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ABSTRACT

Colloidal quantum dots of lead halide perovskites (PQDs) have drawn much attention in the field of various
optoelectronic applications such as solar cells, lasers and light emitting diodes (LEDs) due to their size- and
composition-dependent optical bandgaps (Eg), high absorption coefficient, defect tolerance band structure and
narrow band emission. Various PQDs such as CsPbls, FAPDbIs, and CsixFA«Pbls have been largely used as a
photovoltaic absorber in room-temperature and solution-processed thin film solar cells because of the use of
pre-crystallized PQDs while fabricating the PQD thin films, which lead to the absence of thermal annealing
process normally used in conventional perovskite thin film approach. For analysing the charge transport prop-
erties, the PQDs could be employed on photodetectors. Because of low trap density, long carrier life time and
diffusion length, PQDs are an ideal material to improve the performance of the photodetectors. PQDs are used
a semiconducting material in the photodetector which absorbs the incident photon and generate the electron-
hole pair. Photocurrent is generated as result of extraction of the charge carries with the application of external
or build-in electric field. In particular, transistor-type photodetector is used, as the photoresponsivity of the
material increases without the loss of response speed. During the operation of the device, the high mobility of
the material is obtained through the accumulation of charge carriers across the channel. Also, due to the reduced
recombination rate of the photogenerated electron-hole pair, the carrier life time is increased.

In this work, we introduce a strategy to improve the inherent charge transporting of the PQDs thin film by
selective removal of anionic oleates and cationic oleylammonium. First, to study on the optical properties of the
PQDs, CsPbl; and FAPbI; are synthesised through hot injection method. The A-site interplay between the
CsPbl; and FAPDI; leads to the formation of Csi.x<FAxPbls through controlled cation exchange reaction. Also,
since the amount of ligands bound to each PQDs varies after the synthesis, the removal and replacement of the
surface passivating long chain ligands with a short chain ligand through ligand exchange mechanism improves
the coupling between the quantum dots. Furthermore, to study the inherent charge transport mechanism, incor-
porating the PQDs in transistor-type photodetector lead to many significant observations.

Keywords: PQDs, Cation Exchange, Anion Exchange, Inherent charge transferring.
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PART 1

Synthesis of band-gap tunable perovskite

Quantum dots



1. INTRODUCTION

Looking over the energy demand, the world is encountered by non-sustainable resources
which include coal, oil and natural gas. So, alternative for these is the renewable resources
which mainly include solar energy. But, replacing the existing silicon wafer technology with
an energy conversion is crucial for obtaining economic solar technology. In the recent dec-
ades, the lead halide perovskites (LHP’s) have drawn much attention in the field of optoelec-
tronic devices like light-emitting devices and photodetectors due to their tunable color wave-
length, high electron/hole mobility, strong light absorption coefficients, defect tolerance, nar-
rowband emission, and electrical properties. Apart from these properties, they can be easily
synthesized through solution processing and the cost of the fabrication is less, which makes
it an important candidate for optoelectronic devices 2. Due to the prospect of size control-
lability and quantum size effects, these perovskite nanocrystals(NC’s) in the form of quantum
dots have been adopted for the photovoltaic and optoelectronic application .

1.1 Perovskite Crystal Structure

The main material of interest exhibits the ABX3 structured perovskites (where A and B rep-
resent the organic-inorganic cation and Pb respectively and X is the halide anion) which in-
cludes the inorganic LHP’s, i.e., CsPbls and the hybrid organic-inorganic LHP’s, i.e.,
MAPDBI3 (MA: CH3NH3" - Methylammonium) and FAPbl; (FA: CH(NH)." - Forma-
midinium). These materials can be tuned in the ultraviolet to near infra-red range based on
the cationic ratios (for FA-Cs) and halide compositions or crystal size of the perovskites based

on the synthesis



[ The lattice structure and the photoconductivity of the perovskite materials especially

