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@ Abstract

Abstract

Photodetector, which harvests light and converts it into electrical signals, is one
kind of essential optoelectronic device extensively used in fields of environmental
monitoring, imaging, optical communication, and biomedical sensing. Organic-
inorganic halide perovskites (e.g., MAPbI3) have been regarded as revolutionary
candidate materials for photodetectors because of their outstanding optoelectronic
property and low-temperature solution processability, which require simple
manufacturing technologies and low-cost facilities to attain sizeable photoresponse.
Likewise, the optimal performance of perovskite photodetectors (PPDs) has grown to
a level comparable to those of main inorganic semiconductor materials (e.g., MoSa,
WSe,, Graphene, and Si) in commercial market. Notably, various types of halide
perovskite materials have recently developed based on their outstanding structural and

compositional tunability.

In this thesis, the dimensional and compositional modulations on perovskite
materials were reviewed briefly. Then, the working mechanisms, performance
parameters and sensing applications of PPDs were systematically investigated. My
works were mainly divided into two parts. The first one was a series of
(PEA)2(MA)n-1Pbnlzn+1 perovskite thin films designed and fabricated by a convenient
hot-casting method to obtain gradient n-number in the films, which can lead to the
formation of vertical two- /three-dimensional (2D/3D) heterojunctions that can enhance
charge separation in the films under light illumination. Based on a single gradient
perovskite film, the optimal photodetector exhibited the high responsivity of 149 AW

and specific detectivity of 2 x 102 Jones. This work opens up the possibility of
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constructing a type of dimensionally graded perovskite heterojunction in high-

performance optoelectronic devices.

Another work was to apply the Sn-containing perovskite alloy MAg sFAo5(Pbi-
xShx) I3 with a bandgap lower than those of both end compounds as a photoactive layer
in the near-infrared (NIR) photodetectors. Here, a high-performance phototransistor
based on a single layer of Sn/Pb-based perovskite alloy has been demonstrated with
ultrahigh responsivity of ~ 10® AW and specific detectivity of ~ 1014 Jones in NIR-II
region. Although Sn/Pb-based perovskite alloys are successful introduced in solar cells
and even in photoconductors and photodiodes, they have never been used in
phototransistors until now. This work provides a promising composition control

technique for future exploration of ultrasensitive broadband perovskite phototransistors.
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ng‘/b Chapter 1

Chapter 1 Introduction

1.1 Background

Since the invention of the first perovskite-based optoelectronic device by
Kojima et al. in 2009, [1] perovskite has drawn great attention as a new category of
semiconducting materials on account of remarkable optoelectronic properties.
Benefiting from desirable features in the large light absorption coefficient, long carrier
diffusion length, high carrier mobility, and direct bandgap, [2-10] a variety of perovskite
materials with a typical formula of ABX3 (A and B are cations, and X is anion) have
been developed to be integrated into plentiful optoelectronic devices, such as solar cells,
light emitting diodes (LEDs), and photodetectors(PDs), opening a new door to the next-

generation optoelectronic applications.
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10 Nl s it AW
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Figure 1.1 Comparison of the optimal parameters (specific detectivity (D*),
photoresponsivity (R), and response time) of photodetectors fabricated by the
semiconductors including conventional silicon (Si), two-dimensional (2D) materials,

and perovskite. [11]
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As the power conversion efficiency (PCE) of perovskite solar cells (PSCs) has
skyrocketed from 3.81% [1] to 25.2% [12] within the past decade for development,
perovskite photodetector (PPD) has also become a hot spot for research. Photodetector
is an essential optoelectronic device that can harvest light and convert it into electrical
signals. By using different structures and detection mechanics, the devices have been
broadly applied in environmental monitoring, imaging, optical communication, and
biomedical sensing. [13-19] Photodetections are recently dominated by the devices
made from traditional inorganic semiconductors (e.g., Si, GaN and InGaAs) [20, 21]
Nevertheless, their fabrication processes generally require complicated manufacture
technologies and expensive facilities for a thick semiconducting layer to attain sizeable
photoresponse, adding an increase in cost and precluding the possibility for use in
flexible photodetector. To circumvent above drawbacks, PPD has emerged as a new
class of revolutionary candidate devices in recent years due to their low-temperature
solution processability and tunable optical properties, which is witnessed by the optimal
performances comparable to or even better than those of the popular inorganic
semiconductor materials (e.g., MoSz, WSez, Si, and Graphene) as depicted in Figure

1.1. [11]

In recent years, various types of halide perovskite materials have been widely
investigated in photoelectrical applications due to their outstanding compositional and
structural tunability. A wide range of compounds can be chosen by using different A-
site monovalent cations (e.g., inorganic Cs*; organic CHsNH3z"(MA) and
CH(NH>)2*(FA)), B-site divalent metal cations (e.g., Pb?*, Sn?*, and Ge?*), and X-site
halide anions (e.g., CI, Br, and I'), offering preferable photodetections of UV, visible,

and near-infrared (NIR) light signals. Moreover, the metal halide octahedra [BXs]* as
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a basic building block of the perovskites can be connected in different dimensions. In
contrast to the high-performance three-dimensional (3D) PPDs generally suffering
from the poor phase stability in ambient air, two-dimensional (2D) PPDs enable the
protective layers consisting of large organic spacer cations (e.g.,

CesHs(CH2)2.NH3"(PEA)) to block moisture and oxygen from surrounding environment.

1.2 Obijectives of Research

Highly sensitive PDs have broad potential applications in the world. It is
important for the photodetectors to possess repeatable transduction operations over long
periods, but the relatively poor stability and reliability of conventional 3D perovskite
materials seriously hamper their practical utilizations. [22-25] Various 2D perovskite-
based PDs have been reported in recent years, yet the sensitivity of the devices is rather
low mainly due to the strong quantum confinement. [26-28] Motivated by tunable
optoelectronic property of the perovskite materials, the gradient perovskite
heterojunction is considered as a promising photoactive layer in the state-of-the-art

devices with the enhanced charge separation.

Furthermore, near-infrared (NIR) PDs are highly desirable for a multitude of
industrial and scientific applications, such as optical tomography, [29] process
monitoring, [30] night vision, [31] and real-time medical diagnosis. [32-37] However,
the response of typical Pb-based perovskite devices is generally below than 800 nm.
When Sn-based perovskites present the low-energy absorption edge because of their
small bandgaps (e.g., 1.4 eV for FASnI3), Sn/Pb-based perovskite alloys with a bandgap

(e.g., MA(PbosSnos)ls (1.17 eV)) lower than those of both end compounds (e.g.,
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MAPDI3z and MASNI3 (1.55 and 1.3 eV)) are potentially superior candidates for the use

in NIR PDs.

Considering the low sensitivity of most quasi-2D PPDs reported in recent years,
the first objective in this thesis is to apply dimensional modulation throughout an
accomplished 2D/3D perovskite heterostructure for reconciling the gap between
satisfactory performance in 3D perovskite devices and excellent stability in 2D
perovskite materials, which realizes heterostructure-assisted charge separation in the
photoactive layer of high-performance PPDs. The second objective is to employ novel
Pb-Sn-alloyed composition engineering to the perovskite films for ultrasensitive
broadband phototransistors, as environmentally friendly Sn-based PPDs always exhibit
the relatively high responsivity but low response speed compared with typical Pb-based
PPDs. Through the in-depth investigation of these novel perovskite materials, the
results would encourage development in the foundational concept and even reveal

further great potential for optoelectronic applications.

1.3  Structure of Thesis

The chapters of this thesis are organized as follows:

Chapter 1: Introduction. In this chapter, the background and significance of the

research are introduced. Also, the structure of this thesis is presented.

Chapter 2: Review of Novel Photodetectors Based on Dimensionally and
Compositionally Modulated Perovskites. In this chapter, the dimensional and

compositional modulations on perovskite materials are reviewed briefly. Then, the
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working mechanisms, performance parameters and sensing applications of PPDs are

systematically investigated.

Chapter 3: Gradient 2D/3D Perovskite Films Prepared by Hot-Casting for Sensitive
Photodetectors. In this chapter, experimental methods including fabrication and
characterization of 2D/3D PPDs will been shown in detail. Then, enhancement of
charge separation by the cascade band structure in the vertical heterojunctions are
demonstrated and the resultant high-performance photodetectors based on this kind of

hybrid films are presented.

Chapter 4: Highly Sensitive Near-Infrared Phototransistors Based on Low-Bandgap
Mixed Tin-Lead lodide Perovskites. In this chapter, the ultrasensitive near-infrared
phototransistors based on Sn-containing perovskite alloy MAosFAqs(Pb1xSnx)ls with

a bandgap lower than those of both end compounds are reported.

Chapter 5: Conclusion and Future Prospect. In this chapter, two experimental results
in this thesis are concluded and the further prospect of research for the perovskite-based

devices is described.
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Chapter 2 Review of Novel Photodetectors Based on

Dimensionally and Compositionally Modulated Perovskites

2.1 Introduction

In recent years, most research reports have worked on perovskite materials
mainly due to their success in solar cells with skyrocketed PCE from 3.81 [1] to 25.2
% [12] within the past decade. Besides the progress of PSCs, the external quantum
efficiency (EQE) of perovskite LEDs also develops rapidly from 0.76 [38] to 11.7 %
[39] within 3 years. Since the invention of the first PPD by Hu in 2014, [13] the optimal
performance of PPDs has also grown to a level comparable to those of popular
inorganic semiconductor materials in commercial market. For instance, owing to a
synergetic effect of perovskite and graphene, the responsivity of PPDs has been

dramatically enhanced from 3.49 [13] to 10° AW [40].
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Figure 2.1 Schematic diagram of various perovskite materials and their reported

applications. [41]

LOI Hok Leung 6



Q’gb Chapter 2

As a hot spot in research, perovskite has been regarded as a promising candidate
material for high-performance photodetectors mainly because of its large light
absorption coefficient, long carrier diffusion length, high carrier mobility, direct
bandgap, and low exciton binding. [2-10] In the case of typical 3D perovskites with
general formula ABXs (e.g., MAPbI3), the Goldschmidt tolerance factor (t) and a

octahedral factor (u) generally govern their formation by the formulas of t =

Ra+Rp
V2(Rp+Rx)

and u = i—i , Where Ra, Rs, and Rx are the radii for the corresponding ions.
It is found that the optimal of perovskite was within the range of 0.80 < t < 1.00 and
0.44 < p <0.90 to form the preferred photo-absorber phase. After filling with a
certain set of A, B, and X -site ions, A-site cations will occupy 12-fold coordinated
voids in a corner-sharing network of the extended anions [BXs]* with balanced charge.
[42] Notably, besides traditional 3D perovskite materials, the low-dimensional

perovskite nanostructures have recent been applied in numerous photoelectronic

devices as shown in Figure 2.1. [41]
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Figure 2.2 Schematic diagram of thin film fabrication based on perovskite martials. (a)

Drop casting. (b) Spin coating. (c) Centrifugal casting. (d) Vapor-assisted solution

process (e) Vapor deposition. (f) Freeze-drying recrystallization. [11]
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The perovskite thin film, as a kind of photo-absorber layer in the photodetectors
with outstanding light absorption coefficient, could adequately harvest light energy
with only 300 nm thickness. [43] Notably, the photo-electric conversion generally
processes in the perovskite layer for suitable light with the energy higher than their
bandgaps, converting photon into electron-hole pairs. The photoexcited pairs will be
separated and then collected by opposite electrodes with either external or internal
electric field. In recent years, numerous studies have been conducted on high-quality
perovskite thin films in order to obtain next-generation perovskite-based devices
(Figure 2.2). [11] Owing to the facile low-temperature solution-processed fabrication
techniques, an optimized polycrystalline perovskite thin film is crucial to realize low-

cost, flexible and ultrasensitive PPDs.

In this chapter, 1 will first review the dimensional and compositional
modulations on polycrystalline perovskite thin films. Then, the working mechanisms,

performance parameters and sensing applications of PPDs will be discussed in detail.

