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Abstract 

This thesis focuses on developing efficient indoor perovskite photovoltaic device in 

terms of device architecture, perovskite active layer, and charge transport layers. 

Indoor photovoltaics are receiving tremendous attention due to the continuous 

development of the Internet of Things. This thesis investigates the device performance 

and optoelectronic properties of perovskite thin films and corresponding devices with 

assist of various characterisations.  

The device performances are highly dependent on the architecture of devices due to 

different types of transport layers. How the selection of hole extraction layers (HELs) 

impacts the device performance is studied. For n-i-p device, The Spiro-OMeTAD-

based devices show a consistently higher power conversion efficiency with fewer trap 

states and higher carrier lifetime compared to P3HT. For p-i-n devices, We found that 

the metal oxide HEL (NiO and CuOx) based devices suffer severe light soaking effects 

and the bulk vs interface traps contribution to the detrimental light soaking effects. 

Interface modification of metal oxide transport layers using 2PACz eliminated the light-

soaking effects, passivated the defects, suppressed the leakage current.  

The thesis reports how the fast processing of the triple halide perovskite enables the 

retention of chlorine and the beneficial role of chlorine in enhancing the indoor light 

harvesting of a wide bandgap triple anion (TA) perovskite CH3NH3PbI2.6Br0.2Cl0.2. The 

best-performing TA perovskite indoor-photovoltaic device achieved a steady-state 

power conversion efficiency (PCE) of 25.1% with an output power density of ∼75 μW 

cm−2 under 1000 lux indoor illumination (0.3 mW cm−2). Improved crystalline quality, 

reduced defect density and longer carrier lifetime were achieved.  

Efforts are taken to realise the vision of IoT. This thesis successfully achieved 

photovoltaic sensor powering by direction connection, real-time monitoring, and 

independent power management. The results from the thesis demonstrate novel 

routes to develop efficient and reliable indoor photovoltaics and the potential to 

integrate the device with microelectronic sensors. 
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Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

1.1. Background 

The recent years have witnessed the drastic increase in demand for renewable 

energy. More than 500 gigawatts (GW) of renewables generation capacity is set to be 

added in 20241. With the vision of achieving net-zero carbon dioxide equivalent 

emissions in the foreseen future pledged across the world, developing low-carbon 

electricity becomes a crucial challenge raised to the modern society. Solar 

photovoltaic (PV), or solar cell technology, is receiving rejuvenated attention as the 

most promising form of renewable energy for the harvesting abundancy and low cost1. 

Solar photovoltaic energy conversion is a one-step process generating electric energy 

from light energy2. Silicon solar cells have been developed extensively over the past 

few decades with high power conversion efficiency (PCE) (26.1%), and substantial 

reduction in manufacturing costs (0.06-0.08 USD/kWh)3, in which case silicon solar 
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cells are dominating the current PV market4. Considering the low specific power 

(power to weight ratio) and rigid nature of silicon panels, thin film photovoltaic 

technology including, cadmium telluride (CdTe), gallium arsenide (GaAs) and 

amorphous silicon (α-Si:H) have been developed, which are called second-generation 

photovoltaics5. The second-generation photovoltaics provide a commercial alternative 

to silicon solar cells by providing better energy yield and adaption to domestic spaces 

due to higher optical absorption coefficient6. However, a critical challenge of this family 

of photovoltaics is the limited availability of raw material for terawatt-scale production 

(e.g., Te and Ga), which hinders their further application7. In this case, third generation 

solution-based thin-film solar cells including organic solar cells (OSC), dye-sensitized 

solar cells (DSSC) and perovskite solar cells (PSC) come into sight as emerging 

alternatives in research field and industry. Among them, organic-inorganic lead halide 

perovskite material is considered as the most promising material as a ground breaker 

for PV industry due to various outstanding optoelectronic properties including high 

absorption coefficient, long carrier diffusion length8, defect tolerance9 and tuneable 

bandgap10. These promising properties have triggered extensive research of 

perovskite solar cells and resulted in rapid development. Perovskites are a type of 

semiconductor generally have a crystal structure with the chemical formula ABX3, 

which is consisting of A-site organic or inorganic monovalent cations (e.g. 

methylammonium cation, or cesium (Cs)), B-site divalent metal cation for (Pb2+; Sn2+; 

Ge2+) and X-site halide anion (Cl-; Br-; I-) as shown in Figure 1-1 (a). 

The PCE of PSCs has increased from 3.8% to the latest record of 26.1% within 15 

years (Figure 1-1 (b), extracted from NREL11). Perovskite solar cell was developed by 

Prof Tom Miyasaka by using CH3NH2PbI3 for the first time in 200912. In 2012, 

perovskite solar cells with PCE over 10% was developed by Nam-Gyu Park and Henry 

Sanith13,14. Perovskite solar cells then received readily development in recent years 

by shifting from liquid DSSC structure to solid state thin film architectures14. Extensive 

approaches have been developed in the past 15 years to improve the efficiency and 

stability of PSCs including compositional engineering15, interfacial passivation16, and 

novel transport layer development17. These efforts have made PSCs the most 

promising candidate for the next generation of PV technology for global renewable 

energy market for their low-cost, high efficiency and potential for large scale 

deployment. The highest efficiency of 26.1% is achieved up to 2023 by 
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adding alkylammonium chlorides (RACl) to FAPbI3 to control the crystallinity and 

improve the phase stability by Seok et al 18. PSCs can be fabricated by solution-based 

processes which are cheap and simple; different architectures (n-i-p & p-i-n) and 

functional layer options also provide enough space for PSCs to boost for higher PCE 

and better stability19. Above all, perovskite solar cell is considered as one of the most 

promising candidates for the next generation photovoltaics. 

 

1.2. Development of IPV 

Indoor photovoltaics (IPV) refers to the devices that convert artificial light inside the 

buildings to electricity. The concept of IPV was almost dormant until 2010 though it 

was developed in the 1970s. However, IPV made notable progress in the past 5 years 

due to the emergence of the Internet of Things (IoT)20. The number of publications in 

the IPV field has boosted rapidly since 2010 as shown in Figure 1-1 (c). Internet of 

Things (IoT) is the ecosystem that arranges large networks to collect and 

communicate Big Data to monitor and optimize works in various fields21. Normal IoT 

microelectronic devices include various types of actuators or communication devices 

such as wireless sensors (Figure 1-1 (d)), Bluetooth beacons and electronic tags22. 

Currently, billions of sensor nodes are going to be built and connected to realise the 

vision of IoT ecosystems including smart and secured building and vehicles. It is 

estimated that 30 billion IoT components will be installed by 202523. Furthermore, it is 

noticeable that half of those components to be installed will locate inside buildings. 

Figure 1-1 (c) exhibits general components of a microelectronic IoT devices and 

wireless sensors are one of the most fundamental elements. At present, these wireless 

sensors are powered by batteries and this limits the size and wide applicability of IoT. 

Sustainably powering of these IoT sensors becomes a critical and serious issue since 

traditional batteries or grid-connected electricity are not suitable for large scale 

deployment of IoT components. On the one hand, traditional batteries require frequent 

replacement and maintenance hence the cost will become higher, these additional 

operations could also cause interruption to the system which will limit the application 

of IoT.  On the other hand, the consumption of a large number of batteries will cause 

environmental issues as they have a limited life span24. In this case, alternative energy 
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supply technologies which are low-cost, easy-deployable, environmental-friendly, and 

suitable for indoor application are needed to be applied. Since light energy is abundant 

inside the buildings and can be easily captured and converted by photovoltaic devices, 

IPV becomes a promising candidate and has been emerged in recent years25. In 

addition, the power requirement of IoT components continuously decreased in recent 

years, IoT sensors now only need micro-to milli watt range of power to operate, which 

is another important reason for the emergence of IPV because this range of power 

can be achieved by photovoltaic cells 20.  

 

Figure. 1-1 (a) Presentation of metal halide perovskite structure. (b) PCE progress of 

perovskite solar cells. Figure reproduced from NREL chart. (c) The number of IoT publications 

in recent years. (d) Typical image of IoT microelectronic temperature and humidity sensor. (c) 

General components of microelectronic IoT devices. 

 

1.3. Light illumination difference of Indoor Light and 

Sunlight 

To investigate indoor photovoltaic application, the difference between indoor light and 

sunlight needs to be identified so that photovoltaic cells can be modified to fit for indoor 
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application. Indoor light, also known as dim-light, ambient light or artificial light, is 

dominated by the fluorescent lamp and white light-emitting diodes (LED) located inside 

the buildings. LED is a semiconductor device that emits lights while applying current 

flow. Electrons from current flow recombine with holes and release energy as a form 

of photon. Fluorescent lamp glows as a result of phosphor coating inside the lamp, 

which is caused by the mercury vapor excitation by applying current. The difference 

between indoor light and sunlight can be concluded in two aspects: i) light intensity; ii) 

spectral content iii) spectral range26,27.  

The standard illumination level for sunlight is defined as Air Mass 1.5 (AM 1.5G) which 

represents the solar irradiance received yearly at mid-latitudes from the sun being at 

an angle of 41.8°, corresponding to 100 mW/cm2. While for indoor light, the normal 

light intensity is 0.1-1 mW/cm2. Thus, the light intensity of indoor light is 100-1000 

times lower than sunlight. The dramatic low light intensity for indoor light made defect 

control an important topic for indoor perovskite photovoltaic investigation. Since low 

light intensity generates much fewer hole-electron pairs, a higher ratio of electron/hole 

could be trapped by defects hence photovoltaic performance will be reduced28. As for 

spectral content exhibited in Figure. 1-2 (a), sunlight has a broad active illumination 

range from 250 to 1750 nm while indoor light spectra are much narrower. The 

wavelength range of indoor light illumination is limited in visible wavelength range 

starting from 400 nm and cut off at approximately 780 nm. 

The gap of Illumination spectra indoor light and sunlight requires the semiconductor 

bandgap to be optimized for IPVs. The optimal bandgap to maximize the power 

conversion efficiency (PCE) of indoor PV for a single junction device is 1.9 eV 

according to the theoretical efficiencies from Shockley-Queisser theory (compared to 

1.4 eV for 1 sun illumination) as shown in Figure. 1-2 (b)29. Semiconductors designed 

for solar application has broad absorption spectrum, but the mismatch between broad 

absorption spectrum and narrower indoor illumination spectrum reduces the potential 

to obtain high open-circuit voltage (Voc). Figure. 1-2 (c) shows the indoor fluorescent 

spectrum and external quantum efficiency (EQE) spectrum of MAPbI3, which is the 

most common perovskite composition for perovskite solar cells. It can be seen that the 

indoor light spectrum terminated at 650 nm while EQE of MAPbI3 extends to 800 nm. 

The non-absorbing wavelength range does not contribute to photocurrent. In this case, 
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the optimization of the semiconductor bandgap becomes one of the most critical steps 

to develop indoor photovoltaics30. The amenability to bandgap tuning is one of the 

most important reasons that hybrid perovskites become the strongest candidate for 

indoor photovoltaics. The bandgap tunability and the corresponding band structure 

and compositional modification will be further discussed in Section 1.5.4.  
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Figure. 1-2: (a) Irradiance content of AM 1.5G sunlight, white LED and fluorescent lamp. (b) 

Theoretical calculation of ideal PV device under different light sources. (c) MAPbI3 EQE 

spectrum and indoor fluorescent spectrum. 
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1.4. Theoretical Parameters for Indoor Light Harvesting 

1.4.1.  Electronic Band Theory 

Electronic band structures describe the energy that electros have and provide 

explanation of the electronic properties of a material. The electrons in set into different 

energy levels. There are also energy levels which have higher energy and not filled by 

electrons. When a crystal, or solid is formed, atoms gather to form clusters, the energy 

levels hybridise accordingly and split into several different levels. In other words, 

continuous band of energy levels will form as a result of close spacing of large groups 

energy levels due to gathering of atoms31. 

A typical energy band diagram of a semiconductor is illustrated in Figure 1-3. Fermi 

level (EF), vacuum level (Evac), work function, ionisation potential, bandgap, valence 

band and conduction band are critical parameters for electronic materials. Not only 

these parameters define the electronic structures and charge exchange processes of 

a material, it also reflects the multiplicity of internal and external factors including the 

purity of material, surface crystallography orientation and morphology32.  

Vacuum level Electrons are naturally bound to the solid and are prevented to escape 

from the surface of the material. The energy of a free and stationary electron outside 

the material holds is defined as vacuum level33. The vacuum level is defined under 

perfect vacuum. 

Bandgap In a semiconductor, the lower energy level that the electrons are bound is 

defined as valence band (EV). The energy level where the electrons are excited and 

free to move is defined as conduction band (EC). The energy required to excite an 

electron from the ground state, which is EV, to the excited state, which is EV, is the 

bandgap of a semiconductor. 

Ionisation potential is the minimum energy required to remove an electron from a 

neutral atom, which corresponds the energy gap between vacuum level and valence 

band. 
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Fermi level is the highest energy level that an electron could occupy at the absolute 

zero temperature34. In semiconductors, Fermi level lies between valence band and 

conduction band. Fermi level can be considered as a hypothetical energy level that 

the probability of being occupied by an electron is 50% at this energy level. The Fermi 

level of a semiconductor can be affected by temperature or the number of impurities. 

