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ABSTRACT: Quasi-2D halide perovskites, especially the Rud- ' ; _
dlesden—Popper perovskites (RPPs), have attracted great attention Q"""V“' Q"’“"'
because of their promising properties for optoelectronics; however, ¢ ‘o &>
there are still serious drawbacks, such as inefficient charge 0 .07 X LA
transport, poor stability, and unsatisfactory mechanical flexibility, = 55— - ' d
restricting further utilization in advanced technologies. Herein,
high-quality quasi-2D halide perovskite thin films are successfully ; D
synthesized with the introduction of the unique bication 4 .4 4" e Sols.
ethylenediammonium (EDA) via a one-step spin-coating method. " ) o
This bication EDA, with short alkyl chain length, can not only
substitute the typically bulky and weakly van der Waals-interacted organic bilayer spacer cations forming the novel Dion—Jacobson
phase to enhance the mechanical flexibility of the quasi-2D perovskite (e.g., EDA(MA),_,Pb,1;,.,; MA = CH;NH;*) but also serve
as a normal cation to achieve the more intact films (e.g., (iBA),(MA);_,,(EDA),Pb,l,5). When fabricated into photodetectors, these
optimized EDA-based perovskites deliver an excellent responsivity of 125 mA/W and a fast response time down to 380 ys under 532
nm irradiation. More importantly, the device with the Dion—Jacobson phase perovskite can be bent down to a radius of 2 mm and
processed with 10,000 cycles of the bending test without any noticeable performance degradation because of its superior structure to
RPPs. Besides, these films do not exhibit any material deterioration after ambient storage for 30 days. All these performance
parameters are already comparable or even better than those of the state-of-the-art RPPs recently reported. This work provides
valuable design guidelines of the quasi-2D perovskites to obtain high-performance flexible photodetectors for next-generation
optoelectronics.
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B INTRODUCTION

In recent years, three-dimensional (3D) organic—inorganic
halide perovskites, such as MAPbI,; (MA = CH;NH;"), have
attracted significant research attention because of their high
performance in optoelectronic devices.'”® For example, the
power conversion efficiency of MAPbI;-based solar cells has
already exceeded 24% in the latest development,”~"* which is
promising to compete with mainstream silicon solar cells in the
near future. However, the stability of conventional 3D halide
perovskites is quite poor, where the devices can be easily
degraded in an ambient atmosphere.'”'* One effective way to
tackle this stability issue is to insert large-scale organic
molecules, including CH;(CH,);NH;* (butylamine, BA) and
C¢H;(CH,),NH;" (phenethylammonium, PEA), into the
perovskites to form the two-dimensional (2D) or quasi-2D
Ruddlesden—Popper phase, that is, Ruddlesden—Popper
perovskites (RPPs).'”~"® In general, the chemical formula of
RPPs can be written as L,A,_B,X;,,, such that L represents
the large-scale organic spacer cation, A and B designate the
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regular cations located at the corner and body center of the
crystal lattice, respectively, and X refers to the halide
positioned at the face center. Thus, for the case of
LA, B, X;,,1, the A, B, X;,,; unit is sandwiched between
two L cation layers.'””® The variable n is an integer,
representing the number of metal halide octahedral layers
between the two L cation layers. To date, there have been
many extensive studies on RPPs for the enhanced device
performance. To be specificc Smith and his co-workers
achieved the high-quality (PEA),(MA),Pb.l,, films by spin
coating,21 which is a simple material synthesis scheme
applicable to almost all RPPs. Later, Cao et al. optimized the
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spin-coating fabrication method to obtain a series of
(BA),(MA),_,Sn,I;,,; films with controllable optical band
gaps, in which their moisture stability was demonstrated to be
much better than that of 3D counterparts.”” Although the
inserted large-scale organic molecules of RPPs can consid-
erably improve their ambient stability, these organic molecules
would inevitably also serve as insulating barriers, substantially
decreasing the optoelectronic performance and thermal
stability.”” Hence, the smaller L is highly preferred for the
spacer cation. In this view, "NH;(CH,),NH," (ethylenediam-
monium, EDA) is an ideal organic molecule here with almost
the shortest alkyl chain separating the metal halide octahedral
layers.”* Notably, because there are two NH,* in each EDA
cation, one EDA layer is sufficient to function as the spacer
cations rather than two BA or two PEA layers (ie. organic
bilayers) required in the conventional RPPs, which can
ultimately decrease the thickness of the spacer layer. This
kind of quasi-2D perovskites with only one layer as the spacer
cation is called Dion—Jacobson phase-layered perovskites
(DJPs).”® Besides, because of the relatively short chain of
EDA, it can also substitute MA in the halide perovskite. At
present, although several groups have reported the synthesis of
perovskites with a small amount of EDA partially substituting
MA,***” there are still very limited systematic studies on EDA
as the spacer cation for DJPs.”*”” In any case, it is highly
beneficial to integrate EDA cations into halide perovskites for
the further performance and stability enhancement of perov-
skite optoelectronic devices, with more detailed studies
urgently needed.

