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ABSTRACT: Two-dimensional Ruddlesden—Popper lead-free perovskites show ‘,’gtm”‘ Nc with NH.CI
promising prospects for application in optoelectronic devices due to their tunable BTR e T FEOLE 00008 o000¢ Byl
optoelectronic properties and environmental friendliness. However, their carrier b ‘,‘916."5 VS PN ":’Z‘:‘:“.““_‘,

mobility and stability are limited by the crystal morphology and lattice direction,
which hinder the improvement of their optoelectronic device performance. Here,
we introduce a convenient ammonium assistance method to improve the
crystallinity and lattice orientation of 2D perovskite films, through which carrier
mobility and stability of 2D perovskites can be significantly improved. Oriented
crystals, increased grain size, and improved crystal quality contribute to the high
performance of lateral photodetectors. The champion device exhibits high
Responsivity, External Quantum Efficiency, and Detectivity (938 A/W, 34714%,
and 3.70 X 10'* Jones, respectively), as well as outstanding stability. This work e
reveals the potential of ammonium assistance 2D perovskite in developing high- i (e
performance and stable optoelectronic devices.
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H INTRODUCTION To achieve highly efficient devices, various approaches have
been explored. One approach to solve this problem involves
tuning the lattice structures by increasing the number of
inorganic layers (n value);'"'* the performances are improved
but in exchange for a severe stability decline. An alternative
approach to the problem is improving crystallinity and
morphology to guarantee the efficient collection of carriers.'”
Substrate treatment,'” multilayer engineering,15 and hot-
casting deposition® methods have been developed, and a

In recent years, metal halide perovskites (MHP) have become
a promising semiconductor for optoelectronic devices due to
their superior photoelectric properties, including high
absorption coeflicient, large carrier mobility, and tunable
band gap.'™* Nevertheless, the vulnerable tolerance to
moisture and oxygen in the environment seriously restricts
their further development and practical applications. 2D

Ruddlesden—Popper perovskite has been concerned as a range of 2D perovskite thin films have been fabricated with
potential candidate for environmentally stable optoelectronics preferred crystallinity. The corresponding photodetectors
devices. Its structure can be described as the formula display improved Responsivity.'®'” However, these methods
AA', B, X5,,), where A is a large organic monovalent cation increase the complexity of the process, limits the yield, and
(e-gv Phenethylammonium (PEA')), A’ is a short-chain offers limited performance gains. Therefore, it is urgent to
monovalent cation (e.g, Methylammonium (MA')), B is a explore an efficient, convenient, and universal method to
divalent ion such as Pb** and Sn?*, anion X is a halide, and n improve the crystallinity and morphology of 2D perovskites.18
represents the layer number of octahedral monolayers between Beyond crystallinity and morphology, the choice of divalent
the organic spacer A’ layers.”® Compared with their 3D cation is also a key issue for developing desirable devices. It is
counterparts, the unique hydrophobic A’ layer structure of 2D reported that lead would restrict the regulation ability of 2D
perovskite effectively prevents the moist erosion to the perovskite devices due to its strong insulation;'”** meanwhile,
octahedral layer, thus enhancing the long-term stability on the potential risk of environmental pollution caused by lead
one hand,” while, on the other hand, it forms multiple

quantum wells owing to the A’ layers’ strong insulating Received: January 15, 2023

character, which leads to dielectric confinement because of Accepted: March 29, 2023

large exciton-binding energy and high permittivity, thus Published: April 10, 2023

inhibiting charge transport between the two adjacent
conducting layers® and further hindering the improvement in
device performance.”"’

© 2023 American Chemical Society https://doi.org/10.1021/acsaelm.3c00058
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Figure 1. (a) XRD patterns of 2D perovskite films with different concentrations NH,Cl additives. (b) FWHM in the (004) crystal plane versus
NH,Cl concentration. (c) Gibbs free energy as a function of r for perovskite with or without NH,Cl. The crystallization of perovskite can only be
triggered after overcoming the G’ and obtaining a nucleus exceeding the r’. Schematic diagram of 2D perovskite crystal stacking pattern for (d)

NACEF and (e) control samples.

leakage impedes its practical application. To resolve this
problem, tin-based perovskite is expected to achieve a balance
in performance and environmental protection,” although Sn**
is easily oxidized and causes insufficient device stability.”***

Herein, we introduce ammonium chloride (NH,CI) as an
additive in the tin-based perovskite precursor solution to
regulate the crystallization thermodynamics and to assist 2D
perovskite growth in the spin coating process. The grain size
and surface flatness of NH,Cl-assisted crystalline film (NACF)
were significantly improved. The high-quality thin film endows
the photodetector with a peak Responsivity of 938 A W'~, a
high External Quantum Efficiency (EQE) of 4.99 X 10°%, and
a Detectivity as much as 3.70 X 10'* cm Hz!> W'~ (Jones),
which is superior to that reported for 2D perovskite
photodetectors. In addition, the device maintains 92.4% of
the initial performance after 40 days. Our research provides an
efficient and convenient method for improving the crystallinity
and morphology of 2D perovskite and broadening their
application prospects.

