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ABSTRACT 

   In the era of information explosion, Internet of Things (IoT) has emerged as a 

technological revolution. With the rapidly increased number of IoT devices, IoT will 

drive unprecedented volumes and demands for the electronics industry. A multi-

functional and highly integrated device can well benefit the IoT system operation and 

cater for the demands of smart device, such as reducing cost and device occupation area, 

and lowering energy consumption and electric loss. In this thesis, we design two types 

of optically-controlled multifunctional electronic devices: (1) multifunctional solar-

power supercapacitor by integrating novel perovskite solar cell and electrochromic 

supercapacitor into one device and (2) hybrid organic-inorganic and transition metal 

oxide based optoelectronic memories, which both integrate sensing, data storage and 

processing functions.   

   We first demonstrate multifunctional supercapacitor devices: solar-powered 

photovoltachromic supercapacitors (PVCSs) by vertically integrating a perovskite solar 

cell (PSC) with MoO3/Au/MoO3 transparent electrode and electrochromic 

supercapacitor into one device. These PVCSs provide a seamless integration of energy 

harvesting/storage device, automatic and wide color tunability and enhanced photo-

stability of PSCs. The color states of PVCSs not only indicate the amount of energy 

stored and energy consumed in real time, but also enhance the photo-stability of 

photovoltaic component by preventing its long-time photo-exposure under fully 

charged state of PVCSs. This work designs a new type PVCS for multifunctional smart 
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window applications commonly made of glass. 

   Except for the multifunctional and integrated solar-powered supercapacitors, to 

develop optoelectronic memories integrated with the functions of sensing, data storage 

and data processing is also desirable for the potential Internet of Things (IoT) 

application. In this thesis, we demonstrate two types of optoelectronic resistive 

switching memory integrated with sensing, data storage and processing by adopting 

hybrid organic-inorganic CH3NH3PbI3-xClx perovskites and MoO3, respectively. Based 

on the unusual defect physics and excellent light absorption, the CH3NH3PbI3-xClx 

memory cell designed in our work exhibits low operation voltage of 0.1 V with the 

assistance of light illumination, long-term retention property, and multiple resistance 

states. Its unique optoelectronic characteristics enable to perform logic operation for 

inputting one electrical pulse and one optical signal, and detect the coincidence of 

electrical and optical signal as well. This design provides possibilities for smart sensor 

in IoT application. Except for the non-volatile perovskite optoelectronic memory, we 

also adopted photochromic material MoO3 as both light absorption layer and storage 

medium and designed UV switchable optoelectronic memory. The MoO3 memory 

enables both non-volatile and volatile resistive switching behaviors according to 

different light intensity and light wavelength applied. The co-existence of non-volatile 

and volatile behaviors enables the implementation of light-stimulated short-term (STP) 

and long-term plasticity (LTP) for neuromorphic computing, which bridges the gap 

between sensing and neuromorphic computing and is potential for the design of 

cognitive artificial eyes.       
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CHAPTER 1  Introduction: Demands for 

Multifunctional Integrated Electronic Devices 

  Nowadays, smart-phone, smart-home, smart farming, smart transport and 

infrastructure systems have well-connected the world more than we ever thought 

possible. This intelligent network system is described as “Internet of Things (IoT)”. In 

the era of information explosion, IoT network expands rapidly, which brings data 

gathering and communication to existing and huge number of common objects via the 

Internet.[1] The IoT objects are usually embedded with sensors for data gathering, 

actuators for action invoking, memories for data storage, processors for data processing 

and also wireless communication units for information transfer. [2] 

   With the rapidly increased number of IoT devices, IoT will drive unprecedented 

volumes and demands for the electronics industry. The number of connected devices 

worldwide is estimated to increase from 23.14 to 75.44 billion from year 2018 to 2025 

in the IoT network.[3] The dramatically increased number of IoT devices can 

consequently result in the increase of internet traffic. A multi-functional and highly 

integrated device can well benefit the IoT system operation and cater for the demands 

of smart device, such as reducing cost and device occupation area, and lowering energy 

consumption and electric loss.  

  Wireless sensor network (WSN) is the basis component in the IoT network system 

which gathers information from the IoT objects and long-term operation of wireless 

sensors requires continuous and sustainable supply of electric power. As the gradual 
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decrease of fossil fuels and global warming have posed threats to the sustainable 

development in human life, naturally renewable energies have been largely explored in 

recent years, e.g. solar energy, wind energy, wave energy, geothermal energy, tidal 

energy. However, these renewable energies are always intermittent and have variable 

outputs, and they rely on the weather conditions, which means it can only be used as it 

is generated. Considering from this concern, energy storage devices such as batteries 

and supercapacitors are essential and promising for balancing electricity supply 

converted from the intermittent renewable energies. Therefore, the integration of 

energy harvesting and storage devices plays a vital role in saving electric energy and 

providing environmentally-friendly sustainable electric energy to sensor nodes.  

  The sensory data collected by the wireless sensors from IoT objects is required 

further to be stored and processed. As conventional sensors, data storage and data 

processing devices are usually separated, the huge amount of IoT devices required can 

cause Internet traffic and require huge computing power consumption. To develop 

smart devices with integrated functions, such as sensing, data storage and data 

processing are demanded for reducing the power consumption in computing and data 

transfer, lowering the number of electronic devices and improving the data processing 

speed. 

   Therefore, considering from the two aspects discussed above, we will focus on 

designing two types of multifunctional and highly integrated electronic devices for IoT 

application in this thesis including: (1) multifunctional self-powered supercapacitors 

integrating solar cell and supercapacitors and (2) novel optically-controlled 
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multifunctional memory devices integrating light sensing, data storage and processing 

functions.  

   This thesis will introduce the projects accomplished during my PhD study from five 

parts: (1) Chapter 1 offers a brief introduction of project motivation (2) Chapter 2-5 

introduce the three projects: Multifunctional Perovskite Photovoltachromic 

Supercapacitor, Low Voltage Optoelectronic Memory with Integrated Sensing and 

Logic Operation, UV-Switchable Transition Metal Oxide Optoelectronic Memory, 

respectively. (3) Chapter 5 summarizes the projects and gives an outlook for further 

studies. 
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CHAPTER 2  Multifunctional Solar-Powered 

Supercapacitor 

2.1  Introduction 

  Integration of energy harvesting and storage systems play a significant role in the 

IoT applications for providing continuous and sustainable energy sources for sensors, 

reducing electrical loss during power transmission and device occupation area. This 

project is focusing on integrating novel and low-cost solar cells and electrochromic 

supercapacitor into one device configuration and realizes a multifunctional solar-

powered supercapacitor. This introduction section will first briefly review the working 

principle and materials for supercapacitor, followed by the introduction of a novel 

multifunctional electrochromic supercapacitor which will be employed in the integrated 

systems and finally will the developments of solar-powered supercapacitor reported till 

now will be reviewed. Followed with the introduction, our designed multifunctional 

perovskite photovoltachromic supercapacitors will be introduced and discussed in the 

section 2.2.   

2.1.1.  Energy storage devices 

   Batteries and supercapacitor are the two most promising and reliable energy storage 

devices in electrochemical energy storage. Batteries and supercapacitor adopt similar 

device structure including anode, cathode, separator and current collectors. However, 
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the two devices exhibit obvious difference in the energy storage performances. 

   Current rechargeable batteries include lead–acid, Ni–Cd, Ni–MH, lithium ion 

batteries (LIBs), which store energy based on the redox reaction occurred at the 

electrode material. Figure 2.1 a shows a generally working mechanism in the batteries. 

As diffusion process dominates in the redox reaction, the slow process enables high 

energy density of 100~265 Wh/Kg, but a low power density of <1500 W/Kg for LIBs. 

Also, due to the destructive electrochemical process at the battery bulk electrode, 

cycling ability of batteries is poor (500~1000 cycles for LIBs). For supercapacitors, 

according to different charge storage mechanisms (Figure 2.1b), it can be classified into 

electrical double-layer capacitors (EDLC) and pseudocapacitors, for which charges are 

stored based on electrical double-layer effect and redox reactions, respectively. Since 

the reaction or electrical double-layer effect occurs at electrolyte/electrode interface, 

the charge insertion/extraction or electrostatic induction is very fast which leads to an 

ultra-high power density of 3000~40000 W/Kg and ultra-long cycle life up to 107, but 

a relatively lower energy density of 4~10 Wh/kg. Interestingly, in previous reports, 

Dunn et al. have also reported some special materials, which can help to achieve 

battery-like supercapacitor behavior. For examples, pseudocapacitors based on Nb2O5 

exhibit fast cation intercalation and de-intercalation[1], which behaves with both high 

capacitance and charging/discharging rate (Figure 2.1c).   
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Figure 2.1. Charge storage mechanisms of rechargeable battery, supercapacitor and intercalation 

pseudocapacitance. 

  A Ragone plot of energy density and power density of various energy storage devices 

is demonstrated in the Figure 2.2.[2] Supercapacitor locates between batteries and 

traditional capacitors. Taking the advantages of higher power density and long cycle 

life of supercapacitors, this chapter will mainly introduce the operations of 

supercapacitors in the later part. 

              

Figure 2.2. Ragone plot with energy density vs power density of various energy storage devices.[2] 
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2.1.1.1.  Supercapacitors: working principles and materials  

  Supercapacitors can be classified into three types: EDLCs, pseudocapacitors and 

hybrid capacitors, which corresponding to non-Faradaic mechanism, Faradaic 

mechanism and a combination of non-Faradaic and Faradaic processes, respectively [3]. 

Faradaic processes involve charge transfer and oxidation/reduction reactions. Non-

Faradaic process does not involve the chemical reaction and generally store charge 

electrostatically.  

Similar to the traditional capacitor, EDLCs store charges through electrostatic 

effect. A schematic of working process is illustrated in Figure 2.3. Under an electric 

field, ions provided by electrolyte move towards to the electrodes, accumulate on the 

electrode surfaces and are separated by the dielectric separator. A double-layer of charge 

is formed at the electrode. Since no charge transfer between the electrolyte and 

electrode and no volume loss or no damage in morphology in the electrodes, the whole 

processes is non-Faradaic, leading to a long cycle life and high power density. Because 

of the excellent cycle life time, EDLCs can be well employed in non-user serviceable 

locations (e.g. mountains) [4-6]. The electrochemical performances of EDLCs are closely 

related to the electrolyte used. Aqueous and organic electrolyte can both be utilized in 

EDLCs. Compared with organic electrolyte, the use of aqueous electrolyte (e.g. H2SO4 

and KOH) is more environmentally friendly and has lower ESR. The requirement of 

pore size of electrode material in EDLCs with aqueous electrolyte is lower than that 

with organic electrolyte. However, the breakdown voltage in water-based electrolyte 

system is much lower than organic electrolyte system because of the hydrolysis. 
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Because of the trade-off between lower ESR and larger voltage window, the choice of 

electrolytes is dependent on the specific applications.  

 

Figure 2.3 Schematics of working mechanisms of EDLCs.[7] 

As for the material systems in EDLCs, carbon electrode is the most commonly 

used material for its large surface area, easy fabrication process, high chemical stability, 

good electrical property, low cost and wide operating temperature range.[8] Other types 

of carbon materials, such as activated carbons, carbon aerogels, carbon nanotubes 

(CNTs) and graphene have also been widely applied in the EDLCs.[9] Due to a large 

specific surface area of porous activated carbons (>2000 m2/g), the capacitances of 

EDLCs can reach around 100 F/g and 200 F/g in aqueous and organic electrolytes, 

respectively.[10] Further improvements have been done by using a hierarchical porous 

carbon with high specific surface area of ~2700 m2/g. The specific capacitance for the 

as-prepared capacitor reaches 307 F/g. [11] For CNTs, although high electrical 

conductivity of CNT also enables it as promising electrode material for achieving good 

electrochemical performances, the relatively small surface area limits the capacitance 

(30~80 F/g).[12, 13] 2D graphene has also demonstrated great potential in the 

supercapacitor applications for the excellent electrical conductivity and high charge 

mobility. The graphene based supercapacitor even exhibits similar performances to the 
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traditional capacitors. [14] 

In contrast to EDLCs, pseudocapacitors store charges based on the Faradaic 

processes, which involves in the charge transfer between electrolyte and electrode. The 

Faradaic processes that may occur at the electrode includes: redox reaction (transition 

metal oxides, adsorption of ions, electrochemical doping (conducting polymers). 

Compared with EDLCs, pseudocapacitors adopt higher energy density and capacitance 

since that the Faradaic processes can also occur inside the electrode material. However, 

the redox reaction involved leads to a poorer cyclic performance and lower power 

density. [7]  

Metal oxides are class of materials that have been widely used in pseudocapacitors, 

such as NiO, WO3·H2O, MnO2·H2O, V2O5, Co3O4, RuO2·H2O, IrO2·H2O, SnO2 and 

Fe2O3.[15] Hydroxides (e.g. Co(OH)2 and Ni(OH)2) are also common materials for 

pseudocapacitors application.[16] Ru-based electrodes have demonstrated remarkable 

performance. The redox reaction at Ru-based electrodes requires successive electron 

transfer with the valance change from Ru4+ to Ru3+ to Ru2+. The CV curve of Ru-based 

supercapacitor usually presents a rectangular shape, similar to the EDLCs.[17] Colloidal 

ruthenic acid nanosheets have been reported by Sugimoto et al. with higher electrode 

kinetics than the electrode used in batteries.[18] The supercapacitor also exhibits high 

capacitance of 601 F/g at a scan rate of 50 mV/s, which may be attributed that interlayer 

surfaces are also usable for charge storage. Hu et al. synthesized RuOx·nH2O 

nanoparticles and deliver a high capacitance of 1084 F/g at a current of 0.5 A/g. 

[19]Although Ru-based electrode has presented excellent properties, the environmental 
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harmfulness it brings limits the further applications in the supercapacitors. To cater for 

the application requirements, then materials that are cheaper and more environmentally 

friendly are developed, such as MnO2. The theoretical capacitance based on MnO2 can 

reach 1100 F/g.[20, 21] Since the redox reaction MnO2 involved is occurred at the surface 

instead of the intercalation in bulk material, the capacitance of MnO2 cannot be 

comparable with RuO2 and requires further improvements. Different MnO2 

nanostructures (porous structure[22], nanotubes[23], nanowires[24] and microspheres[25]) 

have been fabricated with showing improved performances. For example, porous α-, β-, 

and γ- MnO2 exhibit a capacitance from 70 to 90 μF/cm2. β- MnO2 demonstrates better 

rate ability, which may be attributed to the faster ion transport.[22] The supercapacitor 

based on a nanostructured MnO2/CNT composite on a sponge exhibits high capacitance 

of 1230 F/g and excellent cycling stability (more than 10000 cycles).[26] Except for 

MnO2, V2O5 is another alternative for RuO2. Guo et al. synthesized V2O5@C core-shell 

nanowires and demonstrated a high areal capacitance of 128.5 F/cm2.[27] The 

supercapacitors with V2O5/graphene electrode can also achieve a specific capacitance 

of 486 F/g and energy density of 68 Wh/kg. [28]  

In addition to the above metal oxides discussed, conducting polymers (e.g. 

polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole 

(PPy)) have also been a class of promising electrodes for pseudocapacitors. The redox 

reactions involved in the conducting polymer based supercapacitor will not cause the 

structural changes and are highly reversible. Additionally, the redox reaction can only 

happen at the surface, but also the through the bulk material. Among the conducting 
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polymers for pseudocapacitors, PPy and PANI are most widely used considering from 

the synthesis complexity, cost and chemical stability. PPy and PANI are usually 

employed as positive electrode since they can only be p-doped. To n-dope the two 

materials require the voltage much larger than a common electrolyte can achieve. The 

pseudocapacitors with conducting polymer electrodes have reported with excellent 

properties. For example, the PANI hydrogel electrodes deliver a capacitance of 750 F/g 

at a constant charging/discharging current of 1A/g.[29] The solid-state supercapacitor 

based on PPy synthesized on stainless steel mesh exhibits a capacitance of 170 F/g. 

[30]However, a challenge of the application of conducting polymers is the swell/shrink 

problem during the intercalation/de-intercalaction processes. This can lead to a low 

cycling lifetime. To improve the cycling performances, researchers have composited 

the conducting polymers with other materials. Zhao et al. found that the PANI/porous 

carbon composite can exhibit a high capacitance of 531 F/g. It is worthy to mention that 

there is only 3 % degradation in capacitance after 104 cycles. Later research work also 

designed a 3D PANI/graphene composite and delivers long cycling life time and 

excellent capacitance of 531 F/g.[31]   

 

Figure 2.4. Illustration of a typical working mechanism in the pseudocapacitors. [7] 



12 

 

2.1.1.2.  Electrochemical characterizations 

Cyclic voltammetry (CV) 

    Cyclic voltammetry (CV) test is a typically potentiodynamic electrochemical 

measurement. Three-electrode setup (reference electrode, working electrode and 

counter electrode) is usually employed for characterizing the electrode electrochemical 

performances. As to determine the electrochemical performances for a two-terminal 

device, two-electrode setup (reference electrode and working electrode) is generally 

used. CV plot illustrates the variation of current as a function of a cycle of sweeping 

voltage. The sweeping voltage is the working electrode potential against to the 

reference electrode and the current described in the CV measurement is the current 

flowing through the working electrode.  

   Usually, the working electrode potential ramps linearly with time, as shown in 

Figure 2.5a. The potential first linearly increases from E1 to E2 and then reversely 

sweeps back to E1. Figure 2.5b shows a typical CV curve corresponding to the voltage 

sweeping in. A cathodic peak and anodic peak can be clearly observed in the figure, 

corresponding to a reduction reaction and redox reaction, respectively. These featured 

peaks can be attributed to the diffusion layer formed near the electrode and reflects the 

change of charge concentration gradient with the voltage. As a voltage is swept, 

electrons begin to flow and as a redox/reduction reaction happens, the current ramps 

rapidly and reaches a peak. The thermal equilibrium at the electrode surface can 

expressed by Nernst equation: 
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E = 𝐸∅ +
𝑅𝑇

𝑛𝐹
𝑙𝑛

(𝑅)

(𝑂)
                                               2. 2. 1 

Where E  is the applied potential is difference and 𝐸∅  is the standard electrode 

potential. The above discussion is for a Faradaic process, as for a non-Faradaic process 

(EDLCs), no redox reaction peaks appear in the CV curve. A comparison of Faradaic 

and non-Faradaic CVs has been discussed in the Chapter 1. 

 

Figure 2.5 (a) Voltage (E) vs time (t) in the CV measurements. The voltage ramps linearly with time. 

(b) A typical CV curve corresponding to the voltage sweeping in (a). [32] 

    

   CV plot is an important method to determine the capacitance of an electrode or an 

energy storage device. The capacitance C of an electrode material or a supercapacitor 

device can be calculated as below: 

C =
∫ 𝐼𝑑𝑉

𝜐𝑚𝑉
                                                         2. 2  

Where I is the current, V is the applied potential, ν is the scan rate and m is the mass of 

the electrode material or the supercapacitor. 

Galvanostatic discharge/charge (GCD) 

   Galvanostatic discharge/discharge (GCD) measurement is another reliable method 

to extract the capacitance in an electrode material/supercapacitor and examine the 

maximum and minimum charge/discharge current rate the electrode 
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material/supercapacitor can withstand. In the GCD measurement, a constant current is 

applied to charge an electrode material/supercapacitor and the potential in the 

electrode/supercapacitor as a function of charging/discharging current can be recorded. 

