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ABSTRACT: 2D layered metal halide perovskites (MHPs) are a
potential material for fabricating self-powered photodetectors
(PDs). Nevertheless, 2D MHPs produced via solution techniques
frequently exhibit multiple quantum wells, leading to notable
degradation in the device performance. Besides, the wide band gap
in 2D perovskites limits their potential for broad-band photo-
detection. Integrating narrow-band gap materials with perovskite
matrices is a viable strategy for broad-band PDs. In this study, the
use of methylamine acetate (MAAc) as an additive in 2D
perovskite precursors can effectively control the width of the
quantum wells (QWs). The amount of MAAc greatly affects the
phase purity. Subsequently, PbSe QDs were embedded into the 2D
perovskite matrix with a broadened absorption spectrum and no
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negative effects on ferroelectric properties. PM6:Y6 was combined with the hybrid ferroelectric perovskite films to create a self-
powered and broad-band PD with enhanced performance due to a ferro-pyro-phototronic effect, reaching a peak responsivity of 2.4

A W at 940 nm.
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S elf-powered photodetectors (PDs) are suitable for low-
energy optoelectronic applications in industries, environ-
mental monitoring, and military applications because they do
not need external power sources, have wireless capabilities, and
last a long time.'”® Broad-band PDs have potential in
autonomous driving, food security monitoring, machine vision,
and biometric identification, unlike UV and visible-light
PDs.” " Metal halide perovskites (MHPs) are beneficial in a
range of optoelectronic applications, including photovoltaics,
light-emitting diodes (LEDs), X-ray imaging, lasers, and
PDs."'™'* The structural formula for two-dimensional (2D)
MHPs can be represented as L,A, ;M,X;,,; (Ruddlesden—
Popper) or L'A,_;M,X,,,; (Dion—Jacobson), where L
represents the monoamine ligand and L’ represents the
diamine ligand. A denotes small cations, such as Cs*, and M
represents Pb>*, Sn**, or Ge?*. X represents a halide, and n
represents the number of inorganic layers formed by the MXg
octahedron between two long chains, resulting in a natural
quantum well (QW). In contrast to three-dimensional (3D)
MHPs characterized by diminished stability, 2D layered MHPs
are more stable and flexible and have potential ferroelectricity,
making them a promising material for optoelectronic
devices.””™"” Ferroelectric MHPs are seen as promising for
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high-performance, self-powered PDs because of their strong
spontaneous polarization, unlike traditional MHPs.'®~*°

2D MHPs made using solution methods often have multiple
quantum wells (MQWs) with varying widths, which can
greatly reduce device performance.”’ Also, precise control of
phase purity is crucial for achieving strong ferroelectric
properties.”” High phase purity in 2D perovskites improves
the carrier transport and stability. Various methods, including
using additives like n-butylamine acetate instead of n-
butylamine iodide, can enhance phase purity in 2D MHPs.”’
Qin et al. successfully obtained 2D perovskite films with high
phase purity using a technique involving specific solvents
(dimethylacetamide, toluene, and hydroiodic acid (HI) as
nonpolar cosolvents) to control phase purity.”* Zhao et al.
employed HI as an additive to modulate the phase distribution
of quasi-2D perovskite by facilitating the formation of Pbl;~
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Figure 1. Influence of the MAAc content on the properties of BA,EA,Pb;1,, films. (a) XRD patterns, (b) absorption spectra, and steady-state PL
spectra excited from (c) the top side and (d) the bottom side of the MAAcy, MAAcy 5, MAAc 33, MAAC ¢ MAACc,, and MAAC, g perovskite films.
(e) Dynamic light scattering shows the particle size distributions in the precursor solutions containing different MAAc contents. (f) The
transmission FTIR of precursor solutions containing different MAAc contents. (g) 'H NMR spectra of the perovskite solutions containing different
MAACc contents by dissolving the precursors with DMSO-dg. (h) Schematic illustration of the crystallization process in the solution without MAAc,

with moderate MAAc, and excess MAACc.