B RESULTS AND DISCUSSION

The 2D perovskite precursor solution of the control group was
prepared by dissolving phenethylammonium iodide (PEAI)
and tin(II) iodide at a molar ratio of 2:1 in N,N-
dimethylformamide (DMF) solvent. Then a gradient concen-
tration of NH,ClI from 5 mol % to 12.5 mol % was added into a
precursor solution to adjust the crystallization process. During
the annealing process, part of NH,Cl will assist the formation
of the perovskite skeleton, while the other part will volatilize.
The films were fabricated on the hydrophilic glass substrate
through a one-step spin-coating process. The hydrophilicity of
the glass substrate was achieved by oxygen plasma cleanin

(Figure S1), which was beneficial to the film uniformity.”**
Afterward, 700 nm highly oriented 2D perovskite films were
prepared.

To assess the effect of NH,Cl on crystallinity, the X-ray
diffraction (XRD) measurements were performed. As
presented in Figure la, all sample films exhibit intense,
sharp, and well-defined diffraction peaks, repeated periodically
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without other miscellaneous peaks, signature of the (00h) (h =
4, 6, 8. . .) planes in the layered (PEA),Snl, crystalline
structure.””® XRD results confirm that the films are
preferentially parallel to the substrate with the assistance of
NH,CL***" The intensity of diffraction peak increases by
about 70 times when the NH,CI concentration increases from
0 to 10 mol %, which verifies the improved crystallization due
to NH,Cl It is worth mentioning that when the NH,CI
concentration rises to 12.5 mol %, the crystallinity of the film
decreases instead. The reason may be due to the fact that
NH,Cl is unable to become volatile completely, thus affecting
the crystallinity process of 2D perovskite.””*” We characterized
the energy dispersive X-ray spectroscopy (EDS) for
verification. The 10 mol % film exhibited no residual chlorine,
while scattered chlorine was found in 12.5 mol % film for
comparison, as shown in Figure S2. The relationship between
the full width at half-maximum (FWHM) of the (004) crystal
plane and NH,CI concentration was presented in Figure 1b.
The diffraction angle 0 ranges from ~0.065° to ~0.056° when
the concentration increases from 0 to 10 mol %, and then falls
back to ~0.061° for 12.5 mol %. According to the Scherrer
equation, the FWHM is inversely proportional to grain size,
which indicates that the average grain size of the 2D perovskite
film increases and then decreases with increasing NH,CI
correspondingly.””*’ These results suggest that NH,Cl can
efficiently construct highly oriented crystal structures and
enlarge the grain size of 2D perovskite. Other ammonium salts
have also been tried as an additives, such as NH,Br and NH,IL.
However, several peaks are missing in the XRD patterns, as
shown in Figure S3, which may be attributed to the residual of
bromine and iodine during spin coating.

The crystallization process contains two steps, nucleation
and growth.’" It can be described by Gibbs free energy curves
using equations:32
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where G is the Gibbs free energy, r is the grain size, #;
represents the shape factor for the ith, I'; represents the
interfacial free energy per unit interfacial area for the ith area,
and u, and p, represent the respective chemical potentials of
the bulk amorphous and crystalline phases.

The nucleation rate of uniform nucleation refers to the
number of nuclei formed per unit volume of metastable phase

solution per unit time:*®
I—B AG.
= e —
P er ©)

where B is the proportional constant, which depends on the
kinetic factors of growth, AG, is the work required to form the
critical nucleus, k is the Boltzmann constant, and T is the
temperature. It can be found that the crystal nucleation rate is
negatively correlated with the critical nucleation barrier.

