,
with the centrosymmetric space group P2,/n and the lattice
parameters: a = 5.864(4) A; b = 9.699(2) A; ¢ = 6.546(1) A;
and f# = 90.184(4)° with two formula units per cell (Z = 2).
W80 atoms, including germanium and fluorine, were located
using the Patterson method, through the SHELXS-97
program.43 Additionally, subsequent refinements based on
Fourier difference F* syntheses have enabled the identification
of carbon and nitrogen atoms using SHELXL-2018 program.**
All these atoms have been anisotropically refined, whereas, the
positions of the H atoms were fixed geometrically via the HFIX
option. The last refining cycle resulted in satisfying reliability
factors of R, = 0.048 and wR, = 0.147. Figures were drawn by
the graphics DIAMOND application.™

Crystallographic details related to crystal data collection and
structural improvement of the Ge(II)-based perovskite single
compound are summarized in Table S2. Atomic positional
parameters and anisotropic thermal factors (Ueq/ U,,) are
gathered in the Supporting Information file Tables S3 and S4.
Selected bond lengths and angles are reported in Table SS.

2.4. Thermal-Properties Characterization. In order to
study the thermal stability of the Ge(Il)-based compound,
under an oxygen atmosphere, the thermogravimetric measure-
ments (TGA) were gathered on a powdered sample of 2.351
mg in the temperature ranges 303—773 K with a constant
heating rate of 10 K/min.
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Differential Scanning Calorimetry (DSC) measurement was
performed on a 5.800 mg sample with a “DSC 822P
METTLER TOLEDO?” type device in the temperature range
of 243—623 K, at a heating rate of 10 K/min.

2.5. Optical Characterizations. The optical absorption
analysis of the NH;(CH,)2NH;GeFs was carried out on a
spin-coated thin film under ambient conditions using a
conventional ultraviolet—visible (UV—vis) spectrophotometer
(HITACHI, U3300).

The PL spectra were collected using a JOBIN YVON HR
320 spectrophotometer at room temperature under different
excitation wavelengths from 280 to 350 nm.

ILVI. Electrical Measurements. The electrical analysis of
the Ge-(II)-based halide material was taken with a “1260
Solartron Impedance Analyzer automatic bridge” in the
temperature ranging from 303 to 363 K and the frequency
range of 10 Hz—7 MHz at an AC voltage of 1 V. To guarantee
electrical connections, the polycrystalline sample was pressed
employing two silver electrode configurations into a 1.1 mm
thickness pellet with an 8 mm diameter.

3. RESULTS AND DISCUSSION

3.1. Insight into the Crystal Edifice. The Single Crystal
X-ray investigation reveals that the NH,;(CH,),NH,;GeFq
perovskite compound crystallizes in the monoclinic system
with the centrosymmetric space group P2,/n (C,;), revealing a
low dimensional 0D architecture. The formula unit presented
in this studied compound is built up of an independent organic
cation [NH;(CH,),NH;]** and an isolated octahedral
[GeF¢)*™ anion. It is to be noticed that the germanium atom
occupies a special position with a Wyckof! site of 2a, while all
other atoms occupy general positions (Wyckoff sites 4¢). The
formula unit of this compound is depicted in Figure 1.

H1i HS
i 4 H4
H3i } ﬂ
N1 \\
\\ 3
N1i v
¢\
H4iv H2 N
HSi H1

Figure 1. Formula unit of the Ge-based perovskite compound.

Figure 2a,b depicts the arrangement of the crystal structure
along the ab and bc planes. The examination of the structure
reveals a pseudolayered arrangement of [GeF]*~ isolated
octahedrons within the crystal structure, alternated with
organic [NH;(CH,),NH;]*" cations. It also revealed that
these entities are interconnected through a network of
hydrogen bonds, resulting in a three-dimensional network.

