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Abstract

Precise control of the thickness of large-area 2D organometal halide perovskite layers
is extremely challenging owing to the inherent instability of the organic component. Herein, a
novel, highly reproducible and facile solvothermal route is reported to synthesize and tailor the
thickness and optical bandgap of the organic-inorganic halide perovskite nanosheets (NS). Our
study reveals that self-assembly of randomly oriented perovskite nanorods leads to the growth
of multilayered perovskite NS at ~100 °C, while at higher temperature large area few-layer to
bilayer 2D NS (CHsNH3zPbBr3) are obtained through lattice expansion and layer separation
depending precisely on the temperature. Interestingly, the thickness of the 2D NS shows a
linear dependence on the reaction temperature and thus enables precise tuning of the thickness

from 14 layers to 2 layers giving rise to a systematic increase in the bandgap and appearance
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of excitonic absorption bands. Quantitative analysis of the change in the bandgap with
thickness revealed strong quantum confinement effect in the 2D layers. The perovskite 2D NS
exhibits tunable color and high photoluminescence (PL) quantum yields (QY) up to 84 %.
Through a careful analysis of the steady-state and time-resolved PL spectra, the origin of the
lower PL QY in thinner NS is traced to surface defects in the 2D layers, for the first time. A
white light converter was fabricated using the composition tuned 2D CHsNHsPbBrl2 NS on a
blue LED chip. The 2D perovskite photodetector exhibits a stable and very fast rise/fall time
(24 us/103 ps) along with high responsivity and detectivity of ~1.93 A/W and 1.04x10'2 Jones,
respectively. Storage, operational and temperature dependent stability studies reveal high
stability of the 2D perovskite NS under the ambient condition with high humidity. The reported
method is highly promising for the development of large-area stable 2D perovskite layers for

various cutting-edge optoelectronic applications.

Introduction

Low dimensional organic-inorganic halide perovskites nanostructures have recently
aroused a great deal of interest due to their low cost, easy solution processing, good stability,
and outstanding optoelectronic properties.'® Intensive research is being conducted especially
on 2D nanoplatelet or nanosheet (NS) in comparison to their bulk, 1D and 0D counterparts for
its appealing features, such as large lateral size, narrow band absorption and emission spectra,
long diffusion length and long carrier lifetime, excellent charge transport properties, which
makes it a promising material for the applications in photovoltaics and optoelectronics.®*®
Interestingly, organic-inorganic halide perovskite (MAPbBr3, MA= CH3NH3) nanocrystals
(NCs) have gained more attention and are widely used in various devices as compared to the
inorganic CsPbBr3 or FAPDbBI3, since it can be synthesized at room temperature with low cost

due to its low formation energy.*®-?!



In the literature, very few reports have addressed on the synthesis of colloidal 2D
organic-inorganic halide perovskite nanoplatelets due to lack of control in the growth of pure
2D NSs.10 121522 Gonzalez-Carrero et al. prepared a blue luminescent 2D perovskite using
Ci1sH40BrN as the organic component.?® Dou et al. used C4H11NHBr and CHsNH3Br for the
growth of single- and few-unit-cell-thick single-crystalline 2D hybrid perovskites of
(C4HgNHs3),PbBr4.2* Sichert et al. tuned the thickness and photoluminescence properties of
the perovskite by varying the ratio of organic cations (CHsNH3Br and Cs2HssBrN).1% Cho et
al. modulated the layer thickness of the perovskite nanoplatelet by changing the chain length
and concentration of the added alkylammonium cations.'? Similarly, Yuan et al. used different
organic ammonium bromide salts to tune the color of highly luminescent quasi-2D layered
structured perovskite ((CeHsCH2NH3).PbBrs).?2 Levchuk et al. realized the thickness-
tunability of perovskite nanoplatelet using the ligand-assisted re-precipitation method by
varying the oleylamine and oleic acid ligand ratio.’® In these reports, different kinds of organic
amine salts and different ratios of capping ligands have been used to tune the thickness of the
2D perovskite. However, precise tuning of the thickness of 2D layer through temperature
control and the long term stability of the 2D layer are least addressed in the literature, and
such control is highly desirable for its exploitation in demanding applications.

Interestingly, the solvothermal method is a very easy and facile route to tune the
morphology of NSs due to the high pressure/temperature inside the closed environment of the
autoclave. Although plenty of works have been done on tuning the morphology of the
inorganic based perovskites (CsPbBrs) using the solvothermal method, there is hardly any
report on the effect of solvothermal treatment on the morphology of the organic-inorganic
halide perovskites.?>34 Zhang et al. demonstrated the preparation of mixed halide perovskite
CH3sNHsPb(Bri—«Cly)s single crystals by the solvothermal growth of stoichiometric PbBrz and

[(1- y)CH3sNH3Br+yCHsNHsCI] DMF precursor solutions.® Xia et a. developed a



hydrothermal method using Pb(CH3C0O0),.3H.0, HBr and CH3NH: alcohol solution to
prepare CH3sNHzPbBrs cluster, which was used as active material in lithium batteries.?®
Recently, Zhang et al. fabricated hybrid materials via the encapsulation of perovskite
MAPDbBrs NCs in europium-based metal-organic frameworks, which has been used in
multistage anti-counterfeiting.?® Note that all the reported solvothermal methods required a
long duration (12-48 hrs) of synthesis, which is not time and cost-efficient. In the literature,
tuning of the thickness or optical properties of the nanoplatelet is achieved mostly by varying
the number of ligands or organic salts. In contrast, we achieve highly tunable thickness and
optical properties of the organic-inorganic halide perovskite through a short duration
solvothermal method of reaction simply by controlling the growth temperature.

Herein, we demonstrate a facile, fast, controlled solvothermal method to tailor the
thickness of the ultra-stable organic-inorganic halide perovskite (MAPbBr3) NS with excellent
tunable light absorption/ emission and photodetector performance. Transmission electron
microscope (TEM) imaging at different stages of the synthesis allows us to monitor the shape
evolution of the self-assembled NSs from nanorods (NRs) to NS to quantum dots (QDs) with
increasing reaction temperature. Precise tuning of the thickness of the NSs from few layers to
bilayer is evidenced from atomic force microscopy (AFM) height profile analysis. The growth
mechanism of the NSs is qualitatively discussed based on the classical theory. Through the
control of the thickness of the 2D NS, bandgap tuning is achieved from green luminescent
NRs to cyan luminescent QDs. Simply by varying the growth temperature, a systematic blue
shift in UV-Vis absorption edge and photoluminescence (PL) peak position is observed due
to the quantum confinement (QC) effect. We demonstrate a high PL quantum yield (QY) (~78
%) for ~8.4 nm thick perovskite NSs with a sharp PL peak at ~518 nm, which is quite
significant for the 2D NS. The prepared NS shows extremely high stability in ambient

condition with high humidity. Uniformly distributed bright blue luminescent QDs with



extremely high PL QY also synthesized by increasing the Oleylamine (OAmM) concentration.
The real-life application of the 2D NSs was demonstrated by fabricating a white LED device
by depositing the orange emitting CHsNH3PbBrilo NS on a blue LED. We also fabricate a
photodetector device using the 2D perovskite NS that shows very high stability, fast response
time and high responsivity. The efficacy of the current solvothermal method for fast,
convenient and controllable synthesis of the large area, stable 2D perovskite layers and their

uses in various optoelectronic devices are demonstrated here.

