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Abstract

High On/Off Ratio Devices with
Broadband Photoresponse based on
Surface Functionalized and Defect

Controlled Optoelectronic Materials

Kootak Hong
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Photodetectors, which convert optical signals into electrical signals, are essential
components for various fields. Recently, broadband photodetection from ultraviolet
(UV) to near infrared (NIR) become central to modern science and technology, as
the light with a wavelength of 400 nm to 1000 nm has notable advantages such as
harmless characteristics, free frequency usage fee, high transmission rate, and high
transmission capacity. However, it is difficult to develop high performance

broadband photodetectors due to the lack of proper materials which have the ability



to absorb of incident radiation over broad wavelength range with excellent
optoelectronic transfer efficiency and high reliability. In this respect, careful
investigation of methods for how materials can show high on/off ratio under the wide
range of wavelength should be carried out for developing high performance
broadband photodetector. Therefore, this study focuses on design of high on/off ratio
devices with broadband photodetection from UV to NIR to develop high

performance and reliable broadband photodetectors.

By surface functionalization, Ag-decorated vanadium dioxide (VO.) nanorod
arrays (NRs)-based broadband photodetector are realized experimentally. Efficient
broadband photodetection via localized surface plasmon resonance (LSPR) assisted
photo-induced metal-insulator transition (MIT) occurs in Ag-decorated VO, NRs.
The porous nanostructure can enable VO to have a high specific area to be
illuminated and to be well-decorated with Ag nanoparticles along the whole surface.
Due to LSPR, strong electromagnetic coupling, which occurs at the interface
between Ag nanoparticles and VO» NRs, provokes daylight-induced MIT in VO..
MIT-driven broadband photodetection with the high response has not been observed
in bare VO, dense planar thin films and this will open up the new strategy for a new
functionalization in strongly correlated materials.

By controlling of defect migration, reliable high On/Off ratio (Ion/Ioxr = 10%)
CH:;NH;Pbl; broadband photodetectors with transport layer-free simple
metal/semiconductor/metal lateral structure are demonstrated. At high external bias,
low On/Off ratios and spikes in dark current and photocurrent are observed due to
the charged defect migration. The charged defect migration can be effectively
inhibited at low external bias, and thus the CH3;NH3Pbls-based photodetectors show



high /I../Ior ratios and spike-free dark current and photocurrent. In addition,
prevention of the prepoling in the CH3NH3Pbl; films by operating at the low external
bias results in pronouncedly enhanced signal-to-noise ratios even under low intensity
incident light. These results strongly propose that inhibiting the migration of charged
defect ions in CH3NH;Pbl; films is a key in developing reliable high performance

CH;NH;Pbls-based devices.

Our approaches to enhance broadband photodetection performance of devices will
open up the way to future devices. This study serves as a valuable proof-of-concept
for next generation optoelectronic devices with fast response, low power

consumption, high performance. and high relibility.

Keywords: Broadband photodetector, Vanadium dioxide, Metal-insulator
transition, Plasmonic nanoparticles, Surface Functionalization, Hybrid

perovskite, Defect ion migration, Hysteresis
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Chapter 1

1.1. Background

From the beginning of time, light is essential to all living things in the Earth
and mankind has wanted to control and use light for its convenient life.
Optoelectronic devices, which can generate, detect, control, and interact with
light, are the results of the desires. Among the optoelectronic devices,
photodetectors, which can convert incident light into electrical signals, are
essential electronic component used in various fields in our lives including
imaging, communication, environmental monitoring, chemical/biological
detection, day- and night-time surveillance. Therefore, for a photodetector

with better performance, it has been extensively studied for decades.

Recently, with the advent of new technology, such as visible light
communication, holographic data storage, the internet of things, there is an
increasing demand for a device capable of broadband photodetection from
ultraviolet to near-infrared (400~1000 nm), which is harmless to the human
and enables high transmission rate and capacity. So far, previous reports on
photodetectors were mainly related with special wavelength photodetectors.
Therefore, studies on developing high performance broadband photodetectors
are required. To detect light up to near-infrared region, the band gap of the
active materials in photodetectors should be less 1.24 eV or less, but there are

few materials exhibiting good optoelectronic transfer efficiency with good
1 + 7]



reliable performance.

Although synthesizing new materials capable of broadband photodetection
may be one possible way, this approach is complicated and has drawbacks in
terms of cost, fabrication. Therefore, to design the photodetector with wide
spectral sensitivity, different approaches are needed to expand the detectable

wavelength range and obtain enhanced optoelectronic efficiency of materials.



1.2. Objectives of this study

This thesis focuses on design the high on/off ratio devices with broadband
photodetection of incident light of wavelength from 400 nm to 1000 nm. For simple
fabrication, low cost, and better investigation for physical properties of
optoelectronic materials, the devices investigated in this thesis were fabricated in the
form of photoconductor. In order to obtain higher broadband photoresponse
performance, surface functionalization and defect control methods are employed.
The enhanced and reliable photoresponse performance of the devices, which were
investigated in this thesis, was studied systematically using various experiments
including current-voltage (/-V) measurement, transient photocurrent measurement,
x-ray diffraction (XRD), ultraviolet-visible (UV-Vis) photospectrometer,
thermographic camera, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM) and finite-difference time
domain (FDTD) simulations. These experimental results substantiate that high
performance broadband photoresponse can be realized by surface functionalization
and defects control. Based on these experimental results, high on-off ratio devices

with broadband photodetection were developed.

Chapter 2 describes basic introduction to photodetectors and current issues in
developing photodetectors. First, physical properties of light and working principle
of photodetectors including photoelectric effect and photothermal effect will be
discussed. And then, the device architecture and figure-of-merit parameters to
evaluate the performance of photodetectors such as on/off ratio, responsivity,

detectivity, external quantum efficiency will be presented. Finally, limits of



commercial photodetectors and previously studied photodetectors and current issues
and a short review of developing higher performance broadband photodetectors will

be discussed.

In Chapter 3, broadband photodetection by daylight-induced metal-to-insulator
transition in Ag-decorated vanadium dioxide (VO;) nanorod arrays are presented.
With Ag nanoparticles (NPs) decoration, the electric fields are generated at the
interface between Ag NPs and VO, under the illumination due to localized surface
plasmon resonance (LSPR). The generated electric fields at the interface between
Ag NPs and VO, NRs affect electronic state of VO, and thus, visible light-induced
metal-to-insulator transition, which has not seen in dense planar VO, thin films, was
observed in Ag-decorated VO, NRs. As the electric fields, which originate from
LSPR, can be generated under a wide range of wavelengths, the MIT in Ag-
decorated VO, NRs occurred under a wide range of wavelength. Therefore,
broadband photodetection of Ag-decorated VO, NRs was available from 400 nm to

1000 .nm

In Chapter 4, reliable broadband photodetection performance of hybrid perovskite-
based device are described. Due to the low activation energy for formation and
migration of defects, hybrid perovskite-based devices suffer from performance
degradation. With inhibition of ionic defect migration, hybrid perovskites-based
devices show high on/off ratios and reliable photoresponse performance. Moreover,
it is revealed that the electrical history of the device such as poling significantly

affects device performance and should be controlled for reliable operation.
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2.1. Introduction to photodetectors

Photodetectors, which convert light signals into electrical signals, are one of the
essential and widely used electronic devices (Figure 2.1). They significantly affect
our daily lives and can easily find widespread applications in industrial and scientific
area including environmental monitoring, optical communications, remote control,
missile defense, day- and night-time surveillance, chemical/biological sensing, and
medical diagnosis (Figure 2.2).l'>) Recently, as the internet of things, visible light
communication, and data storage using light become core technologies for the future,
photodetectors become more important since as they can supply enormous amounts

of information about the environment and the state of the object.!®!

This section begins with the introduction to the classification, properties and
applications of light. Then, the basic working principles of photodetection and device
architecture are introduced. Finally, the figure of merit parameters that make it

possible to evaluate the performance of photodetectors are discussed.
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Figure 2.1. Photodetectors convert optical signals into electrical signals. (a) Various

commercial photodetectors (b) Typical phototransient curve of photodetectors.
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2.1.1. The electromagnetic spectrum

There have been many efforts made for comprehensive description of light for
centuries. In classical pictures of light, light is considered as a wave. Such
phenomena as interference, diffraction, refraction, and reflection can be explained
by the theory of waves. The electromagnetic wave consists of oscillating electric and
magnetic fields which are perpendicular to direction of propagation, travelling at
speed c in the direction normal to their plane of oscillation. The speed of light can

be expressed as
c= Av
where A is the wavelength and v is the frequency of oscillation.

However, photoelectric effect and Compton scattering can be explained by the
wave of light, when light interacts with matter during absorption and emission. It
becomes necessary to describe light as a group of indivisible quanta of radiation
called photons, each travelling at speed ¢ and have a distinct energy which can be

expressed as
E=hv

where h is Planck’s constant (6.63x1034Js, 4.14x10715 eVs). In semi-classical picture
of light, light consists of a large number of photons, and its properties and interaction

with matter become a statistical calculation.

The visible light, which we use to see, is a very small part of electromagnetic waves.
Electromagnetic waves are categorized by wavelengths into radio (10® nm),

microwaves (10° nm), infrared (10* nm), visible (400-700 nm), ultra violet (10> nm),
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x-rays (10! nm), and y-rays (10° nm) as shown in Figure 2.3. When an
electromagnetic wave have photon energy below 107 eV, wave-like behaviors are
apparent in electromagnetic waves. Whereas, with decreasing of wavelength of
electromagnetic waves, electromagnetic waves show more pronounced particle-like
behaviors. Therefore, photodetectors for below IR regions use photoelectric effect,
which are related with particle nature of electromagnetic waves, whereas
photodetectors for above IR regions use photothermal effect, which are related with

wave-like behavior of electromagnetic waves.

The electromagnetic waves have different properties depending on wavelength,
such as how they interact with matters and their applications (Figure 2.4). For
examples, radio waves are mainly used for communication and wireless coupling
signal transmitting. Due to low attenuation losses in silica, infrared waves are used
for fiber optic communication. Infrared radiation in fiber optics. X-rays and y-rays
are classified as ionizing radiation since their high energy photons can ionize atoms,
causing chemical reactions. Although exposure to these rays in daily life can be very

harmful, they are very useful in medical imaging and radiation therapy.™
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2.2.2. Basic working principles of photodetection

All the photodetectors make use of the effects of the interaction of light with
materials. There are two main working principles how photodetectors detect light:
photoelectric effects and thermal effects. While photodetectors based on
photoelectric effects are mainly used for detecting from ultraviolet (UV) to near
infrared (NIR) region, photodetectors based on photothermal effects are used for
detecting far IR region.!'%) In this section, working principles of photodetectors based

on photoelectric effects and photothermal effects.

Working principles of photodetector based on photoelectric effects

The photoelectric effects means the direct interaction between photons and
electrons in materials. The conversion process of photodetector based photoelectric

effects can be divided in to three main steps.

1. Photosensitive materials in device (usually semiconductors) absorb the

incident light (optical signal) and the carriers are generated.

2. The photogenerated carriers are transported into the electrodes. The transport
of photogenerated carrier can be amplified depending on the device

architecture.

3. The extracted carriers flow into the external circuit. The flow of photogenerated

carriers are current which is the electrical signals converted from incident light.

To provoke photoelectric effect by incident light, an electronic transition should be

occurred in photosensitive materials. The incident light can be detected by photon
11 x ]



detector, if its energy is larger than the energy of the relevant transition within the
photosensitive materials in the device. The relation between detectable incident light

and the energy of relevant transition can be expressed as

where A is wavelength of incident light, / is Planck’s constant, c is light velocity, and
AFE is the energy of the relevant transition. There are three representative transition
and they can be explained with band structure of materials as shown in Figure 2.5.
When photosensitive materials absorb the incident light which has photon energy
larger than band gap, interband transition occurs in which electrons in valence band
move into conduction band (Figure 2.5a). The conductivity changes resulting from
interband are called intrinsic photoconductivity, as interband transition is related
with intrinsic electrical properties, especially band gap energy. The photon energy
less than band gap energy can induce electronic transition. When deep levels are
generated by impurities, electrons can move from impurity level to either the valence
band or conduction band. The impurity centers are trap sites that have the form of a
free electron-bound hole or free hole-bound electron. The impurity states are
typically shallow states located near from the opposite band edge (Figure 2.5b).
Another possible transition is intersubband transition (Figure 2.5¢). The electrons
and holes are excited between the subbands within the conduction band. The
conductivity changes due these transition are called extrinsic photoconductivity as
external factors, such as impurity, doping concentration, morphology, influence the

photoconductivity of materials.
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Working principles of photodetector based on photothermal effects

While photon photodetectors are mainly used for detecting from UV to NIR region,
thermal photodetectors are used for detecting far IR region as there is no a discrete
energy cutoff in thermal effects. The operating mechanism of thermal photodetectors
can be described as following: First, the incident light induces a temperature change
in the active materials in thermal photodetectors. As the active materials in the device
show temperature dependent electrical properties, the dissipated energy causes some
other physical parameters to change. The photoresponse of thermal photodetectors
is normally related to the intensity of the incident light, rather than wavelengths of

incident light, as there is no a discrete energy cutoff in thermal effects.
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2.2.3. Device architectures

Based on the device architecture, photodetectors can be categorized into
photodiodes, phototransistor, and photoconductor. Each type of photodetectors have
their own operating mechanism due to the device architecture. In this section, device
architectures of photodiodes, phototransistor, and photoconductor are described.
Moreover, the operating mechanism, advantages and disadvantages depending on

device architecture are also discussed.

