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ABSTRACT: Two-dimensional perovskites show intriguing optoelectronic properties due to their anisotropic structure and
multiple quantum well structure. Here we report the first three gold based Ruddlesden-Popper type two-dimensional
double perovskites with a general formula (NOP),Au'B" s employing naphthalene-O-propylammonium (NOP) as organic
cation. They were found to form highly crystalline thin films on various substrates, predominantly oriented in [001]
direction with large domain sizes in the range of ~um. The thin films show strong optical absorption in the visible, with
band gap energies between 1.48 eV and 2.32 eV. Density functional theory calculations support the experimentally obtained
band gap energies and predict high charge-carrier mobilities and effective charge separation. A comprehensive study with
time-resolved microwave conductivity (TRMC) and optical pump- THz-probe (OPTP) spectroscopy revealed high charge-
carrier mobilities for lead-free two-dimensional perovskites of 4.0 + 0.2 cm?(V s)™ and charge-carrier lifetimes in the range
of ps. Photoconductivity measurements under 1 sun illumination demonstrated the material's application as a
photodetector, showing a twofold increase in conductivity when exposed to light.

Introduction: term stability under illumination or exposure to moisture

In recent years, organic-inorganic perovskite-based
materials with the molecular formula ABX;, with
methylammonium (MA) lead iodide MAPDI; as its most
prominent representative, have attracted significant
attention in material sciences due to their outstanding
performance as light absorbing materials, their remarkable
optoelectronic properties, efficient synthesis, and potential
for future photovoltaic technology to address the global
climate crisis." However, lead-based perovskite materials
suffer from toxicity issues and often lack sufficient long-

and air.”

To address these issues, lead-free alternatives have
raised considerable interest, including double perovskites
with the general formula of (A"),B'B*"X containing one
monovalent and one trivalent B-site cation.>* Due to the
wide range of possibilities regarding the A- and B-site
cations within the Goldschmidt tolerance factor limits, a
large variety of double perovskites are accessible, with
Cs,AgBiBrg as the most prominent example.’> However,
the presence of two different B-site elements in double



perovskites often limits desirable optoelectronic
properties, such as a direct band gap, low band gap energy,
and long charge-carrier lifetimes.>® Hence, introducing
elements with both mono-valent and trivalent oxidation
states accessible, such as Au, offers a potential solution.>’
Accordingly, fully inorganic mixed-valence gold halide
compounds Cs,[Au'X,][Au"'X,] (X=Cl, Br, I) with a
distorted 3-dimensional perovskite structure were
investigated as potential superconductors in the past®™,
and show strong charge-transfer interactions arising from
their strong electron-phonon coupling caused by the Jahn-
Teller effect. Such materials regained scientific interest
after calculations and experiments suggested a direct
bandgap of 1.1 - 1.3 eV for the Cs,AuAuls double perovskite,
highlighting their potential as light absorbing material.”""
However, film formation of this particular 3D perovskite
material remains a challenge, and so far, all studies have
been conducted either on powders or single crystals.’

In this context, we posit that combining the promising
optoelectronic properties of Cs,AuAuls with the vast
design space and typical superior film-forming behavior of
2-dimensional (2D) perovskites containing organic cations
could be a promising strategy to overcome the limitations
of the 3D bulk material. 2D perovskite-related organic-
inorganic hybrid materials have emerged as intriguing
novel types of semiconductors, offering both high stability
and remarkable chemical and structural tunability.” One
class, namely Ruddlesden-Popper (RP) 2D double
perovskites with n =1 octahedral layers and the general
formula (OC*),B'B"X;s is characterized by alternating
single layers of organic cations (OC) and inorganic corner-
sharing octahedra. These compounds exhibit high
chemical and environmental stabilities and superior film
formation qualities, but also possess anisotropic electronic
properties arising from their layered structure, yielding
generally lower electrical conductivity in the out-of-plane
direction. The large organic cation usually has a smaller
dielectric constant and different electronic properties than
the inorganic octahedral layer, resulting in periodically
alternating quantum wells.”