2.2 Overview of Dimensional and Compositional Modulations for

Perovskite Materials

Nowadays, commercial PPDs are still in the starting stage. There are the
challenges for conventional 3D perovskites to realize the satisfactory stability in
ambient air. Moreover, the photoresponse of typical PPDs is generally below than 800

nm. In order to obtain next-generation PPDs, the investigation of perovskite-based
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dimensional and compositional modulations is timely important in photodetection

applications.
2.2.1 Layered Ruddlesden-Popper Perovskites

The past several years have witnessed rapid developments of various low-
dimensional halide perovskite nanostructures for obtaining fruitful progress in PPDs.
Low-dimensional perovskites have attracted wide attention recently because of their
unique quantum confinement effect, large surface-to-volume ratio, and anisotropic
geometry and have been used as alternatives to their 3D counterparts in various
optoelectronic devices. [41] By connecting or isolating the [BXs]* octahedra into
different ways, the crystal growth could be adjusted to form peculiar nanostructures
including zero-dimensional (OD) quantum dots, one-dimensional (1D) nanowires and

2D platelets. [44-46]

Publication Citation
(a) (b)
250 6000
200 5000
150 4000
3000
100
l 2000
50 l l
1000
0 - - - 0 - o W -
2012 2013 2014 2015 2016 2017 2018 2012 2013 2014 2015 2016 2017 2018
Year Year

Figure 2.3 Diagraphs for the number of (a) publications and (b) citations of articles

with the topic “2D halide perovskite materials” in the past decade. [47]

The number of publications and citations for 2D perovskite materials is

exponentially increasing in the past decade (Figure 2.3). The initial preparation
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methods of 2D perovskites are similar with other 2D materials (e.g., MoS,, WSe>, and
Graphene), including mechanical exfoliation, liquid exfoliation, and chemical vapor
deposition (CVD). [48] However, these manufacturing technologies are complicated,
costly, and even lack of appropriate produces with large-area perovskite films. Besides
these 2D perovskite nanoplates, the novel 2D layered Ruddlesden-Popper perovskite
materials have been widely investigated in photoelectrical devices due to their facile

structural modulation.
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Figure 2.4 (a) XRD patterns of the 2D (PEA)2(MA)2Pbslio and 3D (MA)PDbIs films
exposed to 52% relative humidity, where asterisks represent reflections from Pbl>. (b)
Crystal structure of the 2D (PEA)2(MA)2Pbslio and 3D (MA)Pbls, where the inset is
the PEA cation and the different colors represent various kinds of atoms: Pb (turquoise),

| (purple), C (gray). [49, 50]

Ruddlesden-Popper phases have been first proposed by Ruddlesden and Popper
for three compounds with KoNiFs- type structure in 1957. [51] In particular, 2D layered
Ruddlesden-Popper perovskite materials have the general formula of (RNHz)2 An.

1BnXaner (N =1, 2, 3, 4...... ), where RNH3 is a large aliphatic or aromatic
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alkylammonium spacer cation (e.g. PEA, phenethylamine; BA, butylamine; and iBA,
n-butylamine) and n represents the number of [BXs]*™ octahedral layers within each
quantum well. [52, 53] In contrast to conventional 3D perovskites, the large spacer
cations of the 2D Ruddlesden-Popper perovskites (e.g., (PEA)2(MA)a-1Pbnlzn+1) enable
the growth of protective layers to block moisture and oxygen from surrounding
environment, as shown in Figure 2.4. [54-58] Smith et al. have employed 2D
(PEA)2(MA)2Pbslip (n = 3) as absorbers in PSCs, which presents more resistant to
moisture than that of 3D (MA)Pbls. More importantly, while 3D counterparts (e.g.,
MAPDI3) show a fixed band with conventional ambipolar characteristics, [59-63] the
2D perovskite films consisting of alternating layers of inorganic [BXs]*~ sheets (well)
and large organic spacers (barrier) offer possibilities for tuning their optoelectronic
properties. [64-67] Shao et al. have further designed a phototransistor consisting of the
multiphase perovskite heterostructure with high responsivity of 10° AW, [68]
However, such graphene/perovskite hybrid photodetectors usually suffer from high
dark current because of the zero energy bandgap of graphene. [55] Moreover, both the
dry transfer method of transferring exfoliated monolayer graphene on hBN and two-
cycles spin-coating process of controlling BA* concentration in perovskite channel are
comparably complicated. It is noteworthy that effective and facile methods should be

further investigated for layered Ruddlesden-Popper perovskite materials.

2.2.2 Mixed Sn/Pb-based Perovskite Alloys

For hybrid lead halide perovskites, the MAPDLCIs (3.1 eV) shows the larger
bandgap than those of MAPbBr3 (2.2 eV) and MAPDI3z (1.5 eV). Besides the tunable
spectral response with varying halide component, the composition modulation can

further lead to the different device performances. Li et al. showed that the value of
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&

photoresponsivity for the MAPbIs Clx (0 < x < 3) device (47 AW™!) measured at

room temperature was lower than MAPDbI3 device (320 AW !) due to higher dark

current induced in MAPDI;—Clx perovskite film. [59] A perovskite organic-

semiconductor hybrid heterojunction photodetector was reported by Xie et al., which

presented a longer hole lifetime of a device based on MAPbIzxClx/PEDOT:PSS than

that of MAPDIs/PEDOT:PSS. [69] As a result, the MAPDI3xCIx/PEDOT:PSS

phototransistor showed a much higher responsivity of ~ 105 AW, Liang et al. have

further investigated the influence of 1/Br contents in CsPbooSno.1(l3-x Brx) perovskite

films, which suggested that the phase stability of CsPbooeSno.1(IBr2) is superior to

CsPbo.aSno.1(12Br). [70]
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Figure 2.5 Schematic diagram of potential lead-free perovskites with summarized
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Besides the halide content modulation, the Pb-replacement method is recently
another significant research direction. As schematically depicted in Figure 2.5, the
homovalent elements (e.g., Sn and Ge) can be applied for the Pb-replacement. [71]
However, the homovalent replacement category generally causes the instability. In the
case of heterovalent (e.g., Bi and Sb) replacement category, the formulae of AB(Ch,X)3
and A2B(1)B(I11)Xs present an ion-splitting subcategory, where Ch is the chalcogen
element. Meanwhile, the formulae of A>*B(111)Xe and A«B(IV)Xe present an ordered-
vacancy subcategory, where e is the vacancy. The reduction of electronic
dimensionality from both these two subcategories for heterovalent replacement
generally degrades the photoelectronic properties, which causes the inferior

performances of lead-free PSCs and PPDs.

Because of the same possess lone-pair s orbitals, Sn is the most promising
candidate for Pb-replacement. In contrast to Pb-based perovskites, the Sn-based
perovskites show the lower bandgap and higher high absorption for visible light.
However, the instability of high-energy-lying Sn 5s? states can easily break the Sn-I
bonds into high-density Sn vacancies and thus be oxidized to quadrivalent s2. [72] As
solutions for the stability issues to prevent the formation of Sn vacancies and
antioxidant, Sn?*-rich precursor solutions with SnCl, or Snl, additives are generally
used for the fabrication of Sn-based perovskites. Moreover, to solve this obstacle, an
antioxidant additive of ascorbic acid was first introduced in FAo5sMAos5SnosPbosls
PPDs by Jen et al., which can efficaciously suppress oxidation of Sn?* to Sn** states.

[73]
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Figure 2.6 (a) Schematic diagram of bandgaps for MA(Pb1xSny)ls. Valence and
conduction bands: shaded regions; molecular orbitals: thick lines. (b) Atomic structures
of MA(Pb1.xSny)ls alloys, where the colors of Pb, Sn, and | are gray, red, and purple
spheres, respectively. [74]

By assisting with proper antioxidant additives in precursor solutions, stable
Sn/Pb-based perovskite alloys with a bandgap (e.g., MA(PbosSnos)ls (1.17 eV)) lower
than those of both end compounds could be further fabricated for NIR-PPDs. As shown
in Figure 2.6, the valence band maximum (VBM) and the conduction band minimum
(CBM) in the Sn/Pb-based perovskite alloys are formed from interactions between I-p
and Sn-s orbitals and I-p and Pb-p, respectively, which could reduce their resultant
bandgaps. [74] When the ratio of Sn/Pb contents is further changing, the bandgaps

could be also changed with the varying lattice constants. Apart from the broadband
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photodetection, environmentally friendly Sn-based PPDs always exhibit the relatively
high responsivity but inferior response speed compared with typical Pb-based PPDs.
By employing novel Pb-Sn-alloyed composition engineering to perovskite active layers,
the high-performance broadband PPDs might be possibly achieved with fast response

speed.

2.3  Working Mechanisms of Photodetectors

d
Z <
é°b. «°b
F— &
< <
Active layer
Substrate

Figure 2.7 Typical photon detectors for PPDs. (a) Photoconductors, (b) photodiodes,
and (c) phototransistors. [11]

Photodetector is one kind of essential optoelectronic devices, which can operate
via several physical mechanisms, including the photoconductive effect, the
photovoltaic effect, the photogating effect, the photo-thermoelectric effect, the
bolometric effect, and the plasma-wave-assisted (also called Dyakonov-Shur)
mechanism. Based on those sensing mechanisms, photodetectors can be simply divided
into two categories: photon detectors (e.g., photoconductors, photodiodes and
phototransistors, as shown in Figure 2.7) and thermal detectors. [11] The following

section has presented these working mechanisms for photodetectors.
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2.3.1 Photoconductive Effect

The photoconductive effect is a photoelectric phenomenon in which some
semiconductors exhibit the increase in the electrical conductivity by the photon
absorption. Semiconductor materials are often used as the channel of the
photoconductors due to the ordinarily poor conductivity. In darkness, they advertise
only asmall drain-source current (Ips) under a bias applied between the drain and source
electrodes (Vps). Under illumination, the semiconductors become distinctly conducting
when the photons with energy larger than the bandgap are absorbed to excite electrons
into the conduction band. After the additional charge carriers are separated by the Vps,
the free electrons and holes drift oppositely towards the drain and source electrodes that

leads to a net increase of the current (photocurrent, Ipn).

Under a moderate Vps, the majority of carriers have a much higher mobility and
consequently a much shorter transit time than that of the minority of carriers. As the
drift speed of the majority carriers (assumed to be electrons) is much quicker than that
of the minority carriers (electrons), more electrons are supplied from the opposite
electrode and circulate many times in the channel to maintain charge neutrality. The
gain (G) is defined by the ratio of the lifetime of minority carriers (Tiifetime) t0 the transit

time of majority carriers (Twansit), and it can be expressed as the following equation: [63]

G = Tlifetime (21)

Ttransit

It is noteworthy that there is a trade-off between gain and response speed for a
reasonable overall performance. In order to obtain a high gain, the zansit Should to be

short, while the zifetime Should be long. However, the response time is determined by the

LOI Hok Leung 16



Q/'§,‘5 Chapter 2

Tiifetime. AS @ result, the high gain generally induces the relatively long response time of

the photoconductors.
2.3.2 Photovoltaic Effect

Photodetectors that function via the photovoltaic effect are also known as
photodiodes. Based on the different work functions between materials, the built-in
electric field could be conducted at the depleted region (also called junction region) of
the photodiodes. As a result, the effective spatial separation of photogenerated
electron-hole pairs is obtained, and the electrons and holes are propelling towards
opposite directions and collected at opposite electrodes. [75] While an asymmetric
current-voltage characteristic (rectifying behavior) is often presented at the photodiode
in the dark, two modes (the photovoltaic mode and the photoconductive mode) can be
operated under illumination. [76, 77] At zero bias (photovoltaic mode), the junction of
the device separates electron-hole pairs by the built-in electric field and conducts a
photocurrent (short-circuit current, Isc) or a photovoltage (open-circuit voltage, Voc).
A photodiode functioning in this mode has the lowest dark current, thus leading to an
enhanced detectivity that is basically suited to precision applications. Under reverse
bias (photoconductive mode), as the direction of the external electric field is same as
the built-in one, the improved separation efficiency of the electron-hole pairs is
achieved. Meanwhile, because of the reduced carrier transit time and lowered diode

capacitance, the high response speed can be achieved in this mode.
2.3.3 Photogating Effect