complexes.”® More research is needed to understand how the
additives’ contents affect phase distribution despite their
effective modulation. 2D perovskites have a wide optical
bandgap, limiting their ability to absorb UV—visible light for
photodetection in the NIR band. To address this, the pyro-
phototronic effect (PPE), which relies on temperature-induced
changes in polarization, is a promising method to expand the
response spectrum of PDs.”® Weak NIR absorption in 2D
perovskites limits their potential for improved photodetection
through multiphoton absorption and pyroelectricity, resulting
in low NIR pyroelectric responses due to hot carriers causing
lattice temperature increases.”’ > Integrating narrow-bandgap
materials into perovskite matrices is a viable strategy for high-
performance broad-band PDs.”® PbX (X = S, Se) quantum
dots embedded in a perovskite matrix show exceptional
stability and a broadened light absorption spectrum and
combine the benefits of both materials.**™’ However,
different bandgap values and band positions can lead to a
type-I band alignment between QDs and perovskites.”® The
creation of a quantum well trapped excitons in quantum dots,
leading to more recombination instead of charge carrier
separation. This was demonstrated in PDs using PbS QDs in
MAPDI, sB,y5, where a large external bias was needed for
electron—hole separation through mechanisms like tunneling
or emission over a barrier, integrating them into the perovskite
phase.” To improve self-powered and broad-band PDs with
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QDs in perovskites, efficient charge extraction from the QDs to
the perovskite matrix is crucial. A strong built-in electric field is
needed to reduce carrier recombination during charge transfer,
which can be enhanced by spontaneous polarizations in
photoferroelectrics for effective separation of photogenerated
carriers.*”*™" Furthermore, forming a tandem-like architecture
with perovskite and NIR near-infrared absorption organic
material can further result in a high-performance broad-band
response.

This study first demonstrates the preparation of a ferro-
electric quasi-2D perovskite film (BA,EA,Pb;l,,, BA
butylamine and EA = ethylamine) coupled with PbSe QDs.
MAACc was chosen as an additive in the precursors to control
the QW width of 2D perovskite films. The MAAc content
greatly affects the phase distribution. Adding PbSe QDs to the
2D perovskite matrix did not harm the ferroelectric character-
istics and improved phase purity. Additionally, PM6:Y6 near-
infrared absorbing material was combined with ferroelectric
perovskite films to create a self-powered PD with improved
performance due to the ferro-pyro-phototronic effect, with a
peak responsivity of 2.4 A W' and a detectivity of 1.65 X 10"
jones at 940 nm. This study suggests a promising method for
controlling the phase purity and lays the groundwork for
developing self-powered PDs with 2D perovskites.

High-quality BA,EA,Pb,], (a ferroelectric material) perov-
skite films were produced by using a one-step constant
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Figure 2. Characterizations of the BA,EA,Pb;I,;-MAAc, 3, film with/without QDs. (a) GIWAXS patterns of the MAAc,3; film. (b) Energy level
diagram of the MAAc, 5, film with different etching depths (from 0 to 270 nm). The TA spectra of MAAc, 3, film excited from the (c) top side and
(d) bottom side. (e) Out-of-plane PFM hysteresis loops measured in the film surface, showing an obvious hysteresis loop and butterfly curve. (f)
HRTEM images of (BA),EA,Pb,l,-MAAc,;; film with 20 wt % PbSe QDs. Steady-state PL spectra excited from the (g) top side and (h) bottom
side of the (BA),EA,Pb;];(-MAAc,; films with different PbSe QDs mass fractions, showing an improvement of phase purity. (i) Absorption

spectra of the four perovskite films.

