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Abstract 

High-performance Perovskite Solar Cell and Photocathode 

 

Yulin Liu, PhD 

 

University of Pittsburgh, 2022 

 

 

 

 

ABX3-based organometal halide perovskite solar cells (OMH PSCs) have opened up a new 

overture in photovoltaic (PV) devices for sunlight harvesting. Methylammonium and 

formamidinium lead halides (MAPbI3 and FAPbI3) are the two most feasible structures due to their 

excellent optoelectrical performance and manageable deposition method. However, to stimulate 

the outspread applications of OMH PSCs in the field of industry, further progress on the 

improvement of their power conversion efficiency (PCE) and compatibility with related PV 

systems must be achieved. Therefore, this dissertation has put effort into PCE improvement of 

PSC devices. Near-infrared (NIR) plasmon particles have been utilized to improve the solar energy 

harvesting at the near-band edge of the MAPbI3. Moreover, we have also developed a new kind of 

electron transport layer (ETL)-SnO2. The efficient modification of the bottom interlayer between 

FAPbI3 and SnO2 has considerably decreased trapping sites and stabilized the perovskite growth. 

Finally, an inverted PSC structure has been assembled with noble metal free catalysts for solar-

driven water splitting application. 

Plasmon silica@silver (SiO2@Ag) core@shell particles with IR surface plasmon 

resonance wavelength are incorporated into MAPbI3-based PSC devices. Based on the position 

and concentration optimization, the IR plasmons can considerably increase the quantum efficiency 

in the near-band edge range of the devices, where typically the fragile part is. Investigation on light 

management and carrier dynamics includes wavelength-dependent photoluminescence (PL) 

analysis and electromagnetic simulation. 



 v 

PbS quantum-dot modification has been employed to promote the SnO2 ETL-based PSCs. 

An ultrathin interfacial layer between planar SnO2/FAPbI3 simultaneously passivated the trapping 

sites, induced perovskite growth and decreased energy level mismatch. As a result, incredible 

current-voltage performance improvement and elongated stability are attained due to the reduction 

of nonradiative carrier recombination. 

Finally, PSC devices are extended to convert solar energy to water splitting in a versatile 

method with molybdenum carbide (Mo2C)-based catalysts. Commercially purchased metal foil-

Titanium foil has been deployed here as a protection layer for the PSC devices and also the 

substrate for the earth-abundant catalysts. The hybrid photocathode structure PSC/Ti/Mo2C can be 

directly immersed into an acid electrolyte solution for hydrogen evolution over 10 hours. 
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1.0 Introduction 

1.1 Solar Industry 

It is the irreversible trend that fossil energy source will have been gradually fading out in 

the historic stage of human civilization development.1 Though the combination of coal, oil and 

natural gas retains 70% portion of world primary energy supply in 2020, DNV energy transfer 

outlook 2021 forecasted that traditional energy was losing position and would be lowered to half 

in 30-year future, testament to the starting up of a decarbonization era. Other than motivated by 

the environment pollution and limited consume of fossil resource, the rise for the renewable energy 

depends on the efficient and compact industrial electrification network for energy transition.2 Solar 

energy can be competitive to other power sources such as nuclear, wind and hydropower with their 

massive productivity and direct storage.3 Photovoltaic (PV) devices such as solar panels are 

already one of the cheapest forms of new power almost everywhere, maintaining a surplus power 

usage at a satisfactory cost level. Solar energy will be critical asset in the modern industrial power 

system within the next decade. 

Solar radiation is radiant (electromagnetic) energy from the sun. It provides light and heat 

for the earth and energy for photosynthesis for organic life foundation. This solar radiation 

spectrum is divided into three relevant bands, which are ultraviolet (UV), visible, and infrared (IR). 

In the whole spectra, IR and visible radiation make up 49.4% and 42.3% of the total light reaching 

Earth’s surface while UV light provides less than 9%.4 Each range of the solar radiation has 

indispensable impact on earth and not all radiation can be taken account into solar industry. it is 

the premise to notice that much of it will be absorbed, reflected or scattered in the outer atmosphere. 
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And the received amount and intensity of solar radiation by a location/surface depends on a variety 

of factors including latitude, season, time of day, cloud cover and altitude. To unify the 

measurement of PV test, most research including ours have taken the standard 1.5G solar 

illumination condition which is represented by the American Society for Testing and Materials 

(ASTM). The G-173 spectra shows terrestrial distributions of power  as a function of wavelength 

on a surface of specified orientation under one and only one set of specified atmospheric conditions 

(i.e., the surface is defined as an inclined plane at 37° tilt toward the equator, facing the sun, at an 

elevation of 41.81° above the horizon). More details about PV measurement and industry standards 

and atmospheric condition definitions can be obtained from U.S. standard atmosphere. 

The solar cell is a semiconductor device consisting of PN junctions which can utilize the 

solar energy via PV effect. First, when the incident photon energy surpasses the bandgap of the 

material, the electrons in the shining part will be excited from a low-energy state to a high-energy 

state and the electron-hole pairs will be massively produced through the absorption of photons.5 

In a semiconductor, this state transition can be divided into two types, band to-band transition and 

transition through defect states. In this study, most of our materials are direct band structure and 

thus we are more focused on the valence band-to conduction band transition.6 The excess energy 

(hv-Eg) can be dissipated as thermal energy while the excited electron collides with the lattice and 

finally relaxes to the bottom of conduction band. However, the inter-band energy levels caused by 

the impurities or defects will also be mentioned since some carrier kinetics will be influenced in 

this study.5, 7 Under the drive of built-in electric field inside the PN junctions, the photogenerated 

electrons will be swept to N side and holes to the P side. Therefore, the PN junction is under a 

forward bias status and once connected with the out-electric load, there will be a continuous power 
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output under the continuous irradiation, which is solar energy. The P and N sides are defined as 

the cathode and anode, respectively.   