The photogating effect can be considered as a special case of photoconductive

effect. [55] Depending on the material properties and device design, sometimes one
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type of carriers (electron or hole) is intentionally immobilized in the phototransistors,
while another type is free to move and contribute to photocurrent. [55, 78] A metal-
oxide-semiconductor (MOS) structure is adopted for the typical architecture of
phototransistors. The channel material generally simultaneously exhibit both superior
mobility for carrier transport, high photoelectric conversion efficiency for efficient
charge generation, suitable and direct bandgap for optical absorption. [79] Moreover, it
should have a thin profile to enable full depletion of the channel by applied gate voltage
(Ve), so that ultralow dark current can be realized. [21] Both gate bias and light can
modulate the carrier density in the channel. As light incidents on the device channel
area and is absorbed by the perovskite, electron-hole pairs are generated by
photoelectric effect and will be extracted to respective electrodes by the Vps. The
applied V¢ can effectively separate the carriers by capacitive coupling, increasing their
recombination time. Sometimes, charge traps in the bulk of the channel or at the
interfaces around the channel selectively trap the photogenerated carriers, realizing a
photogating effect. [69, 78] Quantitatively, the photoconductive gain (Gp), which is
number of carriers contributable to photocurrent per photoinduced carrier, can be

expressed as [21]

_t_
te Ly v

(2.2)

where tr, t;, L, and v are carrier recombination time, carrier transit time in transporting
layer, channel length, and velocity of carrier in transporting layer, respectively. During
the lifetime of the trapped carriers, the carriers in the channel can recirculate many
times, which leads to a high gain. However, the trapped charges usually cause the slow

response speed in the phototransistors.
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2.3.4 Photo-Thermoelectric Effect

The photo-thermoelectric effect, which is also called Seebeck effect, occurs
when non-uniform light-induced heating on two dissimilar conductors or
semiconductors leads to a temperature gradient. A temperature difference (47) can be
obtained between the two substances, which are able to produce a significant
photoresponse. [80] The resultant voltage difference (Vere) can be expressed as: [81,

82]
Vpre = (81— S2) AT (2.3)

where Si, S» are the Seebeck coefficients of the two substances. Basically, a uniform
semiconductor cannot conduct the photo-thermoelectric effect due to the negligible

temperature gradients.
2.3.5 Bolometric Effect

The bolometric effect relies on a differential change in the conductivity of the
channel induced by uniform heating under illumination. As all the carrier mobility and
density will change by light heating, the magnitude of bolometric effect can be
determined by the bolometric coefficient (£), which is sensitive to the electrical

conductivity (G) to the temperature (T) and expressed as:

p=2= (2.4)

Instead of generating Iph at zero applied bias by Vere in photo-thermoelectric effect, this

effect only modifies G of channels in high bias cases. [83, 84] In contrast to photon
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detectors, the Ipn produced by photo-thermoelectric effect and bolometric effect is

opposite to the conduction current.
2.3.6 Plasma-Wave-assisted (Dyakonov-Shur) Terahertz Detection

The plasma-wave-assisted effect in a channel of the field-effect-transistor (FET)
is able to generate a d.c voltage from the optical frequency oscillation, which was first
proposed by Dyakonov and Shur. [85] After rectifying high frequency signals up to
terahertz (THz) applied between the gate and source, a plasma wave is launched at the
source by driving longitudinal electric field in the channel. As a result, it efficiently
converts the incident light into plasmonic oscillations and thus enhances the optical-
frequency electric field, benefiting the responsivity, external quantum efficiency (EQE)

and spectral selectivity in photodetectors. [86]

2.4 Performance Parameters of PPDs

As mentioned in the above section, there are many kinds of photodetectors
available, which all present their respective advantages and disadvantages. For instance,
photogating effect in phototransistors can lead to high photoresponse, but can
significantly lower the operation speed due to the trapped charges. To quantitatively
measure and compare the overall performance of a photodetector, a series of figure-of-
merits is therefore developed and used to characterize performance, including

photoresponsivity, gain, specific detectivity, and response time.
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Responsivity (R): The photoresponsivity R of a photodetector is an indication of
the sensitivity in devices against incident optical power. It is defined by the ratio of the
photocurrent to the incident optical power on the active channel of the photodetectors,

and can be expressed by [75]

R (AW~1) = !Photo _ Ipnoto (2.5)

Pin E.WL

where lpnoto IS the photocurrent given by Ipnoto = ILignt — Ipark. ILignt @nd Ipark are the
channel currents measured under light illumination and in the dark, respectively. Pin is
the input optical power. Furthermore, Ee is the light intensity; W and L are the channel

width and length of the device, respectively.

Specific detectivity (D*): The specific detectivity D* is a key parameter to

describe the sensitivity of the photodetector and given by: [75, 87-89]

71/2
NEP = lnR (2.7)

where A is the effective area of the photodetector, B is the bandwidth, NEP is the noise

1
. B 2 - .
equivalent power, and iZ2 " “ is the root mean square value of the noise current.

Notably, if one assumes that the dark current is mainly originated from shot

noise, the specific detectivity can be expressed as: [90]
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D= —% (2.8)

where e is elementary charge.

Gain (G): The gain G is a parameter that is closely related to responsivity, and
is defined by the ratio of the amount of photogenerated carrier to the amount of incident

photon on the active area. It can be expressed as the following equation: [63, 87]

Rhc

G=e/'l

(2.9)

where h is the Planck’s constant, c is the speed of light, and A is the wavelength of the

incident light.

Response time (z): The response time z of a photodetector is a critical issue for
its practical application. Notably, the rise (zr) and decay (zq) time of the device are
usually defined as the time taken for the current increase from 10 to 90% of steady-state

photocurrent and vice versa, accordingly.

2.5 Typical Device Configurations for Photodetectors

Hitherto, the high-performance commercialized photodetectors are
predominantly made by semiconductors, including PbTe, GaN, HgCdTe and InGaAs.

[91-94] However, the fabrication processes of those photodetectors are generally costly,
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complicated and time-consuming. The outstanding photoelectronic properties such as
direct band gap, large absorption coefficient, and high carrier mobility of perovskite
materials, together with their successful application in solution-processed solar cells,

[95-99] have led in-depth investigations into photodetectors.

2.5.1 Photodetectors Based on 2D/3D Perovskite-based

Heterojunction

It is well known that heterojunction plays critical role in the performance of
PPDs. In contrast to the flat band of either pure 3D or 2D perovskite, the band bending
of 2D/3D perovskite-based heterojunction generally presents a unique photoelectronic
properties. As band bending is achieved by varying n-numbers in (RNH3)2 An-1BnX3zn+1
perovskite film, the heterojunction-assisted separation of photogenerated electron and
hole pairs can be induced with a built-in electric field. Finally, the charge density and

lifetime can be enhanced with suppressed electron-hole recombination.
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Figure 2.8 (a) Schematic image of sequential vapor deposition method for fabricating
lateral structure with BA2Pbl4—BA2MAPD2l7). Atom colors: Pb = yellow; | = bright
sky-blue; C = black; N = navy; CH3sNHs" = red). [100] (b) Band energy diagram of
PEA-based perovskite photodiodes. (c) Absorption of (PEA)2MA3sPbsliz thin films
with/without additions of DMSO and NH4Cl. [67] (d) Comparative PL spectra
illuminated from the front and back sides and (e) bandgap energy alignment of
(BA)2(MA)n-1Pbnlan+1 perovskites prepared by hot-casting. [101] (f) Comparative PL
spectra illuminated from the front and back sides and (g) bandgap energy alignment of
the quasi-2D/3D perovskite film prepared with BAI/MAI ratio of 3:1. [102]

As shown in Figure 2.8a, Hwang et al. prepared a lateral heterostructure of 2D-
layered perovskites ((BA)2MAPb.l; - (BA)2Pbls) by vapor deposition. [100] The
(BA)2Pbl4 perovskite film was synthesized by depositing BAI on the Pbl layer. Then,
patterned gold electrodes were deposited on the film by thermal evaporation in a
vacuum chamber. To prepare a higher-dimensional perovskite, the sample was further
exposed to MAI vapor. (BA)2MAPb2I7 was only formed on the region for the as-
fabricated (BA)2Pbls perovskite film uncovered with gold electrodes. Resultantly, the
device with a lateral heterostructure layer exhibited the responsivity of 8.12 AW, Yan
et al. developed the intermixed coexistence of 2D/3D perovskite phases in the active

layer of the photodetector (Figure 2.8b). [67] The perovskite film using NHCI4 additive
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and dimethyl sulfoxide (DMSO) solvent (PND sample) presented the enhanced
crystallinity, red-shifted photoluminescence (PL) peak, and more sensitive
photoresponse due to the preferred in-plane charge transportation induced by

intermixed 2D/3D phases (Figure 2.8c).

Liu and co-workers prepared a hierarchical quasi-2D/3D perovskite
heterojunction by a facile one-step spin-coating method via a hot-casting process. [101]
By illuminating on the front and back sides of the perovskite film with glass substrate,
the comparison of PL spectra demonstrated three emission peaks (n = 2, 3, and 4) with
back-excitation and one dominant emission peak (3D) with both excitations, suggesting
that the 3D perovskites formed at the top and the quasi-2D perovskites deposited at the
bottom of the active channel (Figure 2.8d). The sequentially distributed perovskite
phases finally formed a unique built-in band alignment driving self-charge-separation
as depicted in Figure 2.8e. Li and co-workers reported a two-step continuous
deposition method dealing with the growth of BA-based quasi-2D superstructure
perovskite on 3D perovskites, whereas the responsivity of 0.184 AW was achieved.
[102] Figure 2.8f presents the PL spectra of the hierarchical quasi-2D/3D perovskite
structure consisting of multiple perovskite phases with n = 2, 3, 4 and 3D perovskite,
which can be prepared by dipping isopropanol solutions with 3:1 ratio of BAI/MAI on
as-fabricated Pbl films. As a result, the hole carriers would transfer from 3D to quasi-
2D perovskites and electron carriers would transfer from quasi-2D to 3D perovskites

inducted by a gradient bandgap energy alignment (Figure 2.89).

2.5.2 3D Perovskite-based Phototransistors

While perovskites have aroused interests of scholars in recent years, including

photoconductors and photodiodes,[59-69] MAPbX3-based phototransistors have
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drawn relatively less research efforts, in spite of intrinsic large charge carrier mobilities
and ambipolar properties of hybrid perovskite.[41,75-77] Several investigations from
different groups have even drawn similar conclusion by generally summarizing that
obvious photo field-effect transistor (photo-FET) characteristics from MAPbIz-based
devices can only be attained at low temperature.[78-80] Though optimization of
perovskite-film microstructures, modification of source—drain contact, and introduction
of less-volatile inorganic cation into perovskites have been proposed and applied to
eliminate negative effects,[76,81] the pure 3D MAPbXs-based phototransistors attained
at room temperature still require further development because of gate-field screening

effect induced by the ion migration and accumulation at the perovskite/dielectric

interface.[82—84]
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Figure 2.9 (a) Schematic illustration of the BGTC phototransistor with a channel of
hybrid perovskite MAPbDIs. (b) Transfer characteristics of BGTC MAPDI3
phototransistor in the dark (black and red symbols) and under light illumination. [59]
(c) Schematic illustration of the device arrangement of photodetector arrays with a U-
shaped transparent mask under blue LED illumination (power density: 600 mWcm2).
Red dots, devices with photocurrent; grey dots, devices without photocurrent. (d) UV-
vis absorption and PL spectra of Pbl, and MAPbIz microplates. [103] Illustrations of
transistor structure showing the geometry of source and drain electrodes deposited in
the direction of the (e) backbone (los;) and (f) branch (Ips.). Transfer characteristics of
aligned OPC films measured in the direction of the (g) backbone (lps;) and (h) branch
(lpsy) at 78 K. [61]
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Li et al. reported fabrication and characterization of bottom-gate top-contact
(BGTC) phototransistors on the basis of ambipolar solution-processed MAPDIz (Figure
2.9a) and MAPDI;-Clx thin films in 2015.[59] External light source was applied as the
fourth terminal electrode to further modulate channel current controlled by gate
electrode, and then ambipolar MAPbIs-based phototransistors were successfully
obtained at room temperature as shown in the drain current versus gate voltage
(Ios—Vas) curves (Figure 2.9b). The value of photoresponsivity for the MAPDbI;—<Cly
device (47 AW™!) measured at room temperature was lower than MAPbI; device (320
AW due to higher dark current applied in the MAPbI;—Cly thin film. Moreover, the
response time of MAPbI3 phototransistors was less than 10 ps, which demonstrated that
photoresponsivity could be enhanced without sacrificing response speed by biasing gate

terminal of transistor architecture.

