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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 
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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 (VO2) 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 VO2 NRs. 

The porous nanostructure can enable VO2 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 VO2 NRs, provokes daylight-induced MIT in VO2. 

MIT-driven broadband photodetection with the high response has not been observed 

in bare VO2 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/Ioff = 104) 

CH3NH3PbI3 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 CH3NH3PbI3-based photodetectors show 
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high Ion/Ioff ratios and spike-free dark current and photocurrent. In addition, 

prevention of the prepoling in the CH3NH3PbI3 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 CH3NH3PbI3 films is a key in developing reliable high performance 

CH3NH3PbI3-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 
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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.  
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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 (I-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 
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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 (VO2) nanorod arrays are presented. 

With Ag nanoparticles (NPs) decoration, the electric fields are generated at the 

interface between Ag NPs and VO2 under the illumination due to localized surface 

plasmon resonance (LSPR). The generated electric fields at the interface between 

Ag NPs and VO2 NRs affect electronic state of VO2, and thus, visible light-induced 

metal-to-insulator transition, which has not seen in dense planar VO2 thin films, was 

observed in Ag-decorated VO2 NRs. As the electric fields, which originate from 

LSPR, can be generated under a wide range of wavelengths, the MIT in Ag-

decorated VO2 NRs occurred under a wide range of wavelength. Therefore, 

broadband photodetection of Ag-decorated VO2 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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Chapter 2  

 

Introduction to photodetectors 
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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).[1-5] 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.[6,7] 

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.  

 

 

Figure 2.1. Photodetectors convert optical signals into electrical signals. (a) Various 

commercial photodetectors (b) Typical phototransient curve of photodetectors. 
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Figure 2.2. Schematic of various applications of photodetectors. Figure from Ref. 

[8].  
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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 =  𝜆𝜈 

where λ is the wavelength and ν 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 c and have a distinct energy which can be 

expressed as  

𝐸 = ℎν 

where h is Planck’s constant (6.63×10-34 Js, 4.14×10-15 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 (108 nm), 

microwaves (106 nm), infrared (104 nm), visible (400-700 nm), ultra violet (102 nm), 
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x-rays (10-1 nm), and γ-rays (10-3 nm) as shown in Figure 2.3. When an 

electromagnetic wave have photon energy below 10-3 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 γ-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.[9]   
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Figure 2.3. Electromagnetic spectrum  

 

 

Figure 2.4. The wavelength of light used by each application. Figure from Ref. [9].  
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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.[10] 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 
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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  

λ ≤
ℎ𝑐

∆𝐸
 

where λ is wavelength of incident light, h is Planck’s constant, c is light velocity, and 

ΔE 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 2.5c). 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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Figure 2.5. Excitation transition in photodetectors. (a) Interband transition from the 

valence band to the conduction band (b) Impurity to band transition (c) Intersubband   
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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 2.6c. 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 



17 

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.   
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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].  
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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.[11,14]  

 

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 

On/Off ratio =
𝐼𝑝ℎ𝑜𝑡𝑜

𝐼𝑑𝑎𝑟𝑘
= R𝑑𝑎𝑟𝑘/R𝑝ℎ𝑜𝑡𝑜 

Photosensitivity =
∆𝐼

𝐼𝑑𝑎𝑟𝑘
× 100 (%) =

∆R

R𝑝ℎ𝑜𝑡𝑜
× 100 (%) 

where Iphoto is the photocurrent, Idark is the dark current, ΔI is Iphoto - Idark, Rdark is the 

resistance in the dark, Rphoto is the resistance under the illumination, and ΔR is Rdark 

- Rphoto.  

 

Responsivity  

Responsivity (Rλ) is the ratio of photocurrent to incident light intensity. It indicates 

how efficiently the device convert optical signals into electrical signals. Rλ can be 

expressed as 
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𝑅λ =
𝐼photo

𝐴𝐿𝑙𝑖𝑔ℎ𝑡
 (A/W) 

where A is the effective area of the device, Llight is the incident light intensity. As Rλ 

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 =
𝑅λℎ𝑐

λ𝑞
× 100 (%) 

where h is Planck’s constant, c is the velocity of light, λ 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. 

𝐷∗ =
(𝐴∆𝑓)1/2

(𝑅/𝑖𝑛)
 (cm Hz1/2 W-1 or Jones) 

where Δf is the electrical bandwidth and in is the noise current. When the shot noise 

is the main component of photodetector noise, the expression of D* can be simplified 

as 

𝐷∗ ≈
𝐽𝑝ℎ𝑜𝑡𝑜/𝐿𝑙𝑖𝑔ℎ𝑡

(2𝑞𝐽𝑑𝑎𝑟𝑘)1/2 =
𝑅λ𝐴1/2

(2𝑞𝐼𝑑𝑎𝑟𝑘)1/2 (cm Hz1/2 W-1 or Jones) 

where Jphoto is the photocurrent density, Jdark is the dark current density  f is the 

electrical bandwidth and in is the noise current. When the dark current is dominated 

by the shot noise, D* can be expressed as 

 

Rise time (tr) and decay time (td) 

Rise time (tr) is defined as the time for the current to rise from 10 % to 90 % of the 

peak value during illumination, whereas decay time (td) 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 Iphoto and 
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Llight.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  

LDR = 20log
𝐽𝑢𝑝𝑝𝑒𝑟

𝐽𝑙𝑜𝑤𝑒𝑟
= 20log

𝐽𝑝ℎ𝑜𝑡𝑜
∗

𝐽𝑑𝑎𝑟𝑘
 (dB) 

where J is current density, J*
photo is the photocurrent density measured at 1 mW cm-

2, and Jdark 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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Figure 2.7. Definition of response time and recovery time 

 

 

Figure 2.8. Definition of linear dynamic range (LDR)  
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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 

2×1012 Jones (or cmHz1/2 W-1). 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.[15] 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.[16-20] 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, Ga2O3, and TiO2;[18,-22] metal chalcogenides based 

photodetector (PbS, CdS, CdSe, and CdTe);[23-25] 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;[29-31] the 

superconducting nanowire single photon detector,[32] 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.[23]   



26 

 

 

Figure 2.9. Detectivity curves for various commercial photodetector. Figure from 

Ref. [15].  
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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 

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

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-Fi uses 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.[35-39] 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.[40] For 

example, 2D materials exhibit broadband photoreseponse when it combined with 

quantum dots to form a hybrid system for photodetction.[38] Plasmonic nanoparticles 

can be another functional materials which enhance the light-matter interaction and 

extend the detectable wavelength of photosensitive materials.[41-43] Due to the strong 

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 

a resonant 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.[44,45] 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 

superior charge transport can be observed in nanostructured materials.[46-48] 

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.[23] For reliable operation of photodetectors, little dependence 

on the operating environment is required.  

Defects in photosensitive materials are also factors affecting device reliability.[49] 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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Figure 2.10. Broadband photodetector can detect spectral ranges from UV to NIR 

convert optical signals into electrical signals. 