2. Experimental procedure

2.1. Materials

The starting materials for the present synthesis are methylamine solution (CHsNH3, 33
wt % in absolute ethanol, Sigma-Aldrich), lead(Il) iodide (Pbl2, 99%, Sigma-Aldrich), lead(ll)
bromide (PbBr2, 99.999%, Sigma-Aldrich), hydroiodic acid (HI, 57 wt % in water, Sigma-
Aldrich), hydrobromic acid (HBr, 48 wt % in water, Sigma-Aldrich), N,N-dimethylformamide
(DMF, >99%, Sigma-Aldrich), diethyl ether (>99%, Merck), toluene (Merk), Oleic acid
(CH3(CH2)7CH=CH(CH2)7COOH, Merk), Oleylamine (>98% (primary amine), Sigma-
Aldrich).
2.2. Synthesis procedures
2.2.1. Synthesis of CH3sNH3Br

CHsNH3Br (MABTr) powder was prepared by diluting the 8 mL of CH3NHs3 solution
with 50 mL of absolute ethanol while stirring the solution for 15 min in a round-bottom flask.
Then, 2.83 mL HBr was slowly added to the solution in an ice bath with vigorous stirring at
900 rpm for 2 h. The solution was then heated at 70 °C for several hours with continuous

stirring till the solvent evaporates. To remove impurities from the MABr powder and as well



as to recrystallize it, the powder was washed several times with anhydrous diethyl ether and

finally dried at 60 °C in a vacuum oven overnight.

2.2.2. Synthesis of ultrathin 2D perovskite NS

To prepare the precursor solution, MABr and PbBr, were first mixed in DMF, and then
Oleic acid was added to the solution. Next, 60 ul OAm was added to the solution and
transferred it into a Teflon lined autoclave without any pretreatment and heated it at different
temperatures (60°-180° C) for only 30 min. The synthesis procedure is presented in a schematic
illustration in Scheme 1 (ESI). Note that reported solvothermal methods usually adopted long-
duration reactions (12-48 hrs), in contrast to our fast reaction method. After the solvothermal
process, the crude solution was cooled down naturally, and 400 pul of the solution was added
into 10 ml toluene. The as-prepared NSs were separated from the solution by centrifugation for
15000 rpm for 15 min. The supernatant was discarded, and the precipitate was redispersed in
5 ml toluene for further characterization. No additional washing was adopted for purification.
The samples are named as PB60, PB100, PB120, etc. according to the reaction temperatures,
as detailed in Table 1. To prepare the MAPbCIs, MAPDI3, and mixed halide NSs, the same
protocol was followed by replacing the PbBr, with PbCl>, Pbl2 or mixed halide precursors (i.e.,
PbCl2/PbBr, and Pbl2/PbBr»), respectively. To illustrate the robustness of the method and the
stability of the 2D perovskites, all the syntheses were carried out in ambient air with relatively

high humidity (~70%) without the use of a glove box.

2.2.3. Fabrication of photodetector

First, Si/SiO2 (300 nm) substrates were cleaned by ultra-sonication using acetone, iso-
propanol, water sequentially each for 10 min, followed by drying/heating at 150 °C for 1 h on
the hot plate. The substrate was then treated by UV-Ozone for 20 min to remove any residue.
To avoid the degradation of the material while depositing the electrodes, the Al electrodes were

first deposited on the wafers using a shadow mask by a thermal evaporation method. Then the
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PB140 NS solution was drop cast between the gap of two electrodes and dried at 60 °C. We

use a planar geometry of the device for simplicity of fabrication.

2.3. Characterization techniques

The morphology of perovskite NSs has been characterized using a FESEM (Sigma,
Zeiss). The high magnification surface morphologies for different samples have been studied
using a transmission electron microscope (TEM) (JEOL-JEM 2010) operated at 200 kV. AFM
(Cypher, Oxford Instruments) images were acquired to find the thickness of the perovskite
NSs. UV-Vis absorption spectra of the samples were measured using a commercial
spectrophotometer (PerkinElmer, Lamda 950). The room temperature steady-state PL spectra
were recorded using a commercial fluorimeter with 400 nm excitation using a Xenon lamp
(Fluoromax-4, Horiba Scientific). PL QY of the samples was measured in a solution using an
integrating sphere (FM-SPHERE, Horiba) attached with the fluorimeter. Low temperature (80—
300 K) PL measurements were carried out using a liquid nitrogen-cooled optical cryostat
(Optistat DNV, Oxford Instruments) attached to the above fluorimeter using 405 nm laser
excitation. TRPL measurements were performed using a 405 nm pulsed laser excitation for
perovskite NSs, with an instrument response time of <50 ps (LifeSpecll, Edinburgh
Instruments). Photodetector measurement was carried out using an assembled setup consisting
of a microprobe station (Ecopia, Korea), a 405 nm diode laser, a source meter (Keithley 2400,
Germany), a pulse generator (Agilent) and a digital oscilloscope (Agilent). The spectral
response and external quantum efficiency were measured using a 150 W Xe lamp (Newport,
USA), a monochromator (Newport, USA) and a power meter (Newport, USA).

3. Results and discussions

3.1. Morphology and microstructural analysis



A schematic illustration of the synthesis procedure and the structural evolution of
perovskite NSs with the variation of the solvothermal temperature (Ts) are depicted in Scheme
1 (electronic supporting information, ESI). Here, the solvothermal synthesis process is
conducted inside an autoclave, which is placed inside a preheated oven and the reaction is
initiated soon after the autoclave is placed inside the oven. Pressure in the liquid inside the
close chamber is moderate to high, which favors the crystal nucleation while the surfactant is
adsorbed onto the sidewalls of the autoclave, preventing the agglomeration of NS*. Figure S1
(ESI) represents the FESEM images of the perovskite NSs prepared at different Ts. Prior to the
solvothermal treatment, narrow and long NR with width ~210 nm and length ~8 um is observed
from the reaction at room temperature (RT), as shown in Figure S1(a) (ESI), while the inset
shows a magnified view of the NR. At Ts= 60 °C (PB60), the width of NR is dynamically
increased to ~2 um due to the lateral self-assembly of thin NRs (Figure S1(b) (ESI)). Figure
S1(c) (ESI) depicts the formation of thick NS for PB100 as a result of the lateral attachment of
the NRs. At Ts= 150 °C, the thinner NS is formed in PB150, as shown in Figure S1(d) (ESI),
due to hindrance in the vertical growth of the sheet in the presence of surface ligands. Note that
the ultrathin NSs for PB150 cannot be fully discerned in the FESEM image due to its resolution
limit. Figure S1(e) (ESI) is the FESEM image of PB60 on which the elemental mapping was
performed. Figure S1(f-i) (ESI) depict the corresponding elemental mapping of Pb, Br, N, and
C, respectively, showing the spatial distribution of each component. The images represent the
uniform distribution of all the elements of MAPDbBr3 throughout the NRs and hence the
formation of perovskite NS with a distinct shape is confirmed.

To understand the structural evolution of perovskite NS with the solvothermal treatment,
TEM images were recorded at different stages of solvothermal growth. For the sample PBO,
synthesized by simply mixing the precursors at RT without any special treatment, randomly

oriented NRs are observed. At Ts= 60 °C (PB60), lateral self-assembly of NRs occurs in the



presence of an optimum concentration of capping ligand, as shown in Figure 1(a). The
corresponding HRTEM lattice fringe pattern for PB60 with lattice spacing 0.32 nm is shown
in Figure 1(b) and the inset shows the corresponding inverse fast Fourier transform (IFFT)
image. Further increase in Ts to 100 °C results into the compact attachment of the self-
assembled NRs to form large-area 2D nanosheet (NS), as revealed in Figure 1(c). Figure 1(d)
depicts the HRTEM lattice fringe pattern of well crystalline perovskite NS in PB100. The
calculated lattice spacing of 0.26 nm and 0.31 nm corresponds to the (210) and (200) planes,
respectively, of the MAPbBr3 crystals (see the inset of Figure 1(d)), suggesting the cubic
structure corresponding to the space group Pm3m (221). For PB150, perovskite NS along with
QDs is observed due to the increased Ts, as shown in Figure 1(e). Interestingly, the thickness
of the NS is much reduced in PB150 as compared to that of PB100, which will be evident from
the AFM analysis discussed later. Figure 1(f) demonstrates the HRTEM lattice fringe pattern
of PB150, and the calculated lattice spacing is 0.27 nm corresponding to (210) plane. Finally,
for PB180, the 2D NSs are disintegrated into 2D QDs, as shown in Figure 1(g), revealing the
uniform distribution of QDs and the corresponding size distribution with an average size of 2.9
nm is shown in the inset. Figure 1(h) shows the HRTEM lattice fringe pattern a 2D QD,
implying highly crystalline nature with a lattice spacing of 0.21 nm, which corresponds to (220)
plane of MAPDBrs. Since the size of the NCs is comparable/less than the exciton Bohr radius
in bromide based perovskite (~ 4 nm), these are termed as QDs.