CsPbls were reported late back in the early 1950s P,
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Figure 1. NREL Solar Cell Efficiency Chart
But until date, the record-breaking efficiency of the perovskites based devices has risen from
3.8% to 23.3% in recent years [¢1. Considering the Goldschmidt Tolerance Factor(GTF),
CsPbls and FAPbIs fall into the category of the established perovskite taking into account the
A-site radius of Cs and FA to be 167pm and 253pm respectively [l. The bandgap of cubic
CsPbl3 and FAPDI3 are 1.73ev and 1.48ev respectively. The interplay of the A-site by the
mixed cation (FA" and Cs*) may result in a wider bandgap and achieving the structural sta-
bility of the perovskite making the bandgap nearing to 1.75 eV Bl The inorganic CsPbls
occurs in two phases namely the yellow non-perovskite phase that exists as orthorhombic

crystal structure (Eg = 2.78 eV) is unstable in the normal environmental conditions and the

-3-



stable black perovskite phase which overcomes in the temperature range of 200°C to 300°C
as cubic crystal structure. But the organic-inorganic FAPbIs resolves by answering to the
equilibrium between thermal and structural stability 1,

As a new type of light-harvesting materials is known to possess excellent optoelectronic

Figure 2. Perovskite crystal structure

properties even exceeding those of Methylammonium lead iodide (MAPDbI3) and Cesium
Lead lodide (CsPbls). The tuning of the A-site by alloying the cesium (Cs®) and forma-
midinium (FA™) perovskite quantum dots enables the formation of FA1xCsxPbls which show
tunable emissions in the IR and near IR rangel*°l.

1.2 Solution Processing of Perovskites

Synthesizing the colloidal perovskites quantum dots are focused on mainly two different
techniques: (i) ligand assisted re-precipitation and (ii) hot injection method. Overviewing the

solution processing aspect, the hot injection method tends to be more advantageous over the

-4 -



other, as the results would likely to get highly monodispersed quantum dots Y. The hot
injection synthesis of the PQDs facilitates distinctive features over those contributed from
the conventional film as it enables the grain growth to be decoupled from the assembly of the
film. The main problem of implementing the quantum dots in PV application is the presence
of long chain organic ligands such as oleates and oleylammonium. These long chain ligands
play a crucial role in the formation of the PQDs for improving the charge transporting?l.
During the synthesis of PQDs, the cations such as Cs*, NH3s* and Pb2", and anions like I and
COO assemble themselves to form the PQDs cores. These ligands cooperatively bind with

the resulting surface of the QDs which can be influenced by the surface chemistry. Therefore,
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Figure 3. Goldschmidt tolerance factor for perovskites cations



removal of these ligands not only improves the stability of the perovskites but also improves
the inherent charge transport phenomena. Considering the Goldschmidt tolerance factor the
CsPblz and FAPDI3 fall in the category of established perovskite. The interplay of the A-site
through the cation exchange mechanism by mixing cations like Cs* and FA* may result in
the better structural stability of the PQDs. The presence of the larger cation in PQDs (i.e.,
FA1xCsxPblz) results in fewer surface passivating ligands as compared to the pristine QDs
thereby increasing the charge carriers. As mentioned previously, the implementation of sur-
face ligand exchange treatment could improve the inherent charge transport behavior of the
PQDs.

The structural stabilization of the PQDs can be improved by the reaction of methyl acetate
(MeOAC) during the PQD purification. MeOAc separates the PQDs without full elimination
of surface species which is a critical factor for structural stability™l. The assembly of the
PQDs as the film involves the presence of surface passivating ligands like oleates and oleyla-
monium bound to the surface of the PQDs hinder the charge carrier transport. Therefore, to
carefully examine the characteristic transport property of the PQDs, the ligands should be
eliminated. Ligand exchange for the PQDs can increase the stability and performance of the
device. Hence by removing the outbound ligand on the surface, we could naturally study the
characteristics charge transfer properties as well as compare these PQDs. After eliminating
the surface ligands, we can easily compare the charge carrier's inherent properties of the

