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Real Time and Highly Sensitive Sub-Wavelength 2D Hybrid

Perovskite Photodetectors
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Mohammed Ali Saleh Alshehri, David Colridge, Tsz Hin Edmund Chan, Adolfo De Sanctis,
Luisa De Marco, Laura Polimeno, Annalisa Coriolano, Anna Moliterni, Vincent Olieric,
Cinzia Giannini, Steven Hepplestone, Monica Felicia Craciun, and Saverio Russo*

Layered (2D) perovskites are an emerging attractive 2D system with enhanced
stability to ambient conditions as opposed to their highly unstable three
dimensional bulk counterpart. Their uniquely tuneable optical and electrical
properties are underpinning a surge of interest in 2D-photovoltaics. So far, the
development of nano-scale integrated opto-electronic 2D perovskite devices
remains nearly unexplored since they have generally been found to be
incompatible with standard top-down semiconductor nano-fabrication
technologies. Here, following the synthesis of solvent-stable 2D-fluorinated
phenethylammonium lead iodide perovskite (F-PEA),Pbl, (F-PEAI), planar
photodetectors entirely fabricated in atmosphere is demonstrated, exhibiting
figures of merit rivalling those of commercial silicon photodiodes. A record
large room temperature detectivity (>5 x 10"/ Jones), a fast time
photoresponse (rise time 1.5 ns), an extraordinarily large linear dynamic range
(228 dB), as well as a photo-responsivity of ~ 1100 AW~ are demonstrated
for devices on a range of substrates including flexible wearable media without
the need for any planarization or any atomically thin dielectric, in stark
contrast to other 2D semiconductors. Finally, the suitability of nano-scale 2D
F-PEAI photodetector arrays with sub-wavelength pixel size of just 100 nm of
use for high definition imaging is demonstrated.

1. Introduction

The downscaling of photodetectors with
high-end performance is needed for fast
signal processing at the interface between
photonic and electronic platforms. Such
devices remain scarce owing to the lack
of suitable materials able to fulfill the
stringent photophysical and electronic re-
quirements. Newly discovered perovskites
may offer unprecedented opportunities
owing to their strong light absorption(!!
and long photo-excited carrier lifetimes!?!
underpinning significant breakthroughs
in photovoltaics,** transistor,®! photo
sensor,!®! light emitting diode,”! and laser
technologies.!®] Best known in their three
dimensional bulk (3D) crystal form, per-
ovskites have recently been synthesized
in layered (2D) crystals consisting of al-
ternating inorganic/organic layers. In
these systems, charges are confined in the
inorganic quantum wells underpinning
a range of uniquely attractive properties.
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Figure 1. 2D F-PEAI crystal structure, optical characteristics, and photodetector fabrication. a) Photograph (left) and optical micrograph (right) of 2D
F-PEAI single-crystallyne flakes. b) Crystal structure of 2D F-PEAI. Left: a view of the crystal packing and the two nearest least-squares planes (distanced
by 16.30 A) through the equatorial atoms of the Pblg octahedra. Right: A view of the asymmetric unit and its local environment showing four symmetry
equivalent | atoms to complete the octahedron and two symmetry equivalent Pb atoms with the distortion of the in-plane inorganic layer, whilst the
Pb-I-Pb angle is 151.928(8)°. The broken blue lines indicate two of the N—H---I hydrogen bonds. c) Calculated electronic band structure of pristine 2D
F-PEAL. d) Plots of the measured absorption (dark cyan) and photoluminescence spectra (orange) of a representative mechanically exofliated 2D F-PEAI
flake prior to (pristine, solid line) and after (dashed line) top-down lithographic fabrication of a photodetector device. e) Top and bottom contact device

schematics and optical micrograph image of a top-down lithographically processed 2D F-PEAI photodetector.

These include high photoluminescence quantum yield,[®% tune-
able optical, and electrical properties by composition,!'®!!] nar-
row excitonic transitions with strong binding energies!!?] ideally
suited for room temperature non-linear operations in low input
power polaritonic devices, and strong optical non linearities.*3]
Presently, the full value of 2D hybrid perovskites in nano-scale
optoelectronics is hardly explored due to their instability to am-
bient conditions and solvents commonly used in standard top-
down semiconductor nano-fabrication technologies. This makes
it arduous to develop perovskite-based competitive high-density
and large bandwidth signal processing solutions.