temperature heating spin-coating method with different MAAc
concentrations. Ac~ was used to control the crystallization of
2D perovskite by interacting strongly with Pb*" ions, leading to
effective regulation of crystal orientation and well width.
Different MAAc/Pb** ratios (0, 0.15, 0.33, 0.66, 1, and 1.5)
were tested to study the appearance and morphology of quasi-
2D perovskite films. The films were labeled with MAAc,,
MAACcy 5, MAAcy 35, MAAc e, MAAc,, and MAAc,;. The
color change from bright orange to dark red in Figure SI
indicates a shift in the phase distribution due to increased
MAACc content. The perovskite films have smooth surfaces and
large grain sizes, making them ideal for optoelectronic devices
(Figure S2). The MAAc, ;; film had the largest grain size. XRD
analysis in Figure la shows that the film without MAAc has
four distinct diffraction peaks. The main peak can be attributed
to the (080) crystal plane of the 2D perovskite, with no peak
from the (202) plane. More MAAc content led to increased
film crystallinity, shown by dominant peaks from the (111)
and (202) planes. The study found that perovskite films with
MAACc had a preferred orientation and high quality. Various
optical techniques like absorption spectra and photolumines-
cence spectra (PL) shown in Figure 1b—d were used to analyze
the phase purity of the films, showing that MAAc, had a broad
phase distribution. Adding a small amount of MAAc narrows
the phase distribution, resulting in fewer observable exciton
peaks. Specifically, for MAAc,3; film, only two exciton peaks
for (n) = 3 and (n) = 4 are observable. However, a further
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increase in MAAc content leads to the emergence of additional
2D phases spanning from n = 1 to n = oo (MAAc, and
MAAC;  films). PL results from both the bottom and top were
consistent with the absorption results. For MAAc;; film,
primary PL peaks correspond to phases with low n values (2
and 3). As the MAAc content increases, PL peaks shift to
higher n values. The MAAc 3; film exhibits a primary PL peak
at 595 nm for n = 3, adjacent to the ferroelectric phase. PL
peaks corresponding to higher n values were observed in
MAAc) 46 MAACc), and MAAc, g films, particularly in relation
to unstable 3D-like phases induced by pseudohalide anions like
SCN~.*® Next, we examined how the phase purity is affected
by changing the MAAc levels. We measured the particle size
distributions of the precursor solutions by using dynamic light
scattering. Without MAAc, the average size of the colloids in
the control perovskite precursors was 140 nm, indicating
aggregation of Pbl*~ octahedra. Adding a moderate amount of
MAAc (MAAc/Pb** = 0.33) results in a smaller size
distribution (3 nm) due to the strong interaction between
Ac” and Pb*". Increasing the MAAc content resulted in larger
particles (98 nm) and multiple phases. A moderate MAAc
content is best for high phase purity in 2D perovskite films
with a uniform particle size. Transmission Fourier-transform
infrared (FTIR) spectra of precursor solutions with different
MAACc concentrations confirmed a strong interaction between
Ac” and Pb*. Figure 1f demonstrates that the C=0 vibration
peak in the control solution shifted to higher frequencies when
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Figure 3. Working mechanism and comparison of the 2D perovskite-based PDs with/without PbSe QDs. (a) Schematic diagram showing the
device structure with PbSe QDs. (b) I—t characteristics of the PD under a 940 nm laser, showing typical FPPE-induced responses. (c) Schematic
diagram of the fundamental working mechanism of IPPE-based self-powered PDs under NIR light. Energy band diagrams of the self-powered PD
based on hybrid films (d) without ferroelectricity and (e) with ferroelectricity under NIR illumination conditions.