PQDs!*4l,



In this work, we present a simple hot injection for the preparation of the CsPbls, FAPbI3
quantum dots and also have studied the electrical properties of these quantum dots by incor-
porating in the photodetector. Also, cation exchange is precisely done between these quantum
dots to attain CsxFA1.xPbl3. We have studied the optical properties for the quantum dots syn-
thesized for confirmation of the photoluminescence and absorbance spectra. During the pro-
cess of synthesis, the crystalline structure of the perovskites is accomplished by the stoichio-
metric ratios between long-chain organic ligands (oleylamonium: R-NH3+ and oleic acid: R-
COO-). However, the perovskite is terminated by these ligands, binds to the surface of the
quantum dots in the process of fabrication of the device. For the optoelectronic devices, there
should be a strong pairing between the quantum dots which is accomplished by further puri-
fication of the materials as well as the removal of remaining precursors and replacing the
ligands with suitable surface species resulting from an increased coupling between the quan-
tum dots. For studying the electronic properties, first, we opted the fabrication of film through
simple spin coating. Later, the fabrication of the film was done in various humidity condi-
tions. Ligand exchange is being done carefully, to selectively remove ligands and improve
the coupling between the quantum dots which are incorporated on the photodetector. For this,
we used the Sodium acetate treatment and FAI treatment in order to decrease the distance of
each quantum dot and improve the pairing between them. In the first exchange process, the
oleic acid ligand is removed completely and in the post treatment process the ammonium
ligand are removed. For this we have evidence from the FT-IR showing the reduction in the

(-NH3+) shift. Also from the photoluminescence and absorption spectra we could confirm



the red-shift phenomena while the ligand exchange is done each time. Photocurrent measure-
ments were made with the as-fabricated devices under inert atmospheric conditions. The de-
tectivity and responsivity of the devices were calculated. We also studied the photo-response
of the devices 3], We conclude that FAPbI3 shows the highest detectivity and responsivity

as well as a high on/off ratio as compared to the other devices.



2. EXPERIMENTAL SECTION

Chemicals: Cesium carbonate (Cs2CO3; 99.9%), Oleic Acid (OA; technical grade, 90%),
Oleylamine (OAm; technical grade, 70%), 1-Octadecene (1-ODE; technical grade, 90%),
Hexane (reagent grade, >95%), Octane (anhydrous, > 99%), Methyl Acetate (MeOAc,anhy-
drous, 99.5%), Ethyl Acetate (EtOAc, anhydrous, 99.8%), Formamidinium Acetate (FA-ace-
tate, 99%), Toluene (reagent grade,99.8%) and Lead lodide (PbI12;99.9985%) were purchased

from Sigma-Aldrich.

2.1 Synthesis of Cs-Oleate Precursor.

Cs2C0Os (0.407g,1.25mmol), ODE (20ml) and Oleic acid(1.25ml) were added in a 3-neck
round bottom flask and degassed for 30 min at 60°C and heated to 150°C in nitrogen until
the clear appearance of a solution is observed. Then the Cs oleate was maintained at 80°C

and preheated to 100°C before use.

2.2 Synthesis of FA-Oleate Precursor.

The FA oleate was synthesized by following a previously reported method with slight modi-
fications. Formamidinium Acetate (0.521g, Smmol) and ODE(16mL) were mixed in a 50mL
3-neck round bottom flask and heated to 50°C for 30 min under vacuum. Then it is heated to
120°C in nitrogen until the formation of a clear red colored solution. It was degassed at 50°C

for 30 min and heated to 100°C for usage.



2.3 Synthesis of CsPbls

0.5g Pbl; and 25mL ODE were heated at 120°C under vacuum for 30 min in a 3-neck round
bottom flask. 2.5mL of OA and 2.5mL of OAm was preheated to 120°C and injected into the
reaction mixture and degassed for another 30 min until the Pbl> dissolves and the solution
becomes clear. Then it is heated to 165°C under nitrogen. At 165°C, 2mL of the as-synthe-
sized Cs-Oleate was swiftly injected and immediately the reaction mixture was placed in an
ice bath. For the purification of the QDs, 70mL of MeOAc was added to the stock and cen-
trifuged at 5000rpm for 10 min. The precipitate was then redispersed in 5 mL of anhydrous
hexane and precipitated in 5 mL of MeOAc, and centrifuged at 5000rpm for 10 min. The QDs
were then redispersed in 20 mL anhydrous hexane and stored in the refrigerator. Before using
the QDs, the solution is taken from the refrigerator and centrifuged at 5000rpm for 10 min.