The Fermi level will shift towards conduction band if the semiconductor is doped with 

excess electrons and become a n-type semiconductor. A p-type semiconductor is 

created if the semiconductor is doped by holes and the Fermi level will shift towards 

valence band. Since Fermi level measures the probability of electron occupancy at 

different energy levels, the closer the Fermi level is to the conduction band, the easier 

the electrons could be excited from valence band to conduction band.  

Work function is the minimum energy required to remove an electron from the surface 

of a solid to vacuum, it is the energy gap between the Fermi level and vacuum level33.  
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Figure. 1-3: Energy band diagram of a semiconductor, where valence band, conduction band, 

vacuum level, fermi level, ionisation potential and work function are defined. 

 

1.4.2.  Theory of Photovoltaic Effect and Solar Cell 

Photovoltaic effect refers to the process which generates electrical energy from light 

energy. In a solar cell, the photovoltaic effect is consisting of 4 basic steps: the 

absorption of light and generation of hole-electron pairs; the separation of opposite 

type of charge carriers and the extraction of charge carriers to external circuits2. 

Specifically, when a photon with higher energy than the bandgap is absorbed by a 

semiconductor, the energy is given to an electron and excite it from conduction band 

(CB) to valence band (VB), leaving a hole in the valence band, thus a hole-electron 

pair is generated. After the photogeneration, the charge carriers need to be separated, 

this is usually done by p-n junction in silicon solar cells, as shown in Figure 1-4 (a). p-

n junction is comprised of a n-type silicon layer (boron doping for excess electrons) 

and a p-type silicon layer (phosphorus doping for excess holes). Since the work 

function of p-type semiconductor is higher than the n-type semiconductor, the 

electrostatic potential is smaller at the n-type semiconductor compared to p-type layer. 

An electric field is generated at the junction. A potential difference which is called built-

in potential (Vbi) is generated, driving the electrons towards n-type side and holes 

towards p-type side. A depletion zone is generated at the interfaces where the two 

layers contact. Within the depletion zone, the current is formed by drifting electrons 

towards n-side and drifting electrons towards p-side. 

For perovskite solar cells, a p-i-n or n-i-p junction is used as shown in Figure 1-4 (b), 

which is a variation of p-n junction. It is comprised of an undoped intrinsic 

semiconductor, which is perovskite layer, spatially sandwiched by a p-type 

semiconductor and a n-type semiconductor, respectively. The same Vbi is achieved to 

generate current for solar cell operation. Specific working principles are described in 

Section 1.5.3. 
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Figure. 1-4: Semiconductor junction of (a) p-n junction, (b) p-i-n junction. 

 

1.4.3. Photovoltaic Parameters and Light Dependence 

To investigate and improve the performance of indoor photovoltaics, the photovoltaic 

parameters which determine PCE need to be identified. The PCE of a solar cell is 

characterised by J-V measurement, where J refers to current density and V stands for 

voltage. A typical J-V curve measured from J-V characteristics is exhibited in Figure. 

1-5.  
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Figure. 1-5: Typical J-V curve of solar cell from J-V characteristic. 

The output power density can be calculated via: 

𝑃 = 𝐽 × 𝑉       (1-1) 

The PCE is determined as a function of incident power, which can be further clarified 

by three key parameters: open-circuit voltage (VOC), short circuit current (JSC) and fill 

factor (FF): 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝐽𝑠𝑐×𝑉𝑜𝑐×𝐹𝐹×100%

𝑃𝑖𝑛
       (1-2) 

The VOC indicates the point where the current flow of the cell is zero, and the output 

voltage of a solar cell is the maximum. The JSC refers to the point where the applied 

voltage is zero, and the output current of a solar cell is the maximum. FF is the 

estimation of the ratio of maximum power of the solar cell to the product of VOC and 

JSC which can be calculated by: 

𝐹𝐹 =
𝑃𝑜𝑢𝑡

𝐽𝑠𝑐×𝑉𝑜𝑐
       (1-3) 
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Photovoltaic devices can be modelled by an equivalent circuit which can be comprised 

of a current source, an ideal diode with its characteristic saturation current I0 and 

ideality factor n, and two parasitic resistances (series resistance Rs and shunt 

resistance Rsh), as shown in Figure 1-6 (a). The current source represents the 

photocurrent generated under illumination. Series resistance Rs takes into account the 

intrinsic resistance of electrodes and layers, and the connection resistance between 

electrodes and interlayers, which should be minimized to reduce voltage loss. Shunt 

resistance Rsh is relevant to the leakage current of the diode, it represents the loss of 

carriers caused by pinholes in the film and recombination happened at the interfaces 

hence Rsh should be maximized to minimise the energy losses35,36. 

In terms of the equivalent circuit, photocurrent is generated under illumination but for 

working conditions, the current through diode and shunt resistance should be included 

which can be expressed by: 

𝐼 = 𝐼𝐿 − 𝐼𝐷 − 𝐼𝑠ℎ       (1-4) 

By substituting ID and Ish, the equation of current can be obtained as below37: 

𝐼 = 𝐼𝐿 − 𝐼0 [exp (
𝑉+𝐼𝑅𝑠

𝑛𝑖𝑑𝑉𝑇
) − 1] −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
      (1-5) 

Where nid is the ideality factor which will be explained further in the next paragraphs, 

and VT is the thermal voltage: 

𝑉𝑇 =
𝑘𝐵𝑇

𝑞
       (1-6) 

In terms of the equation of current I, regarding the circuit is under open circuit condition 

hence current is zero, with assumption that Rsh is far larger than Rs, a relationship 

between light intensity and VOC can be derived by rearranging the equation38: 

𝑉𝑜𝑐 =
𝑛𝑖𝑑𝑘𝐵𝑇

𝑞
𝑙𝑛

𝐼𝐿

𝐼0
=

𝑛𝑖𝑑𝑘𝐵𝑇

𝑞
𝑙𝑛𝐿       (1-7) 

where kB is Boltzmann factor, nid is ideality factor, L stands for light intensity, since the 

change of IL follows the light intensity variation linearly, the ratio 
𝐼𝐿

𝐼0
 can be considered 

as light intensity. 
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The relationship between electrical parameters and light intensity is critical for indoor 

photovoltaic research due to the intensity variation of indoor light and sunlight, the 

parameter can be directly reflected by light intensity-dependent plots and this 

information can be used to compare among the devices39. In terms of the derived VOC 

equation, it can be seen the slope of VOC versus light intensity is determined by ideality 

factor nid which reflects the level of recombination40. In general, an ideality factor of 1 

indicates radiative recombination, but non-radiative recombination caused by traps, 

which is also known as Shockley-Read-Hall (SRH) recombination is pronounced when 

the ideality factor closes to 241,42. Since non-radiative recombination is induced by 

traps, the defect level within photovoltaic devices can be obtained by observing the 

slope of the plot of VOC versus light intensity. 

Regarding the relationship of JSC versus light intensity, the ideal situation is that one 

electron-hole pair will be generated for one incident photon, in which case a 

recombination factor of 1 is defined20,41.  

𝐼∞𝐼𝛼       (1-8) 

In a realistic scenario, due to charge accumulation, the recombination factor α will be 

slightly lower than 1 so that charge transport condition can be obtained by observing 

the slope of the current versus light intensity plot when comparing different devices. 

The fill factor (FF) is influenced by the light intensity in an indirect way whereas is 

closely dependent on shunt and series resistance20,43. Under low intensity indoor light, 

since the reduction of JSC is more significant than VOC, shunt resistance has a more 

significant impact on FF44.  

𝐹𝐹𝑠+𝑠ℎ = 𝐹𝐹𝑠 [1 − (
𝑣𝑜𝑐+0.7

𝑣𝑜𝑐
)

𝐹𝐹𝑠

𝑟𝑠ℎ
]       (1-9) 

𝐹𝐹𝑠 = 𝐹𝐹0[1 − 𝑟𝑠]       (1-10) 

where FFs+sh is the FF including the effect of series and shunt resistance, FFs is the 

FF that only considering the influence of series resistance and FF0 stands for the ideal 

FF. 
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voc is normalized open circuit voltage, rs and rsh are normalized shunt and series 

resistance, respectively, 

𝑣𝑜𝑐 =
𝑉𝑜𝑐

𝑉𝑇
       (1-11) 

𝑟𝑠 =
𝑅𝑠

𝑅𝐶𝐻
       (1-12) 

𝑟𝑠ℎ =
𝑅𝑠ℎ

𝑅𝐶𝐻
       (1-13) 

and RCH is the characteristic resistance given by (where A is the area of the cell) 

𝑅𝐶𝐻 =
𝑉𝑜𝑐

(𝐽𝑠𝑐×𝐴)
       (1-14) 

In conclusion, the above light-dependent parameters need to pay particular attention 

to understand the mechanism of indoor perovskite photovoltaics. Since all the 

parameters contribute to PCE, how PCE could be dependent on light intensity and 

spectrum also needs to be investigated. In addition, the bandgap tunability of 

perovskite materials makes it more important to predict the behaviour of perovskite 

photovoltaics both under indoor illumination and sunlight in a theoretical approach. In 

this case, Shockley-Queisser efficiency limit will be discussed in the next section. 

 

1.4.4. Efficiency Limit for Indoor Photovoltaics 

Shockley-Queisser (SQ) limit is the maximum theoretical efficiency limit of a single-

junction photovoltaic which is dependent on the bandgap of the semiconductor45. SQ 

limit is calculated by assuming that every incident photon with higher energy than the 

bandgap will be absorbed and converted to an electron-hole pair while photons with 

lower energy than the bandgap will not be absorbed. SQ limit is computed by 

considering the illumination spectrum and losses from different aspects, which can be 

given by46,47: 

𝜂𝑆𝑄 = 𝜂𝑢 × 𝜂𝑑 × 𝜂𝐹𝐹       (1-15) 
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where ηu is ultimate efficiency, ηd is the detailed-balance efficiency and ηFF is fill factor 

loss. These are three sources of efficiency loss, the ultimate efficiency loss is from the 

subgap absorption loss and the thermalization loss that high energy electron-hole 

pairs relaxing to band edges; detailed-balance loss due to radiative recombination that 

happened within solar cell black body. And fill factor loss originates from the parasitic 

resistance of the current-voltage characterisation48,49. An illustration of losses for 

sunlight condition is given by Figure 1-6 (b). 

A maximum efficiency curve for both sunlight and indoor illumination (LED and 

fluorescent lamp) is shown in Figure 1-6 (c)46. It can be seen that for sunlight, the 

maximum efficiency reached higher than 30% for an optimal bandgap between 1 and 

1.5 eV. For higher bandgap, a larger amount of photons with low energy are not able 

to be absorbed. On the other hand, for smaller bandgaps, more photons can be 

absorbed but for those photons with higher energy, the thermalization loss down to 

the band edge becomes much more significant. 

As for the SQ limit efficiency for indoor conditions, the maximum efficiency value 

reaches ~57% at the bandgap of 1.82~1.96 eV. Since the indoor light illumination 

spectrum is much narrower compared to the sunlight spectrum, overall photon energy 

is higher so that the optical bandgap is increased correspondingly. The non-absorption 

losses and thermalization loss originating from the photogenerated carrier relaxation 

are reduced due to the larger bandgap. These factors increase the theoretical PCE 

limit for IPVs than sunlight conditions50. 
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Figure 1-6: (a) Equivalent circuit of perovskite solar cells35; (b) illustration of theoretical losses 

of SQ limit model; (c) Theoretical maximum PCE for AM 1.5G solar illumination and indoor 

light as a function of bandgap46. 

 

1.5. Basic Principles of Metal Halide Perovskite 

Photovoltaics 

1.5.1. Introduction of metal halide perovskite material 

As has been previously discussed in Section 1.1, organic-inorganic lead halide 

perovskite materials have attracted tremendous attention in the photovoltaic field due 

to various outstanding optoelectronic properties including high absorption coefficient 

(105 cm−1)51, long carrier diffusion length (>1000 nm)8, defect tolerance9 and tunable 

bandgap10. Perovskites generally have a crystal structure with the chemical formula 

ABX3 (Figure 1-7). In this general formula, A stands for monovalent organic, e.g. 
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methylammonium cation, or inorganic cations, cesium (Cs), etc. B represents divalent 

metal cation (Pb2+; Sn2+; Ge2+) and X represents halide anion (Cl-; Br-; I-).  

In a perovskite lattice structure, B cation locates in the centre of lattice cubic, 

surrounded by octahedral anions X, A cation maintains 12-fold cuboctahedral 

coordination and sit in the corners of lattice10. In this case, the size of A cation is crucial 

for perovskite lattice formation as it must be able to fit into the interspace constructed 

by the four surrounding octahedrons10. Concerning the formation of perovskite lattice, 

the formability of perovskite lattice could be predicted statistically by Goldschmidt’s 

tolerance factor, 𝑡 = (𝑟𝐴 + 𝑟𝑋)/[√2(𝑟𝑀 + 𝑟𝑋)], 𝑟𝐴, 𝑟𝑀 and 𝑟𝑋 in the equation are ionic radius 

of A,B and X respectively, the most favourable tolerance factor for perovskite structure 

formation ranges from 0.8 to 0.930. 