Within the inorganic [GeF4]*~ groups, each Ge (II) atom is
surrounded by six fluorine atoms F;, F,, F;, F;;, F,;, and Fy;
(where; (ii): x, —z —y), conferring a slightly distorted
octahedral geometry. A close look at Figure 2a,b shows that
these isolated inorganic octahedrons are placed at x = 0 and z

= 0 as well as in the center of the unit cell. As quoted in Table
SS and Figure 2c, the average values of Ge—F interatomic
distances vary between 1.762(3) and 1.776(3) A, and the F—
Ge—F angles fall in the range of 88.95(15)—180.00(16)°. All
these geometric characteristics are in good agreement with the
similarities of those found in previously reported compounds
like NH,;(CH,),NH,SiF,, NH;(CH,);NH,SiF;’*>> and
(BYNH;(CH,),NH;SnCls.>* Therefore, considering the geo-
metrical characteristics of the [GeF4]*~ octahedral, the average
of the distortion indices (ID) are calculated using the
distortion equation indices of Baur:*

i=6

d—d
IDy(Ge-r) = Z —
o 6dn )
i=1s
D — i m
a(F—Ge—F) Z
o 15an (3)

where; d,/a,, represents the values of the average distances/
angles of the metal—ligand bonds (Ge—F) and d,/a; denotes
the values of the distances/angles of the metal—ligand bonds
(Ge—F). These calculated values were: IDy (ge—p) =
4.7107.107* and ID, (F=Ge-r) = 0.01854. Lower distortion
indices suggest that the metal’s coordination geometry is a
slightly deformed octahedron.

In the case of the organic groups, the diprotonated
ethylenediammonium cations exhibit a trans-configuration.
These latter are placed in the middle of the edges. Thus, the
C2—C2i and C2—N1 bond distances are respectively 1.516(9)
and 1.493(6) A, however, the N1-C2—C2i angles are of the
order of 109.2(4)° (symmetry codes, ((i): —x, —y+1, —z))
(Table SS). These average values are similar to those observed
in other [NH,;(CH,),NH;]*" based compounds, like
[NH;(CH,),NH,]$nCl,,** [NH;(CH,),NH,]Cd(SCN),*
and [NH,(CH,),NH,]cdcCl,.*!

In addition to the above, the study of the crystal packing of
the Ge(II)-based halide perovskite reveals that the polymeric
network is stabilized through intermolecular hydrogen bonds
N—H:F et C—H:--F as well as van der Waals interactions. As
shown in Figure 3a, the octahedron [GeF]*™ is coordinated by
four centrosymmetric organic [C,H;,N,]** entities. Indeed,
the N—H---F bonds vary from 3.112(5) to 2.897(5) A and the
angles between 134(6) to 171°(S). Whereas, the C—H:---F
bonds are comprised between 3.236(5) and 3.340(5) A, and
the angles range from 132(4) to 136(4)°. All These selected
hydrogen bond distances and angles are summarized in Table
S6. As per the findings of Brown’s research,*® hydrogen bonds
are considered weak if the distance between a donor atom and
an acceptor fluorine atom exceeds 3.19 A. In this context, the
C—H-F bonds to fluorine (dey_py* gz = 3236 A and
dcroppiiy = 3.340 A) are considered as weak bonds, while the
bonds of the N—H:--F intermolecular interaction involving is
regarded as strong with dp,, < 3.19 A. Consequently, these
various intermolecular interactions give birth to a 3-D
framework (Figure 3b).

3.2. Thermal TGA-DSC Analysis. The thermal behavior
of the perovskite NH;(CH,),NH;GeF, compound was studied
by the simultaneous (dTG-TGA)-DSC experiments, in the
range of 243—750 K. The results are presented in Figure 4.
The TGA profile reveals an initial weight loss occurring
between 300 and 367 K (mainly at 310 K according to the
dTG curve) corresponding to 2.8% mass loss which is assigned
to the removal of adsorbed water molecules due to the
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Figure 2. Atomic arrangement of the organic and inorganic along the (a) ab and (b) bc planes. (c) Geometric description of the inorganic

framework [GeF¢]*".