In this work, high-quality organic—inorganic halide perov-
skite films with the integration of bication EDA are successfully
synthesized by the one-step spin-coating process, either sitting
in the spacer site (serving as the spacer layer) or the cation (A)
site or both. When EDA is employed as the spacer cation
(DJPs), the EDA(MA),_,Pb,1,,,, films with n ranging from 1
to 4 are achieved and configured into both rigid and flexible
photodetectors. These devices can deliver an impressive
responsivity of 125 mA/W and efficient rise and decay times
down to 410 and 380 us, respectively, under 532 nm
irradiation. The fabricated flexible photodetectors give superior
mechanical bending performance as compared with the RPP
devices, which can be attributed to the vanishing of weak van
der Waals interactions between organic bilayers derived from
the unique bication EDA. On the other hand, once EDA is put
in the cation (A) site, the n = 4 RPP films of
(iBA),(MA);_,,(EDA),Pb,I,; with x spanning from 0 to 1.5
are synthesized. It is interesting that as x increases, the
flexibility and moisture stability of fabricated RPP photo-
detectors are obviously enhanced, although the responsivity
decreases gradually at a cost. The transient response time of all
these RPP devices with EDA as cations is determined to be
lower than 440 ps, even being already comparable to some of
the single-crystal halide perovskite photodetectors. All these
remarkable results would pave a promising way to break the
bottleneck of the research and applications of quasi-2D
perovskites and other halide perovskites.

B RESULTS AND DISCUSSION

For the typical crystal structure of RPPs, such as
(iBA),(MA),_Pb.L,,.,, the (MA),_,Pb,L,,,, layer is sand-
wiched between two iBA organic layers, where n represents the
layer number of Pbl, octahedra stacked along the c axis, where
the crystal structure of n = 2 is chosen as an illustrative

example, as shown in Figure la. In fact, the bonding between
these two iBA organic layers comes from the weak van der
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Figure 1. Schematic illustration of the crystal structure of the RPP (a)
(iBA),MAPb,I, and Dion—Jacobson perovskite (b) EDAMAPb,1.

Waals interaction that is marked with a dotted line in the
figure.”® In contrast, when bication EDA served as the spacer
cation, as given in Figure 1b, there is only one EDA molecule
needed for each spacer layer; therefore, this spacer of DJPs
becomes much thinner than those of RPPs. Moreover, if EDA
is exploited as the normal A-site cation, the cation MA" in
RPPs would be substituted by EDA*" such that two MA" are
able to be replaced by only one EDA*, accordingly, for a more
compact structure. Here, the quasi-2D perovskite films with
the controlled site occupation of EDA can be fabricated
reliably in a one-step spin-coating process. The experimental
details can be found in the Experimental Section. The films
with the EDA spacer are described, with the chemical formula
EDA(MA),_,Pb,L,,., (n = 1, 2, 3, and 4), as EDAL, EDA2,
EDA3, and EDA4, respectively. The films with two MA"
substituted by EDA** are then labeled, with the chemical
formula (iBA),(MA);_,.(EDA).Pb,I;; (x = 0, 0.125, 0.25,
0.375, 0.5, 1, and 1.5), as OEDA, 0.125EDA, 0.25EDA,
0.375EDA, 0.SEDA, 1EDA, and 1.SEDA, correspondingly, in
which the n value of RPPs is fixed at 4 and the iBA spacer
cation is employed. Besides, we designate the DJPs films of
EDA(MA),_,Pb,I,,,;, and RPP films of
(iBA),(MA);_,,(EDA),Pb,I;; to Group 1 and Group 2
samples, respectively, for simplicity for the rest of the
investigation.