Photodiode

Photodiodes are usually based on p-n or p-i-n junction. When photodiodes are
illuminated, photogenerated carriers within depletion region are separated and
transported to electrodes by built-in electric fields. Therefore, a photovoltaic-like
vertical configuration is widely adopted as photogenerated carriers are easily
separated and charge recombination can be reduced (Figure 2.6a). Photodiodes can
be operated by low driving voltage and exhibit low dark current and fast response
speed. However, the disadvantages of photodiodes are resulted from depletion region.
Since depletion region is very narrow in photosensitive layer and it is significantly
influenced by the doping concentration and impurities in photosensitive layer. The
external quantum efficiency of photodiodes is normally less than 100 % due to the
insufficient absorption of light and recombination of photogenerated carriers. As a
point of fabrication, photodiodes have drawbacks. For the better separation of
photogenerated carrier, photodiodes need charge transport layers, which are

expensive and make fabrication process become difficult. Moreover, photodiodes
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need expensive transparent electrodes, as incident light pass through the electrode

when light enters the active layer.

Phototransistor

Phototransistors use the transistor gain action in conjuction with the carrier
generation due to light absorption. To reduce the noise current and amplify the
electrical signal, phototransistors have a gate electrode and a dielectric layer are
added to the devices, as shown in Figure 2.6b. With reduced dark current and noise
current, phototransistors exhibit enhanced figure of merit such as responsivity and
gains. With incorporating with cheap and high mobility semiconductors,
phototransistor can be fabricated easily. However, phototransistors exhibit a strongly
exhibit a nonlinear response, slow response speed, and cannot detect light of weak

intensity.

Photoconductor

Photoconductors are device whose resistance changes under the illumination.
Compared with photodiodes and phototransistors, photoconductors have simple
structure with the photosensitive channel between the two lateral metal electrodes,
as shown in Figure 2.6¢c. The operating mechanism can be explained by
photoconductive effect. When the photoconductor are under illumination,
photogenerated carriers in the photosensitive channel are separated and collected by
electrodes by external bias. Contrary to photodiodes and phototransistor,

photoconductor can be fabricated easily due to the simple structure without
16 2] 211 &)
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transparent electrodes and charge transport layers. With this simple structure,
photoconductors are adopted in flexible optoelectronics and they have advantages as
a point of materials selection. However, due to long channel length, photoconductors

show slow photoresponse and low photosensitivity.

17



(@) (b) w (©) w

N Photosensitive
layer
Bottom X 5 Gate
transparent N
electrode Substrate
Dielectric layer Photosensitive

Substrate layer

Substrate

Diffusion

Diffusion OFF-State: Vgs <0

Figure 2.6. Schematic illustration for device architecture and typical band diagram
when each device is under illumination: (a) photodiode, (b) phototransistor, and (c)

photoconductor. Figures from Ref. [11-13].

) 25 A=t

s
L



2.2.4. Figure of merit parameters for photodetector

In order to evaluate photoresponse performance, several parameters are used.
Although certain applications require different features, the most important and

essential parameters for photodetector and their definitions are listed below.!!:14]

On/Off ratio and Photosensitivity

On/Off ratio and photosensitivity of photodetectors are defined as the ratio of the
photocurrent and dark current or the resistance in the dark and under the illumination.

They are expressed as

L
On/Off ratio = 222 = Ry /Rynoto
dark
-, - AR
Photosensitivity = X 100 (%) = x 100 (%)
dark Rphoto

where Lo 18 the photocurrent, lia+ is the dark current, Al is Lysot = Ldark, Raark 1S the

resistance in the dark, R, is the resistance under the illumination, and AR is Ruu

= Rphoto.

Responsivity

Responsivity (R,) is the ratio of photocurrent to incident light intensity. It indicates
how efficiently the device convert optical signals into electrical signals. R, can be

expressed as



I hoto
Ry = 222 (A/W)
ALlight

where A is the effective area of the device, Liign is the incident light intensity. As R;,
is proportional to the quantum yield of the photodetector, it is important that the

photodetector has a high responsivity value.

External Quantum Efficiency

Quantum efficiency for photodetector is the photon-electron conversion efficiency.
To rule out the effective change of the incident photon flux on the photocurrent,
external quantum efficiency (EQE) is one of useful figure of merit parameters to
estimate the wavelength-dependent photoresponse of photodetector. EQE of

photodetector can be expressed as
EQE = 2 100 (%
QE == =X 100 (%)

where / is Planck’s constant, ¢ is the velocity of light, A is wavelength of incident

light, and q is the elementary charge.

Detectivity (D")

Although the responsivity of a photodetector gives a measure of the output signal
of the detector for a given optical input signal, it does not give any information about
the sensitivity of the device. The sensitivity of the OPDs can be defined as the

minimum detectable optical input power meaning a signal-to-noise ratio of unity.
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Noise equivalent power (NEP) is defined as the minimum impinging optical power

that a detector can distinguish from noise.

« _ (AAN)Y?
(R/in)

(cm Hz!'?> W-! or Jones)

where Af is the electrical bandwidth and i, is the noise current. When the shot noise
is the main component of photodetector noise, the expression of D* can be simplified

as

D* ~ ]photo/Llight _ RAAl/Z

~ = cm Hz'? W or Jones
(ijdark)l/z (qudark)l/z ( )

where Jyuo 1S the photocurrent density, Ju« is the dark current density f is the
electrical bandwidth and i, is the noise current. When the dark current is dominated

by the shot noise, D* can be expressed as

Rise time (#,) and decay time (7,)

Rise time (¢.) is defined as the time for the current to rise from 10 % to 90 % of the
peak value during illumination, whereas decay time (z,) is also defined as the time
for the current to decay from 90 % to 10 % of the peak value after turning off the
light (Figure 2.7). For the application of photodetectors, a fast rise and decay speed

are normally desired characters.

Linear dynamic range

Linear dynamic range (LDR) provides a linear relationship between Iy and
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Liign.in certain range. The wide LDR is desired characteristics for photodetector,
especially high contrast applications, because it means the device can detect and

calculate the light signal accurately. LDR can be expressed as

lower

LDR = 20logZ2per — 201og’;”1—°“’ (dB)
dark

where J is current density, J photo i the photocurrent density measured at 1 mW cm
2, and Jyuu« is dark current density. The upper and lower limit of the LDR can be

determined by the current value that deviates from linearity (Figure 2.8).
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2.2. Current issues in photodetectors

2.2.1. Limits of conventional photodetectors and previous

studies

The commercial photodetectors normally use GaN, Si, and InGaAs as active
materials to detect UV (250-400 nm), visible light (450-800 nm), NIR (900-1700
nm), respectively. The detectivities of typical Si-based photodetectors are about
2x10'? Jones (or cmHz!? W), However, for high sensitivity, the commercial
photodetectors should be operated in low temperature (less than 100 K) and cooled
down to reduce the dark current.!'>) Moreover, conventional photodetectors show
performance degradation when they are under the illumination of ultraviolet with
energies much higher than the semiconductor bandgap energy. For next generation
optoelectronics, it is desired to have room-temperature photodetecting systems with
higher performance in terms of speed, efficiency, wider detection range, or low
power consumption as well as low cost, simple fabrication, and complementary

metal-oxide—semiconductor (CMOS) integrability and low cost.

In order to overcome the limits of conventional photodetecting systems,
significant efforts have been made in searching for new materials for photodetection
and enhancing photodetection performance of materials by controlling their
nanostructure and chemical composition. Most of previous studies have focused on
developing and enhancing the photoresponse performance of special wavelength
(narrowband) photodetectors.l'2°l The special wavelength photodetectors show

photoresponse under certain single wavelength or the incident light of a narrow range
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and they are used for specific applications in light detecting and optoelectronic
integrated circuits. The representative materials and techniques for special
wavelength photodetectors were summarized here: UV photodetector based metal
oxide semiconductors like ZnO, Ga,O;, and TiO,;!'%2? metal chalcogenides based
photodetector (PbS, CdS, CdSe, and CdTe);****) organic photodetectors;26-28]
detectors that use nanostructure, such as colloid quantum dots, nanoparticles,
nanorods, nanowires, and nanoplatelets, to improve photoresponse performance due
to superior charge transport and reduced charge recombination;!®-3!! the

superconducting nanowire single photon detector,*?)

etc. despite  Nevertheless, the
special wavelength photodetectors still have problems Despite of rapid progress in
special wavelength photodetectors, performance dependence on the environment
(vacuum, temperature, and oxygen adsorption/desorption) makes it difficult to obtain

high performance devices.!**!
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2.2.2. Broadband photodetectors

Recently, broadband photodetection becomes a key issue due to demands on video
imaging, biomedical imaging, day-and night-time surveillance, UV-visible-NIR
communication, wide spectral switches, and memory storage using single

r.[6:11:33:34 For example, Light-Fidelity (Li-Fi), which is one of the state-

photodetecto
of-the art technologies for wireless communication between devices, requires
broadband photodetection systems as Li-Fi uses UV-visible-NIR to transmit data. As
Li-Fiuses UV-visible-NIR to transmit data, it has many advantages such as harmless
characteristics of visible light, free frequency-usage fee, high transmission rate, and
high transmission capacity. Therefore, the broadband photodetector is expected to be
a promising candidate and necessary component for public ubiquitous data
communication technology in the near future and the broadband photodetector
market is expected to grow rapidly. Nowadays, research and development in
photodetectors have been mainly focused on realizing miniaturized design with high
sensitivity, wide spectra response, fast speed, and excellent stability. In this section,

several research issues for developing higher performance broadband photodetectors

are discussed.

Issues in broadening the detectable wavelengths

As mentioned in section 2.2.1., previous studies were mostly related with special
wavelength photodetectors because there is few appropriate candidates which can
absorb incident light over broad wavelength range with excellent photoresponse

performance. For example, in the case of metal oxide semiconductors which have
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been mainly studied for narrowband photodetectors, there are very few materials
with a bandgap energy 1.24 eV or less that can absorb up to 1000 nm of incident
light and the materials shows poor optoelectronic transfer efficiency due to high
recombination rate and short carrier diffusion length. Therefore, various materials
such as organic materials, colloidal quantum dots, and two-dimensional (2D)
materials have been employed.*>**! However, none of them realizes broadband

detection range, high sensitivity, and ultrafast speed.

In order to obtain high performance broadband photodetection, the active materials
in photodetectors have to interact with a wide range of wavelengths to show a high
on/off ratio. Therefore, broadening the range of wavelength that active materials can
interact with is a key issue. To extend the detectable wavelength, one possible way
is combining with functional materials which can influence the active materials and
interact smaller photon energy than bandgap energy of active materials.*”! For
example, 2D materials exhibit broadband photoreseponse when it combined with
quantum dots to form a hybrid system for photodetction.*®) Plasmonic nanoparticles
can be another functional materials which enhance the light-matter interaction and

4431 Dye to the strong

extend the detectable wavelength of photosensitive materials.|
coupling with plasmonic nanoparticles and light, photosensitive materials can detect
the wider wavelength of incident light and optical properties of photosensitive
materials can be modulated. Coupling with microcavities can also broaden the range
of wavelength at which light-matter interaction can occur. As the optical field inside
aresonant cavity increases, active materials coupled with cavities can absorb a wider
range of wavelength. For example, graphene sheet integrated with a high finesse

planar optical cavity shows higher photoresponse due to enhanced light-matter
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interaction.***] Moreover, the effect of coupling of functional materials and
microcavities can be maximized in the nanostructured active materials due to large

surface-to-volume ratio and porous structure.

Issues in enhancing optoelectronic transfer efficiency

Generally, the photosensitive materials with a narrow band gap that can absorb a
wide wavelength range show poor optoelectronic transfer efficiency due to short
charge diffusion length and high recombination rate of photogenerated carriers. The
optoelectronic transfer efficiency can be improved by using photosensitive materials
synthesized in the form nanostructure. Due to the quantum size effects, large surface-
to-volume ratio, and anisotropic geometry, longer charge diffusion length and
[46-48]

superior charge transport can be observed in nanostructured materials.

Therefore, nanostructured materials show excellent photoresponse performance.