&c
L
WM
Lo
[0

(b)

o

Figure 3. (a) Scheme of hydrogen-bonding interactions. (b) Perspective view of the [NH;(CH,),NH;]GeF4 compound.

sample’s hygroscopic nature. Such a phenomenon is observed
for several compounds, particularly [(R)-CoH;,N];[CuBr,]. Br
hybrid material.” The second whole mass loss observed
between 393 to 773 K with 84.67% (calc.: 86.08%) loss of the
total weight is associated with the decomposition of the
polymeric network, resulting in the formation of GeO, as the
final residue. The DSC thermogram displays an endothermic
peak located at 321.71 K. Indeed, this endothermic behavior
can be linked to a phase transition. The characteristic
dynamical values of this transition are AH, = 121693 ]J
mol™ and AS; = 3.782 J mol 'K™". Thus, two sequential
endothermic peaks pointed at 584 and 609.53 K are linked
with the fusion followed by subsequent decomposition of the
title compound. The average variations of enthalpy and
entropy of these two peaks are AH, = 5377.11 x 10% AH,

= 44051.73 J mol™, and AS, = 920.72 J mol™" K7},
respectively. Upon cooling, the irreversibility of this material
indicates the decomposition process.

3.3. Optical Properties. 3.3.1. UV-Visible Study. To
thoroughly comprehend the semiconducting properties of the
(NH;(CH,),NH;) GeF¢ compound, we conducted exper-
imental UV—visible absorption spectroscopy at room temper-
ature. The measurements spanned the spectral range of 250—
600 nm, providing detailed insights into the compound’s
optical behavior (Figure Sa). It is widely understood that the
optical characteristics of the [ns’(n — 1)d'’np*] organic—
inorganic materials mainly result from the electronic transitions
of inorganic anions.’”*! In the ultraviolet range, a strong
Gaussian-shaped absorption band around 342 nm with high
energy (3.62 eV), is observed and assigned typically to the

https://doi.org/10.1021/acsomega.4c05255
ACS Omega 2024, 9, 42868—42882


https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05255?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

18 ——DSC
—TGA|[F 100
16 —dTG
144 //’\A- 80
o) d -
g 1] endo :\:’
z 2
0 60 &
E! =
Z s =
= ]
- 40
T 6- =
Y
=
] }\— 20
21 4/’/
0 T T T T T O
300 400 500 600 700

Temperature (K)

Figure 4. (TGA-dTG)-DSC curves of the [NH;(CH,),NH;]GeF; at
10 K/min.

excitation of free electron—hole pairs confined within the
inorganic [GeF4)?” octahedron, where an electron is
stimulated from the valence band to the conduction band

during excitation, establishing a hole in the valence band.”***

On the other hand, a peak followed by a shoulder bond at
(2.99 eV) at 414 nm might be assigned to the ligand-to-metal
charge transfer (LMCT) excited state.

The optical gap energies between the conduction and
valence bands of the Ge(Il)- based hybrid compound were
estimated by the Tauc relation:>

ahv = A(hv — E,)" 4)
where A is a constant, E, is the optical band gap and 7 is a
constant that determines the type of optical transitions (n =
1:2 for the direct transition and n = 2 for the indirect
transition).

The optical absorption coeflicient & is determined using the
Beer—Lambert relationship:

2.303 X Abs
a=——

d (%)

where d and Abs are the layer thickness and the absorbance,
respectively.
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Figure 5. (a) Normalized absorption spectrum. (b, ¢) Plots of (b) (ahr)"? and (c) (ahv)?® versus (hv). (d) Dependence of In(hy — EOP) as a
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The dependence of (ahv)"? and (ahv)* on the photon
energy is shown in Figure Sb,c for the NH;(CH,),NH; GeFq
compound. Through a slight fitting of the Tauc plots (Figure
5d), the direct and indirect band gap energies were found to be
Eg =3.15 eV and Eg‘ = 3.30 eV, respectively. The optical band
gap energies were determined according to the following
formula:

n = In(ahv)/In[A(hv — E,)] (6)

In inset Figure Sde, the optical gap energy E,(op) was
inferred by extending the linear region of the curve to intersect
the x-axis. A direct permitted transition is confirmed by the
slope on this plot, which produces a value of n equal to 0.802,
confirming an indirect gap transition (3.30 eV). In this matter,
the obtained energy gap value is superior compared to other
hybrid organic—inorganic Ge-based compounds, such as
(C4¢HC,H,NH;),Gel, (2.12 eV)*° and (CH,);NH Gel,
(2.8 eV).”? Assessing these outcomes, the
NH;(CH,),NH;GeF, material is qualified as a wide band
gap semiconductor. This classification opens up a range of
advanced applications, particularly in the fabrication of Light
light-emitting diodes (LEDs) and photodetect01's.54’55