The extraction of capacitance from GCD is more efficient and it can be calculated as 

shown below: 

C =
𝐼∆𝑡

𝑚∆𝑉
                                                                  2. 3 

Where I is the discharge current, m is the mass of an electrode or a supercapacitor, ∆𝑡 

stands for the total discharge time and ∆𝑉represents the working voltage window. The 

energy density of a supercapacitor can also be calculated from the GCD curve: 

E = ∫ 𝐼𝑉𝑑𝑡 =
1

2

𝑡2

𝑡1
𝐶(𝑉1 + 𝑉2)(𝑉2 − 𝑉1)                                 2. 4  

𝑉1 and 𝑉2 are the end of charging voltage and discharging voltage, respectively. Figure 

2.6 demonstrates the difference in calculating the energy density for EDLC and hybrid 

supercapacitor from the GCD curves. 

  
Figure 2.6. Typical GCD curves for EDLCs and hybrid supercapacitor. [10] 
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2.1.2.  Smart supercapacitor: electrochromic supercapacitor 

(ECS) 

2.1.2.1.  Electrochromism & traditional electrochromic cell 

   Electrochromism can be employed to describe the color change phenomena under 

a voltage for an electrochromic material. The basic principles of electrochromism 

involved are the charge insertion/extraction or redox/reduction reactions. 

Electrochromic materials has drawn great attention in the industry for their great 

potentials in smart windows application (or also called “electrochromic window”). 

Smart window can be used to describe the window that has electrochromism, which 

means it can change its optical transmittance under the external voltage. Smart windows 

are basically an electrochromic cell (also an electrochemical cell), in which two 

electrodes are separated by an electrolyte material. A schematic structure of an 

electrochromic cell is illustrated in Figure 2.7.[33] The electrochromic cell consists of 

two transparent electrodes, an electrochromic layer, electrolyte and separator and a 

counter electrode. At the open circuit condition, the device is semi-transparent, allowing 

light and heat to transmit through. As a voltage is applied, ions in the electrolyte move 

towards to the electrode and redox reaction/charge insertion occurred at the 

electrochromic material. The redox reaction/charge insertion is accompanied with color 

change. A counter electrode is employed for balancing the charges. At this state, the 

electrochromic cell turns to deep color, which prevents light and heats.     
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Figure 2.7. A schematic of electrochromic cell.[33] 

   The smart windows can modify the sunlight into a room or building for saving 

energy and avoiding the light pollution. The color of smart windows can be tuned from 

clear to dark at different levels according to people’s requirements and weather 

conditions, which brings more comfortable inside environments to people. The 

characteristics of color change are also appropriate for other application scenarios 

expect for the building architecture, such as air planes, sunglasses, vehicle windows 

and displays. 

 

Figure 2.8. Applications of electrochromic windows.[34, 35]  



17 

 

2.1.2.2.  Integration possibilities for electrochromic supercapacitor 

(ECS)  

   As the device structure and operation mechanism are similar to supercapacitors, it 

is possible to integrate an electrochromic cell with energy storage. Briefly, as the redox 

reaction or charge insertion occur at the electrochromic layer, the color of the 

electrochromic material can change, accompanied with charge storage in the 

electrochromic layer. In this case, charge storage/release and color change/bleach can 

occur simultaneously. This type of device can be named as electrochromic 

supercapacitor (ECS). In the ECS, the color can indicate the amount of energy stored 

or released. Then the energy level can be “visible”, which provides much convenience 

in the supercapacitor daily use. Furthermore, the working scheme of the electrochromic 

cell can make best use of the energy. As a “dark mode” of the smart window is required, 

energy can also be stored in the device and as if the “bright mode” is required, the stored 

energy can be utilized to power other devices. Thus, the integration of electrochromic 

cell and supercapacitor provides great potential in multi-functional device applications. 

The successful integration and ECS device fabrication is from 2012. 

2.1.2.3.  Material candidates 

(1) Metal oxides 

 

   As the working mechanism of electrochromic cell is very similar to 

pseudocapacitors, metal oxides are also a common class of materials for ECS 

applications. The electrochromic oxides can be classified into cathodic electrochromic 
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oxide and anodic electrochromic oxide, according to the electrochromic material as 

cathode and anode, respectively.  

   Tungsten oxides are the most widely used cathodic electrochromic materials in the 

ECS. The reaction that tungsten oxides involved can be expressed below: 

(WO3 + H+ + e-) bleach ↔ (HWO3) color 

This reaction is based on the proton contained electrolyte. Li+ based electrolyte can also 

be used for WO3 coloration. In the ECS device, another important parameter which 

describes the electrochromism characteristics is the coloratio efficiency (CE): 

CE(λ) =
Δ𝑂𝐷

𝑄
=

log (
𝑇𝑏

𝑇𝑐
)

𝑄
 

Where 𝑂𝐷 stands for optical density and Δ𝑂𝐷 is the change of optical density, 𝑇𝑏 

and 𝑇𝑐 are the transmittance at a certain wavelength in the bleached state and colored 

state, respectively. The obtained CE is fixed at a certain wavelength λ, Q is the amount 

of charge insertion or extraction. 

   Yang et al. first emphasized a combination of electrochromic cell and 

supercapacitor based on WO3 electrodes prepared by thermal evaporation in 2014. Both 

excellent capacitance and coloration efficiency are obtained in WO3 electrode. More 

specifically, WO3 electrode exhibits a coloration efficiency of 54.8 cm2C-1 and an abrupt 

change in transmittance from 91.3 % to 15.1 % at a wavelength of 633 nm. It shows 

fast color response with coloration time of 3.1 s and bleach time of 0.9 s (at an 

alternative voltage of ±0.6 V vs Ag/AgCl). The capacitance of a solid-state symmetric 

WO3 supercapacitor can reach 160 F/g.[36] It is worthy to mention this ECS is distinct 

to the previous WO3 electrochromic cell reported. For the WO3 electrochromic cell, as 
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a negative voltage can color the device (deep blue), only as a positive voltage is applied, 

the device can be bleached. However, in WO3 ECS, the device can be recovered to semi-

transparent state by consuming all the power or discharging the device to 0 V. Thus, a 

reverse voltage bias is not required to bleach the device. Later Zhu et al. synthesized 

WO3 layer by solution-based electrodeposition method and quantitatively determine the 

energy storage with some simple transmission measurements. The different color 

change levels and corresponding optical transmission can well-indicate the exact 

amount of energy in the supercapacitor.[37] Shen et al. fabricated WO3/Ag nanowire 

composites on flexible substrates. The flexible ECS device reaches a high coloration 

efficiency of 80.2 cm2/C and capacitance of 138.2 F/g (13.6 mF/cm2). [38] In addition to 

WO3, Nb2O5 and TiO2 are also common cathodic electrochromic material used in 

electrochromic cells. However, currently there is no investigations that report an 

electrochromic supercapacitor based on the two materials.  

 

Figure 2.9. Multifunctional WO3 electrochromic supercapacitor reported by Yang et al..[36] 

 

   As for the anodic electrochromic material, nickel oxides have drawn great attention 

for the low cost and good cycling stability. The reaction involved can be expressed as 

below: 

(NiOOH + H+ + e-) color ↔ (Ni(OH)2) bleach 
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This expression is based on proton based electrolyte. Wen et al. reported both 

electrochromism and charge storage capacity in the NiOx films prepared by sputter 

technique, as shown in Figure 2.10. The measurements are conducted in LiClO4-

propylene carbonate (PC) electrolyte. It has been found the charge exchange in NiOx is 

mainly due to the surface process and both cations and anions are involved in the 

processes.[39] This is distinct to the previous reports based on NiO and WO3. This new 

working scheme provides further possibilities in realizing high-performance ECS 

device. Manganese oxide (MnOx) is another possible electrochromic electrode for ECS, 

which has been reported with good coloratio efficiency of 41.7 cm2/C. [40] However, till 

now, although the separate devices MnOx electrochromic cell and MnOx supercapacitor 

have been demonstrated, no studies integrating the electrochromic properties and good 

energy storage capabilities into one device have been reported. 

 
Figure 2.10. Electrochromism and energy storage properties in NiOx. 

[39] 
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   In addition to cathodic electrochromic material WO3 and anodic electrochromic 

material NiO for ECS device, Vanadium pentoxide (V2O5) is a special material which 

can be both cathodic and anodic electrochromic material. Wei et al. reported a 

symmetrically gyroid-structured V2O5 ECS device, which demonstrates both good 

electrochromic performance and energy storage capability. The optical transmittance 

can be tuned within the range of 30 % to 80 % at the wavelength of 700 nm. A high 

capacitance of 155 F/g can be achieved in the lithium salt electrolyte. [41] 

 
Figure 2.11.  Energy storage performances and electrochromism in the V2O5 ECS.[41] 

 

(2) Conducting polymers 

 

  Conducting polymers, which offer advantages of low cost, fast color response time 

and high coloration efficiencies, have also drawn great attention in ECS device 

fabrication.[42-44] PANI and PPy are two commonly used conducting polymers for 

electrochromic materials. An energy storage smart window integrating energy storage 

and electrochromic function based on PANI nanowires as electrode was first reported 

by Wang et al. This device exhibits a capacitance of 17 mF/cm2 at a scan rate of 5 mV/s. 

As the device was charged to 0.7 V, the color changes from yellow to green and as it 

was discharged, the green color will be recovered. This multifunctional energy storage 

smart window can be potentially used as smart windows for vehicles, roofs or rooms.[45] 
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In addition to PANI, the wide tunable colors render PPy as a promising candidate for 

ECS device. The insulating PPy is yellow-to-blue color and while it is doped to 

conductive state, the color can change to blue-to-violet. Reddy et al. fabricated an ECS 

based on a derivative PEDOP of PPy. The electrode employed in this device design is 

PEDOP-Au@WO3. Figure 2.12 shows the transmittance of PEDOP-Au@WO3 film vs 

applied voltage and time, which demonstrates both electrochromic and energy storage 

capabilities. [46]  

 
 

Figure 2.12 Conducting polymers for electrochromism and energy storage (a)-(d) PANI energy 

storage smart window.[45] (e) Schematics of PEDOP-Au@WO3 structure. (f) Optical transmittance 

of PEDOP-Au@WO3 electrochromic material vs voltage and time.[46]  

 

(3) Inorganic non-oxides 

 

   Prussian blue (PB) have been a promising material in electrochromism, 
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electrocatalysis and energy storage. Lou group designed a self-powered rechargeable 

battery, which is also an electrochromic cell. The device can be self-colored and self-

bleached by connecting and disconnecting the aluminum (Al) and PB electrodes, 

respectively. As connecting Al and PB, PB can be reduced to Prussian white in KCl 

electrolyte; as disconnecting Al and PB, PW can be oxidized to PB due to the oxygen 

dissolving in the electrolyte.[47] This color change process and variation in optical 

transmittance are illustrated in Figure 2.13 (a) and (b).  

    In recent years, graphene-based material has drawn rising attentions in energy 

storage device. Previously, Polat et al. have demonstrated different types of 

electrochromic cells based on multilayer graphene.[48] In a recent work, Hu et el. 

investigated the influences of Li+ intercalation/de-intercalaction on electrical and 

optical properties of 3-60 layer-graphene. With the Li+ intercalation, the conductivity 

and optical transmittance have increased dramatically. This phenomena offers a 

promising method for designing an ECS device.[49] 
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Figure 2.13. (a) and (b) optical photos and In situ optical transmittance of Prussian based ECS device. 
[47](c) and (d) Optical transmittances during Li intercalation process and photos of color change 

before and after the intercalation process.[49]  

2.1.2.4.  Challenges and outlook 

  Electrochromic supercapacitor can change their color and store energy during the 

same process, which is more superior to the single electrochromic cell and 

supercapacitor/batteries considering from the functions it possesses. However, the high 

electrochromic characteristics are contradictory with high energy storage capabilities. 

A low charge density is required for realizing high coloration efficiency and fast 

switching response; while a high charge density is essential for a supercapacitor or 

battery. Thus, there is a trade-off between electrochromism and energy storage. More 

techniques are desired to be developed to realize an ECS with both good 
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electrochromism characteristics and energy storage capability. 

2.1.3.   Integration of energy harvesting/storage systems 

  The developments of self-powered systems that harvest the driving energy from the 

nature environments are demonstrating great potentials in the future smart, portal and 

wearable electronics. Especially, the self-powered electrochemical energy storage 

systems are essential for providing sustainable energy for various electronics. There 

have been different types of self-powered energy storage systems reported, such as solar 

powered,[50] and piezoelectric,[51] triboelectric[52] or pyroelectric-driven,[53] 

supercapacitors/batteries. Among the energy harvesting systems, solar energy is 

considered as one of the greenest and abundant renewable energy source. This section 

will mainly review a development of solar powered energy storage systems. 

2.1.3.1.  Solar powered supercapacitors 

The energy harvesting and conversion of solar energy can be directly completed by 

the solar cells and then be stored in the supercapacitors/batteries. In the past decades, 

due to the high-cost and fabrication complexity of Si solar cells, dye-sensitized solar 

cells (DSSCs) [54, 55]and polymer solar cells[56, 57] have received increasing attentions 

and have been widely investigated in the energy harvesting/storage applications. 

The most important parameters that represents the energy harvesting/conversion 

capability is the energy conversion efficiency ηconversion, which is defined as: 

                      𝜂𝑐𝑜𝑟𝑣𝑒𝑛𝑠𝑖𝑜𝑛 =
𝐹𝐹 ×𝑉𝑂𝐶×𝐽𝑠𝑐

𝑃𝑖𝑛
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Where 𝐹𝐹 is the fill factor, 𝑉𝑂𝐶  is the open circuit voltage and 𝐽𝑠𝑐 is the short circuit 

current of solar cells. Figure 2.14 shows a typical J-V curve of solar cells with and 

without light illumination, where 𝑉𝑂𝐶 and 𝐽𝑠𝑐 are indicated.  

 

Figure 2.14. A typical J-V curve of solar cells with and without light illumination. 

   DSSCs are first reported in1991 for its low-cost and simple fabrication processes.[58] 

Till now, the highest ηconversion for DSSCs reported is 14.3 %.[59]  Figure 2.15 describes 

a typical DSSC and energy diagram.[60, 61] Briefly, as light is illuminated and absorbed 

by the dye. Pairs of electrons and holes are generated. The electrons are then injected 

into the conduction band of TiO2 and are collected. The collected electrodes flow 

through the external circuit to Pt electrode. At the cathode, after receive an electron 

from Pt electrode, I3
- is reduced to I- in the electrolyte. The oxidized dye then will be 

reduced to the neutral state after receiving an electron from I-. DSSCs have been widely 

used in the integration of energy harvesting and storage devices for its easy fabrication 

processes.  



27 

 

 

Figure 2.15. (a) Schematics of a DSSC.[60] (b) Energy diagram of a typical DSSC.[61] 

 

The simplest way to integrate an energy harvesting device and an energy storage device 

is to connect the two devices through the external circuit. However, the two separated 

devices are space consuming and limit the practical applications. To this end, the 

integrated devices in fiber shape are developed and have been received with increasing 

attentions. Yang et al. first reported a fiber-shaped DSSC powered CNT supercapacitor 

(Figure 2.16).[62] By connecting terminal 12 and 34, under the light illumination, the 

supercapacitor can be photo-charged to 0.65 V within 1 s. The charging current and 

charging voltage of the supercapacitor are determined by the solar cells. To discharge 

the device, terminal 15 and 46 are connected and the supercapacitor can be discharged 

for 41 s at a constant discharging current of 0.1 A/g. The fiber-shaped integrated device 

also performances well even under stretching and bending. An overall efficiency of 

energy conversion and storage in this device reaches 1.83%. The overall efficiency can 

be calculated as: 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝐸𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑖𝑛𝑝𝑢𝑡
=

0.5 × 𝐶 × 𝑉2

𝑃𝑖𝑛 × 𝑆 × 𝑡𝑐 × 𝜂𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 × 𝜂𝑠𝑡𝑜𝑟𝑎𝑔𝑒  
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Where C is the supercapacitor capacitance, V is the voltage window, Pin is the power 

density of incident light, S is the effective area of energy conversion and tc is the photo-

charging time.  

   Although the fiber-shaped integrated device can be portable and flexible, the energy 

harvesting part and storage part are connected through the external circuit, which can 

bring high internal resistance and electric loss. Then three-electrode device 

configuration has been proposed and fabricated. In a three-electrode device 

configuration, a common electrode of the two devices are employed. Guo et al. 

fabricated an integrated device configuration by stacking DSSC on top of a LIB, in 

which the devices share a Ti electrode with TiO2 nanotubes deposited on both sides, as 

shown in Figure 2.17.[63] In this configuration, the electrons injected into TiO2 can 

transport directly through the Ti foil to the LIB anode, instead of transporting through 

the external circuit. The LIB can be photo-charged to 2.996 V within 8 min. The ղstorage 

and ղoverall are calculated as 41 % and 0.82 %, respectively. To cater for the demands of 

future electronics, fiber-shaped power packs for its lightness and flexibility based on 

three-electrode configuration are also developed. Chen et al. designed a twisted wire 

with integrated energy conversion and storage (Figure 2.18 a and b).[64] Ti wire is 

employed as a common platform. The ղstorage and ղoverall reaches 68.4 % and 1.5 %, 

respectively. In addition to Ti, other electrodes have also been utilized as the common 

platform, such as polyaniline coated stainless steel (PANI-SS). A ղoverall of 2.1 % has 

been reported in the fiber-shaped energy pack with common PANI-SS electrode (Figure 

2.18 c and d). Even though the integration of DSSC and supercapacitors/batteries have 
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achieved great progresses, the liquid electrolyte in the DSSC requires both DSSC and 

supercapacitor to be sealed, which results in a complex fabrication process. 

 

Figure 2.16. (a) Schematics of an integrated DSSC and CNT supercapacitor. (b) Cross-section of 

the fiber-shaped device. (c) Photo-charging and discharging curves. (d) The charging and 

discharging performances under stretching.[62] 

 

Figure 2.17 (a) A power pack including DSSC and LIB with Ti substrate as a common platform. (b) 

Schematics of illustrated working mechanism. (c)(d)(e) SEM images of TiO2 nanotubes on the Ti 

foil. (f) Photo-charging and discharge curves.[63] 
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Figure 2.18. A fiber-shaped energy pack in three-electrode configuration by using Ti wire as a 

common platform. (a) Schematics of photo-charging and discharging. (b) Photo-charging and 

discharging curves. A fiber-shaped energy pack with PANI-ss as the common electrode. (c) 

Schematics and cross section image. (d) Photo-charging and discharging curves.[64] 

 

  Thus, later with the development of polymer solar cells, the polymer solar cells have 

gradually replaced the DSSC in the energy pack. The polymer solar cells have the 

advantages of low cost, easy fabrication procedure and high power conversion 

efficiency.[65, 66] The power conversion efficiency of polymer solar cells currently can 

reach 10 %. Currently, the high efficiency polymer solar cells are dominated by 

polymer-fullerene systems. Generally, polymer solar cell consists of an active layer 

(polymer donor and fullerene acceptor), an electron transport layer, a hole transport 

layer and two metal electrodes. The working principle is illustrated in Figure 2.19.[67] As 

the light is illuminated and absorbed by the conjugated polymer, electron and hole pairs 

are generated in the active layer. The electrons transfer from the active layer to the 

electron transport layer and are then collected by the cathode. The holes generated 

transfer from the active layer to the hole transport layer and are collected by the anode.  
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Figure 2.19. Schematics and working mechanisms of a typical polymer solar cell.[67] 

  

   Polymer solar cells have great potentials in the applications of solar-powered 

supercapacitors. The polymer solar cell/supercapacitor packages have reported with 

light weight, good flexibility and high overall energy conversion and storage efficiency. 