The optoelectronic transfer efficiency can be also improved by making a
heterojunction with functional layers. Due to the built-in potential generated in
heterojunction, especially p-n junction or type-II junction, the photogenerated
electron-hole pairs are well separated and the devices show higher performance. Fast
response and recovery can be realized by junction controlled photocarriers

separation process.

Issues in reliable performance

Reliable performance of device is as important as the high performance and high
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sensitivity of the device. The photodetectors studied so far showed performance
dependence on the environment. As mentioned above, commercial Si-based
photodetectors should be worked in low temperature for high detectivitiy. The
nanowire-based photodetectors, which have been intensively studied, show high
detectivity at room temperature, but they exhibit poor performance in oxygen
deficient environment because their operating mechanism is related with oxygen
absorption/desorption.[}! For reliable operation of photodetectors, little dependence

on the operating environment is required.

Defects in photosensitive materials are also factors affecting device reliability.!* It
is well known that defects in photosensitive materials act as recombination or trap
site for photogenerated carriers. Furthermore, defects can be migrated by external
bias and generate built-in potential which can screen the external bias and interrupt
the separation of photogenerated electron-hole pairs. For reliable operation of
broadband photodetectors, little dependence on the operating environment is

required and defects in photosensitive materials should be well controlled.
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Chapter 3

Daylight-Induced Metal-Insulator Transition
in Surface Functionalized VO: and
Application to Broadband Photodetectors
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3.1. Introduction

Correlated materials exhibit remarkable physical properties, such as

L2l colossal magnetoresistance,’® and metal-insulator transition

superconductivity,!
(MIT),*# all of which are profoundly affected by electron-electron interaction
(Figure 3.1). Understanding these remarkable physical phenomena is essential for
condensed matter physics and it can provide clues to overcome the limits of
conventional electronic devices. Vanadium dioxide (VO;), one of the most
fascinating strongly correlated materials, shows first-order reversible MIT near room
temperature (critical temperature T. = 68 °C for bulk single crystal) in a few
picoseconds (Figure 3.2).°13 Across the MIT, insulating monoclinic VO, below the
T, changes into metallic rutile VO, above the T., accompanied by abrupt changes of

[12,13

electrical conductivity,*'!) and optical transmittance,!'>!*! especially in the infrared

region. The MIT in VO, can be triggered by various external ambient parameters,

15,16 17,18

such as temperature,!'*! electric field,[!>!® strain,!!”-!¥! and gas adsorption/desorption
through electron-electron interaction (Figure 3.3).['2% Therefore, various efforts
have been made to incorporate VO, into diverse electronics and multifunctional

14,16]

devices such as transistors,”) memories,! strain sensors,!"® gas sensors,!'**" and

smart windows (Figure 3.4).2!)

As VO, can absorb a wide range of wavelengths from visible to infrared light due

12131V, is fascinating materials for optoelectronics,

to its narrow band gap (0.7 eV),!
especially photodetectors and smart window. Photo-induced in VO, may provide

unique routes to overcome limits of conventional optoelectronics by showing the

required characteristics for future optoelectronics such as fast response and recovery
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time, broadband photoresponse, and lower power consumption. However, there have
been few reports on photo-induced MIT using single wavelength high power pump

laser!!-11

or indirect methods such as the joule heating effect of infrared
irradiation,'*” or oxygen adsorption/desorption under UV laser irradiation.**2% 1t is
difficult to provoke MIT in VO, by daylight exposure because the number of
required photogenerated carriers for MIT in VO, is negligible due to their high

recombination rate.?>2¢]

One possible way to overcome these hurdles is to integrate VO, with functional
layers or nanoparticles (NPs) that assist VO, to respond to the incidence of light.
Localized surface plasmon resonance (LSPR), which is resonant oscillation of

conduction electrons stimulated by the incidence of light (Figure 3.5),12":

can
modulate electron-electron interaction in VO; by light itself regardless of operating
conditions. Moreover, incorporation of plasmonic NPs with semiconductors can
change the optical properties of them through coupling with light.!*-*"! By depositing
one of the plasmonic NPs, silver nanoparticles (Ag NPs) on the VO, surface, electric
field enhancement near from the interface between Ag NPs and VO can trigger
photo-induced MIT in VO, and a wide range of light wavelengths can provoke

photo-induced MIT because LSPR at the interface between Ag NPs and VO can be

excited by broadband light ranging from ultraviolet to near infrared.

In this chapter, we report the daylight-induced MIT in Ag-decorated porous VO,
nanorod arrays (NRs) and their application to broandband photodeteoctors. To our
best knowledge, this is the first report on broadband photoresponse of VO, by visble
light induced MIT. The porous nanostructures and the extremely large surface-to-

volume ratio of porous VO NRs result in a larger specific area for the illumination,



a larger number of decorated Ag NPs and a well distribution of Ag NPs throughout
the porous VO> NRs when compared to those of dense planar VO thin films. With
Ag NPs decoration, the electric fields are generated at the interface between Ag NPs
and VO, under the illumination due to LSPR and provoke photo-induced MIT under
the illumination of AM 1.5G 0.1 sun condition. The MIT in Ag-decorated porous
VO, NRs occurred under a wide range of wavelengths and, therefore, broadband
photodetection of Ag-decorated porous VO, NRs were available from 400 nm to

1000 nm.
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3.2. Experimental procedures

3.2.1. Film preparation and device fabrication

As shown in Figure 3.6, Ag-decorated porous VO, NRs were prepared by e-beam
evaporation with glancing angled deposition method. 2-5 nm V,Os grains and Ag
pellets of 99.99% purity (Kojundo Chemistry) were utilized for the deposition.
Before deposition, SiO»/Si substrates (I um/550 pm) were cleaned in acetone,
ethanol, and isopropanol via sonication followed by drying in a nitrogen atmosphere.
The 85° tilted substrate was located 50 cm from the crucible. The base pressure, e-
beam voltage, and deposition temperature were 10° Torr, 7.4 kV, and room
temperature, respectively and the deposition rate was kept at about 1.0 A s™'. After
deposition, as-deposited porous V,Os NRs was annealed at 500 °C under reducing
conditions to obtain porous polycrystalline VO, NRs. Pt/Ti (70 nm/30 nm) films
were deposited on the nanorods array as electrodes using a shadow mask. To decorate
Ag NPs on the surface of porous VO, NRs, a 1 nm thick (mass thickness) Ag film,

which subsequently aggregated into well-spaced Ag nanoparticles, was deposited on

the whole area of the device at the original position (0°) with an evaporation rate of

0.05A s

3.2.2. Film characterization

The morphological and structural characterization of the Ag-decorated porous VO,
NRs were conducted with a field emission scanning electron microscope (FESEM,

MERLIN-COMPACT) using an acceleration voltage of 15 kV. Cross-sectional



transmission electron microscope (TEM) specimens of Ag-decorated porous VO,
NRs on SiO,/Si substrate were prepared by conventional methods of mechanical

polishing followed by ion milling with Ar ions.

3.2.3. Finite-difference time-domain (FDTD) simulation

The electric field distribution near the interface between Ag NPs and VO5 thin films
was calculated using a commercial software program, FDTD solution (Lumerical
Solutions Inc., version 8.16.982). The simulation condition was composed of a
perfectly matched layer (PML) boundary condition and symmetric boundary
condition according to the simulation configuration. Total-field scattered-field was
imported as a light source in the 200 to 2000 nm wavelength domain. Transmittance
was calculated via frequency-domain field and power monitor. The meshing
condition was set to the automatic non-uniform mode, and the refinement was set to
conformal variant 1. The mesh size was selected 0.025 nm for the films and 0.5 nm
for the nanostructures. The calculation region was 18 x 18 nm? for top view of
Ag/VO: interface, 12 x 12 nm? for Ag/VO, cross-sectional view and 300 x 300 nm?
Ag-decorated porous VO, N Rs and Ag-decorated dense planar VO, thin films,

respectively.

3.2.4. Device characterization

Photoresponse properties of the bare dense planar VO, thin films, Ag-decorated

dense planar VO; thin films, bare porous VO, NRs, and Ag-decorated porous VO,



NRs were measured in our homemade 4-probe station. An Agilent 4156C
semiconductor parameter analyzer was used to apply a scanning bias and to test the
output current simultaneously (Figure 3.7). The steady-state photocurrent curves
were measured under simulated AM 1.5G irradiation (5 mW c¢m™) using a Xenon
lamp with various filters (Oriel 66902). The electrical tests were mainly performed
in air wherein various intensities of white light (AM 1.5G, from 10 uW cm™ ~ 10
mW cm?) were incident through a fiber in a chamber. To evaluate whether the
environment affects device performance, the measurements were also performed in
N», Ar, O, and under vacuum (10 mTorr). To evaluate the device performance
parameters, the on/off ratio, photosensitivity, responsivity, and external quantum
efficiency were calculated by the following equations: The on/off ratio is the ratio of
the resistance of devices in the dark to the resistance of device under the illumination.
It is expressed by Raark/Rphoto = Iphoto/Laark = Jphoto/Jdark, Where Raark 18 the resistance of
the device in the dark, Rpnot is the resistance of device under illumination, Zphoto 1S
the photocurrent, /uark is the dark current, Jynoto i the photocurrent density, and Jgark
is the dark current density. Responsivity (R)) defined as the ratio of the photocurrent
to the incident light on the effective area. It is given by Ry = Iw/AL, where 4 is the
effective area and L is the incident light intensity. External quantum efficiency (EQE)
is expressed EQE = (R, x h x ¢)/(A X ¢), where R) is responsivity, / is Planck’s
constant, ¢ is the velocity of light, A is the light wavelength, and e is the electron

charge. Photosensitivity is defined as 100 *x (Raark/Rphoto - 1).
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Figure 3.7. Measurement set-up for photoresponse of devices.
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3.3. Results and Discussion

3.3.1. Morphology of Ag-decorated VO nanorod arrays

The schematic diagram for the fabrication procedure of our photodetector based on
Ag-decorated porous VO, NRes, is illustrated in Figure 3.8. To prepare porous VO,
NRs, a glancing angle deposition technique was used, which has been adopted for
decades to make porous thin films with a variety of 1D nanostructures such as zigzag
nanocolumns, nanoblades, and nanorods.*”) By controlling deposition angle and
rotation speed of substrate, morphology, porosity, and physical properties can be
tailored to appropriate shapes for various applications including sensors,!***!] and
optical filters.*”! Sun et al. reported that the deposition angle should be higher than
80° to obtain a uniform and regular arrangement of VO nanorods from a V,0s
source.*¥ Therefore, to fabricate VO, NRs, a 250 nm thick layer of amorphous V,0s
NRs was deposited at 85° onto a predefined area using a shadow mask on a SiO/Si
substrate using an electron beam (e-beam) evaporator. To obtain porous VO2 NRs,
the as-deposited thin films were annealed at reducing ambient. After annealing, top
electrodes were deposited onto the porous VO, NRs residing on the SiO/Si
substrates. Pt/Ti (70/30 nm) electrodes were fabricated using an e-beam evaporator
through a shadow mask. Finally, a 1 nm thick (mass thickness) Ag film was deposited

on the whole area of the device using an e-beam evaporator.