MAAc was introduced, indicating the release of solvent
molecules from the Pb*" centers due to the strong interaction
between Ac™ and Pb*". 'H nuclear magnetic resonance ('H
NMR) spectra were used to analyze the chemical interactions
between MAAc and precursor ions. In the presence of MAAc, a
peak at 7.49 ppm for —NH;" protons shifted slightly lower and
decreased in intensity, likely due to increased shielding
between amino and carboxyl groups. Higher MAAc levels led
to downfield chemical shifts. Uniform precursor size and phase
distribution can be achieved with moderate Ac™ complexation,
but excessive MAAc can create phases with large n values.
Figure 1h shows the crystallization process where adding
MAACc creates a high-purity quasi-2D perovskite film due to
strong Ac” and Pb*' interactions preventing aggregation of
octahedra. This leads to a more uniform distribution of the
intermediate phase in the solution. The last films were mostly
made of 3D elements as the MAAc content increased.
Excessive Ac™ during the intermediate phase may help create
the 3D perovskite structure. This method also worked in three
other quasi-2D perovskite films (Figure S3—SS), namely
BDA, ;BA, (EA,Pb;Br;,, (BDA = butanediamine),
BA,FA,Pb,I,, (FA = formamidine), and PEA,EA,Pb,Br,
(PEA = phenylethylamine). To better understand the role of
the ionic liquid in regulating the 2D phase, another ionic
liquid, methylamine formate (MAFa), and glacial acetic acid
(HAc) were introduced to the precursor solution as additives
containing Ac”. As shown in Figure S4, MAFa can also
modulate the phase distribution of the BA,EA,Pb;I;, perov-
skite films, similar to the results obtained with MAAc.
Increasing the HAc content did not significantly affect the
quasi-2D perovskite films’ phase purity, as shown in Figure SS.
As an jonic liquid with a high boiling point (158.2 °C), MAAc
possesses negligible vapor pressure during the whole spin-
coating procedure (90 °C).** Therefore, Ac™ in MAAc or Fa~
in MAFa can regulate crystallization effectively without being
affected by heat, while HAc may easily evaporate from the
solution before crystallization.
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Then, the MAAc; film with high quality and high purity
was chosen for PD fabrication, followed by a detailed analysis
of its properties. The presence of MA" in the perovskite lattice
was confirmed by using '"H NMR spectroscopy (Figure S6),
with a MA" to EA" molar ratio of 7:1. The crystal orientation
of the MAAcy;; film was determined by using grazing-
incidence wide-angle X-ray scattering (GIWAXS), showing
sharp signals resembling ellipses for various crystal planes,
indicating a vertical orientation that benefits charge carrier
transport (Figure 2a). For the MAAc, film, diffraction rings
were found, indicating the randomness of the crystal
orientation (Figure S7). Ultraviolet photoelectron spectrosco-
py (UPS) measurements of the three different samples in
Figure 2b and Figure S8 were conducted to evaluate the energy
level distribution in the MAAc;; film. The results show that
within the top 30 nm, two energy levels remain almost
constant, suggesting a phase of n = 4. Etching the film reveals a
gradual decrease in energy level, with minimal changes in the
Fermi level and valence band, indicating a phase of n = 3. The
corresponding UPS and X-ray photoelectron spectra (XPS) are
shown in Figures S9 and S10. The transient absorption (TA)
spectra confirm the purity of the MAAc;; film when excited
from both sides (Figure 2¢,d, Figure S1la—d). The lower n
phase (n = 3) is at the bottom and the higher n phase (n = 4)
is at the top, with the ferroelectric phase (n = 3) being the
main phase in the MAAc;; film. However, for MAAc, film,
three bleaching peaks corresponding to n = 2, 3, and 4 were
found for both top and bottom excitation conditions (Figure
$12), indicating that the films obtained without MAAc have
worse crystal orientation and phase distribution. The low trap
densities (1.57 X 10'* cm™ for electrons and 1.598 X 10"
cm ™ for holes) can be attributed to the introduction of Ac™
(Figure S1lef). Piezoresponse force microscopy (PFM) tests
confirmed the ferroelectric properties of the MAAc 33 film, as
shown in Figure 2e and Figure S14. Phase and amplitude loops
obtained through out-of-plane PFM demonstrated the polar-
ization switching of ferroelectric domains. Subsequently, the
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Figure 4. (a) Absorption spectra of the bare hybrid perovskite film, PM6:Y6 film, and tandem-like film. (b) I—t characteristics of the PD under 940
nm laser, showing typical FPPE-induced four-stage responses. (c) I—V curves of the PD under a 940 nm laser with different power densities,
showing obvious V, ranging from 0.17 to 0.3 V. (d) Spectral photoresponse of the PDs under different light illuminations from 405 to 940 nm with
same power density at 0 V bias. (¢) Comparison of responsivities of three PDs (without QDs, with 20 wt % QDs, and QDs coupled with PM6:Y6).
(f) Responsivities and (g) corresponding detectivities of the tandem-like PD as a function of the power density.