The Urbach energy (E,) is a parameter that describes the
exponential tail of the absorption spectrum near the bandgap
energy in semiconductors. It is associated with disorders and
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defects in the material, offering insiéghts into the quality and
crystallinity of the semiconductor.”® The following equation
provides the value of E,;:

In(a) = In(a,) + (hv/E,) ()

where @, is a constant, E, represents the Urbach energy (eV)
and (hv) is the photon energy (eV).

The In(a) as a function of (hv) is illustrated in Figure Sf.
The inverse of the slope of the linear part leads to the
calculated value E, which is equal to 0.35 eV, presenting only
10% of the band gap energy. This result suggests a tighter
distribution of localized states in the band gap, indicating lesser
disorder, fewer flaws, and imperfections in the structure of the
investigated Ge-based perovskite.””*

The Urbach energy may be more effectively utilized by
employing the following expression:

kyx T

YT (8)

where kp is the Boltzmann’s constant, T is the ambient
temperature and the term f(T) refers to the steepness of a
material’s absorption edge caused by electron—phonon
interactions inside the band gap.”” This latter parameter,
with the value of 0.073, is linked to the force of the electron—
phonon interaction (E,_p;) according to the expression
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Figure 7. Variation of the Nyquist plots measured at different temperatures (a) 303—313 K and (b) 323—363 K with the proposed equivalent

circuits for the investigated compound.
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The predicted electron—phonon interaction strength (Ee_Ph) is
around 15.5 eV.

3.4. Photoluminescence Properties Analysis. The
photoluminescence properties of the Ge(II)-based compound
were measured under 325 nm UV excitation at room
temperature (Figure 6a). According to this figure, three
distinct bluish emission peaks are observed: two peaks
observed at 368 nm (3.37 eV) and 400 nm (3.10 eV), and a
weak band emission at 465 nm (2.66 eV).

The first medium band at 368 nm is allocated to the
electronic transition ligand—metal. However, the two-emission
bands around 400 and 465 nm, are attributed, respectively, to
the excitons localized within the inorganic (GeFg)*~
octahedrons, caused by self-trapped excitonic states resulting
from the distortion of the inorganic groups. It was recently
demonstrated that the formation of self-trapped excited
(STEs) states in organic—inorganic hybrids is well recognized
to be dependent on the crystalline system’s dimensionality,
with lower dimensionality (0D).°”"% In this matter, the blue
broadband emission of the Ge-based perovskite is caused by
the recombination of STEs, due to the inorganic anions. For a
deep comprehension of the emission phenomenon, we have
examined the normalized PLE spectra at various excitation
wavelengths from 280 to 350 nm (Figure 6b). It is evident to
notice that the Stokes shift decreases remarkably with
increasing excitation and emission wavelength values. Accord-
ing to Figure 6b, the largest Stokes shift value of 121 nm
(1.347 eV) was observed under excitation at 280 nm (4.437
eV). This phenomenon is commonly ascribed to self-trapped
excitons (STEs), which are induced by powerful exciton—
phonon interactions in low-dimensional (0D) systems. Such
interactions produce a wide 400 nm emission band, followed
by the medium—sharped peak at 465 nm.

As asserted in Figure 6c¢, based on the chromaticity diagram
(CIE 1931), the investigated material exhibits a CIE,, CIE,
coordinates of (0.25; 0.30) upon excitation at 325 nm, Iymg
inside the range of bluish light’s color spectrum. Besides, the
broad-band emission from this material reveals a Correlated
Color Temperature (CCT) value of 10,982 K, which falls into
the category of “cold” blue light. Additionally, the index CRI
measures the ability of a light source to reveal the colors of
various objects faithfully in comparison with an ideal or natural
light source. It is expressed as a number on a scale from 0 to

e—ph =
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100, where higher values indicate better color rendering. Here,
his novel compound has a CRI of 91, surpassing that of
commercial light diodes (CRI = 80) and white light hybrid
perovskite.”* This value is the highest one compared with
previously reported halide-based hybrid materials, including
(CgH,oN,)[SnCl,]Cl (CRI = 92),°* AEA PbBr, (CRI = 87),"*
(C,H,NH;),PbCl, (CRI = 86),°* (C,N,H,,Br),SnBrs (CRI =
70)* and (C,N,H,,)PbBr, (CRI = 63).°°