Here, we demonstrate nano-scale 2D-fluorinated phenethy-
lammonium lead iodide perovskite (F-PEA),Pbl, (E-PEAI) pla-
nar photodetectors entirely fabricated in atmosphere and using
standard electron beam lithography involving the use of solvents.
The devices reproducibly display outstanding figures of merit
reaching a room temperature detectivity >5 x 10" Jones, a real-
time photoresponse comparable to that of commercial 2 GHz
Si photodiode, an extraordinarily large linear dynamic range
(228 dB), as well as a photo-responsivity of ~1100 AW~!. These
photodetectors are stable from room-temperature down to 4 K
and they can be reliably fabricated on a wide range of substrates
including flexible wearable media with no loss of performance
and without the need for any planarization steps nor the need to
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use atomically clean dielectrics, in stark contrast to other 2D ma-
terials such as graphene and transition metal dichalcogenides.
Finally, we demonstrate working planar nano-scale 2D F-PEAI
photodetectors of sub-wavelength size smaller than a fifth of the
wavelength of the detected light, thereby paving the way to the
use of perovskites for high definition imaging technologies.

2. Results and Discussion

Layered perovskite crystals consist of alternating sheets of inor-
ganic [PbX,]*~ anions (with the halogen X = Cl, Br, or I) and
organic alkylammonium cations (Figure 1a,b) which can be syn-
thesised by low-cost and scalable wet chemistry processes.l'*] The
inorganic layer dominates the physics of the lowest-energy elec-
tronic excitations, while the organic part behaves as a potential
barrier resulting in the confinement of charges in the plane of
the inorganic layer, i.e., quantum well.111>16 In these crystals,
both the energy bandgap and the exciton binding energies are a
function of the thickness of the quantum well, which depends
on the number “n” of inorganic layers, going from a 2D sys-
tem with a single inorganic layer sandwiched between two or-
ganic spacers (n = 1) to a quasi-2D system with higher “n” num-
ber (n > 2).'* Previous studies have highlighted that the polar
nature of perovskites results in the quick decomposition of the
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anionic metal-halide and cationic organic upon exposure to am-
bient moisture or a solution consisting of polar solvents, mak-
ing it difficult to fabricate high quality devices in ambient condi-
tions using standard semiconductor nano-scale processing.!'’~1°]
In 2D perovskites, the presence of bulky hydrophobic cations, in-
stead of the small organic cations like in 3D perovskites, provides
enhanced resistance to ambient condition.?%! In addition, the
crystal structure of 2D perovskites can be effectively engineered
through careful selection of organic cations, leading to a signif-
icant improvement in their structural stability. For instance, the
use of benzene-based cations leads to more organized and sta-
ble structures than those obtained with aliphatic species, as well
as, by modifying the organic spacer molecule either by hydrogen
bonding between organic layers or fluorination of the common
spacer molecule C;H;C,H,NH, (phenethylammonium, PEA)
results in improved stability of these materials.?!2*] Further-
more, fluorination strongly influences the arrangement of the
aromatic ring of PEA molecules in the 2D hybrid perovskite
crystal resulting in a better alignment of the inorganic layers
thereby enhancing the out of plane charge transport.> To date,
most of the demonstrated perovskite-based devices have been
fabricated using quasi-2D or 3D-single crystals using solvent-free
methods such as shadow mask deposition or lamination on pre-
patterned electrodes in which slow time responses (from 0.1 ps
to 0.5 ms!?%%7l) have been reported for photodetector surface ar-
eas of several square millimeters, i.e., one million times larger
than the state-of-the-art pixels found in commercial CCDs, mak-
ing them unsuitable for high resolution imaging.