As polycrystalline thin films made from perovskite materials are soluble in
various solvents, the essential lithography process has limited most studies for
integrated perovskite arrays. Fortunately, specific locations of prepatterned electrodes
have offered alternative strategy for developing highly integrated systems, [104-106]
and Wang et al. demonstrated the first patterned growth of regular arrays of MAPDI3
microplate crystals (Figure 2.9¢) with low temperature solution-processing method in
2015, including seeded growth process with Pbl in hydrophilic regions and further
intercalation with MAI vapor in a tube furnace system. [103] The properties of
converted products were investigated in both UV-vis absorption and
photoluminescence (PL) spectra as shown in Figure 2.9d, which demonstrated that
good crystalline quality of MAPbIz microplate crystals can be attained through a gas—

solid intercalation. Influences of controlling crystal orientation and morphology of
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MAPDI3 film on BGTC phototransistors were investigated by Cho et al., [61] as
solution-processed polycrystalline perovskite films always suffer from crystal defects
to reduce carrier mobility in the channel by carrier capture, trapping, and scattering. By
applying thermal-gradient-assisted directional crystallization method, it is illustrated
that periodic microarrays could be formed spontaneously within large-area MAPDI3
perovskite film parallel to the substrate (lpsy, Figure 2.9e), differing from general
polycrystalline MAPDbIs materials. Maximum photoresponsivity at 78 K in the Ipsy
direction as 6.1 AW was two orders of magnitude higher than that of the device
measured in the lps: (Figure 2.9f) direction (0.047 AW™!), which was consistent with
their photoinduced p and lon/loff ratio (Figure 2.9g-h). All above results indicated that
controllability of thin film directional crystal growth and preservation of high
crystallinity could narrow down wide disparity in materials properties between single

and polycrystalline perovskites, breaking the bottleneck of higher device performance.
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Figure 2.10 (a) Schematic illustration of the phototransistor with a channel of MAPbI3
film. (b) Transfer characteristics of photodetector by two annealing methods. [60] The
Ips—Vbs curves of BGTC MAPDI3 phototransistors (c) at incident illumination and (d)
in the dark, respectively. The inset presents the diagram of the MAPbI3 phototransistor
protected through SiO2 layer. [107]
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The quality of fabricated polycrystalline perovskite films could be optimized by
adjusting annealing temperature and duration, organic/inorganic precursor ratio,
additives, and solvent. [108-113] Multistep (MS) annealing strategy in MAPDI3
phototransistors was raised up by Cao et al., leading to strongly improved coverage,
smoothness, uniformity, and crystallinity of hybrid perovskite by restraining defects of
pinhole formation. [60] When the devices were treated by one-step (OS) direct
annealing method at room temperature, photoinduced p of 0.256 (0.129) cm? V! ™
for holes (electrons) of MAPDIs hybrid perovskite photo transistor (Figure 2.10a) were
measured. Rising value of p to 2.32 (1.18) cm? V! s7!, specific detectivity of 8.94 x
10 Jones, and photoresponsivity of 32 AW ! were obtained by applying MS annealing
method. While the rise and decay time of MS annealed device were achieved as 42 s
and 76 ps, respectively, the relatively slow response time of OS annealed device were
measured as 335 and 298 us. Notably, both OS and MS annealed devices showed
typically ambipolar behaviors in transfer characteristics (Figure 2.10b) with high
liight/ laark ratio of 104, While inflexible Si/SiO> substrates as gate electrode and dielectric
layer in traditional phototransistors have been investigated, [59, 61, 103] He et al.
substituted expensive Si wafer with low-cost Al electrode as gate electrode, and then
isolated active perovskite layer of the devices from moisture and oxygen by additional
sol-gel SiO2 layer. [107] This novel architecture showed that light current (I ight) of all-
solution-processed BGTC MAPbDIs phototransistor with the sol-gel SiO> protecting
layer was much higher than that without the protecting layer (Figure 2.10c). It is
noticed that dark current (Ipark) of the device was further reduced by adding SiO> layer
(Figure 2.10d). With the rising and recovery time of 10 and 25 ms, the phototransistor

with sol-gel SiO; protecting layer released high photoresponsivity of 10.72 AW and
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large specific detectivity of 6.2 x 102 Jones at Vgs of =40 V and Vps of 40 V due to

the much higher photocurrent (Iphoto), Where lIpnoto = ILight — Ipark-

2.5.3 2D Perovskite-based Phototransistors

2D Ruddlesden-Popper (PEA)2Snl4 could be synthesized using low temperature
solution-processing method, which fulfill requirements of large area, low cost, or
mechanical flexibility for optoelectronic applications.[54, 57, 114] The first hybrid
perovskite utilized in FET is (PEA)2Snls with 2D layered structure, which showed low
field-effect mobility of 0.62 cm?V-1s™tin 1999.[54] It is most possibly because the
aromatic ammonium cations in (PEA).Snl4 could severely hinder the mobility of photo-
carriers by strong quantum confinement. In spite of the substantial screening effect,
[115] Mitzi et al. has achieved saturation and linear mobilities of 2.6 and 1.7 cm?V-1s?
by applying melt processed deposition technique in 2002. [116] In additional, mobility

could be further optimized to 15 cm?V-1s? by buffer layer modification in 2017. [117]
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Figure 2.11 (a) Schematic illustration of a (PEA)2Snls perovskite phototransistor. (b)
Transfer (Vps=40 V) characteristics. R and P versus Vg for the device under 3 uW

cm2green light irradiation. (c) Two-stage modulation of lgs by negative Vg: @ light-on,

@ light-off, and ® Vq=—40. [117] (d) Schematic illustration of a (PEA)2Snl4 transistor.
Ferroelectric polarization related light response properties of the devices based on
P(VDF-TrFE)/(PEA)2Snl4 hybrid structure: The Ips—Vbps curves in (e) pristine, (f) up,
and (g) down states, respectively. The insets present the schematics images of the
devices in different polarized directions. The corresponding band diagram of the
devices in (h) pristine, (i) up and (j) down states, respectively. All the photoresponse

tests were carried out under light illumination with 470 nm wavelength. [118]

Chen et al. reported the visible light sensitive BGTC phototransistor (Figure
2.11a) with 2D lead-free perovskite (PEA)2Snl4 thin film fabricated by one-step spin-
coating in 2017.[117] Inorganic charge-carrying sheets of 2D (PEA)2Snls might extend
in the direction of carrier transport from electrodes under bias voltage, leading efficient
charge injection under light illumination. Due to the encouraging gate modulation,
ultrahigh photoresponsivity of 1.9x10* AW (Figure 2.11b) was attained by visible

light signals at Ves=16 V and Vps=-40 V. Saturation regime s of 0.76-1.2 cm?V-1s?,
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Light/ldark ratio of 100, and ultrahigh EQE value of 4.9x10° % were also achieved,
showing the light-state charge transport was dominated by visible light triggered
charges injection. However, due to the slow release of trapped electrons and the
resulting slow recombination of holes and trapped electrons, Ips could keep at high
illumination state level without irradiation, indicating the relatively long relaxation time
(step 2) in comparison with the rise time (step 1, 0.45 s) as shown in Figure 2.11c. As
the metastable state could be accelerated by applying negative gate bias, [119-121] Ves
was switched from +30 V to —40 V (step 3) for acceleration of recombination process,
and then Ips could be reduced to dark state level after Vgs returned back into +30 V
(step 4). This phenomenon has offered further potential development of fabricating

ultrasensitive 2D perovskite phototransistors or light-triggered memory devices. [122]

Wang et al. investigated ferroelectric-effect on performance of BGBC
phototransistor (Figure 2.11d) with same 2D layered (PEA).Snl4 as channel layer in
2018.[118] Ferroelectric polymer poly(vinylidene fluoride-trifluoroethylene) (P(VDF-
TrFE)) served as a dielectric insulator layer in the devices, forming three different
polarization states including pristine, polarization "up”, and polarization "down",
respectively, as shown in Figure 2.11e-g. Compared with pristine band diagram
(Figure 2.11h), hole carriers in phototransistors were either suppressed at "up” state
(Figure 2.11i) or accumulated at "down" state (Figure 2.11j) in channel layer. Fast
response speed of 50 ms and high liight/ldark ratio of 100 were achieved under both
polarization states. It is because that molecules in ferroelectric materials were arranged
conventionally after being polarized, creating a built-in potential throughout whole
structure to separate electron-hole pairs. Band diagram at ferroelectric and
semiconductor interface was manipulated due to different polarized directions under

ferroelectric effect, [123, 124] suppressing dark current and enhancing response time.
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[125] Smaller threshold swing (440.5 mVdec?) explicated weaker hysteresis from
smoothness of transfer curve comparing SiO; dielectric device (6250 mVdec?),
implying that localized traps could be strongly suppressed by P(VDF-TrFE) film with
a high performance. Under "up" state during modulation of the polarization,
photoresponsivity of 14.57 AW and specific detectivity of 1.74x10'2 Jones were

further attained.
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Chapter 3 Gradient 2D/3D Perovskite Films Prepared by

Hot-Casting for Sensitive Photodetectors

In this chapter, a convenient approach for fabrication of highly sensitive and
stable photodetectors through novel hot-casting technique is presented. Then, the
sensitive photodetectors using vertical perovskite heterojunctions as light harvesting
materials are demonstrated. After systematically characterizing the surface morphology
of the perovskite channels, dramatically enhanced sensitivity of photodetection via
gradient 2D/3D perovskite films has been presented. This work paves a way to realizing
highly reliable and sensitive optoelectronic devices with enhanced charge separation by

introducing compositional gradient in the perovskite films.

3.1 Introduction

The commercialized photodetectors are predominantly made by
semiconductors, including PbTe, GaN, HgCdTe and InGaAs. [91-94] However, there
are still challenges for 111-V compound or Si -based photodetectors to realize the fast
response, broadband sensitivity, and low-cost fabrication.[126, 127] Thus, it is
necessary to product the next generation photodetectors against those problems.
Recently, organic-inorganic metal halide perovskites have been regarded as promising
candidate materials for high-performance photodetectors because of their unique
properties and remarkable device performances. [2-10] Indeed, two-dimensional (2D)

Ruddlesden-Popper perovskites have attracted wide attention because of tunable
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optoelectronic properties and have been used as alternatives to their three-dimensional

(3D) counterparts in various optoelectronic devices. [22-25]

Various 2D perovskite -based photodetectors have been reported while the
sensitivity of the devices is rather low. [26-28] Due to the strong quantum confinement
of Ruddlesden-Popper phases,[128] the undermined performances with responsivity of
0.013 A W through (BA)2(MA),-1Pbnlzn+1 (BA = butylamine) materials[129] and the
relatively enhanced responsivity of 0.117 A W through (iBA)2(MA),-1Pbnlsn+ (iBA
= n-butylamine) materials[130] were reported. Meanwhile, Li et al. reported the
traditional two-step continuous deposition method dealing with the growth of BA-based
2D superstructure perovskite on 3D perovskites, whereas the low responsivity of 0.184
A W1 was achieved.[102] Hwang and co-workers have further developed a lateral
heterostructure of 2D-layered perovskites ((BA)2MAPbzl; - (BA)2Pbls) by vapor
deposition.[100] Resultantly, the device exhibited the relatively high responsivity of

8.12 AW

In order to enhance the device performances of the 2D perovskite-based
photodetectors, the preparation of gradient 2D/3D perovskite films have been
conducted by a hot-casting method, which leads to a continuously change of the 2D
perovskite compositions from n = 1 to oo along the vertical bottom-to-top direction of
the films and forms vertical heterojunctions inside them. Photodetectors based on the
gradient 2D/3D perovskite films with a simple device structure were prepared, which
shows a high responsivity of 149 AW, a gain of 270 and a specific detectivity of ~ 2
x 10% Jones. A series of perovskite thin films has been fabricated with varying
predefined n-values of (PEA)2(MA),-1Pbnlan+1 precursor solution. At the optimum

conditions, suitable 2D/3D perovskite vertical heterojunctions are created and the
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resultant photodetector exhibits the best performance, which could be attributed to the
enhanced charge separation by 2D/3D perovskite vertical heterojunctions. The work
opens a window on developing high-performance optoelectronic devices based on

2D/3D perovskite heterojunctions by the convenient hot-casting method.