The resulting supernatant is dried and finally, the QDs were redispersed in octane.
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Figure 4. Schematic representation of the synthesis of CsPbls



2.4 Synthesis of FAPbI3

0.344g PbI2 and 25mL ODE were degassed for 30 min at 120°C in a 3-neck round bottom
flask. 4 mL of OA and 2 mL of OAm was preheated to 120°C and injected into the reaction
mixture and maintained in vacuum for another 30 min until the PbI2 dissolves and the solu-
tion becomes clear. Then under nitrogen flow, it is cooled to 80°C. At 80°C, 5 mL of FA-
Oleate is quickly injected into the PbI2 solution. After 5 ~ 10sec, the reaction is quenched in
an ice bath. To the stock solution, 1mL of toluene and 5 mL of MeOAc were mixed and
centrifuged at 5000rpm for 45 min. 7 mL of toluene and 5 mL of MeOAc were added to
redisperse and precipitate respectively and centrifuged at 5000rpm for 30 min. Finally, the
precipitate is redispersed in 4 mL of anhydrous octane.
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Figure 5. Schematic representation of the synthesis of FAPbI3
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2.5 Synthesis of FA1xCsxPbl3

For the synthesis of FA(1-xCsx)Pbls, the optical densities of the colloidal solution of CsPbI3
and FAPDI3 are matched and mixed in appropriate ratios to obtain the proper stoichiometry.

This was done by adding both the solutions and allowing it to react overnight at 85°C.

-12 -



3. CHARACTERISATION
3.1 UV-Vis Spectroscopy

Absorbance spectroscopy of the PQDs dispersed in hexane were recorded in 1cm path length
quartz cuvettes using Cary 5000 UV-vis-NIR (Agilent technologies) spectrophotometer.

3.2 Photoluminescence spectroscopy

PL spectra of the PQDs dispersed in hexane were recorded using a Cary Eclipse fluorescence
spectrophotometer (A exc = 400nm).

3.3 Time resolved PL spectra

The TRPL spectra were measured usingtime correlated single photon counting sys-
tem(Picoquant, Fluotime 200). The PL emission from the samples was collected by a pair of
lenses into the concave holographic gating of 1200 g/mm and detected by photomultiplier
tubes (PMT). The temporal resolution and repetition rates are 80 ps and 10MHz respectively.
The samples were excited with 375 nm pluses (LDH-P-C-375, 3uW) at room temperature.
3.4 X-Ray diffraction (XRD)

XRD patterns were obtained by using Rigaku MiniFlex 600 diffractometer equipped with Cu
Ka X-Ray source (A = 1.5418 A). Samples for XRD measurements were prepared by drop
casting the purified PQDs on a 1cm * 1cm glass substrate.

3.5 Transmission Electron Microscopy

TEM and High-resolution TEM (HRTEM) images were obtained using Hitachi HF-3300 mi-
crocope operating at 300 kV. TEM samples were prepared by dropping diluted solution of

PQDs onto carbon coated 200 mesh nickel grids.

-13 -



3.6 Fourier-Transform Infra-Red spectroscopy
FTIR spectra of the PQDs were obtained using Bruker-AVANCE III 400. The PQDs samples
were coated directly onto a glass substrate through spin coating and measured in the wave-

number between 1250 — 4000 cm™!.