In this study thin 2D perovskite flakes of F-PEAI were grown
by the antisolvent vapor-assisted crystallization method at room
temperaturel?®! and subsequently exfoliated in ambient condi-
tions onto various substrates such as Si coated by 200 nm thick
Si0,, quartz and flexible PET, see Figure 1la. Single-crystal X-ray
diffraction has been performed on the as-synthesized flakes at
a synchrotron facility (see Section S1, Supporting Information).
Figure 1b shows a view of the asymmetric unit and its local en-
vironment with the octahedral coordination of the Pb atom and
the in-plane distortion of the inorganic chain. The crystal packing
is characterized by alternating corner-sharing [PbI]? ~ octahedra
layers and double layers of fluorophenethylammonium cations
with the orientation along the longest stacking axis (i.e., the a
axis) corresponding to that of the inorganic layers (see Figure 1b;
Section S1, Supporting Information). The interplanar distance
between two nearest least-squares planes through the equatorial
atoms of the PbI, octahedra was 16.30 A, similarly to previously
reported values.[?>3] The presence of directional hydrogen bonds
influences the crystal packing resulting in the inorganic chain
distortion:[1*?% the Pbl, octahedra were in-plane distorted and,
similarly to literature results,?’! the in—plane Pb-I-Pb angle was
151.928(8)° (see Figure 1b) and responsible for an in-plane ro-
tation of the inorganic octahedra.3!l The range for the Pb-I oc-
tahedral bonds lengths and the I,,~Pb-I,, octahedral bond an-
gles was 3.1486(4) - 3.2170(5) A and 86.954(12) —93.046(12)°,
respectively, with I,, and I, the equatorial and apex I atoms
of the octahedron, respectively (see Section S1, Supporting In-
formation). The band structure of this material calculated from
first principles using density functional theory, as implemented
in VASP,*?] with the HSE06 functional®*! (see Sections S2 and
S3, Supporting Information) is shown in Figure 1c. Optical ab-
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sorption spectroscopy measurements reveal that the large en-
ergy gap makes this 2D perovskite an excellent absorber of ultra-
violet wavelength light whilst strongly-bound excitons in ambi-
ent conditions dominate the optical absorption below the single
particle bandgap giving rise to a photoluminescence (PL) peak
at 523 nm,[??! see Figure 1d and Section S4 (Supporting Infor-
mation). This strong PL feature provides a quick and reliable in-
sight on the 2D crystals such as their resilience to solvents and
other device fabrication conditions. Indeed, the physics of 2D ex-
citons underpinning the PL peak is highly sensitive to changes
in the 1) crystal structure (e.g., strain®*! and defects!*]), 2) dielec-
tric properties,**l and 3) quantum well structure.?!! To this end,
we have explored a wide range of solvents (i.e., xylene, hexane,
toluene, chlorobenzene, water, isopropryl alcohol, and anisole)
and fabrication conditions, and we have identified the best combi-
nation of chemicals and processing parameters (see Experimen-
tal Section), which result in fully processed nano-scale devices
with nearly unchanged PL peak energy and full width at half max-
imum (FWHM), see Figure 1d and Section S4 (Supporting Infor-
mation). Hence, we employed these chemicals and solvents for
the deterministic top-down (top-contacts) fabrication of micro-
and nano-meter scale metal structures onto a ~150 nm thick 2D
F-PEALI flake by standard electron-beam lithography, metal de-
position, and lift-off in ambient conditions, see Figure le and
Section S4 (Supporting Information). In addition, we fabricated
control devices by lithography-free lamination of 2D F-PEAI crys-
tals onto prepatterned contacts (bottom-contacts) following estab-
lished techniques for the dry transfer of other 2D materials, see
Figure 1le.

Figure 2a,b shows the room temperature source-drain bias-
dependent (V,;) current measured in the dark and under illu-
mination with three distinct laser wavelengths (4 = 375, 473,
and 514 nm in red, blue, and green, respectively) for two rep-
resentative top- and bottom-contacts devices, respectively. Both
device types show a large bias-dependent photoresponse upon
illuminating with the 375 and 514 nm lasers. Similar levels of
photocurrent are observed for devices which employ different
metal contacts such as the high melting point and low diffusiv-
ity MoRe alloy (see Section S5, Supporting Information) and in
a total of more than 15 devices (see Section S6, Supporting In-
formation) fabricated using F-PEAI crystals from five different
growths. These experimental observations suggest a strong role
of the F-PEAI energy levels on the measured photocurrent, with
photo-excitation of free charge carriers upon absorption of pho-
tons with energy larger than the single particle energy gap. By
contrast, one would expect to measure no photocurrent when il-
luminating with the 514 nm laser, since the absorption of these
photons generates strongly-bound charge neutral excitons (see
Figure 1c,d), which should not respond to an in-plane electric
field and whose large binding energy (%540 meV, see Experimen-
tal Section) prevents their splitting into free carriers at room tem-
perature, and yet a bias-dependent photocurrent is measured.®”]