Figure Ic presents NACF and control sample’s Gibbs free
energy curves, which indicates that the crystal growth needs to
surmount the nucleation barrier until spontaneous growth.**
Due to the NH,Cl assistance, the underlying perovskite
nucleation is more rapid and flat. And the faster and smoother
nucleation process in NACF means that the nucleation shape
is more regular with the same interfacial binding energy,
resulting in a lower 7; and thus a lower nucleation barrier.”*

Previous works have shed 1i3ght on the crystallization
mechanism of 2D perovskite.”””’ The calculations of
adsorption energies for NH," show that it has strong binding
ability with the PEA molecule, which may account for the
unique advantage of NH," in regulating the 2D perovskite
orientation.”” Ascribing to the presence of cations in the
insulating spacer, the vertical transport of carriers is sup-
pressed, which makes the carrier transport confined in the
Snls*" layer of 2D perovskite films.**” Figure 1d and Figure
le illustrate the schematic diagram of crystal stacking with or
without NH,CI assistance. NH,CI can act as a linker to
connect the substrate and the bottom PEA molecule, which
impacts 2D perovskite highly oriented parallel to the substrate
and facilitates the carriers’ lateral transport.’”*' On the
contrary, the stacking orientation of 2D perovskites shows
more randomness in the absence of NH,Cl assistance.

The crystallization rates of NACF and control sample are as
shown in Figure 2a, b. Due to the NH,CI assistance, the
underlying 2D perovskite shows a faster nucleation rate,
indicating rapid passage through the nucleation barrier.
Beyond that, according to the LaMer curve,” with the
assistance of NH,C], the solution will be consumed rapidly,
thus inhibiting random nucleation. The reduction of random
nucleation probability further increases the grain size and
improves the film flatness, as illustrated in Figure 2a and Figure
2b. Figure 2c¢ and Figure 2d show the scanning electron
microscope (SEM) pictures of NACF and control samples.
Compared with the obvious fluctuations and fragmentation of
control sample, NH,Cl improves the film flatness of NACF
significantly, reduces the nonradiative recombination of
carriers, and extends the carrier diffusion distance.* Figure
2e and Figure 2f present the atomic force microscope (AFM)
images of NACF and control samples. From which, the NACF
exhibits low surface fluctuation, and the root-mean-squared
(RMS) roughness decreases from 2.76 nm for the control
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Figure 2. Schematic diagram of 2D perovskite growth (a) with and
(b) without NH,CI assistance. SEM images of (c) NACF and (d)
control samples. Scale bar: S ym. AFM images of (e) NACF and (f)
control samples. Scar bar: 500 nm.

sample to 1.40 nm for the NACF sample. This result further
confirms that NH,CI can regulate the crystallization of 2D
perovskite thin films.

To further understand the influence of NH,Cl on 2D
perovskite properties, we conducted optical and electrical
characterizations. The 80 nm Au electrodes with a 25 pm
width channel were deposited evenly on the crystal surface by
thermal evaporation method, as shown in Figure S4. Figure 3a
shows the J—V characteristics of devices at room temperature,
which indicates that the carrier mobility has been enhanced by
more than 15 times, benefiting from the highly efficient charge
transport because of the well aligned crystallinity.** The UV—
vis absorption spectra reveal that both samples exhibit similar
optical band gaps and sharp exciton peaks, indicating the
addition of NH,Cl does not change the shape (the
embodiment of band structure and exciton characteristics) of
the films (Figure 3b). However, the NACF sample shows
improved absorbance, which is believed to be conducive to
optoelectronic device applications. Figure S5 measured the
UV—vis absorption spectra of NACF samples with varying
NH,CI concentrations, and similar optical band gaps and sharp
exciton peaks can be observed for all samples.

In order to further explore the carrier recombination
transition, photoluminescence (PL) spectroscopy was con-
ducted under the same power excitation of 473 nm. The peaks
at 625 nm are observed for both NACF and control samples, as
shown in Figure 3c. The NACF generates significantly
enhanced PL, indicating that the improved film morphology
effectively reduces the occurrence of nonradiative recombina-
tion.”> The PL spectra of other concentrations with consistent
trend are shown in Figure S6a, and the highest PL intensity
was achieved when the concentration of NH,Cl is 7.5 mol %.
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Figure 3. (a) J—V curves, (b) UV—vis absorption, (c) photoluminescence spectra, and (d) TRPL spectra of NACF (10 mol % NH,Cl) and control
samples, respectively. PL mapping for the (e¢) NACF (10 mol % NH,Cl) and (f) control 2D perovskite samples. Scar bar: 200 ym.
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Figure 4. (a) Schematic illustration of the 2D perovskite photodetector. The I-V curves of the 2D perovskite film (b) NACF and (c) control
samples in dark and under 532 nm light illumination with varying light intensities. (d) Responsivity, (e) EQE, and (f) Detectivity as a function of

incident light intensity for 2D perovskite film photodetectors.