 

Figure 1-7: ABX3 crystal structure of perovskite materials. Green molecule is A- organic or 

inorganic cation, B- is metal cation represented by grey molecules inside octahedron and C- 

(purple) is halide anion. 

 

1.5.2. Device Architecture of Perovskite Photovoltaics 

The development of perovskite solar cell is benefited from the success of DSSCs51. 

Perovskite photovoltaic devices can be fabricated by two approaches: (i) by sensitizing 

perovskite to mesoporous metal oxide layer, (ii) planar thin-film architecture (including 

n-i-p and p-i-n)52. For mesoporous perovskite photovoltaics, the device is comprised 
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of a transparent conductive oxide (FTO or ITO), a compact titania hole blocking layer, 

a mesoporous TiO2 as electron transport layer (ETL), perovskite active layer, a hole 

transport layer (HTL, i.e. Spiro-OMeTAD), and a metal electrode. 

For thin-film planar perovskite photovoltaics, the perovskite active layer is sandwiched 

by HTL and ETL, respectively as shown in Figure 1-8. The position of ETL and HTL 

is dependent on whether the device architecture is n-i-p or p-i-n. For n-i-p devices, a 

n-type ETL layer is deposited on the top of the transparent conductive oxide layer. 

Over the perovskite active layer, a p-type HTL contact is positioned. For p-i-n devices, 

the position of HTL and ETL is opposite53.  The selection of transport layer material is 

an important topic for both PV research and industry since it can determine the power 

conversion efficiency, fabrication cost and performance stability. These charge 

transport layers should possess high transparency in the wavelength region used for 

the illumination source, good energetic alignment with the respective band edges of 

the perovskite active layer for charge selectivity and excellent charge transport 

properties. For HTL, its highest occupied molecular orbital (HOMO) should be higher 

to the VB of perovskite layer. For ETL, its lowest unoccupied molecular orbital (LUMO) 

should be lower to the CB of perovskite layer to achieve efficient charge transport as 

shown in Figure. 1-8 (a) and (b). In n-i-p devices, the most commonly used HTL 

material in the halide perovskite solar cells is 2,2ʹ,7,7ʹ-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9ʹ-spirobifluorene (spiro-OMeTAD)51. Extraordinary 

performance over 25% is achieved by devices employing spiro-OMeTAD as HTL. 

Other promising HTL materials are PTAA [poly[bis(4-phenyl)(2,4,6-trimethyl-

phenyl)amine], poly-TPD [poly(4-butylphenyldiphenylamine)] and poly(3-

hexylthiophene) (P3HT)54. Among these, P3HT is particularly important because of its 

excellent optoelectronic properties, low cost, scalability and further, P3HT does not 

require any additional doping for efficient hole extraction55. Both PTAA and poly-TPD 

are less industry friendly due to their high cost and relatively low performance 

compared to Spiro-OMeTAD56. 

In the p-i-n perovskite solar cell devices, [6,6]-Phenyl-C61-butyric acid methyl ester 

(PCBM) is the most commonly used electron extraction layer for its superior energy 

level matching and reduced J-V hysteresis51. For extracting holes, poly (3,4-

ethylenedioxythiophene)/poly (styrene sulfonic acid) (PEDOT-PSS) used to be the 
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most commonly employed transport layer. However, PEDOT-PSS has the issue of 

relatively lower efficiency due to interfacial defects and faster degradation57. Inorganic 

transport layers include Nickel oxide (NiOx) and copper oxides (CuOx) have also 

become another promising candidate for more efficient, stable and cost-effective p-i-

n perovskite solar cells58,59. 

 

 

Figure 1-8: Energy diagram of typical perovskite solar cel of (a) n-i-p and (b) p-i-n junction. 

Three different device architecture of perovskite photovoltec cells; (b) mesoporous n-i-p (c) 

planar n-i-p and (d) p-i-n structure. 

 

1.5.3. Working Principle of Perovskite Photovoltaics 

Based on the photovoltaic parameters and device architecture discussion, the working 

principle of perovskite photovoltaics needs to be discussed to understand the 

correlation between theoretical parameters and realistic photovoltaic working process.  
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Since the working principle of n-i-p and p-i-n device are the same, the difference 

between the two is the travelling direction of charge carriers (Figure 1-8 (a) and (b)), 

so that p-i-n device will be discussed in this case as an example. The model below 

(Figure 1-9 (a)) is a typical band diagram of p-i-n perovskite photovoltaic cell60. 

The operation of perovskite photovoltaic cells includes four steps: light absorption, 

charge generation/separation, charge transport and collection to the electrodes. Light 

illumination could generate hole-electron pairs, electrons are excited to the conduction 

band and holes remain at valence band, hence produce quasi-Fermi level splitting, 

EFn and EFp, respectively. The gap between the two levels is the maximum available 

energy, which is known as open circuit voltage VOC. The second step is charge 

separation to push the energy of quasi-Fermi level to operation60,61. 

Semiconductor needs to be contacted with charge selectivity contacts HTL and ETL, 

respectively. Under short-circuit conditions, fermi level is aligned so an equilibrium 

Fermi level EF0 is obtained. Since HTL and ETL have high and low work functions, 

respectively, a built-in potential Vbi is created by Fermi level equilibration, the bands of 

semiconductor are inclined with an electrical field, which electrons and holes will be 

pushed to travel through ETL and HTL60. For the working conditions between Jsc and 

VOC points, excited electrons which diffuse to the ETL side without being consumed 

by the spontaneous recombination will jump to the ETL energy level from the 

conduction band due to potential difference, they will then be extracted from the anode 

and flow through an external circuit and reach the counter electrode. The same 

process takes place with holes at the HTL side and cathode, the holes with positive 

charges will jump from perovskite to the hole transport layer and reach the cathode 

(Figure 1-9 (b)). In this case, the HTL and ETL materials should be appropriately 

selected to achieve good quasi-fermi level splitting for better voltage and sufficient 

driving force Vbi for efficient charge transport62. 

  

1.5.4. Band Structure of Perovskite Material 

In previous sections, it is discussed that both electronic parameters and charge 

collection are determined by the band structure of perovskite and charge transport 

layers, hence the band structure of perovskite materials needs to be investigated to 
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obtain better photovoltaic cells. Perovskite materials have a direct bandgap with a 

sharp band edge, which indicates the absorption coefficient drops sharply when close 

to the wavelength corresponding to the bandgap energy63. For low-quality materials, 

tail states often occur at the band edge due to the existence of defects and the band 

edge is gently sloping, which induced more recombination. Perovskites have a sharp 

band edge decay with low tail states, which suggests well ordered microstructure and 

enables high open-circuit voltages. 

Bandgap tunability plays an important role in the development of perovskite 

photovoltaics, the bandgap of perovskite materials can be widened or reduced by 

substituting B- or X- site to obtain a broader or narrower absorption spectrum10. A- site 

is electronically inactive and does not have a direct effect on band structure, but the 

different size of A-site cations contributes to crystal BX6 octahedral tilting which affects 

structural stability64. On the other hand, both conduction band and valence band are 

determined by s-p anti-bonding sigma orbital contributed by B cation and X anion as 

shown in Figure 1-9 (c). The valence band is constituted by a hybrid mixture of B- site 

metal orbitals ns2 and X- site halide orbitals np6, where the major contribution is from 

halide orbitals np6. The conduction band is comprised of np orbital of B cation and np6 

orbital of halide site20, it is mostly contributed by Pb p state due to the dual nature of 

perovskite electronic structure, which exhibits both ionic and covalent 

characteristics64,65.  

In recent years, the bandgap tunability property has been extensively investigated by 

compositional engineering methods for particular applications including indoor 

photovoltaic application and perovskite tandem solar cells66,67. Since conduction band 

is mostly determined by p state of metal cation, Sn, with 5p orbital has been used to 

replace Pb, which has 6p orbital, partially to reduce the bandgap for bottom sub-cell 

in a tandem solar cell68. Since 5p orbital has lower energy compared to 6p the 

conduction band is lowered and hence perovskite bandgap is reduced. The highest 

performance single-junction Sn-Pb perovskite has achieved a bandgap of 1.25 eV with 

the composition FA0.6MA0.4Sn0.6Pb0.4I3, the PCE of it has reached 17.8% and the 

corresponding 2-terminal tandem cell has reached PCE >30%69. 

The valence band shift is used more commonly for indoor photovoltaic research. We 

have discussed in Section 1.3 that indoor light sources have much narrower 
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illumination spectra compared to sunlight. For perovskite materials which normally 

have a bandgap of 1.5-1.6 eV, the absorption wavelength range is too wide and does 

not match with the narrow indoor illumination spectrum. The mismatch does not 

contribute to photocurrent and resulted in VOC loss due to narrow bandgap. In this 

case, it becomes an important topic to widen the bandgap to eliminate the negative 

effects. For standard perovskite methylammonium lead iodide (MAPbI3), it has I (5p6) 

at its halide site and the bandgap is 1.56 eV, when I is substituted by Br (4p6) and Cl 

(3p6), the valence band is lowered significantly by 0.86 eV and conduction band is also 

increased slightly by 0.26 eV70. The band diagram shift is exhibited in Figure 1-9 (c). 

Halide substitution plays an important role in indoor photovoltaic development, but to 

obtain a reliable composition that gives ideal PCE or stability, the composition should 

not be tuned casually, as there are various strains, i.e. maintaining homogeneous 

morphology, avoiding phase segregation, or defects controlling, need to be 

considered. In this case, some advanced methods of compositional tuning and an 

overall vision of perovskite indoor photovoltaic development will be presented in 

Section 1.6. 
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Figure 1-9: (a) Band diagram of p-i-n photovoltaics under short-circuit condition and open-

circuit voltage conditions60; (b) illustration of charge transport of a p-i-n cell; (c) band structure 

of perovskite20. 

 

1.5.5. Recombination and Defects of Perovskite Indoor 

Photovoltaics 

When a perovskite solar cell is exposed to light, photons with higher energy than the 

band gap will be absorbed and generate hole-electron pairs. Some electrons will be 

excited to higher energy level positions than the band edge of conduction band, and 

immediately relaxed down to the band edge in most typical metal halide perovskites 

due to low exciton binding energy71,72. Charge carrier lifetime refers to the period that 

how long the electrons and holes can maintain at conduction band and valence band 

before recombination, which plays determined role in solar cell performance73. The 
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recombination of charge carriers in a semiconductor can be summrised by the 

following equation74: 

−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 × 𝑘2𝑛

2 × 𝑘3𝑛
3       (1-16) 

where n refers to charge carrier density, k1 represents the first-order non-radiative 

trap-assisted recombination as shown in Figure 1-10 (a), this includes trap-assisted 

Shockley-Read-Hall (SRH) recombination at the bulk and interface recombination. 

SRH recombination is mainly attributed to uncoordinated ionic defects of perovskite-

induced deep level trap states. Interface recombination happens at interfaces between 

perovskite and charge transport layers due to the energy gap between each layer as 

shown in Figure 1-10 (b)75. k2 is the second-order band-to-band radiative 

recombination constant as shown in Figure 1-10 (c); k3 is the Auger recombination 

rate constant, Auger recombination refers to the excess energy from electron-hole 

recombination is delivered to other electrons and holes to excite them to higher energy 

states as illustrated in Figure 1-10 (d)76,77. For MAPbI3, the commonly studied metal 

halide perovskite, the recombination within the thin film is dominated by k1 when the 

photoexciton densities is below 1015 cm-3, k2 dominates recombination in the range of 

~1015 – 1017 cm-3 and k2 dominates when photoexciton densities larger than 1017 cm-

378. The steady state carrier population for a perovskite solar cell under operation 

under AM 1.5G irradiance is in the range of ~1015 – 1016 cm-3, hence the majority of 

recombination types are trap-assisted recombination and band-band radiative 

recombination, which should be carefully coordinated to improve the performance of 

solar cells79. The trap-assisted recombination should be miminised by reducing the 

defects within devices to achieve better performances*. For solution-processed 

perovskite thin films, the trap density is reported ranging from 1014 – 1017 cm-3, which 

is comparable to the excited charge carrier density (1015 – 1016 cm-3 under AM 

1.5G)80,81. However, perovskite solar cells can still provide exceptional high PCE up 

to 26.1% under ultra-thin device architecture with long charge carrier lifetime above 

100 ns82. This could be attributed to the defect tolerance nature of perovskite materials 

that most intrinsic defects exist either beyond the bandgap or close the conduction or 

valence band edges83–85. These shallow traps could be filled by solar fluences and be 

less detrimental to solar cell performance. However, for indoor photovoltaic operating 

at dim-light of which the light intensity is almost 3 orders lower compared to AM 1.5G 
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1 sun light, the defects may not be fully passivated by the light fluences hence a higher 

ratio of charge carriers could be trapped. The charge carrier density for perovskite 

indoor photovoltaics have not been systematically reported but should be 1 or 2 orders 

of magnitude lower than under 1 sun-based irradiance86. In this case, reducing defects 

in device fabrication is particularly crucial to improve the indoor photovoltaic 

performance. Efforts have been taken to reduce the defects at perovskite bulk or at 

grain boundaries by improving crystallisation and morphology of thin films87,88. More 

recently, the importance of interfaces in PSCs is gradually revealed and emerging 

interlayer passivation methods have been developed have been made to reduce the 

non-radiative recombination at interfaces of perovskite solar cell devices89,90. It is 

found that the recombination loss for a PSC device is dominated by the non-radiative 

recombination at interfaces between perovskite and charge transport layers, which 

emphasise that developing efficient interfacial strategies is more crucial for PSC 

development91. A detailed discussion of defect passivation methods for bulk and 

interfaces for state-of-art indoor perovskite photovoltaics is done in the following 

section 1.6. 