Several potential mechanisms exist which could enable the
splitting of the excitons. For example contact-induced defect
states, e.g., Au substitution of Pb atoms in the F-PEAI, could
provide a ladder of energy states supporting the efficient exciton
splitting into free carriers through the reduction of their bind-
ing energy, see Sections S2 and S3 (Supporting Information).
However, the fact that we observe a similar photoresponse in
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Figure 2. Photocurrent characteristics and maps of photo-active areas. Panels (a,b): Plots of current versus voltage characteristics for bottom (a) and
top-contact (b) 2D F-PEAI photodetectors measured in the dark (black) and under continuous wave laser illumination 4 = 375, 473, and 514 nm
represented in red, blue and green, respectively (a) laser diameter d, ~ 30 um and irradiance | = 134 uW cm™2; b) d, ~ 190 um and I = 91 pW cm~2).
The photoresponsive areas are A, = 8 X 1078 cm? (a) and 8.5 x 10~° cm? (b). Top insets: Current versus voltage characteristics up to Vsp = 7.5V
under 514 nm laser illumination. Bottom insets: Colorplots of spatially resolved photocurrent acquired for a fixed Vs, = 5V and by rastering a focussed
laser (I =46 W cm™2, 1 =514 nm, d, ~ 0.5 um corresponding to a photoresponsive area Apn =1r(d,/2)?). The gray lines correspond to the source and
drain electrodes. The width of the electrodes and the channel length are 3 um.

devices fabricated with different metals (Au and MoRe) and in
photodetectors fabricated with very different methods, i.e., top-
down lithography and non-invasive bottom-contacts, suggest that
a different exciton splitting mechanism, which does not involve
interdiffusion of the metal contacts may be dominating the pho-
toresponse in these 2D crystals. Recent studies on excitons in
other 2D semiconductors have demonstrated that the binding
energy of these quasiparticles is highly sensitive to the dielectric
environment,**! and this could drive a full quenching of the exci-
ton binding energy in the vicinity of the metal contacts enabling
the splitting of charge neutral excitons into free carriers. How-
ever, such a mechanism cannot explain the large photocurrent
measured when illuminating the middle of the F-PEAI channel,
away from the contacts (see Figure 2a,b and Section S7, Support-
ing Information). This experimental observation suggests that
defects present in the bulk of the crystal, such as those intro-
duced during the synthesis, are responsible for the efficient split-
ting of excitons. Following this hypothesis, several defects were
considered via DFT (see Sections S2 and S3, Supporting Infor-
mation) and the iodine vacancy was identified as most likely. The
predicted defect states are close to the band edge, contributing to
a broadening of the optical absorption edge consistently with the
experimental observations. Recent studies have showed that the
formation of polarons constitute an alternative intrinsic mech-
anism leading to the efficient splitting of excitons.[*8! However,
in the absence of defects the polaron-assisted splitting is not ex-
pected to lead to any internal gain mechanism in photodetectors.
Hence, a study of the figures of merit of these devices can shed
light on the role of the exciton splitting mechanism.

Figure 3a shows that the photoresponsivity of the 2D F-PEAI
planar photodetectors reaches 1120 AW~! at 2 X 1072 W cm™
for the bottom-contact and >240 AW~ for the top-contact con-
figuration, with the slightly differing performance due to a dif-
ferent metal/2D F-PEAI contact interface. Such large values are
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one order of magnitude higher than the values reported in 2D
perovskites to date and & 5000 times larger than ever reported
for a planar perovskite device fabricated by using electron beam
lithography.['®] Upon increasing the irradiance the photorespon-
sivity decreases monotonously due to the filling of deep de-
fect states!*°! and exciton—exciton annihilation!*’! as previously
reported.*!] Interestingly, the external quantum efficiency of 2D
F-PEAI greatly exceeds one for both structures and it increases
monotonously upon reducing the irradiance (see Figure 3b), in-
dicating the presence of an internal gain mechanism.