3.2 Experimental Section

3.2.1 Materials Synthesis
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Figure 3.1 Schematic illustration of the crystal structure of layered perovskite materials
(along [110] zone axis) with chemical formula (PEA)2(MA),-1Pbnlan+1 (n =1, 2, 3, 4

and o).

Different (PEA)2(MA),-1Pbnlan+1 precursor solutions were prepared by
dissolving phenethylammonium iodide (PEAI, Greatcell Solar Ltd), methylammonium
iodide (MAI, Greatcell Solar Ltd) and lead iodide (Pbl., Sigma-Aldrich) at a specific
stoichiometricratioof2:n-1:n(n=1, 2, 3, 4 and ) in a dimethyl sulfoxide (DMSO,
Sigma-Aldrich)/N,N-Dimethylformamide (DMF, Alfa Aesar) (1 : 14 volume ratio)
mixture, where the total Pb?* molar concentration is 1.5 m. [131] The precursor

solutions were then magnetically stirred at 70 °C in the nitrogen-filled glovebox
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overnight. The crystal structures of (PEA)2(MA).-1Pbnlzn+1 perovskite along [110] zone
axis are shown in Figure 3.1, where integer n represents the number of [Pbls]*
octahedral layers between organic spacer PEA".[45] The material with very large n-

value (n = 00) is plainly 3D tetragonal methylammonium lead iodide (MAPDI3).

3.2.2 Device Fabrication

Hold
. {PEA)2(MA)osPbinlznn:
Subslrate & 70-c

=P

Figure 3.2 Schematic illustration of a newly enhanced hot-casting method presented
with facile one-step spin-coating process for vertical 2D/3D perovskite heterojunction
fabrication.

The n*Si/SiO2 (300 nm) and glass substrate was ultrasonically cleaned
sequentially in deionized water, acetone, and isopropyl alcohol (IPA) and dried under
a stream of nitrogen gas. Cr (10 nm)/Au (100 nm) electrodes with the channel width
(W) and length (L) of 800 and 4 um, respectively, were patterned via photolithography
and magnetron sputtering on the n*Si/SiO> substrate. The solution-based hot-casting
process of gradient 2D/3D perovskite films is shown in Figure 3.2. Before the spin-
coating, the substrate was exposed to O, plasma for 5 min and preheated at 150 °C for
9 min together with an aluminum holder. After that, 60 uL of precursor solution (70 °C
preheating for 30 min before use) was dropped on to the preheated substrate followed

by one-step spin-coating process at 4000 r.p.m. for 30 s.
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Figure 3.3 The infrared thermal images of a) modified and b) traditional hot-casting
methods with the one-step spin-coating fabrication process for 30 s, which follows all

four steps as shown in Figure 3.2.

As demonstrated in Figure 3.3, the temperature of the substrate can be
maintained for a certain period of time due to the large specific heat capacity of
aluminum (i.e. 0.9 kJ kg*K™). The gradient distribution of perovskites can be realized
immediately after the hot-casting, which is more convenient than other techniques that

may need additional post annealing or ligand exchange by spin-coating. [132]
3.2.3 Materials Characterization

The composition and orientation of (PEA)2(MA).-1Pbnlzn+1 perovskite layer was

confirmed by X-ray Diffractometer (XRD) (Rigaku SmartLab). The
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Photoluminescence (PL) spectra of perovskite films were acquired by
photoluminescence spectrometer (Edinburgh: FLS920) with excitation wavelength of
488 nm. The absorption spectra of perovskite films were recorded by Perkin Elmer UV-
vis-NIR spectrometer. The focused ion beam (FIB) milling process and the cross-
sectional FIB-TEM images were conducted using JEOL JIB-4501F and JEOL JEM-

2100F TEM/STEM, respectively.
3.2.4 Electrical, Optoelectronic Measurements for the Devices

The photoresponse performance was reported using a semiconductor parameter
analyzer (Keithley 4200-SCS, Solon, Ohio, USA) under light illumination at various
intensity in the nitrogen-filled glovebox. The temporal response measurements were
recorded by means of a digital oscilloscope (Tektronix TBS 2000) under a 4 V bias.
The light sources were light-emitting diodes with wavelengths of 420, 530, 598, 685,

760 and 860 nm.

3.3 Results and Discussion

3.3.1 Surface Morphology

In order to investigate the effect of the hot-casting technique on perovskite films,
the precursor solutions consisting of PEAI, MAI and Pbl> at a specific stoichiometric
ratioof2:n-1:n(n=1, 2,3, 4 and o) in DMSO/DMF (1 : 14 volume ratio) mixture

are prepared for following surface morphology.
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Figure 3.4 Characterization of the surface morphology of five samples by a newly
enhanced hot-casting method, which were fabricated by varying stoichiometric ratios
(predefined n-values = 1, 2, 3, 4 and ) in (PEA)2(MA)n-1Pbnlzn+1 precursor solution.
a) X-ray diffraction (XRD) patterns. The inset: The corresponding optical images of
the films. b) Absorption spectra of above samples. ¢) Photoluminescence (PL) spectra
of perovskite thin films with Si/SiO> substrates. Comparative PL spectra of the samples
fabricated by predefined n-values of d) 3 and e) 4. The perovskite thin films were
illuminated from the front and back sides (as illustrated in the insets) under 488 nm

laser.
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Figure 3.5 The comparative PL spectra of the samples fabricated by predefined n-
values of @) 3 and b) 4 through preheat temperatures of 100 °C and 150 °C (without the
aluminum holder). The elevated preheat temperature of 200 °C was found to
significantly influence plasma treatment and then invalidate the following thin film
crystallization. The perovskite thin films were illuminated from the front and back sides

under 488 nm laser.

As-grown perovskite thin films on the glass substrates present significant
change in color by different predefined n-values, as shown in the inset of Figure 3.4a.
When n-value number is increased from 1 to 4, the color of (PEA)2(MA)n-1Pbnlzn+1 thin
films changes from yellow to black. However, when n-value number is increased from

4 to o, the color of resulted film turned into light gray.

To evaluate the crystal structural of the perovskite films, X-ray diffraction

(XRD) measurements on the samples were carried out as shown in Figure 3.4a. For n
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= 1, the perovskite film only shows (002), (004) and (006) peaks of (PEA)2Pbl4
perovskite phase,[133-135] indicating the [Pblg]* sheets parallel with the glass
substrates.[135, 136] For n = oo, the film only shows the (110) peak of the MAPDI3
perovskite and two peaks for MAI. So the perovskite film has a preferred orientation
along (110) direction.[137] For predefined n-values of 2, 3 and 4, the films present
multiphase diffraction patterns of n = 1- oo perovskite phases, indicating rather
complicated crystal structures inside them.[64] Notably, some peaks for different
perovskite phases are very close and cannot be differentiated clearly. [135, 136] In
addition, the diffraction peaks from both PEAI and MAI residues can be hardly

observed, suggesting the high quality of the perovskite films.

The light absorption of the perovskite films are characterized and shown in
Figure 3.4b. Similar to the XRD spectra, the absorption spectra of the perovskite films
indicate that the films with predefined n-values of 1 and oo have the single phases of
PEA2Pbls and MAPDIs perovskites,[137, 138] respectively. For the perovskite film
with predefined n-value of 2, four obvious absorption peaks centered at 525, 573, 610
and 675 nm corresponding to n = 1, 2, 3 and other quasi-2D perovskite phases can be
observed.[137, 138] For predefined n-value of 3 and 4, several absorption peaks can be
observed as well. Thus, these two samples have the wider absorption range of visible

light compared with MAPbIs perovskite, which is consistent with their dark colors.

Figure 3.4c shows the photoluminescence (PL) spectra of the perovskite films
characterized from their top surfaces. For predefined n-value of 2, six PL peaks located
at 527, 576, 616, 650 ,678 and 724 nm for n = 1, 2, 3, 4, 5 and 6 perovskite phases,
[135, 137] respectively, are obtained. When n-value number is increased from 2 to 4,
the PL peaks from 2D perovskite phases are weakened and a relatively strong peak from

3D perovskite phase is obtained, which is consistent with the strengthened XRD peak
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from (110) facet of the MAPDI3 perovskite. However, by using predefined n-value of
4, the disappeared PL peaks from 2D perovskite phases suggest that the low-

dimensional components could majorly locate at the bottom.

To further investigate the phase distribution in the films, the PL spectrum of the
perovskite film with predefined n-value of 3 was characterized from the bottom surface
through the glass substrate, as illustrated in the inset of Figure 3.4d. The PL peaks from
n =1, 2, 3 and other quasi-2D perovskite phases are strengthened, while the PL peak
from the 3D perovskite phase shows a slightly blue shift. In comparison, a control
sample for predefined n-values of 3 prepared by the normal thermal annealing method
without the aluminum holder did not show the obvious difference in the PL spectra
characterized from the top and bottom of the film (Figure 3.5a), indicating the phase
separation is not obvious in the control sample. Similar result can be observed for
predefined n-values of 4 (Figure 3.4e). In this case, several emission peaks fromn =1,
2, 3, and oo phases are clearly observed from the back of the film, which is completely
different from the spectrum measured from the front-excitation. Meanwhile, only a
single PL peak is obtained from the front- and back- excitations of the control sample
for predefined n-values of 4 (Figure 3.5b). Therefore, for predefined n-values of 3 and
4, 2D perovskite phases accumulate at the bottom layer while 3D perovskite phase is
close to the upper surface, indicating the formation of 2D/3D vertical heterojunctions

in the perovskite films.

When the preheat temperature was elevated from 150 to 200 °C, the plasma
treatment was significantly damaged before spin-coating process, invalidating the
crystallization of PEA-based perovskite thin film. However, the eventual
reproducibility of hot-casting method could be close to that of normal spin-coating

method with proper preheat temperature below 150 °C. Moreover, the strong phase
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separation of the 2D/3D perovskite film cannot be achieved by the conventional thermal
annealing approach. Considering the solubility of PEAI in the polar organic solvent
being lower than that of MALI, the fast evaporation of organic solvent can lead to the
deposition of 2D perovskites earlier than 3D counterpart. Hence, the resultant 2D/3D
gradient composition can be attributed to the high temperature (~150 °C) during the
spin-coating process, which can quickly evaporate DMSO/DMF mixture and crystallize

PEA-based 2-dimensional perovskites at the bottom surface.

Figure 3.6 Cross-sectional FIB-TEM investigations of the sample fabricated by
predefined n-value of 3. a) The cross-sectional FIB-STEM image. b) The HRTEM
image from middle region of the perovskite layer with the scale bar for 5 nm. The planes
with lattice distances of 6.6 and 3.0 A demonstrate the existence of 2D (blue, close to
the back region) and 3D (yellow, close to the front region) perovskites, respectively.
The HRTEM images from c) back and d) front regions of the perovskite layer with the
scale bars for 5 nm. Two below insets show their SAED patterns, respectively.

LOI Hok Leung 44



Q’QA Chapter 3

Figure 3.7 The Electron Energy Loss Spectroscopy (EELS) elemental maps of Si
(101.1- 109.5eV; purple), O (529.5-545.6eV; yellow), | (634.5-690.5eV; green), and C
(281.7- 302.0eV; blue) atoms from cross-sectional FIB-TEM investigations.

Next, the cross-sectional view of a perovskite film was observed under
Transmission Electron Microscope (TEM), as shown in Figure 3.6a. It suggests that
2D and 3D perovskite phases mainly locate in the back and front regions of the film,
respectively. On the basis of brightness variation, the Electron Energy Loss
Spectroscopy (EELS) images (Figure 3.7) further demonstrate that more [Pblg] #
(green for iodine) /less PEA™ (blue for carbon) ions locate at the front layer, indicating
that more 3D /less 2D perovskite component exists at the top. [138] Notably, the
contrast of C map has diminished as a result of the basal carbon film on copper TEM
grids. The middle region of the HRTEM image (Figure 3.6b) indicates the clear phase
separation of 2D and 3D perovskites. The typical periodic PEA2Pbls (close to the back
region) and MAPDI3 (close to the front region) perovskite phases with plane distances
of 6.6 and 3.0 A are observed in the left and right parts of the figure, respectively. [139]
The back and front regions (Figures 3.6¢ and 3.6d) further present the single phase of
2D (PEA2Pbls) and 3D (MAPDI3) perovskites, respectively. Their Selected-Area

Electron Diffraction (SAED) patterns are also shown in the insets of the figures.[140,
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141] However, 2D perovskites with n > 2 cannot be observed in the TEM image
presumably due to the damage or disorder induced by inevitable local heating in the

specimens with FIB milling.[142-144]

3.3.2 Gradient 2D/3D Perovskite Photodetectors

(@) (PEA),(MA), ,Pb,I,,, (b)

3
1
k

Substrate

Figure 3.8 a) Band energy diagram of (PEA)2(MA).-1Pbnlsn+1 perovskite component
with different n numbers. b) Charge transfer diagram of a photodetector based on a

gradient perovskite thin film.