 

 

 

Figure 2.11. Application of Broadband photodetectors and broadband photodetector 

market size.   
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Figure 2.12. Band gap of various semiconductors materials. There are few materials 

that can absorb NIR with high optoelectronic transfer efficiency.  
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Chapter 3  

 

Daylight-Induced Metal-Insulator Transition 

in Surface Functionalized VO2 and 

Application to Broadband Photodetectors 
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3.1. Introduction 

 

Correlated materials exhibit remarkable physical properties, such as 

superconductivity,[1,2] colossal magnetoresistance,[3] and metal-insulator transition 

(MIT),[4-8] 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 (VO2), one of the most 

fascinating strongly correlated materials, shows first-order reversible MIT near room 

temperature (critical temperature Tc = 68 ºC for bulk single crystal) in a few 

picoseconds (Figure 3.2).[9-13] Across the MIT, insulating monoclinic VO2 below the 

Tc changes into metallic rutile VO2 above the Tc, accompanied by abrupt changes of 

electrical conductivity,[4-11] and optical transmittance,[12,13] especially in the infrared 

region. The MIT in VO2 can be triggered by various external ambient parameters, 

such as temperature,[14] electric field,[15,16] strain,[17,18] and gas adsorption/desorption 

through electron-electron interaction (Figure 3.3).[19,20] Therefore, various efforts 

have been made to incorporate VO2 into diverse electronics and multifunctional 

devices such as transistors,[9] memories,[14,16] strain sensors,[18] gas sensors,[19,20] and 

smart windows (Figure 3.4).[21] 

As VO2 can absorb a wide range of wavelengths from visible to infrared light due 

to its narrow band gap (0.7 eV),[12,13] VO2 is fascinating materials for optoelectronics, 

especially photodetectors and smart window. Photo-induced in VO2 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[10,11] or indirect methods such as the joule heating effect of infrared 

irradiation,[22] or oxygen adsorption/desorption under UV laser irradiation.[23,24] It is 

difficult to provoke MIT in VO2 by daylight exposure because the number of 

required photogenerated carriers for MIT in VO2 is negligible due to their high 

recombination rate.[25,26] 

One possible way to overcome these hurdles is to integrate VO2 with functional 

layers or nanoparticles (NPs) that assist VO2 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),[27,28] can 

modulate electron-electron interaction in VO2 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.[29,30] By depositing 

one of the plasmonic NPs, silver nanoparticles (Ag NPs) on the VO2 surface, electric 

field enhancement near from the interface between Ag NPs and VO2 can trigger 

photo-induced MIT in VO2 and a wide range of light wavelengths can provoke 

photo-induced MIT because LSPR at the interface between Ag NPs and VO2 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 VO2 

nanorod arrays (NRs) and their application to broandband photodeteoctors. To our 

best knowledge, this is the first report on broadband photoresponse of VO2 by visble 

light induced MIT. The porous nanostructures and the extremely large surface-to-

volume ratio of porous VO2 NRs result in a larger specific area for the illumination, 
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a larger number of decorated Ag NPs and a well distribution of Ag NPs throughout 

the porous VO2 NRs when compared to those of dense planar VO2 thin films. With 

Ag NPs decoration, the electric fields are generated at the interface between Ag NPs 

and VO2 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 

VO2 NRs occurred under a wide range of wavelengths and, therefore, broadband 

photodetection of Ag-decorated porous VO2 NRs were available from 400 nm to 

1000 nm.   
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Figure 3.1. Schematic diagram showing electronic and structural degrees of freedom 

and novel physical phenomena. Transition metal oxides show metal-insulator 

transition, superconductivity, and ferroelectricity due to incompletely filled d- or f- 

orbitals. Figures from Ref. [31-34]. 

 

 

Figure 3.2. Materials exhibiting MIT and their critical temperature for MIT. Figure 

from Ref. [35].  
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Figure 3.3. Band structure and electrical resistance of vanadium dioxide (VO2) 

before and after MIT. Figure from Ref. [36]. 

 

 

 

Figure 3.4. Metal-insulator transition (MIT) driven by various external stimuli. 

Figures from Ref. [37-39].  
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Figure 3.5. Schematic illustration for localized surface plasmon resonance.  
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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 VO2 NRs were prepared by e-beam 

evaporation with glancing angled deposition method. 2-5 nm V2O5 grains and Ag 

pellets of 99.99% purity (Kojundo Chemistry) were utilized for the deposition. 

Before deposition, SiO2/Si substrates (1 μm/550 μm) 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 10-6 Torr, 7.4 kV, and room 

temperature, respectively and the deposition rate was kept at about 1.0 Å  s-1. After 

deposition, as-deposited porous V2O5 NRs was annealed at 500 ºC under reducing 

conditions to obtain porous polycrystalline VO2 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 VO2 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 

0.05 Å  s-1. 

 

3.2.2. Film characterization 

 

The morphological and structural characterization of the Ag-decorated porous VO2 

NRs were conducted with a field emission scanning electron microscope (FESEM, 

MERLIN-COMPACT) using an acceleration voltage of 15 kV. Cross-sectional 
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transmission electron microscope (TEM) specimens of Ag-decorated porous VO2 

NRs on SiO2/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 VO2 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 × 18 nm2 for top view of 

Ag/VO2 interface, 12 × 12 nm2 for Ag/VO2 cross-sectional view and 300 × 300 nm2 

Ag-decorated porous VO2 N Rs and Ag-decorated dense planar VO2 thin films, 

respectively. 

 

3.2.4. Device characterization 

 

Photoresponse properties of the bare dense planar VO2 thin films, Ag-decorated 

dense planar VO2 thin films, bare porous VO2 NRs, and Ag-decorated porous VO2 
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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 cm-2) 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 μW cm-2 ~ 10 

mW cm-2) were incident through a fiber in a chamber. To evaluate whether the 

environment affects device performance, the measurements were also performed in 

N2, Ar, O2, 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 Rdark/Rphoto = Iphoto/Idark = Jphoto/Jdark, where Rdark is the resistance of 

the device in the dark, Rphoto is the resistance of device under illumination, Iphoto is 

the photocurrent, Idark is the dark current, Jphoto is the photocurrent density, and Jdark 

is the dark current density. Responsivity (Rλ) defined as the ratio of the photocurrent 

to the incident light on the effective area. It is given by Rλ = Iph/AL, where A is the 

effective area and L is the incident light intensity. External quantum efficiency (EQE) 

is expressed EQE = (Rλ × h × c)/(λ × e), where Rλ is responsivity, h is Planck’s 

constant, c is the velocity of light, λ is the light wavelength, and e is the electron 

charge. Photosensitivity is defined as 100 × (Rdark/Rphoto - 1).  