Addressing the out-of-plane conductivity limitation,
monovalent p-stacking aromatic organic cations with
extended p-systems and strong intramolecular hydrogen
bonds such as naphthalene or pyrene-based cations were
found to enhance out-of-plane charge-carrier transport in
RP phases.”® Implementing these cations in Pb and lead-
free Ag, Cu and Bi containing perovskites results in RP 2D
double perovskite thin films with outstanding out-of-plane
conductivity for 2D perovskites."’® To the best of our
knowledge, no gold-based RP-type 2D perovskites with
cations larger than MA have been reported.” So far, only
limited research has been conducted on gold-based
organic-inorganic 2D materials. In 2003, Dion-Jacobson
(D)) type related 2D gold perovskites
[NH,(CH,).NH,L.[(Au'L)(Au""1,)(I,).] (n=7 and 8) were
synthesized.”® Since then, other mixed-valence organic
inorganic hybrid gold iodide polymorphs with organic
cations such as methylammonium in (MA),(Au'L,)(Au""I,)
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' and with other small organic cations like formamidinium
(FA), guanidinium (GUA), imidazolium (IMD) or
piperidinium (PIP) have been reported.* However, these
compounds still exhibit distorted 3D perovskite structures
or o-dimensional character and cannot be considered
layered structures. A study investigating chain-length
dependent  changes in  crystal  structure  of
[NH,(CH.),NH,].[(Au'L)(Au""T,)(L,).] revealed  the
formation of DJ type materials only for OC with chain
length n = 7 and n = 8, while lower and higher n-values led
to the formation of zero-dimensional structures.” Based on
the above findings, we posit that integrating organic
cations with larger n-systems and significant electronic
coupling into gold-containing 2D perovskites could make
gold-based RP 2D double perovskites accessible, while
simultaneously resulting in enhanced charge transfer
properties.

Here, we present three novel (NOP),Au'B""Is (B = Au, Bi,
Sb) gold-based Ruddlesden-Popper 2D perovskites
incorporating naphthalene-O-propylammonium (NOP")
as the large organic cation, cast as highly crystalline thin
films via spin coating from a precursor solution. Our
thorough investigation of these new materials includes
details of the crystal structure and thin film orientation,
which demonstrate a strong orientation of the films
parallel to the substrate surface. Furthermore, we report
strong optical absorption features in the visible region,
indicating a direct band gap character. Moreover, these
materials exhibit high charge-carrier mobilities and photo
conductivities, which were established by means of
terahertz and microwave conductivity measurements,
making them promising candidates for optoelectronic
application. Lastly, the significant response as a
photodetector for visible light obtained fully demonstrates
the great potential of these materials

Structural characterization:

The three-dimensional perovskite structure with the
general formula ABX; comprises corner-sharing BXg
octahedra with a divalent cation B** and the halide anion
X'. Within this structure, the cuboctahedral cavities are
occupied by monovalent cations A’. Substituting the
monovalent A" cation with a larger organic cation (OC)
disrupts the three-dimensional perovskite framework due
to the inability of the oversized OC to fit within the
cuboctahedral cavities. The substitution of A" with
stochiometric amounts of monovalent OCs results in so-
called Ruddlesden Popper (RP) 2D perovskites with an
octahedral layer thickness of n =1 that adhere to the
general formula (OC),B'B"Xs. In these structures, the
organic cations segregate the inorganic octahedral layers,
positioning their positively charged terminal groups, e.g.
-NH,*, into the half-cuboctahedral cavities. The
uncharged segments of the organic cations interact via van
der Waals (v.d.W) forces or dipole-dipole interactions,
thereby establishing a v.d.-W gap between the organic
layers. As noted above, using the naphthalene-O-
propylammonium cation (NOP*) with its extended



conjugated m-system as OC is anticipated to enable the
formation of RP 2D double perovskites with significant
out-of-plane conductivity."*'®

The crystal structures of all three compounds were
obtained through Rietveld refinement of powder XRD data
of material removed from thin film samples. Investigating
the structural properties of the three 2D gold perovskites
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Figure 1. a) Crystal structures of (NOP)4AuIBHlIg, b), ¢), d) local coordination of corner-shared Au'ls- and B

NOP- AuAu ((NOP),AuAuls), NOP-AuBi ((NOP),AuBils),
and NOP-AuSb ((NOP),AuSbls) we start with a model
based on NOP-AgBi adapted from Hooijer et. al."* and find
distorted inorganic Au'B"Is octahedral layers that are
separated by NOP" cations as shown in Figure 1a. Au'ls-
and B"Is-octahedra are corner-connected, forming an
inorganic Au'B"Ig-layer with a checkerboard pattern
ordering of Au' and B".
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octahedral layer.