 

Figure 1-10: Different types of recombination processes within solar cells (a) Trap-assisted 

recombination; (b) interface recombination; (c) band-to-band radiative recombination; (d) 

Auger recombination. 
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1.6. State-of-art of Perovskite Indoor Photovoltaics 

Recent years have witnessed rapid progress in indoor PV, as discussed in Section 

1.1, different types of PV materials including Si, III–V, CIGS, organic, dye-sensitized, 

and halide perovskite have been considered as promising candidates for indoor PV 

research and market92–96. The crystalline and microcrystalline silicon PVs, exhibit only 

low power conversion efficiency (PCE) (∼9%) due to their non-ideal bandgap and 

defects26,97,98. However, a PCE of 36% has been recently reported for hydrogenated 

amorphous silicon (a-Si:H) thin film solar cells under white LED illumination of 3000 

lux92. III–V materials based solar cells have achieved a higher PCE of 21% under 

indoor white LED light, with Al0.2Ga0.8As as the active layer95. However, the high 

fabrication cost of III–V materials hinders their further application for the PV industry, 

especially for wide-area devices26,99. Superior efficiencies have been achieved by the 

solution-based PVs: dye-sensitized solar cells (DSSC)), organic photovoltaics (OPV) 

and halide perovskites100–104. Recently Lee et al have demonstrated a PCE of 30% 

under 500 lux LED illumination for the OPVs100. DSSCs with 25% PCE under 900 lux 

fluorescence lamp illumination were also recently reported104. However, the limited 

selection of dye and liquid electrolytes are the remaining problems to improve the 

stability and reduce the fabrication cost for DSSC105. The sensitivity to moisture, and 

oxygen and the high cost of photoactive materials for OPV also challenge their 

application for indoor PVs106. 

For indoor perovskite photovoltaics, most of the initial publication of perovskite IPV is 

based on the standard CH3NH2PbI3 composition. By trap controlling and carrier 

dynamic optimization approach such as employing interface engineering, we have 

seen an increasing trend of indoor perovskite photovoltaics PCE based on 

CH3NH2PbI3 from 20% to 34%107–109. 

However, CH3NH2PbI3 has a bandgap of only 1.56 eV. Based on our discussion in 

Section 1.3, it is significantly lower than the optimal bandgap (~1.9 eV) for indoor 

photovoltaic application. In this case, mixing halide ions in perovskites became a 

common and popular approach for compositional engineering to widen the band and 

it has been proved that good photovoltaic performance can be obtained by this 

method. Jagadamma et al. have achieved PCE of 23% by iodide-chloride and iodide-
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bromide mixture under LED and compact fluorescent lamp110. Sun et al. has used 

composition Cs0.05MA0.95PbBrXI3-X and achieved a bandgap shift from 1.6 to 1.75 eV. 

The solar cell efficiency has reached 36% for LED and 33.2% for CFL lamps. Film 

quality and band alignment are both improved with this halide composition tuning111. 

However, even though much progress has been made in iodide-bromide mixing, Hoke 

et al. reported that a larger amount of Br incorporation (larger than 20%) will result in 

phase segregation112, which means charge carriers will be separated into I-rich and 

Br-rich domain, respectively. In this case, the excited electrons will relax down to the 

bandgap of I-rich domain and make the bandgap shift noneffective anymore, hence 

VOC is limited. Although phase segregation is only mentioned in high light intensity 

conditions (~10% of solar illumination) up to now, it is still important to avoid this 

negative phenomenon under indoor conditions. In this case, Xu et al. has reported a 

triple-anion alloying method in which incorporating Cl into I-Br mixed halide perovskite 

could suppress phase segregation effectively by modifying morphology and surface 

passivation113. It is observed that moving from double-anion to triple-anion perovskite 

enhanced charge carrier lifetime as a factor of 2 and suppressed light-induced phase 

segregation up to 100 suns, the bandgap of this triple-anion perovskite reached 1.67 

eV, which makes triple-anion a promising method for indoor photovoltaic research. 

Cheng et al. have reported that triple-anion MAPbI2-xBrClx perovskite indoor 

photovoltaic cell has achieved a high VOC of 1.028 V and highest PCE of 36.2% under 

1000 lux fluorescent light30. Nochang Park and co-workers have found that chlorine 

doping in triple anion perovskite facilitates hole extraction on its top surface and 

contributes to suppression of ion migration and non-radiative recombination, which is 

crucial for indoor photovoltaic applications114. 

Defect controlling to minimise non-radiative recombination is important, since low 

indoor light intensity generates a smaller amount of charge carriers, trap-induced 

recombination will be more prominent since a higher ratio of charger carriers could be 

trapped by defects30. Trap controlling for better performed perovskite solar cells is 

already an extensively studied area, which leads to the emergence of interfacial 

passivation. Interfacial passivation refers to the approaches that introducing an 

interlayer at the top surface or buried interface between perovskite and transport 

layers. One common method is to introduce a two-dimensional perovskite thin layer 
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(e.g., PEA2PbI4) at the top surface of perovskite to create a 2D/3D structure to 

passivate interfacial defects and suppressing non-radiative recombination115. Zheng 

Xu and co-workers introduced organic halide PEACl to the perovskite/Spiro-OMeTAD 

interface, it is found PEA+ provided improved stability as organic intercalation and Cl- 

ions diffuse to passivate defects which results in exceptional high VOC of 1.15 V and 

PCE of 21.49%116. Another efficient interfacial passivation method is to introduce an 

ultra-thin self-assembled monolayer (SAM) at interfaces or serves as novel hole 

selective layers directly. Li et al introduced [6,6]-4-fluorophenyl-C61-butyric acid 

(FPAC60) at the buried interface between SnO2 and perovskite, it is found that FPAC60 

could not only passivate defects but act as nucleation site to regulate the crystallisation 

of perovskite117. Albrecht et al. have introduced (3,6-dimethoxy-9H-carbazol-9-

yl)ethyl]phosphonic acid) (MeO-2PACz) as HTL in p-i-n devices, the MeO-2PACz 

provides suitable band alignment, and suppression of non-radiative recombination and 

leakage current, which is now the most extensively used SAM material118. 

Besides the interfacial defects, defects in bulk material also plays crucial role 

determining device performance, e.g., methylammonium vacancies, these could be 

overcome by additive engineering to the perovskite precursor. Wu et al. introduced 2-

hydroxypropyl β-cyclodextrin (HPβCD) and 1,2,3,4-butane tetracarboxylic acid 

(BTCA) directly into perovskite precursor to form built-in supramolecular complex, the 

high density of hydroxyl and carboxyl group can readily bond to Pb2+ and coordinate 

crystallisation, which results in less defect density and higher carrier mobility, with 

additional effect to prevent lead leakage119. Li et al introduced bis-adduct2,5-

(dimethylester)C60fulleropyrrolidine (bis‑DMEC60), which could diffuse into grain 

boundaries and passivate defects, resulting in exceptional 22.58% PCE117. He et al. 

introduced rubidium (Rb) to fill the A-site vacancy caused by methylammonium 

vacancies, which alleviates shrinkage strain of perovskite crystal, resulting 

homogeneous perovskite film with excellent PCE of 21.72% and VOC of 1.22 V for 

wide-bandgap PSC (1.68 eV)120. 

The abovementioned defect passivation methods provide a roadmap for indoor 

photovoltaics to address the detrimental effects of higher charge carrier trapping under 

dim light. It is seen that these approaches implemented to indoor photovoltaic 

application successfully. Dagar et al. introduced a MgO interlayer at buried interface 
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between SnO2 and perovskite surface in n-i-p device architecture, the modification 

resulted in more uniform films, reduced interfacial recombination contributed to high 

stability and achieved high PCE of 26.9%109. Li et al. introduced 1-butyl-3-

methyllimidazolium tetrafluoroborate ([BMIM]BF4) ionic liquid into PC61BM/Ag 

interface to passivate interface defects and resulted in exceptional high PCE of 35.2% 

under indoor condition121. Actions have also been taken from perspective of transport 

layers. Wong et al. have added Dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:3′,2′-b′]dipyrrole 

(DTPT)-based acceptor-donor-acceptor (A–D–A) molecules as electron-donating core 

into PCBM to create a PCBM:DTPTCY blend, passivating interfacial defects and 

facilitating hole extraction122. In addition, 2D/3D perovskite structure at interfaces have 

also been investigated. Particularly, the wide-bandgap nature of 2D perovskites could 

blue-shift the absorption spectrum of perovskite layer, which benefits the light 

harvesting of indoor light. Brown et al. introduced tetrabutylammonium bromide 

(TBAB) between the perovskite and Spiro-OMeTAD to passivate defects, the 

absorption edge is shifted from 775 nm to 760 nm. The TBA+ cation intercalates into 

the structure and substituting FA+ cation to form 2D structure, resulting improved 

carrier mobility and 3 times lower defect densities, leading to 32.5% PCE on flexible 

substrates under 1000 lux cool white LED light123. Liu et al. have introduced β-

alaninamide hydrochloride (AHC) to spontaneously form a layer of 2D perovskite 

nucleation seeds for improved film uniformity, crystallization quality, resulting in 

excellent PCE of 42.12% under 1000 lux warm LED light124.   

The abovementioned work is focused on interface engineering and can significantly 

reduce trap density at interfaces, but defects that lie deep in the bulk material also 

need to pay attention. Wang et al. replaced DMF with N-methyl-2-pyrrolidone (NMP) 

in perovskite precursor, significantly passivated intrinsic defects in bulk film with the 

assistance of coordinate between NMP and excess PbI2 and ion vacancies125. He et 

al. has very recently reported that a holistic method to reduce the defect level at 

interface and bulk material simultaneously. By employing guanidinium into perovskite 

bulk film and 2-(4-methoxyphenyl)ethylamine hydrobromide (CH3O-PEABr) for 

surface passivation, the traps states at the interface and bulk film are effectively 

reduced, this approach resulted in a high VOC of 1.00 eV and the excellent PCE of 

40.1%126. The record efficiency of indoor perovskite photovoltaics is also achieved by 

additive engineering for bulk defect passivation, Mai et al. introduced oleylammonium 
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iodide solution in trichloromethane as dual additives into the perovskite precursors to 

improve the affinity and interaction with contact substrates for the growth of perovskite 

crystals. A record indoor PCE of 44.72% is achieved under 1000 lux U30 light (338.2 

µW cm-2)127. 

1.7. Scope of the Thesis 

The thesis focuses on fabricating efficient and reliable indoor perovskite photovoltaic 

devices and understanding the corresponding perovskite thin film properties and 

device physics. This includes understanding the properties of device architectures 

under low intensity indoor light, perovskite bandgap optimisation, charge transport 

behaviour and interlayer modification, and sensor powering for IoT applications. To 

complete this comprehensive study, a wide range of processing and characteristic 

techniques are used, including perovskite thin film and transport layer synthesis and 

deposition, thin film characterisations to understand the morphology, crystallography 

and crystallisation (e.g. SEM, XRD and PL) kinetics and device characteristics to 

understand the charge carrier dynamics. This thesis extends from perovskite thin films 

to completed cells and by linking the properties of thin films or devices to the measured 

photovoltaic performances, this study could provide a comprehensive understanding 

to develop high-quality indoor perovskite photovoltaic devices that could assist to 

developing promising self-powered microelectronic devices to achieve the vision of 

IoT. 

Device Architecture It is discussed in Section 1.5.2 that both n-i-p and p-i-n are 

critical device architectures for perovskite solar cells. Since different transport layers 

are used for different architectures, the energy alignment and interfacial conditions are 

different and the behaviours of different architecture of perovskite photovoltaic devices 

are yet to be understood. It is important to reveal the relationship between the indoor 

photovoltaic performances and device physics under low light indoor lighting 

conditions. In this case, we compare the 1 Sun (100 mW/cm2) and indoor light (0.3 

mW/cm2) harvesting properties of n-i-p and p-i-n architecture halide perovskite 

photovoltaic devices using CH3NH3PbI3 as the photo-active layer. In addition to the 

photovoltaic performances, light intensity-dependent photovoltaic performance 

parameters (open-circuit voltage and fill factor) of these devices reveal the existence 
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of trap assisted recombination losses and charge extraction barrier in the n-i-p devices 

limiting their performance under low-intensity illumination. This reveals the importance 

of independently optimising the halide perovskites indoor photovoltaics from that of 1 

sun illumination, for maximising the indoor light-harvesting and to reliably power the 

sensors in the IoT system. 