The vertical 2D/3D perovskite heterostructure could lead to a cascade band
structure in the film, as presented in Figure 3.8a. The valence band maximum (VBM)
and conduction band minimum (CBM) both increase with the decrease of n-value,[68,
134, 136, 145, 146] which causes the charge separation with hole injection from large-
n to small-n layers and the electron injection from small-n to large-n. As illustrated by
the carrier transfer processes (Figure 3.8b) in a photodetector, holes and electrons
transfer and recirculate many times in the bottom 2D and upper 3D perovskite layer,
respectively, before recombining with opposite charges. Thus, long carrier lifetimes
and large charge densities could be induced in the transport channel of the gradient

2D/3D perovskite film, which is favorable for the performance of photodetector.
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Figure 3.9 Design and performance of the devices based on varying stoichiometric
ratio (predefined n =2, 3, 4 and o) in (PEA)2(MA)a-1Pbnlzn+1 precursor solution. a)
Drain-source current vs. time (Ips — t) curves at varying light intensity. The inset: The
schematic illustration of perovskite photodetectors. b) Responsivity vs. light intensity
(R — Ee) curves under different incident illumination power of light with 685 nm

wavelength. Drain-source voltage (Vps) is 4 V and the dotted lines in R — E. curves are

fitting curves with a formula of R o« Ef_l.
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Figure 3.10 The temporal Ips vs. t curve of n = 3 device in the dark and under light

illumination (900 nW cm?) with 598 nm wavelength.

Perovskite photodetectors based on (PEA)2(MA),-1Pbnlan+1 films (Figure 3.9a

inset) were then prepared by the hot-casting method. Cr/Au electrodes were deposited
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by magnetron sputtering on a n*Si/SiO> substrate and patterned by photolithography,

followed by the hot-casting of a perovskite film.

The drain current vs. time (Ips — t) curves between the two Au electrodes of
fabricated photodetectors were measured at the drain voltage (Vps) of 4 V in the dark.
Then, the perovskite photodetectors were characterized under incident illumination
with different intensity, as shown in Figure 3.9a. The device based on pure 2D
PEA:Pbls shows no response to the light illumination. For the devices based on
perovskites with predefined n-values from 2 to oo, repeatable on-off switching can be
observed in three-cycle tests for each light intensity. The photocurrent increases with
increasing n-value from 2 to 3, and then decreases with increasing n-value from 3 to co.
So the 2D/3D heterojunctions formed in the perovskite layer plays an important role on
the device response. The response time of a photodetector is a critical issue for its
practical application. Notably, the rise (zr) and decay (zq) time of the device are usually
defined as the time taken for the current increase from 10 to 90% of steady-state
photocurrent and vice versa, accordingly. The rise/decay time of the device with

predefined n=3 is determined to be 69/103 ms (Figure 3.10).

The responsivity (R) of a photodetector is given byl

R(AW™1) = ’;"—WtL (3.1)

where Ippo, is the photocurrent given by Ippoto = ILight — Ipark- ILight aNd Ipgri are
the channel currents measured under light illumination and in the dark, respectively.
Furthermore, Ee is the light intensity; W and L are the channel width and length of the
device, respectively. Figure 3.9b shows the responsivity of all perovskite
photodetectors as a function of illumination power with the maximum value of ~100

AW, The responsivity of all the devices increases with the decrease of light intensity,
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following a relationship given by R o E,P~* reported before. [69, 77, 147, 148] The
photocurrent and responsivity of the device with predefined n-value of 3 show the
highest values among the devices at the same measurement condition. For the control
n = 3 device prepared with the normal hot-casting method, the responsivity is one order
of magnitude lower because of the lack of heterojunction-assisted charge separation
formed in the perovskite film. Notably, the device fabricated by only spin-coating has
also shown the much lower responsivity with the lack of vertical 2D/3D perovskite

heterojunction.

Figure 3.11 The Ips vs. Vps curves of n = 3 device illuminated by 598 nm light (89 pW
cm?) measured under different gate voltage (Vg). Inset: device structure of the

phototransistor.

The high responsivity can be attributed to the effective spatial separation of
photoexcited electron-hole pairs in the vertical heterojunction as mentioned above. To
directly observe the separation of electrons and holes in perovskite films, we prepared
a phototransistor with predefined n = 3 perovskite layer on a n*Si/SiO> substrate and
measured the channel current under light illumination. Notably, the modulation of the

channel current in a field effect transistor under a gate voltage is mainly due to the
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change of carrier concentration close to the gate dielectric (i.e. SiO2). As demonstrated
in Figure 3.11, the channel current decreases with the increase of gate voltage (Ve),
indicating that the perovskite layer close to the substrate is p channel under light
illumination. Therefore, it is reasonable to conclude that holes tend to accumulate in
the bottom 2D perovskite while electrons diffuse to the top 3D perovskite with spatial
charge separation. While the performance of the device would be continuously
damaged by applying Vps of above 15V, it has kept the stable performance under the

Vpsrange of -4 to 4 V for a long time.
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Figure 3.12 a) The noise of the dark current of n = 3 device. The operating voltage is
4 V. b) Analysis of noise spectral density of this 2D/3D perovskite photodetector by
the Fast Fourier Transform (FFT) from corresponding dark current noise.

In addition, the specific detectivity (D*) is the key parameter of a photodetector

and given by [75, 87-89]

_ (AB)l/Z

D" = (3.2)
i71/2
NEP = % (3.3)
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where A is the effective area of the photodetector, B is the bandwidth, NEP is the noise

equivalent power, i?nl/z is the root mean square value of the noise current and R is the
responsivity of the device. The noise level per unit bandwidth (1 Hz) of the best
performance device (predefined n = 3), which exhibited both the largest Ipnoto and R
among all the devices, was measured to be ~ 0.2 pA Hz 2 (Figure 3.12). Therefore,
D* of the device at the wavelengths of 598 nm is calculated to be above 2 x 10*2 Jones
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Figure 3.13 Photoresponse properties of device based on the special stoichiometric
ratio (predefined n = 3). Plot of a) drain-source current and b) responsivity of the device
as functions of Vps under different illumination power of light with 598 nm wavelength.
Plot of responsivity as functions of c) the light intensity under different visible

wavelengths and d) the wavelength under illumination intensity of 102 mW cm™. The

dotted lines in R — Ee curves are fitting curves with a formula of R « Ef_l.
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Table 3.1 Detailed comparison of performance parameters for 2D perovskite -based

photodetectors.
Active Layer Configurations  R[A/W] D [Jones] T;/Ta [ms] On-off ~ Wavelength  Voltage Ref.
Ratio [nm] [V]

(BA)2MAn—1Pbalsni1 /MAPbI; Vertical 0.184 8 x 1010 - 1x102  White light - [102]
(PEA)2MA3Pbal13 Vertical 0.46 6 x 1011 5.8/4.6 2 x10% 600 - [67]
(BA):MA;Pbsl1 Lateral 0.013 - 10/7.5 1x103  White light 30 [129]
(iBA):MAsPbals3 Lateral 0.117 - 16/15 4% 102 532 15 [130]
(BA)2MAu-1PbyBrans1 Lateral 0.19 - 210/240 2 x 108 500 1 [66]
(BA)2MAPb:I; /(BA):Pbl, Lateral 8.12 1.5 x 1012 - 4% 102 460 30 [100]
(OAy2FAn-1Pb.Brns1 Lateral 32 - 0.25/1.45 - 442 9 [26]
(PEA)2MAn-1Pbnln+1 Lateral 0.25 8.6 x 1012 - - 500 5 [135]
(PEA)Snl, Lateral 16 1.9x 101 630/3600 - 470 5 [57]
(PEA)2Pbls single crystal Lateral 98 1.6 x 1015 0.06/0.05 - 460 4 [58]
(PEA)2MAu-1Pbnlzn+1 /MAPDI3 Lateral 149 2x 1012 69/103 1 x 10?2 598 9 This

work

Figure 3.13a shows the drain current vs. voltage (Ios — Vbs) curves of the device
with predefined n-value of 3 under illumination of different intensity at the wavelength
of 598 nm, demonstrating a good ohmic contact between the perovskite film and the
Au electrodes. Figure 3.13b presents the responsivity of the device as a function of
applied voltage for different light intensity. The maximum R of 149 AW can be
obtained at the lowest illumination intensity of 38 nW cm under a bias of 9 V, which
is higher than most of the perovskite photodetectors shown in Table 3.1. In this case,
the gain G of the device is estimated to be 270, according to the following equation [63,

87]

Rhc
G=— (3.4)

where h is the Planck’s constant, ¢ is the speed of light, e is the elementary charge and
A is the wavelength of the incident light. The high gain can be attributed to the
separation of electrons and holes by the cascade band structure in the gradient 2D/3D
perovskite film, where photocarriers can circulate lots of times (equal to the gain) in

the channel before recombining with opposite charges.
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The device was also characterized under light with different wavelengths,
including 420, 530, 685 and 760 nm. The responsivity as a function of light intensity
for different wavelengths is summarized in Figure 3.13c, which can be fitted with the
relationship R o E,?~* (8is between 0.52 and 0.55) for all wavelengths. However, the
device shows a little response to the infrared light at the wavelength of 860 nm beyond
the absorption edge of the perovskite film. Figure 3.13d shows the responsivity of the
device as a function of wavelength under the same illumination intensity of 102 mw
cm. Broadband photo response of the device can be observed and the maximum

responsivity is obtained at around 685 nm.

3.4 Summary

In summary, 2D/3D perovskite films with phase separation are successfully
prepared by a convenient hot-casting method. Vertical heterojunctions are formed in a
single perovskite film from the bottom to the top. Highly sensitive photodetectors based
on the 2D/3D perovskite films are realized for the first time. Due to the efficient charge
separation in the heterojunctions, the devices show high sensitivity and fast response
speed. Under optimum conditions, the device shows a high responsivity up to 10> AW-
1, a gain up to 102, a specific detectivity of 2 x 10'2 Jones, and a response time of about
0.1s. This work paves a way of realizing a type of highly sensitive photodetectors based

on perovskite vertical heterojunctions in a single film.

LOI Hok Leung 53



ng‘/b Chapter 4
Chapter 4 Highly Sensitive Near-Infrared Phototransistors

Based on Low Bandgap Mixed Tin-Lead lodide Perovskites

In this chapter, the high-performance phototransistors based on a single layer of
mixed tin (Sn)-lead (Pb) perovskites were reported. Environment-friendly Sn-based
perovskites with narrow energy bandgaps have attracted wide attention recently and
been used as alternatives to their Pb-based counterparts. Here, the mixed Sn/Pb-based
perovskite phototransistors have been presented, which exhibit ultrahigh responsivity
of ~ 10° AW and specific detectivity of ~ 10 Jones in near-infrared (NIR) region.
The high sensitivity of the devices might be mainly due to the long carrier lifetimes and

strong light absorption in the perovskite alloys.