3.5. Electrical Properties. 3.5.1. Impedance Complex
Analysis and Equivalent Circuit. The complex impedance
spectroscopic technique attempts to analyze the electrical
characteristics of materials in a wide range of frequencies and
temperatures. It is extremely useful in determining the
contributions of various mechanisms in the conduction process
such as grain, grain boundary, and the electrode-material
interface impact. Although it does come with certain
limitations and complexity that necessitate careful comple-
mentary interpretation.

Figure 7 depicts the variation of the Nyquist plots measured
from 303 to 363 K, providing knowledge of the resistive (real
part Z') and reactive (imaginary part Z”) elements in this
synthesized NH;(CH,),NH;GeF4 material. These diagrams
exhibit some deviations of the Z'-axis, indicating Cole—Cole
type behavior. At the low-temperature region (beneath T =
323 K), we observe that as the temperature rises, the radius of
the semicircles increases, indicating a decrease in thermal
conductivity, as can be seen in Figure 7a. Such behavior is
mainly due to the presence of water molecules in the air
(humidity), which is confirmed by TGA analysis. These water
molecules could be incorporated into the grain boundary pores
and behave as a catch center for charge carriers. This
phenomenon is commonly observed in organic— inorganic-
halide-based materials.*’

In an area of high temperatures (upper T = 323 K), when
the temperature rises, the diameter of the semicircles decreases
corresponding to the resistance decreases and increasing
conductivity. This is a sign of an active conduction mechanism
within the sample of dielectric character (Figure 5b).%”

The modeling of the various spectra —Z” = f(Z'), using the
Z-view software, allowed us to isolate an equivalent circuit
composed of two elements coupled in parallel: a gain resistor
(R,) and a fractal capacitor (CPE,)."”% The impedance of the
capacity of fractal interface CPE is determined by the following
expression:
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7o 1 nation of the electrical conductivity oy, described by the
CPE Q,(jw)* (10) following equation:

Taking into account the adopted equivalent circuit, the
expressions for the real and imaginary parts of the complex
impedance are as follows:

RZQO(U“ cos(%) + Roo

(1 + RQowacos<%’[))2 + (RQOw”sin<%”)>2

!

(11)
2 . an
RA, sm(7) + Roo

7' = 2 2
(1 + RQowacos<%ﬂ)> + (RQow“sin(%ﬂ))

(12)

where Q indicates the value of the capacitance of the CPE
element, a presents the degree of deviation between the radius
of the semicircle and the Z’ axis in the Nyquist representation
and R is the polarization resistance, which describes the
electrical resistance of the material.

We emphasize that the excellent correlation between the
experimental and computed results demonstrates that the
proposed equivalent circuit, describes the electrical behavior of
the synthesized material.”” The extracted parameters of the
equivalent circuit element (R, Q, and a) are symmetrized in
Table S7. Upon T > 323 K, it is clear that the temperature
increases with decreasing the gain resistance (R) as well as a
notable change in the constant of the CPE (Q), and the phase
angle (). This decrease in the resistive property indicates the
existence of an activated conduction mechanism.

The fluctuation of the real portion of the impedance
complex (Z') as a function of frequency and temperature is
plotted in Figure S2. We see that the amplitude of Z’ is higher
in the low-frequency band at low temperatures. Then, when
temperature and frequency increase, Z’ decreases gradually. Its
behavior validates an enhancement in DC conductivity inside
the title compound. At high frequencies, all the curves of Z at
all temperatures merge, implying a probable release of space
charge and a reduction in barrier characteristics.”’