According to the fundamental operation mechanism in a working solar cell device, it can 

be concluded that the vital parts are carrier generation revolving light absorption and carrier 

kinetics including recombination, transportation and collection.8 Thus, in 1961, with reasonable 

PV assumptions and standard solar radiation condition,  Shockley and Queisser have calculated 

the theoretical efficiency of semiconductor solar cells and depicted the result in Figure 1.9 Only 

considering absorption loss, black-body radiation loss and radiative recombination, the upper limit 

of electric usage efficiency get as far as 34% with the optimal bandgap of 1.34 eV. Otherwise, the 

theoretical device efficiency will be decreased by radiative recombination or abruption loss due to 

the small or large bandgap. This directed us to a clear pathway involving criteria and expectations 

for the solar cell. The most straightforward and versatile strategy is to choose a semiconductor 

with a proper bandgap.  

 

Figure 1 2020 Record efficiency of solar cells of different materials against their bandgap. (Reproduced with 

permission from 9. Copyright 2020 American Chemical Society.) 
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So far, 95% value of the global solar panel market are based on silicon (Si) . As the second 

most abundant material on earth, silicon is the most widely utilized semiconductors due to the 

batched and mature techniques, satisfying the developing rhythm of electronics and energy 

industry. Silicon has a bandgap of 1.11 eV which is close to 1.34 eV and its electric properties are 

able to considerably be tuned and improved by slight element doping. A typical commercial silicon 

solar cell is fabricated by two types of crystalline silicon material where the p-type silicon is 

produced by boron or gallium doping and the n-type silicon is usually doped by phosphorus, as 

shown in Figure 2.10 

 

Figure 2 Illustration of a milestone silicon solar cell with 25% efficiency. (Reproduced with permission from  

10. Copyright 2009 Wiley.) 

Other than silicon, there is another strong candidate material which has great potential for 

solar cell device with extra high power conversion efficiency (PCE). In 1839, ABX3 structural 

perovskite compound calcium, titanium and oxygen was first discovered in Ural mountains and 

named after a Russian mineralogist, Count Lev Perovski. Then in 2006, Tsutomu Miyasaka and 

his colleagues of Toin University discovered that some perovskites are semiconductors and could 

be applied on the PV devices. As a beginner of the perovskite solar cell era, they first realized the 
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prototyping of first perovskite solar cell (PSC) based on the organic metal halide (OMH) MAPbBr3 

with a PCE of 2.2% in 200611 and MAPbBrI2 with an increased PCE of 3.8% in 200912. Since then, 

interest in PSC devices has been perked up. Typical OMH perovskite phase and corresponding 

crystal structure is shown in Figure 6 and generally, the metastable alpha (α) phase is required for 

the PV devices for its photoactivities.13 Perovskites are hybrid compounds made from metal 

halides and organic constituents in a general chemical formula ABX3, in which A involves an 

organic cation group or inorganic metal cations such as Methylammonium (CH3NH3
+), 

formamidinium (NH2CH=NH2
+), as well as cesium (Cs+); B is generally a heavy metal cation such 

as lead(II) (Pb2+) and tin(II) (Sn2+); X is commonly a halide ion including chlorine (Cl-), bromide 

(Br-), or iodine (I-) (Figure 3). The Goldschmidt tolerance factor (t), is a simple way to check 

whether or not specific compositions can form a stable perovskite structure,14 

 t =
rA+rX

√2(rA+rX)
  (1-1) 

where rA, rB, and rX represent the corresponding ionic radius of A, B and X, respectively. The 

stable 3D perovskite structures require t value locates in the range of 0.8~1.0.15   
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Figure 3 (a) Typical crystal structure and phase variations of MAPbI3 and FAPbI3 at various temperatures: 

(b) the cubic alpha (α) phase, the tetragonal beta (β) phase, the trigonal delta (δ) phase, and the orthorhombic 

gamma (γ) phase. (Reproduced with permission from 13. Copyright 2020 Springer Nature.) 

OMH perovskites have been confirmed as a proper material for solar cell fabrication for 

low-cost material constitutes, proper bandgap (~1.5 eV), easily tunable band structure, long carrier 

lifetime, diffusion length and solution-based deposition methods with low temperature and 

controllable processes.15-17 Thus, they have shown great potential not only in solar cells, but an 

extensive range of PV applications such as LED lights, lasers, photodetectors and so on. Thousands 

of articles related to PSCs have been published and now a lab-scale device of 25.7%18 PCE has 

been achieved, outshining the performance of commercial multi-crystalline silicon solar cells 
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which did take more than 60 years to obtain, according to the record efficiency of different PV 

technologies reported 2022 from the National Renewable Energy Laboratory (NREL). Thus, there 

is an intensive research passion on pushing perovskite efficiency to go higher and figuring out the 

stability and scale-out issue, the critical factors, whereas the PSC devices could be put in viable 

usage routine. 

1.2 Perovskite Solar Cell 

Unlike silicon solar cells made by n-type and p-type Si materials, typical PSC design 

utilizes perovskite materials as a light absorber and corresponding semiconductors as electron 

transport layer (ETL) and hole transport layer (HTL) with suitable electron band structures 

favoring carrier transportation. As shown in Figure 4a, the perovskite absorbs the light, producing 

the charge carriers.8 Then carrier dissociation occurs at the interface and the charges are extracted 

towards the FTO and metal as anode and cathode, respectively. Commonly handled 

semiconductors are listed in Figure 4b.19   
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Figure 4 Schematic of  (a) band diagram and operation principle of PSC (Reproduced with permission from 

8. Copyright 2017 Elsevier.) and (b) energy level diagram of representative hybrid halide perovskites and 

charge-extraction interlayers. (Reproduced with permission from 19. Copyright 2015 RSC Publishing.) 

Generally, based on the light incident direction, PSC structures are classified into two major 

types: n-i-p structure and p-i-n structure. And each kind of structure can be further divided into 

mesoporous and planar structures.20 The device is fabricated on a transparent conductive electrode 
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fluorine-doped tin oxide (FTO) glass substrate, the ETL consists of a blocking TiO2 layer and a 

mesoporous scaffold (TiO2 particles), a MAPbI3 perovskite absorption layer, a Spiro-OMeTAD 

HTL and a top Au electrode layer. The mesoporous structure has usually been used to increase the 

contact area of the active layer and transport layers. 