In addition, it is important to bring J-V hysteresis behaviour of halide perovskites indoor 

PVs under indoor lighting into sight. The hysteresis refers to the phenomena that the 

J-V curves obtained from the forward voltage scan (short-circuit to open-circuit) and 

reverse voltage scan (open-circuit to short-circuit) differ considerably resulting in 

different PCE values which detrimentally influence the reliability of measurements and 

powering of the low power electronic components in the IoT technology. When I 

started my PhD research, most publications of indoor perovskite photovoltaics only 

include single scan J-V curves without mentioning the hysteresis behaviour of the 

steady state PCE. However, although hysteresis behaviour is already widely studied 

under 1 sun condition, it is critical to understand it under indoor lighting conditions due 

to low light intensity and spectral differences. There existed a knowledge gap in the 

hysteresis behaviour of these photovoltaic devices under indoor lighting conditions. 

Hence, the degree of hysteresis in halide perovskite indoor photovoltaic devices is 

explored by carrying out both transient J–V scan and steady state maximum power 

point tracking (MPPT) measurements. It was observed that the divergence of the PCE 

values estimated from the J–V scan measurements, and the maximum power point 

tracking method is larger under indoor illumination compared to 1 sun, and hence 

established that for halide perovskite-based indoor PV, the PCE from the MPPT 

measurements should be prioritized over the J–V scan measurements. 

Charge Transport Layer Properties The different properties of device architecture 

emphasise the importance of selection of charge transport materials. Despite the 

promising attributes of commonly used charge transport layers under 1 sun including 

Spiro-OMeTAD, P3HT, Poly-TPD and NiO, their performance comparison under 

indoor lighting conditions is still ambiguous. The lower illumination intensity and 

different light spectrum necessitates the separate optimisation of not only the active 

layer but different charge transport layers as inappropriate transport and charge 

selectivity can cause dramatic adverse effects on the performance of perovskite IPVs 
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due to the much lower photogenerated charge carrier density under indoor low light 

conditions. In this case, the device performances and device physics of photovoltaic 

devices using different charge transport layers are studied. Based on these results, 

the relationship between transport layers and the interfacial conditions can be 

revealed. The buried interfacial conditions can determine the overall photovoltaic 

device efficiency and hence understanding their characteristics is important to develop 

the effective mitigation methods. In order to passivate defects and obtain better 

performed devices, novel interlayer is introduced to coordinate the interfacial 

conditions, which could be a critical method to improve the performances of metal 

oxide transport layer-based indoor perovskite photovoltaics. 

Bandgap Tuning In section 1.3, we discussed the need of wide-bandgap perovskites 

for promising indoor photovoltaics. The bandgap of perovskites can be tuned by 

compositional engineering and has already been widely studied for normal perovskite 

solar cells. However, wide-bandgap perovskite could rise several challenges including 

poor crystallisation or phase segregation, which is detrimental to device performances. 

In this case, the strategy to develop high quality wide-bandgap perovskite and the role 

of the novel wide-bandgap perovskite in determining the performances in indoor 

photovoltaics needs to be investigated. In this case, a triple anion alloying which 

combines three halides (I, Br and Cl) is developed. The perovskite film quality, optical 

absorption, composition, microstructure, crystallinity, morphology and crystallisation is 

process is investigated. Importantly, the triple anion perovskite improves the indoor 

devices performances significantly, and various characterisations have been done to 

understand the device physics and its functionality. Particularly, we investigated the 

role of unstable Cl content in this triple anion perovskite system. This study could 

provide a comprehensive image to apply triple anion wide-bandgap perovskite for 

developing promising indoor photovoltaics in research field and industry. 

Sensor Powering The ultimate goal of developing highly efficient indoor photovoltaic 

devices is to develop promising self-powered microelectronic sensors for IoT 

applications. In this case, it is urgent to understand whether the developed indoor 

perovskite photovoltaics are reliable to power a microelectronic device. In this case, 

we developed 3 different strategies to investigate the feasibility of using our devices 

for sensor powering. We have successfully powered lab-based and commercialised 
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sensor using direct connection, Arduino based controlling and remote controlling, 

which proves the superiority of the developed indoor perovskite photovoltaic devices 

and is a crucial step towards the real-life applications.  
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Chapter 2 

Experimental Methods 

 

 

 

 

 

 

2. Methods 

2.1. Materials and device fabrication 

2.1.1. Materials 

Perovskite materials CH3NH3I was purchased from Greatcell solar. PbI2, PbBr2 and 

PbCl2 were purchased from Alfa Aesar.  

n-i-p transport layer materials SnO2 solution (CAS 18282-10-5) for the electron 

transport material was purchased from Alfa Aesar and diluted in deionized water with 

a volume ratio of 1:6.5 before spin coating. Hole transport materials including [2,2’,7,7’-

Tetrakis[N,N-di(4- methoxyphenyl)amino]-9,9’-spirobiflourene (Spiro-OMeTAD, >99% 

purity), 4-tert-butyl pyridine (tBP, 96% purity), lithium-bis(tri-

fluoromethanesulfonyl)imide (Li-TFSI, 99.95% purity) and tris(2-(1H-pyrazol-1-yl)-4-

tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK 209) were 

purchased from Ossila, Sigma Aldrich and Greatcell Solar Materials, respectively. Poly 

(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Sigma Aldrich.  
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p-i-n transport layer materials Electron transport materials bathocuproine (BCP) 

was acquired from Sigma Aldrich (99.99% purity), and PC60BM was from American 

Dye Source Inc. Hole transport materials poly(4-butyltriphenylamine) (poly-TPD) was 

aquired from American Dye Source Inc., poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-

2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN) was bought from 1 Materials. 2PACz 

([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) was purchased from Tokyo Chemical 

Industry. Nickel oxide was purchased from Avantama AG. Copper (ii) acetylacetonate 

(Cu(acac)2, purity >99.9%) was purchased from Sigma Aldrich.  

Solvents dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), N,N-dimethylformamide 

(DMF, anhydrous, 99.8%), chlorobenzene (anhydrous, 99.8%), chloroform 

(anhydrous, 99.8%), methanol (anhydrous, 99.8%), acetonitrile (anhydrous, 99.8%), 

and diethyl ether (anhydrous, ≥99.7%) were purchased from Sigma Aldrich. 

2.1.2. Solar cell device fabrication 

In this thesis, solar cell devices were fabricated with n-i-p and p-i-n devices, 

respectively. The specific device structure and transport/extraction layers were shown 

in Figure 2.1. Spin-coating and thermal evaporation are key techniques in the 

processing of solar cell devices. 

Spin-coating Spin-coating is one of the most common techniques to deposit thin films 

to substrates. Spin-coating is carried out by adding the coating solution onto the 

surface of the substrate on a spin coater followed by high-speed spinning rotating of 

the substates, which substrates spreads out the solution to create an even covering 

on the substrates under the pulling of centripetal force and surface tension. The 

formation of thin film can be divided into several stages. Firstly, the solution is cast 

onto the substrate at the status either the substrate is already spinning or is static, the 

solution is spread across the substrate due to centrifugal motion. While the substrate 

is then spinning, most of the solution is expelled from the substrate, the remaining fluid 

then begins to thin, which is dominated by viscous forces and create thin films.  

Anti-solvent treatment is applied during spin-coating to facilitate crystallisation. Anti-

solvents are fluid that less soluble to the solutes, which removes residual solvents and 

facilitate fast crystallisation and film formation. 
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Figure 2-1: Schematic of spin-coating process. 

Thermal evaporation Thermal evaporation is a common method to deposit top metal 

electrode carrying out under high vacuum (<10-4 Pa). A source material (Au or Ag) is 

placed into a tungsten charge holding boat, which is then exposed to large direct 

current (DC) to reach the high melting point of metals. The high vacuum supports the 

evaporation of the metal and facilitates the vapor particles moving and directly 

reaching the substrates, where the vapor transfers to solid state and form a thin layer 

of metal.  

 

Figure 2-2: Schematic of thermal evaporator. 

For n-i-p devices, pre-patterned indium tin oxide (ITO) coated glass substrates were 

sequentially cleaned by sodium dodecyl sulphate (SDS), deionized water, acetone and 

isopropyl alcohol, all with sonication. The substrates were then cleaned with oxygen 

plasma for 3 minutes with a Plasma Asher. 100 µL SnO2 solution was deposited onto 
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the cleaned substrates by spin-coating at 3000 rpm for 30 seconds, followed by 150°C 

thermal annealing for 30 minutes to form a compact hole-blocking SnO2 layer. To 

prepare CH3NH3PbI2.6(BrCl)0.2 triple anion perovskite precursor solution, CH3NH3I (1 

M; 159 mg), PbBr2 (0.1 M; 36.7 mg), PbCl2 (0.1 M; 27.8 mg) and PbI2 (0.8 M; 368.8 

mg) were dissolved in 66 μL of DMSO and 636 μL of DMF and stirred for 1 hour. To 

prepare CH3NH3PbI3 perovskite precursor solution, CH3NH3I (1 M; 159 mg) and PbI2 

(1 M; 461 mg) were dissolved in 66 μL of DMSO and 636 μL of DMF and stirred for 1 

hour. For the deposition of TA and CH3NH3PbI3 perovskite active layer, 90 μL of 

perovskite precursor solution was deposited onto the SnO2/ITO/glass substrates at 

4000 rpm for 30 s, a diethyl ether (DEE) anti-solvent washing was carried out for TA 

perovskite layer fabrication at the first 5th second during spin-coating. For CH3NH3PbI3 

layer the anti-solvent washing time is at the first 7th second. The spin-coated films 

were treated by a thermal annealing under vacuum for 1 minutes, followed by an 

ambient N2 thermal annealing for 2 minutes in a nitrogen glove box. For the TA devices 

of thermal annealing time variation, the ambient N2 annealing time was adjust 

accordingly to 10 minutes, 30 minutes, 45 minutes and 1 hour.   

For the preparation of the hole transport layer 72.3 mg Spiro-OMeTAD was dissolved 

in 1 mL chlorobenzene, mixed with 28.8 μL tBP, 17.5 μL Li-TFSI (52 mg Li-TFSI in 

100 μL acetonitrile) and 29 μL FK209 (30 mg FK209 in 100 μL acetonitrile), 55 μL of 

prepared HTL solution was spin coated onto the perovskite layer at 4000 rpm for 30 

seconds. The glass/ITO/SnO2/perovskite/Spiro-OMeTAD samples were wrapped in 

aluminum foil and left overnight in a dessiccator at room temperature for oxygen 

doping of Spiro-OMeTAD. Finally, a 60 nm thick Au electrode was thermally 

evaporated (chamber pressure 3×10-6 mbar) on top of the HTL to complete the 

perovskite solar cell device. 

For organic extraction layers for p-i-n devices, 1.4 mg Poly-TPD was dissolved into 1 

mL and stirred continuously for 4 hours under room temperature, 100 µL Poly-TPD 

was spin-coated onto the cleaned ITO substrate at 6000 rpm for 30 s. 1 mg PFN-P1 

was dissolved into 995 µL methanol, stirring for 2 h under 60 °C, then 5 µL acetic acid 

was added and stirring for another 2 h under 60 °C. 100 µL PFN was spin-coated on 

top of Poly-TPD at 3000 rpm for 30 s. For the metal oxide extraction layers, NiO 

suspension was prepared by diluting 2.5 wt% nanoparticle solution using ethanol at a 
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ratio of 1:10. 2 mg Cu(acac)2 was dissolved into 1 mL chloroform under room 

temperature for 3 h. CuOx film was prepared by spin-coating 90 µL Cu(acac)2 solution 

at 2000 rpm for 30 s, following 120 °C annealing for 20 min. The film was then washed 

with 2 mL anhydrous methanol and cleaned by UV Ozone cleaner for 20 min. For 

2PACz solution, 2.75 mg 2PACz was dissolved into 1 mL methanol, stirring at 38 °C 

for 15 min. 100 µL 2PACz solution was spin-coated on top of metal oxide extraction 

layers at 3000 rpm for 30 s, followed by 100 °C thermal annealing for 10 min. The 

MAPbI3 perovskite film was then spin-coated on the top of PFN layer with the same 

conditions as n-i-p devices. For hole extraction layers, 13 mg PC60BM was dissolved 

into 1 mL chlorobenzene, stirring at 60 °C for 4 h. The PC60BM solution was filtered 

with 0.2 µm filter before use. 100 µL PC60BM was spin-coated at 1000 rpm for 60 s, 

annealing at 80 °C for 5 min. BCP solution was prepared by dissolving 0.5 mg BCP 

into 1 mL anhydrous ethanol, stirring at room temperature for 4-5 h. 100 µL BCP was 

spin-coated on top of PC60BM at 4000 rpm for 30 s. Finally, 100 nm Ag electrode was 

deposited on the top by thermal evaporation. 