In order to evaluate the composition of fabricated perovskite
films, X-ray diffraction (XRD) spectra of all the samples were
first measured. Figure 2a depicts the XRD pattern of Group 1
samples, where the peaks of EDA(MA),_,Pb,1;,,, with n = 1,
2, 3, and 4 are indexed with the black, red, blue, and pink
numbers with brackets, respectively. For the case of EDAI, the
XRD pattern is observed to be consistent with the EDAPbI,
film reported in the previous work.”* Because there is no MA
present in EDAI, the pure EDAPDI, film can be acquired. For
the XRD spectra of EDA2, EDA3, and EDA4, there are the
typical peaks of (110) and (220) planes located at about 14
and 28°, respectively. One can also notice the split of peaks of
(110) and (220) planes for both EDA2 and EDA3, which can
be caused by the emergence of the coexistence of perovskites
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Figure 2. (a) XRD spectra of the thin-film samples of EDA(MA),_,Pb,1,,.;. When n varies from 1 to 4, they stand for the samples of EDA1, EDA2,
EDA3, and EDA4 (Group 1 samples). (b) XRD patterns of the thin-film samples of (iBA),(MA);_,,(EDA),Pb,I;;. As x changes from O to 1.5, they
refer to the samples of OEDA, 0.12SEDA, 0.2SEDA, 0.37SEDA, 0.SEDA, 1EDA, and 1.SEDA, accordingly (Group 2 samples). (c) Absorption
spectra of Group 1 samples. (d) Absorption spectra of Group 2 samples.

with MA and EDA as normal cations. It is known that when
the value of n decreases, the amount proportion of spacer
molecules (EDA) would increase accordingly; this way, some
of the EDA can easily come to act as the normal cations. For
this reason, the peak splitting phenomenon is not resulted for
EDA4 with a relatively small amount of EDA. Likewise, Figure
2b presents the XRD spectra of Group 2 samples. For the case
of 1.5EDA, it is observed to have an additional n = 1 phase
with iBA as the spacer cation, which is probably because EDA
cannot occupy all the cation (A) sites such that the non-A-site
phase n = 1 would appear. For the other samples in Group 2,
only the typical peaks of (110) and (220) planes are observed,
indicating the relatively good phase purity. As the proportion
of EDA increases (i.e., from 0.37SEDA to 1EDA), the peaks of
(110) and (220) planes gradually split into two peaks each,
which is possibly related to the phase segregation that one
phase consists of the pure EDA cations and another phase
comprises the pure MA cations (marked by the black dots in
Figure 2b). Figure Slab compiles the full width at half-
maximum (FWHM) value of the main peaks of the XRD
patterns shown in Figure 2a [(110) plane] and b [(220)
plane]. For Group 1 samples, the FWHM values of EDA3 and
EDA4 are smaller than those of EDAI and EDA2, indicating
better crystallinity of EDA3 and EDA4. For Group 2 samples,
as x increases, the FWHM value increases first and then

39569

decreases, which suggests that a small amount of EDA partially
substituting MA can improve the quality of the samples. To
further confirm the differentiation of these structures of RRPs
and DJPs, mechanical exfoliation tests were as well performed
on the selected samples. As given in Figure S2, the samples of
(iBA),Pbl, (ie., using iBA as the spacer with n = 1 for the
typical RRP material) and OEDA can be mechanically
exfoliated and transferred as flakes onto the Si/SiO, (270
nm thermal oxide) substrates, while the samples of EDA1 and
EDA4 cannot be exfoliated in the same manner with clear
evidence of no flake residual on the transfer tapes. This
observation suggests that OEDA has the RRP structure and
EDA1 and EDA4 have the DJP structure because 0OEDA can be
mechanically exfoliated because of the weak van der Waals
interaction among its layers but EDAl and EDA4 do not
behave the same.”"”” At the same time, optical absorption
spectra of all the samples were also obtained. Figure 2c gives
the absorption spectra of Group 1 samples. In detail, there is
only one absorption edge observed at around 500 nm for
EDALI, suggesting the pure phase of the sample with a band
gap of about 2.48 eV. Particularly, all Group 1 samples display
the absorption tails that are probably caused by the small
impurities of intergrown higher-order homologous members.
For the absorption spectra of Group 2 samples, as illustrated in
Figure 2d, when the EDA content increases, the exciton
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Figure 3. Atomic force microscope images of fabricated perovskite films: (a) EDAL, (b) EDA2, (c) EDA3, (d) EDA4, (e) OEDA, (f) 0.12SEDA,
(g) 0.25EDA, (h) 0.37SEDA, (i) 0.SEDA, (j) 1EDA, and (k) 1.SEDA. All insets show the corresponding optical images, where the scale bar is S
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Figure 4. Photoresponse properties of fabricated Group 1 devices. (a) Dependence of photocurrent on light intensity, where the inset shows the
schematic illustration of the photodetector device structure. (b) Dependence of responsivity on light intensity. (c) Time-dependent photoresponse.