Lu et al. reported a printable and solid state polymer solar cell/CNT supercapacitor, in 

which Al electrode serves as both current collector for supercapacitor and cathode for 

polymer solar cell (Figure 2.20).[68] The device shows a light weight less than 1 g and 

the internal resistance is only 60% of the integrated devices that are connected through 

external circuit. Fiber-shaped power packs including polymer solar cell and 

supercapacitor are also fabricated to cater for the light, flexible and waveable 

electronics. Zhang et al. designed a fiber-shaped power package in a coaxial structure, 

as shown in Figure 2.21.[69] The overall efficiency of the device is only 0.8 %, which is 

due to a low power conversion efficiency of the polymer solar cell. 
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Figure 2.20. Polymer solar cell/CNT supercapacitor package. (a) Device structure. (b) Photo-

charging and discharging curves.[68] 

 

Figure 2.21 (a) A fiber-shaped energy pack. (b) Photo-charging and discharging curve.[69] 

 

   The liquid electrolyte in the DSSC and relatively low power conversion efficiency 

in polymer solar cells limit the development of solar-powered energy storage devices 

application. In recent years, based on the DSSC structure, solid-state hybrid oranigc-

inorganic perovskite solar cells (PSCs) have developed with excellent power 

conversion efficiency. Till now, a power conversion efficiency of 22.1 % has been 

achieved,[70] which is comparable to a CIGS solar cell and is approaching the high 

efficiency of Si solar cells. A typical PSC generally consists of an organic-inorganic 

perovskite absorption layer, TiO2 electron transport layer, Spiro-OMeTAD hole 

transport layer and two metal electrodes. The organometal halide perovskites (OHPs) 

adopts a general formula of MAPbX3 (MA=CH3NH3, X=I, Br or Cl). It has shown 

excellent light absorption, long electron-hole diffusion length and tunable band gap, 

which determines a high power conversion efficiency of a PSC.[71, 72]  
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Figure 2.22. A typical perovskite device structure and band diagram.[70] 

   PSCs are also promising candidates for the integrated energy package for the solid-

state device, low cost and high power conversion efficiency. It can solve the issues of 

liquid electrolyte in DSSCs and relatively low power conversion efficiency in polymer 

solar cells. Currently, the investigations of PSC/supercapacitor energy packs are very 

limited and the study of integration so far is at the stage of connecting the two device 

through external circuit. A power pack based on PSC and polypyrrole-based 

supercapacitor was reported by Xu et al. The two devices are connected by the external 

wires. The power conversion efficiency of PSC can reach 13.6%. The polypyrrole based 

supercapacitor can be photo-charged to 0.7 V within 350 s. An overall efficiency of the 

10 % can be delivered in this power pack, which is much higher than that reported 

before.[73] This study further prove the potentials of perovskite solar cell in energy 

harvesting/storage power pack design.  

2.1.3.2.  Challenges and outlook 

   The selection of energy harvesting and energy storage devices are significant for the 

power pack with excellent performances. Low cost, integration level, high conversion 

efficiency, flexibility and portability are all important parameters for the energy 

harvesting/storage device integration. As the liquid electrolyte in DSSC and relatively 
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low power conversion efficiency in polymer solar cells, the integration of perovskite 

solar cells and supercapacitors/batteries are promising for the next-generation energy 

pack. However, currently the integration of perovskite solar cell and supercapacitors 

has not be extensively studied and the integration level is still relatively low, possibly 

due to the difficulties in the fabrications and common electrode selection of the 

integrated device with three-electrode configuration. To develop a perovskite solar cell 

powered supercapacitor with high integration level is highly desirable. 

2.2  Multifunctional perovskite photovoltachromic 

supercapacitor 

2.2.1.  Motivation 

  Optically switchable materials have broad applications in the building architectures, 

vehicle windows, aircrafts, and sunroofs, because they not only reduce cooling/heating 

costs and ventilation loads, but also enhance the thermal and visual comfort for indoor 

users.[74-79] Therefore, the smart windows with electrochromic (EC) have been put into 

applications in human life. In recent years, with the increasing attentions on energy 

issues, self-powered smart windows, such as photoelectrochromic (PECC) and 

photovoltachromic cells (PVCC) have been designed, where a solar cell and an 

electrochromic material or electrochromic cell are integrated. The optical transmittance 

change of the system can be stimulated and reversed in response to an external light 

stimuli. Figure 2.23a illustrates the schematics of PECC and PVCC. In the conventional 

PECC, Pt counter electrode in dye-sensitized solar cells (DSSC) is replaced by WO3 
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electrode, where the color change can be driven by photovoltaic potential resulted from 

optical illumination. Compared with PECC, patterned WO3/Pt electrochromic electrode 

are used in PVCC, which can be colored under short-circuit condition, and realize 

tunable transmittance states and fast responses.[80-83] In these conventional PECC and 

PVCC devices, the electrochromic materials are typically employed as only one of the 

electrodes of the device, and their transmittances can fast response to the illumination 

and switch between the bleached and colored states (Figure 2.23c). In addition to the 

PVCC in which energy is harvested by the DSSC, recently a perovskite solar cell 

powered electrochromic cell have also been reported, in which perovskite solar cell is 

stacked on WO3 based electrochromic cell (Figure 2.24). However, for all the 

investigations discussed above, the energy harvested from the solar cell in these kinds 

of devices is only used to trigger the change of optical transmittance, and the devices 

lack of the ability of storing the harvested solar energy because of the limited capacity 

of the counter electrode (e.g., indium tin oxide) of the capacitor. Thus, the harvested 

solar energy is not fully used in these kinds of device configurations. 
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Figure 2.23. (a) Schematics of PECC and PVCC. (b) Transmittance spectra of PECC at as-prepared 

and colored states (open-circuit condition). (c) Photos of PECC and PVCC colored states. (d) The 

transmittance spectra illustrating the bleaching of PECC and PVCC at open circuit condition and 

short circuit condition at a wavelength of 788 nm. 

 

Figure 2.24 (a) Schematics of a PVCC device based on perovskite solar cell and WO3 

electrochromic cell. (b) and (c) Photos of PVCC at bleached state and colored state, respectively. 

 

The light sources for photovoltaic devices are usually intermittent and 

unpredictable. The integration of photovoltaic and energy storage/electrochromic cell 

together makes it possible to provide sustainable power source and retain the PVCC in 
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a desired colored state. There have been a number of works integrating the photovoltaic 

cells and energy storage devices (supercapacitor or battery) together to realize a self-

powered energy storage device.[84-88] Xu et al. demonstrated the integration of 

perovskite solar cell (PSC) and lithium ion batteries, and reported a high total 

photoelectric and energy conversion efficiency (~7.8%) and excellent cycling 

stability.[89] Wang’s research group integrated organometallic PSC and polypyrrole-

based supercapacitor, and realized a high output voltage of 1.45 V and high energy 

conversion efficiency of 10%.[90] Integrated smart electrochromic windows for energy 

storage application have also been studied recently.[91-94] However, these prototypes are 

connected by two separated energy conversion and storage devices through external 

wires or power management circuit. This configuration reduces the integration level, 

causes additional Ohmic loss, and lacks of dynamic solar light control.  

Subsequently, researchers have made lots of efforts to combine energy conversion 

and storage functions into one device and improve the integration level. Wee and his 

co-workers demonstrated a stacked photo-supercapacitor, in which the organic 

photovoltaics (OPV) and carbon nanotube (CNT) supercapacitor share a common 

electrode, and the internal resistance of the device is reduced by 43% as well as the 

power loss.[95] This kind of structure has also been studied for dye-sensitized solar cell 

(DSSC) integrated with the CNT supercapacitors.[96-98] However, there is still quite few 

works that report the integration of electrochromic supercapacitor and semitransparent 

solar cell into one device, which possesses higher integration level, allows dynamic 

solar light control and enables a smarter device.     
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In this work, we integrate the semitransparent PSC and electrochromic WO3 

supercapacitor into a photovoltachromic supercapacitor (PVCS) in a vertically stacked 

configuration. Our structures improve the integration level, achieve widely and 

automatically tunable optical transmittance of the integrated device, and store the 

electrochemical energy accompanying with the color change. In addition, the 

electrochromic supercapacitor enhances the photo-stability of PSC by blocking part of 

the solar light during the fully charged state, which alleviates the photo-degradation 

issue of the PSC for outdoors application under long-term solar light exposure. This 

multifunctional PVCS device provides unprecedented advantages over conventional 

smart window design.  

2.2.2.  Experiments 

Fabrication and Characterization of Perovskite Solar Cell. Figure 2.25 shows the 

process flow of PSC fabrication. The patterned fluorine-doped tin oxide (FTO) coated 

glass substrates were cleaned with acetone, isopropanol and deionized water 

sequentially. The pre-cleaned substrates were then dried with nitrogen gas and further 

cleaned by UV-Ozone treatment. A solution prepared by mixing 1.25 ml acetic acid 

and titanium (IV) isopropoxide (TTIP) solution (1.25 ml) in anhydrous ethanol (15 ml) 

was spin coated (3500 rpm, 30 s) onto the cleaned substrates to from a compact titanium 

dioxide (c-TiO2) layer. The prepared c-TiO2 layer was then baked at 450 ºC for 2 hours 

in air. A one-step spin coating was applied to the deposition of perovskite layer 

(CH3NH3PbI3-xClx) in this work. The spin coating solution for the perovskite layer was 
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prepared by mixing 2.4 M methylammonium iodide and 0.8 M lead chloride in N, N-

dimethylformamide (DMF). The spin-coated perovskite thin film was then dried at 

65 ℃ for 15 min and annealed at 105 ℃ for 45 min until the color turned to dark 

brown. To prepare the 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-

spirobifluorene (spiro-MeOTAD) solution, 29 µl of 4-tert-butyl pyridine and 18 µl of 

lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-TFSI in 1 

ml acetonitride, Sigma-Aldrich, 99.8%) was added into 953 µl of chlorobenzene 

dissolved with 80 mg spiro-MeOTAD powder. The solution was then spin coated on 

the perovskite layer at 4500 rpm for 30s. The prepared FTO/c-TiO2/CH3NH3PbI3-

xClx/spiro-MeDTAD films were annealed in oxygen to enhance the cell performance. 

Finally, MoO3/Au/MoO3 electrodes (15 nm/ 12 nm/ 20 nm) were evaporated onto the 

devices, through which the device active area was defined as 0.06 cm2. The solar source 

was provided by the Newport solar simulator (ORIEL Sol3ATM) and the electrical 

measurement was performed by B1500A semiconductor analyzer. The absorption 

spectra of perovskite film on quartz were examined using a UV-2550 Shimadzu UV-

Vis spectrophotometer. X-ray diffraction (XRD) patterns of the perovskite film was 

determined by a Rigaku SmartLab X-ray diffractometer with a 2θ range from 10° to 

70° in a step of 0.01°. Scanning electron microscopy (SEM) image was performed by 

Hitachi S-4800 field emission scanning electron microscope. 
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Figure 2.25. Fabrication process flow of the PSC. 

Fabrication and Characterization of Electrochromic Supercapacitor. A 300 nm-

thick WO3 thin film was thermally evaporated onto an FTO substrate as supercapacitor 

electrode. The deposition was carried out with the background pressure of 5×10-6 Torr 

and the chamber pressure during the deposition was maintained at 3×10-5 Torr. The 

symmetric electrochromic supercapacitor was assembled by two identical WO3 

electrodes coated with the mixture of polyvinyl alcohol (PVA) and 1M H2SO4. Atomic 

force microscopy (AFM) image was examined by Bruker nanoscope 8. The 

electrochemical performances were characterized by electrochemical working station 

(CHI 660e, Shanghai Chenhua). 

Integrated Device Characterization. The photo-charging process was performed 

under AM 1.5 illumination and the supercapacitor was discharged through 

electrochemical workstation. The transmittance spectra were obtained by using the UV-

2550 Shimadzu UV-Vis spectrophotometer.  
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2.2.3.  Results and discussions 

Integration of Co-anode and Co-cathode PVCSs. Figure 2.26a and Figure 2.26b 

show the absorption spectra and SEM image of the perovskite thin film. Figure 2.27a 

shows the schematic diagram and photo of a PSC with a MoO3/Au/MoO3 (MAM) 

transparent electrode, which is used for our integrated PVCS structures. The structure 

of the other PSC part is similar to our previous works.[99] Here we replace top electrode 

with a stacked transparent structure, MoO3 (adjacent to spirOMeTAD)/Au/MoO3 (15 

nm/12 nm/20 nm), which has been also employed as transparent electrodes in organic 

photovoltaic cells (OPV) and light emitting diodes (LED).[100-102] The transparent MAM 

structure shows a transmission of 77.1% at the wavelength of 600 nm and the average 

visible transmission (AVT) of 70.6% within the wavelength range of 380~780 nm 

(Figure 2.27b). The whole PSC device with the MAM top electrode has a higher 

transmission (>40%) at a longer wavelength above 650 nm (Figure 2.27c). We 

demonstrate a typical PSC with the transparent MAM top electrodes, showing good 

power conversion efficiencies (PCE) of 12.54 % and 9.35 % with the light illuminated 

from both FTO side and MAM side, respectively, as shown in Figure 1d. This all-

transparent-electrode PSC provides photo voltage for the electrochromic part, and 

allows solar light to be illuminated from both sides. We also fabricated a typical PSC 

device with Au top electrode for comparison, which exhibits a high efficiency of 16.4%, 

as shown in the Figure 2.26c. 
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Figure 2.26. (a) Absorption spectra of perovskite film on quartz. (b) SEM image of perovskite film.  

 

Figure 2.27. (a) Schematic diagram and photo of PSC with MAM transparent electrode. (b) UV-Vis 

spectra of the as-fabricated MAM, showing an AVT of 70.6 %. (c) UV-Vis spectra of the whole PSC 

device with the MAM top electrode. (d) J-V curves of a typically semitransparent PSC (MAM 

electrode) with the light illuminated from both FTO side and MAM side, exhibiting PCEs of 12.54% 

and 9.35%, respectively.  



43 

 

 
Figure 2.28. A J-V curve of a typical PSC device with Au top electrode, showing a PCE of 16.4 %. 

Both electrochromism and energy storage of WO3 electrode involve the 

electrochemical reaction at the interface between electrode and electrolyte, where the 

valence states of electrochromic WO3 electrode are changed and lead to energy storage 

in the meantime. [103-106] The integration of WO3 based electrochromic device together 

with PSC enables a new type of PVCC structures.[80] Figure 2.29 shows characterization 

results of the WO3 thin films by thermal evaporation. Figure 2.29a shows the schematic 

diagram of a symmetric WO3 electrochromic supercapacitor (ECS). A 200-nm-thick 

WO3 thin film was deposited onto a fluorine-doped tin oxide (FTO) substrate as 

supercapacitor electrode. Polyvinyl alcohol (PVA) doped with 1 M H2SO4 was used as 

the electrolyte. The symmetric ECS was assembled by two identical WO3 electrodes 

coated with PVA. Figure 2.29b and c are representative atomic force microscopy (AFM) 

image and scanning electron microscopy (SEM) image of the as-deposited WO3 thin 

film, respectively. The nearly spherical grains are observed with a grain size of 50-200 

nm and a roughness of 22.9 nm. Lots of voids are presented between the grains, 

providing large surface area and effective paths for ion storage and redox reaction. 

Figure 2.29dand S3e show the X-ray photoelectron microscopy (XPS) spectra of the 
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WO3 thin film. Four peaks are separated from the W 4f peak, corresponding to W6+ and 

W5+ oxidation states, respectively. The strong W6+ peaks suggest W6+ oxidation sate is 

the dominating state in the as-prepared WO3 thin film, which is in agreement with the 

transparent state. We further integrate all-transparent-electrode PSC with 

electrochromic supercapacitor (ECS) in a vertically stacked configuration to form a 

PVCS, which possesses both wide range for tunable transmittance and seamless 

integration of energy conversion and storage. 

 

Figure 2.29. (a) Schematic diagram of a symmetric WO3 ECS. (b) AFM and (c) SEM image of the 

as-deposited WO3 thin film. (d) and (e) XPS spectra of the WO3 thin film. 
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Figure 2.30 a and c show the schematic diagrams of the two stacked PVCS 

structures, namely co-anode structure and co-cathode structure. In the co-anode 

structure (Figure 2a), a transparent ECS device is integrated and shares an electrode 

with the semitransparent PSC. Figure 2.30 b shows the cross-sectional image of the co-

anode structure. The light is illuminated from the top side and transmitted through the 

ECS cathode to PSC. We fabricated both PSC part and ECS anode on one common 

glass. The transparent MAM electrode (15 nm/12 nm/20 nm) serves as a co-anode for 

both PSC and ECS. We then deposited another 200 nm MoO3 thin film in the ECS part 

as the ECS anode to obtain a better capacity. The top WO3 electrode of the ECS was 

assembled with the PSC and the ECS anode through the gel-like PVA/H2SO4 electrolyte, 

and works as both the “electrochromic shelter” of the PSC and the cathode of the ECS. 

This type of PVCS structure avoids of the use of electrical wires during the photo-

charging compared with the PVCC designed in Ref. 7. For the co-cathode structure 

(Figure 2d), a symmetric WO3 ECS is stacked on the PSC. The PSC and ECS share a 

glass with both sides coated with FTO, where both sides are electrically connected. The 

FTO serves as the cathodes for both PSC and ECS. The WO3 thin film was first 

deposited on one side of FTO, and the PSC part was fabricated on the other side of the 

FTO. The WO3 anode on single-side FTO was then assembled with the above parts 

through the PVA/H2SO4 electrolyte.  
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Figure 2.30. (a), (b) and (c) three-dimensional schematic, cross-section and photo of co-anode PVCS. 

(d) and (e) three-dimensional schematic and photo of co-cathode PVCS. The red dashed boxes 

represent the active area of PSCs.  