The scanning electron microscope (SEM) image in Figure 3.9a shows the cross-
section of Ag-decorated porous VO, NRs on the substrate. The average diameter of
the Ag-decorated porous VO, nanorods was about 50 nm , and the nanorods were

separated from each other by vertically elongated pores, which extend to nearly over



the full thickness of the film. These pores cause the VO, NRs to exhibit a larger
surface area for Ag NPs decoration than dense planar VO, thin films. Cross-sectional
transmission electron microscopy (TEM) image of the Ag-decorated porous VO,
NRs in Figure 3.9b confirms the distribution of Ag NPs over the whole surface of
VO; nanorods, including the sidewalls. As shown in Figure 3.9c, high resolution
TEM image of the Ag-decorated porous VO, NRs reveals that Ag NPs on the VO,
nanorods are polycrystalline with (111) being the preferred orientation and no
interfacial compounds were found near the interface between Ag NP and VO, NRs.
The ring shape of the diffraction patterns of the selected area (Figure 3.9d) shows

the polycrystalline nature of the VO, NRs after annealing.
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3.3.2. Electrical properties of Ag-decorated VO: nanorod

arrays

To investigate how the nanostructures and Ag NPs decoration affect the electrical
properties of the devices, the normalized electrical resistance of the device with
various external biases (V) from 1 V to 10 V at room temperature in the dark was
plotted as shown in Figure 3.10a. Bare porous VO, NRs of the same thickness, Ag-
decorated and bare dense planar VO, thin films based photodetectors were also
prepared in a similar procedure in order to compare them to our device. The four
types of devices showed different levels of resistance at Ve of 1 V, as a result of
different porosity and the depletion region that was formed between Ag and VO,
(Figure 3.10b). The devices based on dense planar VO, thin films with and without
Ag decoration showed a negligible resistance change of less than 3 %, even at V¢ of
10 V. In contrast, the devices based on Ag-decorated and bare porous VO, NRs
showed severe resistance drops of up to 70 % with increasing applied bias. The
resistance change of the Ag-decorated porous VO, NRs was 20 times higher than
that of bare dense planar VO, thin films. To investigate which conduction
mechanism causes the severe resistance change of the porous VO, NRs, a double
logarithmic plot of the current-voltage (/-V) characteristics in the dark and linear
fitting were performed at low voltage and high voltage region (Figure 3.11a-b). In
the dark /-V characteristics under low external bias (Ve < 0.5 V) and high external
bias (Vex > 0.5 V), the slopes of the fitted lines in the double logarithmic plot were
1.01 and 1.51, respectively. These results indicate that the conduction behavior under

low external bias follows Ohm’s law (I «c V), whereas the conduction behavior under
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high external bias does not follow; in particular, the deviation of the plot from a slope
of 1.0 indicates that conduction occurs by a mechanism other than Ohm’s law. The
high external bias region was replotted to further investigate the conduction
mechanism (Figure 3.11¢). The plot of log(1/V) versus V"% is linear and matches well
with the Poole-Frenkel emission mechanism.[**! The result indicates that the porous
VO, NRs contain traps, especially at the narrow necks between VO, nanorods, where
the charge carriers can be trapped in these trapping sites. With a high external bias,
the charges have enough energy to overcome the energy barrier of the traps and
severe resistance drop can occur in the porous VO, NRs. Although Joule heating
effect can be one of the reasons for the severe resistance drop in the porous VO, NRs,
thermographic images show that the increase in film temperature by Joule heating
was negligible (Figure 3.12). The Ag-decorated porous VO, NRs showed larger
resistance changes than the bare porous VO, NRs. The disparity demonstrates that
Ag NPs decoration can enhance the resistance change of devices because Ag NPs
make the energy barrier between VO; nanorods become higher due to the formation

of depletion region between Ag and VO,.

Since the resistance change of the tested devices is a result of an enhanced number
of effective carriers, the critical temperature for MIT of devices can be changed. To
this end, the resistance of the devices was measured with applied external bias at 1
V and 5 V with varying temperature, and the derivatives of the resulting resistance-
temperature curve are shown in Figure 3.13a-b, respectively. At an applied external
bias at 1V, the resistance of the device changed by a factor of ~10* due to thermally
induced MIT and hysteretic loops occur due to resistance changes in the VO, thin

films during heating and cooling. From the derivatives of the resistance-temperature
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curve, the T, of the device was determined to be 68.8 °C at an applied bias of 1 V,
which is similar with the reported T, of bulk or unstrained VO, thin films (68 °C).
However, with an applied bias of 5 V, the derivatives of the resistance-temperature
curve indicates that MIT occurs at a Tc of 58.7 °C though the devices showed a
smaller resistance change by a factor of 47.01. The smaller resistance changes during
MIT and the lower T, are due to the dominance of Poole-Frenkel conduction in the
insulating state of porous VO, NRs. This finding of the bias dependent T. in the

porous VO, NRs can open up a new pathway to lower the T, of VO..
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3.3.3. Finite-difference time domain simulations

FDTD simulations on Ag/VO; systems

The optical properties of dense planar VO, thin films with plasmonic metal
nanoparticles, such as Ag and Au, have been reported based on the Maxwell-Garnett
theory, which is widely applied for interpreting the optical properties of composite

29300 However, the Maxwell-Garnett theory is inadequate for interpretation

materials.!
of porous Ag-decorated VO NRs as the theory does not consider effect of
nanostructures in thin films. Therefore, to understand the LSPR effect and consider
the nanostructure effects on thin films, we have employed finite-difference time-
domain (FDTD) simulations to calculate the near field distribution between Ag NPs
and porous VO: NRs. Before conducting FDTD simulations on between Ag NPs and
porous VO2 NRs, we performed FDTD simulations on the Ag NP/VO; systems at
exposure to various wavelengths (405 nm ~ 1000 nm) of incident light to calculate
the electric field distribution of the LSPR at the interface of Ag NPs and VO layer.
Figure 3.14a-f show the top view and cross-sectional view of the simulated electric
field distribution of the Ag NP/VO, systems under the incident light with wavelength
of 405 nm (Figure 3.14a-d), 663 nm (Figure 3.14b-e), and 1000 nm (Figure 3.14c-f).
When the Ag NP/VO, systems were illuminated by the incident light of 405 nm, the
magnitude of field enhancement is negligible and the enhanced electric field is
sparsely distributed at the incident surface of Ag NP rather than at the interface
between Ag NP and VO, layer. However, when the wavelength of incident light is

663 nm (Figure 3.14b-e), and 1000 nm (Figure 3.14c-f), electric field distribution of

the LSPR at the interface of Ag NP and VO, layer was significantly enhanced. The



maximum field enhancement (|E/Eo|) at 663 nm and 1000 nm are 5.654 and 10.81,
respectively, which are 2.5 and 5 times higher than that at 405 nm. The enhanced
electric field at the interface of Ag NP and VO indicates plasmon derived strong
electron-electron coupling between Ag NP and VO, films. It is large enough to
provoke MIT in VO, layer as enhanced electric field can affect electron-electron
interaction in VO, layer. The simulation results expect that a redshift of the surface
plasmon resonance wavelength (Aspr). The considerable plasmon resonance
frequency shift of Ag NP and high electric field enhancement in specific domain
according to the wavelength highly supports that the strong electron-electron
coupling occurs at the interface of Ag NP and VO, layer under the wide range of
wavelengths. The above analysis provides a theoretical platform, photo-induced MIT
in Ag NP/VO; systems can be provoked by a wide range of wavelengths, and shows
the capability of daylight-induced MIT in Ag NP/VO, systems and their application

in broadband photodetectors and smart windows.

FDTD simulations on Ag-decorated VO; nanord arrays

Based on FDTD simulation results of Ag NP/VO; systems, further simulations on
porous VO, NRs were conducted. Due to the large surface-to-volume ratio and
porosity of VO> NRs, Ag NPs can be well distributed on their overall surface,
whereas only the top surface of dense planar VO; thin films can be decorated by Ag
NPs. As a result, porous VO, NRs are expected to experience more field
enhancement in a large area from LSPR than dense planar VO, thin films. To verify

this hypothesis, electric field distributions in Ag-decorated porous VO, NRs was
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simulated and compared with the case of Ag-decorated dense planar VO thin films
under incident light of 663 nm. The simulation results are displayed in Figure 3.15a
and Figure 3.15b. The results were simulated based on TEM images of Ag-decorated
porous VO, NRs and Ag-decorated dense planar VO, thin films (Figure 3.15¢c-d).
The enhanced electric field in Ag-decorated porous VO, NRs is found on a larger
area than that of dense planar VO, thin films due to a larger number of Ag NPs
decorated on porous VO: NRs, This can be attributed to the top open surface of VO,
NRs originating from elongated pores and a larger surface-to-volume ratio, enabling

well-spread decoration of Ag NPs.

The transmittance spectra shown in Figure 3.16 were derived from the simulation
of bare and Ag-decorated porous VO, NRs, and bare and Ag-decorated dense planar
VO, thin films. Due to the porous nanostructure, the bare and Ag-decorated porous
VO, NRs show higher transmittance than bare and Ag-decorated dense planar VO,
thin films. Bare porous VO, NRs and bare dense planar VO, thin films show higher
transmittance than Ag-decorated porous VO, NRs and Ag-decorated dense planar
VO, thin films, respectively. The transmittance difference between Ag-decorated
and bare VO; NRs or dense planar thin films means additional light absorption by
LSPR. That allows us to determine how much Ag NPs decoration affect the
broadband photoresponse on porous VO, NRs and dense planar VO, thin films,
respectively. The difference in transmittance between Ag-decorated and bare porous
VO, NRs is larger than that between Ag-decorated and bare dense planar VO, thin
films at wavelengths from 400 nm to 1000 nm. The results above show that Ag-

decorated porous VO, NRs are great candidates for broadband photodetectors
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operated by photo-induced MIT due to the strong electron-electron interaction with

Ag NPs and VO,.
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Figure 3.14. Top view of electric field distribution Ag NP/VO, systems under the
incident light of wavelength (a) 405 nm, (b) 663 nm, and (¢) 1000 nm. Cross-
sectional view of electric filed distribution Ag NP/VO, systems under the incident

light of wavelength (d) 405 nm, (e) 663 nm, and (f) 1000 nm.
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3.3.4. Enhanced broadband photoresponse performance of
Ag-decorated VO: nanorod arrays and photo-induced metal-

insulator transition

Enhanced photoresponse of Ag-decorated VO; nanorod arrays

To investigate photoresponse of our device, the photo and dark /-7 characteristics
of the Ag-decorated porous VO, NRs were measured in the dark and under white
light illumination with various intensities from 10 pW ¢cm™ to 10 mW cm, as shown
in Figure 3.17a. The dark and photocurrent of the Ag-decorated porous VO, NRs
show nonlinear and asymmetric /-} characteristics, which means unequal Schottky
(rectifying) barriers are formed between two electrical contacts. These back-to-back
Schottky contacts were affected by the Pt/VO; interface and some defects at the
surface of the devices. The photocurrent of the device increased at applied bias larger
than +3 V because the Poole-Frenkel emission in the Ag-decorated porous VO2 NRs
became more severe in higher applied bias. At the same applied bias, the
photocurrent increased gradually with the increase of light intensity. To determine
the relationship between photocurrent and light intensities, the photocurrent
measured at 10 V was plotted as a function of light intensity Figure 3.17b. The
photocurrent can be fitted to the power law oo oc L', where oo is the
photocurrent and L is the light intensity. The dark and photo /-V characteristics of
the reference samples were also measured in the dark and under the white light 5
mW cm?, respectively (Figure 3.18). Unlike the device based on Ag-decorated

porous VO, NRs, other devices showed a negligible increase of photocurrent
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compared with the dark current. Based on these results, it can be concluded that the
intrinsic photogenerated carriers are too small to provoke MIT in VO,, and Ag NPs
should be decorated on the whole surface of VO, thin films. The ratio of the
resistance of the device in the dark (Rqar) to the resistance of the device under white
light illumination (Rpnowo) at the applied bias of 5 V is plotted as a function of light
intensities as shown in Figure 3.19. The Ag-decorated porous VO> NRs showed
slight increase Ryak/Rpnoto ratios until 50 uW cm™, whereas other devices showed
negligible Raar/Rpnoto Tatios. Above 50 uW cm of white light intensities, only the
device based Ag-decorated porous VO, NRs showed a gradual increment of
Raark/Rpnoto @s the intensity of light increases up to 10 mW cm™. The other devices
still showed negligible increase of Rgar/Rphoto less than 1.3. The ratio of resistance
change by the light illumination with 10 mW c¢m is 40.1 and this is similar to the
ratio of resistance change by thermally induced MIT (47.01 as shown in Figure 13a).
The result indicates that the white light illumination triggers MIT in the Ag-
decorated porous VO, NRs. We emphasize that no results have been reported that
photo-induced MIT in VO, is triggered by visible light at a low intensity of 10 mW
cm? (AM 1.5G 0.1 sun condition). It can be concluded that the whole Ag-decorated

porous VO, NRs in the device underwent photo-induced MIT above 10 mW cm™.

Broadband photoresponse

In order to compare experimental data with the FDTD simulation results, the
broadband photoresponse of our devices was measured under the illumination of

light wavelengths from 400 nm to 1000 nm, and white light (AM 1.5G 5 mW cm?)
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at Ve of 5 V. Figure 3.20a shows the transient photoresponse results for our devices
with exposure to incident light of various wavelengths from 400 nm to 1000 nm. The
device based on Ag-decorated porous VO, NRs showed a higher photoresponse than
other devices. To evaluate the broadband photoresponse ability of our device,
responsivity (Ry) and external quantum efficiency (EQE), which are two main figure-
of-merits for broadband photodetectors, were plotted as a function of the wavelength
of incident light as shown in Figure 3.20b. The broadband photoresponse of our
device demonstrated the responsivities ranging from 46 A W' to 936 A W-!. The
device showed wavelength dependent Ry, as the maximum field enhancement varies
with wavelength in the FDTD simulation results. These results indicate that the Ry
of our device was influenced by the magnitude of the enhanced electric field of LSPR
at the interface of Ag NPs and VO, thin films. The EQE of our device showed the
range from 142 % to 1357 %. Since EQE is related to Ry, the wavelength dependent

EQE shows a similar tendency to responsivity.