(d) High-resolution current vs time curve for the EDA4 device.

absorption peak of fabricated films gives a gradual blue shift,
indicating the increasing band gap among the samples. The PL
spectra of all the samples were as well investigated. As shown
in Figure S3, there are dominant emission peaks observed at
about 760 nm for all the Group 1 and Group 2 samples, where
the peaks come from the 3D perovskite phase. This result is
commonly seen in quasi-2D halide perovskites such that the
photogenerated electrons would transfer from the small-n to
the large-n phases, leading to the main emission peak
corresponding to n 00,3736

Furthermore, there are
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additional peaks witnessed at 530 nm for EDA1 and 527 nm
for 1.5EDA, which are attributable to the emission from 2D
phases of EDAPbL, and (iBA),(EDA); sPb,],5, respectively. All
these results evidently demonstrate the effective manipulation
of the site occupation of EDA and the corresponding
modulation of the band gap of fabricated perovskites.

Apart from the chemical composition and band gap
information of the fabricated quasi-2D perovskites, it is also
important to assess their morphological features and film
conformality. Figure 3a—d shows the atomic force microscopy
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(AFM) images of Group 1 samples with the n value changing
from 1 to 4, respectively, while Figure 3e—k gives the AFM
images of Group 2 samples with the x parameter increasing
from 0 to 1.5, accordingly. The insets depict the corresponding
optical images of all fabricated films. It is obvious that when n
decreases from 4 to 1 for Group 1 samples and x increases
from 0 to 1.5 for Group 2 samples, the film color steadily
changes from black to yellow. This color change suggests the
gradual blue shift of their optical absorption edges, which agree
well with the absorption and PL results discussed above. Based
on the AFM images, all samples display the compact and
uniform morphology without any observable pinholes. The
relatively large crystals grains can as well be clearly observed
for the obtained films, indicating the good film quality.’”
Notably, the average surface roughness (R,) of perovskite films
in Group 1 is found to be 10.5, 5.1, 5.9, and 7.6 nm,
respectively, whereas the R, value of Group 2 samples is within
a narrow range of between 1 and 5.6 nm, demonstrating the
satisfied film surface roughness and uniformity.”® Moreover,
top-view scanning electron microscopy (SEM) images are also
taken to evaluate the large-scale surface morphology of all the
DJP and RPP films prepared in Group 1 and Group 2,
respectively (Figure S4). These SEM images further confirm
the high-quality perovskite films fabricated without any
significant concentration of pinholes. The cross-sectional
SEM images can then reveal the film thickness of the quasi-
2D perovskites. By controlling the spin-coating condition, the
film thickness is controlled to about 400—500 nm for all
samples. In particular, the typical thickness of the EDA4 film is
measured to be 473 nm (Figure S5). In this case, the addition
of EDA into the perovskites as either spacer or normal cations
would not deteriorate the uniformity and conformality of
fabricated films, where these film characteristics are extremely
important for the subsequent device fabrication and perform-
ance.

Once the high-quality quasi-2D perovskite films are
obtained, they can be configured into simple photodetector
devices to characterize their photodetection properties. As
illustrated in the Figure 4a inset, the device is constructed by
depositing two parallel Au electrodes onto the perovskite film
predeposited onto the glass substrate with a channel length of
10 pm. A 532 nm laser is then used as the exciting light for the
photodetector measurement. The dependence of photo-
response on the light intensity is first investigated for the
Group 1 devices. Based on the photocurrent—voltage (I-V)
characteristics under different light intensities, all devices give
the dark current below 3.3 X 107'° A at a voltage bias of 2 V
(Figure S6). When the light intensity increases, the output
current of all devices also increases, indicating the typical light-
sensitive properties of fabricated perovskite films. Importantly,
all the I-V curves are linear, which suggests the nearly Ohmic
contact properties between perovskite films and Au electrodes,
being beneficial to the collection of photogenerated carriers.
To better understand their photosensing characteristics, the
dependence of photocurrent on light intensity is carefully
measured and presented in Figure 4a, where the photocurrent
is defined as the difference between currents in the dark and
under light-illuminated states. It is clear that there is a
sublinear relationship witnessed, which is often observed in
layered semiconductor-based photodetectors because of the
complex processes of electron—hole §eneration, trapping, and
recombination in device channels.””*" As the value of n
increases from 1 to 4 for the Group 1 samples, the
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photocurrent is found to increase accordingly. This phenom-
enon is fully known for the quasi-2D halide perovskite
photodetectors because the increasing metal halide octahedral
layer number would give the higher effective optical absorption
volume for the enhanced photocurrent.*' Simultaneously, the
photoresponsivity (R) of all devices is assessed as a function of
light intensity and displayed in Figure 4b. R can be analytically
described as