One of the obstacles facing the commercialization of PSCs is that their efficiency and 

operational stability drop as they scale up, making it a challenge to maintain high performance in 

a complete solar cell.20, 21 Moreover, although PSCs have achieved high PCE, the operation 

mechanism and device physics of PSCs are not yet clearly understood. To be able to optimize the 

PCE of PSCs further, it is essential to gain a better understanding of material properties that 

influence the PCE. Based on the working principles of the PSC devices, proper materials should 

be close to fabricate high-efficiency devices. Here we are going to introduce several kinds of 

common materials for active layer, ETL, HTL, all of which are also going to be fabricated and 

applied to prototype a complete device in this dissertation. 

1.2.1 Photo-Active Layer: MAPbI3 and FAPbI3 

As mentioned previously, MAPbI3 and FAPbI3 are the most commonly used OMH 

perovskite materials, which are easily fabricated via various methods including spin coating,16, 17 

vacuum deposition,22 printing23 at a relatively low temperature at around 100 or 150 oC. Herein, 

polycrystal perovskite are fabricated using a two-step spin-coating method with anti-solvent, as 

can be seen in Figure 5a.24 The primary growth mechanism is increasing the precursor solution 

concentration into a high level and inducing the seed formation in an ultra-short time range. Then, 

there is a start of uniform grain growth followed by the classical nucleation theory and Lamer’s 
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1950 model  (Figure 5b). 5, 26 The quality of the active layer is the most crucial part in a high-

efficient PSC device.24  

 

Figure 5 (a) Schematic illustration of antisolvent-assisted one-step deposition of perovskite film (Reproduced 

with permission from 24. Copyright 2021 Springer Nature.)and (b) classical Lamer diagram for 

monodispersed particle formation (homogeneous nucleation). (Reproduced with permission from 25. 

Copyright 1950 American Chemical Society.) 

The reaction pathways for MAPbI3 and FAPbI3 are different though both from a precursor 

solution dissolved in the solvent such as DMF, DMSO, toluene, NMP or their mixture with special 

molar/volume ratio. MAPbI3 usually synthesized from a combination of MAI and PbI2 powders 

with a stoichiometric ratio of 1 to 1 as shown in Figure 6.27 The precursor was dissolved into a 
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mixture solvent of DMSO and DMF, where DMF has a high solubility while DMSO has low 

volatility. The soft colloid particles with iodine sharing PbIx framework can be attached with 

DMSO and thus the particle size can be controlled. During the post-annealing process, the MAI 

will incorporate to the intermediate framework to form final perovskite films. Thereafter, by tuning 

the precursor solution concentration and the volume ratio of DMF/DMSO, the drying time and 

film formation process can be controlled. However, the photoactive alpha FAPbI3 is usually 

transformed from the delta phase FAPbI3.
28 The critical point to form high-quality photoactive 

FAPbI3 is the stabilization and induction of interphase.29, 30 MAPbBr3 and MACl are two stabilizers 

which can decrease the activation energy of the phase transformation, as shown in Figure 6b.29 

Compared with MAPbI3, FAPbI3 perovskites are considered to exhibit higher thermal stability and 

a more ideal band gap of 1.48 eV due to the more symmetry FA anion.31 However, as FAPbI3 

require for a higher annealing temperature (150 oC) than MAPbI3 (100 oC), surface passivation for 

the FAPbI3 to decrease the remaining surface tension mismatch is a necessary step for high-

performance FAPbI3 based PSC device.  
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Figure 6 Reaction pathways of (a) MAPbI3 (Reproduced with permission from 27. Copyright 2015 American 

Chemical Society.) and (b) FAPbI3. And (c) FAPbI3 interphase with and without MACl and MAPbBr3 

stablizers. (Reproduced with permission from 29. Copyright 2019 Elsevier.) 

1.2.2 Electron Transport Layer: TiO2 and SnO2 

TiO2 is a widely utilized ETL material in PSCs for n-i-p planar structures due to its proper 

bandgap and good transmittance. However, when tested under continuous light illumination, TiO2 

obtains electrons from I-, leading to perovskite cubic structural damage and generation of I2.
32 

Furthermore, TiO2 has a disadvantage of poor electron mobility (μe) (~10-5 cm2/(V•s)) due to 

impaired intrinsic electron mobility. Therefore, TiO2 ETL based PSCs usually suffer from low 

electron mobility, high defect state density, and high chemical catalytic activity, limiting the 

overall device performance. At the same time, the TiO2 mesoporous layer is always post-treated 

at high temperatures (typically above 450 oC) to increase the conductivity and remove the organic 

material in the TiO2 paste.33 

On the other hand, planar structures for OMH PSC devices have recently garnered attention, 

due to their simple and low-temperature device fabrication processing.34 Unfortunately, planar 
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structures typically show J-V hysteresis and lower stable device efficiency compared with 

mesoporous structures.32 SnO2 is a promising candidate for planar PSCs. It has attracted 

tremendous research efforts for its high transmittance, suitable bandgap, matched energy level, 

high electron mobility (~10−3 cm2/(V•s)) compared with that of TiO2, and low-temperature 

preparation.35 Zhang and You et. al. compared the planar structural PSCs based on SnO2 and TiO2, 

as shown in Figure 7. It has been shown that SnO2-based devices are almost free of hysteresis 

because SnO2 ETL with good quality could enhance charge transfer from perovskite to electron 

transport layers, and reduce charge accumulation at the interface, compared with TiO2. Till now, 

the certificated efficiency of SnO2 based planar n-i-p PSC is 25.5% and 25.7% and high operational 

stability and facilitated the scale-up of the PSCs to larger areas, which is fully compatible with 

mesoporous structural PSC devices.18 
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Figure 7 (a) Cross-section SEM image of planar PSC device and (b) log(J)-log(V) plots, (c) normalized 

stability and (d-e) J-V curves under different scan directions for the SnO2 and TiO2 as ETL. (Reproduced 

with permission from 32. Copyright 2016 Nature Publishing Group.) 
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1.2.3 Solar Cell Device Characterization  

 

Figure 8 Solar cell (a) equivalent circuit and (b) J-V curve.  