Figure-of-merits of Ag-decorated porous VO: nanorod arrays based photodetector

To evaluate the performance of our device, Ry, EQE, and detectivity (D") (see
Experimental section for used equation) were also estimated under 532 nm laser
illumination with various light intensities (Figure 3.21a-c). The value of Ry, EQE,
and D" are 4.1x103 AW, 9.6x10° %, and 1.4x10'* Jones, respectively. The rise time
(%) and fall time (#), which are also key figure-of-merits, of the device were deduced
from transient photocurrent measurement under the illumination with white light of

5 mW cm?, as shown in Figure 3.21d. The t; and tr of the device are defined as the
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time required to reach 90% of the saturated value to the initial value, and vice versa.
The t. and tr of our device were 1.44 ms and 4.97 ms, respectively. In order to
compare the photoresponse performance of our device with that of previously
reported two-dimensional materials-based broadband photodetectors, hybrid
perovskites-based broadband photodetectors, which have been intensively
researched in recent years, and vanadium oxide single nanorod-based photodetectors,
Ry, EQE, D, t,, and t;r were summarized in Table 3.1. Our device based on Ag-
decorated porous VO, NRs showed higher value of R,, EQE, and D", faster t,, and t;
when compared with graphene,*! MoS,,*! graphene oxide,”! and hybrid
perovskitel**2l based broadband photodetector. For the previously reported

23.24.2653] the photodetectors could detect

vanadium dioxide based photodetectors,!
only a short range of wavelengths such as UV only or IR only photodetector and
there have been no reports of broadband photodetector based on vanadium dioxide.
However, our device can detect a wide range of wavelengths including visible light
and show higher R,, EQE, and D" and faster t, and t¢ than previously reported
vanadium oxide based photodetector. The superior performance of our device
resulted from a high on/off ratio, which originates from LSPR assisted photo-

induced MIT. Based on these results, the Ag-decorated porous VO, NRs are believed

to be promising candidates as materials for future optoelectronic devices.

Reliability and response speed are also important parameters to evaluate the
performance of broadband photodetectors. The photosensitivity (see Experimental
section for used equations) of Ag-decorated porous VO, NRs was measured at an
applied bias of 5 V during repetitive on/off switching of light illumination of 5 mW
cm?, as shown in Figure 3.22a. Our device showed reliable photosensitivity and
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excellent photocurrent stability without performance degradation. The long-term
stability test was also performed in air for 200 days (Figure 3.22b). The
photosensitivity of the Ag-decorated porous VO, NRs was maintained the initial
value without perceptible changes over the period. The working mechanism of

previously reported single VO, nano- and micro-wire based UV photodetectors!?*-24!

54551 is explained by O

as well as metal oxide NRs based photodetectors!
adsorption/desorption. This mechanism will lead to performance degradation and
poor reliability when the device is operated in oxygen deficient environments. In
contrast, since the operating mechanism of our device is LSPR assisted photo-
induced MIT in VO,, reliable photoresponse performance of our device is expected
regardless of its working environment. Therefore, we measured the dark and photo
1-V characteristics, and photosensitivity of our device in various environments, such
as N2, Og, air, and vacuum, with applied bias of 5 V under white light exposure of 5
mW cm? (Figure 3.23). The device did not show significant performance
degradation under various working condition. These results demonstrate the

reliability of our device and further support that the working mechanism of our

device is photo-induced MIT with assistance of LSPR.

In addition, photo-induced MIT in VO, with the assistance of LSPR can serve as a
valuable proof-of-concept for next generation smart windows. As VO, exhibit

significant optical transmittance change across the MIT, there have been many

56-63]

reports on VO, based smart windows.! Most of previous studies are

thermochromic smart windows, which are passively response to external
environment,*’2! and few electrochromic smart windows with high power

52,63

consumption per unit area (> 10 W ¢m).1°261 On the other hand, using the photo-

71 2y &



induced MIT in VO, with the assistance of LSPR, an active smart window of low
power consumption and fast switching can be realized. Comparing with previous

63721 low power consumption (15 uW cm?) and

reported smart windows (Table 3.2),!
fast switching for block state (1.4 ms) and transparent state (4.97 ms) can be expected
if Ag-decorated porous VO, NRs are applied to smart windows. Moreover, MIT in
the Ag-decorated porous VO, NRs can be triggered by visible light illumination,
allowing smart windows actively respond to external environmental changes and
block infrared light efficiently without loss of transmittance of visible light.
Therefore, we expect that our strategy, photo-induced MIT with the assistance of

LSPR, will paves a new route to realize a next generation smart window with active

solar modulating ability, low power consumption, and fast switching speed.

Temperature dependence of resistance

The electronic state of materials can be determined by the temperature dependence
of resistance.[”®! In order to determine whether the photoresponse of our device
results from photo-induced MIT, we measured the resistance of Ag-decorated porous
VO: NRs in the dark and under illumination (white light 5SmW ¢m) with varying
the temperature from 100 K to 300 K, as shown in Figure 3.24. In the dark, the
resistance of Ag-decorated porous VO, NRs decreases with increasing temperature
and showing the insulating behavior (dR/dT < 0). On the other hand, under
illumination, the resistance of Ag-decorated porous VO, NRs drops to the low

resistance state increases with increasing temperature, showing the metallic-like
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behavior (dR/dT > 0). These results clearly show that photo-induced MIT occurs in

Ag-decorated porous VO, NRs and MIT in VO, can be induced by visible light.

Thickness effects on photoresponse of Ag-decorated VO; nanorod arrays

With increasing the thickness of NRs, nanorods have longer length and larger
diameter of nanorods, which indicates that the porosity, surface-to-volume ratio, and
top open structure of NRs can change.”¥ As Ag NPs are deposited thorough the top
surface of porous VO, NRs, the thickness of porous VO, NRs can make impacts on
the way in which Ag NPs are decorated with VO, nanorods and the photoresponse
performance of the device. To investigate how the thickness of porous VO, NRs
affects the photoresponse of the device, Ag-decorated porous VO, NRs with a
thickness of 100 nm to 700 nm were prepared. For Ag-decorated VO, NRs less than
100 nm, the VO, nanorods become agglomeration and the porous nanostructure was
completely destroyed (Figure 3.25a,b). Therefore, the Ag-decorated porous VO»
NRs of less than 100 nm show similar dark and photo /-V characteristics to the
Si0,/Si substrate (Figure 3.25¢,d). For Ag-decorated VO, NRs more than 100 nm,
the sizes of the decorated Ag NPs are similar, but VO, nanorods with larger diameter
can be observed and conglutination appears between VO; nanorods as the thickness

of porous VO NRs increases (Figure 3.26a-h).

Next, we examined the photoresponse characteristics of the Ag-decorated porous
VO, NRs with the thicknesses more than 100 nm under illumination of varied light
intensities. Figure 3.27 shows the Raai/Rphoto as a function of incident light intensities

for 4 samples with the thicknesses of 150 nm, 250 nm, 350 nm, and 700 nm. The
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photoresponse of the devices decreases with increasing thickness, and the device
with thickness of 700 nm showed negligible photoresponse. The photocurrent of the
device with thickness of 150 nm, 250 nm, 350 nm and 700 nm can be fitted to the
power law Lphoto o€ L7, Ipnoto o¢ L3, Iphoto ¢ L%, and Ipnoto oc L%, respectively.
The critical light intensities for photo-induced MIT of the devices with thickness of
150 nm, 250 nm, 350 nm devices were 134 uW cm™, 234 pW cm, and 794 uW cm’
2, respectively. The critical light intensity for photo-induced MIT of each device was
determined by Gaussian curve fitting to the derivatives of log(d(Rgar/Rphoto)/d(logL).
The change of photoresponse depending on the film thickness is related with the
change of VO, nanorods diameter. When the diameter of VO, nanorods becomes
thicker, it is difficult for electric fields, which are generated at the interface between
Ag NPs and VO, nanorods, to influence the inside of the VO, nanorods. The
enhanced shadow effect with increasing the thickness of thin film is another
contributing factor for the reduced photoresponse because Ag NPs can be decorated
on the top surface of VO, NRs. The partially decoration of Ag NPs on the surface of
VO, nanorods, which originated from enhanced shadow effect with increasing the
thickness of the thin film, is another contributing factor for the reduced
photoresponse. Therefore, to obtain high photoresponsive Ag-decorated porous VO»
NRs, VO, nanorods should have narrow diameters to be well-affected by LSPR, and

Ag NPs should be well decorated throughout the VO, nanorods.

LSPR effects on photo-induced MIT: Phase transition in Ag-decorated VO; NRs
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As the passage of a fast electron can excite localized plasmons in metallic
nanoparticles,!” the LSPR effect on photo-induced MIT in Ag-decorated VO, NRs
was investigated using transmission electron microscope (TEM). Across the MIT,
the crystal structure of VO, changes from monoclinic (insulating state) to tetragonal
(metallic state) structure. Therefore, the effect of LSPR effect on MIT in VO, can be
confirmed by the comparing crystal structure of VO nanorod with and without Ag
NP. Figure 3.28a shows the HRTEM image of VO, nanorod without Ag NP. For the
structure analysis, we used fast Fourier transform (FFT) providing a diffraction
pattern of the nm-scale area. Figure 3.28b is FFT of the red rectangle in Figure 3.
28a. As seen in Figure 3.28b, typical monoclinic diffraction pattern, which has a
[011] zone axis of the M, phase, can be observed. It means that the VO, nanorod
exhibits insulating state. On the other hand, Figure 3.28d, which is FFT of the orange
rectangle in Figure 3.28c (VO, nanorod with Ag NP), shows the tetragonal
diffraction pattern of the T[111] zone axis. It indicates that LSPR from Ag NP can
provoke MIT in VO, nanorod. From the above results, it is clearly shown that LSPR

from Ag NP can provoke photo-induced MIT in VO..

Schematic illustration of Mechanisms

Based on these results, the operating mechanism of our device can be explained by
the brief band structure of VO, near the Fermi level, as shown in Figure 3.28a. When
the VO is at its electrically insulating state, VO possesses a monoclinic crystalline
structure. For the monoclinic phase of VO, there exist short and long distances

between V atoms due to the formation of V-V dimers, which results in the
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localization of d-orbital electrons. The short distances between V-V are 2.65 A
between the V-V dimers that split the nonbonding 34 states into occupied 34 (lower
energy) and unoccupied 3d,’ states (higher energy). The long distances of V-V are
3.12 A between zigzag chains of the V-V pairs that create 3d," states that are
upshifted above 3d states and the Fermi energy (£¥). As a result, the monoclinic

phase of VO, has a band gap of 0.7 eV.[>?4

As Nakano et al. reported that electrostatic charging at a surface of VO, can trigger
MIT in VO,,!°! the electric field enhancement, which is generated at the interface of
Ag NPs and porous VO, NRs under the illumination, can provoke photo-induced
MIT. When the device is illuminated, a strong electric field is generated at the
interface of Ag NPs and porous VO, NRs due to strong coupling that originates from
LSPR. The enhanced electric field at the interface of Ag NPs and porous VO, NRs
affects the electronic state of VO,. When the electric fields generated by LSPR, are
sufficient large to provoke MIT in VO, the electronic state of VO, changes from
insulating state to metallic state as shown in Figure 3.28b. During MIT, the 3d|" state
and 3d| state merge and form the conduction band with 3d," state. Consequently, the
monoclinic insulating state of VO, is converted into the rutile structure of VO,
which is a metallic phase. The parallel alignment of V atoms along cr leads to d-
orbital electrons being shared by all of the metallic V atoms, and the Fermi level is
positioned on an overlapped region between 3d;" and 3d|. Although plasmonic
heating, originating from electron-phonon coupling, can be another possible
mechanism, the incident light intensity used in this work (sub-mW cm™ scale) is too

weak to generate sufficient heat by the plasmonic nanoparticles for provoking MIT
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in VO,."¢77 Therefore, it can be concluded that our device showed the metallic phase

of VO, due to LSPR assisted photo-induced MIT in VOs,.

The novel physical properties of correlated oxides that originate from electron-
electron interactions are difficult to apply in a practical device, yet they allow to go
beyond the limits of conventional devices. Our approach to apply such novel
physical properties of correlated oxide in a device will open up the way to future
devices (i) by introducing functional layers or particles on the surface of correlated
oxide that affect electronic-electronic interactions in correlated oxide and (ii) by
preparing correlated oxide in form of nanostructured thin films to maximize the

influence from the functional layer or particles.
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of light intensities. (d) Time resolved photoresponse of the Ag-decorated porous VO»

NRs.
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Table 3.1. Comparison of the figure-of-merits for broadband photodetectors and

vanadium oxide based photodetector from previous reports and the present work.