The current solvothermal method enables us to successfully tailor the
morphology/thickness of the perovskite NSs from thick NRs to ultrathin 2D NS and finally to
2D QDs. The key factors in controlling the morphology are the solvothermal temperature,
duration, and surfactant concentration. Inside the autoclave, the solvent cannot evaporate, and
when the temperature and pressure of the solvent are increased above a critical point, the

solvent becomes a supercritical fluid phase, which shows the characteristics of both the liquid



and gas phases and this supercritical fluid exhibits high viscosity and easily dissolve the
chemical compounds that are insoluble under ambient conditions.®® To optimize the growth
and tune the perovskite NSs, the concentration of OAm and the time duration of solvothermal
treatment were varied for PB100 sample (i.e., at Ts = 100 °C) keeping all other parameters
unchanged (see Figure S2 (ESI)). Randomly oriented NRs along with small area thick NSs are
observed at 30 ul OAm content, as shown in Figure S2(a) (ESI). For 200 pl OAm
concentration, the NSs are fully disintegrated to QDs with very high blue emission under UV
light, as revealed from Figure S2(b) (ESI) and its inset. Thus, it can be concluded that the OAm
concentration has a strong impact on controlling the morphology of the perovskite NS. Next,
by keeping the OAm concentration and Ts fixed at 60 pl and 100 °C, respectively, an extension
of the solvothermal treatment duration from 30 min to 2h results into the formation of 2D NS
decorated with QDs, as shown in Figure S2(c) (ESI). When the solution is solvothermally
treated with a high concentration of surface ligand, more nuclei are formed, and its growth is
dynamically controlled in all the directions, resulting in smaller nuclei.}* Further, as the
solvothermal reaction time is increased, keeping the temperature constant, the ligands get more
time to react with the precursor nuclei and disintegrate the NSs resulting in the formation of
NCs. Hence, OAm is key to control the kinetics of crystallization and controls the thickness of
the nanostructure, while OA suppresses the NS aggregation and increases the colloidal
stability®. Note that the synthesis process with only 1-octadecene resulted into the formation of
non-uniform nanostructures, and tuning of the morphology and the optical band gap was not
achievable with the variation of reaction time and temperature. In contrast, the combination of
OAm and OA allowed us to tune the thickness, morphology and the optical properties of the
NS systematically. Thus, at an optimum growth condition (60 ul OAm and 30 min
solvothermal treatment), the self-assembly process of NRs and nanoplatelet have been

observed to take place due to the destabilization of the surface ligands caused by the elevated

10



autoclave pressure and temperature. Without any pretreatment, the DMF solution slowly
reacted with the capping ligands inside the autoclave and arranged in a specific direction. It has
been reported that high pressure inside the closed chamber of the autoclave is a key factor in
assembling the randomly oriented NRs in a specific direction.®® At elevated pressure and
temperature, controlled evaporation of the solvent in solvothermal method increase the
viscosity of the growth medium which facilitates the lateral oriented attachment of the NRs
and platelets to form NSs due to lack of free volume and spatial constraints.3’ Interestingly, we
observe a dramatic change in the structural parameter in the perovskite crystal at Ts= 150 °C
(discussed later). At this temperature, the as-grown NSs consist of bilayer perovskite.

Note that pressure-induced phase transition and self-assembly of NR to from 2D NS
have been reported earlier.” 1 303739 The self-assembly of NRs can also be explained by
considering the interaction energies between the NRs. According to the classical theory of
interaction between nanoparticles, two dominating forces responsible for the self-assembly
process of NSs are the van der Waals force, and electrostatic interaction. The repulsion forces
arise from the net charges and the steric repulsion of organic ligands.?* The electrostatic
repulsion force between two interacting MAPbBrs NRs and nanoplatelet dominates at large
separation, while the attractive van der Waals force dominates at a short distance, and for the
self-assembly of two NRs, they have to overcome an energy barrier of ~0.25ksT.?* Hence, at
room temperature, it is very difficult for the NSs to be self-organized in a particular direction.
In the solvothermal method, high pressure and controlled temperature play crucial roles in
supplying the required energy to the NRs, and they attach laterally to each other to form large-
area NSs. At higher reaction temperature, due to the increased thermal energy liquid-phase
exfoliation of layers occurs giving rise to the thinning of the 2D layers down to 1.2 nm (bilayer

perovskite) at 150 °C (discussed below).
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In order to estimate the thickness of the 2D perovskite NS precisely, AFM images were
recorded in the tapping mode. Figure 2(a) shows the AFM image and the corresponding height
profile of PBO, revealing the thickness of the NR as ~67 nm. Figure 2(b) exhibits the AFM
image of PB60, and the thickness of the NR is found to be ~18.5 nm. Figure 2(c) demonstrates
the formation of thin NS in PB100 and the average thickness of the NS is found to be ~8.4 nm.
The AFM images of thin NSs in PB120 and PB130 are shown in Figure 2(d,e) and the
corresponding thicknesses are found to be ~6.3 nm and ~4.8 nm, respectively. Figure 2(f,g)
depict the AFM images of PB140 and PB150 NS, respectively. Interestingly, the thicknesses
of PB140 and PB150 NS are further reduced to ~3.2 nm and ~1.2 nm, respectively, as depicted
in their respective height profiles. For PB180, a uniform distribution of QDs is observed as
seen in the AFM image shown in Figure 2(h) and the corresponding thickness of the QDs is
estimated to be ~1.2 nm. Considering the unit cell size of MAPbBr3 as 5.93 A, the number of
unit cell layers (n) was estimated from the thickness of the NSs/QDs to be: n~ 14, 10, 8, 5, 2
and 2 for the samples grown at 100, 120, 130, 140, 150 and 180 °C, respectively.'® Thus, we
have successfully tuned the thickness of the NS precisely from 14 layers (14L) to 2L by
systematically increasing the solvothermal reaction temperature. The thickness of the NS and
QDs is comparable to or less than the 3D exciton Bohr radius of MAPbBr3 (~ 4.4 nm); hence
a strong QC effect can be expected in the optical properties of the NSs. It is reported that oleic
acid is densely packed in an ordered layer on the NS surface, thus helps in stabilizing the 2D
NS growth.*® Here, tuning the thickness of 2D NS is achieved by the increased reactivity of
OAm due to the high pressure and temperature inside the autoclave. At low temperature where
the interplanar spacing is less, the surface ligands can't enter between the layers and exfoliation
of layer can't occur. But, at high temperatures the interplanar spacing is enlarged (discussed
from XRD analysis), and the surface ligands can successfully exfoliate the NS layer giving rise

to thinner NS.*! Hence, the surface ligands are attached to the surface of the NSs and selectively
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exfoliate the layers of the NSs along the vertical direction, promoting thinner sheets at higher
temperature. Thus, the control of growth and morphology of colloidal NSs are achieved by a
kinetically controlled process, governed by the temperature-dependent dynamic surface

—ligand interaction.