T

- oS (1)

where I, is the photocurrent, ® is the light intensity, and S is
the active area of the photodetector. In specific, R is observed
to keep increasing with decreasing light intensity. Similar to the
results of the photocurrent, the R values of EDA4 and EDA3
are substantially larger than the ones of EDA2 and EDAI,
where the largest R of EDA4 can reach 125 mA/W at an
intensity of 0.1 mW/cm®. On top of photoresponsivity,
detectivity (D*) and external quantum efficiency (EQE) are
also important parameters to evaluate the performance of
photodetectors. The detectivity and EQE can be defined as D*
= RSY%/(2el;,,)"* and EQE = hcR/el, where e is the
electronic charge, Iy, is the dark current of the photodetector,
h is Planck’s constant, c is the velocity of the incident light, and
A is the wavelength of the incident light.42’43 The D* and EQE
values of Group 1 samples are depicted in Figure S7a,c. When
n increases, both D* and EQE increase accordingly, following
the same increasing trend of R. The highest D* and EQE
values of EDA4 are found to be 7.1 X 10" Jones and 30%,
respectively. In addition, current—time (I—f) curves under
periodical light illumination are also carefully measured to
examine the repeatability of fabricated photodetectors, as
shown in Figure 4c. These perovskite photodetectors
demonstrate the reversible photoswitching characteristics
clearly, indicating the excellent stability and photosensing
capability of devices. Especially, the EDA4 device exhibits a
high photocurrent of 64 nA, a good photoresponsivity of 12
mA/W, and a decent current on/off ratio of 7.5 X 10% under a
relatively high light intensity of 750 mW/cm® For high-
performance photodetectors, fast response speeds are also
necessary. As depicted in Figures 4d and S8, high-resolution I—
t curves are measured, where the rise and decay times of
photoresponse are extracted. The rise time is defined as the
time interval required for the photocurrent to increase from 10
to 90% of its peak value, while the decay time is from 90 to
10% of the peak value. It is worth mentioning that the rise and
decay times are determined to be 410 and 380 us, respectively,
that have already outperformed most of the other solution-
processed halide perovskite devices, being even comparable or
better than many single-crystal perovskite-based photodetec-
tors."*>*1** All these superior performance parameters
demonstrate the promising potential of adopting small EDA
molecules as spacer cations for the enhancement of RRP
photodetectors.

Instead of serving as spacer cations, EDA can as well
function as normal cations in Group 2 samples with the
fabricated photodetector performance thoroughly evaluated.
Figure S9 gives the I-V properties of all Group 2 devices
measured in the dark and under illumination, where all devices
give the dark current below 7.4 X 107'! A at a voltage bias of 2
V. Again, the output current is observed to increase with
increasing incident power, illustrating a typical linear relation-
ship with the bias voltage for the evidence of Ohmic-like
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Figure 5. Photoresponse properties of fabricated Group 2 devices. (a) Dependence of photocurrent on light intensity. (b) Dependence of
responsivity on light intensity. (c) Time-dependent photoresponse. (d) High-resolution current vs time curve for the 0.12SEDA device.
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Figure 6. (a) Dependence of the normalized photocurrent on the bending curvature of flexible devices, which include the EDA4 and all Group 2
devices. (b) Dependence of the normalized photocurrent on the bending cycles of all flexible devices. The inset shows the optical image of the
measurement setup under the bending test. (c) Optical image of the typical RPP film using organic bilayers as the spacer cation under mechanical
bending. Schematic of the perovskite crystal structure is illustrated on the film with the potential failure plane depicted along the organic bilayers
sandwiched between the two metal halide octahedral layers. (d) Optical image of the EDA4 sample (DJPs) using a single EDA layer as the spacer
cation under mechanical bending. Schematic of the perovskite crystal structure is also illustrated on the film, where the more intact structure would
make the film have better flexibility as compared to the one depicted in panel (c).