The NOP-AuAu compound features two different
distorted Auls octahedra due to the mixed valence of gold
in Au' and Au"™. The linear [Au'L] anions with bond
lengths of Au'-I =2.55 A are surrounded by square planar
[Au"1,] anions with Au'""-I = 2.62-2.73 A. Considering the
additional neighboring I atoms for [Au'l,]" and [Au"L,]
anions, a distorted Au'Au"Iz-octahedral layer is formed as
seen in Figure 1b. Similar bond lengths and distances have
been observed in the series of mixed valence AAul;
compounds (A = K, Rb, Cs), which also feature linear Au'l, -
(Au'-I =2.56-2.57A) and square planar Au"l,-anions
(Au"-I = 2.64-2.65 A) 3 For NOP-AuSb and NOP-AuBi, a
similar coordination of the [Au'""l,]” anions is found but
with slightly elongated Au'-I bonds (Au'-I =2.76-77 A)
along the linear Au'l, unit (Figure 1 c-d). Sb" and Bi" in
comparison are coordinated octahedrally with only a
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minor tetragonal distortion represented by 4 short bond
lengths (Sb-I =2.98-3.01A, Bi-I =2.99-3.07A) and 2
slightly elongated bonds (Sb-I =3a15A, Bi-I =3.40A)
observed. Comparing the three octahedral layers as shown
in Figure 1 e-g, different degrees of distortions and tilting
are apparent. Between Au'ls, Au"'ls, Sb™Is and Bi"ls,
different octahedral sizes and shapes are present, which
result in different void-sizes and -shapes available for the
organic spacer cations, making a comparison of the
interactions between the inorganic layers and the OC
difficult. Nevertheless, when comparing the different B(III)
ion sizes according to Shannon** (Sb™: 0.76 A; Au™: 0.85 A;
Bi": 1.03 A), one would expect a B(III)Is octahedral volume
increase (Table S2). The N-I distances are very similar to
those in NOP-Pb.” Due to the high distortion of the
octahedral layer, we hereby only compare the shortest N-I



distances to give a rough estimate of the interactions
between the OC and the inorganic layers. They are as
follows: NOP-AuAu = 3.53 A, NOP-AuBi = 3.32 A and NOP-
AuSb = 3.21A, which shows the same trend as the
experimentally obtained band gap values from Tauc plots
(E4(NOP-AuAu) = 148eV; E/(NOP-AuBi) = 2.20¢€V;
E,(NOP-AuSD) = 2.32 V).
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The Ruddlesden-Popper 2D perovskite structure type with
the octahedral layer thickness of n = 1 was confirmed for all
three novel materials by Rietveld-refinement of powder
XRD data, utilizing an existing Ruddlesden-Popper 2D
perovskite single crystal structure dataset of (NOP),AgBils
as a starting model." A full set of crystal data is given in the
supporting information.
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Figure 2. a) Normalized XRD patterns of thin film samples of NOP-AuAu, NOP-AuBi, and NOP-AuSb. b) Powder XRD used for
Rietveld-refinement of scratched-off and ground NOP-AuAu material. ¢) GIWAXS image of NOP-AuAu on a 7 Q/cm? FTO
substrate, measured with an incident angle of o; = 0.2°. d) Optical microscopy images of NOP-AuAu thin film on an FTO substrate

in transmission and direct illumination.

Thin film morphology & orientation:

Following the analysis of the 2D perovskite crystal
structure, we now focus on the 2D perovskite thin film
morphology. The structures and high crystallinity of the
thin films were confirmed through X-ray diffraction (XRD)
analysis in Bragg-Brentano geometry. The crystal lattice
parameters vary with the N-I distances between the
organic cation’s N-atom and inorganic layer’s I-atoms,
evidenced by a shift to smaller diffraction angles (20) as the
distance increases from NOP-AuSb to NOP-AuBi to NOP-
AuAu, as shown in Figure 2a. Unlike the powder XRD
utilized for Rietveld refinement Figure 2b, thin film XRD
exhibits a limited number of reflections, indicating a
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preferential crystal growth direction. The observed
dominant reflections correspond to the {oo1}
crystallographic planes orthogonal to the c-axis, referred to
as the "out-of-plane” direction in 2D perovskites.