The current-voltage (J-V) curve is the most important measurement in solar cell device 

characterization. Figure 8a shows a simplified but versatile equivalent circuit for a PSC. Under the 

illumination conditions, the IV curve can be shifted into the first quadrant where power can be 

extracted from the PN diode. Therefore, the solar cell operation depends on the light absorption as 

well as carrier dynamics. The net current (I) flowing through the  can be calculated using the 

equation below: 

 I = IL-I0[exp(
qV

nkT
)]  (1-2) 

Where IL is the illuminating current, I0 term is the dark current, related to carrier recombination. I0 

is the diode leakage current density in the absence of light, q is electron charge, V is applied voltage, 

k is Boltzmann's constant, T is the absolute temperature. n is the ideality factor for a diode, usually 

ranging from 1~2. Plotting the equation gives the IV curve as shown in Figure 8b with the relevant 

points on the curve labeled. The power curve has a maximum power point (MPP)  denoted as PMPP 

where the solar cell should be operated to give the maximum power output.  
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The shortcut-circuit current density  (JSC [mA/cm2]) is the current through the solar cell 

when the applied voltage is zero, and thus totally rests on the generation and collection of light-

generated carriers. The JSC value depends on many factors such as the incident light density and 

spectrum, the absorption and reflection properties of the devices, the minority-carrier collection 

probability and so on.  

To obtain more details about the JSC, incident-photon-to-current efficiency (IPCE), also 

referred to external quantum efficiency (EQE) can be conducted. As shown in Figure 9, IPCE is 

the ratio of the number of carriers collected by the solar cell to the number of photons of a given 

energy incident on the solar cell, given as a function of wavelength or photon energy. 

 IPCE(%)=
Ne

Np
=

1240×Jphoton 

λ×Iincident,λ
  (1-3) 

 JSC≈Jint= ∫ IPCE(λ)×I(λ)×λ×(
e

hc
)dλ  (1-4) 

If all photons of a certain wavelength are absorbed and the resulting minority carriers are collected, 

then the quantum efficiency at that specific wavelength is unity.36 The IPCE for photons with 

energy below the band gap is zero. Therefore, ideal IPCE curve should be in square shape while 

usually reduced by recombination effects. It is worth noting that the red portion is a weak 

absorption range in perovskite and easily degrades. Thus, to increase the efficiency and stability 

of the PSCs, the absorption and carrier collection at near band edge range require further 

investigation. 
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Figure 9 IPCE curve of a solar cell. (Reproduced with permission from 36. Copyright 2013 IEEE.) 

Another prominent PV parameter that has led to the high efficiency in PSCs is the open-

circuit voltage (VOC). The origins of the VOC in PSCs are complicated and influenced by many 

factors. Generally, the open-circuit voltage (VOC) of an illuminated solar cell is defined by the 

energy difference between the quasi-Fermi level of ETL (EF,e) and HTL (EF,h) as: 37 

 -qVOC=EF,e-EF, h (1-5) 

For PSCs, the VOC can be written as:  

 -qVOC=Eg-φ
e
-φ

h
-ΔEloss  (1-6) 

where φe/φh is electron/hole injection barrier height, ΔEloss represents energy losses in transporting 

charge carriers to the electrodes. Thus, it should be noted that the energy alignment of ETL/HTL 

and active layer helps in the efficient transport. 18, 32, 38 Thus, to decrease the VOC loss of the PSC 
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device, the choice of carrier transport materials with proper band energy structure and high carrier 

mobility to obtain better energy level alignment and carrier extraction, as shown in Figure 10.39 

  

Figure 10 Schematic illustration (a) mesoporous PSC device energy band diagram and (b) the origins of 

voltage losses in PSCs. (Reproduced with permission from 39. Copyright 2020 WILEY.) 

1.3 Tunable Surface Plasmon 

One of the basic strategies within the optical research area is enhancing the interaction of 

light, sometimes with specific wavelengths. And this also works for the perovskite solar cells, 

which can contribute to photon absorption enhancement and photon-generated carrier 

transportation. Localized surface plasmon resonance (LSPR or SPR) is an ancient phenomenon 

but still widely used today. It is that light can induce collective oscillations of the valence electrons 

in noble metal nanoparticles (NPs).40 As shown in Figure 11a, the oscillating electron cloud 

exhibits a lifetime on the order of femtoseconds that is limited by different radiative and non-
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radiative damping processes.41 The population of surface plasmons that decays by radiative 

damping is converted into photons while the population that decays by non-radiative damping is 

converted into electron-hole pairs by inter-band and intra-band excitations (as shown in Figure 

11b).42 Surface plasmons mainly decay through nonradiative processes are called absorption, since 

the irradiating energy is absorbed by the NPs and subsequently transferred to their surroundings. 

Otherwise, the radiative decay is called scattering. In 1908, Gustav Mie derived analytical 

expressions for the absorption and scattering cross-sections of spherical NPs of arbitrary size.43 

This theory has evolved to the generalized Mie theory that can also accurately predict the optical 

behavior of particles of different shapes, such as ellipsoids and rods.44 Based on this theory, 

metallic particles have become a new kind of optical materials that have been widely studied. 

There are various metallic geometries, such as spheres45, disks46, and shell47.  