(BA),EA,Pb,I,;-MAAc,;; film devoid of PbSe QDs was
initially employed to create PDs with a conventional n-i-p
photovoltaic architecture (ITO/SnO,/perovskite/P3HT/
MoO,/Ag), with detailed results being given in Figures
S§15—526. The photoresponses depicted in Figures §22—S526
exhibit the distinct photodetection behaviors induced by the
ferro-pyrophototronic effect (FPPE), which are subject to an
operating bias, polarization direction, polarization voltage,
operating temperature, and switching frequency. The above
five factors can greatly influence the pyroelectric peaks.

The aforementioned bare PD had weak response currents
because of the limited absorption range of the quasi-2D
perovskite. Therefore, PbSe QDs were selected due to their
narrow bandgap and compatibility with lead iodine perovskites.
The PbSe QDs had an average size of 3.55 nm and an
absorption cutoff at 1100 nm (Figures S27 and S28).
Embedding PbSe QDs into the BA,EA,Pbsl;, perovskite
lattice was achieved using spin coating. Different hybrid films
named as films with 0 wt % PbSe QDs, with 5 wt % PbSe QDs,
with 20 wt % PbSe QDs, and with 30 wt % PbSe QDs were
created with varying amounts of PbSe QDs, affecting the
morphologies, crystallinities, and optical properties of the films
(Figures S29—S32), with a best mass fraction of 20 wt %. The
crystal structure of PbSe QDs in the perovskite matrix for the
20 wt % sample was characterized using an high resolution
transmission electron microscopy (HRTEM) image, showing
evenly distributed QDs within the matrix. There were no
noticeable differences in spacing between the QDs (a = 6.0 A)
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and perovskites (a = 6.3937 A, with a lattice mismatch of
~6%), indicating an epitaxial alignment at the interface. The
enhancement of phase purity was observed to increase as the
intensity ratio of the PL peak for n = 3 to n = 4 increased
(Figure 2gh). This improvement was further confirmed by
preparing (BDA),;(BA)¢EA,PbsBr;, and (BA),FA,Pb;l,
films with 20 wt % PbSe QDs in Figure S33, showing the
universality of this strategy. PbSe QDs can serve as seed
crystals and regulate the crystallization procedure for the 2D
perovskite. Increasing QDs in the BA;MA,Pb;],, film results in
stronger absorption in the near-infrared region (Figure 2i).
The QDs content increases from the bottom to the top of the
2D perovskite film (Figures S34 and S35), with more QDs
located at the top surface of the hybrid film. The inclusion of
PbSe QDs in the hybrid film can enhance the phase purity,
thereby ensuring the presence of ferroelectricity (Figures S36
and S37).