The crystalline orientation of the thin films was further
evaluated using Grazing Incidence Wide Angle X-ray
Scattering (GIWAXS) measurements. The data reveal a
strong preferential orientation, with both organic and
inorganic layers aligned parallel to the substrate surface, as
initially indicated by the thin film XRD data. This is
evidenced for NOP-AuAu by the reflections originating
from the {oof} planes, which are situated centrally at
qr = o nm™! along the azimuthal angle x = 0° (Figure 2c).



Additional reflections observed here correspond to the
(102) and (01€) planes at qr = 8 nm™, and the (112) planes at
gr =12 nm™. On FTO substrates, the preferred orientation
of the materials in the out-of-plane direction is more
prominent for NOP-AuAu and NOP-AuSb than for NOP-
AuBi, the latter showing a more random crystal orientation
as demonstrated by more pronounced semicircle
reflections in the GIWAXS pattern. The differences in
surface roughness and physical properties between Al,O5-
nanoparticle covered glass and FTO substrates impact film
orientation. Hence, NOP-AuAu and NOP-AuSb films
fabricated on AL, Os-nanoparticle covered glass substrates

exhibit a marginally reduced preferential orientation,
while still preserving the overall orientation seen in films
on FTO substrates. In contrast, for NOP-AuBi an opposite
trend is observed, with a higher degree of crystal
orientation on the Al,O;s-nanoparticle covered glass
substrate (Figure S$6). To exclude structural changes
depending on the substrates, a detailed study of the
influence of the substrate on crystal lattice constants was
conducted, utilizing thin-film XRD for NOP-AuAu films on
two different FTO-coated glass substrates with different
resistances
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Figure 3. Electronic band structure calculated with HSE06-SOC with valence bands in blue and conduction bands in yellow, for

(NOP),AuAuls (a), (NOP),AuBils (b) and (NOP),AuSbls (c).

(15 Q cm™ and 7 Q cm™2), ITO-coated glass and pristine
glass substrates, revealing no significant influence of the
substrate’s nature on either the crystallinity or the crystal
lattice constants (Figure S5).

Thin film morphology of the three 2D RP double
perovskites on FTO substrates was further evaluated with
optical microscopy and scanning electron microscopy. All
three materials form homogeneous crystalline films with
good substrate coverage, large domain and crystallite sizes
and a small number of pinholes, as shown for NOP-AuAu
in Figure 2d. These findings are in good agreement with
previously reported crystallization behavior of anisotropic
2D RP materials. Due to their homogeneity, high
crystallinity, and similar preferred crystal orientation
parallel to the substrate normal along the [001] direction,
they are suitable materials for the investigation of
optoelectronic properties originating from changing the
B"" cation.

Electronic Structures and Band Alignment:

The calculated fundamental band gaps at the
HSE06+SOC level of (NOP),AuAuls, (NOP),AuBils, and
(NOP),AuSbls are 0.69 eV, 1.79 eV and 2.15 eV, respectively.
As shown in Figure 3a, b, ¢, NOP-AuAu is an indirect band
gap semiconductor with VBM and CBM located at the T'
and Z points, while NOP-AuBi and NOP-AuSb exhibit
direct band gaps at the I' point. The fundamental band gap
of NOP-AuAu is much smaller than the measured optical
band gap of 1.48 eV obtained with a Tauc plot. The
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differences between the calculated fundamental band gaps
and the experimentally measured ones are acceptable for
NOP-AuBi and NOP-AuSb. Moreover, the calculated band
gap decreases from NOP-AuSb to NOP-AuBi to
NOP-AuAu, which is similar to that of the experimentally
measured band gaps.

To understand the origin of this behavior, the density of
states and the dipole transition matrix were analyzed. As
shown in Figure Sy, both the inorganic part (Au-5d
orbitals and I-5p orbitals) and the organic cations (C-2p
orbitals and O-2p orbitals) contribute to the valence band
maximum (VBM), showing the mixed states around the
VBM. However, the conduction band minimum (CBM) is
predominantly composed of the inorganic component
(Au-5d orbitals and I-5p orbitals) of (NOP),AuAuls. For
(NOP),AuBilg and (NOP),AuSbls, as shown in Figure Sy
their VBMs are composed of Au-5d and I-5p orbitals, and
their CBMs comprise dominant contributions of the Bi/Sb-
6p orbitals and I-5p orbitals, which ultimately forms a type
I band alignment for the 2D hybrid organic and inorganic
perovskite quantum well structure."*>*

