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Rational alloying of secondary and aromatic ammonium cations in a
metal-halide perovskite toward crystal-array photodetection
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ABSTRACT Two-dimensional (2D) hybrid perovskites with
the Ruddlesden-Popper lattice (A");(A),-1M,X;3,41 are emer-
ging as the promising optoelectronic candidates, both the in-
organic and organic ingredients of which can be tailored to
modulate the physical properties. Nevertheless, there is a
scarcity of 2D multilayered motifs with the A-site large-size
cations occupying perovskite cavities. Here, by rational mixed-
cation alloying, we present a new 2D hybrid perovskite,
(4-TFBMA),(DMA)Pb,I; (1), in which the secondary cation of
CH;NH,CH;* (DMA) is located inside the perovskite cage
while the aromatic 4-(trifluoromethyl)benzylammonium
(4-TFBMA) cation acts as a spacer moiety. Benefiting from the
quantum structure of alternating organic spacers and in-
organic networks, crystal-array detectors of 1 show fascinating
in-plane photodetection responses of large detectivity (~2.95 x
10" Jones) and responsivity (~1.97 AW™), comparable to
those of some inorganic 2D counterparts. In addition, a fast
response rate (~264 us) and a low dark current are also rea-
lized, related to the high crystalline quality and suppression of
the hopping barrier due to the insulating organic spacing
layers. This result sheds light on the further exploration of new
2D hybrid perovskites toward high-performance photo-
detector applications.

Keywords: two-dimensional, hybrid perovskites, photodetection,
array

INTRODUCTION

Two-dimensional (2D) hybrid perovskites with the Ruddlesden-
Popper phase have recently received persistent attention due to
their fascinating photoelectric characteristics, including low trap
density, high optical absorption, and high carrier mobility.
These unique characteristics make them a promising family of
candidates for optoelectronic device applications including
light-emitting diodes, solar cells, and photodetectors [1-10].
Generally, the members of this class adopt a basic formula of
(A")2(A)1M; X341, Where A’ is an organic “spacer” cation
between inorganic perovskite sheets, A is a “perovskiter” cation
inside the MXs octahedral cavity, M is a divalent metal cation
and X is a halide. From a structural perspective, the abundant
incorporation of A and A’ cations into 2D hybrid perovskites
endows them with infinite structural diversity, opening up a new

pathway to largely enrich this family toward high-performance
optoelectronic devices [11-14]. Among them, the choice of the
A'-site spacing cation is not restricted by the tolerance factor,
which allows for the accommodation of large components of
alkylamines and aromatic amines [15]. In contrast, only a few
small cations (e.g., Cs*, CH;NH;3* (MA*), NH,(CH)NH," (FA")
and C,HsNH;* (EAY)) can be situated in the octahedral cavity as
“perovskiter” components [16-19]. The length and coordination
preference should fulfil the strict limitation of the Goldschmidt’s
tolerance factor concept [20]. Notably, some 2D Ruddlesden-
Popper materials containing large-radius cations in metal-halide
perovskite cavities were recently obtained, such as guanidine
(~278 pm) and dimethylamine (DMA, ~272pm) [21-23].
Despite the attempts to explore new candidates, studies on their
physical attributes and potential optoelectronic applications
remain quite scarce. It is of significance to design new 2D hybrid
perovskites by broadening the new “perovskiter” and spacer
choices, which is also crucial to assembling high-performance
optoelectronic devices.

Chemical alloying of organic cations is an effective strategy to
form new structural motifs and allows the modulation of phy-
sical properties. As a subclass of AMX; cubic perovskites, dif-
ferent types of 2D layered frameworks can be built by mixed-
cation alloying, depending on the length and charge state of
spacing moieties [24]. This flexibility has been well illustrated by
a series of hybrids containing alkyl ammonium cations, such as
(CH;3(CH,)3NH3),(CH3CH,NH3),PbsI;g and (CH3(CH,)sNHs),-
(CH3NH3),,-1Pb, I3, [25,26]. Particularly, it is facile to modulate
the distance between adjacent perovskite sheets of 2D Rud-
dlesden-Popper lattices, which affects the barrier thickness of
their underlying quantum wells. The band edge states, insulated
by organic spacing layers, also boost the fast dissociation of
photoinduced electron-hole pairs and the electron mobility
[24,27]. These unique attributes endow 2D hybrid perovskites
with great promise for high-performance photodetection. The
current mainstream is still dominated by small-size cations (e.g.,
MA", EA* and FA") situated in the octahedral cages as a “per-
ovskiter”. In this context, the alloying of secondary and aromatic
ammonium cations will not only enrich the materials of this 2D
family but also enable implementation of their high-perfor-
mance photodetectors.