48 

 

 

Figure 3.6. Glancing angle deposition method using electron beam evaporator.  
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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 VO2 nanorod arrays 

 

The schematic diagram for the fabrication procedure of our photodetector based on 

Ag-decorated porous VO2 NRs, is illustrated in Figure 3.8. To prepare porous VO2 

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.[40] 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,[40,41] and 

optical filters.[42] Sun et al. reported that the deposition angle should be higher than 

80° to obtain a uniform and regular arrangement of VO2 nanorods from a V2O5 

source.[43] Therefore, to fabricate VO2 NRs, a 250 nm thick layer of amorphous V2O5 

NRs was deposited at 85° onto a predefined area using a shadow mask on a SiO2/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 VO2 NRs residing on the SiO2/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 VO2 NRs on the substrate. The average diameter of 

the Ag-decorated porous VO2 nanorods was about 50 nm , and the nanorods were 

separated from each other by vertically elongated pores, which extend to nearly over 
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the full thickness of the film. These pores cause the VO2 NRs to exhibit a larger 

surface area for Ag NPs decoration than dense planar VO2 thin films. Cross-sectional 

transmission electron microscopy (TEM) image of the Ag-decorated porous VO2 

NRs in Figure 3.9b confirms the distribution of Ag NPs over the whole surface of 

VO2 nanorods, including the sidewalls. As shown in Figure 3.9c, high resolution 

TEM image of the Ag-decorated porous VO2 NRs reveals that Ag NPs on the VO2 

nanorods are polycrystalline with (111) being the preferred orientation and no 

interfacial compounds were found near the interface between Ag NP and VO2 NRs. 

The ring shape of the diffraction patterns of the selected area (Figure 3.9d) shows 

the polycrystalline nature of the VO2 NRs after annealing.   
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Figure 3.8. Schematic illustration for the fabrication process of Ag-decorated porous 

VO2 nanorod arrays (NRs) 

 

 

Figure 3.9. (a) Cross-sectional SEM and (b) TEM images of the Ag-decorated 

porous VO2 NRs. (c) High magnification TEM image of an Ag nanoparticles on a 

VO2 nanorod. (e) Selected area diffraction pattern of the VO2 NRs.  
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3.3.2. Electrical properties of Ag-decorated VO2 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 (Vex) from 1 V to 10 V at room temperature in the dark was 

plotted as shown in Figure 3.10a. Bare porous VO2 NRs of the same thickness, Ag-

decorated and bare dense planar VO2 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 Vex of 1 V, as a result of 

different porosity and the depletion region that was formed between Ag and VO2 

(Figure 3.10b). The devices based on dense planar VO2 thin films with and without 

Ag decoration showed a negligible resistance change of less than 3 %, even at Vex of 

10 V. In contrast, the devices based on Ag-decorated and bare porous VO2 NRs 

showed severe resistance drops of up to 70 % with increasing applied bias. The 

resistance change of the Ag-decorated porous VO2 NRs was 20 times higher than 

that of bare dense planar VO2 thin films. To investigate which conduction 

mechanism causes the severe resistance change of the porous VO2 NRs, a double 

logarithmic plot of the current-voltage (I-V) characteristics in the dark and linear 

fitting were performed at low voltage and high voltage region (Figure 3.11a-b). In 

the dark I-V characteristics under low external bias (Vex < 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  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 3.11c). The plot of log(I/V) versus V1/2 is linear and matches well 

with the Poole-Frenkel emission mechanism.[44] The result indicates that the porous 

VO2 NRs contain traps, especially at the narrow necks between VO2 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 VO2 NRs. Although Joule heating 

effect can be one of the reasons for the severe resistance drop in the porous VO2 NRs, 

thermographic images show that the increase in film temperature by Joule heating 

was negligible (Figure 3.12). The Ag-decorated porous VO2 NRs showed larger 

resistance changes than the bare porous VO2 NRs. The disparity demonstrates that 

Ag NPs decoration can enhance the resistance change of devices because Ag NPs 

make the energy barrier between VO2 nanorods become higher due to the formation 

of depletion region between Ag and VO2.  

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 1 V, the resistance of the device changed by a factor of ~102 due to thermally 

induced MIT and hysteretic loops occur due to resistance changes in the VO2 thin 

films during heating and cooling. From the derivatives of the resistance-temperature 
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curve, the Tc of the device was determined to be 68.8 °C at an applied bias of 1 V, 

which is similar with the reported Tc of bulk or unstrained VO2 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 ºC though the devices showed a 

smaller resistance change by a factor of 47.01. The smaller resistance changes during 

MIT and the lower Tc are due to the dominance of Poole-Frenkel conduction in the 

insulating state of porous VO2 NRs. This finding of the bias dependent Tc in the 

porous VO2 NRs can open up a new pathway to lower the Tc of VO2.  
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Figure 3.10. (a) Normalized electrical resistance of the devices as a function of bias 

(b) Electrical resistance of the devices as a function of bias.  
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Figure 3.11. (a) Dark I-V characteristics of Ag-decorated porous VO2 NRs and (b) 

double logarithmic and (c) log(I/V) versus V1/2 plots of the dark I-V curve.  
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Figure 3.12. (a) Schematic diagram of devices. Thermographic images of the Ag-

decorated porous VO2 NRs at various applied external biases. (b) 0 V, (c) 1 V, (d) 2 

V, (e) 3 V, (f) 5 V, (g) 7 V, and (h) 10 V   
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Figure 3.13. (a) Electrical resistance of the Ag-decorated porous VO2 NRs as a 

function of temperature, measured with external biases of 1 V and 5 V. (b) Derivative 

of the resistance vs. temperature plot for applying external bias at 1 V and 5 V.   
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3.3.3. Finite-difference time domain simulations 

 

FDTD simulations on Ag/VO2 systems 

The optical properties of dense planar VO2 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 

materials.[29,30] However, the Maxwell-Garnett theory is inadequate for interpretation 

of porous Ag-decorated VO2 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 VO2 NRs. Before conducting FDTD simulations on between Ag NPs and 

porous VO2 NRs, we performed FDTD simulations on the Ag NP/VO2 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 VO2 layer. 

Figure 3.14a-f show the top view and cross-sectional view of the simulated electric 

field distribution of the Ag NP/VO2 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/VO2 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 VO2 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 VO2 layer was significantly enhanced. The 
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maximum field enhancement (|E/E0|) 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 VO2 indicates plasmon derived strong 

electron-electron coupling between Ag NP and VO2 films. It is large enough to 

provoke MIT in VO2 layer as enhanced electric field can affect electron-electron 

interaction in VO2 layer. The simulation results expect that a redshift of the surface 

plasmon resonance wavelength (λSPR). 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 VO2 layer under the wide range of 

wavelengths. The above analysis provides a theoretical platform, photo-induced MIT 

in Ag NP/VO2 systems can be provoked by a wide range of wavelengths, and shows 

the capability of daylight-induced MIT in Ag NP/VO2 systems and their application 

in broadband photodetectors and smart windows.  

 

FDTD simulations on Ag-decorated VO2 nanord arrays  

Based on FDTD simulation results of Ag NP/VO2 systems, further simulations on 

porous VO2 NRs were conducted. Due to the large surface-to-volume ratio and 

porosity of VO2 NRs, Ag NPs can be well distributed on their overall surface, 

whereas only the top surface of dense planar VO2 thin films can be decorated by Ag 

NPs. As a result, porous VO2 NRs are expected to experience more field 

enhancement in a large area from LSPR than dense planar VO2 thin films. To verify 

this hypothesis, electric field distributions in Ag-decorated porous VO2 NRs was 
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simulated and compared with the case of Ag-decorated dense planar VO2 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 VO2 NRs and Ag-decorated dense planar VO2 thin films (Figure 3.15c-d). 