In addition, Figure S8 displays the sum of the squares of
transition dipole moment (TDM) matrix elements of NOP-
AuAu, NOP-AuBi, and NOP-AuSb. The TDM matrix
elements are zero for the Z point and the I' point of NOP-
AuAu, denoting that the transition probabilities between
the highest occupied states and lowest unoccupied states
at the Z or I' point are zero. On the contrary, the TDM
matrix elements of NOP-AuBi and NOP-AuSb at the T



point are large. Thus, the observation of NOP-AuAu
showing the smallest band gap can be attributed to its
indirect band gap and to a dipole-forbidden transition. In
addition, the spin-orbit coupling has a much stronger
effect on NOP-AuBi than on NOP-AuSb, as there is a larger
p-orbital splitting of the CBM in the former, which leads to
the bigger reduction of the band gap of NOP-AuBi
compared to NOP-AuSb.

The effective masses of holes and electrons along
different directions were evaluated based on the parabolic
band dispersion, which is summarized in Table S4. The
small band dispersion would result in theoretically infinite
charge-carrier effective mass, thus the effective mass along
these directions were not calculated. Notably, the out-of-
plane electron effective mass of NOP-AuAu is much
smaller than those of NOP-AuBi and NOP-AuSb. However,
NOP-AuAu exhibits a much larger hole effective mass than
NOP-AuBi and NOP-AuSb. The difference between the
hole and electron effective masses and therefore their
mobilities in combination with the unique mixed states
around the VBM of NOP-AuAu would enhance its charge-
carrier separation.

In addition to the effective masses, we calculated drift
mobilities via the momentum relaxation time
approximation (MRTA) to the Boltzmann transport
equation (BTE), (Table S4), where we find the highest
values for NOP-AuAu and the lowest values for NOP-
AuSb, confirming the trend of the experimentally obtained
mobility values, which will be discussed below.

Optical properties:

To determine the experimental optical band gap
energies of the thin film samples, we employed UV/Vis-
spectroscopy on the thin film samples in reflectance as well
as in transmittance to calculate absorbance. As theoretical
calculations revealed the direct nature of the band gap for
(NOP),AuBils and (NOP),AuSbls, the Tauc plots for the
direct allowed transitions are shown in Figure 4b. The
absorption spectra show a blue-shift of the absorption
onset from NOP-AuAu over NOP-AuBi to NOP-AuSb. The
corresponding experimental band gap energies are 1.48 eV,
2.20eV and 232eV for NOP-AuAu, NOP-AuBi and
NOP-AuSb, respectively. NOP-AuAu clearly exhibits a
narrower bandgap, and its main absorption peak is blue-
shifted when replacing the Au(III) cation with Bi(IIT) and
Sb(IIT). We attribute this effect to the replacement of
Au(6p) with Bi(sp) and Sb(4p) contributions to the
conduction band.

For the latter two materials NOP-AuBi and NOP-AuSb,
the experimental band gap energies align well with
theoretical calculations, confirming the trend of increasing
band gap energy from NOP-AuAu to NOP-AuSb. However,
for NOP-AuAu the theoretical calculations predict a
fundamental indirect bandgap with an energy of 0.69 €V,
while experimental data indicate a direct transition at
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1.48 eV. This discrepancy between theory and experiment
can be attributed to the weak dipole transition between the
valence band maximum (VBM) and conduction band
minimum (CBM), as described above. Since the transition
dipole moment TDM is zero at both the VBM and CBM
(see SI) this, with e « (TDM)? results in an absorption
coefficient equal to zero for the forbidden dipole transition
between the VBM and CBM. Hence, this effect makes the
allowed dipole transition with the lowest energy at 1.48 eV
the first observable absorption.