contact here. When the photocurrent is compiled as a function
of the light intensity in Figure Sa, the sublinear relationship is
illustrated with increasing photocurrent for the decreasing x
parameters (i.e, EDA content). The corresponding photo-
responsivity is also carefully assessed, as depicted in Figure Sb.
The R value is found to be a decreasing function of the light
intensity for all devices. The highest R value is determined to
be as high as 198 mW/ cm? for the 0EDA device. It is obvious
that the photocurrent and photoresponsivity value decrease
gradually as the EDA content x increases. It is because of the
fact that it is getting more difficult to separate and collect the
photogenerated electrons and holes because of the substitution
of MA by the bulkier EDA species, which has been
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demonstrated in RPPs as compared with the 3D counterparts
of MAPbL,.** The D* and EQE values of Group 2 samples are
also illustrated in Figure S7b,d. When « increases, both D* and
EQE decrease correspondingly, again following the same
increasing trend of R. The highest D* and EQE values of
OEDA are determined to be 3.8 X 10'' Jones and 46%,
respectively. Besides, the photoswitching characteristics of all
Group 2 devices are as well measured in the dark and under a
light intensity of 750 mW/cm?® (Figure Sc). It is seen that all
the mixed cation perovskite devices in Group 2 have the
reproducible and stable photoresponses. Particularly, the
OEDA device delivers a photocurrent of 35 nA, a photo-
responsivity of 7.4 mA/W, and an on/off ratio of 5.0 X 10°
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Table 1. Comparison of Various Figures of Merits of Different RPP (or DJP)-Based Photodetectors

RPPs (or DJPs) bias [V] light (nm) flexible R [mA/W] rise/decay time [ms] refs
(BA),(MA),Pb,1,, 293 532 N 12.78 10/7.5 41
(BA),(MA),_,Pb,Brs,,; (1 < n < 00) crystal 1 500 N 190 210/240 s3
(C,H,NH,),PbBr, nanobelt 5 405 Y 0.023 34/50 44
(PEA),PbBr, single crystal 10 365 N 3148 0.41/0.37 54
(BA),(MA),Pb,Br,; nanowire 5 530 N 15 x 107 0.0276/0.0245 55
(iBA),(MA);Pb,1,; film L5 532 N 117 16/15 46
(OA),FA,_,Pb,Bry,,; microplatelet 9 442 N 32 x 10* 0.25/1.45 45
EDA(MA);Pb,1,, 2 532 Y 125 0.41/0.38 this work

32,50

under a relatively large light intensity of 750 mW/cm? As
compared with the EDA4 device in Group 1 that also consists
of the quasi-2D perovskite channel with n = 4, the
photocurrent and photoresponsivity of the OEDA device with
the iBA spacer here are obviously smaller than those with the
EDA spacer under the same light intensity. However, the on/
off current ratio of the EDA4 device is smaller than that of
OEDA, which is because the relatively high conductivity
induced the high dark current in the EDA4 detector. This
further confirms that the short-chain bication EDA can indeed
improve the photoresponse under high light intensity and
enhance dark conductivity, as discussed above, as the two long-
chain spacer cations in RPPs can block the conductivity of the
perovskite heavily. At the same time, high-resolution I—t
curves of Group 2 devices are shown in Figures 5d and S10,
where the rise and decay times are close to each other among
all samples, being as low as about 400 ys. Overall, the excellent
photodetection performance of these quasi-2D perovskite
devices with EDA as the spacer cation (Group 1) and normal
cation (Group 2) is evidently demonstrated. The EDA-based
quasi-2D perovskite devices give the outstanding photo-
response characteristics, especially the response speed, which
is in a distinct contrast to the ones with conventional single-
cation spacers, such as iBA and BA.*"*°