The enhanced electric field in Ag-decorated porous VO2 NRs is found on a larger 

area than that of dense planar VO2 thin films due to a larger number of Ag NPs 

decorated on porous VO2 NRs, This can be attributed to the top open surface of VO2 

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 VO2 NRs, and bare and Ag-decorated dense planar 

VO2 thin films. Due to the porous nanostructure, the bare and Ag-decorated porous 

VO2 NRs show higher transmittance than bare and Ag-decorated dense planar VO2 

thin films. Bare porous VO2 NRs and bare dense planar VO2 thin films show higher 

transmittance than Ag-decorated porous VO2 NRs and Ag-decorated dense planar 

VO2 thin films, respectively. The transmittance difference between Ag-decorated 

and bare VO2 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 VO2 NRs and dense planar VO2 thin films, 

respectively. The difference in transmittance between Ag-decorated and bare porous 

VO2 NRs is larger than that between Ag-decorated and bare dense planar VO2 thin 

films at wavelengths from 400 nm to 1000 nm. The results above show that Ag-

decorated porous VO2 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 VO2.  
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Figure 3.14. Top view of electric field distribution Ag NP/VO2 systems under the 

incident light of wavelength (a) 405 nm, (b) 663 nm, and (c) 1000 nm. Cross-

sectional view of electric filed distribution Ag NP/VO2 systems under the incident 

light of wavelength (d) 405 nm, (e) 663 nm, and (f) 1000 nm.  
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Figure 3.15. (a) Electric field distribution in the Ag-decorated porous VO2 NRs and 

(b) the Ag-decorated dense planar VO2 thin films. TEM images of (c) Ag-deocrated 

porous VO2 NRs and (d) Ag-decorated VO2 dense planar thin films used for FDTD 

simulations.  
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Figure 3.16. Simulated transmittance spectra from 200 nm to 1600 nm.  
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3.3.4. Enhanced broadband photoresponse performance of 

Ag-decorated VO2 nanorod arrays and photo-induced metal-

insulator transition  

 

Enhanced photoresponse of Ag-decorated VO2 nanorod arrays  

To investigate photoresponse of our device, the photo and dark I-V characteristics 

of the Ag-decorated porous VO2 NRs were measured in the dark and under white 

light illumination with various intensities from 10 μW cm-2 to 10 mW cm-2, as shown 

in Figure 3.17a. The dark and photocurrent of the Ag-decorated porous VO2 NRs 

show nonlinear and asymmetric I-V characteristics, which means unequal Schottky 

(rectifying) barriers are formed between two electrical contacts. These back-to-back 

Schottky contacts were affected by the Pt/VO2 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 Iphoto  L0.51, where Iphoto is the 

photocurrent and L is the light intensity. The dark and photo I-V characteristics of 

the reference samples were also measured in the dark and under the white light 5 

mW cm-2, respectively (Figure 3.18). Unlike the device based on Ag-decorated 

porous VO2 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 VO2, and Ag NPs 

should be decorated on the whole surface of VO2 thin films. The ratio of the 

resistance of the device in the dark (Rdark) to the resistance of the device under white 

light illumination (Rphoto) 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 VO2 NRs showed 

slight increase Rdark/Rphoto ratios until 50 μW cm-2, whereas other devices showed 

negligible Rdark/Rphoto ratios. Above 50 μW cm-2 of white light intensities, only the 

device based Ag-decorated porous VO2 NRs showed a gradual increment of 

Rdark/Rphoto as the intensity of light increases up to 10 mW cm-2. The other devices 

still showed negligible increase of Rdark/Rphoto less than 1.3. The ratio of resistance 

change by the light illumination with 10 mW cm-2 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 VO2 NRs. We emphasize that no results have been reported that 

photo-induced MIT in VO2 is triggered by visible light at a low intensity of 10 mW 

cm-2 (AM 1.5G 0.1 sun condition). It can be concluded that the whole Ag-decorated 

porous VO2 NRs in the device underwent photo-induced MIT above 10 mW cm-2.  

 

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-2) 



69 

at Vex 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 VO2 NRs showed a higher photoresponse than 

other devices. To evaluate the broadband photoresponse ability of our device, 

responsivity (Rλ) 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-1 to 936 A W-1. The 

device showed wavelength dependent Rλ, as the maximum field enhancement varies 

with wavelength in the FDTD simulation results. These results indicate that the Rλ 

of our device was influenced by the magnitude of the enhanced electric field of LSPR 

at the interface of Ag NPs and VO2 thin films. The EQE of our device showed the 

range from 142 % to 1357 %. Since EQE is related to Rλ, the wavelength dependent 

EQE shows a similar tendency to responsivity. 

 

Figure-of-merits of Ag-decorated porous VO2 nanorod arrays based photodetector 

To evaluate the performance of our device, Rλ, 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 Rλ, EQE, 

and D* are 4.1×103 A W-1, 9.6×105 %, and 1.4×1014 Jones, respectively. The rise time 

(tr) and fall time (tf), 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-2, as shown in Figure 3.21d. The tr and tf 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 tr and tf 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, 

Rλ, EQE, D*, tr, and tf were summarized in Table 3.1. Our device based on Ag-

decorated porous VO2 NRs showed higher value of Rλ, EQE, and D*, faster tr, and tf 

when compared with graphene,[45] MoS2,[46] graphene oxide,[47] and hybrid 

perovskite[48-52] based broadband photodetector. For the previously reported 

vanadium dioxide based photodetectors,[23,24,26,53] the photodetectors could detect 

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 Rλ, EQE, and D* and faster tr and tf 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 VO2 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 VO2 NRs was measured at an 

applied bias of 5 V during repetitive on/off switching of light illumination of 5 mW 

cm-2, 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 VO2 NRs was maintained the initial 

value without perceptible changes over the period. The working mechanism of 

previously reported single VO2 nano- and micro-wire based UV photodetectors[23,24] 

as well as metal oxide NRs based photodetectors[54,55] is explained by O2 

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 VO2, reliable photoresponse performance of our device is expected 

regardless of its working environment. Therefore, we measured the dark and photo 

I-V characteristics, and photosensitivity of our device in various environments, such 

as N2, O2, air, and vacuum, with applied bias of 5 V under white light exposure of 5 

mW cm-2 (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 VO2 with the assistance of LSPR can serve as a 

valuable proof-of-concept for next generation smart windows. As VO2 exhibit 

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

reports on VO2 based smart windows.[56-63] Most of previous studies are 

thermochromic smart windows, which are passively response to external 

environment,[47-52] and few electrochromic smart windows with high power 

consumption per unit area (> 10 W cm-2).[52,63] On the other hand, using the photo-
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induced MIT in VO2 with the assistance of LSPR, an active smart window of low 

power consumption and fast switching can be realized. Comparing with previous 

reported smart windows (Table 3.2),[63-72] low power consumption (15 μW cm-2) and 

fast switching for block state (1.4 ms) and transparent state (4.97 ms) can be expected 

if Ag-decorated porous VO2 NRs are applied to smart windows. Moreover, MIT in 

the Ag-decorated porous VO2 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.[73] In order to determine whether the photoresponse of our device 

results from photo-induced MIT, we measured the resistance of Ag-decorated porous 

VO2 NRs in the dark and under illumination (white light 5mW cm-2) 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 VO2 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 VO2 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 VO2 NRs and MIT in VO2 can be induced by visible light.  