Next, the 2D perovskite films with varying QD contents
were used to construct PDs as depicted in Figure 3a and Figure
S§38. Figure 3b demonstrates the typical four-stage response
behaviors when the samples are subjected to 940 nm laser
illumination (0 V, 31.81 mW cm™?). The photoresponses show
consistent and stable results. Figure 3c illustrates how the
FPPE operates. When a bias voltage is applied, positive charges
are generated at the perovskite-SnO, interface and negative
charges are generated at the perovskite-P3HT interface. Holes
in P3HT and electrons in SnO, act as compensatory charges to
maintain the electrical balance. Depletion layers at the interface
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prevent compensatory charges from recombining with bound
charges. Laser activation causes photoexcitation and carrier
thermalization, leading to positive peak pyroelectric current
flow and photocurrent. This combined current, Lotopyror 1S
due to a decrease in the ferroelectric polarization intensity.
Continued illumination results in a steady temperature, leaving
behind solely a platform of photocurrent (I,y,). After the
laser was turned off, the perovskite films cooled and regained
their ferroelectric polarization, leading to the production of a
negative pyroelectric current (I,,,"). The ferroelectricity-
induced bulk photovoltaic effect, along with pyroelectric
characteristics, is crucial for self-powered photodetection.
PbSe QDs dominate light absorption under 940 nm
illumination. Efficient charge carrier extraction is essential for
PD performance, as a nonferroelectric perovskite leads to
significant recombination rather than transportation and
collection of holes and electrons by electrodes (Figure 3d),
leading to limited output currents. The electric field from
spontaneous polarization helps separate electrons and holes,
allowing them to move across the quantum well boundaries
and generate photocurrent in the perovskite material (Figure
3e).

The addition of 20 wt % PbSe QDs improves photo-
responses, response speed, and stability compared to the bare
PDs without QDs (Figures S39—S51). However, the maximum
values for R and D* under a 940 nm laser are determined to be
0.56 mA W' and 8.8 X 10'? jones, respectively, which are still
much weaker than those for 532 nm. Therefore, a narrow-
bandgap organic PM6:Y6 film replacing P3HT was directly
desposited on the perovskite film to form a tandem-like
structure. From Figure 4a, compared with the bare hybrid
perovskite films, PM6:Y6 can expand the device’s absorption
spectrum from 650 to nearly 1000 nm. As shown in Figure 4b
with a four-stage response to 940 nm laser light (0 V, 63.69
UW cm™?), the photoresponses exhibit a notable level of
repeatability and stability. Also, the introduction of PM6:Y6
can obviously enhance the temperature rise of the PD when
illuminated with red and near-infrared lasers (Figures S52 and
$53), leading to much higher pyroelectric photoresponses.
Figure 4c shows the I—V characteristics of the tandem-like PD
under a 940 nm laser, with obvious open-circuit optical
voltages (V,.) ranging from 0.17 to 0.3 V, indicating a self-
powered photodetection ability. Both the spectral photo-
responses of the tandem-like PDs in Figure 4d and the
averaged maximum responsivities of the three PDs (without
QDs, with 20 wt % QDs, and with 20 wt % QDs coupled with
PM6:Y6) in Figure 4e prove that the performances were
greatly improved by a combination of QD insertion and
integration with PM6:Y6. The detailed performances of the
tandem-like PDs are shown in Figures $S54—S57. R and D*
were estimated to be 2.4 A W' and 1.65 X 10'* jones (at 0.1
UW cm™?), respectively (Figure 4fg). The performance of our
PDs and those of previously reported perovskite coupled with
narrow-band-material-based PDs are compared in Table S1,
showing that our PDs demonstrate relatively higher photo-
responsivity and detectivity and comparable response/recovery
times. Moreover, most of those PDs are nonself-powered ones,
proving the advantage of our strategy.

In summary, the introduction of thr ionic liquid MAAc (a
moderate mount of Ac™:Pb** = 0.33) effectively controls the
phase distribution of 2D perovskite films, resulting in high-
quality ferroelectric films. Further addition of PbSe QDs
improved the phase purity, absorption spectral range of the
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epitaxially grown 2D perovskite matrix, and overall stabilities,
while maintaining the ferroelectric properties. PM6:Y6, a near-
infrared absorbing material, was integrated with hybrid films to
create a tandem-like self-powered PD. Based on the FPPE, the
responsivities and response speed of the tandem-like PDs
demonstrated a notable enhancement upon exposure to
infrared laser (940 nm) irradiation, with a peak responsivity
of 24 A W' and a detectivity of 1.65 X 10'* jones. The
investigation’s results offer a promising way to control phase
purity and lay the groundwork for improving self-powered PDs
based on 2D perovskites.
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