Detectable Response Recovet Specific
Materials Responsivity (AW 1) EQE (%) PO Ty Detectivity Ref.
wavenlength Time time
(Jones)
5
Graphene 532 nm ~ 10 pm 861 2610 8x10fms | 5n’1‘51° NIA 45
MoS, 400 nm ~ 600 nm 30 Tx102 N/A NA 8x10" 46
Graphene oxide IR 4x10°9 3x107 26 29 NIA 47
CH;NH,Pbl, thin film | 365 nm ~ 780 nm 70 14x10°  t<200ms t<200ms NIA 48
CH’N”g':fr';;a”N"e 400 nm ~ 780 nm Bx10" 15x10°  02ms  0.3ms 3.0x10% a9
Ca(CHaNH)PBly | 506 1 850 nm 230 53x10° NIA NIA 25x10" 50
nanowire
CH;NH,Pbl; network | 400 nm ~ 780 nm 9x10" 1. 7x10° 03ms 04ms N/A 51
CdS nanorod array/fGO | 530 nm ~ 1450 nm 5.8x10* 1.9x10 13ms 17ms 7.2x10" 52
CHsNH3PbIyZnO 400 nm ~ 600 nm 243 6.0x10° 700 ms 600 ms 3.5x10" 53
nancrod array
VO, single microwire 365 nm 7x10° 3.6x107 126 ms N/A 1.0x10™ 23
V0,/V20; core-shell 990 nm 2.08%10° 35x10°  230ms 55 ms 9.23x10"2 2
single nanorod
V,0s single nanowire 405 nm 4.8x107 1.3%10% N/A N/A N/A 54
Ag-decorated porous 3 " 1 This
VO, NWS 400 nm ~ 1000 nm 4.1x10 9.6x10" 14ms  497ms 1.4x10 work
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Figure 3.22. (a) Photo-switching characteristics of the device under alternating dark
and light illumination (white light, 5 mW cm?). (b) The long-term stability test of

the Ag-decorated porous VO, NRs in air for 200 days.
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Figure 3.23. (a) The /-V characteristics of the Ag-decorated VO, porous NRs in
various gas ambient. (b) The photo transient curve of the Ag-decorated porous VO»

NRs in gas various ambient.
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Table 3.2. Comparison of the power consumption per unit area and switching time

of smart windows.

Power consumption

Switching time for

Switching time for

Materials per unit area blocking state transparent state Ref
VO,/AL:ZnO heterojuction 1 x10* mW cm? - - 63
Vanadium oxide - Ts 995 64
W1O040 powder 8.0x10"! mW cm? 2.7s 8s 65
‘WO; nanoparticles 3 mW cm? 28s 195 66
WO; nanorods 1.5 mW cm? 80s 188 s 67
[PSS(PEI/PSS);(PEL/W 1§040)30/(PEI/Pg W) 0] 3.5x 107 mW cm? 26s 86s 68
NiO and WO, - 10s 13.1s 69
vacancy-doped WO; and amorphous Nb,Os 4.5x10"! mW cm? 180 s 30s 70
Al:ZnO 3 x103 mW cm? 0.19s 0.16 s 71
m-conjugated polymers 5 x102 mW cm? 07s 1.7s 72
Ag-decorated porous VO, NWs 1.5 x102 mW cm 1.4 x103 s 4.97x1073 s This work
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Figure 3.24. The resistance of the Ag-decorated porous VO, NRs with thickness of

250 nm in the dark and under the illumination as a function of temperature.
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(C) 20 Device with Ag decorated porous VO, NWs (100 nm) (d) 2 Device without Ag-decorated porous VO, NWs
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Figure 3.25. Top view and cross-sectional view SEM images of Ag-decorated
porous VO; NRs deposited less than 100 nm. The completely destroyed
nanostructure of Ag-decorated porous VO, NRs were observed. Dark and photo /-V

characteristics of 100 nm thick of (c) Ag-decorated porous VO, NRs and (d) SiO»/Si

substrate.
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Figure 3.26. Top and cross-sectional view SEM images of Ag-decorated porous VO»
NRs. (a,b) 150 nm, (¢,d) 250 nm, (e,f) 350 nm, and (g,h) 700 nm-thick Ag decorated

porous VO> NRs.
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Figure 3.27. The Ruu+/Ryno of the devices with the thicknesses of Ag-decorated

porous VO, NRs ranging from 150 nm to 700.
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Figure 3.28. (a) A typical high magnification TEM image of VO, nanorod and (b)
Monoclinic M; [011] (red rectangle) zone axis FFT. (c) A typical high
magnification TEM image of Ag-decorated VO, nanorod. (d) Tetragonal R[111]

(orange rectangle) zone axis FFT.
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Figure 3.29. Schematics for the electronic structure of the Ag-decorated porous VO»

NRs (a) in the dark and (b) under the illumination.
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3.4. Conclusion

A novel broadband photodetector that operates via a LSPR assisted photo-induced
MIT mechanism was demonstrated. The strong electric field at the interface between
Ag NPs and VO, thin films, which originates from LSPR, causes VO to response to
a wide wavelength of incident light, spanning a wide range from 400 nm to 1000 nm.
With porous VO, NRs, Ag NPs were well distributed throughout the film, so that the
strong electric fields at the interface of Ag NPs and VO, thin films can affect the
entire film to provoke photo-induced MIT in VO, NRs. This is the first report on
broadband photodetectors based on VO, thin films and opens up the way to VO, in

future optoelectronics.
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Chapter 4

Reliable Operation of Hybrid Perovskite-
Based Broadband Photodetectors by
Inhibition of Defect Migration
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4.1. Introduction

Organometallic halide perovskites (OHPs, such as CH3:NH;3X3, X: Cl, Br, I or mixed
halides) are fascinating and emerging optoelectronic materials not only for
frequently studied photovoltaic cells!'™ but also for photodetectors,'®*! light-
emitting diodes,!'” and lasers(Figure 4.1 and Figure 4.2).!'!! Optoelectronic devices
with OHPs show high performance and efficiency, and thus OHPs lead to future
applications due to their notable advantages such as high external quantum
efficiency,!'” excellent light absorption coefficient, long charge carrier diffusion
length, and long life time (Figure 4.3).'3 Despite rapid progress in OHP-based
optoelectronics, the current—voltage (/-V) hysteresis behavior of OHPs makes it
difficult to obtain reliable device performance, an issue that has not been intensively

1417 and experimental studies!!®-2!]

studied (Figure 4.4). Recently, several theoretical
have proposed that the migration of defect ions is the origin of the hysteretic behavior
in OHPs (Figure 4.5). In order to prevent the degradation of performance in OHP-
based optoelectronic devices via the migration of defect ions, some have proposed
applying interface engineering using buffer layers!**?*! or solvent engineering

methods.?>%¢

I Although the hysteresis in OHP-based optoelectronic devices is
somewhat alleviated using these approaches, such methods have drawbacks in terms
of cost. In this respect, careful investigation of the migration of unintentionally

formed defects in OHP films and of methods for inhibiting defects and ion migration

should be carried out.

Here, we report reliable CH3NH3;Pblz (MAPDI;) broadband photodetectors with a

buffer-layer-free simple metal/semiconductor/metal (MSM) lateral structure and a
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high on/off ratio (Iow/Iosr = 10* under 0.05 sun conditions). The /-V characteristics of
photodetectors clearly exhibit sweep rate-dependent hysteresis, especially in the dark,
due to the migration of defect ions in MAPbI; films. The migration of defect ions is
generated by external bias, and it more severely affects dark current behavior as the
external bias increases. Thus, photodetectors show poor on/off ratios and spikes of
dark currents and photocurrents at high external bias. We show that the proposed
photodetector displays high on/off ratios and reliable operation at low voltages where
the migration of defect ions is inhibited. More interestingly, it is revealed that the
electrical history of the device such as poling significantly affects device

performance and should be controlled for reliable operation.
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Halide perovskites (ABX;)

A: monovalent cation ((RNH;)*, Cs* and so on)
B: divalent cation (Pb?*, Cd?*, Sn?* and so on)

X: halide anions (CI-, Br, or I)

Figure 4.1. Crystal structure of halide perovskite (ABX3).
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Figure 4.2. Schematic diagram showing the various application of halide perovskites.

Figures from Ref. [27-31].
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photovoltaic devices, (c) long carrier diffusion length (d) fast carrier mobility (e, )

slow recombination rate. Figures from Ref. [32-36].
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Negative poling

Calculated activation energies for ionic

migration in CH;NH;Pbl;
Defect E, (eV)
v, 0.58
V' 231
Vi 0.84

Figure 4.5. (a) Schematics of ion drift in perovskites during positive and negative
poling, respectively, showing that the accumulation of ions in the perovskite near the
electrodes induced p- and n-doping. (b), Energy diagram of the p—i—n structure after
poling (WF = work function). (c¢) Calculated migration path indicating a slightly
curved path and local relaxation/tilting of the octahedra. (d) Calculated activation

energies for ionic defect migration in CH3NH;3Pbls. Figures from Ref. [15, 18].
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4.2. Experimental procedures

4.2.1. Materials preparation

To synthesize the methylammonium iodide (MAI) precursor, methylamine (44 mL,
33 wt% in absolute ethanol, Sigma-Aldrich) and hydroiodic acid (20 mL, 57 wt% in
water, Alfa Aesar) were mixed under 0 °C and stirred for 2 h. The yellow-brown
precipitate was recovered by rotary evaporation at 80 °C for 1 h to completely
evaporate the water. The precipitate was washed with diethyl ether more than three
times and dried at 60 °C in a vacuum oven for 24 h. To make the 40 wt% MAPbDI3
precursor solution, lead iodide (Pbl,, 99.999% metal basis, Sigma-Aldrich) was
mixed with the MAI at a molar ratio of 1:1 in DMF solvent. The mixed precursor

solution was stirred for 24 h under 70 °C on a hot plate.

4.2.2. Device fabrication

The Pt interdigitated electrodes (IDEs) were fabricated on SiO,/Si substrates using
photolithography and dry etching. Before spin coating of the perovskite solution, the
Pt-IDE/Si0,/Si substrate was subjected to ultraviolet (UV)—Os3 surface oxidation to
make the surface of the substrate hydrophilic in order to obtain a uniform and large-
grain MAPbI; film. The pre-heated precursor solution at 70 °C was used for
fabricating the MAPbI; thin film in order to minimize the formation of large voids.
Finally, the MAPbI; perovskite film was spin coated onto the fabricated Pt-IDEs at

a rate of 4000 rpm (67 s™') for 30 s. The perovskite film was then annealed on a hot
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plate at various temperatures (70-130 °C) to complete the crystallization process

(Figure 4.6).

4.2.3. Device characterization

The diffraction patterns of the crystallized MAPbI; films were identified by XRD
measurements (New D8-Advance, Cu Ka). Field emission scanning electron
microscope (FE-SEM, JEOL, JSM-5410LV, Japan) images of the MAPbI; films
were also obtained. The absorption spectra of the crystallized MAPbI; films on glass
substrate were measured by an ultraviolet-visible photospectrometer (JASCO V-740)
with a wavelength range from 250 nm to 850 nm. The steady-state photocurrent
curves were measured under simulated AM 0.05G irradiation (5 mW c¢m™) using a
xenon lamp with various filters (Oriel 66902). A homemade 4-probe station with an
Agilent 4156C semiconductor parameter analyzer was used to apply a scanning bias
and test the output current simultaneously. All of the electrical tests were performed
at a vacuum of 4 mTorr, wherein light (AM 1.5G of 5 mW cm™? and 3 pW cm™, 532
nm of 65 uW cm?, and 75 nW cm?) was incident through a fiber in a vacuum
chamber. The poling bias lasted for approximately 300 s at = 1 V. After poling, the
I-V curves were measured by using the Agilent 4156C semiconductor parameter
analyzer (Figure 4.7). To evaluate the device performance parameters, the on/off
ratio, responsivity, and detectivity were calculated by the following equations. The
on/off ratio is the ratio of the photocurrent to the dark current. It is expressed by Zn/l4
= Jon/Ja, where Iy is the photocurrent, /g4 is the dark current, Jp is the photocurrent
density, and Jg is the dark current density. Responsivity is the ratio of the

photocurrent to the incident light on the effective area. It is given by R = In/ALiighs,
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where A4 is the effective area and Liigy is the incident light intensity. Detectivity can
be expressed as D" = R/(2qJa)"?, where R is the responsivity, ¢ is the elementary

charge, and Jy is the dark current density.
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Figure 4.6. Schematic illustration for fabrication process of CH3;NH3Pbl; (MAPbI3)

thin films and CH3NH;Pbl; -based photodetector.
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Figure 4.7. Measurement set-up for photoresponse of CH;NH;Pbls-based

photodetector.
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4.3. Results and Discussion

4.3.1. Device fabrication and optimization

The MAPbIs-based photodetectors investigated in this work had an MSM lateral
structure, as shown in Figure 4.8. The simple MSM structure without any expensive
additional layers or gates so that it can be the remarkable advancement in terms of
processability and cost. We selected Pt for the electrodes which do not react with
chemical reagent because it is inert noble metal. Compared to ITO based lateral
structure, the ITO makes the electron injection at ultraviolet regions.! Pt electrode
is not absorbed the UV light and even visible light, so it is suitable for electrode
material for photodetector application. Methylammonium iodide (MAI) and lead
iodide (Pbly) precursors dissolved in N,N-dimethylformamide (DMF) were spin
coated onto Pt interdigitated electrodes (IDEs), which had 20 fingers and the same