Tunable Optical Transmittance of PVCSs. For the integrated co-anode and co-

cathode PVCSs, the solar light can illuminate from the side of ECS, and transmit 

through the ECS device to the PSC. Figure 2.31 a-c and d-f schematically show the 

working mechanisms of the co-anode and co-cathode devices, where the initially 

charged state, fully charged state and bleached state are illustrated, respectively. For 

both co-anode and co-cathode PVCSs, the devices were photo-charged under AM 1.5 

illumination in the short-circuit condition by connecting terminal A and C. Discharging 

process was conducted through the external circuit by connecting terminal A and B of 

the two ECS electrodes, where the discharged current density was controlled as 0.1 

mA/cm2. For the co-anode device, during the photo-charging process, the electrons and 

holes are generated in the perovskite layer, and are transported to the electron 
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conducting layer TiO2 and the hole transport layer Spiro-OMeTAD, respectively. The 

semitransparent MAM electrode collects holes, which serves as the anode of both ECS 

and PSC at terminal B. For the co-cathode device, the two FTO cathodes of the PSC 

and ECS are kept connected at terminal B during the whole charging process and collect 

the photo-generated electrons. The photovoltaic potential drives the re-distribution of 

ions in the electrolytes, and the electricity is stored at the WO3 electrode of the ECS in 

the form electrochemical energy. Then the charged PVCSs can be discharged through 

the external circuit by connecting terminal A and B. During the photo-charging process 

of the two integrated PVCSs, electrons are injected into the WO3 cathode and H+ moves 

towards the ECS anode driven by the electric-field (WO3+H++e →HWO3). Charges are 

stored at the WO3 cathode during the oxidation reaction, and the color changes from 

transparent to blue, which is accompanied with the chemical state of W changing from 

6+ (bleached state) to 5+ (colored state).[107-108] The other ECS anode works as a charge 

balancing counter electrode. During the discharging stage, the reversible reduction 

process releases the charge (HWO3→WO3+H++e), and the WO3 thin film recovers to 

be transparent, which allows a new working cycle of the integrated device. 
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Figure 2.31. Schematics of co-anode and co-cathode PVCS working mechanism. Original states of 

(a) co-anode and (d) co-cathode PVCS. At the original states, ECS parts are transparent and at a 

bleached states, which allow solar light to pass through. Initial charged states of (b) co-anode and 

(e) co-cathode PVCS: under the solar illumination, electric-fields are formed in the PSC parts which 

power the ECS. Electrons are injected into the WO3 cathode, and H+ moves towards to the WO3 

cathode driven by electric-field. Charges are stored at the WO3 cathode during the reversible 

oxidation reaction. The colors are starting to change. (c) and (f) Fully charged states: with the 

continuous light illumination, the PVCSs reach their fully charged states. The ECS color turns to 

blue, accompanying with the chemical state of W charging from 6+ (bleaching state) to 5+ (coloring 

state). These whole processes are reversible. After the discharging through external circuit, the 

reversible reduction process releases the charge and the WO3 thin film recovers to be transparent, 

thus the PVCSs recover to their bleached states.  
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    Tunable color states can be achieved in our PVCS devices. Figure 2.32 a and b 

show the photos of the co-cathode and co-anode PVCSs under bleached, half charged 

and fully charged states. The color of the ECS parts turn to deep blue during the photo-

charging and recovers to transparent after discharging. We define a ‘PSC shelter’ here 

to describe the PVCS working states. The light transmits from the PSC shelter to the 

PSC. In the co-anode device, the PSC shelter is FTO/WO3/PVA electrolyte; and in the 

co-cathode device, the PSC shelter is FTO/WO3/PVA electrolyte/WO3/FTO/glass. 

Figure 2.32 c and d demonstrate the transmission spectra of PSC shelters in the two 

integrated PVCSs corresponding to different colored states. The transmission peaks in 

blue-purple region are exhibited in the colored PSC shelters, and the other wavelengths 

in the visible light region are largely reduced. The AVT of co-anode (co-cathode) PVCS 

is significantly reduced from 76.2% (68.7%) to 54.2% (38.2%) to 35.1% (23.0%) 

corresponding to the bleached, half charged and fully charged states of the PSC shelters 

in the PVCSs. Figure 2.32e demonstrates the color coordinates of the “PSC shelters” 

with transmission spectra of Figure 2.32 c and d under AM 1.5 illumination plotted on 

the CIE xy 1931 chromaticity diagram. The color coordinates of both bleached PSC 

shelters lie in the central region in the chromaticity diagram, close to the AM 1.5 

illumination. As the PVCSs are kept charging, the PSC shelters are colored, and there 

is a shift from central to blue region. However, the coordinate of the colored PSC 

shelters still locate close to the central region of CIE diagram, demonstrating good color 

neutrality. This neutrality renders this PVCS with great potential in the building 

application. 
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Figure 2.32. The photos of (a) Co-anode and (b) co-cathode PVCS color states under bleached, half 

charged and fully charged. Transmission spectra of PSC shelters in (c) co-anode PVCS and (d) co-
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cathode PVCS corresponding to different color states. Accompanying with energy storage, the color 

of PSC shelters changes from transparent to blue with a reduction in AVT from 76.2 % (68.7%) to 

35.1 (23.0%) for co-anode PVCS and co-cathode PVCS, respectively. (e) Color coordinates of the 

PSC shelters with transmission spectra of 3(c) and (d) under AM 1.5 illumination plotted on the CIE 

xy 1931 chromaticity diagram. 

 

In-situ Energy Storage of PVCSs. The tunable color state of the PVCS is also an 

indicator of the amount of energy stored in the cell, which allows us to estimate the 

stored energy in PVCS by differentiating its colored state. Figure 2.33a and b show the 

voltages of the two PVCSs as a function of time evolution during the photo-charging 

and discharging process, and the color states corresponding to the charging and 

discharging processes. The discharging process was conducted at a constant current 

density of 0.1 mA/cm2 by disconnecting terminals A and C (shown in the Figure 2.31) 

and no additional solar input will charge the supercapacitor during the discharging 

process. The co-anode PVCS was charged to 0.61 V within 60 s, and the co-cathode 

PVCS was charged to 0.68 V within 85 s. For the color change response, the co-anode 

(co-cathode) PVCS starts to change its color at a voltage of 0.55 (0.50) V, 

corresponding to a charging time of 10 s (13 s), and reach a saturated color state until 

the charging continues for 40 s (56 s). The energy density, average power density and 

specific areal capacitance of PVCS through photo-charging are calculated as 13.4 (24.5) 

mWh/m2, 187.6 (377.0) mW/m2 and 286.8 (430.7) F/m2, respectively, as documented 

in Table 2.1. Figure 2.36a shows the areal capacitances at different current densities. 

The areal capacitance of the device reaches 119.5 F/cm2 at a current density of 0.12 

mA/cm2. Figure 2.36b is the Ragone plot of the WO3 ECS, which demonstrates an 

average power density of 6.8 W/m2 at a charging current density of 1.20 mA/cm2, and 

an energy density of 14.8 Wh/m2 at a charging current density of 0.12 mA/cm2. We 

calculated the specific capacitance and energy density according to the discharging 
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processes. According to the discharge curves, the total energy density of device can be 

calculated as:  

𝐸𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑈𝑑𝑄 = ∫ 𝑈𝐼𝑑𝑡𝑑𝑖𝑠 = 𝐼 ∫ 𝑈𝑑𝑡𝑑𝑖𝑠 = 𝐼𝑆  

Where I is the discharge current density, U is the charged voltage, tdis is the total 

discharge time and S is the enclosed area of the discharge curve and coordinate axis. 

The average power density can be expressed as: 

𝑃𝑡 =
𝐸𝑡𝑜𝑡𝑎𝑙

𝑡𝑑𝑖𝑠
  

Based on the calculated energy density, the supercapacitor areal capacitance can be 

calculated as: 

𝐸𝑡𝑜𝑡𝑎𝑙 =
1

2
 𝐶𝑈2     

   𝐶 = 2 
𝐸𝑡𝑜𝑡𝑎𝑙

𝑈2
  

The energy density of our PVCS is much larger than other types of self-powered energy 

storage systems, such as pizeo-supercapacitor and triboelectric nanogenerator.[109-110] 

The specific areal capacitances of our PVCSs are much larger than those of the 

graphene-based photo-supercapacitor, [90-91] the integrated energy fiber based on CNT 

fiber and Ti wire,[85] and other energy fiber integrating DSSC and electrochemical 

supercapacitor based on TiO2 nanotube-modified Ti wire.[92] This is also higher than 

self-powered smart electrochromic window based on WO3 supercapacitor.[91]  

  We also integrate the discrete energy harvesting and storage devices through external 

wires. Figure 2.35 shows the integration of a PSC with MAM anode and a symmetric 

WO3 ECS connected by external wires. The supercapacitor was fully charged to 0.80 

V within a 60-70 s light illumination and the discharging process lasted for 400 s at a 

current density of 0.1 mA/cm2. The energy density, average power density and areal 

capacitance of the integrated device are 35.9 mWh/m2, 461.5 mW/m2 and 459.6 F/m2, 
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respectively. The performance is comparable with the device integrating commercial 

Si solar cell and ECS (Figure 2.36). However, this configuration with separated PSC 

and ECS not only reduces the integration level, but also fails to dynamically control the 

light transmission through the PVCS.  

 

Figure 2.33. (a) and (b)The V-t curves of the co-anode PVCS and co-cathode devices for the photo-

charging process within 100 s and discharging process at a current density of 0.1mA/cm2.(c) and (d) 

CV curves and GCD curves of a symmetric WO3 ECS. 

 

Table 2.1. Lists of internal resistance, energy density, average power density and areal capacitance 

of two types of PVCSs. The calculations are according to the discharge curve. 

Device Type Internal 

resistance (Ω) 

Energy density 

(mWh/m2) 

Power density 

(mW/m2) 

Areal capacitance 

(F/m2) 

Co-anode 215 13.4 187.6 286.8 

Co-cathode 275 24.5 377.0 430.7 
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Figure 2.34. (a) The areal capacitances as a function of different current densities. (d) The Ragone 

plot of WO3 ECS, showing the relationship between power density and energy density.  

 

Figure 2.35. (a) Schematic illustration of the integration of the PSC with MAM anode and 

symmetric WO3 ECS connected by external wires. (b) V-t curves of photo-charging and discharging 

processes and the color changes during the processes.  

 

 

Figure 2.36. (a) A J-V curve of a commercial Si solar cell. (b) Photo-charging and discharging V-t 

curves of symmetric WO3 ECS integrated with the commercial Si solar cell.  
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In other types of integrated solar-powered electrochromic windows reported in Ref. 

80 and 93, the researchers usually employed the structure of 

TCO/WO3/electrolyte/TCO in the ECS part. The TCO counter electrodes have very 

limited charge storage capability, and cannot provide sufficient balancing charge during 

the discharging process of the ECS. After the PVCC is converted to the colored state 

by a positive voltage (V), a reverse bias (-V) is required for converting the PVCC from 

the colored to the bleaching state. From the typical CV curve of the 

WO3/electrolyte/TCO, there is no current response under a voltage scanning from V to 

0, unless a reverse bias -V is applied. [80, 93] In contrast, our integrated PVCS devices 

enable an automatically working cycle of the color change during the 

charging/discharging process by replacing commonly used TCO anode with 

MoO3/WO3 as a charge balancing counter electrode. An extra reverse bias is not 

required for converting back to the bleached state, because the MoO3/WO3 counter 

electrode in our PVCS can provide more balancing charge than the ITO electrode in 

conventional PVCC. Our PVCSs can be bleached by discharging the ECS through 

external load. After the stored electrochemical energy is consumed, the ECS recovers 

to be transparent, and a new working cycle can be initiated. This feature can be also 

confirmed from our cyclic voltammetry (CV) curve and galvanostatic 

charging/discharging (GCD) curve. [111] Figure 2.29 c and d show the CV and GCD 

curves of a symmetric WO3 ECS. Within a voltage scanning range 0-V, a cycle of 

forward and reverse voltage scanning can realize a color change from bleached state to 
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colored state, and back to the original bleached state. These characteristics provide an 

automatically working PVCS device for both energy storage and tunable colored states.  

The considerably reduced charging current density can be responsible for a higher 

energy accumulated. The energy density (24.5 mWh/m2) and areal capacitance (430.7 

F/m2) of the ECS charged to 0.68 V by PSC in our co-cathode PVCS configuration are 

higher than those of discretely symmetric WO3 ECS (14.8 mWh/m2 and 119.9 F/m2) 

through electrochemical working station, which is charged with a small current density 

of 0.12 mA/cm2 to a higher voltage of 1 V (shown in Figure 2.34). These characteristics 

can be attributed to the charging way by photovoltaic device. As the light on, the PSC 

generates the photocurrent within a few seconds, which is considered as the initial 

charging current (0.4 mA/cm2) and leads to a fast charging rate. As the supercapacitor 

is kept charging and colored, the current density supplied by the PSC is significantly 

reduced. Additionally, as the supercapacitor reaches its fully charged state, the charging 

current is reduced continuously until the supercapacitor reached saturation. [97- 98] After 

the supercapacitor is charged to 0.45-0.5 V, there is a significant drop in the charging 

rate, which suggests a continuously reduced charged current density, thus leading to 

higher capacitance and energy density accumulated.  

 

    Photo-Stability Enhancement of Perovskite Solar Cells. Figure 2.37 a and b 

show the J-V curves of the two PSCs utilized in the co-anode and co-cathode PVCSs 

under different states. We first characterize the performance of the PSCs utilized in the 

two integrated co-anode and co-cathode PVCSs, respectively. The PSC 

(PDMS/MAM/spirOMeTAD/perovskite/TiO2/FTO/Glass) for the co-anode PVCS 

with the light illumination from the MAM side demonstrates the Voc of 0.983 V, Jsc of 
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12.46 mA/cm2, fill factor (FF) of 65.4%, and PCE of 8.25%; the PSC 

(Glass/FTO/TiO2/perovskite/ spirOMeTAD/MAM) for the co-cathode PVCS with the 

light illumination from the FTO side exhibits the Voc of 1.000 V, Jsc of 18.17 mA/cm2, 

FF of 65.4% and PCE of 11.89%, as shown in the Table 2.2. After the integration with 

the transparent ECS, both Jsc and PCE of the two PVCSs decrease to about 68% of 

single PSCs because the ECS has a certain level of light absorption. With the color 

change of the ECS by photo-charging, Jsc are further reduced by about half. The PCE 

of the co-anode and co-cathode PVCSs drops to 3.73% and 2.26%, respectively. This 

suggests the PSCs in the PVCSs supply the ECS part in a small current density and are 

at a low-power working state under the colored state of PVCSs.  

 

Figure 2.37. The photovoltaic performances of the PSCs utilizing in the two PVCSs before 

integration, the bleached PVCS, and the colored PVCS. The J-V curves of (a) co-anode PVCS and 

(b) co-cathode PVCS, respectively. The PSCs in the PVCSs is at a low-power working state under 

the colored state of the PVCSs.  

 

 

Table 2.2. Lists of Voc, Jsc, FF and PCE extracted from the J-V curves shown in the Figure 5(a) and 

5(b).  

 

Type Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

Single PSC utilized in co-anode PVCS 0.983 12.46 67.3 8.25 

Bleached co-anode PVCS 0.978 8.68 68.1 5.78 

Colored co-anode PVCS 0.932 3.64 66.6 2.26 

Single PSC utilized in co-cathode PVCS 1.000 18.17 65.4 11.89 
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Bleached co-cathode PVCS 0.981 12.18 66.8 7.98 

Colored co-cathode PVCS 0.955 5.75 67.9 3.73 

     

   The low-power working state of PSC under the colored state of PVCSs also suggests 

an advantage of energy conservation in our device with extended lifetime. The color 

change of the ECS automatically switches off the solar light harvesting of the PSC and 

the photo-charging of the ECS, preventing the PSC from the long-time exposure under 

solar light, and slowing down the degradation of the PSC by blocking part of the solar 

light. Currently, the practical applications of the PSC are hindered by its stability, which 

can be resulted from ambient moisture or photo-degradation. [112-115] In view of this 

point, we conducted the photo-stability characterization of the as-fabricated PSC and 

our integrated co-cathode PVCS. Figure 2.38 shows the 4 normalized parameters (Voc, 

Jsc, FF and PCE) as a function of the illumination time. We examined the photovoltaic 

performances of the PSC, bleached PVCS (to hold the device in a bleach stage, we 

disconnected the terminals A and C shown in the Figure 2.31 and keep the device in an 

open-circuit condition) and colored PVCS, which were continuously exposed to AM 

1.5 G illumination for 5 hours. The PSC without the integration of ECS exposed directly 

to the solar light, and exhibited the most significant degradation, which is represented 

by its severe decreased Jsc and PCE to around 20% of their original values. The bleached 

PVCS shows a relatively slighter degradation, where the PCE is reduced to around 70% 

of the initial value after the continuous 5-hour photo-exposure. The photo-stability 

enhancement can mostly be attributed to that the bleached ECS selectively absorbs the 

part of the light and reflects the thermal radiation. [80-81], [100] When the ECS is fully 
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charged and turns to deep blue in the PVCSs, the PSC part is under a low-power 

working state and its lifetime is prolonged. Once the ECS part is discharged and its 

color turns to be transparent, the PSC recovers to a working state.                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

Figure 2.38. Photo-stability characterization of the as-fabricated PSC and the bleached/colored co-

cathode PVCS during 5-hour continuous illumination: normalized 4 parameters (a) Voc, (b) Jsc, (c) 

FF and (d) PCE as a function of the illumination time. The original values (0 min) of the 4 

parameters are set as 1. The variations of the parameters with illumination time are normalized 

according to the values at 0 min.  

 

2.2.4.  Summary 

    In summary, we demonstrate co-anode and co-cathodes PVCSs integrating both 

semitransparent PSC and ECS. The PVCSs provide a seamless integration of energy 

harvesting and storage device, automatic and wide color tunability, and enhanced 
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photo-stability of PSCs. The light power efficiency of the PV component in the co-

anode (co-cathode) PVCS is 8.25 (11.89) %. The energy density, power density and 

areal capacitance of the co-anode (co-cathode) PVCS are 13.4 (24.5) mWh/m2, 187.6 

(377.0) mW/m2 and 286.8 (430.7) F/m2, respectively. Accompanied with energy storage, 

the color of energy storage part (“electrochromic shelter” of PSC) changes from 

semitransparent to dark-blue with a reduction in AVT from 85% (76.2%) to 35.1% 

(23.0%) for co-anode (co-cathode) PVCS. As the colored PVCS blocks off most of the 

illuminated light, it automatically switches off the photo-charging. The PSC then works 

under a low-power operating state, which prevents the PSC from long-time photo-

exposure and prolongs its lifetime. Our works provide unprecedented advantages over 

conventional smart window design. 
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CHAPTER 3  Optoelectronic Random Access 

Memory with Integrated Sensing and Logic 

Operations  

3.1  Introduction 

   In IoT systems, wireless sensors are usually embedded with memory devices to 

directly store the sensory data collected from the IoT objects and the stored data is then 

required to be transferred and processed in the data processing systems. In this 

processes, the data transfer from sensors to memories to processors can induce electric 

power consumption and slow the data transfer and process speed. To develop 

multifunctional devices integrated with sensing, data storage and processing is 

necessary for reducing the power consumption and the number of electronic devices in 

the integrated circuits and enables more efficient data sensing and processing systems. 

Optoelectronic resistive random access memories (RRAM) are one of the most 

promising devices for integrating sensing, data storage and processing functions. 

Different types of optoelectronic RRAMs with integrated functions and applications 

designed will be introduced and discussed in this and next chapters, respectively.  

   This introduction section will first briefly review the working principle and materials 

for conventional RRAMs operated by electrical methods, followed by the introduction 

of the optoelectronic memories and the related research development in recent years.  
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3.1.1.  Overviews of Resistive Random Access Memories 

(RRAMs) 

   A random access memory (RAM) is a hardware device which is responsible for the 

data storage in the computer. RAM can be classified into volatile RAM and non-volatile 

RAM. For a volatile RAM, such as flash memory, static random access memory 

(SRAM) and dynamic random access memory (DRAM), the data will be erased once 

the power is removed. For these volatile memories, they all have advantages and 

disadvantages. For example, flash memories adopt high capacity, but the switching 

speed is relatively low. SRAMs have fast switching speed, but low capacity and also 

SRAMs are volatile devices. Although DRAMs have high density and capacity, but the 

power consumption is high since they are required to be refreshed frequently. In recent 

years, emerging non-volatile RAMs have drawn increasing attentions in the memory 

industry, in which the data can be stored and retained for a long time even the power is 

removed. There are many types of non-volatile RAMs, as phase change random access 

memory (PRAM), magnetic random access memory (MRAM), ferroelectric random 

access memory (FRAM), and resistive random access memory (RRAM). Among these 

non-volatile RAMs, RRAMs are considered as promising next-generation memory 

devices for the simple fabrication processes, high integration density, low power 

consumption, scalability, non-destructive readout process, and fast switching speed. 