-14 -



4. Results and discussion

We have successfully synthesized the perovskite quantum dots (PQDs) through hot injection
technique by following the procedure reported by Protesescu et al. For the preparation of the
alloyed compound i.e. FA;«CsxPblz, we have followed the previous studies reported by
Hazarika et al with a negligible modification. The Figure 6(a-c) shows the high resolution
transmission electron microscopy (HR-TEM) images of the perovskites samples prepared from
solution phase. We can see that FA | xCsxPbl; retains the cubic morphology of the parent CsPbls
and FAPDbI; with lattice d-spacing of 3.1nm for CsPblz, 3.14nm for FACsPbls, 3.18nm for
FAPbDI;. The phase confirmation of the perovskites samples is studied through X-ray diffraction
(XRD). The cubic phase (pm-3m) is dominant in the spectroscopy which proves the structural
stability of the respective PQDs. The photoluminescence and UV-vis spectra of the pristine
PQDs are shown in Figure 6(d). The as synthesized colloidal nanocrystals are broadly tunable
in the light spectrum especially in the range of 650nm ~ 800nm. The PQDs shows emission at
683nm for CsPbls, 731nm for FA.xCsxPbl; which confirms the exact A-site composition to be
in equal and, 777nm for FAPbI;. The change is observed when the materials are incorporated
into the film showing a significant red shift. Compared to the X-site (anion exchange mecha-
nism), the A-site (cation exchange mechanism) requires well controlled temperatures alloying

for the formation of FA{xCsxPbls.

-15 -
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Figure 6. Transmission electron microscopy images of (a) CsPbls (b) CsixFAxPbI3
(c)FAPDI3 nanocrystals and (d) Photoluminescence of the solution samples. Inset figure

shows the HRTEM of single nanocrystal.

We execute the process at different temperatures based on previous studies, but 80°C pro-
cessing of the parent PQDs is positive for our work. The time dependant photoluminescence
observation shown in supporting information shows the formation of Cs(-x)FAx)Pbls by the
alloying of PQDs. From this figure we can see that the initial peaks of the parent CsPblz and
FAPDI; gradually merge to form FACsPblz overtime. The presence of smaller cation such as

Cs" when combined with larger cation like FA" tends to lower the effective radius of the alloyed
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perovskite. This nearly equals the tolerance factor of the cubic lattice structure which corre-
sponds to the black perovskite phase. Thereby, the black perovskite phase is almost preferred
as the alloyed compound would likely to supress the yellow hexagonal phase which is not
entropically stable. The thermal and structural instability mainly occur in the native perovskite
structure, hence the need for alloying the parent PQDs i.e. CsPbl; and FAPbI; is essential to
succeed the above mentioned factors. We fabricated the perovskite QDs dispersed in octane on
the substrate through spin coating method as previously mentioned work. For the inherent lig-
and removal and incorporation of FA™ on the surface of the QDs, we first treated the film with
a saturated solution of sodium acetate solution in methyl acetate after fabricating each layer.
Finally, as a post-treatment process we finally immersed with a saturated solution of AX salt
(Formamindium Iodide salt) to complete the ligand exchange with FA™. Figure 6 represents the
schematics of ligand removal of each QD in a stepwise manner for the assembly of film. For
the CsPbls, in the first step of ligand exchange, the removal of oleic acid ligand tends to be the
maximum as the A-site does not contain any of the FA™ in it. But looking forward on the other

QDs, there tends to be little different case as the A-site of the QDs contain FA™,
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Figure 7. Schematic representation of removal of long chain oleic acid and oleylamonium ligand and
incorporation of FA" cations.
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In case of FA(1.xCsx)Pbls, after the first ligand exchange process, we could sense some FA™
has already been incorporated on the surface of the QD. In the last case of the FAPbI3, the

oleic acid has been completely removed and the amount of FA" incorporation is the maxi-

mum.
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Figure 8. Shifting of PL peaks in the process of ligand exchange (a) CsPbls (b) FA;«Cs«Pbl;

(c)FAPbI; nanocrystals and (d) Summarized chart representing the peak position shift.
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This reaction is known to be as the Ester hydrolysis that particularly occurs in the controlled
humidity environment in which the moisture in the atmosphere helps to generate acetic acid
and methanol from methyl acetate. In the process of post treatment with FAI the removal of the
oleylamonium ligand occurs as the FA" completely gets bound on the surface of the QDs. This
is more significant in the CsPbls, as it contains only the ligands and no other FA™ cations in-
corporated on the surface. The purpose of treating with FAI and ethyl acetate is to specifically
target the oleylamonium ligands and replace with FA™ cations. Figure 8 shows the evidence
from the photoluminescence spectra of the QDs after each process. There seems to be a shift

of the spectra when the QDs are assembled as film.