37381 The spin-coated

interspacing distance of 5 pm (see the Experimental Section).!
solution was crystallized by annealing at 70—130 °C. The crystallized MAPbI; films
were polycrystalline, with grains consisting of a tetragonal MAPbI; phase as
determined by X-ray diffraction (XRD) measurements (Figure 4.9).5% The thickness
of the crystallized MAPDI; films was approximately 450 nm (Figure 4.10). In order
to clarify the surface morphology of prepared MAPbI; films with various annealing
temperatures, the atomic force microscopy (AFM) measurement was performed. The
root-mean square (RMS) roughness of the MAPbI; films annealed at 70, 90, 110,
and 130 °C were 103.87, 99, 76.71, and 118 nm, respectively (Figure 4.11). Although

the crystal structure and thickness of the prepared MAPbDI; films at various annealing

temperatures were similar to each other, the 110 °C-annealed MAPbI; films showed
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slightly higher absorbance than other temperature annealed samples at 400-900 nm
(Figure 4.12). Based on these experimental measurements, the 110 °C-annealed
MAPDI; film has the larger size grain and smaller voids in the film than other
temperature annealed ones. From this, we concluded that 110 °C was the optimum

annealing temperature for the MAPbDI; film.
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Figure 4.8. Schematic diagram of MAPbIs-based perovskite photodetector and

crystal structure of MAPbI; perovskite.
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Figure 4.10. SEM images of crystallized MAPbI; film on SiO»/Si wafer. The
crystallization of the MAPbI; film was performed at annealing temperatures of (a)

70, (b) 90, (¢) 110, and (d) 130 °C.
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Figure 4.11. The AFM measurements of prepared MAPbI; with various annealing
temperatures. The root-mean square (RMS) roughness of the MAPbI; films annealed
at (a) 70 °C (Rims =103.87 nm) (b) 90 °C (Rims =99 nm), (c) 110 °C (Rims =76.71 nm),

and (d) 130 °C (Rums =118 nm), respectively.
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Figure 4.12. Absorption spectra of MAPbI; film annealed at various temperatures.
The absorption edge and the intensity of absorbance spectra are almost same for the

all samples.
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4.3.2. Figure of merits of Pt/CH;NH3;Pbls/Pt photodetector

There are several significant figure-of-merit parameters for evaluating the optical
properties of photodetectors, such as on/off ratio, responsivity (R), and detectivity
(D") (see Experimental Section), although the primary parameter to be considered
may be different depending on the application. We evaluated the parameters of the
fabricated photodetector with various external voltage (V) values, as shown in
Figure 4.13. As Ve increases, the on/off ratio decreases, whereas the responsivity
increases. For the on/off ratio, the dark current is the limiting factor as it rapidly
degrades with increasing V... Our photodetector operated at low external bias

showed a remarkable on/off ratio as compared to a simple MSM-structured

40-42 6, 43-

photodetector,**-** and a previously reported solution-processed photodetector.!
4] This high on/off ratio is also more remarkable than that of a previously reported
lateral-structured MAPbIz-based photodetector operated at high external bias, [643-46]
For evaluating the responsivity, only photocurrents were considered. Thus, the
highest responsivity was achieved at 10 V. The calculated responsivity of our device
is similar to that of previously reported lateral-structured MAPbIz-based
photodetectors!® #4461 and lower than that of vertical-structured MAPbI;-based
photodetectors owing to larger electrode spacing.!®* 1 For the detectivity, it can be
expressed as D" = R (2¢J4)"?, where R is the responsivity, g is the elementary charge,
and Jq is the dark current density when the dark current is dominated by the shot
noise.”! In order to investigate which noise is dominant in dark current for our
fabricated device, the noise (dark) current was measured by using the Axopatch

200B measurement system, as shown in Figure 4.14. Because the noise current

shows the frequency-independent behavior in the dark, we could conclude that the
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shot noise is dominant in our fabricated devices. Because the dark currents and
photocurrents should both be considered to determine the detectivity, the
photodetector showed the highest detectivity (1.3 x 10! Jones) at 1 V. The response
time (#,) and recovery time (#4) are also significant figure-of-merit for a photodetector.
To identify the # and ¢4 for our device, the transient photocurrent was measured under
the illumination with white light of 5 mW/cm?, as shown in Figure 4.15a. Although
the exact ¢ and 74 could not be measured because of the measurement limitation of
our equipment, it is clear that the # is shorter than 90 ms and the #4 is shorter than 20
ms. In order to compare the photo-response performance of our device with that of
previously reported lateral structured devices, the responsivity, detectivity, and
response time were summarized in Table 4.1.. The responsivity and detectivity of
our device measured at 1 V are higher than those of other lateral-structure

6,43-46

photodetectors.! 1 Moreover, our device shows the faster 74 and # values than

[44-46] The stability of hybrid perovskite is important issue

previously reported ones.
in practical applications. In the previous reports, the stability of the hybrid
perovskite-based devices could be enhanced with appropriate passivation layers such
as CYTOP and PMMA.[78454¢] n order to evaluate the stability of our fabricated
MAPbDIz-based photodetector, the stability test was performed in rough vacuum
condition (50 mTorr) over 14 days. The photocurrent of fabricated device was
maintained the initial value without perceptible changes over the period as shown in
Figure 4.15b. Broad spectral detection is beneficial for extending the application
range of photodetectors to include imaging and monitoring devices, chemical sensors,

and biosensors. To determine the detectable wavelength of our photodetector, the

photoresponse to wavelength was measured from 300 nm to 1000 nm at Vex of 1 V.
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The wavelength-dependent photocurrent and the responsivity are plotted in Figure
4.15c. Our device displayed photoresponses to a wide range of spectra, and the
photocurrent and photoresponse of our photodetector showed good agreement with
the absorption spectrum. Moreover, the rejection ratio of visible-to-infrared was
approximately 10% to 10°. Based on these results, it is apparent that the MAPbI;-
based photodetector operating at low Ve shows remarkable performance and can

detect a wide range of light wavelengths.
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Figure 4.13. Device performance plotted against external bias. The highest on/off
ratio was obtained at 0.1 V (lowest dark current and highest photocurrent). The
highest detectivity was obtained at 1 V (relatively low dark current and high

photocurrent).
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Figure 4.14. The noise current analysis of the fabricated perovskite-based
photodetector. The noise current shows the frequency-independent behavior in the

dark, indicating that the shot noise was dominant in our fabricated devices.
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Table 4.1. Comparison of the device performances, including responsivity and
detectivity, between our lateral MSM structure and previously reported lateral
structured devices. The performances of our device are comparable to previously

reported lateral structured ones.

. . . . Response  Recovery
Device structure Device type Responsivity Detectivity time time
Au/graphene/Au 03AW! 5% 107

on MAPbI; Phototransistor (Vp=01V,V5=0V) Jones 87 ms 540 ms
(Lateral) (1 mW cm%)
AWMAPYI, CL/Au 0.9 AW-1
on PMMA Phototransistor (Vp=30V,Vg=0V) N/A 6.5 s 5us
(Lateral) (10 mW em?)
AWMAPbI, CL/Au 0.5AW!
on CYTOP Photodiode V=2V) N/A N/A N/A
(Lateral) (200 pW emr?)
0.2~0.5 A W1 (450 ~ 800 nm)
1o (IL‘LM‘I;;;)/ 1To Photodiode V=3V) N/A (<025  1<02s
0.01 mW cm2)
10
0.01 AW! 542?2131; 10
MAP (V=0.1V,5mW cm?) _
PYMAPBL/Pt Photodiode 0.18 AW! V=01V) t<90ms t<20ms
(This work) 9.67041x 10%°
(V=1V, 5mW cm?)
Jones
V=1V)
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4.3.3. I-V hysteresis

As seen in previous reports,'*24 OHP-based devices can show hysteretic behavior
which frustrates to obtain reliable performance. The hysteretic behavior is attributed
to the migration of point defects such as negatively charged Pb (Vp") and
methylammonium vacancies (»uma’) and positively charged I vacancies (V1) that can
exist in solution-processed MAPDI; films due to their low formation energies.!'*!3,
The hysteric behavior of our device has been estimated by measuring the photo and
dark -V characteristics with changing the scan rate, as shown in Figure 4.16a. In the
various scan rates, the voltage was swept in the sequence 0 V—>+5V -0V — -5
V — 0V, and the measured current values were plotted on a logarithmic scale. The
device showed butterfly-shaped hysteresis loops in the dark and under illumination
(white light of 5 mW c¢m™), and hysteresis was more pronounced in the dark. As the
voltage sweep rate increased, the hysteresis became more severe and the saturation
current decreased. Since charged defect ions such as Vpy”, Vma', and V1* can migrate
under external bias, MAPDI; is called a mixed ionic—electronic conductor.["*! Due to
the migration of defect ions by external electric fields, MAPbI; exhibited hysteresis
in its /-V characteristics, as reported in previous studies.!'®#”) In the dark, I-V curves
with slower sweep rates showed larger open circuit voltages (the difference of
voltage between two current minimum points) and less pronounced hysteresis.
Charged defect ions are less mobile than electronic carriers such as electrons and
holes. Thus, the migration of charged defect ions is more favorable at slower sweep
rates than at faster sweep rates. Therefore, hysteresis is more severe and the
saturation current is lower with faster sweep rates. Under illumination, the hysteresis

seems to be relatively low because the current resulting from photogenerated carriers
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is higher than that from ionic carriers. The energy-band diagram of the fabricated
device is illustrated in Figure 4.17a. Owing to the large difference between the work
function of the Pt electrode (5.3 eV) and the electron affinity of the MAPDI; film
(3.9 eV),? the fabricated device showed back-to-back Schottky (rectifying) I~V
characteristics in the dark (Figure 4.16b). Ideally, the fabricated device should have
equal Schottky barriers for the contacts between the Pt/MAPbI; and MAPbI3/Pt
interfaces, as shown in Figure 4.17a, leading to symmetric /—V characteristics.
However, the charged defect ions migrated to the metal/ MAPbI; interfaces by
external bias during the /-V measurements, as illustrated in Figure 4.17b. The ion
migration resulted in unequal Schottky barriers for the contacts between the
Pt/MAPbDI; and MAPDI;/Pt interfaces, and the resulting /—V characteristics were
asymmetric. Because of the unequal Schottky barriers, the voltage for the minimum
current was not 0 V. We emphasize that hysteric /-V characteristics with a non-zero
built-in potential (V1) are typical phenomena observed in mixed ionic—electronic
conductors.*¥ It is clear that the interfacial region dominant with negatively charged
defect ions becomes p-type and the region with positively charged defect ions
becomes n-type. Hence, p-i-n or n-i-p homojunctions would be formed in the MSM
lateral structure, as demonstrated in the previous report.® In these p-i-n
homojunctions by self-doping, the generated /4 can screen the external bias and

hinder the transport of photogenerated electron and holes.

Since the migration of charged defect ions is a thermally activated process, the
hysteric behavior can be affected by temperature. We measured the -V
characteristics of the device in the dark and under the illumination (white light, 5
mWecm?) at various temperature with the scan rate of 100 mV s™!, as shown in Figure
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4.18. The dark [-V still shows hysteric behavior even at the low temperature,
meaning that the migration of defects ions occurred. However, it is apparent that the
current level in the dark at 123 K is much lower than that at 298 K (Figure 4.18c).
Since MAPDI; is a semiconductor, the concentration of electronic carriers should be
lower at 123 K than 298 K. Also, the migration of charged defect ions becomes less
favorable at the low temperature. Thus, the dark current was quite low even though
there was hysteresis in the /-7 curve. In contrast, the photo /-V curve at 123 K does
not show hysteretic behavior, which indicates that the transport of photogenerated

carriers is more predominant than the migration of charged defect ions.