Figure S3 illustrates the variation of (—Z") versus frequency
at various temperatures. These charts demonstrate that Z”
climbs with increasing temperature and frequency until
reaching a maximum Z” and then progressively falls. In this
matter, the peak broadening suggests the occurrence of a
relaxation process within the system.”' Moreover, a merging of
all curves is observed as the frequency decreases, suggesting a
possible release of the charge carriers. In fact, at high
frequencies, the charge carriers have less time to relax, and
their polarization diminishes with an increase in frequency,
leading to fusion.”” Further, this discovery reflects a decrease in
resistance characteristics.””

The variation of the complex impedance (Z’ and Z") versus
frequency at 313 K is presented in Figure S4. It is noteworthy
that Z” increases in frequency while Z' drops. This process
continues until Z” attains its maximum (Z”,,,,) and intersects
with Z' plot. This highest value is associated with a particular
frequency, known as f, (relaxation frequency). Eventually, as
the frequency rises, Z' and Z” decrease until they reach zero.”*

The acquired bulk resistance (R;) values pertaining to the
grain at various temperature ranges permitted the determi-

e
T RXS (13)
where S stands for the surface area, while e corresponds to the
thickness of the pellets.

The thermal evolution of this specific conductivity is plotted
in Figure 8. According to this figure, two regions are observed

e
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Figure 8. Temperature dependence of the conductivity for the
[NH,(CH,),NH,]GeF,.

at T > 323 K and T < 323 K with a noticeable change in the
slope around 323 K, confirming the phase transition observed
by the DSC study. Besides, at T > 323 K, the curve shows a
remarkable increase in the electrical conductivity (o4.) as the
temperature increases. These results indicate that the
conduction follows a thermally activated transport mechanism,
which is dictated by the Arrhenius law:

a3 T = g,exp( — E,/kT) (14)

where ¢, is the pre-exponential factor, E, is the activation
energy, k is the Boltzmann constant and T is the absolute
temperature. By applying this principle, the gradient of the plot
log(oT) against 10°/T yields an activation energy of E, = 0.46
V. In the second phase (T < 323 K), it is evident that the
conductivity deviates from the behavior predicted by the
Arrhenius law. This observation supports the hypothesis of
water evaporation within this temperature range. This material
exhibits a hygroscopic nature, which in turn impacts the
fluctuation in conductivity.”

3.6. AC Conductivity. To explore how the material
responds dynamically to an applied alternating electric field, an
analysis of the alternating current conductivity was carried out.
The alternating conductivity, denoted as o,, is determined
through the following equation:

(e)x[ 7 ]
();c= - ’ "
s Z*+ 27 (15)

The variation of o, versus log(f) is illustrated in Figure 9a. It is
clear that the alternating conductivity o, increases with rising
frequency and temperature. At low frequencies, a plateau of
direct current o,  is observed due to the frequency-
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Figure 9. (a) Changes in the alternative AC conductivity versus frequency at various temperatures and (b) plot of the exponent ‘s’ versus

temperature for the Ge-based perovskite.
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Figure 10. Variation of the real part of the modulus formalism as a function of frequency, at several temperatures for the Ge-halide title compound.

independent conductivity that occurs from the random
distribution of charge carriers. The bearing becomes
increasingly obvious, indicating that this regime is engaged
thermally. Afterward, the o, plots exhibit some dispersion
toward 712157h frequencies due to interactions between charge
species.”

The phenomenon of conductivity dispersion (o,.) can be
theoretically described by Jonscher’s law as follows:”

0, = 0y + A’ (16)

where o, is the DC conductivity, w is the angular frequency of
measurement, A is constant and s is the power law exponent
that reflects the degree of interaction between mobile ions and
their surroundings, varying between 0 to 1. To determine the
predominant conduction mechanism of the AC conductivity in
the studied compound, analyzing the variation of the exponent
“s” as a function of temperature provides valuable insights into
these conduction models. Above T = 321 K, the value of s’
decreases with rising temperature, suggesting that the
Correlated Barrier Hopping (CBH) model governs the
electrical transport in this material (Figure 9b). This model
applies to different organic—inorganic hybrid materials, such as
the [(CH,),NH,],ZnBr,”’ and (C¢HyN,),[Sb,Cl,].*

3.7. Modulus Analysis. The utilization of electric modulus
formalism proves to be an advantageous metric for obtaining a
deeper understanding of both the charge transport mechanism
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and the relaxation process within the examined compound.
However, it may be less effective in resolving contributions
from grain boundaries and interfaces.