Earlier studies on 2D hybrid graphene photodetectors have
shown that charge recirculation and trapping can lead to very
large gain (>10%),[*?] and shallow traps have been shown to sup-
port >6 orders magnitude faster time response than that of deep
traps, whilst still retaining a small gain.*}] Therefore, in 2D F-
PEAI shallow trap states may play the dual role of 1) splitting the
strongly bound electron-hole pairs and 2) enabling internal gain
for irradiance <2 x 108 W cm™2. In addition, previous studies
on metal/semiconductor/metal structures have shown that the
injection/extraction of charge across the semiconductor/metal
contacts is affected by the modification of the Schottky barrier
due to the optically generated carriers.[**] In this case a strongly
unbalanced electron/hole carriers transport leads to an accumu-
lation of holes at the anode. As a result, the image force of the
accumulated holes at the contact lowers the height of Schottky
barrier boosting the external quantum efficiency to >100%. This
is a likely scenario for 2D F-PEAI due to the presence of shallow
traps affecting one carrier type.

To quantify the sensitivity of these photodetectors, we char-
acterize their photodetectivity and noise spectral density, see
Figure 3c. We find that both device types exhibit very low values
of intrinsic electric noise, which results in room temperature val-
ues of photodetectivity as large as 5.5 X 10" Jones at a few pico-
watts of irradiance and considering a spectral noise density of
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Figure 3. Figures of merit of 2D F-PEAI photodetectors. a) Plot of the power dependent photoresponsivity of top-contact (orange squares) and bottom-
contact (green circles) 2D F-PEAI photodetectors measured at V,; = 7.5 V (orange) and 5 V (green) at room temperature, under uniform illumination
(A=514nm,d; 650 umand A,, =4.9 x 107> cm? and 8.5 x 107> cm? for bottom and top-contact device, respectively). b) External quantum efficiency
for the photodetectors in (a). c) Plot of the photodetectivity for the devices in (a) and their noise spectral density (inset). Dashed green and yellow
lines indicate the highest level of the measured noise spectral density which is then used to estimate the detectivity. d) Plot of the linear dynamic range
(LDR) measured in the same devices of (a) at V,; = 5 V under continuous laser illumination (1 =514 nm). e) Representative measurements of the time
response for the devices in (a) (green and orange) at V,; =20V and for a commercial 2 GHz silicon photodiode (Si-PD) (gray) (4 = 405 nm, laser pulses
of 6 and 21 ns), see Experimental Section for more details. f) Plot of detectivity versus response time of state-of-the-art perovskite based photodetectors
compared to this work. Gray, red and blue circles represents 2D single crystal, thin-film, and all-inorganic perovskite based devices, respectively. Triangles

represent studies where LDR were not quoted.

4.5 x 10717 AHz™'/? (see Section S6, Supporting Information).
Such large values of detectivity rivals that of makes these planar
2D photodetectors very attractive for applications in extremely
low-light conditions. At the same time, we observe a linear scal-
ing of the photocurrent as a function of the irradiance (Iph « P?)
over a range of 11 decades corresponding to 228 dB, that is from
ultra-dim illumination more than 1000 times dimmer than a typ-
ical moonless starlit sky to an ultra-bright source equivalent to a
staggering 100 suns.!*’] Based on prior studies,*! systems with
trap-induced unbalanced transport are expected to display a LDR
with a & 0.75 towards high irradiance. This is likely to be the case
for photodetectors with top- rather than bottom-contacts since the
metal deposition on organic semiconductors is well-known to in-
troduce defect states at the metal/organic interface. Finally, we
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characterize the time response of these devices by measuring the
photocurrent generated upon illumination with ultra-fast laser
pulses, and benchmark the F-PEAI performance against that of
a commercial 2 GHz bandwidth Si photodiode, see Figure 3e.
In this experiment we employ a sufficiently high laser irradiance
(100 W cm™?) to eliminate the need of any external current am-
plifier, which would affect the measurements, see Experimental
Section. At the same time, at high irradiance charge traps are sat-
urated by photo-excited carriers supporting a fast time response
albeit without an internal gain. Both the 2D F-PEAI device types
have a similar rise time to that of the 2GHz Si photodiode. In
these devices, charges achieve a drift velocity of ~#3000 ms™' un-
der the action of an electric field of 6 MVm™! (channel length
3 um at a bias of 20 V). A measured transit time of ~ 1 ns
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Figure 4. a) Top left: schematic of 2D F-PEAI photodetector on flexible PET. Bottom left: plot of the photocurrent measured after subsequent bending
cycles for the device shown in the pictures (white scale bars are 5 mm, A = 514 nm, d; ~ 30 um, | = 120 pWcm™2, App =6 X 1077 cm?, Vy = 5 V).
Right: time response after 1000 bending cycles (red) for a laser pulse (4 = 405 nm) with duration of 37ns and fixed bias V,; =20V, and for a commercial
2 GHz silicon photodiode (gray). Bending cycles were performed in atmosphere conditions. Bending radius ~ 3.5 mm, bending angle 150°, see methods.
b) Image of the logo of the University of Exeter acquired using a 2D F-PEAI photodetector (pixel area 137 um? and bias V,4 = 3 V). c) Scanning electron
microscope image of a 11 x 28 array of photodetector pixels with 100 nm channel length as shown in the inset. d) Image of the 514 nm laser beam
shape acquired by rastering a single sub-wavelength 100 nm photodetector pixel in 100 nm steps. Inset: Plot of the current versus voltage of the 100 nm