 

Figure 2-3: Device architecture of perovskite photovoltec cells fabricated in this thesis; (a) 

planar n-i-p and (b) p-i-n. 
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2.2. Thin film materials characterisation 

2.2.1. Dektak stylus profilometer 

The Dektak XT operates as a stylus profilometer, employing a diamond-tip stylus to 

contact with the sample. It applies a consistent stylus force while the sample stage 

moves the specimen beneath the stylus tip to record its profile. The Dektak is designed 

to analyse surface topography, enabling the measurement of step heights/thickness 

and lateral dimensions of features present on the sample. Additionally, it can assess 

surface roughness within a range of approximately 15 Å. Dektak stylus profilometer is 

used to determine the thickness of perovskite thin film. 

 

Figure 2-4: Dektak stylus profilometer schematic for thickness instrument. 

2.2.2. Ultraviolet-visible spectroscopy (UV-Vis spectroscopy) 

UV-Vis spectroscopy refers to absorption spectroscopy to obtain the absorbance 

spectra of a compound in solution or as a solid128. UV-Vis spectroscopy is based on 

electronic transitions of molecules absorbing light that excite electrons from HOMO to 

LUMO level. The energy of photons of light should be equal to the energy gap between 

HOMO and LUMO to be absorbed by the compound129. During the measurement, UV-

visible spectrophotometers pass a light source through a sample, while a detector 

positioned on the opposite side records the transmitted light as shown in Figure 2-5. 

The absorption measurement can be quantified by Beer-Lambert Law. A represents 

absorbance, I0 represents the incident light intensity, I refers to transmitted light 

intensity. 

𝐴 = 𝑙𝑜𝑔10
𝐼

𝐼0
       (2-1) 

In this PhD project, the UV–vis absorption spectra of perovskite thin films were 

recorded using a Cary 300 Bio Spectrometer over the wavelength range 300 – 800 
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nm. To calculate the absorption coefficient α, the thickness of CH3NH3PbI3 and triple 

anion incorporated perovskite films were measured using Dektak 150 Stylus 

profilometer and found to be 350 nm.  

 

Figure 2-5: UV-Vis spectroscopy schematic for a double beam instrument. The tungsten lamp 

emits visible light and deuterium (D2) lamp emits emits ultraviolet light, the monochromator is 

used to generate light with specific wavelengths for the sample. 

2.2.3. Ambient Photoemission Spectroscopy (APS) 

APS measurement is used to measure the HOMO level of perovskite sample by 

detecting its ionization potential (work function) in ambient conditions. Ionization 

potential is the minimum energy required to remove the outermost electron. Ionisation 

potential measurements were made using an SKP5050 Scanning Kelvin Probe with 

an APS04 bolt-on module to perform ambient photoemission spectroscopy. This 

device uses a deuterium lamp with a built-in monochromator of 4-5 mm light spot which 

scans the sample using deep ultraviolet (DUV) light between 3.4-7.0 eV. A Schematic 

diagram of the APS system in shown in Figure 2-6 (a). The photoemission yield is 

measured as current at the Kelvin probe tip.  

The photoelectron emission and ion-current detection process can be divided into the 

following steps and is shown in Figure 2-6 (b). (i) The DUV photons with higher energy 

than work function of the material (Eph≥Φm) are absorbed by the surface of the 

material. The energy-provided electrons within the range of inelastic electron mean 

free path (escape path) will be emitted. (ii) The excited metal-photoejected electrons 
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are then subject to the image force due to the presence of the own electric field 

between the electron and the positively charged material. The image force extends to 

approximately 30 nm from the metal surface. (iii) An electron cloud is formed 

immediately outside the metal. The mean free path of electrons is 1-3 μm in ambient 

conditions. Inelastic scattering by much more massive N2, O2 and H2O consumes the 

kinetic energy but preserves the charge of electrons. In this case, atmospheric ions 

including N2
-, O2

- and possibly OH- are produced. (iv) Charged atmospheric ions drift 

towards the positively biased Kelvin probe tip. (v) The ion current is measured as a 

function of incident photon energy. When the energy is below the threshold of the work 

function, no emission takes place. While the photon energy is higher than the work 

function energy, ions will be induced and detected by the Kelvin probe tip and rise with 

the relation of (Eph-Φm)1/3, which reveal the ionisation potential, and work function of 

the material130. 

The results can be easily interpreted in terms of Fowler Theory on photoemission, 

which describes the relation of quantum yield versus photon energy131,132. 

𝑅 ∝ (𝐸𝑝ℎ − ℎ𝜈0)
3       (2-2) 

where R is the photocurrent per absorbed photon, Eph is the photon energy, h is the 

Planck’s constant and ν0 is the threshold frequency. In this case, the cube root of the 

raw photocurrent data is then taken, in accordance with Fowler’s theory of 

photoemission, before an extrapolation fit is performed on the linear region of the 

resulting data set. The intersection of this linear extrapolation with the baseline is the 

ionisation potential of the semiconductor being studied. 
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Figure 2-6: (a) Ambient photoemission spectroscopy schematic. (b) Illustration of working 

processes of ambient photoemission spectroscopy. 

2.2.4. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an approach creating images by capturing 

secondary electrons to show the morphology of a sample. A detector gathers electron 

signals from every pixel of the raster, enabling the creation of a point-to-point image 

on a display screen. It generates local images of a sample with large and flexible 

magnification ranges from ×10 to ×500000 which exhibits morphology situation in 

details. 

When high energy electron beam is generated and hit the surface of a sample, elastic 

or inelastic scattering are produced. Elastic scattering generates backscattered 

electrons (BSEs), which are incident electrons scattered by atoms of the specimen. 

Inelastic scattering produces secondary electrons (SEs), which are ejected from the 

atoms of specimen. For SEs, electrons in an atom of specimen are given kinetic 

energy of incident electron and leave the orbital to become a secondary electron. SEs 

are typically deflected at small angles and show considerably low energy compared to 

incident electrons. 

electrons emitted out from the surface and captured by Faraday cage with voltage 

ranges from -50V to +250V. Electrons captured are led to hit scintillator and generate 

photons which are then guided to photomultiplier tube as shown in Figure 2-7. An 

information transfer from electron energy to signal will occur and the signal will be 

enhanced ×106 inside the PM tube. In this case, images are formed by counting 

electrons at discrete points at sample, the brightness difference can be easily 

observed in terms of different amount of electron at each specific point. Electrons 

beam illuminates discrete area with probe diameter, df, and each point corresponds to 

a pixel of the image. An equation can be used to determine the relationship of pixel 

size to probe diameter. 

𝑀 =
𝐿𝑖𝑚𝑎𝑔𝑒 𝑚𝑜𝑛𝑖𝑡𝑜𝑟

𝐿𝑠𝑝𝑒𝑐
=

𝑑𝑝𝑖𝑥𝑒𝑙

𝑑𝑓
       (2-3) 

The SEM images of perovskite layers were taken using a Hitachi S4800 scanning 

electron microscope. 

https://www.sciencedirect.com/topics/engineering/scanning-electron-microscope
https://www.sciencedirect.com/topics/engineering/scanning-electron-microscope
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Figure 2-7: The detector signal collection of scanning electron microscopy. Bs are 

backscattered electrons. SEs are seconday electrons. 

2.2.5. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is used to detect crystal structure of a sample at atomic level. 

The equipment consists of three main parts: X-ray tube, sample and detector. The X-

ray generated from the tube holds intrinsic oscillating electric field, when it inserts into 

a sample, X-ray will interact with orbital electron of the sample and induce oscillation 

of electrons, the oscillating electron then act as a source of electromagnetic radiation. 

Since the electrons move around the atomic nuclei via various orbitals, the X-rays will 

finally be scattered in all directions randomly. In this case, a spherical scattering wave 

is generated. 

When considering the interactions between different atomics in the sample. The 

diffracted waves will interfere constructively or destructively with each other. And when 

the path difference of waves fits Bragg Law, there will be a constructive interference 

and a peak could then be detected in the spectra. The Bragg Law is exhibited below 

and illustrated in Figure 2-8, dhkl represents the distances between lattice atomic 

planes, θ represents the angle of the incident beam and atomic planes, λ is the 

wavelength of the incident light. 

2𝑑ℎ𝑘𝑙 sin(𝜃) = 𝑛𝜆      (2-4) 
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When the equipment is operated, X-ray tube stay stationary, the sample rotates with 

specific angle rate, the detector will go through the measuring circle which arounds 

the sample. In this case, the spectra with scattering intensity versus 2θ can be 

obtained. since each material has a unique arrangement of planes and distances, thus 

every material has a unique XRD pattern and can be recognized as a “fingerprint”. By 

comparing the XRD pattern, the existence of specific material can be identified. 

X-ray diffraction spectra of the perovskite thin films were collected on Bruker D8 

Discover (EIGER2R-500K 2d detector) instrument using Cu Kα1 (λ=1.54060 Å). Data 

were collected in the range 5° −60° 2θ with a step size of 0.02° and a time step of 1 s, 

cumulative time per step (2d detector) of 777 s. 

 

Figure 2-8: The illustration of Bragg Law using in X-ray diffraction. 

2.2.6. In-situ Grazing Incident Wide-angle X-ray Spectroscopy 

(GIWAXS) 

GIWAXS is a typical scattering technique to probe the thin film crystal structure133. in-

situ GIWAXS can reveal structural revolution and crystallisation pathways in real time 

with synchrotron facility134. The schematic of measurement is shown in Figure 2-9. 

During the measurement, an X-ray beam with wave vector 𝑘𝑖
⃗⃗  ⃗ incident the sample with 

grazing angle 𝛼𝑖, a scattered wave 𝑘𝑓
⃗⃗⃗⃗  is generated and collected by detector. The 

scattered wave vector 𝑞 = 𝑘𝑓
⃗⃗⃗⃗ − 𝑘𝑖

⃗⃗  ⃗can be described by the following equations135,136: 
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𝑞𝑥⃗⃗⃗⃗ =
2𝜋

𝜆
(𝑐𝑜𝑠𝛼𝑓 𝑐𝑜𝑠𝜑 − 𝑐𝑜𝑠𝛼𝑖)       (2-5) 

𝑞𝑦⃗⃗⃗⃗ =
2𝜋

𝜆
(𝑐𝑜𝑠𝛼𝑓 𝑐𝑜𝑠𝜑)       (2-6) 

𝑞𝑟⃗⃗⃗⃗ = √𝑞𝑥
2 + 𝑞𝑦

2       (2-7) 

𝑞𝑧⃗⃗  ⃗ =
2𝜋

𝜆
(𝑠𝑖𝑛𝛼𝑖 + 𝑠𝑖𝑛𝛼𝑓)       (2-8) 

where 𝑞𝑧⃗⃗  ⃗ indicates out-of-plane relevant to sample surface, 𝑞𝑥⃗⃗⃗⃗  and 𝑞𝑦⃗⃗⃗⃗  are in-plane 

direction which are parallel and perpendicular to the incident beam. GIWAXS could 

provide crystallisation with all sets of orientation with respect to both in-plane and out-

of-plane directions. 

The GIWAXS measurements were carried out at the 12.3.2 microdiffraction beamline 

in the Advanced Light Source (ALS). A customised chamber is made for the spin-

coating, anti-solvent deposition, and thermal annealing of perovskite thin film and in-

situ measurements. X-ray beam with energy of 10 keV was set to 1° or 2° (depending 

on samples) was used. The sample detector distance (SDD) was ≈155 mm and the 

detector was positioned at an angle of 35° from the sample plane. The GIWAXS data 

were recorded with an integration time of one second using a Pilatus 1 M 2D detector 

(Dectris Ltd.). The measured GIWAXS frames were calibrated using an 

Al2O3 reference sample and each frame was integrated along the χ-axis from χ = −70° 

to χ = 70°.  
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Figure 2-9: The schematic of the set-up for synchronised in-situ GIWAXS. 

2.2.7. Time-resolved Photoluminescence Spectroscopy (TRPL) 

The emission behaviour of perovskite film is characterised by TRPL. The perovskite 

semiconductors absorb photons with energy larger than the bandgap and generate 

charge carriers in conduction band (CB) and valence band (VB). The generated 

charge carriers are either collected by charge contacts (e.g. HTL and ETL) or remain 

stationary at perovskite film. The stationary charge carriers will recombine after a 

specific period of time, which is known as charge carrier lifetime. The recombination 

behaviour is discussed in Section 1.5.5. In the case of radiative recombination, 

electron-hole pair emits a photon which can be detected by photoluminescence 

spectroscopy (PL) and a peak will be identified in the PL spectra.  