In addition to the conventional photodetectors demon-
strated above, flexible photodetectors are even more charming
because of their unique properties capable to attach onto any
surface for many enabling applications.*”** In this work, the
EDA-based quasi-2D perovskites with n = 4 (i.e, EDA4 and
Group 2 samples) are also fabricated on polyimide substrates
for the construction of flexible photodetectors. For the
performance assessment, it is important to evaluate the change
in photocurrent as a function of the bending radius of all
fabricated devices (Figure 6a). The optical image of the
measurement setup is depicted to demonstrate the accurate
control of the bending radius (Figure 6b inset). Based on the
normalized photocurrent, it is observed that the photocurrent
of the OEDA device decreases rapidly to 23.5% of its initial
value when the device is bent to a radius of 20 mm.
Nevertheless, for the devices with low EDA content (i.e., 0.125
< x < 0.5), their photocurrent remains at 73.6%, while the
1EDA device even maintains its photocurrent at 100% with the
same bending magnitude. Once the devices are ultimately bent
down to a radius of 2 mm, it is surprising that the photocurrent
of EDA4 gradually increases to 177%. This excellent flexibility
of EDA4 is anticipated to come from its unique bication
spacers. For conventional spacer cations, there are two large
organic layers sandwiched between two halide octahedron
networks (i.e., one on the top and one at the bottom), where
the binding of these organic bilayers comes from the weak van
der Waals interaction (Figure 6c).”>*’ This weak van der
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Waals interaction can be easily broken by external forces;
therefore, the flexibility of typical RPPs is relatively poor with
significant degradation in the photocurrent. On the other hand,
when the bication EDA is used as the spacer cation in EDA4 to
form the Dion—Jacobson phase, there is only one EDA layer
acting as the spacer, without any van der Waals interaction
discussed above, such that the flexibility can be greatly
enhanced (Figure 6d). Also, the enhanced photocurrent
behavior (i.e., with a photocurrent of >100%) can be attributed
to the rougher surface induced by bending, leading to the
improved light absorption because of the scattering of incident
light. After that, the photocurrent is as well investigated as a
function of the bending cycles to confirm the excellent
mechanical flexibility of the EDA4 perovskite device (Figure
6d). All the different devices are bent for 10,000 cycles with a
fixed minimum bending radius of 4 mm in each cycle.
Obviously, the photocurrent of all Group 2 devices decreases
rapidly during the first 1000 bending cycles. Excitingly, the
photocurrent of the EDA4 detector remains above 100%
within the entire 10,000 bending cycles, where the maximum
value can even approach 200% of its initial value. This
significant flexibility enhancement of the RPPs can make them
promising for other advanced optoelectronic applications. In
the future, further device optimization, such as utilizing flexible
electrodes with proper thickness to achieve the more stable
contact resistance, will be performed to minimize the
photocurrent fluctuation during repeated bending cycles. In
any case, all these results evidently indicate the photodetection
performance of the EDA-based RPPs being superior, which is
comparable with or even better than the RPPs reported in the
recent literature (Table 1).

To further improve the performance of the perovskite-based
photodetectors, a vertical device structure of the glass/indium
tin oxide (ITO)/perovskite (EDA4)/Au detector was
employed with the schematic shown in the inset of Figure
S11b. Considering the same device dimension and illumination
intensity, it is remarkable to observe that the photocurrent gets
improved to 300 nA as compared with that (60 nA) of the
glass/EDA4/Au device (Figures S11a and 4c). The responsiv-
ity and detectivity values are as well enhanced to 330 mA/W
and 3 X 10" Jones, respectively (Figure S11c), together with
efficient rise and decay times down to 169 and 68 s,
accordingly (Figure S11d). In fact, these device performance
enhancements are mostly attributed to the more effective
photocarrier separation and collection induced by the work
function difference between ITO and Au electrodes, which are
well recognized in other reports.”">*

Above and beyond the impressive device performance, the
ambient stability of perovskite-based photodetectors is
essential for their practical utilizations. In this case, the
moisture stability of all fabricated devices is thoroughly
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evaluated under a relative humidity of 60%. Table S1 compiles
the change in the photocurrent of both Group 1 and Group 2
devices under a light intensity of 650 mW/cm” and a voltage of
2V after storage in an ambient environment with a humidity of
60% for 7 days. It is found that the photocurrent of the 0OEDA
device (i.e., without any EDA content in the device channel)
decreases to about 50% of its initial value after ambient storage
for 7 days. For other devices in Group 1 and Group 2 that
contain EDA as the spacer or normal cation, the degradation of
their photocurrent is less than 15%, in which the photocurrent
of several devices even increases slightly.

Actually, the enhanced photocurrent after ambient storage
for a short time has been reported in other halide perovskites,
where the enhancement can be due to the small concentration
of perovskite decomposition products acting as dopants to
contribute excess free carriers.”® > In parallel, XRD patterns
of both fresh and aged samples are measured and shown in
Figure S12. After ambient storage with a humidity of 60% for 7
days, the XRD spectra of all samples do not have any
noticeable change, indicating the fairly good moisture stability
of fabricated RPPs. However, after 30 days, the XRD patterns
indicate that 0OEDA, 0.5EDA, and 1EDA samples deteriorate in
some extent, where an obvious peak of Pbl, is observed. In
contrast, the XRD spectra of 0.125EDA, 0.25EDA, and
0.37SEDA samples almost remain the same, suggesting that a
small amount of EDA can stabilize the crystal structure of
RPPs.”**” This improved stability of EDA-based RPPs would
further promote the device applications of halide perovskites.