The M* formalism is delineated through the following
equations:

M*=1/¢" = iwCZ" = M' + jM" (17)
M = (e)/((e* +¢?) (18)
M = (e)/((e* +€?) (19)

where M', M": are respectively, the real and imaginary parts of
the complex electrical modulus M*, Z* presents the complex
impedance and C; is the vacuum capacitance of the cell,
calculated as C, = €,S/e, where &, denotes the permittivity of
free space, S: the contact area between the electrolyte and
electrode, e signifies the thickness of the sample, and w
corresponds to 2zf, with f denotes the frequency in Hertz
(Hz).

To validate these contributions, we generated a plot of
log(M’) against log(f) at several temperatures (Figure 10). At
low frequencies, the real part of the complex modulus (M’) is
very low, suggesting minimal influence of the electrodes. This
behavior indicates that the electric field is not strong enough to
facilitate the long-range movement of the charge carriers.
Instead, the conduction process is dominated by the short-
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Figure 11. Three-dimensional plot depicting the change in log(M”/M" ,..) as a function of log(f) for the [NH;(CH,),NH;]GeF; compound.

range mobility of these carriers. As the frequency increases, M’
initially decreases and then gradually rises, eventually
approaching a constant value at high frequencies (M'® = 1/
€’®). This plateau at high frequencies signifies the presence of
a relaxation process within the material.®’ The relaxation
process is characterized by the ability of the charge carriers to
respond to the alternating electric field, indicating their
involvement in a localized polarization process rather than
contributing to long-range conduction.

Figure 11 displays the three-dimensional representation of
the normalized imaginary part of the electrical modulus M"/
M’ o versus log(f) at different temperatures for the
NH;(CH,),NH;GeF4 compound. It is evident that all graphs
exhibit a clearly defined relaxation peak, with the maximum
shifting toward higher frequencies with rising temperature.
This behavior may reflect a transition from short-distance
mobility to long-distance mobility of charge carriers. The ions
are mobile over large distances in the low-frequency region,
whereas they seem to be confined to their potential wells and
move over short distances in the high-frequency range located
to the right of the maximum peak.'” These facts reflect a
temperature-dependent relaxation process. Each asymmetric
peak maximum (M",,) corresponds to a characteristic
frequency f, (f, = 1/277,,,).""

In general, the electric relaxation mechanism is well-defined
by the Kohlrausch—Williams—Watts (KWW) function:

P(0) = exp) = (i)ﬁ (20)

where f is the Kohlrausch parameter that characterizes the
degree of non-Debye behavior.

Figure 12 suggests the variation of the 6. and log(f,) as a
function of 1000/T for the title compound. These two graphs
show two quasi-parallel lengths with a discontinuity at T = 323
K, approving the phase shift found by conductivity and thermal
examinations.

3.8. Dielectric Studies. Permittivity analysis is essential for
understanding the dielectric properties of materials, including
their ability to store and dissipate electrical energy. Its primary
advantage lies in providing detailed information about the
dielectric constant and dielectric loss, which are crucial for
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Figure 12. Variations of 64 and log( fp) as a function of 1000/T for
the title compound.

applications in capacitors and other electronic devices.
However, permittivity measurements can be influenced by
extrinsic factors such as temperature, humidity, and electrode
effects, complicating the interpretation of results and
potentially obscuring the material’s inherent properties. To
confirm the phase transition observed in the DSC and
electrical measurements, we carefully examine the variation
of the permittivity. The complex dielectric function is
expressed mathematically as follows:**

e =¢ +ie (21)
The real and imaginary parts of the electric permittivity were
calculated according to the following relations:

, _ —Z”

wCy(2*+27%) (22)
" o__ -7z

a)CO(Z,2 +2z? (23)