In the absorption spectra, for NOP-AuAu and NOP-AuBi
a prominent isolated absorption feature centered at 715 nm
(1.73 €V; NOP-AuAu) and 504 nm (2.44 eV; NOP-AuBi) is
visible and for NOP-AuAu an additional second prominent
absorption maximum at 533 nm (2.33 eV) is also present.
Similar absorption maxima are frequently observed in the
absorption spectra of 2D lead-perovskites as well as for
lead-free 2D double perovskites (2D DPs) like
(BA),AgBiBrs or the related lead-free 3D double perovskite
Cs,AgBiBrs.” Furthermore, the related gold-based 3D
perovskite Cs,AuAuls also showed a similar feature in
theoretical calculations and experimentally determined
absorption spectra, which Kojima et al. assigned to the
inter-valence charge-transfer transition between Au' and
Au".”*** Notably, (NOP),AuSbls does not show such a
prominent distinguishable absorption maximum and only
exhibits a weak absorption shoulder at around 482 nm
(2.57€eV), which we explain with reduced spin-orbit
coupling of Sb(4p) compared with Au(6p) and Bi(sp). The
above well-defined absorption peaks could be attributed to
excitonic excitations, analogous to those observed in two-
dimensional lead perovskites, given that both systems
exhibit quantum confinement with Wannier-type excitons
being restricted to the inorganic octahedral framework.”*
However, this assumption is challenged by the
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Figure 4: a) Normalized UV/Vis absorption spectra and b)
Tauc plots for a direct allowed transition for (NOP),AuB""Ig

thin films on FTO substrates, with color coding for different
samples given in the graphs. Insets in b) show images of the
corresponding thin film samples.

fact that theoretical absorption spectra at HSE06+SOC
level for similar 2D DPs conducted by Jana et al., neglecting
excitonic effect, still exhibit the characteristic maxima,
which they assigned to charge transfer transitions between
Ag and Bi.*° Furthermore, no photoluminescence could be
experimentally detected, neither at room temperature for
all three materials nor at low temperatures for NOP-AuAu,
which was selected as an example due to the most
prominent absorption maximum. Photoluminescence,
however, would usually be expected for a purely excitonic
origin of these absorption maxima."*"**" A comprehensive
understanding of the optical absorption processes in lead-
free 2D DPs remains less developed compared to other
well-studied semiconductors, due to the simultaneous
presence of multiple effects and carrier species, and a
detailed analysis is beyond the scope of this work.”
However, we emphasize that all three materials show high
optical absorption in the visible spectral range and that the
band gap energy of NOP-AuAu is in the favorable energy
range for single-junction solar cells.
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Figure 5. THz photoconductivity transients for Au-based 2D perovskites. a) Normalized comparison between optical pump
terahertz probe (OPTP) transients for (NOP),AuSbls (light blue), (NOP),AuBilg (red), and (NOP),AuAuls (black). OPTP transients
were measured following 3.1-eV photoexcitation with 150 pJ/cm* for (NOP),AuSblg and (NOP),AuBils, and 105 pJ/cm® for
(NOP),AuAuls. Data were shifted vertically for visualisation purposes, dashed grey lines represent the reference zero value for the
shifted curves. b) Normalized comparison between fluence-dependent OPTP transients measured for (NOP),AuAuls following
3.1-eV photoexcitation. ¢) Charge-carrier lifetime decays from TRMC measurements of NOP-AuAu and NOP-AuBi. Mobilities and
charge carrier lifetimes of NOP-AuSb could not be determined, due to low signal. Increasing excitation power leads to higher
charge carrier density and therefore to faster recombination, partly exceeding the response time of the setup, resulting in a
decreased free charge carrier yield ¢. d) Free charge-carrier yield ¢ multiplied with the sum of free electron and hole mobilities
Zu in dependence of the laser fluence from TRMC measurements at room temperature of (NOP),AuB""Is with data of three

measurements shown for every material.

Charge-Carrier dynamics & Photo conductivity:

In the following, we will discuss charge-carrier dynamics
and photo conductivities of the materials, determined with
both Time-resolved Microwave Conductivity (TRMC) and
Optical-Pump-THz-Probe Spectroscopy (OPTP). The
combination of both techniques enables the investigation
of charge-carrier dynamics on different time scales from ps
(OPTP) to ps (TRMC), leading to a comprehensive picture
of the processes involved. Owing to their experimental
configuration, for both TRMC and OPTP spectroscopy
here, polarization of the probe light lies parallel to the
substrate. Therefore, the high degree of crystal orientation
of the thin films with ab-plane layers parallel to the
inorganic octahedral layer means that the obtained signals
reflect primarily the in-plane movement of charge-carriers,
whereas out-of-plane mobilities along the c-axis cannot be
determined.***® OPTP monitors the dynamics of free
charge carriers by measuring the fractional change in
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transmitted THz electric-field amplitude (-AT/T) upon
pulsed photoexcitation. The OPTP transients measured for
thin film samples provide a non-contact measurement of
the sheet photoconductivity on ultrafast timescales (see
Supporting Information).> As shown in Figure 5a, OPTP
transients measured for NOP-AuAu, NOP-AuBi, and
NOP-AuSb thin films reveal a significant decay of the THz
photoconductivity within ~1 ps from photoexcitation.
Similar ultrafast photoconductivity decays have been
reported for various 2D metal halide perovskites,®*
including lead and  silver-bismuth-based 2D
perovskites,*3® and have been attributed to either exciton
formation or charge-carrier localisation. Owing to the
dependence of the observed photoconductivity signal on
(i) the electron-hole sum-mobility p, (ii) the
photogenerated charge-carrier density n, and (iii) the
photon-to-free-charge branching ratio ¢, several processes
can - in principle - contribute to the observed decay. To