 

Figure 11 Schematic of LSPR in the metal NPs. (Reproduced with permission from 41. Copyright 2014 

MDPI) 
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1.3.1 SiO2@Ag Core@Shell Particles 

Core shell NPs represent one of the most interesting areas due to their unique combined 

and tailored properties.40, 48 Core shell particles consist of a dielectric or semiconducting core 

coated with a nanometer-scale metallic shell. These particles manifest a strong optical resonance 

that is dependent on the dimension of core and metallic shell as well as their refractive index, 

accounted for exceptionally well by Mie scattering.49, 50 By varying material selection and core-

shell size, this optical resonance can be placed virtually anywhere across the visible or IR regions 

of the optical spectrum.51 Moreover, N. J. Halas’ group has presented a simple and intuitive 

hybridization model-an electromagnetic analog of molecular orbital theory to describe the plasmon 

response of complex nanostructures of arbitrary shape.52 The LSPR of core shell structure can be 

seen as an interaction between the essentially fixed-frequency plasmon response of a nano-sphere 

and a nanocavity. The sphere and cavity plasmons are electromagnetic excitations that induce 

surface charges at the inner and outer interfaces of the metal shell. Because of the finite thickness 

of the shell layer, the sphere and cavity plasmons interact with each other which split into two new 

resonances: the lower energy symmetric plasmon and the higher energy antisymmetric plasmon. 

Thus, the inside core and the thickness of the shell is the key to the LSPR. Figure 12 has plotted 

the core shell ratio versus resonance wavelength for a silica core gold shell nanoparticle. 49 It can 

be seen that the core shell structure has extremely agile LSPR tunability and thus their optical 

properties can be systematically designed for extensive applications. 
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Figure 12  Calculation of optical resonance wavelength versus the ratio core radius and shell thickness. 

(Reproduced with permission from 49. Copyright 1998 Elsevier.)  

Therefore, due to the excellent optical resonance properties, core shell structures can serve 

as constituents in a new class of materials that are capable of uniquely controlling radiation in the 

visible or IR spectral regions. However, the common exhibiting resonances of these core shell 

materials are primarily in the visible spectrum, mainly focused on the 400~600nm.47, 48 Therefore, 

the extension of these resonances to the red and even IR regime still needs comprehensive 

investigation. In this proposal, combined with application of solar light and IR sensing, we have 

tried to core shell structures using silica spheres with the diameters of 100nm and 1300nm, 
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respectively. As can be seen in Figure 13, the simulation expected the selection wavelength from 

400nm to 1500nm, which fully satisfied our requirement. 

 

Figure 13 Mie scattering theory of spectra for various silica cores: (a) 100nm and (b) 1300nm. 

1.3.2 Plasmon Enhanced Solar Cells 

As we mentioned previously, PSC devices hold great promise as cost-effective renewable 

energy sources but still require a higher PCE for the future industrial applications. The primary 

mechanism lied behind this drawback is the incomplete photon absorption and utilization. Not 

only perovskite based solar cells, but other solution-processing thin-film solar devices like organic 

solar cells (OSCs) also suffer from insufficient solar light harvesting. Aim to realize the full 

potential of the solar cell devices, incorporation of plasmonic metal structures into the thin active 

layers has been considered as a breakthrough strategy to solve this inherent limit and represent an 

imperative milestone toward the highly efficient PSCs and OSCs, arising from the significantly 

enhanced light absorption and electrical characteristics in fundamental.53, 54  
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The light coupling effect of plasmons in the active layers can be complicated and reports 

have even shown controversial results. Typically, Xu, Wand and their colleagues have embedded 

a core-shell plasmonic nanostructure into both active layers of OSCs and PSCs.55 Specifically, Ag 

nanoparticles were decorated with a titania/benzoic-acid-fullerene bi-shell (Ag@TiO2@Pa), 

enabling the nanoparticles to be compatible with fullerene acceptors or a perovskite absorber, as 

can be seen in Figure 14. Moreover, coating the Ag@TiO2 nanoparticles with a fullerene shell can 

activate efficient plasmon-exciton coupling and eliminate the charge accumulation, thus 

facilitating exciton dissociation and reducing the monomolecular recombination. The improved 

light absorption and enhanced carrier extraction of devices with Ag@TiO2@Pa nanoparticles are 

responsible for the improved short-circuit current and fill factor, respectively. On the basis of the 

synergistic effects (optical and electrical), a series of plasmonic OSCs exhibited an enhancement 

of 12.3-20.7% with a maximum power conversion efficiency of 13.0%, while the performance of 

plasmonic PSCs also showed an enhancement by 10.2% from 18.4% to 20.2%. This core-shell 

design concept of plasmonic nanostructures demonstrates a general approach to improving the 

photovoltaic performance with optical and electrical contributions. 
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Figure 14 (a) Plasmonic device structures of OSCs, (b) variation of absorptive power distribution due to 

plasmonic incorporation and (c) energy diagram of the proposed charge extraction process. (Reproduced 

with permission from 55. Copyright 2019 American Chemical Society.) 

The rise of the optical and electronic effects can be attributed to LSPR effects in metal 

structures, giving rise to a collection of optical and electronic effects which occurred during the 

excitation and subsequent decoherence of a plasmon. Accordingly, plasmonic enhancement in 

solar devices can be attributed to radiative and nonradiative effects as can be seen in Figure 15.56 

For the radiative part, the LSPR relaxes and re-radiates light into the absorptive layer or the metal 

nanostructures act as a secondary light source that enhances local electric fields including light 

scattering and near field enhancement, and the non-radiative effects are where the LSPR relaxes 
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and energy is subsequently transferred to vicinal semiconductor which can be divided into hot 

electron transfer and plasmon resonant energy transfer. 

 

Figure 15 Schematic of plasmonic effect in perovskite solar cells a: far-field scattering, b: near-field coupling, 

c: hot-electron transfer and d: plasmon resonant energy transfer. (Reproduced with permission from 56. 

Copyright 2016 Royal Society of Chemistry.) 

1.3.3 Other applications  

Based on our previous discussion, it can be predicted that the graphene IR absorption can be 

enhanced by the silica core silver shell particles. Therefore, we have designed a graphene biometric 

sensor integrating red silica core silver shell particles based on thermoelectrical and biometric 

mechanisms, as can be seen in Figure 16. By coating plasmonic particles on the suspending 
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graphene grown by CVD, the temperature of the effective area of device can be increased rapidly 

and thus reflect the incident light. Silica core silver shell particles can contribute to local 

temperature increment rapidly. The TCR of graphene is complicated and heavily influenced by the 

environment, suspending structure are taken here to maximally convert incident photons to heat. 