photodetector pixel (A =514 nm, | =46 W cm™2, d, ~ 0.5 um).

suggests that the charge carrier mobility is higher than
5 cm? Vs1, which is consistent with high quality single crystal
structure reported by other authors.[*’]

A comparison of the main figures of merit for our de-
vices against the comparative group of 2D and 3D perovskite
devices exhibiting nano-second rise time reveals that F-PEAI
photodetectors exhibit more than 10000 times larger detec-
tivity and two times larger LDR than current state-of-the-art
devices.2643-61] Crucially, 2D F-PEAI photodetectors are 10%
times faster than their unfluorinated counterpart fabricated by
using lithography, ¥l and they also have a four decades larger
LDR than previously reported in 2D perovskite photodetectors.!
Such extraordinary device performance makes 2D F-PEAI planar
structures comparable or superior to research grade commercial
Si or InGaAs photodetectors.[®2] These devices are also stable to
thermal cycling over a wide temperature range from room tem-
perature down to 4 K, see Section S4 (Supporting Information).
To explore the extent of possible uses of 2D F-PEAI photode-
tectors behind the confines of rigid substrates, we have fabri-
cated devices on mechanically flexible PET commonly used for
wearable technologies, see Figure 4a. Surprisingly, we find that
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even after subduing the devices to ~ 1000 bending cycles in at-
mosphere conditions, they retain the outstanding performances
including the ultra-fast time response, which seamlessly follows
the rise and fall-time of the ultra-fast laser pulse measured using
a commercial 2 GHz bandwidth Si photodiode, see Figure 4a.
Furthermore, Figure 4b shows that these photodetectors can eas-
ily be used for imaging technologies. Here, a F-PEAI photodetec-
tor is rastered underneath a back-lit University of Exeter logo pro-
ducing the electronic image representation as seen on the right
side of the figure (Figure 4b), see Experimental Section. Finally,
to test the suitability of 2D F-PEAI to nano-scale integration of
opto-electronic components, we have fabricated arrays of planar
photodetectors (see Figure 4c) with sub-wavelength photo-active
channels as small as 100 nm, that is more than ten times smaller
than the typical size of nowadays flagship commercial CCD and
CMOS camera pixels (>1 um), see Experimental Section and Sec-
tion S8 (Supporting Information). Figure 4d shows that these
nano-pixels addressed individually with a focused laser beam dis-
play a proportionally large photocurrent even when illuminated
with photons of wavelengths five times larger than their geomet-
rical size. Hence, we utilize such a nano-pixel to image a laser
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beam profile (4 = 514 nm) with a spatial resolution of 100 nm,
demonstrating the use of 2D F-PEAI in high-definition imaging.

3. Conclusion

In conclusion, we have demonstrated nano-scale 2D-fluorinated
phenethylammonium lead iodide perovskite planar photodetec-
tors entirely fabricated in atmosphere and using standard elec-
tron beam lithography involving the use of solvents. These
devices display a staggering range of parameters rivaling the
figures of merit of other commercially established leading tech-
nologies. A record large room temperature detectivity (>5 X
10" Jones) and a fast photoresponse are accompanied by an ex-
traordinarily large linear dynamic range (228 dB) and a photo-
responsivity of #1100 AW~!. Crucially these photodetectors are
compatible with a wide range of substrates including flexible
wearable media with no loss of performance. Finally, we show
that arrays of 2D F-PEAI sub-wavelength nano-pixels of sub-
visible wavelength size of just 100 nm can be reliably used for
high definition imaging.)