Herein, by rational mixed-cation alloying, we successfully
design a new 2D Ruddlesden-Popper hybrid perovskite,
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(4-TFBMA),(DMA)Pb,I; (1, where 4-TFBMA is 4-(trifluoro-
methyl)benzylammonium)). As expected, it adopts a typical 2D
topology of an alternaing arrangement of inorganic perovskite
bilayers and organic spacers, resembling that of quantum wells.
It is worth noting that crystal-based array photodetectors of 1
display attractive performances, including high detectivity
(~2.95 x 10'* Jones), a responsivity of ~1.97 A W' and low dark
current (~9.63 x 107" A). This work emphasizes the potential of
1 in the field of photodetection, and paves the way for designing
new members for optoelectronic applications.

EXPERIMENTAL SECTION

Compound 1 crystallizes in a concentrated HI solution con-
sisting of [Pb(CH;COO),-3H,0] (5mmol, 1.89g), 4-TFBMA
(5mmol, 0.88g), and DMA (2.5 mmol, 0.12 g). Bright red crys-
tals of 1 were synthesized via temperature cooling at a rate of
1°C day™". X-ray diffraction (XRD) of the crystals was performed
on a Bruker D8 Quesr/Venture diffractometer with Mo Ka
radiation (A = 0.77 A). We used the direct methods to solve the
room-temperature structure and further refined it via full-
matrix least-squares techniques on the basis of F* utilizing the
SHELXS-97 software package.

Planar array photodetectors were fabricated using high-quality
crystal wafers of 1. The Au electrodes filtered by a copper mesh
with a square form were thermally overlaid on a wafer surface
via a sputtering method. The length of the Au electrode was
260 um and the distance between adjacent electrodes was 30 pm.
The photoelectric properties were measured by a Keithley 6517B
analyzer, and wavelength-dependent measurements were
accomplished by virtue of a battery of filters. The variable-
temperature conductivity was derived from the imaginary part
of the dielectric measurement results. The response rate was
documented via a high-speed Tektronix MDO3014 Oscillo-
scope.

RESULTS AND DISCUSSION

Generally, Goldschmidt’s tolerance equation of a = (ra + rx)x
[./2(rm + )] (r denotes the effective radius of the ions for
ammonium cation A, metal M and anion X) indicates that the «
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value should be within the range of 0.8-1.0 for most 3D per-
ovskite structures (e.g., MAPbI;, ~0.912) [28]. In contrast, it is
almost impossible to form the similar 3D structure containing
the DMAY cation (r = 272pm), due to the constraint arising
from the tolerance factor (a = 1.03). As expected, distinct from
the 3D structure of MAPbI;, DMAPbI; extends the basic
architecture in the 1D perovskite model [29]. Nevertheless,
rational mixed-cation alloying of this secondary cation and other
alkyl/aromatic cations could form 2D multilayered hybrid per-
ovskite structures, which is an effective approach to permit
large-size cations to enter the perovskite cavity (Scheme 1).
Simultaneously, aromatic cations containing free and polarizable
n-electrons can improve the optoelectronic performance by
reducing the exciton binding energy [30-32]. Inspired by this
strategy, we successfully synthesized compound 1 by alloying
aromatic ammonium and the secondary DMA™ cation.

Crystals of 1 were synthesized by controlling the stoichio-
metric ratio in concentrated HI solutions. Subsequently, flake
crystals were grown by the temperature cooling method, and the
powder XRD pattern collected at 298 K confirms the purity of
the as-grown crystals, in agreement with the simulated patterns
of 2D bilayer perovskites (Figs S1 and S2). Structural analysis
shows that 1 is a typical Ruddlesden-Popper hybrid perovskite
that crystallized in the centrosymmetric space group P2,/c, with
unit cell parameters of a = 23.613 A, b = 8.962 A, ¢ = 8.884 A and
B =96.071° (at 273 K, Table S1). Its bilayered hybrid perovskite
motif is similar to a sandwich-like structure (Fig. 1a), consisting
of inorganic sheets of corner-sharing Pbls octahedra and inter-
calated spacing layers of organic 4-TFBMA" cations. The Pbl
octahedron shows a slight distortion as verified by the inho-
mogeneous Pb-I bond lengths (Table S2). The multitudinous I-
Pb-I bond edges also reveal the irregular architectural geometry
(Table S3). Compared with those of MAPDI;, the deformation of
the I-Pb-I bond angles and the difference in the Pb-I bond
lengths in 1 lead to an increasing in the cavity volume formed by
the octahedra. As shown in Fig. 1b, the volume composed of
eight adjacent Pbls octahedra for 1 is evaluated to be ~262.5 A3,
which is larger than that of MAPbI; (~248.6 A?). This distortion
affords a large space to accommodate the organic DMA™ cation

*# 1D chain structure
(DMA)PbI,

2D perovskite
(4-TFBMA),(DMA)Pb, |,

Scheme 1 The tailored design of 1 through mixed-cation alloying. Due to the constraint arising from the tolerance factor, only a 1D chain-like framework is
formed for (DMA)PbI; instead of a 3D perovskite cage. Mixed-cation alloying leads to the 2D bilayered perovskite motif for 1.
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(a) Illustration of the 2D quantum well structure of 1. (b) Comparison of the cage volumes of basic perovskite frameworks of 1 and MAPbI;.