B CONCLUSIONS

In summary, the synthesis of high-quality quasi-2D perovskite
films has been successfully achieved via a one-step solution
processing method, where the bication EDA is embedded into
the perovskite structure as either the spacer cation or the
normal cation or both. When EDA is utilized as the spacer
cation to form the DJPs, the EDA(MA),_,Pb,L;,,, film with n
= 4 exhibits the highest photoresponsibility of 125 mA/W
under 532 nm irradiation. The response time of the films with
n = 2—4 is found to be as short as 400 ps. The great
mechanical flexibility of these perovskite films is also observed,
in which the photocurrent can even increase after bending to a
radius of 2 mm and 10,000 bending cycles because of the
unique binding nature of the DJPs with bication EDA as the
spacer layer. For the case of employing EDA as the normal
cation, different amounts of EDA can be exploited to substitute
MA in the (iBA),MA;Pb,l,; films (RPPs). It is important that
the substitution of EDA can further improve the moisture
stability of fabricated perovskite films. All these results can
provide a valuable horizon to synthesize the optimal quasi-2D
perovskite films for next-generation, mechanical, flexible, high-
performance, and air-stable optoelectronic devices.

B EXPERIMENTAL SECTION

Perovskite Precursor Synthesis. For EDA(MA),_,Pb,1,,,, films
(Group 1 samples), where EDA acts as the spacer cation, Pbl,, EDAL,
and MAI at a molar ratio of n:1:n — 1 were dissolved in
dimethylformamide (DMF). When n is fixed at 4, the
(iBA),(MA);_,,(EDA),Pb,l; films (Group 2 samples), where EDA
acts as the normal cation, Pbl,, iBAI, EDAIL,, and MAI at a molar ratio
of 4:2:x:3 — 2x were dissolved in DMF. The total Pb** molar
concentration was fixed at 1 M in the solution for all the precursor
preparations. The solutions were then stirred at room temperature
overnight.
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Device Fabrication. The perovskite films were fabricated by a
one-step spin-coating method in a nitrogen-filled glovebox, where the
oxygen and moisture concentration were well controlled at the ppm
level. Standard glass slides (15 mm X 15 mm X 0.7 mm) and PI
substrates (25 mm X 10 mm X 0.1 mm) were first ultrasonically
washed with acetone, ethanol, and deionized (DI) water for 15 min in
succession, followed by a mild oxygen plasma treatment for 5 min
(0.26 Torr, 30 W). In addition to these substrates, ITO/glass
substrates were also employed with the 350 nm-thick ITO films (5 Q/
sq) predeposited onto the glass pieces (15 mm X 1S mm X 1 mm).
After that, 60 L of precursor solution was spin-coated on the glass or
PI substrate at 3000 rpm for 30 s, subsequently with a thermal
annealing at 100 °C for 10 min for the full crystallization of samples.
The film thickness was controlled to about 400—500 nm, which was
determined by SEM. Finally, with the assistance of a shadow mask, 80
nm-thick gold was thermally evaporated onto the films as electrodes.
The channel length and width of the devices were determined to be
10 and 70 pm, respectively.

Film and Device Characterization. Surface morphologies of all
the samples were characterized with SEM (FEI Quanta 450 FEG
SEM) and AFM (Bruker Dimension Icon AFM). XRD (D2 Phaser
with Cu Ka radiation, Bruker) was used to evaluate the crystallinity
and crystal structure of the obtained films. UV—vis absorption spectra
were recorded using a PerkinElmer model Lambda 2S UV-VIS
spectrometer. The PL spectra were acquired using a Hitachi F-4600
spectrophotometer with an excitation wavelength of 425 nm. The
electrical performance of fabricated devices was characterized with a
standard electrical probe station and an Agilent 4155C semiconductor
analyzer (Agilent Technologies, California, USA). For photodetector
measurement, a 532 nm laser diode was used as the light source for
photodetector measurement, while the power of the incident
irradiation was measured using a power meter (PM400, Thorlabs).
An attenuator was also employed to tune the irradiation power
illuminating on the device. A low noise current amplifier (SRS70,
Stanford Research Systems, USA) combined with a digital oscillator
(TBS 1102B EDU, Tektronix, USA) is used to obtain the high-
resolution current versus time curves to determine the response time
of fabricated devices. The details of the experimental setup are
depicted in Figure S13. All the measurements are conducted in a
light-tight environment within a probe station in order to minimize
the external disturbance.
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