Then we monitored the time-resolved photoluminescence
(TRPL) of all samples to further explore the carrier transport
modulated mechanism. According to the biexponential fitting,
the average lifetimes are calculated to be 1.5138 and 0.5055 ns
for NACF (10 mol %) and control samples, respectively’®*’
(Figure 3d). For other concentrations, the average lifetime are
calculated to be 1.0527 ns, 1.1520 ns, and 1.0781 ns,
respectively, as shown in Figure S6b. The details of fitting
parameters are shown in Table S1, which confirms that the
enhanced charge transfer is due to NH,Cl assistance (10 mol
% for optimal). Figure 3e and Figure 3f show the PL mapping
of both NACF and control samples. A more homogeneous PL
distribution and a higher integrated intensity were detected for
NACF. The optical and electrical characterizations further
confirm the optimization effect of NH,Cl on 2D perovskite
thin films.
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To apply these films for optoelectronic detection, a lateral
device configuration with the device configuration of Au/2D
perovskite/Au (Figure S4) is adopted, as shown in Figure 4a.
From the I-V curves of different samples under 532 nm
stimulation (Figure 4b and Figure 4c), obvious linear and
saturated regions can be observed, and notable light response
can be detected. The switching ratio of the samples is greater
than 1000, exhibiting strong antinoise interference ability.
Moreover, through the NH,CI assistance, the 2D perovskite
photocurrent intensity increases by three times, illustrating
suppression of nonradiative recombination and enhancement
in carrier transport. To quantify the optoelectronic perform-
ance, we calculated the Responsivity (R), which is indicated as
a photocurrent generated under the stimulation of unit light
intensity in unit area and can be derived by the following
formula:**

https://doi.org/10.1021/acsaelm.3c00058
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perovskite films devices stored at room temperature with RH 60%.

_ Ilight - Idark
B,"A )
where Ly Iy Piny and A are the photocurrent, dark current,
incident optical power density, and effective working area,
respectively. According to this equation, the Responsivity as a
function of light intensity is calculated and depicted in Figure
4d. The maximum Responsivity of NACF is estimated to be
938 A/W at 0.509 mw/cm? which makes a new record in
reported 2D perovskite photodetectors (Table S2). For
comparison, the control sample shows 320 A/W under the
same conditions. The striking contrast reveals that ordered
lateral alignment of 2D perovskite is beneficial for enhancing
lateral carrier transport. The Responsivity of NACFs with
other concentrations are displayed in Figure S7a.
The EQE is the ratio of the number of excitation electrons
versus incident photons as below:*’

Rhv
BQE=—" )

where h is Planck’s constant, e is the electron charge, and v is
the frequency of light. Figure 4e shows the EQE of different
samples, and the changing trend coincides with the
Responsivity. An EQE of 34714% is achieved for the NACF
(10 mol %) sample, reflecting efficient carrier transport. The
EQE of NACFs with other concentrations are displayed in
Figure S7b.

Detectivity (D) is another key parameter that characterizes
the ability to detect weak light signals under various noises. In
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our experiment environment, dark current is mainly affected by
short noise and thus D is expressed by:>’

R

V 2'e]darkz (6)

where Jg,q is the dark current density of the photodetector.
Figure 4f and Figure S7c represent D as a function of light
intensity. The peak Detectivity increases from 1.83 X 10
Jones for the control sample to 3.70 X 10'* Jones for the
NACF sample. The enhancement of noise tolerance again
illustrates the effect of NH,CI assistance on inhibition
nonradiative recombination of 2D perovskite. The improve-
ment of the above three key parameters displays the
competitive role of NH,CI assistance in the fabrication of
high-performance 2D perovskite photodetectors. Table S2
summarizes the detailed comparison of performance of 2D
perovskite photodetectors in previous reports and in this work.
The NH,CI assistance method prepared lead-free perovskite
shows significant advantages in enhancing performance
parameters, thus highlighting the competitiveness of the
NH,CI assistance strategy in high-performance detector
fabrication.

As Sn** is easily oxidized, the stability is a key issue that
restricts the development of tin-based perovskites.””>> We
have conducted a series of tests to investigate the stability of all
2D perovskite films fabricated. Figure Sa exhibits the XRD
patterns of NACF and control samples stored in a N,-filled
glovebox at room temperature. For the NACF sample, after 40
days, the characteristic peak intensity of the sample is reduced
slightly and no new peaks are produced, indicating the good

D =
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environmental stability of the NACF. The control sample also
shows no new peak, indicating decomposition happens. The
normalized Responsivity of both devices is also measured
under the same storage conditions, as shown in Figure Sb. The
NACF sample maintains 92.4% of initial performance after 40
days, while the corresponding control sample remains at only
86.3%. The reason may lie in the fact that Sn** oxidization
occurs at grain boundaries mostly,”* and the NH,Cl assistance
increases the grain size and effectively inhibits the occurrence
of oxidation.