3.1.2.  Basic working principles 

A RRAM are generally in a MIM (metal-insulator-metal) structure, in which an 
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insulating layer is sandwiched between two metal electrodes. Two resistance states, 

high resistance state (HRS) and low resistance state (LRS), can be switched in RRAM 

device under the externally applied voltage. The HRS and LRS correspond to logic 1 

and logic 0, respectively. The switching behaviors can be classified into unipolar 

switching, bipolar switching and nonpolar switching according to different voltage 

polarity. For unipolar switching, both set and reset processes are initiated by the voltage 

with same polarity. For the bipolar switching, the voltage polarity is opposite for set 

and reset processes. For the nonpolar switching, the set and reset processes can be done 

with either positive voltage bias or negative voltage bias. The three switching IV curves 

are illustrated in Figure 3.1. For all those switching behaviors, a compliance current is 

usually employed to limit the setting current and prevent the device from breaking down. 

 

Figure 3.1. Resistive switching behaviors. (a) Unipolar switching. (b) Bipolar switching. (c) 

Nonpolar switching.[1]   
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3.1.3.  Key evaluation parameters 

  (1) Operation voltage 

   The operation voltage (including programming voltage and erasing voltage) is one 

of the key parameter in evaluating a RRAM performance. A low operation voltage can 

cause low power consumption. Additionally, the reliability can be an issue when the 

operation voltage is high. The operation voltages in RRAM devices are usually within 

a few volts.   

  (2) Switching speed 

   Switching speed can describe the shortest time to switch a device. The combination 

of fast switching speed and low operation voltage can bring a low power consumption 

in the memory cell. The switching speed of RRAMs is usually within the range of 100 

ns, or even below the ns.  

   (3) ON/OFF ratio 

    ON/OFF ratio is the ratio of resistance at OFF state to the ON state. The accuracies 

of writing and erasing are directly dependent on the ON/OFF ratio. Generally, an 

ON/OFF ratio larger than 10 is required to differentiate the HRS and LRS. In RRAM 

devices, a large ON/OFF ratio allows for high density devices with multilevel storage.  

  (3) Endurance 

   Endurance can used to describe the cycling capability of a memory cell and is the 

number of working cycles before HRS and LRS cannot be distinguished. Currently, the 

endurance of RRAMs can reach up to 1012 cycles, which is comparable to the flash 

memory.   
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  (4) Retention time 

   Retention time of a RRAM refers to the time that the resistance can be retained after 

set or reset process, which represents the time that the stored content can be retained in 

a memory cell. Generally, a retention time of at least 10 years have to be achieved in 

commercial memory products. 

  (5) Multilevel storage 

   Multilevel storage is the ability of memory cell to store multiple values, which means 

the memory cell can be operated to multiple resistance states. Memory cells with 

multilevel storage ability allows for high data storage density and are required to have 

large ON/OFF ratio to guarantee each resistance states are distinguishable. Multilevel 

storage can generally be realized by controlling the sweeping voltage or the compliance 

current. 

3.1.4.  Materials and switching mechanisms   

   This chapter will mainly overview three types of RRAM according to different 

materials and switching mechanisms, including oxide-based RRAM, conducting-

bridge RAM (CBRAM) and carbon-based RRAM. In the oxide-based RRAM, the 

switching mechanism is dominated by the formation and migration of oxygen ions and 

oxygen vacancies. CBRAM is based on the formation of conductive filament consisting 

of metal atoms.  
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3.1.4.1.  Anion migration 

   The storage media in anion-migration based RRAM are generally metal oxides and 

silicon oxides. Among the metal oxides, TaOx, AlOx, TiOx, NiOx and HfOx are 

commonly used metal oxides in RRAM for their compatibility in CMOS and excellent 

resistive switching performances. The switching in the anion migration based RRAM 

is mainly based on the formation and migration of oxygen vacancies. During the 

switching processes, the oxygen vacancies can migrate under the externally applied 

voltage, which lead to the cation valance change in the oxide material. Thus, anion 

migration based RRAMs are also valence change memories (VCMs). Here, the 

switching in anion migration based RRAMs can be roughly classified into filament-

based switching and interface-based switching. 

  (1) Filament-based switching  

   One of the common switching mechanism in oxide-based VCM is the filamentary 

switching mechanism based on the formation of conducting path which consists of 

continuous oxygen vacancies. These processes are usually accompanied with 

redox/reduction reactions. A schematics of a typical switching behavior is shown in 

Figure 3.2.Uner the electric field, O2- will be ionized and drifted to the anode with 

leaving oxygen vacancies VO in the oxide layer. The oxygen vacancies left in the oxide 

form a conductive path between the top and bottom electrodes, leading to a transition 

from HRS to LRS. The anode materials are required to be able to store the oxygen ions, 

such as noble metals or oxygen-poor films. During the reset process, oxygen vacancies 

migrated back to the oxide and recombine with oxygen ions and the device is switched 
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back to HRS. [2] 

 
Figure 3.2 Schematics of the switching behavior in an oxide-based RRAM based on filamentary 

switching mechanism.[2] 

   The metal electrode material can influence the switching mode and behaviors in the 

oxide RRAM. In most of the cases, when both of the top and bottom electrodes are 

noble metals (e.g. Pt, Ru), the switching behavior is unipolar. The unipolar switching 

can usually be observed in the oxide systems, such as Pt/NiO/Pt,[3] Pt/TiO2/Pt,[4] 

Pt/ZnO/Pt,[4] Pt/ZrO2/Pt.[5] Bipolar switching usually occurs in the oxide RRAM with 

oxidizable electrodes, such as Ti or TiN. Typical bipolar devices are reported as 

TiN/ZnO/Pt,[4] Ti/ZrO2/Pt,[6] TiN/HfO2/Pt[7] and Pt/NiO/SrRuO3.[8] The mechanisms of 

different switching modes are still controversial. Generally, the unipolar switching is 

ascribed to the Joule heating effect, which causes the filament rupture during the reset 

processes.[9] For the bipolar device, ionic migration model has been put forwarded, for 

which a reverse voltage bias can drive the oxygen ions back to the oxide layer.[10] The 

metal electrode selection can also affect the switching performances. It has been 

reported that better uniformity of RRAM can be obtained with Ti electrode.[11] By 

comparing with the Pt/ZrO2/Pt and Al/ZrO2/Pt devices, Ti/ZrO2/Pt device exhibited 
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narrower distribution of operation voltages (set and reset) and resistances (HRS and 

LRS).[11] Furthermore, the RRAM devices with metal electrodes, such as TaN, ZrNx 

and TiN, exhibit excellent performances. The ZrNx/HfOx/Pt device shows better 

endurance larger than 106 and longer retention time than the Pt/HfOx/Pt device.[12] This 

can be attributed to the formation of ZrON layer at the interface which can better store 

the oxygen ions.[13, 14]  

   HfOx with rich defects is a suitable material for the RRAM device. TiN/HfOx/Pt is a 

common structure which exhibits good bipolar switching behavior.[15] To further 

improve the switching performance and also make the fabrication more CMOS 

compatible, a buffer layer Ti is employed in the structure. The buffer layer Ti can serve 

as an oxygen reservoir and help to store the oxygen atoms from the HfOx film. Lee et 

al. reported a 1T1R (1 transistor and 1 RRAM) structure, in which RRAM device is in 

a structure of TiN/Ti/HfO2/TiN.[16] The device achieves good endurance of 106 cycles, 

fast operation speed of 10 ns, large ON/OFF ratio (>100), 100 % device yield, multi-

level storage. Other metal capping layers such as Ta and AlCu are also applied into the 

HfOx RRAM device, in which stable switching can be achieved but with a smaller 

ON/OFF ratio.[12] AlOx RRAM behaves similar to HfOx based device. Superior to the 

HfOx device, it demonstrates a lower reset current because of a larger band gap in AlOx. 

Wu et al. first reported an Al/AlOx/Pt device with reset current lower than 1 μA. Later, 

by doping the AlOx with nitrogen, a rest current lower than 100 nA can be achieved, 

which also means a low power consumption.[17] Furthermore, the high resistance at 

HRS allows for the application of large scale memory arrays without selectors.[18] 
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Different from HfOx, RRAM devices based on NiO usually exhibit unipolar switching 

behavior with metal electrodes such as Au, Pt, W, Ni and Ru. The set voltage and reset 

voltage are reported generally less than 3 V and 2V, respectively. Good data endurance 

(>106) and long retention time (1 year) can also be achieved in the NiO based RRAM 

device.[19] By doping NiO with Ti, the operation speed can be further improved 

compared with the pure NiO. The Pt/Ti:NiO/Pt device achieved a fast switching speed 

(<5ns).[20] More interestingly, the abnormal set process in pure NiO device can be 

suppressed since Ti serves as another oxygen reservoir in the system. Taking the 

advantages of unipolar switching behavior, NiO allows for the design of 1D1R (1 diode 

1 memory) structure. However, the poor uniformity is a general issue in the NiO RRAM 

which can limit the application of 1D1R structure design.[21] Among these metal oxides, 

TaOx has demonstrated excellent endurance. TaOx usually has two phases: more 

conductive TaO2-x phase and more insulate Ta2O5-x phase. Lee et al. reported a Pt/TaO2-

x/Ta2O5-x/Pt RRAM with demonstrating excellent endurance up to 1012 cycles. [22] In 

addition to the metal oxides, silicon oxide has also considered as a promising material 

for RRAM device design, which adopts good chemical stability, endurance and 

retention. An endurance of 106 cycles has been reported in a Ni doped SiO2 RRAM 

device and there is only slight degradation of ON/OFF ratio after 104 s at 85 °C.[23] 

  (2) Interface-based switching 

  For the interface-based switching, the barrier height between the metal and 

semiconductor layer greatly influences the current. The externally applied voltage can 

modify the barrier height, which corresponds to different resistances states. The 
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interface-based switching behaviors have been observed in perovskite oxides and 

binary oxides. In an interface-type VCM, the sandwiched semiconductor layer usually 

forms an Ohmic contact with one metal electrode and Schottky contact with other 

electrode.[24] Figure 3.3 shows the typical interface-based switching in systems of 

M/Pr0.7Ca0.3MnO3/SrRuO3 (M/PCMO/SRO) and M/SrTi0.99Nb0.01O3/Ag 

(M/Nb:STO/Ag).[25] M stands for the top electrode (Ti, Au or SRO). Ohmic contacts 

will form at Ag/Nb:STO interface and SRO PCMO. While the interfaces Au/Nb:STO, 

SRO/Nb:STO and Ti/PCMO exhibit rectifying behavior that can be observed from the 

IV curves, indicating the Schottky barriers formed. As a positive voltage is applied to 

the Ag electrode, oxygen vacancies can migrate and accumulate at the SRO/Nb:STO 

interface, which leads to a lowered Schottky barrier and a transition to a lower 

resistance state (Figure 3.3). Kim et al investigated the effects of different metal 

electrodes (Pd, Au, Al, Cr and Pt) on the resistive switching behavior of PCMO/Pt 

system.[26] It has been observed in the experiment that only the devices with Cr and Al 

top electrode exhibit resistive switching behavior. One of the key factor that influences 

the switching behavior is the metal oxide formed at the metal/semiconductor interface. 

The as-deposited metal on the oxide layer can capture oxygen ions from the oxide layer, 

leaving oxygen vacancies in the oxide layer. For example, a thin TiOx layer can be 

formed at the Ti/TiO2 interface, leading to the abundant oxygen vacancies in the TiO2 

layer. Thus, the resistive behavior can also be influenced by the abilities of the metal 

oxide formation. It has been reported by Yang et al., the switching behaviors in 

La0.7Ca0.3MnO3 (LCMO) are influenced by the formation energy of the metal oxides.[27] 
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The investigations of switching behaviors with different metal electrodes provide more 

understandings of interface-based switching mechanisms. 

 

Figure 3.3. Resistive switching behaviors in M/PCMP/SRO and M/Nb:STO/Ag devices.[25] 

 

3.1.4.2.  Cation migration 

  The cation-type RRAM involves in the formation and dissolution of conductive 

filament consisting of metal atoms, which is also named as conductive bridging RAMs 

(CBRAM). In the RRAMs based on cation migration, it usually includes an 

electrochemically active electrode (CE) (e.g. Ag or Cu) and an electrochemically inert 

electrode (IE) (e.g. W, Pt or Au). The formation of metal atom consisted filament can 

be expressed in the following steps with an Ag electrode as an example (Figure 3.4[28]): 

(1) dissolution of Ag to Ag+ under the externally applied voltage. (2) migration of Ag+ 

toward the inert electrode under the electric field (3) reduction of Ag + to Ag (4) growth 

of Ag filaments. As the filament connects the top electrode and bottom electrode, a 
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transition from HRS to LRS will occur. Under a reverse bias voltage, the Ag filament 

will be dissolved and the device will be switched back to HRS. 

 

Figure 3.4. Schematics of switching mechanisms in CBRAM.[28] 

  CBRAMs have drawn great attentions in the industry because of their excellent 

performances, such as low operation voltage, large ON/OFF ratio, compatibility with 

CMOS technology. Furthermore, the large ON/OFF ratio, generally larger than 106, 

enables multi-level storage, which allows for the application of 1T2R structure instead 

of the SRAMs. This can reduce the power consumption and area occupation. 

  The electrochemically active electrodes used in CBRAM include Cu,[29] Ni,[30] Al, 

[31]Ag,[32] Zn,[33] Nb,[34] etc. Among the above metals, Cu and Ag are the most common 

metal for CBRAM because of the lower standard electrode potentials[35, 36] and the weak 

interactions between Cu2+/Ag2+ and semiconductor layer. The relatively lower standard 

electrode potentials allows the metal ions to be easily electrochemically dissolved and 

the weak interaction with semiconductor material enable them to migrate easily inside. 

Various storage media have been explored for CBRAMs, including chalcogenides (e.g. 
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Ag2S, GeSex, GeTe), oxides (e.g. SiO2, Ta2O5, ZrO2), halides (e.g. AgI), amorphous Si, 

and organic materials (e.g. fluorine, P3HT). 

  Ge-based chalcogenide glasses have been extensively studied as CBRAM storage 

media, in which Cu2+ and Ag2+ exhibit high ion mobility.[37] Liaw et al and Choi et al. 

have reported a Ag/GeSe/W CBRAM with high ON/OFF ratio larger than 105 and low 

set voltage of 0.2 V.[38] Kozicki et al. reported a device with Ag/Ag33Ge20Se47/Ag 

structure, which exhibits excellent endurance up to 1010.[39] However, the operation 

speed in these systems are not sufficient for fast switching memory application. 

Hasegawa et al. later studied the response time in Ag2S and Cu2S based devices.[40] The 

response time shows set voltage-dependent characteristics. It has been suggested that 

the response time of the memory device can be largely reduced with a higher set voltage 

exponentially. Good retention characteristics have also been reported in Ge-based 

chalcogenide devices. A retention time up to 11 h have been demonstrated in the 

Cu/Ge0.4Se0.6/W CBRAM device with a compliance current of 200 μA. Jameson et al.[41] 

and Vianello et al. [42] also reported a good retention >106 s at 200 °C and >105 s at 

130 °C in Ag/GeS2/W and Cu/Sn:GeS2/W CBRAM. Multi-level storage capability is 

also one of a significant characteristic for high-density data storage. Kund group 

demonstrated over 10 resistance states in Al/Cu/Ge0.2Se0.8/W memory cell by 

controlling the compliance current from 1 nA to 1mA.[43] The Se content can affect the 

LRS current. With compliance current lower than 10 μA, the Ge0.2Se0.8 based device 

shows higher LRS current than that in Ge0.5Se0.5 since Cu2+ mobility is higher in the 

semiconductor layer with higher Se content. However, the HRS current degrades faster 
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in Ge0.2Se0.8 device because of the thinner filament formed. Thus, the switching 

behaviors can be controlled adjusting the composition in GeSex electrolyte according 

to different application demands. 

   Although chalcogenide based CBRAMs have exhibited excellent performances, the 

non-compatibility with CMOS technology restricts the applications for next-generation 

non-volatile memories. Thus, oxide-based CBRAM such as SiO2,[44] GeOx,[45]Ta2O5,[46] 

ZrO2 
[47]have been investigated for more compatible devices with CMOS technology. 

Schindler et al. reported low operation current of 1 nA in the W/Cu:SiO2/Cu memory 

cell.[44] Good data retention and large ON/OFF ratio have been demonstrated in a 

Cu/GeOx/W device, in which the ON/OFF ratio reaches larger than 108 and both LRS 

and HRS can be retained over 200 h at 85 °C.[48] Endurance larger than 107 has also 

been reported in the Cu/SiO2/W CBRAM and the CBRAM exhibits multilevel storage 

controlled by different compliance currents. Good uniformity and stability have also 

been reported in the oxide-based RRAM. Liu et al. fabricated RRAM device with 

structure of Ag/ZrO2/Cu nanoparticle/Pt.[49] With the inserted Cu nanoparticle in the 

device, the device uniformity has been improved since the Cu nanoparticles can guide 

the filament growth and reduce the random filament formation and rupture. Although 

good performances can be achieved and compatibility can be solved in the CBRAMs, 

as the remaining filament exists after each switching cycle, the current at HRS varies 

from cycle to cycle. Thus, CBRAMs with bilayer materials are then developed with 

improved the cycling switching stability.   

   Bilayer materials such as MoOx/GdOx,[50] Cu-Te/GdOx,[51]GeSex/TaOx,[52] Ti/TaOx 
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[53]have been studied to control the metal ion diffusion and improve the uniformity in 

CBRAMs. By using bilayer MoOx/GdOx instead of single MoOx layer in CBRAM, the 

reset current is reduced from 1mA to 300 μA.[50] Comparing the single layer oxide based 

CBRAM Al/Cu/TaOx/W with bilayer oxide based CBRAM Al/Cu/TiO2/TaOx/W, an 

improved LRS uniformity was observed in bilayer device, which can be attributed to 

the controlled Cu migration in the TiO2 layer.[53] The reset current is also lower in 

bilayer device than the single layer device. Similar characteristics have also been 

observed in the Cu/TiW/Al2O3/W device with showing low reset current of 10 μA. 

Excellent endurance >107 cycles and fast switching response of 5 ns are reported with 

the employment of bilayer materials.[54] The bilayer structured CBRAMs are promising 

for the next-generation non-volatile RRAM application.     

3.1.4.3.  Charge trapping/de-trapping 

In addition to the ion migration, another common mechanism involved in RRAM is 

charge trapping and de-trapping.[55] As the charge carriers are injected in from the 

electrodes, they may be trapped in the bulk semiconductor or metal/semiconductor 

interface. The charge carrier trapping can influence the charge carrier transport in the 

semiconductor material or modify the energy barrier of carrier injection, which then 

further lead to the resistive switching behavior. According to different distribution state 

of charge traps, the switching mechanisms can be classified into three categories. 

(1) Interfacial charge traps 

In this type of switching, there are charge traps existing at the semiconductor/metal 
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interface. The trapping states at the interface can determine the Schottky barrier and the 

contact resistance, which can be modulated by the external voltage. For example, at the 

Au/Nb:STO interface, a Schottky barrier can be formed and rectifying I-V behavior can 

be observed in Figure 3.5.[56] The traps are introduced during the Au deposition process. 