We have measured the /- characteristics at various temperatures to see how
temperature has an effect on charge transport in the MAPDbI; film. The saturation
current in the dark significantly increased as a function of temperature. For the
forward scan (0 V — 5 V), the I-V curves could be divided into two regions. In the
region where the dark current was quite flat without change, the electronic transport
was dominant. After the dark current increased steeply, the ionic transport (migration
of charged defect ions) became predominant. The flat region was reduced as
temperature was increased because the number of charged defect ions could be
thermally activated for migration even at low voltage biases (Figure 4.18 c-h). For
the photo I-V curves, hysteretic behavior was not observed below 150 K due to the
reduced number of thermally activated charged defect ions (Figure 4.18¢c-d). As the
temperature increased, the number of thermally activated charged defect ions was
increased so that hysteretic behavior was observed above 150 K (Figure 4.18e-h). In
order to summarize the hysteretic behavior of our device with various temperatures,

the In (J) values are plotted against 1000/7 in the dark and under the illumination at

129 1



1 V with different scan directions as shown in Figure 4.19. The current density values
from forward scan (0 V — 5 V) are lower than that from reverse scan (5 V. — 0 V).
It is due to Vi which is generated by high external bias (3 V — 5 V) of the forward
scan. In the reverse scan, the polarity in the film generated by the V4 can enhance
charge transport through the Pt electrodes. It is clearly shown that the forward
scanned and reverse scanned current densities in the dark decrease as temperature

decrease.
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Figure 4.19. The log (current density) plotted against 1000T to summarize the
hysteric behavior of Figure 4.18. The higher current density values in reverse scan
(5 — 0 V) originate from the formation of built-in potential. The hysteric behavior
of photocurrent is negligible because the transport of photogenerated carrier is more

dominant than electrical transport.
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4.3.4. Transient photoresponse characteristics

In general, the migration of charged ions in a solid is strongly influenced by external
bias. In order to determine whether the migration of charged defect ions had an
impact on device performance, the photoresponse transient of the device under
illumination (white light 5 mW cm™) with varying the external biases (Vex) from 0.1
V to 10 V was obtained and the results are shown in Figure 4.20a. The on/off current
ratios were 103-10* for Vex < 3 'V, whereas those for Vex > 3 V were 3-30 due to a
significant increase in the dark current. The drastic change in the dark current with
external bias can be explained as follows. Because the MAPbDI; film is a mixed ionic—

14,15,18

electronic conductor,! I the total dark current (Z;) can be expressed as

L=I+1; (M

where /. is the current originating from electron transport and /i, is that from ionic
transport. With low external biases from 0.1 V to 0.4 V (Regions I-II, Figures 4.20b—
e), the dark currents are on the order of picoamperes and show small variation with
time. In these regions, /; is almost equal to /., because the external bias is too small
to drift the defect ions (/; = 0). Thus, high on/off ratios could be achieved as a result
of low dark currents. When Ve is larger than 0.4 V, the dark currents show spikes at
the beginning (Regions II-111, Figures 4.20f—j). This behavior could be explained by
the migration of defects ions (Vpv", Vma', and 777).13181 At first, the dark currents
increased rapidly due to the migration of defect ions after applying Ve, and s peaks
appeared. The charged defect ions accumulated near the Pt electrodes, forming Vi,
which screened the external bias and reduced the ionic and electronic currents. As
Vi approached the maximum values, the total currents reached saturated values. It is
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estimated that /. = [; for Vex between 0.5 Vand 1 Vand ; > [ for Vx> 1 V. Because

of the predominant ion migration with Vex > 1V, the spikes are sharper for high Ve

(23] Jeading to

values. For Vex > 3 'V, severe ion migration affects the photocurrents,
the occurrence of spikes in the photocurrents under illumination. After turning off
the light at Vex > 3 V, the downward spikes in the dark currents are related to light-
induced poling, which originates from a photovoltage-induced electric field.[*")
Under illumination, the photodetector is subjected to additional bias originating from
photogenerated carriers, which break the equilibrium state of the photodetector
established in the dark. The additional bias further drives the migration of the
charged defect ions to the electrodes. After turning off the light, the additional bias
is removed and a back-diffusion current is generated. The back-diffusion current
becomes strong as Ve increases. These downward spikes appeared repeatedly in
multicycle transient curves (Figure 4.21). Therefore, to obtain reliable performance
from MAPDI;-based photodetectors, the ionic current originating from defect

migration should be inhibited, and thus MAPbIs-based photodetectors should be

operated at low Vey.
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Figure 4.20. /-t characteristics of fabricated perovskite photodetector with various
external biases. (a) Transient photocurrent plotted against time with various external
biases. The dark current behavior at the beginning of each measurement with Vex of
(b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, () 0.5, (g) 1, (h) 3, (1) 5, and (j) 10 V. Significant

spikes were revealed at 0.5-10 V.
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Figure 4.21. (a) Multiple /- characteristics of fabricated device in the dark and

under illumination at various external biases. (b) Current behavior in the dark plotted

against time is magnified data from (a).
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4.3.5. Poling effect

One can speculate that the electrical history could influence the performance of the
MAPDI;-based photodetector due to the fact that MAPbDI; is a mixed ionic—electronic
conductor. When the device was subjected to an external bias over 0.5 V, as seen in
Figure 5, the charged defect ions could migrate in the MAPbI; film, leading to the
formation of V4; in the film. To investigate how the electrical history affects the
performance of the photodetector, the photoresponse of pristine and poled devices
was measured at Ve, of £ 0.1 V during repetitive switching of light illumination of 5
mW cm, as shown in Figures 4.22a-b, respectively. At Vex of + 0.1 V, the pristine
device showed a high on/off ratio of approximately 10%, whereas the poled device
showed the lowest dark current, which resulted from the counterbalance between Vy;
and V.. As expected, the lateral-structured photodetector showed identical
performance regardless of the sign of V.. For the poled sample, the transient
photocurrent was measured after poling at = 1 V for 300 s, which generated ionic
current behavior in the MAPDI; film even though the film showed the highest
detectivity. The poled sample showed an enhanced on/off ratio (10°) mainly due to
the extremely low dark current on the order of femtoamperes, although the
photocurrent was reduced somewhat. This can be explained by the fact that Vy;,
which is generated by poling, screens Ve, resulting in a reduction of the charge

collection efficiency.*!

In general, photodetector devices with higher on/off ratios can detect weaker light
than photodetectors with lower on/off ratios. In order to compare the weak light-

sensing ability of the pristine photodetector and the poled photodetector, we
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measured the illumination-dependent photoresponse transients of the devices and the
results are plotted in Figure 4.23. The photocurrent of the pristine device is higher
than that of the poled device. Under high-intensity illumination, both devices show
stable and reliable photocurrents. However, the poled device shows turbulent and
noisy photocurrents under low-intensity illumination. This result clearly shows that
electrical history affects the performance of the MAPDI; photodetector and that
poling at high external bias should be avoided in order to obtain high signal-to-noise

ratios from MAPbI; photodetectors, especially for detecting low-intensity light.

140 : 1 9 +1



108}

-_
Q
N
o

Current (A)
2

1044;

1016t

—— Before poling, V,, : 0.1V
—— Before poling, V.,

101V

0

(b)

200 400 600 800 1000 1200 1400 1600
Time (s)

109

10-6

—

e
=y
o
T

Current (A)
&)

10-14

After polingat1V, V., :01V
—— After polingat-1V,V,, :-01V

1 0—16
0

200 400 600 800 1000 1200 1400 1600
Time (s)

Figure 4.22. Device characteristics both before and after poling. /¢ curves (a) before

poling with external biases of —0.1 and 0.1 V and (b) after poling (—1 and 1 V poling)

with external biases of —0.1 and 0.1 V.

141



10

—— Before poling
F AM 1.5G 5 mW cm-? ——— After poling
100
T | 532 nm 65 W cm?
=107 AM 1.5G 3 pW cm™2
c
o 3 532 nm 75 nW cm2
51072L
(&)
b m
10-16 g 1 L 1 i 1 L 1
0 1000 2000 3000 4000
Time (s)

Figure 4.23. /-t characteristics both before and after poling at various incident light

intensities and wavelengths.

142



4.3.6. Schematic illustration of mechanisms

The observed /-V characteristics of our device can be explained by schematic
energy-band diagrams, as illustrated in Figure 4.24 and Figure 4.25. When the
pristine device operates in the dark, a Schottky barrier between Pt and MAPbI; is
present. By applying external bias during the /-V measurements, the defect ions can
migrate to the interfaces between Pt and MAPbIs, leading to asymmetric Schottky
barriers (Figure 4.24a). When incident light is illuminated on the fabricated device,
the MAPbI; film absorbs photons to generate a large number of electrons and holes.
Due to the high density of the photogenerated carriers in the MAPbDI; film, the
effective Schottky barrier heights are significantly lowered, and thus the
photogenerated electrons and holes can be easily transported to the metal contacts
without extensive recombination (Figure 4.24b). For the poled device in the dark,
the defect ions accumulate at the metal/ MAPDI; interfaces, indicating the formation
of p-i-n homojunctions, which creates Vi in the MAPbDI; film (Figure 4.25a). The
poled device shows a lower dark current than the pristine device due to the
compensation between Vex and Vi Similar to the pristine device, the Schottky
barriers in the poled device can be reduced under illumination. However, the existing
Vvi compensates Ve, resulting in a reduction of the photocurrent due to a decrease in
the charge collection efficiency (Figure 4.25b). This is in good agreement with our

6151 By measuring the

experimental results in Figure 4.19 and with previous reports..
built-in potentials in the MAPbI; film before and after poling, we identified the
transport of photogenerated carriers in the fabricated device, as shown in Figure 4.26.

When the pristine device is illuminated without Ve, the photogenerated carriers are

almost evenly transported to adjacent Pt electrodes. Thus, Vi is close to zero. For the
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poled device, the photogenerated carriers are preferentially transported to one of the
adjacent Pt electrodes due to the presence of Vi, resulting in an increase of V4;. It has
been reported that photogenerated carriers can create a photovoltage-induced electric
field in MAPbI; films when sufficient incident light illuminates the device.*”! The
Vi value gradually decreased under illumination because the photovoltage-induced

electric field screens V;.
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Figure 4.24. Energy-band diagram of MAPbIs-based photodetector (a) before poling
in the dark, (b) before poling under illumination. The solid red dots and solid blue

dots indicate the positively and negatively charged vacancies, respectively.
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Figure 4.25. Energy-band diagram of MAPDbIs-based photodetector (a) After poling
in the dark and (b) after poling under illumination. The solid red dots and solid blue

dots indicate the positively and negatively charged vacancies, respectively.
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4.4. Conclusion

In summary, we demonstrated a reliable, high on/off ratio of a MAPbl3-based MSM
lateral-structure photodetector via inhibiting the migration of charged defect ions.
The photodetector provided a high on/off ratio (~10* at Vex of 0.1 V) under the
illumination of 5 mW ¢m™. By measuring the transient photocurrent with various Vex
values, the device showed reliable performance at low Ve that did not trigger
remarkable ionic transport. Once the charged defect ions migrated, the device
showed poor performance, even operating at low Ve.. Inhibiting the migration of
charged defect ions in MAPDI; films is the key factor for acquiring and retaining
high device performance. We emphasize that inhibiting charged defect ion migration
in MAPbDI; films as described in this work makes it possible to obtain higher device
efficiencies in optoelectronics based on MAPDI; films, where the formation of
charged defect ions are energetically favorable, but the defects can be electrically

cleaned by controlling the electrical history.
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Chapter 5

Summary

In this study, the high on/off ratio and reliable performance under the wide range of
wavelength from UV to NIR of broadband photodetector have been investigated. By
surface functionalization and control of defect migration, broadband photodetection,
efficient optoelectronic transfer efficiency, and reliable operation of devices were

obtained.

The broadband photodetection by daylight-induced metal-to-insulator transition in
surface functionalized VO, are demonstrated. We fabricated Ag-decorated porous
VO, NRs through surface functionalization. The strong electric field at the interface
between Ag NPs and VO: thin films, which originates from LSPR, causes VO to
response to a wide wavelength of incident light, spanning a wide range from 400 nm
to 1000 nm. With porous VO, NRs, Ag NPs were well distributed throughout the
film, so that the strong electric fields at the interface of Ag NPs and VO, thin films
can affect the entire film to provoke photo-induced MIT in VO, NRs. This is the first
report on broadband photodetectors based on VO thin films and opens up the way

to VO in future optoelectronics.

The reliability and on/off ratio of MAPbIz-based broadband photodetector are
improved by control of charged defect migration. The photodetector provided a high
on/off ratio (=10* at Vex 0of 0.1 V) under the illumination of 5 mW cm™. By measuring
the transient photocurrent with various Ve values, the device showed reliable

performance at low Ve that did not trigger remarkable ionic transport. Once the
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charged defect ions migrated, the device showed poor performance, even operating
at low V. Inhibiting the migration of charged defect ions in MAPbI; films is the
key factor for acquiring and retaining high device performance. We emphasize that
inhibiting charged defect ion migration in MAPbI; films as described in this work
makes it possible to obtain higher device efficiencies in optoelectronics based on
MAPDI; films, where the formation of charged defect ions are energetically
favorable, but the defects can be electrically cleaned by controlling the electrical

history.

Our approach to enhance broadband photodetection performance of devices will
open up the way to future devices (i) by introducing functional layers or particles on
the surface of correlated oxide that affect electronic-electronic interactions in
correlated oxide and (ii) by preparing correlated oxide in form of nanostructured thin
films to maximize the influence from the functional layer or particles. (iii) by
controlling defect migraion in halide perovskies for enhancing optoelectronic
transfer efficiency. This study serves as a valuable proof-of-concept for next
generation optoelectronic devices with fast response, low power consumption, high
performance. and high relibility. I hope my work can provide a solution for further
design, and fabrication of optoelectronic device with high on/off ratio and eventually

promote the develop of the area.
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