3.2. Structural and compositional analysis

Results of XRD measurements presented in Figure 3(a) exhibit that the initial cubic
structure of the perovskite solution is retained in the course of the self-assembly process in
solvothermal treatment. XRD patterns of MAPbBr3 NSs indicate a pure cubic phase, perfectly
assigned to Pm-3m space group (Figure 3(a)). Note that in the XRD pattern, (130) peak is
dominant in PB180 and the intensity of (100) peak is lower than that of (110) peak in PB180
indicating ultrathin 2D QDs. The comparison of interplanar spacing corresponding to (100)
diffraction peak for different growth temperatures is shown in Figure 3(b). It is worth noting
that there is a systematic increase in lattice spacing (d-spacing) (from 5.82 A at RT t0 5.89 A
at 180 °C) with increasing temperature and reduction in sheet thickness. Note that with the
increase in Ts the morphology of the NS is changed from thick NR to ultra-thin NS to ultrathin
QDs and thus, the (100) diffraction peak position is observed to be shifted towards lower angle
(~0.18 ° shift), indicating lattice expansion and marginal broadening in full width at half
maxima (FWHM) (0.079 to 0.108 °). Since the NSs are highly anisotropic, the Scherrer
equation cannot be employed to determine the dimension from the observed FWHM. Hence,
the thickness of the NSs is measured directly from AFM height profile analysis. The right Y-
axis of Figure 3(b) displays the comparison of (100) diffraction peak intensity with the increase
in Ts, reaction temperature. Characteristic XRD peak intensity (100) systematically decreases
with increasing Ts; especially at 150 °C the (100) peak intensity reduces largely indicating
exfoliation of the sheets perpendicular to (100) direction leading to bilayer perovskite

(thickness, ~1.2 nm). The (100) oriented 2D perovskite can be categorized as Ruddlesden-
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Popper phase.*? Figure 3(c) shows the variation in NS thickness with Ts. This shows a
systematic decrease in thickness (d) linearly (as shown by the linear fit) with increasing
temperature (T). The negative coefficient of the temperature term indicates dissociation energy,
which is obviously proportional to T. We believe that as the d-spacing increases with increasing
temperature, more of OAm enters in between the two layers of perovskite NS and results into
exfoliation/separation of layers to thinner layers down to 1.2 nm thin 2D layer. A schematic of
the possible growth mechanism and shape evolution from randomly oriented NR to 2D QDs is
presented in Figure 3(d). It is interesting to note the systematic decrease in intensity of (100)
peak in XRD pattern with increasing Ts due to the thinner layers cleaved from the cleavage
(100) plane. The XRD patterns of pure MAPbX3 (X= I, Br and CI) and mix halide perovskite
NSs synthesized at 100 °C are shown in Figure S3(a,b) (ESI). When the halide composition is
changed from iodide to bromide and towards chloride, the characteristic XRD peaks
systematically shift towards higher diffraction angles (see Figure S3(b), ESI), which can be
attributed to the decrease in radii of halide ions from iodide to bromide and chloride.*

The chemical valence state, composition, and surface properties of PB100 and PB150
NSs were investigated using the XPS analysis. The XPS spectrum of Br 3d is presented in
Figure 4(a), which is deconvoluted with two peaks centered at 68.9 (3ds/2) and 70.6 eV (3d3p),
corresponding to the inner and surface Br ions, respectively. In Figure 4(b), the XPS spectrum
of Br 3d corresponding to PB150 NS is presented with Gaussian deconvoluted peaks centered
at 68.6 and 70.0 eV. Hence, there is a marginal shift (~0.3 eV and ~0.6 eV) in binding energy
(BE) in thinner PB150 NS corresponding to Br 3ds/2 and Br 3ds. respectively, revealing good
surface properties even for higher reaction temperature. Note that the intensity ratio of Br 3ds.
peak to 3ds,2 peak is marginally higher for PB150 (~0.38) than that in PB100 (~0.21) suggesting
a Br rich surface in case of thinner NSs. This is consistent with the decrease in the thickness

of the NS in PB150 as compared to PB100. In Figure 4(c,d), the XPS spectrum of Pb?* (Pb 4f)
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for PB100 and PB150 exhibit two symmetric peaks, which are attributed to Pb 4f7;> and Pb 4fsp,
levels at BE of 138.7 eV and 143.6 eV, respectively. The spin-orbit split between the Pb 4f72
and Pb 4fs;; levels for both the NSs was found to be 4.9 eV, which matches well with the
reported value (4.8 eV).? In our system, the contribution of metallic Pb at a lower binding

energy (136.8 eV) is not observed, indicating no partial reduction/oxidation of Pb.

3.3. Optical analysis

3.3.1. UV-Vis absorption and photoluminescence studies

UV-Vis absorption and PL emission spectra of various perovskite NSs are shown in
Figure 5(a) and the inset shows the corresponding photographs of the MAPbBrs NS
suspensions in toluene excited by UV light. The PL emission spectra were recorded with 400
nm excitation. The apparent emission color of the solutions systematically changed from green
(PBO) via blue-green (PB150) to cyan (PB180). Correspondingly, there is a systematic blue
shift of the absorption edge and PL peak (from 530.0 nm in PBO to 488.2 nm in PB180) in the
respective spectrum with the increase in reaction temperature. The systematic blue shift can
be attributed to the systematic reduction in the thickness of the NS down to 1.2 nm. PL
spectrum for PB180 QDs possesses relatively broader PL linewidth (41.6 nm) as compared to
that of 2D NS in PB150 (22.8 nm), which may be associated with the size distribution of the
perovskite QDs. Note that PL peak energy is successfully tuned by ~200 meV (~42 nm) by
tailoring the thickness of the NSs. The tailoring of PL emission peak from green (530.0 nm) to
cyan (488.2 nm) region may be caused by the strong QC effect due to the reduced thickness of
the 2D NS down to 2 layers and its final disintegration to 2D QDs. Note that PB150 and PB180
show excitonic features in the absorption spectra due to the transition to higher excited states
(see Figure S4(a) (ESI)). The excitonic peaks shift towards higher energy region (~10 nm) for
QDs in PB180 compared to NS in PB150 due to an increase in the bandgap. Further tuning of

the PL emission to the blue region is achieved by changing the OAm concentration while
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keeping the reaction temperature fixed at 100 °C. As the OAm amount is increased from 60
pl to 200 pl, the PL peak position is tuned from 518 nm to 458 nm, i.e., a large blue shift of 60
nm is observed (see Figure S4(b), ESI). Increase in the OAm concentration results into the
formation of 2D QDs (discussed earlier), which in turn results into the shift in PL peak position
to blue region due to strong confinement effect. Hence, using the solvothermal method, we
could successfully synthesize the bright blue-emitting perovskite QDs. Similarly, by increasing
the reaction duration to 2 hrs, the PL peak of PB100 NS is blue-shifted by ~28 nm (see Figure
S4(c), (ESI)). The variation in PL intensity with the excitation wavelength is shown in Figure
S4(d) (ESI) revealing the highest intensity of PL emission for 466 nm and 400 nm excitation
for PB100 and PB140, respectively. However, PL peak position (energy) does not change with
excitation wavelength. PL excitation spectra of PB100 with emission fixed at 518 nm and
PB140 with emission fixed at 508 nm are shown in Figure S4(e,f) (ESI) along with absorbance
data and it is clear that excitation spectrum is consistent with the absorption spectrum in each
sample. The presence of additional peaks in the PL excitation spectrum besides the sharp
absorption edge suggests the possible involvement of additional sates in the PL emission
spectra, which is discussed later.