Figure 13a,b illustrates the temperature dependence of the
real and imaginary parts of the dielectric conductivity (¢’ and
¢") of the NH;(CH,),NH;GeF; compound at selected
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Figure 13. Temperature dependence of (a) the real part (¢') and (b) the imaginary part (¢”). (c) Variation of the dissipation factor (tan(5)) with
frequency. (d) Frequency dependence of the real part of the permittivity (¢') at different temperatures of [NH;(CH,),NH;]GeF; .

frequencies between 10 Hz and 10’ Hz. An overview of the
data gathered reveals the presence of dielectric abnormally
around T = 321 K, featuring the detected phase transition
already observed in the thermal and electrical analyses. Below
320 K, the variation of ¢" and &” reaches a constant value with
increasing frequency. This phenomenon arises due to the
limited reorientation movements of the charge carriers,
preventing them from aligning themselves with the direction
of the applied electric field.

Henceforth, above T > 320 K, the dielectric permittivity &’
shows a maximum in the real part curves and a minimum in
the ¢” plots at T = 331 K, align with the temperature observed
at DSC curves (T = 321.5K) and then decreases progressively.
Such behavior is in agreement with the occurrence of a
conductivity relaxation within this synthesized compound.®

The dielectric loss factor (tan§) was computed using the
following equation:

tand =& = =
g  2aRC

(24)

where &’ and &” are the real and imaginary components of the
dielectric constant, respectively. C and R represent the
capacitance and resistance of the sample.

Figure 13c discloses the temperature-dependent variation of
the dissipation factor (tan &) at various frequencies. The nearly
constant variation tan(§) at low temperatures indicates
restricted reorientation motion, achieving a loss asymmetric
peak at 333 K. This later coincides with the temperature
recorded by DSC at 321.5 K. Above this temperature, all
curves decrease over the entire frequency range until
stabilizing.

Figure 13d displays the frequency-dependent behavior of the
real component of permittivity (¢') at different temperatures,
characterized by an exponential decrease. Besides, it is to be
noticed that the investigated sample exhibits higher (¢’) values
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at low frequencies, reaching up to 103, suggesting its potential
suitability for low-frequency energy storage applications.
Improvements in energy storage capacity are shown by a
drop in (&') values with increasing frequency.*® Literature
indicates that our studied compound possesses a significantly
higher dielectric constant compared to traditional inorganic
semiconductors. For instance, silicon has a dielectric constant
of 12.1,%” while ferrite compounds tygically exhibit dielectric
constants ranging from 107* to 10.5%¢

Furthermore, the reported Ni, Mn, and Sb-based hybrid
materials have significant dielectric constants at lower
frequencies, roughly within the range of & ~ 10%°%7%%" At
higher frequencies, it exhibits low dielectric loss and strong
electrical conductivity. Higher dielectric constants are
associated with greater resistance to electric fields. Accordingly,
the following Ge(II)-based compound could be a promising
candidate for use in electronic devices, especially in the field of
electronic capacitors.

4. CONCLUSIONS

The main objective of this study is to scrutinize the physical
properties of a novel 0D Ge(II)-based hybrid perovskite with
the formula [NH,(CH,),NH;]GeFs. The crystal structure
consists of a periodic arrangement of organic groups as well as
inorganic [GeF]*~ octahedral, that are linked by N—H:-F and
C—H---F hydrogen bonds, forming a three-dimensional
network. The thermal studies indicate the presence of one
phase transition at 323 K, which is corroborated by electrical
and dielectric analysis. The UV—vis absorption analysis
revealed an optical band gap energy of 3.30 eV, confirming
the semiconductor nature of the investigated material. This
finding highlights its potential for optoelectronic applications.
Besides, the photoluminescent properties revealed a broadband
bluish light emission, generated from STEs of the inorganic
octahedron, with a high CRI value. A deep investigation of the
complex impedance across temperature and frequency ranges
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enables the determination of the equivalent circuit, while the
thermal evolution of this specific conductivity unveils its good
semiconductor nature. Finally, the dielectric analysis suggests
that the title compound exhibits a dielectric relaxation
phenomenon, including higher dielectric permittivity. Based
on these findings, we believe that the research work paves the
way toward the design of novel halide-based perovskite
materials that hold great promise as an alternative for
electronic capacitor devices.
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