As a negative bias is applied to the junction, electrons in the traps are extracted, leaving 

a lower and thinner Schottky barrier. Meanwhile, the device is switched to LRS. As a 

reverse bias is applied, the electrons are injected into the interfacial traps and the 

Schottky barrier recovers to the original state, corresponding to HRS. The similar 

switching behavior has also been reported in the Pt/BSTO/Pt devices.[57]  

  

Figure 3.5. Resistive switching behavior in Au/Nb:STO junction: IV characteristics and switching 

mechanism.[56] 

  (2) Charge traps provided by a nanoparticle layer 

 Figure 3.6a shows a schematic of nanoparticle layer as trap provider in an RRAM 

device. The semiconductor material can either be inorganic materials (e.g. ZnO[58]) or 

organic materials (Alq3)[59]. The nanoparticles used in this case are usually Cu or Al 

nanoparticles with thickness below 10 nm.[60] Both bipolar switching and unipolar 
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switching can occur for this switching mechanism. Figure 3.6b and c shows a typical 

bipolar switching in Cu/ZnO/Cu (3nm)/ZnO/Pt RRAM device.[58] By fitting the IV 

curves, the IV characteristics at LRS satisfy the space charge limited current (SCLC) 

injection. Thus, the switching behavior in the device can be explained by the trap-filled 

SCLC model. Figure 3.6d and e illustrate an unipolar switching in a RRAM with 

structure of Al/Alq3/Al(5 nm)/ Alq3/Al.[59] A positive voltage sweep to Vmin switches 

the device from LRS to HRS and a positive voltage to Vth switches the device to LRS. 

The region between Vmax and Vmin may be attributed to the tunneling of electrons in the 

traps and the induced electric field is in opposite direction with the external electric 

field, leading to a drop in current. The abrupt switching at Vth can be ascribed to the de-

trapping process of trapped electrons. 

 

Figure 3.6 (a) Schematics of a RRAM device with nanoparticle layer. (b) and (c) Resistive behavior 

in the Cu/ZnO/Cu(3 nm)/ZnO/Pt RRAM.[58] (d) and (e) Resistive switching behavior in the 

Al/Alq3/Al(5 nm)/Alq3/Al RRAM.[59] 

 (3) Randomly distributed charge traps 

  The randomly distributed charge traps can be classified into nanoparticle and atomic 
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traps. The nanoparticle traps utilized in RRAM include meal nanoparticles (Au, Ag)[60], 

semiconductor nanoparticles (ZnS, CdSe, ZnO)[61], graphene quantum dots and carbon 

nanotubes[62]. The switching mechanisms are similar to the mechanism discussed in the 

traps provided by a nanoparticle layer. The switching behaviors can be explained by 

trap-filled SCLC model. As for the atomic traps, the intrinsic crystal defects (e.g. 

vacancies) are common atomic traps for RRAM switching. The RRAM based on these 

traps also exhibit typical bipolar switching behavior and the switching characteristics 

satisfy the trap-filled SCLC model.[63]  

3.1.5.  Optoelectronic resistive switching memories 

  Except for the conventional electrically switched RRAM, optical excitation is one of 

the methods to manipulate the RRAM operation, which allows to store light information 

with an electric readout at low programming voltages and involve in the storage and 

transport of secured information. By providing light as an extra control parameter, it is 

promising to realize integrated multi-functionalities in the computing systems, such as 

multi-level data storage, light-sensing, demodulating and arithmetic functions.  

   Optoelectronic RRAMs have been widely explored in recent years and have 

demonstrated the potentials in different applications such as image sensors, 

demodulators, and artificial retinas. The storage media in optoelectronic RRAMs that 

reported including ZnO nanorods, single layer and few-layer MoS2, ZnO/SrTiO3, CeO2-

x/AlOy, graphene/MoS2.  

   ZnO is commonly used storage medium in RRAM. By virtues of good light 
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absorption properties, it is also promising for an optoelectronic memory design. Yong 

developed an optically switched ITO/ZnO nanorods/Au memory device which exhibits 

light incident angle-dependent resistance states.[64] The different illumination angle can 

select the switching behaviors, which is promising for the application of various 

functional devices. Wu group also synthesize ZnO nanorods on SrTiO3.[65] The 

Schottky junction formed at interface exhibits rectification properties with an ON/OFF 

ratio of 103. With the assistance of light, the ON/OFF ratio can be further increased to 

104, which can be attributed to the de-trapping of trapped electrons at ZnO/SrTiO3 

interface and thus a lowered Schottky barrier. Light tunable non-volatile resistive 

switching behavior can be achieved in the device, which also suggests a potential 

sensing function. 

   Single-layer and few-layer MoS2 are attractive material for optoelectronic memory 

application for the tunable bandgap, light absorption and unusual defect physics. A 

single layer MoS2 optoelectronic memory was reported by Cho et al., in which optically 

programmed ON/OFF ratio reaches >107 and multi-level data storage, stable data 

storage can be achieved (Figure 3.7).[66] In the device design, the single-layer MoS2 

serves as channel and light-absorption material. Au nanoparticles are introduced as 

charge trapping layers. The injected electrons from gate transfer from Au nanoparticles 

to MoS2 valence band which prevent the recombination of photo-generated electrons 

and holes in MoS2 and enables non-volatile data storage. By combining the gate voltage 

and optical input, non-volatile multi-level data storage can be achieved as shown in 

Figure 3.7 b, d and e. This device enables the storage of light signals at low 
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programming voltages and the multi-level data storage allows for the increased memory 

density. Kim et al. also adopted single-layer MoS2 to demonstrate an optoelectronic 

memory for potential image sensing application.[67] Traditional image sensing systems 

includes a photodetector and a memory device. The MoS2 optoelectronic memory 

device provide a simple method to integrate the two components into one single device, 

which enables a lower power consumption and complexity in the circuit design. The 

switching mechanisms are based on the charge trapping and de-trapping at the 

MoS2/SiO2 interface, which modify MoS2 conductivity. The linear relationship between 

light exposure dosage and output electrical current is potential for the applications in 

image sensing, which enables the detection of image contrast. Graphene/MoS2 hybrid 

structure was also investigated for the optoelectronic memory based on the gate tuned 

charge exchange between the MoS2 and graphene layers. In addition to the sensing and 

memory functions, Tan et al. demonstrated an optoelectronic RRAM with integrated 

demodulating and arithmetic functions in an ITO/CeO2-x/AlOy/Al device.[68] The 

optoelectronic RRAM can be optically written and electrically erased, in which the 

programming and erasing processes are based on photo-induced electron de-trapping 

and electrically induced electron trapping (Figure 3.9 a and b). Multi-level storage can 

be achieved in the device by tuning the light wavelength and power density (Figure 3.9 

c and d). The light information such as light intensity and wavelength can be 

demodulated into electrical signals. Additionally, the linear relationship between the 

current and light pulse number enables the conduction of add function. This device 

integrates sensing, memory and computing functions in one device, which provides 
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possibilities for designing multifunctional devices with lowering the power 

consumption and complexity.  

 

Figure 3.7. Single-layer MoS2 based optoelectronic memory. (a) Device structure. (b) Optically 

programmed multi-level storage. (c) Band diagram illustrating the charge transfer between MoS2 

and Au nanoparticles. (d) Retention properties. (e) Endurance tests.[66]  

 

 

Figure 3.8. MoS2 optoelectronic memory for image sensing application. (a) Device structure. (b) 

Switching mechanism. (c) The linear relationship between output current and illumination time. (d) 

Data retention properties. [67] 
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Figure 3.9. An optoelectronic memory with structure of ITO/CeO2-x/AlOy/Al. (a) Schematics of 

switching mechanism. (b) IV curves of optical programming and electrical erasing. (c) Wavelength-

dependent resistance states. (d) Multi-level data storage by controlling the light intensity and 

wavelength. [68] 

   The introduction of optical control in RRAMs allows for the design of 

multifunctional memory device, such as multi-level storage, sensing and data 

processing. However, the slow operation speed in the optoelectronic memory is still a 

main issue and hinder the device from practical applications. The novel optoelectronic 

memories are still required to be explored with faster operation speed. 

 

3.2  Low voltage, optoelectronic CH3NH3PbI3-xClx 

Memory with Integrated Sensing and Logic 

Operations 

3.2.1.  Motivation 

  Internet of things (IoT) has emerged as a technological revolution in the information 

explosion era. There are huge amount of interconnected devices coupled with sensors 
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(data capture), processors (data processing and analyzing), and embedded non-volatile 

memories (data storage). To better deliver the potential of IoT, multifunctional 

integrated devices with low power consumption are desired. From this point of view, 

non-volatile optoelectronic memory can be a possible choice for constructing a “smart 

sensor” for IoT application, which integrates the sensing, data storage and data 

processing functions into one device. 

   Optoelectronic memory can respond to both electrical stimuli and optical excitation, 

which enables to store and convert optical information as an electronic readout at low 

programming voltages.[69-73] The optoelectronic memory also takes advantages of 

storing and processing transmitted optical signals over long-distance transmission with 

wide bandwidth, high-data-rate density, and low power consumption. [74] Recently, 

researchers have demonstrated optoelectronic memory devices integrated with multi-

level data storage, light-sensing, demodulating and arithmetic functions. [69, 72, 73, 75-77] 

However, new optoelectronic materials, architectures and systems still remain to be 

developed and explored to reduce the cost, complexity and energy consumption.  

Recently, organometal halide perovskites (OHPs) show excellent light absorption, 

long electron-hole diffusion length, ambipolar charge transport, unusual defect physics, 

and tunable band gap. [78]  A number of applications based on OHPs as light absorbing 

materials or semiconductor materials have been demonstrated, including solar cell [79-

81], photodetector[82, 83], laser[84], light emitting diode [85-88], transistors[89] and 

photovoltachormic supercapacitor[90]. OHP-based electronic devices usually exhibit 

significant hysteresis, possibly caused by ferroelectricity, the formation and movement 
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of trap states or ion migration in the perovskites. More recently, researchers reported 

the perovskites for non-volatile resistive switching random access memory (RRAM).[91-

95] Till now, most of the research works based on the perovskite memory have been 

focused on the tri-iodide perovskite (CH3NH3PbI3) system. It has been verified that I- 

and MA+ with low activation energies can migrate under external electric field.[93] The 

formation and accumulation of defects can lead to resistive switching (RS) behavior in 

the perovskite memory devices.[91, 95] It is also desirable to develop device architecture 

or counterpart materials, which enable the integration of both non-volatile information 

storage and processing in one device for the sake of high-performance integrated circuit 

design.  

   In this work, we design a non-volatile optoelectronic CH3NH3PbI3-xClx memory 

device, in which the SET voltage can be controlled as low as 0.1 V with the assistance 

of light illumination. The CH3NH3PbI3-xClx memory device can execute data-storage 

and logic operation in one memory device by using one electrical pulse and one optical 

pulse as the input signals. It can also detect the coincidence of electric and optical signal. 

This design provides possibilities in smart sensor design and IoT application.  

3.2.2.  Experiments  

    Perovskite Deposition and Perovskite Based ReRAM Fabrication The fluorine-

doped tin oxide (FTO) coated glass substrates were cleaned with acetone, isopropanol 

and deionized water sequentially. The pre-cleaned substrates were then dried with 

nitrogen gas and further cleaned by UV-Ozone treatment. A one-step spin coating was 
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applied to the deposition of perovskite layer (CH3NH3PbI3-xClx) on the FTO glass in 

the N2 glove box. The spin coating solution (34-wt%) for the perovskite layer was 

prepared by mixing methylammonium iodied (MAI) and lead chloride in N, N-

dimethylformamide (DMF). The spin-coated perovskite thin film was annealed at 105 

ºC for 40 min. The dot-shaped Au electrodes with a thickness of 50 nm and diameter of 

200 μm were deposited by e-beam evaporation through a shadow mask. The deposition 

rate was controlled at 0.3 Å /s and the final deposition temperature of the substrate was 

40 °C. 

   Characterization of Perovskite Thin Film X-Ray diffraction (XRD) patterns of 

the perovskite film was determined by a Rigaku SmartLab X-ray diffractometer with a 

2 theta range from 10 º to 70 º in a step of 0.01 º. Scanning electrom microscopy (SEM) 

image was performed by Hitachi S-4800 field emission scanning microscope. The 

absorption spectra of perovskite film on quartz were examined using a UV-2250 

Shimadzu UV-Vis spectrophotometer. Ultraviolet photoelectron spectra (UPS) and X-

ray photoelectron spectroscopy (XPS) were carried out in a vacuum chamber (<10-5 

Torr). The excitation source for UPS is He-I UV source (hν =21.2 eV). Before the UPS 

measurement of the perovskite sample, a conductive Au sample is used to calibrate the 

Fermi level. As to conduct the UPS of perovskite layer, a small voltage bias 5 V is 

applied to the sample when recording the secondary electron cutoff. A monochromatic 

Al Ka (1486.6 eV photons) was used as the excitation source for XPS. A pass energy 

of 80 or 40 eV was employed for the wide and core-level narrow scan, respectively. 

The core-level signals were recorded at a photoelectron take-off angle of 90°. All 
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binding energies were calibrated referring to the C1s peak at 284.6 eV. 

   Characterization of Perovskite Based ReRAM The electrical characterizations of 

perovskite based ReRAM were measured using a Keithley 4200 in the vacuum probe 

station. FTO electrode was grounded and voltage was applied to the gold electrode. A 

white light LED with controllable power densities was used to illuminate the device 

from the FTO side. All the electrical switching measurements were conducted in the 

dark.  

3.2.3.  Results and Discussions 

  Figure 3.10 shows schematic structure of perovskite based memory in a configuration 

of Au/CH3NH3PbI3−xClx hybrid perovskite/fluorine-doped tin oxide (FTO) substrate, 

where the bottom FTO electrode is grounded, and the top Au electrode is connected to 

a voltage source for switching the memory cell. The perovskite thin film (CH3NH3PbI3-

xClx) was deposited on FTO glass substrate by one-step solution method, and 50 nm Au 

was deposited on top of perovskite layer by e-beam evaporation. Figure 3.10b is the 

top-view scanning electron microscopy (SEM) image of the perovskite layer with a 

thickness of 270 nm, indicating a continuous perovskite film and good coverage on the 

FTO substrate. The (110), (220) and (330) peaks in the X-Ray diffraction (XRD) 

patterns confirms a crystallized perovskite thin film with the tetragonal phase, as shown 

in Figure 3.10c. To determine the elemental composition in the perovskite layer, we 

also conducted X-ray photoelectron spectroscopy (XPS) test (Figure 3.10d).  A full 

spectrum scan shows negligible amount of Cl atoms in the perovskite film. A narrow 
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scan of Cl 2p core level is shown in the Figure 3.10e, where negligible signals 

corresponding to the Cl 2p3/2 and Cl 2p1/2 peaks are detected. It is consistent with 

previous works, in which the presence of Cl involves in the form of intermediate phase 

CH3NH3Cl that can easily escape during the annealing process and rare Cl exists in the 

final product.[97] Although Cl content is negligible in the final perovskite thin film, Cl 

plays an important role in the film formation and crystallization and can influence the 

surface trap states in the film and the electronic properties [97-99].  

 

 

Figure 3.10. (a) Schematic device structure of perovskite based RRAM. (b) The as-prepared 

(e) 
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perovskite thin film deposited on FTO glass substrate by one-step solution method, indicating good 

coverage of perovskite layer on the FTO glass. (c) XRD patterns of the as-prepared perovskite thin 

film. * represents the peaks of FTO glass. (d) XPS survey spectrum of the as-prepared perovskite 

thin film. (e) Narrow scan of Cl 2p core level and negligible signal of Cl 2p peak is detected. This 

suggests that most of the Cl escape with the form of intermediate phase. 

   It is worthy to be noted that we intentionally introduced the traps in the 

CH3NH3PbI3−xClx film for the resistive switching memory device by using a low-

concentrated precursor solution (34 wt. %). It has been suggested that the role of Cl in 

the precursor solution (>45 wt. %)  can slow down the perovskite formation and 

crystallization, and drive the growth of well-defined grains in the perovskite film 

because of the modulated kinetics of the reactions by the formation of intermediate 

phases (e.g. CH3NH3Cl).[97, 98] This evolution in perovskite morphology can further 

results in the reduced trap states and long diffusion length in the perovskite film.[98-102] 

However, due to the less content of CH3NH3Cl in the low-concentrated precursor 

solution, the duration of CH3NH3Cl controlled crystallization is shortened and results 

in the under-developed film.[97] This can introduce increased trap states during the film 

formation, and is a dominant characteristic in understanding the switching mechanism 

of our memory device. 

   We first examine the electrical characteristics of CH3NH3PbI3−xClx based RRAM. 

Figure 3.11 shows the characteristics of electrical switching of CH3NH3PbI3−xClx based 

memory. The memory device exhibits a bipolar and non-volatile resistive switching 

behavior (Figure 3.11a) under a DC voltage bias sweep (0 →1.5→0→-1.5 →0 V). No 

forming process is required. As a positive voltage sweep is applied from 0 V to 1.5 V, 

the device is triggered from high resistance state (HRS) to low resistance state (LRS) 

at a positive voltage of 1.47 V. The RESET process occurs by applying a negative 
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voltage of -1.41 V. The ON/OFF ratio of the perovskite memory cell reaches 104. Figure 

3.11b and c demonstrate the retention characteristic and cyclic endurance test during 50 

cycles, respectively. All of the above electrical tests are performed under a dark 

condition. Distributions of the average SET/RESET voltage of the devices in 17 batches 

are shown in Figure 3.11d. The devices fabricated in different batches exhibit 

reasonable variations with similar performance. 

 

Figure 3.11. (a)The I-V characteristics of electrical switching behavior of perovskite based memory. 

(b) Cyclic tests for 50 cycles (c) Electrical reliability test for 12 h before and after electrical 

switching, showing no obvious degradation in HRS and LRS. (d) Cumulative probability plots for 

the SET and RESET voltages. 

     The unique light absorption characteristics of perovskite provide the possibilities 

in controlling the switching behavior and realizing more functions in CH3NH3PbI3−xClx 

memory. Figure 3.12 depicts the current-voltage (I-V) characteristics of the photo-
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assisted switching. During the SET process, the white light LED with a power density 

of 3.20 mW/cm2 is adopted to illuminate the device from the FTO side, accompanying 

with the positive voltage sweep. It is noteworthy that the transition from HRS to LRS 

occurs at a SET voltage as low as 0.1 V, which is the lowest SET voltage compared 

with those perovskite based RRAM cells reported in existing literature. In these 

previous works, the SET voltages of perovskite based non-volatile RRAM under dark 

condition are 0.64 V [91], 0.8 V [92] and 2 V [96], respectively. After the SET process, the 

device can be electrically RESET under a dark condition at a voltage of -0.45 V. 

Distributions of the average SET/RESET voltage and HRS/LRS are plotted in Figure 

3.13a and b, respectively, showing reasonably good memory characteristics. We also 

conducted endurance and retention measurements using pulse measurement mode, as 

shown in Figure 3.14a and b. The voltage pulse condition and light power density for 

SET process is 0.13 V for 100 μs and 3.2 mW/cm2, respectively. The voltage pulse for 

RESET process is −1.6 V for 250 μs. The readout voltage is 0.05 V. Figure 3.14a depicts 

pulse switching endurance for two resistance states over 400 cycles. Both HRS and 

LRS can be retained up to 13 hours under dark and ambient environment, showing good 

retention compared with other perovskite-based memories (Figure 3.14b).[91-96] The 

switching performance of our device is in stark contrast with the existing optoelectronic 

memories. In the previous optoelectronic memories reported, the memory devices can 

perform well through optical switching with light illumination. While there is no optical 

power supplied and under a dark condition, the electrical switching cannot exhibit 

comparable performances. For example, the optoelectronic memory with 
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ITO/CeO2−x/AlxOy/Al structure can be switched optically with an ON/OFF ratio of 103, 

whereas only an ON/OFF ratio of 10 is exhibited in the electrical switching under dark 

condition because of a different switching mechanism. [76] Similar phenomena have also 

been demonstrated in optoelectronic memories based on other materials, such as 

ZnO/SrTiO3 [76] and Al2O3/SiO2/Si [71]. In comparison, our device can exhibit similar 

ON/OFF ratio by electrical switching under the dark condition compared with the 

switching under light illumination, which can be more adaptive to various environments. 