(c) Strong N-H---I hydrogen bonds between the organic cations and Pbls octahedra.

as the “perovskiter”. The organic DMA™ cation is closely linked
to the Pbls octahedra of the perovskite framework by powerful
N-H:-I hydrogen bonds (Table S4). Meanwhile, the spacing
layers of organic 4-TFBMA™ cations are distributed between the
contiguous inorganic sheets, interacting by strong N-H--I
hydrogen bonds (Fig. 1c). Along the a-axis, the alternating
arrangement of organic spacer bilayers and inorganic sheets
forms a 2D quantum-well configuration, where both electrons
and holes are confined within the well, leading to enhancement
of radiative recombination and strong binding energies for the
exciton [33-35].

The optical absorption feature is a crucial attribute for the
photodetector applications. Fig. 2a shows the optical absorption
spectrum in the ultraviolet (UV)-visible range, in which the
distinct absorption edge is located at ~620nm. The optical
bandgap (E;) of ~2.03 eV is estimated by extrapolating the high-
energy edge to the energy axis. This figure of merit is compar-
able to that of some typical lead-iodinated hybrid perovskites,
such as (CH3(CH2)3NH3)2(CH3NH3)2Pb3I10 (~201 eV) and
(CH3(CH2)4NH3)2(C(NH2)3)Pb217 (~202 eV) [36,37] To further
explore the microscopic origin of its semiconducting behavior,

January 2022 | Vol.65 No.1

we calculated the electronic band structure of 1 by the density
functional theory (DFT) method. As shown in Fig. 2b, calcula-
tions on the band alignment reveal that significant contribution
from the perovskite framework to the natural Type-I quantum
wells. The calculated electronic bandgap is 2.20eV, which is
basically consistent with our experimental value. The valence
band maximum and conduction band minimum of 1 are situ-
ated at point G, disclosing its direct bandgap feature. Analyses of
the partial density of states (PDOS) spectrum show that the
inorganic networks play a decisive role in its energy band gap
(Fig. S3). The electronic band edges are decided by the Pb-I
bond in the octahedral unit. Specifically, the anti-bonding
combination of the Pb 6s and I 5p orbitals mainly give rise to the
valence band maximum, and anti-bonding combination between
the Pb 6p and I 5p orbitals mainly dominate the conduction
band minimum [38]. This result can also be observed in the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) (Fig. 2¢). Calculation of
the band alignment shows that the instability of ns® lone pairs of
the Pb** cation results in the high mobilities of photocarriers in
accord with the quantum confinement of electrons and holes in
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Figure 2 (a) UV-vis absorption spectra of 1. Inset: calculation results of the bandgap using the Tauc method. (b) Electronic band structure and band
alignment of 1. (c) Frontier molecular orbitals.
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Figure 3 (a) Variable-temperature dielectric permittivity and (b) conductivity obtained from a single-crystal sample of 1. (c) Surface morphology measured
by AFM. (d) XRD patterns of the crystal wafer.

the inorganic sheet composed of Pbls octahedra [18,39]. performed atomic force microscopy (AFM) measurements of the

The temperature-dependent permittivity and conductivity of 1 ~ crystal surface of the wafer. The visualized morphology patterns
exhibit a positive slope with increasing temperature, suggesting  display few surface defects and grain boundaries, indicating the
its semiconductor characteristics (Fig. 3a, b). Subsequently, we  single crystal nature of the wafer (Fig. 3c). Scanning electron
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microscopy (SEM) images corroborate this fact (Fig. S4). XRD
patterns of the crystal reveal partial diffraction peaks corre-
sponding to indices of (2 0 0) to (9 0 0), which suggests that the
crystal wafers of 1 have a preferred oriented arrangement par-
allel to the bc plane direction (Fig. 3d). Such advantages
prompted us to assemble a crystal-based photodetector, and
evaluate the potential of 1 for high-performance photodetection.