CsPbI,
\/"\/—/\\/ oy

FAI treated

FACSPIJI3
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Figure 9. FTIR spectroscopy of pristine and ligand exchanged samples of the PQD film.
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In case of the spectra of solution samples, the emission occurs from directly from the QDs.
When dispersing the samples in non-polar solvents like hexane, the particles free themselves
from the ligands and the distance between each QDs are very much large. But assembling the
QDs as film, the distance between the QDs becomes minimum and ligands confines themselves
on the surface. Therefore, we could observe a slight red shift in the spectra. Yet again, the
spectral shift is observed when comparing the pristine film sample and first ligand exchange

treatment process.
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Figure 10. Time resolved spectroscopy of pristine and ligand exchanged samples of the PQD film.

This is owed to point that oleic acid ligand is completely removed from the surface of the QDs.
In the final post treatment process, we could observe a huge red shift of the spectra (in case of
CsPbl; & FA(1x)Csx)Pbls) and a very marginal shift (in case of FAPbI3) due the removal of
oleylamonium ligand and incorporation of FA" on the surface. Figure 8(a-c) shows the shift of
photoluminescence spectra of the CsPbls, FA(1.xCsx)Pbls & FAPbI; respectively. We have
compared each spectra obtained after each process. Figure 8d represent the summarised pho-
toluminescence shift of each QDs. We observed that the change of PL spectra of FAPbI; tends

to be the small as compared to the others as the surface of QDs has been already incorporated
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with maximum number of FA". Also the CsPbls, has the maximum shift of PL spectra as more
number of oleylamonium ligand is replaced with FA™.

To confirm the ligand exchange process, we further investigate through Fourier transform in-
frared spectroscopy(FTIR) spectra for the PQDs as shown in Figure 9. We measured the spectra
of the PQDs for pristine sample as well as for the ligand exchanged samples. For the pristine
samples, we could observe the —-CH»> symmetric and asymmetric stretching in the range of 2840
—2950 cm™! and ~CH2 bending at 1466 cm™'. The carboxylic group bending can be observed
in the range of 1640 cm™' which originates from the oleic acid and oleylamonium. When the
ligand exchange process is done we could witness that the bending vibration is completely
decreased confirming the removal of oleic acid and oleylamonium. The excess peaks for the
CsPbl; confirms the successful incorporation of FA" on the QD surface.

Further time resolved photoluminescence spectroscopy (TRPL) was conducted to obtain the
confirmation of surface ligand exchange removal. TRPL is mainly executed for the examina-
tion of exciton lifetime according to the surface passivation which is done with short chain
ligand (FA™). Figure 10(a-c) shows the TRPL analysis for the perovskite QDs before and after
ligand exchange process. From the figure, we could say that the exciton lifetime is increased
as the surface passivating ligand decreased after the ligand exchange is carried out. This tell
the fact that when the exciton lifetime is increased the non-radiative recombination is dramat-
ically reduced. The TRPL decay curve deviates from single to multi exponential as the surface
passivating ligand decreases. Therefore, we could confirm that the long chain oleic acid and

oleylamonium were passivated with the FA™ successfully.

=22 -



PART 2

Application of PQDs in Photodetector
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1. Introduction

Photodetector is a device that converts light signals into electrical signals and acts like a human
eye. The important parameters include spectral response range, sensitivity, response time, EQE
and stability. At present the most widely used photodetectors in business are based on silicon
materials. However, the high cost may provide limitations on their applications. Recently, so-
lution-processable perovskites with a lower trap density, high quantum efficiency, small exci-
ton binding energy, long carrier diffusion length and long life of carrier is becoming an ideal
material for highperformance photodetectors. According to the configuration of devices, per-
ovskite photodetectors can be divided into three types: photoconductors, photodiodes and pho-

totransistors.
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Figure 11. Representation of types of photodetectors

Perovskites-based photoconductors have an obvious merit of relatively facile fabrication pro-
cess, using metal-semiconductor—metal structures. However, the large dark current usually
forms ohmic contact, and the large applied voltage limited the detectivity. In 2014, however,
solution-processed MAPbX3 was first used as a photoconductor for a broadband wavelength
from 310 to 780 nm. Although the rise time and decay time were about 0.2 s 2, the EQE reached