further clarify the origin of the observed decay, we
performed fluence-dependent OPTP measurements
(Figure Sg9). While no clear fluence-dependent dynamics
can be observed for NOP-AuBi and NOP-AuSb, the
ultrafast THz photoconductivity decay observed for
NOP-AuAu is more marked at higher excitation fluence
(Figure 5b).

On the other hand, for NOP-AuBi and NOP-AuSb, we
observe no fluence-dependent dynamics and the remnant
photoconductivity after ~1 ps is below the OPTP detection
limit (< o0.05 ecm?*(Vs)™). Therefore, we speculate that
additional processes, such as charge-carrier localization,
can contribute to the observed ultrafast decay.??* While
we cannot rule out contributions arising from exciton
formation in these materials, we note that ultrafast charge-
carrier localization has been demonstrated to cause similar
fast photoconductivity decays in analogous 2D AgBi-based
perovskites and has been linked to the role of reduced
electronic dimensionality imposed by the alternating
[AgXe]’ /[BiXs]* motif***° Therefore, we posit that the
substitution of Au(Ill) with Bi(IlI) and Sb(III) can
significantly impact the charge-carrier dynamics and the
charge-scattering mechanisms in gold-based 2D
perovskites.

To gain further insight into charge-carrier transport in
these materials, we estimated the effective electron-hole
sum mobility pey= ¢y from the THz photoconductivity
signal recorded immediately after pulsed
photoexcitation.®?**  Importantly, the high time
resolution of OPTP measurements gives access to effective
mobilities before fast charge-carrier dynamics - such as
charge-carrier localization and exciton formation - take
place. As reported in Table S4, (NOP),AuAuls shows a
remarkably high effective electron-hole sum mobility of
4.0 x0.2cm?(Vs)™, similar to that of 2D lead halide
perovskites.*** To our knowledge, this is one of the first
reports of perovskite-inspired materials showing charge-
carrier mobilities capable of competing with their lead-
based counterparts. On the other hand, Bi and Sb-based
gold perovskites show a significantly reduced charge-
carrier mobility, with 0.18 *0.04 cm?(V's)™ (NOP-AuBi)
and 0.19 * 0.05 cm?(V s)™ (NOP-AuSb), which is similar to
that reported for 2D-AgBi based perovskites and is
compatible with the effects of reduced electronic
dimensionality."?** Finally, we note that charge-carrier
mobilities in 2D perovskites are expected to be highly
anisotropic - i.e., high in-plane mobilities within the
inorganic layers and low out-of-plane mobilities - as a
result of the presence of large organic cations (NOP). >+

To observe charge-carrier population decay over longer
timescales, extending up to several microseconds,
complementary TRMC measurements were conducted to
track free, unbound charge carriers. Photoexcitation was
provided by a 2.3 eV laser, with excitation fluences ranging
from 1pJcm™ to 6o pjcm™. A combination of rapid
charge-carrier recombination occurring within the
response time of the TRMC setup, along with a potentially
high fraction of excitons relative to free charge carriers,
only permits an estimation of the lower limit of the total
mobility of free  charge  carriers, yielding

@Sm >5.5-10° cm?(V's)™ for NOP-AuAu,
@Sm >13-10°cm?(Vs)™ for NOP-AuBi while a free
charge carrier mobility greater than
@Sm >5-10° cm?(Vs)™ for NOP-AuSb was measurable.
The corresponding transient charge-carrier decay for the
first two materials (Figure 5d) results in charge-carrier
lifetimes in the range of multiple ps with a faster initial
decay visible for NOP-AuAu compared to NOP-AuBi.