The photodetectors were fabricated on a highly conductive Si wafer (p-type) and the suspend 

membrane consists of graphene and SiN as shown in Figure 16 (The graphene effective area is 

5*5mm2
 to counteract the dissipation of heat due to the large heat conductivity of graphene). 

 

Figure 16 Schematic illustration of graphene photodetector. Green: Membrane (10*10mm2) Black: Graphene 

(5*5mm2) Blue: Leads/Contacts (1*1mm2). 

We have run tests on the device, as can be seen in Table 1. The graphene sensors are coated 

with plasmon and under the shining of the red diode (λ=618nm), the resistance of the device 

decreased by 1.24% which the reference sensor didn’t show the change under laser at all. In the 

future, more device measurement will be conducted under the different laser to confirm the 

selection of the detector by plasmon.  
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Table 1 Initial Testing of Graphene based Sensors 

  Potential (V) Current (A) Resistance (Ohm)  

W/O 

Control 0.2 1.09E-04 1.83E+03 

null 

Lighten 0.2 1.09E-04 1.83E+03 

W 

Control 0.2 8.28E-05 2.41E+03 

-1.24% 

Lighten 0.2 8.41E-05 2.38E+03 

 

Sensors relating to gas (H2, CO2), temperature, and pH value based on optical fiber are 

gaining attention because of their higher sensitivity.57 Attributed to the higher refractive index of 

the TiO2 compared to that of silica core, the TiO2 layer can also be the sensing layer with optical 

fiber sensors.58 Moreover, atomic layered deposition (ALD) is a vapor phase deposition technique 

based on successive, alternating surface controlled and self-limiting reactions to produce highly 

conformal and uniform thin films with thickness control.59 Hence, ALD has emerged as a powerful 

tool for many industrial and research applications. Moreover, the ALD TiO2 films are more stable 

than SiO2 and can resist high temperature environment.60 However, there is still lack of knowledge 

about the gas sensing of ALD TiO2 films with optical fibers. Thus, in this proposal, we are going 

to apply ALD TiO2 layers with different thickness as sensing layer under different temperature. 

NIR gas sensor using ALD TiO2 films on optical fibers are used. For further enhancing the IR 

response, IR plasmonic particles will also be coated on the optical fibers for less attenuation. The 

schematic of the optical fiber sensor and set-up are shown in Figure 17. Moreover, the coating of 
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the particles, the thickness of TiO2 films and the using temperature will be investigated for better 

understanding the mechanism of gas sensing. 

 

Figure 17 Schematic of Gas Sensor based on Plasmon Enhancing Optical Fiber. 

NIR plasmon particles were achieved with the 1400nm diameter Silica coated with a 20nm 

silver shell. As-synthesized particle solution using ethanol solvent possessed a sharp peak at 

1400nm, consistent with the simulation result in Figure 13b. Then the particles will be coated on 

the silica plate and 10nm ALD TiO2 deposited fiber via dip coating method.61 As can be seen in 

Figure 18a, there is a broad but prominent peak for the silica plate around 1300nm. Although there 

is a slight blue shift, compared with solution, the effect can be ascribed to the media difference for 

the particle and also some aggregation.62 However, it can be concluded that the successful transfer 

of the enhanced NIR absorbance effect. Therefore, the transmission spectrum of NIR plasmon 

particles coated film on fiber was then acquired in 100ºC increments from 100-800ºC and at each 
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temperature step, the system was stabilized for 5 minutes prior to the acquisition of a transmission 

spectrum. These spectra are presented in Figure 18b, all relative to the initial transmission 

spectrum at 25°C. From room temperature to 500ºC, it can be seen that the transmission spectrum 

is dominated by a broad absorption feature at a 1400nm-plasmonic wavelength that gradually 

grows with increasing temperature. Prior work with only ALD TiO2 layer didn’t show such 

enhancement at this range from data presented in 63. After performing the temperature series, the 

fiber was held at 800°C in 3.9% H2 and varied levels of hydrogen as shown in light blue in Figure 

18b. The relative change of transmission intensity is shown for a range of different wavelengths 

in the NIR (Figure 18c). During the second cycle of hydrogen exposure, a measurable broad NIR 

response was observed. More specifically, at 1100 nm a peak response of around 1% relative to 

the baseline, as shown in Figure 18d. However, it seems that the NIR particles are not very stable 

in the high-temperature atmosphere which requires more complex design and assembly. 

Detachment may happen because of stress mismatch caused by the TiO2 phase transformation. 

And for more stabilized NIR particles, a protective layer such as a thin silica outer shell should 

also be considered.   



 30 

 

Figure 18 Transmittance spectra of (a) silica plates with (red line)/without (black) NIR plasmon coating and 

paticle solution dispered in ethanol (right) and (b) TiO2-based fiber coated with NIR plasmonic particles. (c) 

Hydrogen cycled from 3.9% to 0.4% and (d) corresponding optical response of plasmon fiber sensor at 

800oC. 
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1.4 Hydrogen Evolution Reaction 

1.4.1 Solar-driven HER 

Solar energy is an inexhaustible natural energy source and to fully take advantage of it, the 

extension and combination with other industry technology is indispensable. Moreover, it has also 

been mentioned that the prominent obstacle encountered in solar technology is a massive grid-

scale storage system to store the converted electrical energy, so as to compensate for the 

intermittent nature of sunlight. As an alternative to PV cells, photoelectrochemical PEC system 

utilizes a solid/liquid junction by immersing a semiconductor material into an electrolyte. PEC 

cells offer the advantage of producing chemical fuels such as hydrogen (H2) through splitting of 

water and thereby provide an alternative pathway to store solar energy at a large scale in the form 

of chemical bonds. Hydrogen energy is compatible with the current industry systems and has the 

highest energy density (143MJ/kg), far higher than methane. Electrolysis powered by grid 

electricity is disadvantaged by the limited number of hours of low-priced electricity. The future 

production of hydrogen for energy purposes will be dominated by electrolysis using dedicated off-

grid renewables, such as solar and wind farms. In the presence of sunlight, water is split into its 

constituting atoms at the photoanode and cathode.  