1.19 x 103 % at 365 nm!*®l. In fact, this structure showed the original properties of perovskites
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and was easily for encapsulation to achieve a stable device, such as the use of a water-resistant
fluorous polymer to increase the device stability™"],

Furthermore, a photodiode with p—n, p—i—n, or Schottky junction provides a fast response
speed and high detectivity. This is because the built-in electrical field at the junction interface
can promote the extraction of photoexcited carriers at low driving voltages. Therefore, in 2016,
a diode-type photodetector based on perovskites as the active layer showed ultrafast response
time of =1 ns with operation at zero bias owing to the high mobility of perovskite layer and
low trap density™8l. However, the use of ITO may limit its application for UV-region detection
due to the strong absorption of ITO below the light wavelength of 350 nm.

A phototransistor with a gate electrode is a reasonable device design to increase the photore-
sponsivity without sacrificing the response speed. For example, ambipolar solution-processed
perovskites phototransistors showed a dark current less than 0.5 nA and a high photocurrent of
0.1 mA under white-light illumination. After applying a gate voltage, the photogenerated car-
riers accumulate in the channel, resulting in a higher mobility than other photodetector struc-
tures. In addition, the carrier lifetime will be increased owing to the reduced recombination of
the photoexcited electron—hole pairs in the perovskites channel,[*! and the photoresponsivity
can reach 320 AW, which is higher than commonly used silicon photodetectors (~300 AW 1).

Photodetector plays an important role in signal processing, communication, and biological im-

aging.
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FET is an archetype of electronic devices. Although the high-mobility silicon crystal semicon-
ductors have been widely used in modern electronics, they are expensive, heavy, and often

require high-temperature preparation

4

.’t ) -

P PSP 4S S

SiO,

Si

Figure 12. Perovskite-based FET device

Organic semiconductors, on the other hand, can be processed by low-cost solution methods,
but weak van der Waals interactions between molecules limit the mobility of carriers. Molec-
ular-level composite of organic and perovskites partners may enjoy the advantages of solution
processing and high mobility. The inorganic components form frameworks that combine via
covalent or ionic bonds to increase carrier mobility. Organic components promote the overall
self-assembly of perovskite materials and create an opportunity for solution processing. By
designing suitable organic components, the energy levels and dimensions of the perovskites

could be changed and improved the performance of FETSs.

-26 -



2.Device Fabrication

PQD films were fabricated using previously reported methods (4). Saturated Sodium Acetate
(NaOAc) in MeOAc solution and AX salt (where AX = FAI) in EtOAc solution were prepared
by sonicating 20 mg of NaOAc (or AX salt) and 20 ml of MeOAc (or EtOAc) for 10 min.
Because all the salts were only slightly soluble in their corresponding solvent, excess salt was
removed via centrifugation at 3500 rpm for 5 min. Each layer of PQDs was spincast from a
concentrated QD solution in octane (~75 mg/ml) at spin speeds of 6000 rpm for 20s. The film
was then briefly dipped (~1 s) into the NaOAc in MeOAc solution, rinsed in a solution of neat

MeOAc, and then immediately dried in a stream of dry air.

Ligand Exchange
30pL solution of NaOAc solution process
75mg/mL

JEPR

PQD
Solution

i~

Methyl Acetate
solution FAI Ligand Exchinge Methyl Acetate
Post treatment process solution
|
1

Figure 13. Ligand Exchnage process of PQDs

This process of spin-coating PQDs and dipping in NaOAc in MeOAc solution was repeated
tow to three times to achieve a total film thickness of 100 to 300 nm. Once the desired film
thickness was achieved, the films were posttreated by soaking the film in the AX salt in EtOAc

solution for 10 s before rinsing in MeOAc and then immediately drying under a stream of dry

=27 -



air. All film fabrications were carried out under dry ambient conditions (relative humidity,~16

to 20%).
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3.Results and Discussion

For better understanding of the inherent charge transfer properties of the PQDs on their pho-

toresponse performance, transistor-type photodetectors were fabricated with CsPblz, CsixFAx-