The tunable optical properties of the NS can be explained by considering the perovskite
crystal structure. The ultrathin NS is comprised of layers of corner-sharing PbBrs octahedra,
with the capping ligand around the NS, leading to the confinement of electrons giving rise to
discrete energy levels.'® Exciton Bohr radius of bromide perovskite is reported to be ~4.4 nm,
which is higher than the thickness of NS in PB140 (5 layers). Hence, we consider the perovskite
NS in PB140, PB150, and PB180 to be in the strong confinement regime resulting in cyan
emitting NS and QDs under UV light. Note that the increase in the bandgap in perovskite has
also been associated with the lattice contraction/distortion. However, we observed a systematic

expansion of the lattice with increasing reaction temperature i.e. with reduced thickness (see
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Figure 3(b)). In general, lattice expansion is expected to give rise to a red shift of the bandgap.
However, a systematic blue shift in the absorption edge and PL peak is observed in our case,
which is contrary to the behavior expected from lattice expansion. This confirms the fact that
the systematic blue shift in the absorption edge is not related to change in the lattice constant,
but it is due to the ultra-small thickness of the layers that gives rise to the QC effect. To assess
the QC effect qualitatively, we have plotted the optical bandgap vs NS thickness in Figure 5(b).
The optical band gap was calculated from the absorption spectra of different samples.
Interestingly, thickness dependence of the optical bandgap data follows the Brus model of QC
using the effective mass approximation (EMA)*3:
E; = Eo + h?/8u,pd* — 1.786e%/4neye, d (1)
Where Eo is the bulk bandgap, d is the 2D layer thickness, h is the Planck’s constant, lef is the
effective exciton reduced mass, and & is the dielectric constant. From the fitting of Eg vs. d
plot, the extracted parameters are: ter = 0.114mo, & = 9.8, which match well with earlier
reports*-, Here mq is the free electron mass. Taking the above values, the Bohr radius (Rg) of
MAPDBTr3 is calculated using the relation,
Rp = mogrRH/lief (2)
Where, Rn is Bohr radius of a hydrogen atom (0.053 nm). Exciton Bohr radius of MAPDbBr3 is
found to be 4.6 nm, which closely matches with the reported values*“¢. Hence, the change in
the optical bandgap of the 2D perovskite layers with the 2D layer thickness clearly follows the
QC model and thus the 2D NS can act as ideal platform for exploiting quantum effects in
perovskite materials.

Interestingly, this simple solvothermal synthesis technique can be easily extended to
fabricate colloidal PB100 NSs through halide substitutions. A series of colloidal MAPbX3 NSs
with tunable compositions were fabricated by the solvothermal treatment at 100 °C using

different combinations of PbX> salts, as shown in Figure 5(c), and the inset shows the evolution
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of emission color under UV light excitation upon forming mixed-halide NSs (X = Br, Cl, and
). The absorption and PL spectra are finely tuned over the full visible range (450 to 656 nm)
by varying the composition of cations. Band structure of halide perovskite is greatly influenced
by the p-orbitals of lead and halogen (X = CI, Br or 1) atoms. Thus, a change in the halide
composition of the perovskite from CI to Br to | results into the change in the valence orbital
of halide from 3p to 4p to 5p, respectively, causing a systematic reduction in the bandgap.*’
This can be clearly observed from the change in absorption edge from 443 nm for MAPDCI3 to
514 nm for MAPDbBr3 to 643 nm for MAPbDI3. The systematic increase in optical bandgap from
1.8 eV to ~2.8 eV with halide exchange from | to Cl is exhibited in Figure 5(d). Hence, the
band structure of halide perovskite is successfully tuned by our solvothermal method using a
different combination of halide salts.

Importantly, the absolute PL QY's of the perovskite NSs are measured to be high and these
tabulated in Table 1. The highest PL QY (78%) was achieved for the NS grown at Ts = 100 °C.
However, a further increase in Ts leads to thinning of the layers, and it affects the non-radiative/
radiative transition channels of photons indirectly, which in turn results in the reduction of the
PL QYs of the NSs.*® A closer look at the PL spectral features, including its asymmetry, reveals
that each peak contains three emission peaks. Deconvulated PL spectra of PB100 NS with three
peaks is shown in Figure 6(a). As the position of peak 1 closely matches with the QDs emission
peak (see Figure 5(a)), the peak 1 is believed to originate from the 2D perovskite QDs that are
simultaneously present along with the 2D NS surface. Peak 2, which is dominant and coincides
with the absorption edge peaks is originated from NS band to band or band-edge emission*°.
Peak 3 is believed to be defect-related emission, including surface defect which is more
dominant in thinner NS, such as PB150. The summary of the PL features are summarized with
a band diagram showing the respective transitions in the inset of Figure 6(a). The deconvulated

PL peaks of other samples are shown in Figure S5 (ESI). The details of the fitting parameters
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of all samples are given in Table S1 (ESI). It is clear that the contribution of additional two
peaks (1, 3) is significant for thinner NS such as PB150 as compared to that of PB100. It is
quite expected, as with the decrease in the thickness of the NS, the presence of surface related
defects and presence of QDs are prominent. From XPS analysis, it is inferred that PB 150 NS
has more surface Br than PB100, which results into more surface defects in thinner NS. Note
that PB100 shows much higher PL QY than that of PB150. As the reaction temperature is
increased, the contribution of band edge emission decreased (see Table S1 (ESI)) and the
contribution of defect-related emissions is increased, due to lower thickness of NS. This in turn
results in the overall decrease in PL QY in thinner NS. Post-growth processing may be required

to eliminate the influence of surface defects in the 2D NS for improving the overall PL QY.

3.3.2. Low-temperature photoluminescence studies

The temperature-dependent PL spectra of PB100 NS were investigated in the range of
80-300 K to study the origin of high PL QY and the excitonic properties. Figure 6(b) shows
the temperature-dependent PL spectra of PB100 NS, revealing the systematic increase in PL
intensity with decreasing temperature. The inset of Figure 6(b) shows the dependence of
integrated PL intensity on temperature. Figure 6(c) shows the temperature-dependent
integrated PL intensity, and the experimental data are fitted using the Arrhenius equation, given
by,

I(T) = Io/(1 + Aexp(— Eg /ksT)), (3)

where, I(T) and lp are the integrated PL intensities at temperatures T and 0 K, respectively. Ais
a constant, and Eg is the exciton binding energy. To estimate the exciton binding energy of NS,
the experimental data are fitted in the higher temperature region (160-300 K). From the fitting,
Eg is found to be ~225+21 meV for PB100. Thus, the exciton binding energy in our 2D NS is

~4 times higher than that of its 3D bulk counterpart (30-76 meV) and it is consistent with our
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previous report on perovskite QDs.* It also matches well with the theoretical limit>t: E20 =
4 x E3P. In 2D NS, due to its ultralow thickness, the Coulomb interaction between electron
and hole is less screened, which in turn increases the exciton binding energy.>* Though the
exciton binding energy of bulk perovskite is large enough to show the excitonic effect at room
temperature, the recombination is mainly dominated by the recombination of free electrons and
holes, which may have resulted into the overestimation of exciton binding energy based on
low-temperature experiments.>? Hence the exciton binding energy extracted from the fitted data
in high-temperature regime may be taken as an actual one, which is ~7 fold higher than the
bulk one. This confirms that the PL emission in NS is from the exciton recombination due to
enhanced exciton stability.>? High exciton binding energy in PB100 NS supports the stable and
high PL QY. The variation in PL peak energy with temperature is shown in Figure S6 (ESI),
revealing ~45.8 meV upshift in PL peak with the increase in temperature. In perovskite
semiconductor, the increase in bandgap with temperature is attributed to the electron-phonon
coupling.>® The exciton—phonon coupling leads to the shrinkage in band gap, which induces
the red shift of the PL spectral peak with decreasing temperature. Hence, perovskite has a
positive thermal expansion coefficient of the band gap. In order to estimate the electron-phonon
coupling, the experimental data of PL peak position vs temperature is fitted with the equation,
Eq(T) = Eg + ArgT + Agp(1 + 2/(exp(hw/kpT) — 1)) 4
Where Eo is the bandgap at 0 K, Zw is the phonon energy, Ate and Aep are the factors accounting
for thermal expansion and electron-phonon interaction, respectively. The parameters extracted
from the fitting are: Ate= 0.13 meV/K, Aep= 17 meV, iiw= 37 meV, which match well with the
literature.* Temperature-dependent linewidth (I"(T)) of PL spectra is displayed in Figure 6(d).
A broadening in PL peak at higher temperature is observed, which may be caused by the