 

Thickness effects on photoresponse of Ag-decorated VO2 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.[74] As Ag NPs are deposited thorough the top 

surface of porous VO2 NRs, the thickness of porous VO2 NRs can make impacts on 

the way in which Ag NPs are decorated with VO2 nanorods and the photoresponse 

performance of the device. To investigate how the thickness of porous VO2 NRs 

affects the photoresponse of the device, Ag-decorated porous VO2 NRs with a 

thickness of 100 nm to 700 nm were prepared. For Ag-decorated VO2 NRs less than 

100 nm, the VO2 nanorods become agglomeration and the porous nanostructure was 

completely destroyed (Figure 3.25a,b). Therefore, the Ag-decorated porous VO2 

NRs of less than 100 nm show similar dark and photo I-V characteristics to the 

SiO2/Si substrate (Figure 3.25c,d). For Ag-decorated VO2 NRs more than 100 nm, 

the sizes of the decorated Ag NPs are similar, but VO2 nanorods with larger diameter 

can be observed and conglutination appears between VO2 nanorods as the thickness 

of porous VO2 NRs increases (Figure 3.26a-h).  

Next, we examined the photoresponse characteristics of the Ag-decorated porous 

VO2 NRs with the thicknesses more than 100 nm under illumination of varied light 

intensities. Figure 3.27 shows the Rdark/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 Iphoto  L0.67, Iphoto  L0.51, Iphoto  L0.40, and Iphoto  L0.0004, respectively. 

The critical light intensities for photo-induced MIT of the devices with thickness of 

150 nm, 250 nm, 350 nm devices were 134 μW cm-2, 234 μW cm-2, and 794 μW 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(Rdark/Rphoto)/d(logL). 

The change of photoresponse depending on the film thickness is related with the 

change of VO2 nanorods diameter. When the diameter of VO2 nanorods becomes 

thicker, it is difficult for electric fields, which are generated at the interface between 

Ag NPs and VO2 nanorods, to influence the inside of the VO2 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 VO2 NRs. The partially decoration of Ag NPs on the surface of 

VO2 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 VO2 

NRs, VO2 nanorods should have narrow diameters to be well-affected by LSPR, and 

Ag NPs should be well decorated throughout the VO2 nanorods. 

 

LSPR effects on photo-induced MIT: Phase transition in Ag-decorated VO2 NRs  
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As the passage of a fast electron can excite localized plasmons in metallic 

nanoparticles,[75] the LSPR effect on photo-induced MIT in Ag-decorated VO2 NRs 

was investigated using transmission electron microscope (TEM). Across the MIT, 

the crystal structure of VO2 changes from monoclinic (insulating state) to tetragonal 

(metallic state) structure. Therefore, the effect of LSPR effect on MIT in VO2 can be 

confirmed by the comparing crystal structure of VO2 nanorod with and without Ag 

NP. Figure 3.28a shows the HRTEM image of VO2 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 

[011̅] zone axis of the M1 phase, can be observed. It means that the VO2 nanorod 

exhibits insulating state. On the other hand, Figure 3.28d, which is FFT of the orange 

rectangle in Figure 3.28c (VO2 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 VO2 nanorod. From the above results, it is clearly shown that LSPR 

from Ag NP can provoke photo-induced MIT in VO2.  

 

Schematic illustration of Mechanisms 

Based on these results, the operating mechanism of our device can be explained by 

the brief band structure of VO2 near the Fermi level, as shown in Figure 3.28a. When 

the VO2 is at its electrically insulating state, VO2 possesses a monoclinic crystalline 

structure. For the monoclinic phase of VO2, 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 Å  

between the V-V dimers that split the nonbonding 3d|| states into occupied 3d|| (lower 

energy) and unoccupied 3d||
* states (higher energy). The long distances of V-V are 

3.12 Å  between zigzag chains of the V-V pairs that create 3dπ
* states that are 

upshifted above 3d|| states and the Fermi energy (EF). As a result, the monoclinic 

phase of VO2 has a band gap of 0.7 eV.[5,24] 

As Nakano et al. reported that electrostatic charging at a surface of VO2 can trigger 

MIT in VO2,[6] the electric field enhancement, which is generated at the interface of 

Ag NPs and porous VO2 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 VO2 NRs due to strong coupling that originates from 

LSPR. The enhanced electric field at the interface of Ag NPs and porous VO2 NRs 

affects the electronic state of VO2. When the electric fields generated by LSPR, are 

sufficient large to provoke MIT in VO2, the electronic state of VO2 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 3dπ
* state. Consequently, the 

monoclinic insulating state of VO2 is converted into the rutile structure of VO2, 

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 3dπ
* 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-2 scale) is too 

weak to generate sufficient heat by the plasmonic nanoparticles for provoking MIT 
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in VO2.[76,77] Therefore, it can be concluded that our device showed the metallic phase 

of VO2 due to LSPR assisted photo-induced MIT in VO2.  

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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Figure 3.17. (a) I-V characteristics of the Ag-decorated porous VO2 NRs under 

various intensities of white light. (b) The photocurrent of Ag-decorated porous VO2 

NRs measured with external bias of 10 V plotted as a function of light intensity. The 

graph is fitted by the power law Iphoto ∝ Llight
0.51   
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Figure 3.18. The dark and photo I-V characteristics under the illumination of white 

light 5 mW cm-2: (a) Bare dense planar VO2 thin film, (b) Ag-decorated dense planar 

VO2 thin film, and (c) bare porous VO2 NRs.  
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Figure 3.19. The Rdark/Rphoto of the devices as a function of light intensity  
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Figure 3.20. (a) The transient photocurrent of our devices with incident light of 

various wavelengths. (b) Spectral responsivity and EQE of the device based on the 

Ag-decorated porous VO2 NRs.  
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Figure 3.21. (a) The responsivity, (b) external quantum efficiency, and (c) detectivity 

of the Ag-decorated porous VO2 NRs under 532 nm laser illumination as a function 

of light intensities. (d) Time resolved photoresponse of the Ag-decorated porous VO2 

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. 
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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-2). (b) The long-term stability test of 

the Ag-decorated porous VO2 NRs in air for 200 days. 

 

 

Figure 3.23. (a) The I-V characteristics of the Ag-decorated VO2 porous NRs in 

various gas ambient. (b) The photo transient curve of the Ag-decorated porous VO2 

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.  
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Figure 3.24. The resistance of the Ag-decorated porous VO2 NRs with thickness of 

250 nm in the dark and under the illumination as a function of temperature.  
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Figure 3.25. Top view and cross-sectional view SEM images of Ag-decorated 

porous VO2 NRs deposited less than 100 nm. The completely destroyed 

nanostructure of Ag-decorated porous VO2 NRs were observed. Dark and photo I-V 

characteristics of 100 nm thick of (c) Ag-decorated porous VO2 NRs and (d) SiO2/Si 

substrate.   