4. Experimental Section

Lithography: The optimized nano-scale processing consists of coating
the substrates with a ~400 nm thick layer of Poly(methyl methacrylate)
(PMMA) (495K A6 in anisole) followed by baking on a hot plate for 20 min
at 60°C. The electron-beam exposed PMMA was developed in a solution of
hexane:toluene = 30:13 for 10 s followed by electron beam evaporation of
Ti/Au (5/50 nm), lift-off in chlorobenzene for 5 min and rinsing in hexane
all at room temperature.

For the pre-patterned contacts, substrates were coated with ~600nm
of 495K A6 PMMA and baked for 1 min at 180°C. After e-beam exposure,
these samples were developed using a solution of IPA:MIBK:MEK in a ratio
of 15:5:1 for 30 s, and then rinsed in IPA. Metals are then deposited via e-
beam evaporation of Ti/Au (5/30 nm), followed by lift-off in warm acetone
(at 70°C) for 1 h.

4.0.0.1. (F-PEA),Pbl, Single Crystals: F-PEAI single crystals were syn-
thesized with antisolvent vapor-assisted crystallization, a simple, one-step
method carried out at room temperature. 230.5 mg Pbl, and 267 mg
4-Fluoro-Phenethylammonium iodide were dissolved in 1 mL GBL and
stirred at 70 °C for 30 min. Precursors solutions were prepared in an N,-
filled glovebox. 2D perovskite single crystals were synthesized as follows:
glass slides were cleaned with acetone and water in ultrasonic bath for 10
min each and then soaked into a TL1 washing solution (H,0,/NH;/H,0
1:1:5, v/v), heated at 80 °C for 10 min to remove organic contamination
and finally rinsed ten times in water. The perovskite solution (2 uL) was de-
posited on the top of the substrate and immediately covered by the second
glass substrate. Then, a small vial containing 2 mL of dichloromethane
(DCM) was placed on top of the two sandwiched substrates. The two
sandwiched substrates and the vial containing DCM were placed in a big-
ger Teflon vial, closed with a screw cap and left undisturbed. After 12
h millimeter-sized crystals appeared in between the two substrates hav-
ing a thickness varying from a few to ten micrometres. Atomic force mi-
croscopy measurements on the 2D (F-PEAI),Pbl, were carried out with a
commercial AFM system (Bruker Dimension Icon XR) using a SiN can-
tilever (PFQNE-AL) with a resonance frequency of 300 kHz and a Si tip
(curvature of 5 — 12 nm), see Section S9 (Supporting Information).

Synchrotron Single Crystal X-Ray Diffraction: The single-crystal X-ray
diffraction data measurements for F-PEAI were carried out at the beamline
PXIII (X06DA-PXIII, http://www.psi.ch/sls/pxiii/) at the Swiss Light Source
(SLS), Villigen, Switzerland, using a Parallel Robotics Inspired (PRIGo)
multiaxis goniometer!®*] and a Pilatus 2M-F detector. Data collection was
performed at low temperature (T=100 K) with a 90 x 50 um? beam at
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an energy of 17 keV (A = 0.729317 A) on a selected crystal mounted on
litholoops (Molecular Dimensions). A 360° data set was collected in shut-
terless mode in steps of 0.5° at a speed of 0.25 s/step. Diffraction data
were processed and corrected for absorption using XDS,[4] a data reduc-
tion software based on eight subroutines; the integrated intensities were
scaled and corrected for absorption effects by the XSCALE subroutine.[%4]
Data collection, processing and main structure refinement details are pro-
vided in Table ST (Supporting Information) of Section S1 (Supporting In-
formation).