The TRPL measurement is produced by radiative recombination of photogenerated 

electrons and holes and is quenched when carriers are extracted137.   For the TRPL 

measurements, the perovskite layers were deposited onto bare ITO substrates. PL 

decays were measured in a nitrogen-filled chamber with a Hamamatsu streak camera 

using 200 fs laser pulses at 515 nm for excitation with a pulse energy density of about 

60 nJ/cm2 and a pulse repetition rate of 200 kHz. Time-integrated PL spectra were 

measured with the same set-up, but the excitation was at 343 nm. The lifetime of TRPL 

results were estimated as the e-1 PL decay time.  
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The dynamics of the exciton density N(x,t) at the distance x from the quenching surface 

can be described as:  

𝜕𝑁(𝑥,𝑡)

𝜕𝑡
= −𝑘𝑁(𝑥, 𝑡) + 𝐷

𝜕2𝑁(𝑥,𝑡)

𝜕2𝑥2       (2-9) 

where k is the exciton rate at the bulk and D is the exciton diffusion constant. The 

boundary condition at the quenching interface is defined as D∂N(x,t)/ ∂x = SN(x,t) at x 

= 0, where S is the surface quenching velocity. For the non-quenching surface where 

x = d (film thickness), ∂N(x,t) = 0. Perovskite films have fast exciton diffusion, which 

corresponds to D ≫ Sd, the gradient of the exciton density depends on x and the 

average exciton density is:  

𝑁𝑎𝑣(𝑡) =
1

𝑑
∫ 𝑁(𝑥, 𝑡)

𝑑

0
      (2-10) 

the average exciton density is proportional to the measurement TRPL intensity, 

assuming that the initial excitations are uniform since the film is optically thin, equation 

(2-9) can be rearranged as: 

𝑑𝑁𝑎𝑣

𝑑𝑡
= −𝑘𝑁𝑎𝑣 − 𝐷

𝑆𝑁𝑎𝑣

𝑑
      (2-11) 

meanwhile, exciton density in the bulk film Nb, can be described as:  

𝑑𝑁𝑎𝑣

𝑑𝑡
= −𝑘𝑁𝑏      (2-12) 

a new function g(t) can then be solved as:  

𝑔(𝑡) =
𝑁𝑎𝑣

𝑁𝑏
= exp (−

𝑆𝑡

𝑑
)      (2-13) 

where g(t) can be obtained by taking the ratio of the TRPL intensity measured138. The 

TRPL intensity is proportional to the product of the electron density in the conduction 

band n and the hole density in the valence band p. We assume p is constant, then PL 

~n and diffusion equation is for electrons. In this case, by comparing g(t) for perovskite 

layers, the electron extraction time can be obtained for the perovskites. 
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2.2.8. Wavelength Dispersive X-ray Spectroscopy (WDX) 

WDS is a technique to identify chemical elements using characteristic X-rays. WDS 

identifies presence and quantities of chemical elements by detecting characteristic X-

rays emitted from atoms irradiated by high-energy beam.  

During the measurements, the sample is irradiated by high energy beam. When a high 

energy particle (e.g. electron or X-ray photon) bombard an electron in the inner shell 

of an atom, the energy of the particle could “knock out” an electron from inner shell 

from its original position in an atom. The atom could be ionised due to the ejection of 

the knocked-out electron. Since the ionisation is an excitation status, the atom will be 

returning to the original state by refilling the inner electron vacancy by an outer shell 

electron, The electron transition between outer shell to inner shell will lose amount of 

energy equals to the difference of energy levels, which accompanied by release of 

characteristic X-ray photons. The energy of the characteristic X-ray is well defined and 

dependent on the type of atom. These processes are shown in Figure 2-10 (a). The 

emitted X-rays is then passing through a collimator to be aligned and directed to an 

analyser crystal, also known as diffracting crystal, to be diffracted. The rotating X-ray 

photon counter finally collects the diffracted beam from analyser crystal and scans a 

range of 2 to detect specific wavelengths of characteristic X-ray from the sample. The 

WDS experimental set-up are shown in Figure 2-10 (b). 

The WDS system can detect relative wavelengths variation (Δλ/λ) in the range of 

0.002-0.02, which corresponds to energy range of 0.01-0.1 keV. The resolution is 

about one order of magnitude higher than that of EDS. 

In this thesis, WDX spectra were acquired using a JEOL JXA-8530F electron probe 

microanalyser (EPMA). An 8 keV, 100 nA beam was widely defocused to a 50 µm spot 

diameter. C Kα, Br Lα, I Lα and Cl Kα X-rays were measured using LDE2, TAP, PET 

and PET crystals respectively. The WDX experiment was carried out by Dr. Paul 

Edwards from the University of Strathclyde. 
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Figure 2-10: (a) Illustration of working processes of wavelength dispersive X-ray spectroscopy. 

(b) Schematic of WDS experimental set-up. 
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2.2.9. Cathodoluminescence (CL) 

CL is a well-established characterisation to understand the optoelectronic properties 

of perovskite thin films including impurity or defect energy levels, dopant 

concentrations, charge carrier lifetimes or variations in composition139,140. CL refers to 

the light emission from a material under excitation stimulated by a high energy electron 

beam (or “cathode ray”).  

The luminescence behaviour from CL is induced by high energy electron beam. During 

the measurement, the sample is hit by an electron beam. While traveling with in the 

material, electrons quickly lose energy via impact ionisation, generating hole-electron 

pairs. The excited charge carriers experience drift or diffusion process and result in 

radiative or non-radiative recombination, leading to luminescence. The advantage of 

CL method is that the injection can be confined within a substantially sub-μm-scale, 

this enables the spatial resolution of the measurement to surpass the diffraction limit 

of optical PL methods. 

In this thesis, CL measurements were carried out in a modified FEI Sirion 200 (FEI 

Company, Hillsboro, OR, USA) field emission gun SEM at room temperature in the 

University of Strathclyde by Dr. Paul Edwards.  

 

Figure 2-11: Schematic of cathodoluminescence experimental set-up. 
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2.3. Optoelectronic characterisation 

2.3.1. Device Performance Current-Voltage (J-V) Measurement 

Before the measurement, the light intensity needs to be calibrated for both 1 sun and 

indoor measurement to ensure the light intensity is at the standard level to obtain 

reliable measurement results. 

1 sun calibration is done by a Newport calibrated reference cell system. The system 

is consisting of a readout device and a 2×2 cm calibration monocrystalline solar cell, 

covered by a fused silica window. During the calibration, the monocrystalline solar cell 

is illuminated by the light of solar simulator and the readout device reads the solar 

simulator irradiance in sun units.  

 

Indoor calibration is done by an ILT960-UV spectroradiometer. ILT960-UV is used 

to measure both the light’s amplitude and wavelength and provide calibrated spectral 

irradiance and power measurements. It consists of a right angle cosine adapter to 

detect light, an optic fibre to direct the light to the spectrometer, and the spectrometer 

itself to analyse the irradiance and illumination level. 

For current-voltage characteristics, 1 sun measurement was carried out using a solar 

simulator with Xenon Arc lamp (150 W, 50 × 50 mm, Class AAA, Sciencetech Solar 
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simulator) at the light intensity of 100 mW/cm2 (AM 1.5G). The indoor illumination 

measurements were carried out using a “warm white” LED bulb with colour 

temperature 2700 K. The intensity of the warm white LED was fixed to 0.3 mW/cm2, 

corresponding to 1000 lux. The current-voltage characterisation was measured with 

Ossila Source Measure Unit (SMU) and an Ossila Solar Cell IV software. The devices 

were masked by a metal mask with an aperture of 0.05 cm2 to define the active area 

of photovoltaic cell. The devices are measured under a bias scan of -0.1 V to 1.2 V 

range (forward scan), followed by a reverse scan of 1.2 V and -0.1 V, with a voltage 

setting time of 0.2 s. The voltage increment of J-V characteristic was 0.05 V and the 

scan rates was 0.2 V/s. For the maximum power point tracking (MPPT) 5 

measurement, the devices were characterized under the same conditions for J-V 

characteristics and were hold under the maximum power point condition for 3 or 5 

minutes to obtain the MPPT PCE curve. 

2.3.2. External Quantum Efficiency (EQE) 

EQE quantifies the ratio of the number of electrons coming out of the device to the 

external circuit and the number of photons incident. It provides great representation of 

photocurrent of PV module by measuring the effect of the optical properties of the 

device. EQE is a wavelength dependent technique and measured by illuminating the 

solar cell with monochromatic light of wavelength and measuring the photocurrent. 

The external quantum efficiency is determined as: 

𝐸𝑄𝐸(𝜆) =
𝐼𝑝ℎ(𝜆)

𝑞Ψ𝑝ℎ,𝜆
      (2-14) 

where q is the elementary charge and Ψph,λ is the spectral photon flow incident on the 

solar cell. The photon flow is usually determined by measuring the EQE of a calibration 

photo diode under the same light source. Hence, the calculation of EQE is done by: 

𝐸𝑄𝐸(𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙) =
𝐸𝑄𝐸(𝑝ℎ𝑜𝑡𝑜 𝑑𝑖𝑜𝑑𝑒)×𝐼𝑝ℎ(𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙)

𝐼𝑝ℎ(𝑝ℎ𝑜𝑡𝑜 𝑑𝑖𝑜𝑑𝑒)
      (2-15) 

The EQE measurements were carried out at zero bias by using a monochromatic light, 

which was obtained by attaching the dual-grating monochromator to a xenon arc lamp. 

A silicon photodiode made by National Physical Laboratory was used to calibrate the 

incident photons at each wavelength. The number of incident photons was calculated 



54 
 

for each wavelength by using a National Physical Laboratory calibrated silicon 

photodiode. 

 

Figure 2-12: Schematic of external quantum efficiency experimental set-up. 

2.3.3. Light intensity dependent measurements 

The detailed principle of light intensity dependent measurements is introduced in 

Section 1.4.2. Light intensity dependent measurement is used to present the charge 

accumulation and trap-assisted recombination level. The J-V measurements are 

carried out by illuminating the devices under solar simulator and Fluxim Paios platform 

under various levels of light intensity. The light intensity is varied from 0.1% of 1 sun 

to 100% of 1 sun and is adjusted by tuning the aperture of light source.  
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Figure 2-13: Illustration of how the photovoltaic parameters with varied light intensity are 

extracted in light intensity dependent measurements. 

2.3.4. Transient Photovoltage (TPV) measurement 

TPV is a time-resolved characterisation to study charge carrier dynamics by probing 

their carrier recombination processes. This measurement is based on VOC perturbation 

induced by a transient light pulse, which can be correlated to small perturbation of 

quasi-Fermi level141. 

Based on the definition of VOC, the VOC can be described by the quasi-Fermi level 

splitting: 

 𝑉𝑂𝐶 =
1

𝑞
(𝐸𝐹𝑁 − 𝐸𝐹𝑃)      (2-16) 
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It can be rearranged by considering the bandgap and charge carrier concentrations: 

𝑉𝑂𝐶 =
𝐸𝑔

𝑞
−

𝑘𝐵𝑇

𝑞
ln (

𝑁𝑐𝑁𝑣

𝑛.𝑝
)      (2-17) 

where n is the electron concentration and p is the hole concentration. Nc and Nv are 

the corresponding effective density of states. By the taking the derivative of the 

equation (2-14) as a function of time, it can be rearranged by: 

𝑑𝑉𝑂𝐶

𝑑𝑡
= −

𝑘𝐵𝑇

𝑞
 (

1

𝜏𝑛
+

1

𝜏𝑝
)      (2-18) 

𝑑𝑉𝑂𝐶

𝑑𝑡
= −

𝑘𝐵𝑇

𝑞
 (𝜏𝑒𝑓𝑓)

−1      (2-19) 

where τn is the electron lifetime and τp is the electron lifetime. τeff  is the effective  

lifetime measured by transient decay of VOC combining of both electron and hole 

lifetimes in TPV measurement. 

To carry out TPV measurements, the solar cell device is firstly illuminated continuously 

by a background light to generate a stabilised background VOC. The solar cell device 

is kept under open circuit condition so that no current flow exist within the device. After 

the VOC is stabilised, a short-lived light pulse within micro-second scale is applied to 

excite additional perturbation of voltage by induce an additional perturbation of quasi-

Fermi level. The variation of the VOC (ΔV) is proportional to the photo-generated 

carriers by the laser pulse. As the solar cell is in open-circuit, after the light pulse is 

withdrawn, the “extra” photo-generated carriers are forced to recombine, which leads 

to the decay of the transient to the initial VOC. The transient lifetime is hence measured. 

A schematic illustration of TPV measurement is shown in Figure 2.14. The relationship 

of measured carrier lifetime and VOC can be described by the following equation142: 

𝜏 = 𝜏0𝑒
−𝛽𝑉𝑂𝐶       (2-20) 



57 
 

 

Figure 2-14: Representation of the TPV signal. 

2.3.5. Transient Photocurrent (TPC) measurement 

TPC is a measurement to quantify the charge extraction of solar cells. The solar cell 

device is firstly illuminated under the same conditions as TPV measurements, after 

the VOC is stabilised, the device is turned to short-circuit condition and the charge 

carrier density is calculated by integrating the decay of photocurrent. The total charge 

(Q) can be calculated by the following equation: 

𝑄 = ∫ 𝐼(𝑡)𝑑𝑡
𝑡=𝑡

𝑡=0
      (2-21) 

and the capacitance can be calculated as: 

𝐶 =
∆𝑄

∆𝑉0
      (2-22) 

where ∆𝑉0 is the voltage variation at different background intensities. The steady 

state carrier density can be calculated by integrating C with respect to voltage. 