88 

 

 

Figure 3.26. Top and cross-sectional view SEM images of Ag-decorated porous VO2 

NRs. (a,b) 150 nm, (c,d) 250 nm, (e,f) 350 nm, and (g,h) 700 nm-thick Ag decorated 

porous VO2 NRs.  
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Figure 3.27. The Rdark/Rphoto of the devices with the thicknesses of Ag-decorated 

porous VO2 NRs ranging from 150 nm to 700.  
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Figure 3.28. (a) A typical high magnification TEM image of VO2 nanorod and (b) 

Monoclinic M1 [𝟎𝟏�̅�]  (red rectangle) zone axis FFT. (c) A typical high 

magnification TEM image of Ag-decorated VO2 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 VO2 

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 VO2 thin films, which originates from LSPR, causes VO2 to response to 

a wide wavelength of incident light, spanning a wide range from 400 nm to 1000 nm. 

With porous VO2 NRs, Ag NPs were well distributed throughout the film, so that the 

strong electric fields at the interface of Ag NPs and VO2 thin films can affect the 

entire film to provoke photo-induced MIT in VO2 NRs. This is the first report on 

broadband photodetectors based on VO2 thin films and opens up the way to VO2 in 

future optoelectronics.  
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Inhibition of Defect Migration 
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4.1. Introduction 

 

Organometallic halide perovskites (OHPs, such as CH3NH3X3, X: Cl, Br, I or mixed 

halides) are fascinating and emerging optoelectronic materials not only for 

frequently studied photovoltaic cells[1-5] but also for photodetectors,[6-9] light-

emitting diodes,[10] and lasers(Figure 4.1 and Figure 4.2).[11] 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,[12] excellent light absorption coefficient, long charge carrier diffusion 

length, and long life time (Figure 4.3).[13] Despite rapid progress in OHP-based 

optoelectronics, the current–voltage (I–V) hysteresis behavior of OHPs makes it 

difficult to obtain reliable device performance, an issue that has not been intensively 

studied (Figure 4.4). Recently, several theoretical[14-17] and experimental studies[18-21] 

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[22-24] or solvent engineering 

methods.[25,26] 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 CH3NH3PbI3 (MAPbI3) broadband photodetectors with a 

buffer-layer-free simple metal/semiconductor/metal (MSM) lateral structure and a 
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high on/off ratio (Ion/Ioff = 104 under 0.05 sun conditions). The I–V characteristics of 

photodetectors clearly exhibit sweep rate-dependent hysteresis, especially in the dark, 

due to the migration of defect ions in MAPbI3 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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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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Figure 4.3. Optical properties of halide perovskites: (a) high absorption coefficient 

and light harvesting characteristics (b) good band alignment with TiO2 and Au in 

photovoltaic devices, (c) long carrier diffusion length (d) fast carrier mobility (e, f) 

slow recombination rate. Figures from Ref. [32-36].  
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Figure 4.4. Power conversion efficiency deteriorate in solar cell by defect migration. 

Figures from Ref. [19, 23].  
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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 CH3NH3PbI3. 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% MAPbI3 

precursor solution, lead iodide (PbI2, 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 SiO2/Si substrates using 

photolithography and dry etching. Before spin coating of the perovskite solution, the 

Pt-IDE/SiO2/Si substrate was subjected to ultraviolet (UV)–O3 surface oxidation to 

make the surface of the substrate hydrophilic in order to obtain a uniform and large-

grain MAPbI3 film. The pre-heated precursor solution at 70 °C was used for 

fabricating the MAPbI3 thin film in order to minimize the formation of large voids. 

Finally, the MAPbI3 perovskite film was spin coated onto the fabricated Pt-IDEs at 

a rate of 4000 rpm (67 s−1) 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 MAPbI3 films were identified by XRD 

measurements (New D8-Advance, Cu Kα). Field emission scanning electron 

microscope (FE-SEM, JEOL, JSM-5410LV, Japan) images of the MAPbI3 films 

were also obtained. The absorption spectra of the crystallized MAPbI3 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 cm-2) 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-2 and 3 μW cm-2, 532 

nm of 65 μW cm-2, and 75 nW cm-2) 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 Iph/Id 

= Jph/Jd, where Iph is the photocurrent, Id is the dark current, Jph is the photocurrent 

density, and Jd 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 = Iph/ALlight, 
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where A is the effective area and Llight is the incident light intensity. Detectivity can 

be expressed as D* = R/(2qJd)1/2, where R is the responsivity, q is the elementary 

charge, and Jd is the dark current density.  
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Figure 4.6. Schematic illustration for fabrication process of CH3NH3PbI3 (MAPbI3) 

thin films and CH3NH3PbI3 -based photodetector. 

 

 

Figure 4.7. Measurement set-up for photoresponse of CH3NH3PbI3-based 

photodetector.  



113 

4.3. Results and Discussion 

 

4.3.1. Device fabrication and optimization 

 

The MAPbI3-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.[6] 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 (PbI2) precursors dissolved in N,N-dimethylformamide (DMF) were spin 

coated onto Pt interdigitated electrodes (IDEs), which had 20 fingers and the same 

interspacing distance of 5 μm (see the Experimental Section).[37-38] The spin-coated 

solution was crystallized by annealing at 70−130 °C. The crystallized MAPbI3 films 

were polycrystalline, with grains consisting of a tetragonal MAPbI3 phase as 

determined by X-ray diffraction (XRD) measurements (Figure 4.9).[39] The thickness 

of the crystallized MAPbI3 films was approximately 450 nm (Figure 4.10). In order 

to clarify the surface morphology of prepared MAPbI3 films with various annealing 

temperatures, the atomic force microscopy (AFM) measurement was performed. The 

root-mean square (RMS) roughness of the MAPbI3 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 MAPbI3 films at various annealing 

temperatures were similar to each other, the 110 °C-annealed MAPbI3 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 

MAPbI3 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 MAPbI3 film.  
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Figure 4.8. Schematic diagram of MAPbI3-based perovskite photodetector and 

crystal structure of MAPbI3 perovskite.  
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Figure 4.9. XRD data from crystallized MAPbI3 films annealed at various 

temperatures. The shapes and peak positions did not change significantly with 

crystallization, regardless of annealing temperature.  
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Figure 4.10. SEM images of crystallized MAPbI3 film on SiO2/Si wafer. The 

crystallization of the MAPbI3 film was performed at annealing temperatures of (a) 

70, (b) 90, (c) 110, and (d) 130 °C.  
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Figure 4.11. The AFM measurements of prepared MAPbI3 with various annealing 

temperatures. The root-mean square (RMS) roughness of the MAPbI3 films annealed 

at (a) 70 °C (Rrms =103.87 nm) (b) 90 °C (Rrms =99 nm), (c) 110 °C (Rrms =76.71 nm), 

and (d) 130 °C (Rrms =118 nm), respectively.  
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Figure 4.12. Absorption spectra of MAPbI3 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/CH3NH3PbI3/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 (Vex) values, as shown in 

Figure 4.13. As Vex 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 Vex. Our photodetector operated at low external bias 

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

photodetector,[40-42] and a previously reported solution-processed photodetector.[6, 43-

46] This high on/off ratio is also more remarkable than that of a previously reported 

lateral-structured MAPbI3-based photodetector operated at high external bias. [6, 43-46] 

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 MAPbI3-based 

photodetectors[6, 43-46] and lower than that of vertical-structured MAPbI3-based 

photodetectors owing to larger electrode spacing.[6,43, 45] For the detectivity, it can be 

expressed as D* = R (2qJd)-1/2, where R is the responsivity, q is the elementary charge, 

and Jd is the dark current density when the dark current is dominated by the shot 

noise.[9] 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 × 1011 Jones) at 1 V. The response 

time (tr) and recovery time (td) are also significant figure-of-merit for a photodetector. 