A typical photoelectrochemical (PEC) cell for hydrogen evolution reaction (HER) is 

illustrated and shown in Figure 19a.64 As can be seen, the fundamentals of the kind of devices to 

transfer the solar energy to the reduced H2. In HER, photosensitive materials are treated as 

cathodes. The photocathodes can absorb light, and then produce photoexcited electrons and 

negative voltage bias. The H+ flows towards the cathode in the solution while the electron flow 

towards the cathode in external circuit to complete a closed loop. The reduction reaction can then 
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occur on the surface of photocathode electrodes, which are also the catalyst materials for the HER. 

Actually, the HER is half of water splitting: 

in acidic electrolytes:     

 2H(aq)
+

 + 2e- → H2(g)  (1-7) 

in alkaline electrolytes:    

 2H2O + 2e- → H2(g) +2OH(aq)
-
     (1-8) 

Thus, solar-driven HER process requires that the cathode catalytic materials can absorb sunlight 

and then transfer solar energy to hydrogen. Therefore, transition metal oxides and sulfides with 

proper energy band structures are often chosen as photocatalytic electrodes as shown in Figure 

19b. These semiconductors can absorb light as the electrons in valence band (VB) jump into the 

conductive band (CB) (hv>Eg). And then the photoexcited electrons can participate in HER.65 Thus, 

the materials should possess proper bandgap value which allows maximal sunlight absorption and 

hydrogen production. The CB electron energy level should be more negative than the H+/H2 

reduction potential, ensuring enough energy to overcome the activation energy barrier.64 

  

Figure 19 (a) Schematic illustration of a typical photocatalytic device and (b) working principle of TiO2 

photocatalytic water splitting. (Reproduced with permission from 66. Copyright 2012 Elsevier.)  
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In the cathodic reaction, as shown in Figure 19b, H ions or H2O capture electrons and thus 

can be reduced to H2. This reducing process requires activation energy (Eact), as can be seen in 

Figure 20.64 The height of the Eact is largely depending on the interface of the reactants and 

catalysts. Thus, the function of catalyst is to maximally reduce this energy gap. The catalytic 

hydrogen reduction process can be divided into two primary steps. In acidic electrolytes, firstly, 

the H ions in the solution are absorbed on the surface of catalyst cathodes and reduced by an 

electron, fascinating to produce reduced hydrogen. Then, the producing H2 needs to be desorbed 

from the catalysts.  

 H(aq)
+

 + e- → Hads  (1-9) 

 2Hads
 → H2(g)                (1-10) 

Since these two processes are adverse in thermodynamics, catalyst materials that have a significant 

decrease of Gibbs free energy in one process must have difficulties completing the other one. Thus, 

thermal neutral catalyst materials are ideal for the HER, meaning the ∆GH* should approach zero. 

The interaction between catalysts and hydrogen should not be too weak or strong.67 Besides, 

according to Norskov’s theory, the more neutral adsorption/desorption of hydrogen, the higher 

exchange current can obtain in the reducing process.68 Based on this criterion, Pt and its alloys are 

the optimal choice for HER due to their excellent catalytic activity and high exchange current 

during the catalytic reducing process. However, Pt is a noble metal and the content on the earth is 

quite rare. It is unrealistic to commercialize on a large-scale. Thus, the development of a cheap 

and excellent catalyst electrode is very important. 
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Figure 20 Schematic illustration of the HER energetics (Reproduced with permission from 64. Copyright 2013 

Royal Society of Chemistry.) 

1.4.2 OMH Perovskite for PEC applications  

Numerous studies focusing on the improvement of photoelectrode materials. However, it 

can also easily be noticed that most transition oxide and sulfide semiconductors possess a relatively 

small bandgap, resulting in their absorption range located in the UV range, which is only around 

9% of the solar light. Hybrid perovskites are promising PEC materials which hold merits that are 

typically absent in the conventional inorganic semiconductors. Other than their tunable electronic 

properties but suitable bandgaps can absorb most visible and NIR portion of the solar energy. In 

the perovskite-based PEC hybrid configuration, hybrid perovskite solar cells are used as additional 

light absorbers, combining with typical photoelectrodes and extending the light absorption 

wavelength to the IR region.69 In this design, perovskite solar cells normally sit behind the 

photoelectrodes and absorb the sunlight that penetrates through the front photoelectrodes, thereby 

greatly enhancing the sunlight utilization. At the same time, perovskite solar cells can provide 

photovoltage over 1V, facilitating the photoelectrodes to achieve unbiased water splitting on their 

surfaces.  
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2.0 Research Hypothesis and Scope 

Based on the statement of the importance of solar energy industry and review on the solar 

cell system development, this research is expected to make progress on the promotion of PSC 

devices improvement including their PCE, stability as well as the light management and carrier 

dynamic optimization. Further, we have extended the application of the OMH materials into the 

water splitting application and hope this can contribute to the evolution of solar energy storage and 

renewable technologies. 

2.1 Chapter 3: Effect of NIR Plasmonic Particles on PSC Device 

It has been discovered that the incomplete utilization of IR or NIR solar portion is one of 

the main obstructions for perovskite based solar devices to achieve theoretical performance. Long-

wavelength photons possess relatively low energy lying on the electric band edge of the OMH. 

Therefore, both corresponding absorption and photon-generated carriers in the perovskite based 

active layer are weak in this range. Though there have been several research focused on the 

plasmon enhancing perovskite optoelectrical devices including PSCs, the improvement focused 

on the near-band edge solar energy utilization is still off the table. Herein, NIR plasmon enhancing 

PSC structures aimed at the near-band edge light harvesting strengthening have been proposed: 

1. A thin outer layer of semiconductor materials can passivate the direct contact of metal 

and OMH materials and avoid parasite reactions which may destroy the PSC layers. 
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2. Investigation of plasmon PSC device structure with particle embedding position and 

concentration can optimize the plasmon enhancement effect on optical and electrical 

performance of the final devices. 