Planar array photodetectors with an Au electrode were con-
structed on the smooth surface of high-quality crystal wafers of
1, and the effective area between neighboring poles was ~6.9 x
10 cm? (Fig. 4a). The current-voltage (I-V) properties were
characterized under the same incident light intensity, and the
photoresponse of 1 at different wavelengths is depicted in
Fig. 4b. The result shows that our detector is sensitive to visible-
light over a wide range, with the maximum photocurrent (Iphoto)
observed at approximately 550 nm. This wavelength-dependent
photoresponse has been observed in other 2D hybrid per-
ovskites, such as (C5H11NH3)2(CH3NH2CH3)Pb217 [40] There-
fore, we attempted to characterize our crystal-based photo-
detectors at this wavelength to obtain the optimum photo-
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sensitivity behavior. According to the photoexcitation effect, a
higher incident light power can enhance the carrier concentra-
tion to realize a better optical response. In view of the high-
quality crystal of 1, the dark current (Ia.i) of our array device is
9.63 x 107! A, which is comparable to that of some reported
perovskite-based optoelectronic devices, such as (C¢HsCH,CH,-
NH,),Snl; microsheets and (C;HyNH;),(CH;NH3)Pb,I; [41,42].
Under illumination, the dramatic variation in the photocurrent
with the incident illumination power and bias voltage is revealed
in Fig. 4c. Lot shows a significant increase to ~5.67 x 10%A
and the switching ratio SR = (Iphoto — Jdark)/Idark is calculated to be
~6 % 10? (at Viips = 10V, ~32.4 mW cm™?), This figure of merit is
comparable to that of some other counterparts, e.g., (TMHD)-
BiBrs (TMHD = N,N,N,N-tetramethyl-1,6-hexanediammonium)
[43]. Meanwhile, it also has favorable working stability (Fig. S5).
All of these properties indicate its potential for application in the
field of photodetection.

Because of the above physical attributes, we further assessed
the capability of 1 to detect weak light, including the responsivity
(R) and detectivity (D*), which are vital parameters for the
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Figure 4 (a) Schematic structure of the planar array photodetector. (b) Photoresponse of 1 under different wavelengths from 425 to 700 nm. Inset:
wavelength dependence of I-V curves. (c) The Ijhoto and Ig,« measured under the different illumination intensities. (d) R and D* values as a function of
incident light power under different voltages. (e) Photoresponse time of 1. (f) Long-term repeated photoswitching cycles.
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photoelectric device. Considering that the dark current is the
primary factor causing noise, R is defined as the ratio of the
photocurrent to the incident light intensity, R = Iphew/ (PoA), and
D* can be expressed as D* = LyhooAY?/[PoX(2€]anc) '], where Py
is the irradiation power density, A denotes the valid area of the
photodetector and e denotes the unit charge. The R and D*
calculated under different light power densities are presented in
Fig. 4d. As the incident light intensity decreases, the R and D*
values rapidly increase. In particular, under an illumination
power of ~5.84 pA cm™?, the estimated R value is approximately
1.97 AW, which is higher than that of some photodetectors
based on hybrid perovskites, such as the MAPbI; crystal
(~05 A Wil) and (C5H11NH3)2(CH3NH3)Pb217 crystal
(~3.8mA W) [44,45]. The related D* value is calculated to be
2.95 x 10'* Jones, which is much higher than that of some
reported detectors, such as the (C4HoNH3),(MA),Pb;Bryq crystal
(3.6 x 10! Jones) and MoS,-Si (2.1 x 10'° Jones), and almost
comparable to that of commercial silicon detectors
(~4 x 10" Jones) [17,46]. The device performances of some 2D
hybrid perovskites are listed in Table S5. These prominent
properties are closely related to the high quality of the single
crystals, the miniaturization of the detection area and the
enhanced photocurrent magnified by the array architecture. The
photoresponse time (7) is another important parameter for
photodetectors. As shown in Fig. 4e, the rise (7ys) and fall (7¢n)
response times reach ~264 and 380 us, respectively, which are
faster than those of some hybrid perovskite-integrated detectors
such as FAPbI; (12.4 ms) [46]. Meanwhile, the cycling test of our
photodetector shows that the photocurrent does not significantly
attenuate after repeated on/off light switching, disclosing the
notable fatigue resistance merit of the detector (Fig. 4f). In
addition, 1 has excellent thermal stability and phase stability
(Figs S6 and S7). These advantageous features for planar arrays
of 1 afford tremendous potential in high-speed photodetection.

CONCLUSIONS

In summary, by rationally alloying the secondary and aromatic
ammonium cations, we realized a new 2D hybrid perovskite, 1,
which has a typical Ruddlesden-Popper lattice. The distortion of
inorganic Pbls octahedra results in an increase in the perovskite
cavity volume to accommodate the DMA® cation, and the spa-
cing layers of 4-TFBMA® aromatic cations are distributed
between the contiguous inorganic sheets. The alternating array
forms a 2D quantum-well configuration that favors the photo-
detection performance. Crystal-based array detectors of 1 exhibit
a fascinating detection response, including large detectivity and
responsivity and a notable photoresponse time. These findings
pave the pathway for exploring new 2D hybrid perovskites, and
highlight their promise as candidates for high-performance
optoelectronic devices.
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