4.1 Introduction

NIR photodetectors are highly desirable for a multitude of industrial and scientific
applications, such as optical tomography,[29] process monitoring,[30] and night
vision.[31] Benefitting from merits including low photodamage, deep penetration and
weak autofluorescence in living biosystems, NIR detection is also indispensable for
medical instruments.[149-152] Notably, the distinct NIR-IT (1000-1700 nm) detection
is a proven method used in powerful real-time medical diagnosis, exhibiting the higher
signal-to-background ratio (SBR) and deeper penetration depth compared to the visible
and NIR-I (400-900 nm) fluorescence imaging systems.>%71 The commercialized NIR
photodetectors are mainly made from inorganic narrow-bandgap materials such as
GaAs, PbSe, and InGaAs.[151, 153-156] However, these detectors usually rely on a

thick material usage to achieve considerable photoresponse, which causes the obstacle
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in achieving low-cost and flexible optoelectronic devices.[63] Organic—inorganic
halide perovskite is currently considered one of the most promising candidates for next-
generation light sensing due to their excellent optoelectronic properties and solution

processability. [2-9, 157-159]

Perovskites have the general chemical formula of ABX3, where A is an organic
or inorganic cation, such as methylammonium (MA), formamidinium (FA), or cesium
(Cs), B is typical lead (Pb), and X is a monovalent halide anion, such as chlorine (Cl),
bromine (Br), iodine (), or their mixtures. While high-performance photodetectors with
perovskites as the semiconductors have been realized in many published works,[11, 21,
55, 160, 161] the response of typical perovskite-based devices is generally below than
800 nm. In contrast to those Pb-based perovskites, tin (Sn)-based perovskites present
the low-energy absorption edge because of their small bandgaps (e.g., 1.4 eV for
FASNI3). With the help of high hole carrier mobility and photocarrier density of the p-
doping FASnNIs, our previously reported photodetector has shown a high responsivity
of 10° AW at a low operating voltage of 0.5 V.[162] Nevertheless, the
commercialization of Sn-based perovskites photodetectors remains hindered by the
long recovery time of 1 minute and the lack of NIR-11 photoresponse. Synthesis of a
Sn/Pb-based perovskite alloy with a bandgap (e.g., MA(PbosSnos)ls (1.17 eV)) lower
than those of both end compounds (e.g., MAPbIz and MASnI3 (1.55 and 1.3 eV)) is
potentially suitable for the high-performance NIR-II photodetectors. [163] In light of
this, some works have been done on Sn-Pb perovskite photodetectors, yet satisfactory
sensitivity and simple device structures are still lacking. For instance, based on
Cs(PbxSni—x)(Bryli—y)s nanowire synthesized with 0.5 mg mL™* Snl, additive, Tang et
al. demonstrated a broadband photodetector with the responsivity of only 0.085 AW~

1 [164] Cao et al. prepared another full inorganic PEDOT:PSS/Cs(PbosSho.s)ls/PCBM
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photodetector by adopting 5% (PEA)2PbosSnoslsa, exhibiting the relatively high
responsivity of 0.27 AW™[165] Zhao et al. have further developed a double-sided
passivation method dealing with the growth of the PEA-based 2D capping layers,
whereas the responsivity of 0.53 AW and specific detectivity of 2 x 10 Jones were
achieved in a photodetector composed of PTAA/PEAI/Cso.0sMAo.45FA0.5(PbosSnos)l3
IPEAI/Ceo/BCP.[166] Meanwhile, since Sn component of the mixed perovskites could
be easily oxidized by O, and H20, the long-term stability is still a problem for these

devices exposed in ambient conditions without protection.

Here, an ultrasensitive broadband phototransistors based on a single layer of
low-bandgap MAosFA0s(Pb1xSnx)lz  will be reported. By introducing 4-
hydrazinobenzoic acid (HBA) additive to suppress the oxidation of Sn?* and assist the
growth of perovskite grains, a series of air-stable Sn/Pb-based photodetectors with a
simple device structure has been successfully prepared, which exhibits different
recovery times from ~ 1 min to below 1 s (x-number is adjusted from 0.7 to 0.5).
Although Sn/Pb-based perovskite alloys have been successful applied in solar cells
[167-169] and even in photoconductors and photodiodes as mentioned above, they have
never been used in phototransistors until now. The phototransistors based on
MAosFA05(PbosSnos)ls have exhibited responsivity up to 108 AW and a specific
detectivity of 2 x 10 Jones in NIR-1I region at a working voltage of 1 V. This work
paves a way of realizing a type of highly sensitive broadband phototransistors based on

low-bandgap Sn-containing perovskite alloys.

4.2  Experimental Section

4.2.1 Materials Synthesis
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Different FAosMAos (Pbix Sny)lz precursor solutions were prepared by mixing
methylammonium iodide (MAI), formamidinium iodide (FAI, Great cell Solar Ltd),
lead iodide (Pbl2, Sigma-Aldrich), tin iodide (Snl2) and tin fluorine (SnF2, Alpha Aesar)
(05:05:1-x:x: 0.1 x, molar ratio) in a dimethyl sulfoxide (DMSO, Sigma-
Aldrich)/N,N-Dimethylformamide (DMF, Alfa Aesar) (1 : 4, volume ratio) mixture. 4-
hydrazinobenzoic acid (HBA) was added as antioxidant, and the molar ratio of HBA

and Snl, was 3%.
4.2.2 Device Fabrication

The Si/SiO2 (300 nm) substrate was ultrasonically cleaned sequentially in
deionized water, acetone, and isopropyl alcohol (IPA) and dried under a stream of
nitrogen gas. Cr (10 nm)/Au (100 nm) electrodes with the channel width (W) and length
(L) of 800 and 4 um, respectively, were patterned via photolithography and magnetron
sputtering on the Si/SiO- substrate. In the case of employing anti-solvent method during
the perovskite thin film fabrication, prior to the spin-coating, the substrate was exposed
to Oz plasma for 5 min. After that, precursor solution was dropped on to the substrate
followed by one-step spin-coating process at 5000 r.p.m. for 30 s, and diethyl ether was
dropped on the film at 101 s after starting the spin-coating process. Then, the devices
were annealed at 60°C for 1 min and 100 °C for 5 min. The thickness of the perovskite
films can be controlled by adjusting the total Pb?* molar concentration (from 1 to 1.5

m) and the speed of spin coater (from 5000 to 3000 r.p.m.).
4.2.3 Materials Characterization

The composition and orientation of FAosMAos (Pbi-x Snx)ls perovskite layer
was confirmed by X-ray Diffractometer (XRD) (Rigaku SmartLab). The

Photoluminescence (PL) spectra of perovskite films were acquired by
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photoluminescence spectrometer (Edinburgh: FLS920) with excitation wavelength of

488 nm. The absorption spectra of perovskite films were recorded by Perkin Elmer UV-

vis-NIR spectrometer.
4.2.4 Electrical, Optoelectronic Measurements for the Devices

The photoresponse performance was reported using a semiconductor parameter
analyzer (Keithley 4200-SCS, Solon, Ohio, USA) under light illumination at various
intensity in the nitrogen-filled glovebox. The light sources were light-emitting diodes

with wavelengths of 370, 420, 530, 598, 685, 860, 980, 1200, and 1450 nm.

4.3 Results and Discussion

4.3.1 Surface Morphology
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Figure 4.1 a) Relative bandgaps of organic, inorganic, and mixed perovskite alloys. b)

Energy band diagram and c¢) anti-solvent crystallization strategy of
MAo.sFA0.5(PbosSnos)ls perovskite.
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Recently, the introduction of Sn has been employed in several perovskite alloys
to narrow their bandgaps below both end compounds (Figure 4.1a). [163, 170-173]
This decline phenomenon of the bandgap was depicted in Figure 4.1b, which can be
mainly due to the energy mismatch between Pb and Sn atomic orbitals in the perovskite
layers. [74] To realize the uniform mixed Sn/Pb hybrid perovskite alloy
MAosFA0s(Pb1xSny)ls films, an anti-solvent dropping process was developed as
depicted in Figure 4.1c. For the initial step, 60 pL of MAo.sFAo5(Pb1-xSnx)l3 precursor
solution with HBA additive was dripped onto the center of the substrates followed by
spin-coating. Before the perovskite layers dried (~ 10 s), 200 pL of diethyl ether was
dripped on the spinning substrates to remove redundant solvent for assisting
crystallization. Finally, compact and pinhole free perovskite films were obtained after

annealing at 100 °C for 5 min.
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Figure 4.2 Characterization of the surface morphology based on varying stoichiometric
ratios for MAo.sFAos5(Pb1-xSny) I3 perovskites, where x = 0.4, 0.5, 0.6, and 0.7. a) XRD

spectra and b) the diagrams extracted from previous results.
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Figure 4.3 Characterization of the surface morphology based on varying stoichiometric
ratios for MAo.sFAo0s(Pb1-xSny)l3 perovskites, where x = 0, 0.4, 0.5, 0.6, 0.7 and 1. a)
Normalized photoluminescence (PL) and b) absorption spectra.

To evaluate the crystal structure of the MAo.sFA0.5(Pb1xSnx) I3 perovskite films,
the X-ray diffraction (XRD) measurements were carried out on. The single peak of (113)
plane located within the 20 range between 22° and 25° suggests an orthorhombic crystal
structure for Sn/Pb-based perovskite alloys (Figure 4.2a). [172] In addition, the
intensity of diffraction peaks slightly decreases when x-number increases, indicating
that film crystallinity could be reduced by the Sn incorporation in Sn/Pb-based

perovskite alloys (Figure 4.2b).

The optical absorption spectra are shown in Figure 4.3a, which demonstrate the
absorption tuning for the synthesized MAosFAos(Pb1-xSnx)ls serial compounds. In
contrast to the electronic absorption spectrum edges of 750 and 810 nm for pure Pb-
and Sn-perovskites, the band edge positions of alloyed MAosFA0s5(Pb1xSNny)ls
perovskites with x-numbers of 0.4, 0.5, 0.6, and 0.7 are close to 1000 nm. The result is
mainly because of the decreased Eq4 by using Sn-derived VBM and Pb-derived CBM as
mentioned above, indicating significant absorption of NIR photons for Sn/Pb-based

perovskite alloys.
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As the absorption spectra of MAosFA0s(Pb1xShy)ls show the softened band
edge due to the existence of sub-bandgap states and increased scattering in the
perovskite films, [174] steady photoluminescence (PL) spectroscopy is characterized to
accurately reveal the Eq of the MAosFA0s(Pb1xSnx)Is as shown in Figure 4.3b. The
estimated Eg decreases from 1.60 to 1.21 eV (775 to 1022 nm) when the Sn content
increases from 0% to 60% and shifts back to 1.39 eV (891 nm) for the pure
MAosFA0sSnlz, which is in agreement with the absorption spectroscopy and even the

results of MAxFA1x(PbxSni-x)l1s. [175]
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Figure 4.4. X-ray photoelectron spectroscopy (XPS) depth profile of
MAosFA05(PbosSnos)lz film. a) Atomic percent and b) Pb/Sn ratio from the XPS
spectra as a function of depth from the top surface of Sn/Pb-based perovskite film. ¢)
Band bending positions of Sn 3d XPS peaks measured at the initial four XPS

acquisitions.

To investigate the element distribution of Sn/Pb-based perovskite film, the
depth-profiling X-ray photoelectron spectroscopy (XPS) was proceeded for the
perovskite thin film on the indium tin oxide (ITO) substrate. By using argon (Ar) beam
sputtering between successive XPS acquisitions, the profile clearly shows that
MAosFA05(PbosSnos)ls alloy has a Pb-rich perovskite capping layer (Figure 4.4a),
which is consistent with other reports.[176, 177] Taking the evidence revealed by

elemental XPS measurement of the surface of perovskite alloy (~30 nm) (Figure 4.4b),
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it indicates that the vertical heterostructure of mixed Sn-Pb perovskite has been
developed after an anti-solvent dropping process. Surprisingly, the reduction effect of
Sn** content in the perovskite alloy has been also revealed through core level binding
energy (Sn 3ds and Sn 3dap regions, respectively) measured by depth profiling. As
Figure 4.4c presents, the peaks from Sn** oxidation state are clearly disappeared after
sputtering. This phenomenon is consistent with the diminishing amounts of oxygen
element measured in the top-surface XPS spectrum, suggesting additive of HBA and
Pb-rich perovskite capping layer can effectively reduce the formed Sn** ions to enhance

the film quality against oxidation. [169]

4.3.2 Mixed Sn/Pb-based Perovskite Phototransistors
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Figure 4.5 Design and performance of the devices based on varying stoichiometric
ratios for MAosFAos(Pb1xSnx)ls perovskites, where x = 0.4, 0.5, and 0.6. a) The
schematic illustration of perovskite photodetectors. b) Drain—source current versus time
(Ips—t) curves at the near-infrared wavelength of 980 nm (16.6 pW cm2). d) Temporal

photocurrent responses highlighting for decay times.