coupling of the excitons to acoustic phonons and to longitudinal optical (LO) phonons.> To
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quantify the exciton-phonon interaction in the 2D NS, experimental data are fitted using Boson
model given by:

r(r)=1Iy+I0/(exp(hwyo/KgT) — 1) ®)
Where I is the inhomogeneous broadening contribution, 7o is the longitudinal exciton-
optical phonon contribution to the FWHM, and %wLo is the LO phonon energy. The values of
the fitted parameters are: /o =33 meV, [0 = 240 meV, hwLo= 36 meV, which are consistent
with the unresolved vibration energy in the Raman spectrum.>® Interestingly, the optical
phonon energy extracted from Boson fit matches very well with that obtained from fitted data
using equation (4). High optical phonon energy indicates strong exciton-phonon interactions,

which is expected in a quantum confined system.
3.3.3. Time-resolved photoluminescence studies

Time-resolved photoluminescence (TRPL) measurement was performed on various

perovskite NSs using a 405 nm pulsed laser excitation. The PL decay curves shown in Figure

3
7(a) are fitted with triexponential decay function given by I (t) = ZA exp(—t/z;) where A; is

i=1

the amplitude of the PL decay component corresponding to the lifetime zi. The average lifetime
(zavg) is calculated using the relation: 7, = z;Arf/Z;Aq. Based on the deconvolution

of steady state PL spectrum with three peaks, the PL decay is fitted with triexponential decay
function. The corresponding fitting parameters (see Table S1, ESI) including the evolution of
the amplitude of each peak with solvothermal temperature is consistent with the steady state
PL results. The contributions from three different states of different origin essentially suggest
different time constants of each component. Slow component with high amplitude of the TRPL
decay corresponds to the main PL contribution, i.e., band edge emission, while the faster

lifetime component corresponds to the presence of QDs along with NS and defect states. As
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shown in Table S1 (ESI), the average lifetime changes from 601.3 ns in PB0 to 67.0 ns PB180.
Hence, a 9-fold decrease in PL lifetime is observed for the QDs due to the reduction in
thickness/size. The variation in PL lifetime with the thickness of the 2D NS is presented in the
inset of Figure 7(a), demonstrating a longer lifetime of carriers for the thicker NS grown at
lower temperature suggesting a reduction in nonradiative recombination paths, which in turn

yields high PL QY, suitable for optoelectronic device applications.*

3.3.4 Stability of the 2D NS

Stability of 2D NS is studied under different conditions. In order to evaluate the stability
of the NS under prolonged laser irradiation, we have recorded the PL spectra of PB140 NS at
room temperature at a regular interval under continuous laser irradiation (405 nm, 15 mW at
source). The variation of PL emission intensity with time under continuous laser irradiation for
7 hours in the ambient condition is shown in Figure 7(b). We observe first a gradual increase
in PL intensity with laser exposure up to 2.5 hours of the laser irradiation of PB140 and then it
marginally decreased followed by constant intensity, which is higher than its initial intensity.
It is likely that due to local heating caused by the laser exposure, the structural and optical
properties of the NS improved resulting in higher PL intensity after prolonged laser exposure.
However, prolonged exposure leads to more stable performance of the NS. Hence, the 2D NS
exhibits excellent optical stability under long hour laser irradiation. Effect of laser irradiation
on the PL intensity is better understood by deconvolution of PL spectra for PB140 NS sample
with three Gaussian peaks before and after laser irradiation for 3 hrs (see Figure S7(a,b), ESI).
These three peaks are attributed to the presence of QDs, NS band-edge emission and defect-
related emissions, as discussed earlier in detail. Before laser irradiation, the contribution of
defect emission is prominent. However, after laser irradiation, the contribution of band edge
emission peak is substantially increased as compared to that of defect, which in turn results

into the higher intensity of emission. Tiguntseva et al. reported 130 % improved PL emission
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in CHsNH3Pbls by laser post processing.®” Gentle laser heating is reported to reduce the defect
concentration in the perovskite film.>” Tian et al. reported thousand fold enhancement in PL
intensity and proposed that the trapping sites, which are responsible for non-radiative charge
recombination, can be de-activated in the course of light curing process.>® Mosoconi et al.
reported the increase in PL lifetime and total intensity which eventually stabilize, due to
reduction of an initial trap density of ~10'7 cm™ to a stabilized trap density of ~10% cm=3.%
Thus, our results are consistent with the literature. Long-term storage stability of 2D NS in
PB140 is also tested in the ambient environment. The sample was stored in an ambient
condition with high humidity without any protection. Inset of Figure 7(b) exhibits the PL
spectra of PB140 taken for a freshly prepared sample and that of after 8 months of storage. The
PL intensity of PB140 is observed to be marginally reduced after 8 months of storage,
indicating its high stability. Thus the NS retains its initial PL emission even after the storage
for several months in high humidity ambient, which is the most unique property of 2D
Ruddelson proper perovskite compared to its 3D counter part due to high formation energy,
hydrophobic organic cations, strong Van-der Waals interaction between the capping organic
molecules and the [Pbls] units.%%-** However, PL intensity of PB150 NS decreases by >90%
after storing it in ambient condition as shown in Figure S8(a) (ESI). NS in PB150 is of bilayer
thickness, hence it may disintegrates to QDs in ambient condition as QD peak is prominent
after 8 months. Further optimization of the process parameters may be required to increase the

stability of bilayer NS.

Temperature dependent stability of PB140 NS is investigated by heating the sample at
different temperatures and recording its PL spectra at each temperature. There is a systematic
decrease in PL intensity with increasing temperature of heating (see Figure 7(c)), which is
consistent with the thermal quenching behaviour of PL. To assess its structural stability after

heating, XRD pattern was recorded before and after heating the sample at 80 °C for 2 hours.
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The XRD pattern intensity is increased after heating, as shown in the inset of Figure 7(c), and
it implies the improved crystal structure of the NS after heating. Hence, the synthesized NS

shows excellent structural and optical stability at higher temperature up to 80 °C.

3.4. Performance of 2D perovskite NS as white LED

Practical application of the as-grown 2D NS is demonstrated by fabricating a white LED
using a blue LED chip and MAPDbBr1l; layer. Mixed halide perovskite solution having emission
at ~600 nm is first mixed with polymer and then it was used as an orange emissive layer on top
of blue LED to fabricate the white LED. The electroluminescence spectra of the optimized
white LED driven by bias voltage 2.35 V is shown in Figure 7(d) with upper inset showing the
digital photograph of the device. The CIE coordinates of the device are found to be (0.33,0.30)
with CCT 5263 and CRI 55 (see lower inset of Figure 7(d)). The CIE coordinates of the
fabricated white LED is closely matches with the pure white light (0.33, 0.33). The
performance and color purity of the orange luminescent perovskite coated white LED are
comparable or better than other reported orange luminescent phosphor coated white LEDs
using carbon dots, silicon dots and other 2D materials.®?-°® Hence, mixed halide perovskite can
be considered as a promising candidate for the high color quality, low cost white light
production and in the solid-state lighting field. Operational stability of fabricated LED is
measured up to 7 h of continuous operation at 2.35V. It is observed that the intensity of blue
emission from LED chip (encapsulated) is nearly unchanged, while the intensity of yellow
emission from MAPDbBTr1I2 is decreased by about 20%, as shown in Figure S8(b) (ESI). Hence,
white LED shows reasonably good stability without any encapsulation or protection. It is
expected that encapsulation as well as device fabrication inside a glove box will improve the

stability of the device much better.