We also examined the air-stability of the perovskite memory cells. The air-stability of 

perovskite material in ambient environment is an issue because of the exposure of 

hybrid perovskite to water can cause its decomposition. We conducted experiments of 

the device air-stability (Figure 3.15). The air-stability test of the device is conducted at 

the ambient environment with a humidity of 50~55 %. The device characteristics were 

extracted every day. Figure 3.15a and b show the degradation of electrical switching 

and optical switching, respectively. The devices exhibit slight degradation after 3 days 

and fail after 4 days at the ambient environment. The failure of the device can be 

attributed to the hydrolyzed perovskite in the presence of moisture in air.   

 
Figure 3.12. The I-V characteristics of low-voltage photo-assisted switching behavior of perovskite 

based memory. The SET process is conducted under the white light illumination with a power 
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density of 3.20 mW/cm2. The perovskite based memory then is RESET under the dark condition.  

 

Figure 3.13. Distributions of the average SET/RESET voltage and HRS/LRS. 

 

Figure 3.14. Pulse switching endurance and (d) retention test for two resistance states. The pulse 

condition for HRS is 0.13 V for 100 μs with white light illumination (3.20 mW/cm2) and for LRS 

is −1.6 V for 250 μs. The readout voltage is 0.05 V. 

 

Figure 3.15. Stability tests of perovskite RRAM at the ambient environment with humidity of 50~55 %. 

(a) Electrical switching and (b) Optical switching.  

   Figure 3.16a and b present the photo-assisted switching characteristics. The SET 

voltage exhibits light-dependent characteristics, as shown in the Figure 3e. As the light 

intensity is increased from 0 to 3.20 mW/cm2, the SET voltage decreases from 1.47 V 
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to 0.1 V accordingly with the same compliance current of 10 mA. By combining voltage 

pulse and optical pulse, we can also obtain multiple non-volatile resistance states 

corresponding to different light intensities (Figure 3.16b). The SET processes of each 

resistance state are operated by one electrical pulse and one optical pulse. The voltage 

pulse used is 0.13 V 100 μs for all set processes. The duration of optical pulse applied 

is 1 s and the readout voltage is 0.05 V. With the same voltage pulse, the resistance of 

memory cell is decreased as light intensity is increased. These light intensity-dependent 

characteristics can also be considered as behaviors of a sensor, in which the resistance 

switching behaves differently according to different levels of light intensities. 

Compared with the conventional photodetector, the light information can be recorded 

and retained in our device even after the removal of optical trigger. 

 

 

Figure 3.16.The SET processes under different light intensities. (f) Light-intensity controlled 

multiple resistance states. The voltage pulse for the set processes is 0.13 V for 100 μs. The duration 

of optical pulses used is 1s. 

    In order to better understanding the switching behavior and switching mechanism, 

firstly we conducted the ultraviolet electron microscopy (UPS) to examine the surface 

trap states and semiconductor type of the as-prepared perovskite thin film on the FTO 

glass, which plays an important role in determining the electronic properties of the 
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perovskite film. [103, 104] A He-I UV light source (hν=21.2 eV) is utilized to obtained the 

UPS spectra (Figure 3.17a and b). The binding energy is referred to the Fermi level. We 

extract the work function from the onset energy in the cut-off region in Figure 4a, which 

is approximately 4.37 eV. Figure 3.17b shows the spectrum near the valence band 

region, where the valence band maxima (VBM) is obtained at a binding energy of 1.32 

eV. The band gap of perovskite thin film is determined to be 1.63 eV, according to the 

absorption spectrum in Figure 3.17c. Thus, the schematic band diagram of perovskite 

thin film can be sketched in the inset of Figure 3.17b, in which the Fermi level locates 

near to the conduction band. In addition, UPS has a high sensitivity to the intrinsic 

surface defects. A broad distribution of hole trap states is presented in the band gap 

above the valence energy. In previous studies, researchers also employed UPS 

technique to examine the surface trap states in the perovskite thin film, which are in 

consistent with our results [105, 106]  These trap states can provide hole trapping centers 

at the perovskite/Au interface, which is essential to understand the switching behavior 

in the CH3NH3PbI3−xClx memory device. 

   Secondly, we investigated the effect of device area on the resistance state. Figure 

3.18a (electrical switching) and Figure 3.18b (photo-assisted switching) show the ON 

and OFF current of our perovskite memory devices with different device areas (the 

diameter of top electrode: 80 μm, 150 μm, and 300 μm). The readout voltage is 0.05 V 

and compliance current is controlled at 10 mA. The resistance increases with the 

decrease of device area. This is in stark contrast with the filament-based switching 

mechanism, where the resistance is typically independent on device area. According to 
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the above area-dependent results and UPS tests, we proposed an interface-based 

switching mechanism based on the injection/ejection of holes at the perovskite/Au 

interfacial hole trapping centers.  

 

Figure 3.17. UPS spectra of perovskite thin film on FTO glass at (a) cut-off region and (b) valence 

band region obtained with hν =21.2 eV. The binding energy is referred to the Fermi level. The work 

function is determined as 4.37 eV from the intercepts. A broad distribution of hole traps is observed 

above the valence band edge. The difference between valence band and Fermi level can be 

determined as 1.32 eV. (c) Absorbance spectrum of perovskite thin film on FTO glass and the 

bandgap obtained from the absorption edge is 1.63 eV. The band diagram of perovskite film is 

schematically illustrated in the inset of Figure 3.17. (d) The cut-off region in the UPS spectrum of 

FTO glass. The work function of FTO is calculated as 4.33 eV, which is considered to form an ohmic 

contact with perovskite layer.  

   Figure 3.18c and d depict the proposed mechanisms of electrical switching of the 

perovskite memory cell. According to the UPS characterization results, the work 

function of perovskite is 4.37 eV and the interfacial hole traps are located close to 

valence bands. At the initial state (HRS), there is a Schottky barrier formed at the 

perovskite/Au interface because of the difference in Fermi level between perovskite 
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(4.37 eV) and Au (5.0 eV). The work function of the FTO glass is extracted as 4.33 eV 

from the UPS, as shown in Figure 3.17d. Thus, we can regard the contact between FTO 

and perovskite as Ohmic contact because of their similar work functions of 4.33 eV 

(FTO) and 4.37 eV (CH3NH3PbI3−xClx), respectively.  

    As a positive voltage connected to Au electrode is increased to 1.5 V, the Schottky 

barrier is decreased. The holes can inject from the Au electrode across the 

perovskite/Au interface, and fill into the interfacial hole trapping centers. With the 

increase of hole concentration at the interface, the Fermi level of perovskite shift 

towards to the valence band, leading to a lowered Schottky barrier. The contact between 

perovskite and Au electrode then becomes a quasi Ohmic contact, corresponding to 

LRS. Hybrid perovskite has been reported previously that can be heavily doped in low 

concentration dopants, which results in the obvious change in Fermi level and Schottky 

barrier.[107-109] Since the hole trap states have broad energy distribution between the 

Fermi level and valence band maximum (Figure 3.17b), the injected holes can be stably 

filled in the deep level defects, and the LRS can be retained even after the removal of 

electrical bias.[110-113] The RESET process happens as a negative voltage bias is applied 

to the Au electrode. Holes are retracted from the trapped states in perovskite to the Au 

electrode. The Schottky barrier becomes higher and recovers to the original state (HRS).  

 For the photo-assisted low voltage switching (Figure 3.18d), under the light 

illumination, a large amount of electron-hole pairs are generated in the perovskite that 

can be separated with a small bias of 0.1 V. The hole trap states can trap photo-generated 

holes, shifting the Fermi level of perovskite towards valence band and leaving a 
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lowered Schottky barrier. In the meantime, more holes from Au electrode can also inject 

into the hole trap states in the perovskite, further lowering the Schottky barrier. A quasi 

Ohmic contact can be formed, corresponding to LRS. Thus, with the light illumination, 

the SET voltage of the device can be controlled as low as 0.1 V, and the energy 

consumption of the memory device can also be reduced in this photo-assisted switching. 

The SET voltage also exhibits the light-intensity dependent characteristics. As the light 

intensity decreases, less amount of photo-induced charge carriers are generated, which 

requires a larger voltage to drive the injection of holes. By combining voltage pulse and 

optical pulse, multiple resistance states can be obtained. With the same voltage pulse 

(0.13 V, 100 μs) and higher light intensity, the number of filled hole traps is increased, 

resulting in decreased Schottky barrier and resistance. The RESET process is similar to 

that of the electrical switching as stated above.  

 
Figure 3.18. Variation of resistances at ON and OFF states of perovskite memory devices with 

different effective areas for (a) electrical switching and (b) photo-assisted switching. (c) electrical 
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switching and (d) photo-assisted switching mechanism including four states: I. initial state 

corresponding to HRS: hole trapping centers locate at the perovskite surface; II. SET process: hole 

trap states are filled, shifting the Fermi level to the valence band; III. remove light electricity: a 

lowered barrier and quasi ohmic contact are resulted corresponding to LRS. IV. electrical reset: 

holes are extracted from the trap states and a transition from LRS to HRS occurs. 

  In addition to the sensing and memory functions, the use of both optical and 

electrical pulses also enables the device to operate with the functions of both data 

storage and non-volatile logic operation. Here we adopt the light pulses and electrical 

pulses as the input signals to realize typically logic operation, including AND (Y=AB) 

and OR (Y=A+B). Figure 3.19a demonstrates a nonvolatile AND logic operation. To 

correctly perform a logic operation, it is critical to select the light intensity and pulse 

voltage. For the input signals, we defined the light pulse (>3.2 mW/cm2, 1 s) as logic 

‘1’, light pulse (<0.3 mW/cm2, 1 s) as logic ‘0’, electrical pulse (0.13 V, 100 μs) as logic 

‘1’ and electrical pulse (0.01 V, 100 μs) as logic ‘0’. For the output, the HRS and LRS 

are defined as logic ‘1’ and logic ‘0’, respectively.  The output currents are read before 

and after the input pulses with a read voltage of 0.05 V. Using an electrical pulse with 

a small voltage of 0.01 V, even combining a light pulse with intensity of >3.2 mW/cm2, 

the memory device cannot be switched to LRS. This can be understood that the voltage 

of 0.01 V is insufficient to separate the photo-generated carriers or drive the charge 

carriers into hole traps. Similarly, the use of a light pulse with low power intensity of 

<0.3 mW/cm2 and an electrical pulse of 0.1 V is not enough to set the device to LRS, 

because of the very small amount of photo-generated charge carriers produced. Only in 

the case that the input electrical pulse (0.1 V, 1 s) and optical pulse (3.2 mW/cm2, 1 s) 

can switch the device to LRS corresponding to logic ‘1’. The output state of LRS can 

be retained over 13 hours.  
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To fulfill an OR logic operation, we also appropriately select the parameters of the 

input pulses. Figure 3.19b show an OR logic operation. Before each operation, the 

device is reset to HRS. In the OR logic operation, we define the light pulse (3.2 mW/cm2, 

1 s) as logic ‘1’, light pulse (0.5 mW/cm2, 1 s) as logic ‘0’, electrical pulse (2 V, 250 μs) 

as logic ‘1’ and electrical pulse (0. 13 V, 100 μs) as logic ‘0’. The output currents are 

read before and after the input pulses with a read voltage of 0.05 V. As an electrical 

pulse of 0.13 V and an optical pulse of 0.5 mW/cm2 are input, the input energy cannot 

drive the SET process, and the output is considered as logic ‘0’. The inputs of an 

electrical pulse of 0.1 V (logic “0”) and a light pulse of 3.2 mW/cm2 (logic “1”), and 

inputs of an electrical pulse of 2 V (logic “1”) and a light pulse of 0.5 mW/cm2 (logic 

“0”) can both switch the device to LRS (logic “1”). The output states can be stably 

retained and stored, which suggests a non-volatile logic operation.   

 We also demonstrate another function of coincidence event detection in our device, 

which can detect the simultaneity the several input signals and plays important roles in 

the neuroscience and neuromorphic computing. [113-115] Figure 3.19c shows the 

operation of the perovskite memory as a 3-pulse coincidence detector. In this system, 

three input signals are defined as optical pulse (A) with a power intensity of 3.2 

mW/cm2, electrical pulse (B) applied to the top electrode (0.05 V) and electrical pulse 

(C) applied to the bottom electrode (-0.05 V). The duration of three pulses are 1 s. The 

output current Y can represent if one of the input signal is out of phase with the rest 

signals. It can be noticed that only in the case the three pulses appear simultaneously, 

there shows the output current of 1.4 mA, corresponding to the LRS of the memory 
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device.  

 

Figure 3.19. Demonstrations of logic operations and coincidence detection of the perovskite based 

memory. (a) A demonstration of AND logical operation. We defined the light pulse (>3.2 mW/cm2, 

1 s) as logic ‘1’, light pulse (<0.3 mW/cm2, 1 s) as logic ‘0’, electrical pulse (0.13 V, 100 μs) as 

logic ‘1’ and electrical pulse (0.01 V, 100 μs) as logic ‘0’. (b) A demonstration of OR logical 

operation. we define the light pulse (3.2 mW/cm2, 1 s) as logic ‘1’, light pulse (0.5 mW/cm2, 1 s) as 

logic ‘0’, electrical pulse (2 V, 250 μs) as logic ‘1’ and electrical pulse (0. 1 V, 100 μs) as logic ‘0’. 

HRS and LRS are defined as logic ‘1’ and logic ‘0’ in both AND and OR logic operations. (c) A 

demonstration of 3-pulse coincidence detection. Three input pulses are optical pulse (3.2 mW/cm2, 

1s), electrical pulse applied to the top electrode (0.05 V, 1s) and electrical pulse applied to the bottom 

electrode (-0.05 V, 1s). The output current Y can represent the coincidence of the three input pulses. 

Only in the case that the three pulses appear coincidently, there shows an output current 

corresponding to the LRS of the memory device.   

3.2.4.  Summary 

   In summary, we design and fabricate CH3NH3PbI3-xClx perovskite based 

optoelectronic memory device. By utilizing the excellent light absorption ability of the 

perovskite layer, the SET voltage of the memory device can be decreased from 1.5 V 

to 0.1 V with the assistance of light illumination. It can reduce the power consumption 

in the device. According to the switching behavior, we proposed a possible trap-

mediated switching mechanism based on the existence of hole trapping centers at the 

CH3NH3PbI3-xClx perovskite surface. The possible switching mechanism may provide 
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more possibilities in the perovskite based memory device design. By combining the 

electrical input and optical input and correctly select the input pulses, the perovskite 

RRAM can execute not only data storage but also optical sensing and logic operation. 
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CHAPTER 4  UV-switchable Transition Metal 

Oxide Optoelectronic Memory 

4.1  Introduction 

   In human visual memory system, human eyes perceive an image through retina, and 

the image information is carried through optic nerve to the visual center of brain, where 

the image is further memorized, processed and interpreted. Visual prostheses, such as, 

artificial retinas, artificial eyes and artificial visual memory systems have been 

developed and demonstrated by using electronic devices for robot eyes or blind 

patients.[1-4]  

   Conventional imaging technologies for artificial retina application, such as, the use 

of image sensor arrays based on photodetectors has their limitations.[1, 2, 5] The image 

sensor arrays can only detect the light information in real time and the output electrical 

signals are further required to be transferred to the brain for memorization and 

processing. Further developments in artificial vision systems have been achieved along 

with the recent design of artificial visual memory systems by integrating sensor and 

memory array, which enables the mimicry of the eye-like image sensing and brain-like 

image memorization, opening up the path for artificial visual system design.[4] However, 

the functions of these vision prostheses are restricted to image memory and the 

processing of sensory data cannot be achieved. Additionally, the design of sensor and 

memory arrays could not cater for the demands of simplicity, miniaturization and 
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energy efficiency.  

   Optically-stimulated synaptic RRAM devices are become promising candidates for 

a cognitive artificial eye design, which enables to sense the detected image and emulate 

the functions of a brain including storing and processing data as well. The employment 

of optoelectronic RRAM synaptic devices can potentially reduce the power 

consumption during the data transfer and improve the processing speed compared with 

conventional vision chips, in which the sensing, memory and data processing systems 

are separated.[6, 7] The electrically operated synaptic RRAM devices for neuromorphic 

computing have been extensively investigated. However, the optically-controlled 

synaptic RRAM devices are rarely been developed. Additionally, as the lens on a human 

eye filters out UV light, human eyes cannot sense UV image like animals and UV light 

can also cause damage to human eyes. Therefore, an artificial eye which enables the 

UV sensing is desirable for the artificial eye design and could improve the imaging 

possibilities of human eyes.  

   Transition metal oxide-based photochromic materials, such as tungsten oxide 

(WO3),[8] molybdenum oxide (MoO3),[9] titanium dioxide (TiO2),[10] zinc oxide 

(ZnO),[11] niobium pentoxide (Nb2O5) [12] and vanadium pentoxide (V2O5), [13] have 

been extensively studied for sunglasses, smart windows, large area displays and image 

storage devices. Generally, the photochromic mechanism is recognized as that the 

intervalent electron transfer between metal ions with different states. More specifically, 

for example in MoO3, as the oxides are irradiated with UV light, electrons and holes 

are generated. The photo-generated holes react with the water molecule trapped in the 
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MoO3 film, resulting in the formation of proton. The resulted proton and photo-

generated electron can further change the valence state of tungsten ions, accompanying 

with the color change. The photo-induced change of valence state of Mo ions can also 

result in the change in film resistances, which is potential for optoelectronic memory 

application.[14]  

   In this work, we adopted photochromic material MoO3 as both light absorption layer 

and storage medium and designed UV switchable optoelectronic memory. The MoO3 

memory exhibits both non-volatile and volatile resistive switching behaviors according 

to different light intensity and light wavelength applied, which allows for the 

implementation of light-stimulated short-term (STP) and long-term plasticity (LTP) in 

a simple and two-terminal optoelectronic memory device. The tunable and light-

stimulated synaptic behavior not only bridges the gap between sensing and 

neuromorphic computing for photonic-enabled neuromorphic networks, but also 

provides possibilities in emulating human visual memory process including sensing in 

retina and processing in human brain. The memory arrays are also fabricated for 

mimicking the short-term and long-term image memorization process in the human 

visual systems, which is potential for the application of cognitive artificial eyes.      