Figure 4.5a presents a schematic diagram of photodetectors consisting of

MAo5FA0s5(Pb1xShy)ls perovskite films with x-number varying from 0.4 to 0.7. Cr/Au
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electrodes were deposited by magnetron sputtering on a Si/SiO> substrate and patterned
by photolithography, followed by the anti-solvent dropping method of the perovskite
channels. The drain current — time (Ips — t) curves between the two Au electrodes of
fabricated photodetectors were measured at the drain voltage (Vps) of 1 V in the dark.
Then, the perovskite photodetectors were characterized under near-infrared light (980
nm) with intensity of 16.6 pW cm™2. The photocurrent (Ip,,.,) is defined by the

following equation

Iphoto = ILight — Ipark (4.1)

Figure 4.5b depicts that Ippooe OF MAosFAos(PbixSny)ls  perovskite
photodetector is enhanced by almost one order of magnitude from 0.05 to 0.3 uA with
increasing x-number from 0.4 to 0.5. When x-number further increases from 0.5 to 0.6,

the device exhibits the similar Ipp¢, (~ 0.3 LA) together with both increased I;;4p,, and
IDark-
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Figure 4.6 a) Drain—source current versus time (Ips—t) curves at the near-infrared
wavelength of 980 nm (16.6 pW cm2) for MAosFA05(Pb1-xSnx)ls perovskites, where x
=0.7. Temporal photocurrent responses highlighting for b) rise and c¢) decay times for
MAw s5FA0.5(Pb1-xShx) I3 perovskites, where x = 0.4, 0.5, and 0.6.
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The response time of a photodetector is a critical issue for its commercial
application. Notably, the rise (zr) and decay (zq) times are generally defined in literature
as the times for the current to rise from 10% to 90% of the peak value and vice versa,
accordingly. The tw/tq of the perovskite photodetector based on
MAo5FA05(PbosSne7)ls is determined to be larger than 30000/60000 ms (Figure 4.6a),
which is similar to those of the Sn-based photodetectors and perovskite/organic-
semiconductor phototransistors. [69, 148, 178]. The prolonged period of response time
could greatly hinder its optoelectronic applications. A further decrease of t//t4 from
800/4000 to 500/1000 ms, together with almost the same lpnoto, Were observed with
decreasing x-number from 0.6 to 0.5 (Figure 4.6b-c), which suggests that

MAosFA0s5(PbosSnos)ls can be regarded as a promising candidate for photodetectors.
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Figure 4.7 Photoresponse properties of the perovskite phototransistors based on
MAosFA05(PbosSnes)ls. a) Plots of drain and gate currents through the perovskite film
with thickness (t;) of ~400 nm against gate bias at drain voltage of 1 V and at the near-
infrared wavelength of 980 nm (16.6 uW cm2). Plots of b) photocurrent and c)
responsivity of above device as functions of drain voltage under different illumination

power of light with 980 nm wavelength.
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Figure 4.8 Plots of a-c) photocurrent and d-f) responsivity of above device as functions
of drain voltage under different illumination power of light with 370, 530, and 850 nm
wavelengths, respectively.

The effects of perovskite thickness (tr) and gate voltage (Ves) on device
performance were then investigated. In addition to the above discussed 250 nm thick
MAosFA0s(PbosSnos)ls perovskite photodetector, phototransistors with perovskite
thickness of 400 and 550 nm were further prepared and characterized. Figure 4.7a
shows the drain and gate currents versus gate voltage (Ios—Ves and lgs—Vas) curves of
the 400 nm thick MAo.sFAos(PbosSnos)ls perovskite phototransistor. The device was
measured both in the dark and under near-infrared illumination with a wavelength of
980 nm (power density: 16.6 W cm) at the drain voltages (Vps) of 1 V. Then, the
phototransistor exhibited a negligible lss response to light illumination, which was
three orders of magnitude lower than the Ips. Therefore, the modulation of the channel
current in a field effect transistor under a gate voltage is mainly due to the change of

carrier concentration close to the gate dielectric (i.e., SiO2). Irightand Ipark both increase
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with the decrease of Vgs, suggesting that the perovskite layer close to the substrate is p
channel under light illumination. Meanwhile, the threshold voltage shifted from —69 to
—48 V with field effect mobility of ~ 0.04 cm? V1s™t. Notably, when the dark current
decreased with increasing Vgs from -80 into 0 V, the light current also decreased to

cause the lower responsivity.

Figure 4.7b presents the Ip,:, Of the device as a function of the operating
voltage between the two Au electrodes for various light intensities (NIR wavelength:
980 nm) under Vgs of 0 and - 80 V, respectively. Moreover, the linear Ip,,:,—Vbs CUrves
of the same device under UV (370 nm), visible (530 nm) and NIR-I (850 nm) light are
shown in Figure 4.8a-c, demonstrating a good ohmic contact between the

MAo.sFA05(PbosShos)ls perovskite film and the Au electrodes.

The responsivity (R) of a photodetector is given by [75]

R(AW™1) = ;LV’;L (4.2)

Thus, the R is shown as a function of the operating voltage for various light intensities
in Figure 4.7c and Figure 4.8d-f. The device exhibits a maximum R of ~ 2 x 108 AW
under Vgs of —80 V at the NIR wavelength, which is several orders of magnitude higher

than those of reported Sn/Pb-based perovskite photodetectors. [164-166]
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Figure 4.9 Plot of the responsivity as function of the light intensity with different
wavelengths at Vpg of a) —80 and b) 0 V, respectively. c¢) Plot of responsivity as

function of the wavelength under illumination.
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Figure 4.10 a) The noise of the dark current of the device. The operating voltage is 1
V. b) Analysis of noise spectral density of this perovskite phototransistor by the Fast

Fourier Transform (FFT) from corresponding dark current noise.

The R of the devices increases with the decrease of light intensity, which follows

a relationship given by R o« E,P~* and demonstrates an ultrahigh sensitivity for NIR
response (Figure 4.9a-b). A spectral photoresponse from the UV to the NIR-1I region
of the perovskite phototransistor under Vgs of —80 V is further summarized in Figure
4.9c, suggesting that the device is preferably employed by both NIR-1 and NIR-I1I
detections. In this case, the gain (G) of this devices is estimated to be 2.5 x 10® under

illumination with 980 nm, according to the following equation [87]

Rhc

G = E (43)

In addition, D* is the key parameter of a photodetector and given by [75, 87-89]

. 4B)1/2
pr =10 (4.4)
i§1/2
NEP = (4.5)
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The noise level per unit bandwidth (1 Hz) of the device, which exhibited both the largest
lon and R among all the devices, was measured to be ~ 10° A Hz Y2 (Figure 4.10).
Therefore, D* of the device at the wavelengths of 980 nm is calculated to be above 104

Jones (cm HzY?2 W™).
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Figure 4.11 a) The device configuration of the perovskite phototransistors. The SEM
images of the perovskite films with thickness of i) 250, ii) 400, and iii) 550 nm, where
the scale bars are 500 nm. b) Plot of the responsivity as function of the light intensity
under different wavelengths. The dotted lines in R-Ee curves are fitting curves with a
formula of R «Ee# 1,

In addition to above discussed 400 nm thick perovskite phototransistor, other
devices with tr of 250 and 550 nm have been further prepared and characterized (Figure

4.11a). As shown in Figure 4.11b, the responsivities as a function of light intensity can

be fitted with the relationship R Eeﬁ‘1 at 980 nm wavelength and at Vs = 0 and —
80 V, respectively. It is noteworthy that carrier recombination might take place at the
surface of the thickest perovskite film (550 nm) throughout negligible photogating
effect, leading to the lowest Ipnoto and R under Ves of —80. In contrast, the enhanced
performance of the device with t, increasing from 250 to 400 nm is obtained, which can

be attributed to the pronounced photogating effect and satisfactory light absorption.
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44  Summary

In summary, this is the first time to realize highly sensitive broadband phototransistors
based on mixed tin-lead perovskites. Under negative gate bias, a high density of photo-
generated holes can accumulate in the bottom perovskite layer and induce a pronounced
photogating effect on the channel. Based on the MAosFAos(PbosSnos)ls perovskite
film, the optimal device exhibits responsivity of 2 x10° AW and specific detectivity
of up to 10'* Jones under NIR-II light at an operating voltage of only 1 V. This work
reveals the feasibility of fabricating perovskite alloys in ultrasensitive phototransistors

for broadband detection.
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Chapter 5 Conclusions and Future Prospect

5.1 Conclusions

In recent years, the structural and compositional tunability of perovskite
materials leads to the better understanding of foundational concept in optoelectronic
applications. Furthermore, various types of halide perovskite materials have been
developed, including the all-inorganic perovskites, the layered Ruddlesden-Popper
perovskites, and the lead-free perovskites. As the results, the outstanding optoelectronic
properties of these novel perovskite materials give us the chance to fabricate stable,
broadband and low-cost devices. However, it is still challenging to attain high

photosensitivity in pure perovskite-based photodetectors.

In this thesis, | have presented a convenient approach for fabrication of gradient
2D/3D perovskite heterojunctions through an enhanced hot-casting technique, which
leads to a continuously change of the 2D perovskite compositions from n=1 to co along
the vertical bottom-to-top direction of the films and forms vertical heterojunctions
inside them. A series of perovskite thin films has been fabricated with varying
predefined n-values of (PEA)2(MA).-1Pbnlsn+1 precursor solution. At the optimal
conditions, suitable 2D/3D perovskite vertical heterojunction can be created. By
realizing the heterostructure-assisted charge separation in the photoactive layer, the
device has showed a responsivity up to 10> AW-1, a gain up to 102 and a specific
detectivity of 2 x 102 Jones with the dynamic range from 0.01 to 100 pWcm2, which

are higher than those of most 2D perovskite-based photodetectors.

Furthermore, Sn/Pb-based perovskite alloys have not been used as photo-

absorbing layer in phototransistors until now. By introducing HBA additive in
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precursor solutions to suppress the oxidation of Sn** and assist the growth of perovskite
grains, a series of air-stable Sn/Pb-based PPDs with a simple device structure has been
successfully prepared. They exhibit different recovery times from ~ 1 min to below 1 s
(x-number is adjusted from x = 0.7 t0 0.5 in FAo5sMAo.5(Pb1x Snx)l3 precursor solutions),
while the commercialization of Sn-based PPDs remain hindered by their long recovery
time and the lack of NIR photoresponse. As a result, high responsivity of ~ 10° AW
and specific detectivity of ~ 10'* Jones have been further demonstrated in the NIR-1I
phototransistor based on MAosFAos(PbosSnos)ls, which are several orders of

magnitude higher than those of reported Sn/Pb-based perovskite photodetectors.

5.2  Future Prospect

The photodetectors in this thesis were operated mainly based on either 2D
layered perovskite or Sn/Pb-based perovskite alloy. Highly sensitive photodetectors
have broad potential applications in the world, including environmental monitoring,
imaging, optical communication, and biomedical sensing. As mention before,
heterostructure-assisted charge separation can be obtained by introducing the gradient
2D/3D perovskite films with cascaded band structure in the devices, which paves a way
for enhancing the performance of perovskite-based optoelectronic devices. Moreover,
the Sn-based perovskite photodetectors generally have the relatively high responsivity
but inferior response speed compared with the Pb-based perovskite devices. To
alleviate the environmental problem caused by toxic Pb in the devices, compositional
engineering of the perovskite active layers by completely or partially replacing Pb with

Sn should be also further studied.
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Together with ultrasensitive photodetection, | have studied the role of hot-
casting method and the stoichiometric ratio control for developing perovskite thin films,
which helps expedite the investigation of Pb-Sn-alloyed product with vertical
heterojunctions. Next, | will systematically design and fabricate the high-performance
phototransistors based on novel 2D/3D perovskite alloys. Considering the high carrier
mobility of other 1D and 2D materials (e.g., carbon-nanotube and graphene), significant
enhancement of the performance for perovskite phototransistors might be further
achieved with an adequate synergetic effect. Thus, I will also try to prepare PPDs by

using other materials as special conductive channels of the devices.
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