3.5. Performance of 2D perovskite NS based photodetector
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The 2D perovskite NSs with high lateral size (surface area) and long diffusion length
are reported to be promising for various photovoltaic and optoelectronic applications” ® ¢’
Accordingly, a photodetector device was fabricated based on PB140 NSs in order to
demonstrate its potential application. The schematic representation of the planar device
structure and the energy band diagram are portrayed in Figure 8(a). Aluminum electrodes with
an interdigital spacing of 100 um were first deposited on the Si/SiO; substrate by thermal
evaporation through a shadow mask. Subsequently, the NS solution was drop cast between the
gap of two electrodes and dried at 60 °C. In the dark, very low current (dark current, lgark) flows
between two electrodes under an applied bias voltage. When the device was exposed to light
(405 nm laser), it results in the generation of electron-hole pairs with an energy higher than the
bandgap of the perovskite NS. The electron and holes are then rapidly drifted in different
directions under bias voltage and collected by the electrodes leading to a dramatic increase in
current (photocurrent, Ipn) between the metal electrodes. Figure 8(b) shows the I-V
characteristics of the device obtained in the dark and under different intensities of light
illumination (405 nm). Under the dark condition, nearly linear current-voltage (I-V) behavior
is observed. Under illumination, the current is abruptly increased, implying good sensitivity of
the device to light. The photocurrent is highly dependent on the light intensity, and it is
systematically increased with the increase in the light intensity because the number of
photogenerated carriers is proportional to the absorbed photon flux. The inset of Figure 8(b)
shows the magnified view of 1-V characteristic in the low bias region, indicating the turn-on
voltage of the device is very low (~0.4 V). Figure 8(c) demonstrates the dependence of the
photocurrent on light intensities under 2 V bias. This dependence can be understood better by
fitting the data of photocurrent vs intensity by the well-known power law: Ipn o PY, where Ign is
the photocurrent, P is the light intensity and @ is an empirical value reflecting the recombination

of photocarriers, as shown in Figure 8(c).%8 In the low-intensity range, exponent 6=0.97 was
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obtained, which is close to 1.0, suggesting a low recombination loss. In contrast, in high-
intensity range, non-unity 6=0.12 was observed, implying a strong recombination loss due to

the presence of high carrier density and some trap states in the bandgap region.®®

Typical temporal dependence of the photoresponse under pulsed laser illumination
under different bias voltages is shown in Figure 8(d). The photoresponse of the device is
observed to be highly stable and reproducible over the long operational duration as well as
ambient storage. The rise and fall edges of the photoresponse curve are very steep, indicating
the very fast response of the device.®® The photocurrent increases linearly with increasing the
bias voltage due to the efficient transport of photocarriers and the suppression of the
recombination loss at higher bias voltage. At lower bias voltages region (0 to 1.5 V), the
photocurrent increases very rapidly following a nonlinear behavior, as shown in the inset of
Figure 8(d). To calculate the fast response speed of the device, temporal response curve was
recorded in a digital oscilloscope at a bias voltage of 5 V using the 405 nm pulsed laser driven
by a TTL pulse, as shown in Figure 9(a). Since the direct measurement of the photocurrent is
inherently slow in an ammeter, a 100 kQ load resistance is added in series to the circuit, and
the voltage across the load is measured in the oscilloscope. The rise/fall time of the device is
found to be very fast 24 us/103 us. Note that the photocurrent response of our photoconductor
is much faster than those reported earlier on perovskite NS (see Table 2). This may be due to
high crystalline quality and high mobility of the carriers in the as-grown 2D NS. Figure 9(b)
presents the long term stability of the photodetector device. The temporal photoresponse curve
of the freshly fabricated sample is presented in the first five cycles in Figure 9(b). The second
and third five cycles in Figure 9(b) correspond to the temporal photoresponse curve recorded
after 15 days and one month of storage, respectively, without any encapsulation. It is clear that
a very marginal decay in photocurrent (~10.7 %) is observed after one month of storage,

implying that the device retains its photodetection capability even under the ambient condition
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with high humidity. Thus, it can be concluded that the as-synthesized perovskite NSs have very
high ambient stability even under high humidity. Note that most of the reported perovskite
photodetectors exhibit poor stability.”®* Figure 9(c) summarizes the evolution of the
photocurrent under the continuous illumination of 405 nm laser light in ambient condition
(relative humidity: 60—70%, temperature ~23 °C) without any encapsulation/protection for 7 h
operation under bias voltage of 5 V. The photocurrent remains almost constant throughout the
measurement period, indicating its outstanding repeatability and long term operational
stability. To characterize the performance of the as-fabricated photodetector, responsivity, EQE
and detectivity were calculated in the spectral range 310-800 nm. The efficiency of a
photodetector is expressed in terms of spectral responsivity since it is directly proportional to
the internal gain. Responsivity (R) of a photodetector can be defined as the photocurrent
generated in the photodetector per unit power of the light incident on its effective area and can

be expressed as,

_ Iph_ldark
k=" ©)

Here, A is the effective illuminated area (0.02 cm?). As shown in Figure 9(c), the NS detector
displays a good spectral selectivity with a reasonably flat response in the range 310-560 nm
consistent with its absorption behavior. Interestingly, the present device shows high
responsivity in the UV region and can be exploited as a UV photodetector. The detectivity (D)
and external quantum efficiency (EQE) are also calculated using the following equations to

express the figure of merits of the photodetector device,

4y ™

2qlgark

D=Rx(
hc
EQE = R%: (8)

Where A is the effective area of the photodetector in cm?, q is the electronic charge, h is the

Planck’s constant, ¢ is the light velocity in vacuum and 4 is the wavelength of the incident light.
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Hence, to achieve high detectivity of the device, high responsivity and low dark current are
necessary. Figure S9(a) (ESI) shows the EQE of the device under 5 V bias. Figure S9(b) (ESI)
depicts the detectivity in the spectral range of 310-800 nm under 5 V bias. Both the parameters
demonstrate spectral trend similar to the responsivity data since they are proportional to
responsivity. The peak detectivity and EQE of PB140 NS are observed to be 1.04x10'? Jones
and 658 %, respectively. Note that the EQE of the device is very high (>100 %), which may be
partly due to the tunneling of the carriers in the ultra-thin 2D NS. The 2D materials based UV-

Visible photodetector is applicable in numerous fields, such as imaging sensing, optical
communication, optical storage, electric arc detection in factories, etc.