The comprehensive data from OPTP and TRMC indicate
a fast generation of free charge-carriers for all three
materials to different extents, followed by a rapid cooling
to the band edges within the first ps, with fluence-
dependent analysis indicating exciton formation for NOP-
AuAu. For NOP-AuBi and NOP-AuSb, the absence of
fluence-dependent  charge-carrier dynamics points
towards an ultrafast charge-carrier localization.
Subsequently, the system establishes an equilibrium
between excitons and free charge carriers, dependent on
the exciton binding energy. Both the excitons and the free
charge carriers in equilibrium exhibit lifetimes on the
order of several microseconds, as evidenced by TRMC
measurements.

Electrical conductivity under illumination

Due to their strong absorption in the visible region, their
anisotropic structure in combination with the preferred
growth direction with the inorganic octahedral layer
parallel to the substrate, and their high in-plane
conductivity with high charge-carrier mobilities, these
materials are anticipated to be interesting candidates for
thin-film photodetector materials.

To measure the macroscopic electrical in-plane
conductivity and the change of conductivity under
illumination, thin films with approx. 400 nm thickness
were prepared of the three materials on non-conductive
glass substrates coated with Al,O; nanoparticles for
enhanced wetting as described in the experimental part.
60-nm thick Ag electrodes were evaporated as top contacts
and I/V curves (see Supporting Information) between
these contacts in the voltage range of -2V to 2V were
measured. Since no specific statement can be made about
the effective cross-sectional area of the film samples
through which the electrical current flows, the measured
currents at the maximum applied voltage of -2 V are given
instead of calculations of absolute conductivity values.

Table 1: Maximum obtained electrical current at -2V
applied bias under dark conditions and under 1 sun
illumination and the light/dark ratio, calculated from
the I/V curve slopes.

light/dark ratio Imax [HA]
(NOP),AuAulg 2.3 (I) 2.98 £ 0.29
(d) 119 = 0.21
(NOP),AuBilg 1.0 (1) 0.00677 + 0.0012
(d) 0.00669 * 0.0012
(NOP),AuSbls 1.2 () 0.0203 % 0.0024

(d) 0.0164 * 0.0016




(D): light; (d): dark

Thereby, to our best knowledge an unprecedented high
in-plane electrical current for lead-free 2D perovskites was
measured, with NOP-AuAu showing the highest in-plane
conductivity and 2.3 times increased conductivity under
illumination. NOP-AuBi and NOP-AuSb show overall
electrical conductivity with obtained electrical currents in
the range of nA, which is similar to obtained currents of
previously reported Ag-based 2D double perovskites using
NOP" as organic cation. * However, NOP-AuBi and NOP-
AuSb do not show a significant light/dark ratio. All
electrical current values and the light/dark ratios are listed
in Table 1. The high electrical conductivity under
illumination observed for NOP-AuAu can be explained
with its direct band gap in the visible region at 1.48 eV
combined with a relatively low exciton-binding energy Ej
(Wannier-Mott) calculated at 175 meV and its type II band
alignment, which benefits charge carrier dissociation. This
demonstrates the potential of gold-based 2-dimensional
perovskites as photodetector materials and future
potential in solar-cell applications.

Conclusion

In this study, we present the first gold-based
Ruddlesden-Popper type 2-dimensional perovskites
(NOP),AuAuls, (NOP),AuBils, and (NOP),AuSbls. All
three materials were synthesized from solution via spin
coating and form homogenous, highly crystalline, [o01]
direction-oriented thin films with crystallite sizes of
hundreds of pm. We showcase their strong optical
absorption in the visible region with band gap energies
between 1.48 eV (NOP-AuAu) and 2.32 eV (NOP-AuSb),
obtained with UV/Vis-spectroscopy. DFT calculations at
the HSE06+SOC level of the electronic band structure,
transition dipole-moments, and exciton-binding energies
confirmed the trend of the experimentally obtained band
gap energies and suggested potential for high charge
carrier mobilities of the materials. Optical Pump Terahertz
Probe spectroscopy combined with Time Resolved
Microwave  Conductivity revealed unprecedented
photoconductivity and effective mobilities for lead-free 2-
dimensional perovskite-based materials, as well as charge-
carrier lifetimes of multiple ps. Their use as photodetector
material was shown through in-plane conductivity
measurements under illumination, where a light/dark
current ratio of 2.3 was found for NOP-AuAu, highlighting
the potential of this material for device applications. This
study opens a path towards the design of intriguing future
gold-based 2D materials containing different organic
cations or through B" cation tuning.
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