To identify the tr and td for our device, the transient photocurrent was measured under 

the illumination with white light of 5 mW/cm2, as shown in Figure 4.15a. Although 

the exact tr and td could not be measured because of the measurement limitation of 

our equipment, it is clear that the tr is shorter than 90 ms and the td 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 

photodetectors.[6,43-46] Moreover, our device shows the faster td and tr values than 

previously reported ones.[44-46] The stability of hybrid perovskite is important issue 

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.[7,8,45,46] In order to evaluate the stability of our fabricated 

MAPbI3-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 102 to 103. Based on these results, it is apparent that the MAPbI3-

based photodetector operating at low Vex 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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Figure 4.15. (a) The response and recovery time analysis of the fabricated 

perovskite-based photodetectors. The response time and recovery time is shorter than 

90 and 20 ms, respectively. (b) The stability test in rough vacuum condition over 14 

days. (c) Photocurrent and responsivity properties with respect to wavelength.   
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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. 
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4.3.3. I-V hysteresis  

 

As seen in previous reports,[16-24] 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 (VPb″) and 

methylammonium vacancies (VMA′) and positively charged I vacancies (VI
•) that can 

exist in solution-processed MAPbI3 films due to their low formation energies.[14,15]. 

The hysteric behavior of our device has been estimated by measuring the photo and 

dark I-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 → +5 V → 0 V → −5 

V → 0 V, 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 cm-2), 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 VPb″, VMA′, and VI
• can migrate 

under external bias, MAPbI3 is called a mixed ionic–electronic conductor.[15] Due to 

the migration of defect ions by external electric fields, MAPbI3 exhibited hysteresis 

in its I–V characteristics, as reported in previous studies.[18,47] 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 MAPbI3 film 

(3.9 eV),[39] 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/MAPbI3 and MAPbI3/Pt 

interfaces, as shown in Figure 4.17a, leading to symmetric I–V characteristics. 

However, the charged defect ions migrated to the metal/MAPbI3 interfaces by 

external bias during the I–V measurements, as illustrated in Figure 4.17b. The ion 

migration resulted in unequal Schottky barriers for the contacts between the 

Pt/MAPbI3 and MAPbI3/Pt interfaces, and the resulting I–V characteristics were 

asymmetric. Because of the unequal Schottky barriers, the voltage for the minimum 

current was not 0 V. We emphasize that hysteric I–V characteristics with a non-zero 

built-in potential (Vbi) are typical phenomena observed in mixed ionic–electronic 

conductors.[48] 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.[48] In these p-i-n 

homojunctions by self-doping, the generated Vbi 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 I-V 

characteristics of the device in the dark and under the illumination (white light, 5 

mWcm-2) at various temperature with the scan rate of 100 mV s-1, as shown in Figure 
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4.18. The dark I-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 MAPbI3 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 I-V curve. In contrast, the photo I-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 I-V characteristics at various temperatures to see how 

temperature has an effect on charge transport in the MAPbI3 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 4.18c-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 ln (J) values are plotted against 1000/T in the dark and under the illumination at 
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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 Vbi 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 Vbi 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 4.16. Dark and photocurrent hysteresis curves in (a) log scale and (b) linear 

scale with various sweep voltage rates.  
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Figure 4.17. (a) The flat-band diagram and equilibrium state of the Pt/MAPbI3/Pt 

device without external bias. (b) Schematic diagram of ion drift in the MAPbI3 film 

with forward and reverse bias. The negatively charged defect ions make a p-type 

self-doping region and the positively charged defect ions make an n -type self-doping 

region under the external electric field, result in p-i-n or n-i-p homojunctions.  
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Figure 4.18. (a) Dark and (b) photo I-V curves with different temperatures at a scan 

rate of 100 mV s-1. The dark I-V clearly shows the temperature-dependent hysteretic 

behavior by electronic transport. The dark and photo I-V curves under (c) 123 K, (d) 

139 K, (e) 161 K, (f) 190 K, (g) 232 K, and (h) 298 K.  
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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-2) 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 103–104 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 MAPbI3 film is a mixed ionic–

electronic conductor,[14,15,18] the total dark current (It) can be expressed as 

It = Ie + Ii     (1) 

where Ie is the current originating from electron transport and Iion 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, It is almost equal to Ie, because the external bias is too small 

to drift the defect ions (Ii ≈ 0). Thus, high on/off ratios could be achieved as a result 

of low dark currents. When Vex is larger than 0.4 V, the dark currents show spikes at 

the beginning (Regions II–III, Figures 4.20f–j). This behavior could be explained by 

the migration of defects ions (VPb″, VMA′, and VI
•).[15,18] At first, the dark currents 

increased rapidly due to the migration of defect ions after applying Vex, and s peaks 

appeared. The charged defect ions accumulated near the Pt electrodes, forming Vbi, 

which screened the external bias and reduced the ionic and electronic currents. As 

Vbi approached the maximum values, the total currents reached saturated values. It is 
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estimated that Ie ≈ Ii for Vex between 0.5 V and 1 V and Ii ≫ Ie for Vex > 1 V. Because 

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

values. For Vex ≥ 3 V, severe ion migration affects the photocurrents,[23] leading to 

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.[49] 

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 Vex increases. These downward spikes appeared repeatedly in 

multicycle transient curves (Figure 4.21). Therefore, to obtain reliable performance 

from MAPbI3-based photodetectors, the ionic current originating from defect 

migration should be inhibited, and thus MAPbI3-based photodetectors should be 

operated at low Vex.  
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Figure 4.20. I–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, (f) 0.5, (g) 1, (h) 3, (i) 5, and (j) 10 V. Significant 

spikes were revealed at 0.5–10 V.  
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Figure 4.21. (a) Multiple I–t 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 

MAPbI3-based photodetector due to the fact that MAPbI3 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 MAPbI3 film, leading to the 

formation of Vbi 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 Vex of ± 0.1 V during repetitive switching of light illumination of 5 

mW cm-2, 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 104, whereas the poled device 

showed the lowest dark current, which resulted from the counterbalance between Vbi 

and Vex. As expected, the lateral-structured photodetector showed identical 

performance regardless of the sign of Vex. For the poled sample, the transient 

photocurrent was measured after poling at ± 1 V for 300 s, which generated ionic 

current behavior in the MAPbI3 film even though the film showed the highest 

detectivity. The poled sample showed an enhanced on/off ratio (106) 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 Vbi, 

which is generated by poling, screens Vex, resulting in a reduction of the charge 

collection efficiency.[23] 

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 MAPbI3 photodetector and that 

poling at high external bias should be avoided in order to obtain high signal-to-noise 

ratios from MAPbI3 photodetectors, especially for detecting low-intensity light.  
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Figure 4.22. Device characteristics both before and after poling. I–t 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.  
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Figure 4.23. I–t characteristics both before and after poling at various incident light 

intensities and wavelengths.  
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4.3.6. Schematic illustration of mechanisms 

 

The observed I–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 MAPbI3 is 

present. By applying external bias during the I–V measurements, the defect ions can 

migrate to the interfaces between Pt and MAPbI3, leading to asymmetric Schottky 

barriers (Figure 4.24a). When incident light is illuminated on the fabricated device, 

the MAPbI3 film absorbs photons to generate a large number of electrons and holes. 