4. Conclusion

In conclusion, a simple, reproducible and novel solvothermal synthesis route is
developed here to successfully grow large-area 2D perovskite nanosheets with precisely
tunable thickness and high optical quality and colloidal stability. Without any pretreatment of
the precursors, simple solvothermal treatment at various temperatures (100-150 °C) allowed us
to tailor the thickness of the large area (several micrometers) 2D NSs from 14 layers down to
a bilayer thickness (1.2 nm), as revealed by systematic TEM and AFM analyses. The
temperature-dependent thickness evolution is quantitatively analyzed based on the supplied
thermal energy leading to the enlarged interlayer spacing and accelerated crystal growth along
the lateral direction. Based on the tuning of the thickness of 2D NS, optical properties are
precisely tuned with the growth temperature, which makes this method very attractive for
various optoelectronic applications. The bandgap of the NS is effectively tuned from 2.34 eV
to 2.54 eV owing to the strong quantum confinement effect in the 2D NS. 2D NSs (PB150) and
2D QDs (PB180) with bilayer thickness fall in the strong quantum confinement regime,
resulting in cyan light emission under UV irradiation. We have also demonstrated bright blue-

emitting QDs by increasing the OAm concentration with very high PL QY of 84 % and large
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spectral blue shift of ~60 nm. Low-temperature PL analysis revealed high exciton binding
energy for the 2D NSs (225 meV) as compared to its 3D counterpart supporting the stable PL
emission at room temperature. Higher lifetime of carriers in 2D NS is attributed to the long
diffusion length, which is ideal for the photovoltaic/photodetection applications. The NS
exhibits excellent optical and long-term stability including high temperature (up to 80 °C)
stability keeping its initial PL intensity retained for more than 6 months. The photodetector
device based on the PB140 NS exhibited very high responsivity and fast response time (~a few
us), as compared to the literature reports. Most importantly, the as-fabricated device is highly
stable in a humid environment and the photodetection performance/stability can be further
improved by incorporating transport layers and a proper encapsulation. Thus, we believe that
the new route developed here to synthesize highly stable large-area 2D organometal halide
perovskite NSs and highly emissive QDs can be utilized in various optoelectronic and printing

applications.

Supporting Information
Electronic supporting information file contains figures on the schematic of the synthesis

process, TEM, XRD, PL, and photodetector performance data.
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Table 1: Details of the NS samples with 2D layer thickness and their photoluminescence
(PL) characteristics. For all the cases, the OAm amount 60 pl except for PB100/200 where it
is 200 pl.

Solvothermal

Sample Duration Thickness of 2D PL peak
code Efg)p erature (min) NS (nm) position (nm) PLQY (%)
PB60 60 18.5 525 64
PB100 100 8.4 518 78
PB120 120 6.4 515 59
PB130 130 30 4.8 512 43
PB140 140 3.2 508 38
PB150 150 1.2 499 32
PB180 180 1.2 488 30
PB100/200 100 - 458 84

Table 2: Comparison of the performance and stability of the perovskite 2D NS based
photodetectors reported in the literature with the present work.

. Measurement o -
Actl\{e condition (voltage, Rlsga time/ Fall R (AIW) Stability (days of Ref
material time (ms) storage)
wavelength)
0,
MAPbBrs 2\, 405 nm 320, 280 0223  20(30%decrease 4
QDs in lpn)
MAPbBI3 2V,532nm 407, 895 0.525 225* >
milliwire
0,
CsPbBr3 15V, 442 nm 0.6,0.9 34 AT g‘;crease 2
nanoplatelet
- 27
CsPbCls NS 8V, 405 nm 70, 45 2
0,
CsPbBr3 5V/, 405 nm 20.9, 24.6 1.33 210 (10% €

} decrease in |
microplatelet eh)

180 (15% This

MAPDbBr3 5V, 405 nm 0.024, 0.103 1.93 decrease” in PL)  work

NS

Ilon=photocurrent, R=responsivity, * ~30% decrease in PL intensity after 140 min in 75%
humidity, “under 70% humidity
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Figure 1: (a,b) TEM image of self-assembled 2D perovskite NRs in PB60 and the
corresponding HRTEM lattice image; the inset in (b) shows the corresponding IFFT image
with an interplanar spacing of 0.32 nm. (c,d) The TEM image of 2D perovskite NS in PB100
and the corresponding HRTEM image; the inset shows the corresponding IFFT image. (e,f)
TEM images of ultrathin 2D perovskite NS in PB150 and the corresponding HRTEM image;
the inset shows the corresponding IFFT image. (g,h) The TEM image of 2D perovskite QDs
in PB180 and the HRTEM lattice image of a 2D QD. The insets of (g,h) show the size
distribution QDs in PB180 and IFFT image of the lattice fringe, respectively.
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Figure 2: AFM topography images of 2D NS in (a) PBO, (b) PB60, (c) PB100, (d) PB120,
(e) PB130, (f) PB140, (g) PB150, and (h) PB180. The corresponding height profiles of
the 2D NS are shown in the respective images, which essentially represent the thickness
of the 2D layers in each case.
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Figure 3: (a) A comparison of XRD patterns of perovskite NS prepared at different
solvothermal temperatures. (b) Change in (100) interplanar spacing and (100) peak
intensity with solvothermal temperature. (c) Change in the thickness of the 2D NS with
solvothermal reaction temperature. (d) A schematic illustration of the growth mechanism
and shape evolution of the perovskite NSs during different stages of solvothermal reaction
at different temperatures.
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Deconvolution of the XPS spectra corresponding to Pb 4f in (c) PB100, (d) PB150, considering
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Figure 5: (a) UV-Vis absorption (dashed lines) and PL spectra (solid lines) of various perovskite
NSs; the inset in each case shows the corresponding photograph of the sample under UV light
irradiation. (b) Variation of the optical bandgap as a function of the thickness of 2D layers. The
experimental data are fitted with the quantum confinement model. The data points labeled with
XL, where x represents the number of layers. (¢) UV-Vis absorption and PL emission spectra of
pure and mixed halide perovskite NSs for PB100 obtained by anion exchange. (d) Variation of
optical bandgap with halide exchange of multilayered perovskite NS.
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Figure 6: (a) Deconvulated PL spectra of PB100 NS and inset showing band diagram
corresponding to each PL peak. (b) Temperature-dependent PL spectra of 2D NS in PB100
in the range 80 K- 300 K. The inset shows the variation of PL intensity with measurement
temperature (T). (c) Integrated PL intensity vs. inverse of temperature for PB100. The
experimental data are fitted with the Arrhenius equation. (d) Variation of FWHM of PB100
with temperature and the data are fitted with Boson model.
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Figure 7: (a) A comparison of TRPL spectra of various 2D perovskite NS (PB60-PB180);
the symbols corresponds to experimental data and the solid lines correspond to the fitted
data. The inset shows the variation of the PL lifetime with 2D layer thickness. (b) Variation
of PL intensity for PB140 as a function of laser (CW) irradiation time; the inset shows the
minor change in PL intensity after 8 months storage with respect to that of the freshly
prepared sample. (c) Temperature dependent stability of PL emission in PB140. The inset
shows the comparison of XRD pattern of PB140 before and after heating at 80 °C for 2 h.
(d) EL spectra of white light-emitting NS device fabricated with blue LED chip and
MAPDBTril> NSs. The upper inset shows a digital photograph of the emitting device and
the lower inset shown the CIE chromaticity coordinates of the white LED device.
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Figure 8: (a) Schematic diagram of a photodetector device fabricated with PB140 NS and
the energy band diagram of the AI/MAPbBTrs/Al structure before light illumination (no
bias) and after light illumination (under bias). (b) I-V characteristics of the photodetector
in the dark and under illumination with 405 nm laser for different light irradiation
intensities; the inset shows the magnified I-V curve at lower bias voltages. (c) Logarithmic
plot of the photocurrent as a function of the light intensity at a bias voltage of 2 V and the
data are fitted with a power law. (d) Time-dependent photoresponse of PB140 NS under
405 nm light illumination (5.96 mW/cm?) recorded at different bias voltages. The inset
shows the photocurrent vs. bias voltage for a fixed intensity of illumination.
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Figure 9: (a) Temporal response of the photocurrent for PB140 NS photodetector
measured at a bias of 5 V along with the exponential fits. (b) Photoresponse curve of
PB140 NS photodetector device after long-term storage in humid ambient. (c) Normalized
photocurrent of PB140 NS photodetector (without encapsulation) with operation time at a
bias voltage of 5 V. (d) Spectral responsivity of the NS photodetector recorded at 5 V bias.
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