Pblz, FAPbIs. For the fabrication of the device, we first deposit 100nm thick SiO> on a silicon

substrate and later gold electrodes are patterned on using lithography technique.
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Figure 14.(a)l-V characteristics of CsPbl; as a function of incident light intensity. (b) Dependence of

responsivity and detectivity on incident power of CsPbl; photodetector measured at Vds = 5V and

Vg = 0V. (¢) Photocurrent-Time (Ipx-t) response measured in dark and under illumination using a laser
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source at 405nm. (d) Time resolved analysis of rise and decay time @42.6W/cm?2.

A uniform film of the perovskites was assembled on the device to check the performance. The
width of the channel is 3um. Figure 14(a), 15(a) & 16(a) shows the I-V curve of the colloidal
nanocrystals in the dark and under laser light of 405nm with incident power ranging from 0.426
to 42.6W/Cm?. We can see that the behaviour of the I-V is linear which tells that device has a
good ohmic contact between the electrodes and perovskite QDs. In the applied dark state, the

photocurrent obtained is nearly in the range of Pico ampere. Under illumination,
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Figure 15. (a)l-V characteristics of FA;«CsxPbls as a function of incident light intensity. (b) Depend-
ence of responsivity and detectivity on incident power of FA(1.xCsxPbls photodetector measured at
Vs =5V and V= 0V. (¢) Photocurrent-Time (I n-t) response measured in dark and under illumination

using a laser source at 405nm. (d)Time resolved analysis of rise and decay time @42.6W/cm?.

photon absorption occurs and consequently large amount of electron-hole pairs are generated
over the applied electric field. Compared to the pristine film of the perovskite samples, the FAI
treated film show much higher photocurrent. Among the 3 perovskite QDs device, FAPbI;
shows the highest photocurrent gain under the maximum incident power. This fashion is ob-
served across the devices as the number of surface ligand removal in initial stages makes strong
coupling in the QDs and in the post treatment of the devices with metal halide salt, the strong

interaction transforms into bulk perovskite film. From the Figure 13(b), 14(b) & 15(b), the
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Figure 16. (a)l-V characteristics of FAPbI; as a function of incident light intensity.(b) Dependence of
responsivity and detectivity on incident power of FAPbI; photodetector measured at Vg = 5V and V,
= 0V. (¢) Photocurrent-Time (Ips-t) response measured in dark and under illumination using a laser

source at 405nm. (d)Time resolved analysis of rise and decay time @42.6W/cm?.

detectivity and responsivity of the device can be easily extracted. The responsivity is defined
as the ratio of photocurrent (Iph — ldark) divided by the incident power of the light. Both of the
parameters exhibit a sublinear dependency of the optical power, which can be fitted using the

power law, Ipn ~ P% The process of electron-hole pair generation, recombination and trapping
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within the material gives the non-unity exponent fit (0.5<a<1). The equivalent D* (jones) was
found out using the relation, D* = R/(2eldar/A)">, where R is the responsivity of the device, e
is the charge of the electron (1.6 x 107') C, Iqar is the dark current of the device and A is the
area of the device. Photoresponse i.e., the rise and decay time of the device when light is
switched ON/OFF is one of the main figure of merits. Figure 14(c), 15(c) & 16(c) shows the
photoresponse characteristics of each device respectively. Laser light of 405nm was used to
measure the photoresponse of each device. We have also made the time resolved photoresponse
analysis of each device which shows in detail the rise and decay time which is represented in

the Figure 14(d), 15(d) & 16(d).

4.Conclusions

We optimised the synthesis parameters for PQDs and cation exchange of Csi<FAxPbl; .By the
ligand exchange method, we could replace the long chain ligands with short chain ligands
(FA cations). By the characterisation techniques, we confirmed the replacement of long chain
ligands.We implemented the PQDs on the photodetector for investigating the inherent charge
transport through photoresponse. Among the 3 PQDs used we say that FAPbI3 is the best in
case of photocurrent gain and photoresponse. Also the detectivity and responsivity of the

FAPbI; was the highest compared to other PQDs.
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