Then the two films were heated to 80 °C for a heat
resistance test, as shown in Figure Sc. The NACF sample
retained 81.2% of its initial properties after 160 h. However,
the control sample decreased by 39.2%. The migration of
iodide ions is the main cause of performance degradation, and
iodide ion mi§rati0n occurs mainly at grain boundaries at high
temperature.””*> The ordered lattice arrangement effectively
increases the grain size and reduces the defect density, thereby
improving the thermal stability of the films. For the practical
environment test, both devices were stored in air with a relative
humidity (RH) of 60%. Figure Sd shows the control sample
maintains only 24.2% of initial efficiency after 120 min, while
for the NACF sample, the efficiency is nearly unchanged in the
initial 30 min and eventually maintained at 55.2% after 120
min. These tests demonstrate that the NH,Cl assistance is an
effective strategy to improve the stability of 2D perovskite films
and devices for the practical use of tin-based perovskite.

B CONCLUSIONS

In summary, by adding a certain amount of NH,CI into the
lead-free 2D perovskite precursor solution, highly oriented
films parallel to the substrate were fabricated. The 2D
perovskite films show regular growth direction, smooth surface
morphology, and larger grain size compared to control
samples, which is conducive to the transport and radiative
recombination of carriers. The champion device exhibits
Responsivity, EQE, and Detectivity of 938 A/W, 34714%,
and 3.70 X 10" Jones, respectively. Compared with other 2D
photodetectors reported, the device performance has been
significantly improved, as well as the stability in a variety of
situations. This research provides a practical and convenient
method for tuning the crystallization procedures of 2D
perovskites and for constructing high-performance photo-
detectors.

B EXPERIMENTAL SECTION

Materials. All the chemicals used in this paper are commercial
products which were used as received without further purification.
N,N-Dimethylformamide (DMF, 99%), ammonium iodide (NH,],
99%), ammonium bromide (NH,Br, 99%), and ammonium chloride
(NH,CL, 99%) were purchased from Aladdin Reagent Ltd. Tin(II)
iodide (Snl,, 99%) and phenylethylammonium iodide (PEAIL, 99%)
were purchased from Xi’an Polymer Light Technology Corp.

2D Perovskite Solution Preparation. PEAI (1 mmol) and Snl,
(0.5 mmol) were mixed into 1 mL of DMF to obtain 0.5 mol/L
PEA,Snl, precursor solution. Then 5—12.5 mol % NH,CI was added
into the solutions to get an ammonium salt assisted precursor
solution. The solutions were then stirred overnight at 500 rpm before
use.

2D Perovskite Film Preparation. The glass substrates were
cleaned with deionized water, ethanol, isopropanol, and acetone for §
min by ultrasound sequentially. After being rinsed with deionized
water and dried in a drying box at 100 °C for 5 min, the substrates
were processed with UV—O; for 3 min to make the substrate

hydrophilic.>® Then 60 L of PEA,Snl, were dropped onto the glass
substrate (1 X 1 cm?) and spin-coated at 4000 rpm for 40 s.
Afterward, the films were transferred onto a hot plate and annealed at
100 °C for 10 min. The spin-coating and annealing processes were
completed in a N,-filled glovebox.

Characterization. We used a HORIBA Scientific Raman
spectrometer with 0.255 mW cm™ laser intensity at 473 nm to
measure the PL spectra of PEA,Snl, films in air at room temperature.
We used a Cary 5000 spectrophotometer from Agilent Company to
measure UV—vis the absorption spectra of PEA,Snl, films. The
thickness of the films was performed on a Keyence laser confocal
microscope (VK-X1000). The X-ray diffraction was characterized by
Bruker D8 Focus. The SEM and EDS were characterized by Zeiss
Auriga-45-06. The AFM images were characterized by Bruker
Dimension Icon.

Photodetectors Fabrication. To fabricate PEA,Snl, lateral
photodetectors, we used a thermal evaporation method to dggosit
80 nm Au electrodes with a 25 ym channel length on the films.”” We
used a Keithley 4200A Semiconductor Parametric Analyzer
(Tektronix) with a C-100 probe station from TPSi-Company to
measure the I-V curves at room temperature in air. And the devices’
photoresponse characteristics were measured under a 532 nm laser
with tunable light intensity from 0.5095 mW cm ™ to 50.95 mW cm ™2
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