Technical Aspects of the Device Characterization: The room tempera-
ture spectroscopic, photocurrent and real-time measurements were ac-
quired using a custom-built optoelectronic characterization system opti-
mized to probe the photophysical properties of 2D materials.[%°] The sys-
tem embeds a number of solid state laser sources (Coherent OBIS 375LX,
473LS, 514LX, and 561LS and Omicron LuxX 685, with powers ranging
from 30 to 50 mW). Each laser was digitally modulated and the power
was adjusted using an analog signal. Custom-built drop-in-filter systems
were used to introduce commercial neutral density, polarisers, notch, and
bandpass filters in the optical path of the lasers and the microscope. The
spectrometer was a Princeton Instruments Acton SP2500, equipped with
three dispersion gratings (1200 gmm~" with 500 nm and 750 nm blaze,
and 1800 gmm~" with 500 nm blaze) and it was equipped with a Prince-
ton Instruments PIX1S400-eXcelon back-illuminated, Peltier cooled, CCD
camera. The optical path could be configured for Raman, photoluminesce,
and transmission/reflection spectroscopy and laser light illumination for
photocurrent maps simply by replacing or removing the appropriate fil-
ters. The sample stage is a Prior Scientific OptiScan ES111 with a ProScan
111 controller with a minimum step size of 100 nm, enabling the accurate
control of focused laser light for photocurrent maps with a spatial reso-
lution of 1.2 x 102 cm? limited by the laser beam diameter. Calibrated
power meters and fast photodetectors were used to measure the light in-
tensity. For the time resolved photocurrent measurements a pulsed laser
source (4 =405 nm, Thorlabs NPL41B - Nanosecond Pulsed Laser Diode
System). The transient voltage was measured using a real-time digital os-
cilloscope (Rohde & Schwarz 2 GHz Series 1000 Digital Oscilloscope). The
use of such a fast oscilloscope, makes it possible to eliminate any amplifier
from the measurement circuit, which was ideal as amplifiers tend to intro-
duce spurious limitations to the bandwidth. On the other hand, the limited
voltage resolution of the oscilloscope (%1 mV) normally requires the use
of high irradiance in photodetectors and large bias. For these reasons the
fast time reponse was measured utilizing the NPL41B-Nanosecond Pulsed
Laser at high irradiance of 100 Wem™2 whilst applying a source-drain bias
of 20 V across the device. The commercial photodiode used to benchmark
the F-PEAI photodetectors was a Thorlabs DET025A/M (Si) with a rise/fall
time of 0.150ns.The device performance did not change after the mea-
surements with the pulsed laser. The cryogenic opto-electronic character-
ization was carried out in a liquid He ICE Oxford cryogenic set up with a
cryo-compatible incoherent UV light source (400nm). Each photodetector
had been exposed for a minimum of 400 h of continuous illumination and
they have been subjected to several thermal cycles from room temperature
down to 4.2K showing <5% change of the measured relative photocurrent
after the third thermal cycle, see Section S4 (Supporting Information). The
electronic image of the Exeter University logo was obtained by mounting
a 2D F-PEAI pixel on a microscope stage and rastering it underneath a
back-lit mask with a negative of the logo of the University of Exeter and us-
ing an incoherent LED white light source. Finally, the bending tests where
conducted in ambient conditions, and by pressing the substrates against
a rod of radius ~ 3.5 mm achieving a bending angle 150°.

Density Functional Theory Calculations: The first principles investiga-
tion was performed using the VASP density functional theory package.
This approach was based upon a plane-wave basis set with project aug-
mented wave (PAW) pseudopotentials. The Generalized Gradient Approx-
imation (GGA) was used for the exchange-correlation potential with a PBE
framework.[%¢] In order to more accurately estimate the electronic struc-
ture, the hybrid functional HSE06[33] was applied after the GGA relaxation.
Since organic molecules are present, D3 correction was also applied to ac-
count for the van der Waal interactions. Valence electrons were modeled
for the elements as followed, 2522p? in C, 1s' in H, 5s25p° in |, 4s%4p°
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in Br, 2s?2p® in N, 6s26p? in Pb and 6s25d° in Au, respectively. All calcu-
lations use an energy cut-off of 700 eV. In the relaxation calculations, the
structures were considered relaxed when the maximum force acting on
any atom was within 5 meVA=" and a3 x 3 x 1 (12 x 12 x 4) Monkhorst
Pack grid of k-points for relaxations (calculation of electronic properties)
was used. To calculate the absorption spectra,the approach of Tsai was
followed,[¢”! which did not include many body effects necessary to cap-
ture excitonic behavior.

Exciton Binding Energy:  Assuming a conduction band edge at 425 + 10
nml%8] corresponding to the DFT calculations E,,, ~ 2.90 + 0.05 eV, and
the exciton line at 523 + 10 nm E,, = 2.37 eV, the binding energy of the
exciton can be estimated E, = E_,, — E,, = 540 & 10 meV consistent with
previously reported values.[®®] The calculations show the exciton reduced
mass is 0.177 (0.135 using PBE functional).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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