4.2  Experiments 

  The MoO3 optoelectronic memories were fabricated in a configuration of Pd/ 

MoO3/ITO, where a 100-nm-thick Pd (bottom electrode) was firstly deposited on the 

SiO2/Si substrate by e-beam evaporation with a base pressure of 8×10-7 Torr and 
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deposition rate of 0.5 Å/s. Then a MoO3 layer with a thickness of 100 nm was deposited 

by thermal evaporation at an evaporation rate of 1.5 Å/s. The base pressure was 5×10-6 

Torr and evaporation pressure of 9×10-5 Torr. Before the deposition of the top ITO 

electrode, a dot-shaped shadow mask was attached on top of the MoO3 to define the 

effective area of the top electrode. The transparent ITO with a thickness of 50 nm were 

deposited as the top electrode by DC sputtering. The sputter base pressure was 

controlled as 8×10-7 Torr and deposition pressure was controlled as 3 mTorr. The 

deposition power was 50 W, corresponding to a deposition rate of 0.3 Å/s.  

   X-Ray diffraction (XRD) patterns of the perovskite film was determined by a Rigaku 

SmartLab X-ray diffractometer with a 2 theta range from 10 º to 70 º in a step of 0.01 

º. X-ray photoelectron spectroscopy (XPS) were carried out in a vacuum chamber (<10-

5 Torr). A monochromatic Al Ka (1486.6 eV photons) was used as the excitation source 

for XPS. A pass energy of 80 or 40 eV was employed for the wide and core-level narrow 

scan, respectively. The core-level signals were recorded at a photoelectron take-off 

angle of 90°. All binding energies were calibrated referring to the C1s peak at 284.6 eV. 

All of the electrical characterizations were conducted using probe station and Keithley 

4200. 

4.3  Results and Discussions 

4.3.1.  Device structure and switching characteristics 

  Figure 4.1 shows the schematic structure of MoO3 optoelectronic memory. The 

bottom Pd (100 nm thickness) electrode also serves as H+ acceptor/reservoir. A MoO3 
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layer (100 nm thickness) was deposited by thermal evaporation as the light absorption 

layer and data storage medium. The as-deposited MoO3 layer is amorphous according 

to the XRD pattern  Figure 4.2a). The amorphous MoO3 thin film is reported with 

better photochromic properties regarding to the faster response times and longer 

retention time, which is more appropriate for memory applications.[15] The optical band 

gap of as-prepared MoO3 layer is extracted as 3.37 eV from the absorption curve Figure 

4.2b). Thus, we utilized the UV light (365 nm) to illuminate the transparent ITO (top 

electrode) and stimulate the memory cell in this work.        

  

Figure 4.1. Device structure of MoO3 optoelectronic memory. 

 

 Figure 4.2. (a) XRD pattern and (b) Absorption spectrum of as-deposited MoO3 thin film. 

 

  We first examine the DC switching characteristics of the MoO3 optoelectronic 

memory, as shown in Figure 4.3a. The ITO electrode is grounded and the voltage is 

swept on the Pd electrode. The pristine memory cell is at HRS. As UV light with 

wavelength of 365 nm and power density of 150 mW/cm2 is illuminated to the device, 
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the memory cell can be SET from HRS to LRS. A RESET process occurs at a voltage 

of -2.13 V during the negative voltage sweeping. No electrical switching is observed 

even the voltages of ±7 V are applied with no UV light illumination (Figure 4.3b). 

Figure 4.3c and Figure 4.3d show the cycling and retention properties with AC 

switching. The SET process is operated by a UV light (365 nm) pulse with intensity of 

150 mW/cm2 and 600 ms. Electrical pulse with amplitude of -4.5 V and 100 ms is 

employed for the RESET process. The device delivers an ON/OFF ratio of ~40 with a 

read voltage of 0.1V. The resistances (Vread=0.1 V) at HRS and LRS are nearly 

unchanged after 50 cycles (Figure 4.3c) and can be retained up to 12h (Figure 4.3d), 

exhibiting good reliabilities. The cumulative probability plot (Figure 4.3e) shows small 

device-to-device variation. We also investigated area-dependent switching 

characteristics of MoO3 device. Figure 4.3f shows the relationship between HRS/LRS 

current and effective device areas. The device areas are controlled by the dot-shape 

shadow masks with the diameters of 100 μm, 250 μm and 500 μm, respectively. Both 

HRS and LRS currents are dependent on the device area, which is also consistent with 

the proposed valence state change mechanism (discussed in the next part).  
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Figure 4.3 (a) The DC switching characteristics of MoO3 optoelectronic memory. The device can 

be switched on by UV light with wavelength of 365 nm and power density of 150 mW/cm2. (b) I-V 

sweeping with no UV illumination (c) Cyclic test for 50 cycles. (d) Retention test for HRS and LRS. 

The readout voltage used is 0.05 V. The optical pulse (150 mW/cm2, 600 ms) for cyclic and retention 

test is employed for SET process and electrical pulse (-4.5 V 100 ms) is applied for RESET process. 

(e) Cumulative plot of resistances at LRS and HRS of 20 devices at different batches (f) Variations 

of resistances at HRS and LRS with different device areas.  

 

4.3.2.  Switching mechanisms 

   The valence states of Mo6+ can be changed by external triggers, exhibiting color 

change as well as resistance switching. Based on the electrical characteristics of our 

device, we propose a switching mechanism as illustrated in Figure 4.4. The pristine 
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Pd/MoO3/ITO device exhibits high resistance. The water absorbed on the surface of as-

prepared MoO3 film from ambient air plays a significant role in the photochromic 

process and the corresponding resistance change.[16-18] The water molecules absorbed 

on the MoO3 surface, forming the net of hydrogen bonds, which serves as tunnels for 

the hydrogen diffusion from water molecule to oxide surface.[19] As the UV light is 

irradiated through the top ITO electrode, electrons and holes are generated in the MoO3 

film. The photo-generated electrons are excited to conduction band of MoO3. The 

photo-generated holes react with the absorbed water on the surface of the film to form 

protons and then diffuse into MoO3. In the meantime, the oxygen radicals occupy 

vacancy sties inside the sample. The photo-generated electrons and the formed protons 

react with MoO3, resulting in the change in valence state of molybdenum ions from 6 

to 5.[19, 20] The process can be expressed as below: 

     MoO3 + hν → MoO3
* + e- + h+               (1) 

     4h+ + 2H2O → 4H+ + O2                     (2) 

    MoO3 + x e- + x H+ ↔ HxMoO3                    (3) 

Accompanying with the change of valence state of Mo, a resistance transition of from 

HRS to LRS also occurs in the MoO3 layer. The transition of electrical conductivity in 

MoO3 has been reported to be associated with the hydrogen insertion in the oxide.[20, 21] 

However, although applied voltage can also induce the water dissociation with no UV 

light, no electrical switching is observed in Figure 4.3b. This can be attributed to the 

different reactions occurred. The electrically induced water dissociation reactions at 

cathode and anode can be expressed as: 
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                        2H2O - 4e-→ O2+ 4H+           (4) 

                        H2O + e-→ OH-+ H+                   (5) 

Under external electric field, H+ and OH- are drifted towards each other and then 

combined. The valence state change of Mo only occurs near the metal/MoO3 interface. 

The small amount of valence state change of Mo at the interface is insufficient for 

forming percolation network through MoO3 thin film, resulting in negligible resistance 

change. In contrast, the products from UV-induced water dissociation induce H+ in the 

MoO3 film, which can produce uniform distribution of H+ and cause the change of Mo 

valence state. 

   To examine the change of Mo valence state during the optical SET process, XPS 

narrow scans of Mo 3d core level spectra are conducted before and after UV 

illumination, as shown in Figure 4.5 b and c, respectively. The Mo 3d spectrum can be 

resolved into four peaks. At the initial state before the UV illumination, the MoO3 film 

showed Mo 3d3/2 (236.0 eV) and Mo 3d5/2 (232.9 eV) peaks, which fit Mo6+ states well. 

After the UV illumination, Mo 3d peaks were fitted and dissolved into four peaks, Mo6+ 

3d3/2 (236.0 eV), Mo6+ 3d5/2 (232.9 eV), Mo5+ 3d3/2 (234.9 eV) and Mo5+ 3d5/2 

(231.8 eV), which suggests the formation of Mo5+ ions induced by UV illumination.   

A negative voltage is employed for the RESET process. During the electrical RESET 

process, protons is extracted from MoO3, and drifts towards the Pd bottom electrode. 

Pd is a well-accepted metal catalyst for oxygen reduction reaction (ORR). As protons 

are extracted from MoO3 layer, the reverse reaction from HxMoO3 to MoO3 is promoted, 

corresponding to HRS:  
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                              O2 + 2H+ + 2e → H2O2         (6) 

                              O2 + 4H+ + 4e → 2H2O        (7) 

                           HxMoO3 ↔ MoO3 + x e- + x H+   (8) 

The produced H2O2 or H2O in the ORR can be cyclically used for the UV SET process. 

Under the UV illumination, H2O2 is dissociated into H2O and O2. The produced H2O 

can be also used for the water dissociation process under the UV illumination.  

 

Figure 4.4. Switching mechanisms in the MoO3 optoelectronic memory. 

 

Figure 4.5. XPS spectra of MoO3 layer on Pd electrode. (a) Wide scan. (b) Narrow scan of Mo 3d 

core level before UV illumination. (d) Narrow scan of Mo 3d core level after UV illumination. 

 

  To confirm the role of Pd in the RESET process, we compare the switching 

characteristics of ITO/MoO3/Pd, ITO/MoO3/Au, ITO/MoO3/ITO and ITO/MoO3/Mo 

(Figure 4.6). All of the devices can be switched by UV illumination, which can be 

attributed to the insertion of H+ and change in valence state of Mo in the MoO3 film. 

However, the devices with bottom electrodes of Mo and ITO cannot be RESET to HRS, 

in sharp contrast to the Pd/MoO3/ITO cell. These results further suggest the catalytic 
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activity of Pd in ORR, which consumes H+ and promote the reverse reaction from 

HyMoOx to MoOx.   

 

Figure 4.6 Switching characteristics of (a) Pd/MoO3/ITO device, (b) ITO/MoO3/Au device (c) 

ITO/MoO3/ITO device and (d) ITO/MoO3/Mo device.  

  As the valence state change also corresponds to the color change in the MoO3 film, 

we also fabricated lateral devices on the glass substrate to observe the film color change 

under UV illumination and directly relate the electrical conductivity of MoO3 to the 

color change/Mo valence state change. Figure 4.7 (a) shows the schematics of the lateral 

devices with Pd as two electrodes. We firstly deposit patterned Pd electrodes with a 

channel length of 30 µm and a channel width of 70 µm on the glass substrate. MoO3 

film was then deposited on top of the patterned electrodes and glass substrate. Figure 

4.7(b) reveals the gradual color change of the device with UV illumination time, and 

Figure 4.7(c) records the corresponding device resistances at different illumination 

times (0s, 10 s, 20 s, 30 s). It can be clearly observed that the electrical conductivity of 
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the MoO3 device increases gradually with the color changing from transparent to light 

blue under the UV light illumination. Other metal electrodes with different work 

functions, such as Au, Mo, Ti, Al, are also employed. Figure 4.7d demonstrates the 

variation of electrical conductivity with UV illumination time. The increasing rates of 

conductivity are similar for the devices with different metal electrodes, which further 

suggests the conductivity change originating from the MoO3 layer instead of the 

interface between MoO3 and metal electrodes. 

 

Figure 4.7. (a) Schematic of MoO3 lateral device with Pd as electrodes. (b) Color change of the 

MoO3 lateral devices during continuous UV light illumination. (c) Four resistance states 

corresponding to illumination times of 0 s, 10 s, 20 s and 30 s, respectively. (d) Variations of device 

current with illumination time for devices with different metal electrodes. 

4.3.3.  Synaptic functions 

   A network based on optoelectronic RRAMs with synaptic functions is able to 

emulate brain to remember, learn, and process information and is potential for the 

design of cognitive artificial eye, instead of the conventional artificial eye without 

learning and processing capabilities. For a single device, synaptic behaviors, including 
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short-term plasticity (STP), long-term plasticity (LTP) and spike-timing-dependent 

plasticity (STDP), are common functions for emulating the information memory and 

processing in the brain.  

 Therefore, based on the switching mechanism of valence state change, we use MoO3 

devices to demonstrate synaptic functions under different optical illuminations, 

including STP, LTP and the emulation image memory training process (Figure 4.8 and 

Figure 4.9), which simulate the sensing of eyes and memory and processing functions 

of a brain. Figure 4.8(a) shows STP stimulated by a light stimulus with intensities of 

0.22, 0,45, 0.65 and 0.88 mW/cm2 and pulse width of 200 ms. With this stimulus, the 

current reaches to a peak value and then gradually decreases to the original value. The 

current degradation can be attributed to the unstable insertion of H+ and formation 

HxMoO3 with low light intensity.[20] Both higher light intensity and larger pulse 

duration cause higher spike current and longer delay time. As the pulse width of optical 

stimulus is further raised to 2 s, the synaptic strengths are increased significantly 

(Figure 4.8 b). The increasing rate of spike current and relaxation time increases with 

the light intensity as a function of pulse width, owing to the improved reaction rate and 

increased number of protons and Mo5+. In the biological systems, the transition from 

STP to LTP can be achieved by employing repeated pulse stimulation that persistently 

increases synaptic strength. To mimic the transition from STP to LTP, we conducted 

experiments by applying repeated successively 500 identical pulses (Figure 4.8 c). The 

current increases steadily with the stimulation pulse number and exhibits light-sensing 

behaviour. We also examine the retention characteristics after 300 pulses for 300 s 
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(Figure 4.8 d). The transition from STP to LTP can be clearly observed with largely 

increased retention time after 300 pulses stimulation. The increased pulse number can 

induce increased number of photogenerated charge carriers, which can further 

accelerate the water dissociation reaction and transition to Mo5+, and increase the 

probability of Mo valence state change from 6+ to 5+. These results discussed above 

suggest that our device is able to sense different light intensity and wavelength, mimic 

synaptic behaviors and emulate the learning and memory behaviors in human brain.    

 

 

Figure 4.8. Light-tuneable synaptic characteristics. (a) Light-intensity dependent STP with pulse 

width of 200 ms. (b) Light-intensity dependent STP with pulse width of 2 s. (c) Long-term 

potentiation with pulse number increased to 500 (pulse width: 200 ms, pulse interval: 200 ms). (d) 

Transition from STP to LTP after 300 pulse stimulation at different light intensities. The retention 

test is monitored with a small readout voltage of 0.1 V. 

4.3.4.  Emulation of visual image memory training 

  Based on the tunable synaptic functions in single devices, we fabricated MoO3 

memory arrays to mimic the image sensing and trainable memory processes (Figure 

4.9). One memory device corresponds to one image pixel. Figure 4.9 a demonstrates 

image memorizations of two letters by MoO3 memory arrays: (1) the stimuli of letter 



125 

 

“F” are 300 optical pulses with an intensity of 0.88 mW/cm2; and (2) the stimuli of 

letter “L” are 300 optical pulses with an intensity of 0.45 mW/cm2. We recorded the 

images before light stimuli and after the removal of light stimuli for 3 min. Before 

applying the stimuli, the devices are at high resistance states. After the light stimuli, the 

conductance of memory devices increases, and the memory effects of letter “F” and “L” 

are observed. The Letter “F” exhibits stronger memory effect than the Letter “L” owing 

to the stronger light stimuli. The above processes suggest the capability of image 

memory through MoO3 memory arrays. 

    

    
Figure 4.9. Emulation of human visual image memory process. (a) Schematic structure of 8×8 MoO3 

memory array. (b) SEM image of 8×8 MoO3 memory. The scale bar is 200 µm. Illustrations of image 

memory of (c) Letter “F” and (d) Letter “L”. The Letter “F” is stimulated with higher light intensity 

of 0.88 mW/cm2, and the Letter “L” is stimulated with lower light intensity of 0.45 mW/cm2 (pulse 

width: 200 ms, pulse interval: 200 ms). 

4.4  Summary  

  In this work, Pd/MoO3/ITO optoelectronic memories are designed by utilizing the 

valence stage change in Mo ions under UV illumination. This device can be optically 

switched on and electrically switched off and exhibits both non-volatile and volatile 
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switching characteristics. Based on the synaptic functions achieved in single device, 

emulations of human visual memory with different external stimuli are also 

demonstrated by using MoO3 memory arrays. This optoelectronic memory integrates 

sensing, memory and neuromorphic computing into one simple two-terminal device, 

which bridges the gap between sensing and neuromorphic computing and provides 

possibilities in visual chip and prosthesis design.  
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CHAPTER 5   Summary and Outlook 

   In this thesis, we designed three optically controlled multifunctional and smart 

devices: perovskite photovoltachromic supercapacitor (PVCSs), hybrid organic-

inorganic perovskite optoelectronic memory and UV-switchable MoO3 optoelectronic 

memory. These design of multifunctional devices are promising for the smart devices 

and IoT applications.  

   In the PVCS device, we demonstrate a solar light-powered electrochromic 

supercapacitor, in which the electrochromic supercapacitor can be photo-charged 

automatically with exhibiting simultaneous color change from transparent to deep blue. 

More specifically, we demonstrate co-anode and co-cathode PVCSs by vertically 

integrating a perovskite solar cell (PSC) with MoO3/Au/MoO3 transparent electrode 

and electrochromic supercapacitor. The PVCSs provide a seamless integration of 

energy harvesting/storage device, automatic and wide color tunability and enhanced 

photo-stability of PSCs. Compared with conventional PVCC, the counter electrodes of 

our PVCSs provide sufficient balance charge, eliminate the necessity of reverse bias for 

bleaching the device, and realize reasonable in-situ energy storage. The color states of 

PVCSs not only indicate the amount of energy stored and energy consumed in real time, 

but also enhance the photo-stability of photovoltaic component by preventing its long-

time photo-exposure under fully charged state of PVCSs. This work designs a new type 

PVCS for multifunctional smart window applications commonly made of glass. 
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   Except for the self-powered and multifunctional supercapacitor, we also 

demonstrated two multifunctional and optically controlled memory devices. We first 

demonstrate an optoelectronic resistive switching memory integrated with sensing and 

logic operations by adopting organic-inorganic hybrid CH3NH3PbI3-xClx perovskites, 

The CH3NH3PbI3-xClx cell exhibits low operation voltage of 0.1 V with the assistance 

of light illumination, long-term retention property, and multiple resistance states. The 

device shows different SET voltages and resistance states according to different light 

power densities. According to the resistive switching behavior, we proposed a trap-

assisted and interface-based switching mechanism. The unique optoelectronic 

characteristics in the memory cell enable to perform logic operation for inputting one 

electrical pulse and one optical signal, and detect the coincidence of electrical and 

optical signal as well. This design also provides possibilities for smart sensor in IoT 

application. 

   Furthermore, we developed another Pd/MoO3/ITO optoelectronic memory, in 

which both memory and sensing functions can be obtained through UV-light control. 

The MoO3 memory can be optically switched on and electrically switched off, and 

exhibits both non-volatile and volatile switching characteristics. A switching 

mechanism was proposed based on the photochromic properties of MoO3, in which the 

valence state of molybdenum ions can be changed under the UV light illumination. 

Based on the synaptic functions achieved in single device, emulations of human visual 

memory with different external stimuli are also demonstrated by using MoO3 memory 

arrays.  
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  The three optically controlled and multifunctional devices are promising for the 

future smart device design and for IoT application by providing smarter functions, 

lowering the power consumption and the complexity in future device design. The main 

challenge currently of the multifunctional devices is the trade-off between different 

functions as being integrated into one device. The performances of each functions are 

required to be further improved in the future work including broadening the sensing 

wavelength, improving the switching speed and developing more data processing 

capabilities in the optoelectronic memory. Large-scale fabrication of optoelectronic 

memories are also desired for realizing more data processing functions, such as pattern 

recognition and image classification.   

 