Due to the high density of the photogenerated carriers in the MAPbI3 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/MAPbI3 interfaces, indicating the formation 

of p-i-n homojunctions, which creates Vbi in the MAPbI3 film (Figure 4.25a). The 

poled device shows a lower dark current than the pristine device due to the 

compensation between Vex and Vbi. Similar to the pristine device, the Schottky 

barriers in the poled device can be reduced under illumination. However, the existing 

Vbi compensates Vex, 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 

experimental results in Figure 4.19 and with previous reports.[6,15] By measuring the 

built-in potentials in the MAPbI3 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 Vex, the photogenerated carriers are 

almost evenly transported to adjacent Pt electrodes. Thus, Vbi 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 Vbi, resulting in an increase of Vbi. It has 

been reported that photogenerated carriers can create a photovoltage-induced electric 

field in MAPbI3 films when sufficient incident light illuminates the device.[40] The 

Vbi value gradually decreased under illumination because the photovoltage-induced 

electric field screens Vbi.  
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Figure 4.24. Energy-band diagram of MAPbI3-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 MAPbI3-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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Figure 4.26. Changes of built-in potential in the dark and under illumination.  
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4.4. Conclusion 

 

In summary, we demonstrated a reliable, high on/off ratio of a MAPbI3-based MSM 

lateral-structure photodetector via inhibiting the migration of charged defect ions. 

The photodetector provided a high on/off ratio (~104 at Vex of 0.1 V) under the 

illumination of 5 mW cm-2. By measuring the transient photocurrent with various Vex 

values, the device showed reliable performance at low Vex that did not trigger 

remarkable ionic transport. Once the charged defect ions migrated, the device 

showed poor performance, even operating at low Vex. Inhibiting the migration of 

charged defect ions in MAPbI3 films is the key factor for acquiring and retaining 

high device performance. We emphasize that inhibiting charged defect ion migration 

in MAPbI3 films as described in this work makes it possible to obtain higher device 

efficiencies in optoelectronics based on MAPbI3 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 VO2 are demonstrated. We fabricated Ag-decorated porous 

VO2 NRs through surface functionalization. The strong electric field at the interface 

between Ag NPs and VO2 thin films, which originates from LSPR, causes VO2 to 

response to a wide wavelength of incident light, spanning a wide range from 400 nm 

to 1000 nm. With porous VO2 NRs, Ag NPs were well distributed throughout the 

film, so that the strong electric fields at the interface of Ag NPs and VO2 thin films 

can affect the entire film to provoke photo-induced MIT in VO2 NRs. This is the first 

report on broadband photodetectors based on VO2 thin films and opens up the way 

to VO2 in future optoelectronics. 

The reliability and on/off ratio of MAPbI3-based broadband photodetector are 

improved by control of charged defect migration. The photodetector provided a high 

on/off ratio (≈104 at Vex of 0.1 V) under the illumination of 5 mW cm-2. By measuring 

the transient photocurrent with various Vex values, the device showed reliable 

performance at low Vex 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 Vex. Inhibiting the migration of charged defect ions in MAPbI3 films is the 

key factor for acquiring and retaining high device performance. We emphasize that 

inhibiting charged defect ion migration in MAPbI3 films as described in this work 

makes it possible to obtain higher device efficiencies in optoelectronics based on 

MAPbI3 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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Abstract (in Korean) 

국문 초록 

 

광검출기는 광신호를 전기적 신호로 바꾸는 소자로써, 다양한 

분야에서 사용되고 있다. 최근 자외선부터 근적외선 영역 빛의 장점이 

(주파수 사용료 무료, 높은 전달 속도와 용량, 인체에 대한 무해성) 

부각되면서, 광대역 광검출이 미래 핵심 기술로 부상하고 있다. 하지만, 

근적외선 영역까지 빛을 검출하면서 높은 광전자효율과 신뢰성을 보이는 

물질의 부재로 고성능 광대역 광검출기 개발에 큰 어려움이 있다. 

고성능 광대역 광검출기 소자를 개발하기 위해서, 본 연구에서는 광전자 

재료의 표면기능화 및 결함 조절을 통해서 광대역의 빛에 높은 고점멸비, 

고신뢰성을 보이는 소자 개발을 진행하였다.  

표면기능화 기법을 통해서, 이산화바나듐 (VO2) 기반 고점멸비 

광대역 광검출기를 개발하였다. 은 나노입자로 장식된 이산화바나듐 

나노막대들은 (Ag-decorated VO2 NRs) 표면 플라즈몬 공명 효과의 

도움으로 빛에 의해서 금속-절연체 전이 현상을 보이며, 광대역 

검출기에 적용한 결과 매우 높은 점멸비와 뛰어난 성능을 보였다. 표면 

플라즈몬 공명 현상에 의해서, Ag 나노입자와 VO2 의 계면에서 강한 

전자력 커플링 현상이 나타나고, 이로 인해서 VO2 에 광유도 금속-

절연체 현상이 나타났다. Ag 나노입자와 VO2 NRs 계면에서 발생되는 

표면 플라즈몬 현상은 400 nm~1000 nm 영역의 빛 아래에서 나타나기 
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때문에 Ag 나노입자로 장식된 VO2 NRs 고성능 광대역 광검출을 

가능하게 한다.   

결함 이동 조절을 통해서, 고신뢰성, 고점멸비를 갖는 메틸암모늄납요

오드화물 (CH3NH3PbI3)기반 광대역 검출기에 대해서 연구를 수행하였

다. 높은 인가 전압에서는 CH3NH3PbI3기반 소자는 박막 내 결함 이동

으로 인해서 낮은 점멸비를 보인다. 결함 이동은 낮은 전압을 인가하는 

것으로 효과적으로 방지할 수 있으며, CH3NH3PbI3기반 소자는 0.1 V에

서 104 이상의 높은 점멸비를 보이며 결함 이동으로 인한 성능 저하를 

보이지 않았다. 또한, 저전압 인가로 인한 폴링 방지를 통해서 

CH3NH3PbI3기반 소자의 신호대비잡음비율을 높이고, 약한 세기의 빛도 

감지할 수 있었다. 이 결과는 CH3NH3PbI3기반 소자의 성능을 향상시키

기 위해서 CH3NH3PbI3 박막 내 결함 이동을 최소화 해야 된다는 것을 

의미한다.  

본 연구에서 사용한 광대역 광검출 소자의 성능 향상 접근 법은 미래 

소자 개발하는 방법의 좋은 예시가 될 것이다. 또한, 본 연구 결과는 빠

른 응답속도, 저소비전력, 고성능, 고신뢰성을 가지는 차세대 광전자 소

자의 개념 증명으로 역할을 수행할 수 있을 것으로 예상된다.  

 

주요어: 광대역 광검출기, 바나듐 이산화물, 금속-절연체 전이현상, 

플라즈모닉 나노입자, 표면기능화, 유무기 복합 페로브스카이트, 이온결함 

이동, 이력 특성 
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