𝑛 =
1

𝐴𝑒𝑑
∫ 𝐶𝑑𝑉

𝑉𝑂𝐶

0
      (2-23) 
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where A is the device area, e is the charge of electron, d is the thickness of the 

perovskite layer. Finally, the relationship of charge carrier density and light bias 

(corresponding VOC) can be described as: 

𝑛 = 𝑛0exp (𝛾𝑉𝑂𝐶)      (2-24) 

 

 

Figure 2-15: Representation of the TPC signal. 

2.3.6. Space-Charge Limited Current (SCLC) measurement 

SCLC is the characterisation to evaluate the trap density and charge carrier mobility 

of semiconductors by measuring the current-voltage response of single carrier devices. 

Perovskite layer is sandwiched between HTL or ETL on both sides so that only holes 

or electrons can be injected by the alignment of conduction, or valence band. A 

schematic of single carrier device with symmetric ohmic contacts on both side is 

shown in Figure 2-16143. The Ohmic contact results in a space charge region where 

charges are accumulated. The width of space charge region can be described by 

following equation (2-25): 

𝜆 =
𝜋

2
(
2𝑘𝑇𝐾𝜖0

𝑒2𝑁𝑡
)1/2exp (

𝜓1−𝜒−𝐸𝑡

2𝑘𝑇
)      (2-25) 
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where K is the dielectric constant, Nt is the defect density. Hence, it can be noticed 

that the width of space charge region is dependent on the dielectric constant and 

inversely to the trap states. The measurement of SCLC is carried out by sustaining the 

space charge region to the full width of semiconductor layer by applying voltage bias 

to the devices, in which condition that the traps are filled by the applied voltage. In this 

case, all the additional injected charge carriers can move freely without influences from 

traps and the mobility of charge carriers is completely dependent on the property of 

target material for the measurement. Hence, the SCLC can be a powerful tool to 

investigate both the defect states of the semiconductor and the charge carrier mobility. 

During the measurement, the J-V curve can be divided into several stages. Firstly, the 

low-voltage regime follows Ohm’s law, in which the slope 
𝑑𝑙𝑜𝑔(𝐽)

𝑑𝑙𝑜𝑔(𝑉)
 of 1. This Ohmic 

region is followed by a trap filling region with slope higher than 2. When the applied 

voltage is higher than the trap filling voltage (the point where all the traps are filled by 

injected carriers), a SCLC, or Child’s region is then achieved in high voltage regime, 

which follows the Mott-Gurney law144.  

𝐽𝑆𝐶𝐿𝐶 =
9

8
𝜀0𝜀𝑛μ

𝑉2

𝐿3       (2-26) 

where V is the applied voltage, L is the thickness of active layer. 𝜀0 is the permittivity 

of free space, 𝜀𝑛 is the dielectric constant. In this case, by fitting the Child’s region, the 

charge carrier mobility μ can be calculated. 

 

Figure 2-16: Schematic illustration of SCLC measurement. 



60 
 

2.3.7. Dark current measurement 

When the layers in perovskite solar cell device is contacted, a potential difference 

exists at the junction. This potential difference initiates an opposite current flow 

compared to the photocurrent, which reduces the output current from the short circuit 

status. This reverse current is usually called dark current. The dark current can be 

present by the following equation in terms of its definition145: 

𝐽𝑖𝑛𝑗 = 𝐴𝑇2exp (−
𝑞Φ𝑖𝑛𝑗

𝑘𝐵𝑇
)      (2-27) 

where Φ𝑖𝑛𝑗 is the work function difference between electrode and the transport layer, 

e.g. work function difference between ITO and LUMO level of Poly-TPD for electron 

injection. The dark current is mainly contributed by the injected minority carrier through 

defect states hence dark current is a crucial measurement of defect density within 

devices especially transport layers146. Dark current measurements were carried out 

with a characterization platform, Paios, Fluxim AG, Switzerland. 

2.3.8. Impedance spectroscopy 

Impedance spectroscopy is a technique to understand the charge carrier dynamics of 

solar cells. It is an ample set of light and voltage perturbation methods in the time 

domain that measure the recovery toward the equilibrium state. The impedance of 

device is measured at several frequencies by applying a small sinusoidal voltage and 

measure the current in the frequency domain. Different device physical effects can be 

understood by using a large range of frequencies. The small sinusoidal voltage is 

applied to the solar cell device following: 

𝑉(𝑡) = 𝑉0 + 𝑉𝑎𝑚𝑝 sin(𝜔𝑡)      (2-28) 

where V0 is the offset voltage, Vamp is the voltage amplitude and ω is the angular 

frequency. In terms of the applied voltage, the current response can be expressed as: 

𝐼(𝑡) = 𝐼𝑎𝑚𝑝 sin(𝜔𝑡 + 𝜙) = 𝐼𝑎𝑚𝑝𝑒
𝑖(𝜔𝑡+𝜙)      (2-29) 
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The signal of voltage and current are described in Figure 2-17 (a). Impedance 

spectroscopy is performed at various frequencies under different offset voltages or 

illumination levels. The complex impedance Z can be calculated according to: 

𝑍(𝑡) =
𝑉(𝑡)

𝐼(𝑡)
=𝑍𝑎𝑚𝑝𝑒

−𝑖𝜙      (2-29) 

For the analysis of impedance, the impedance Z is usually represented by resistance 

and reactance as shown in Figure 2-17 (b). 

 

Figure 2-17: (a) Illustration of impedance voltage perturbation signal and current response. 

(b) Illustration of impedance Z=R-jX. 
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Chapter 7 

Conclusion and Outlook 

 

 

 

 

 

 

 

 

 

7. Conclusion and Outlook 

7.1. Summary 

In this thesis, the performance of indoor photovoltaic devices and corresponding 

device physics are investigated from the perspectives of device architectures, 

hysteresis behaviour, transport layer types and perovskite active layer properties. We 

understand that developing efficient indoor PV starts with an understanding of the 

difference between indoor artificial light sources and outdoor sunlight. These light 

sources differ in their spectra and illumination intensities, which emphasise the 

importance of reducing defects and widening bandgap of perovskites to fit with indoor 

illumination spectra. The comparison between n-i-p and p-i-n device architecture 

indicates that interfacial defects play crucial role in determining the indoor photovoltaic 
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performance. Particular attention should be paid to hysteresis behaviour as we found 

that the hysteresis is strengthened under low intensity indoor lighting conditions due 

to severer trapping/de-trapping. This is the first study targeting on hysteresis behaviour 

of indoor photovoltaic devices, which could provide significant guideline regarding the 

understanding of hysteresis. By revealing the detrimental effect of employing metal 

oxide hole transport layers, an interlayer passivation method with 2PACz self-

assembled monolayer is developed to passivate the defects, which proves to 

effectively improve the performances by improving the morphology, suppressing 

leakage current and light soaking effect, and improving the charge mobility. The study 

targeting on wider bandgap perovskite indoor photovoltaics revealed that to keep the 

Cl in the triple anion perovskite and to reap the beneficial effects of high VOC and 

enhanced charge carrier lifetime, the thermal annealing duration should be carefully 

optimised. Detailed microstructural and optoelectronic investigations of the triple anion 

perovskite revealed its excellent crystalline quality, widened bandgap, lower density 

of trap states and longer carrier lifetime, all contributing positively to the enhanced 

photovoltaic properties.  

7.1.1. Device Architecture 

The photovoltaic behaviour and device physics of n-i-p and p-i-n devices are 

compared under indoor lighting conditions in Chapter 3. It is shown that n-i-p devices 

exhibited lower PCE and suffered from higher hysteresis, this is attributed to higher 

trap-assisted recombination, ion migration of active layer and poor charge extraction 

efficiency as pointed from light intensity dependent measurements of VOC and FF. 

Considering the existence of hysteresis, it is also vital to notice that compared to J-V 

characterisation, which is rather a transient technique, the maximum power point 

tracking method should be prioritised to assess the real performance of halide 

perovskite indoor solar cell devices. 

7.1.2. Transport Layer Properties and Interfaces 

The charge transport layers play vital role in determining the device performance and 

stability. Among the wide range of charge transport materials, the layer should be 

carefully selected considering various factors including the band alignment, charge 

mobility, wettability and preparation conditions. In chapter 4, Spiro-OMeTAD shows 
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promising performance as hole transport layer in n-i-p devices although additional 

doping is required to obtain appropriate energy level and hole mobility of Spiro-

OMeTAD. For p-i-n devices, metal oxide HTMs commonly exhibit lower performance 

due to higher interlayer and bulk defects, with further concern of light soaking effect. 

Positively, 2PACz is proved to be an efficient passivation layer by providing better 

coverage and improved morphology. Until now, the superiority of 2PACz as a 

promising interlayer has been gradually realised by the research community. 2PACz, 

in addition to its functional group modified variations have been implemented into top 

level research as passivation layers and achieved promising results147–150. It is 

expected that utilising 2PACz appropriately could be a promising method to boost the 

performance of perovskite solar cell devices.  

7.1.3.  Wide-bandgap Perovskite for Indoor Photovoltaics 

To fit with indoor illumination spectrum which only has visible spectral range, wide-

bandgap perovskites is required to boost VOC by reducing thermalisation loss. Triple 

anion perovskite discussed in Chapter 5 has a bandgap of 1.68 eV, which provides 

improved crystallinity, TRPL lifetime (indicating less trap-assisted recombination) for 

thin films. The triple anion perovskite-based device provides high performance over 

26% and extraordinary optoelectronic properties including reduced defects and 

improved charge carrier lifetime. It provides a promising route for wide-bandgap indoor 

photovoltaic development by varying halide site with Br and Cl to obtain highly efficient 

devices. 

 

7.2. Outlook 

During the study of this PhD thesis, concerns are also identified which needs to be 

addressed in future work. Firstly, wide-bandgap perovskites are required to fit with 

indoor spectral range, but the fast crystallisation of wide-bandgap perovskites results 

in relatively poor film quality with high defect density, especially for bandgap larger 

than 1.75 eV. In addition to the MAPbI2.6(BrCl)0.2 triple anion composition discussed in 

Chapter 5, we have synthesised additional triple anion perovskite with higher ratio of 

Br and Cl, which is shown in Figure 7-1 (a), the corresponding bandgap of each 

composition is shown in Figure 7-1 (b). Noticeably, the bandgap of triple anion 
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perovskite can be widen to maximum 1.85 eV with composition MAPb(IBrCl). However, 

from the sample picture in Figure 7-1 (b), the quality of thin film of 1.76 eV is already 

poor and not suitable for photovoltaic applications. This is due to the fast crystallisation 

kinetics and poor solubility of precursors, i.e. MACl in DMF, result in discontinuous 

coverage and irregular morphology, indicating large defect density88,151. A promising 

method to suppress the fast crystallisation of wide-bandgap perovskite is by 

manipulating annealing atmospheres with essential components, e.g. excess MACl 

vapour assisted-annealing to compensate the low solubility of MACl152.  

 

Figure 7-1 (a) Absorbance spectra of triple anion CH3NH3PbIX(BrCl)3-X perovskite film from 

UV-Vis spectroscopy. (b) Corresponding bandgap from the UV-Vis spectra of Figure 7-1 (a). 

Inset: image of 1.68 eV and 1.76 eV triple anion perovskite film based solar cell devices. 

Secondly, wide-bandgap perovskite based photovoltaic devices usually suffer from 

severe non-radiative energy loss, which means the experimental photovoltaic 

parameters are significantly lower than the theoretical calculations, especially for an 

open-circuit voltage (VOC) loss of 0.4-0.5 V. The reason for the energy losses is now 

primarily attributed to thermalization loss, junction loss and non-radiative 

recombination loss. One of the most significant origins of energy loss is the energy 

misalignment by employing wide-bandgap perovskite. When the activelayer is 

replaced by wide-bandgap perovskites, the band alignment designed for charge 

transport layers and regular bandgap perovskite is misaligned, which results in 

dramatic charge accumulation at interfaces, causing significant non-radiative 

recombination loss. A promising method is to introduce charge-blocking interlayers 
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between perovskite and transport layer to reduce the concentration of specific carriers 

to suppress the non-radiative recombination and also contributing to tune the work 

function/valence band accordingly.  

Despite these concerns, this thesis has extended and developed new knowledge on 

behaviours of indoor photovoltaic devices. J-V hysteresis of halide perovskite indoor 

PV is important in designing efficient p-i-n and n-i-p device and active and transport 

layers, which emphasises that the device architectures should be carefully selected, 

and attention should be paid to suppress ion migration. The importance of transport 

layer selection is also emphasised, the selection of transport layers should achieve 

ideal energy alignment, charge carrier mobility and lifetime, and suppressed leakage. 

Wide-bandgap perovskites should be employed to fit with indoor spectral range to 

reduce thermalisation and improve photovoltaic performances. These aspects provide 

guidance for developing more efficient and reliable indoor perovskite photovoltaic 

devices and employing them to power microelectronic components to achieve the 

vision of IoT. 
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