3. The selective enhancement in the NBE range of the PSC devices can be proved by IPCE 

measurement, wavelength-depended electric field calculation and photoluminescence 

(PL)/time-resolved PL analysis.   

2.2 Chapter 4: Interfacial Modification for SnO2 based Planar PSC device 

Meanwhile, we are devoted to exploiting new types of  PSCs with electron transport 

materials of higher developing potential. As we have mentioned previously, SnO2, compared with 

traditional TiO2, has held more advantages as the ETL material such as a more straightforward 

fabrication process without high temperature and superior charge transport mobility. However, the 

solution-process SnO2 without annealing retains surface defects, inducing massive non-radiative 

recombination. Herein, a novel interfacial modification strategy using PbS quantum dots between 

the ETL SnO2 and FAPbI3 based perovskite active layer has been proposed to fabricate PSC 

devices with  high efficiency and long stability: 

1. PbS coating modulates the surface state of SnO2 and there is a better energy alignment 

between perovskite and SnO2 ETL. 

2. PbS pre-deposited underlying the PVK, favoring the growth of photoactive perovskite 

phase. 

3. PbS interlayer passivates the interfacial contact defects, reducing non-radiative 

recombination. 
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2.3 Chapter 5: Hybrid Perovskite based Photocathode 

Further, PSC devices are introduced into solar-driven water splitting systems to fully take 

advantage of their light absorption and conversion ability. For feasible OMH material based 

photoelectrodes, the passivation of the device compatible with chemical solvent environment and 

the assembly of a co-catalyst for efficient electrochemical reactions are two essential issues on the 

horizon. As we concluded in part 1.4, there is a lack of study and design which bridge the 

convenient perovskite-based photo-electrochemical devices and high-performance earth-abundant 

co-catalyst materials. Herein, naturally extended from the previous passivation strategy and 

progress of noble metal free catalysts, a versatile and nimble hybrid photocathode structure has 

been proposed and evaluated: 

1. Molybdenum carbide (Mo2C) is a potential catalyst material for hydrogen evolution 

reaction (HER) due to its low value of ∆GH. The synthesized Mo2C nanomaterials with 

the structural support of carbon material and single atom Titanium (Ti) element dopant 

can considerably decrease the HER overpotential for more effective electron transfer and 

the decrease of the ∆GH. 

2. Commercial metal (Ti) foil can be assembled on the top of inverted PSC devices with 

silver paste at the room temperature. The Ti foil can act as a conductive layer for long 

stability protection. Meanwhile, Ti foil is electrochemically stable and thus can be the 

substrate for the cheap catalytic nanomaterials which connect the catalytic part for the 

PSC devices for the final photocathode devices. 

3. The enhancing HER performance of Mo2C based catalytic material can be tested using 

LSV, ESCA and impedance spectra measurements. Moreover, the performance and 
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stability of the final hybrid perovskite-based photocathode with Mo2C based co-catalyst  

can also be demonstrated correspondingly. 
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3.0 Near‐Band‐Edge Enhancement in Perovskite via Surface Plasmons 

This Chapter includes the following published contents: 

Liu, Y., Lee, S., Yin, Y., Li, M., Cotlet, M., Nam, C.-Y., Lee, J.-K., Near-Band-Edge Enhancement 

in Perovskite Solar Cells via Tunable Surface Plasmons. Adv. Optical Mater. 2022, 2201116. 

https://doi.org/10.1002/adom.202201116 

(Full text reproduced with permission from 70. Copyright 2022 Wiley‐VCH GmbH.) 

3.1 Background and Motivation 

Solution-based organometal halide perovskite solar cells (OMH PSCs) has attracted 

continuous attention since past decade due to their proper bandgap (~1.6 eV), high absorption 

coefficient, long carrier diffuse length, low-cost solvent engineering, and compositional 

flexibility.17, 71, 72 However, practical future applications of the PSCs still require further 

improvements of their performance, such as power conversion efficiency (PCE), stability, and 

compatibility with other types of photovoltaics for a high-efficiency tandem application. Therefore, 

numerous efforts have been made to improve CH3NH3 (MA) or CH(NH2)2 (FA) based PSC 

devices. For instance, the hole and electron transport layers (HTL and ETL) are modified, an 

interface layer is inserted for favorable energy level alignment, pre- or post-treatment of the active 

layer is tested, and antisolvent and stabilizer are added into the perovskite layer.54, 56, 73 Such 

optimizations are expected to enhance the  light absorption and/or carrier dynamics of the 

devices.30  
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There is a simple and versatile method that can enhance the light absorption and manage 

the carrier transport simultaneously which is the insertion of plasmon particles into the solar cell  

device structures. The embedded metallic structures can confine the electromagnetic (EM) field 

via the localized surface plasmon resonance (LSPR) effect and act as effective light-matter 

interaction centers inside the solar cells and the optical and electric properties of the solar cells to 

increase the PCE.54   

Tunable metal plasmonic particles have been applied into PSCs of different device 

configurations and the contribution of LSPR to the improved PCE is explained using radiative and 

nonradiative aspects.53, 56, 73, 74 For example, Huang et al. have demonstrated that the Au@Ag nano-

cuboids in the different layers of PSCs can increase PCE via LSPR  enhanced light absorption and 

optimized scattering management.75 Moreover, the incorporation of plasmonic particles are also 

claimed to be able to change the carrier dynamics, which include reducing exciton binding 

energy,76 suppressing the electron-hole recombination,53, 77, 78 and increasing the carrier collection 

efficiency at the interface.54 Nevertheless, potential negative effects of integrating plasmonic 

particles are non-negligible, posing challenges against the plasmonic enhancement. A high particle 

density in active layer can reduce perovskite loading and metallic surface may degrade under a 

high process temperature or corrosive solvent, which causes a detrimental impact on charge 

transport.75 Due to this complex effect on the light absorption and charge collections, delicate 

design of the plasmon PSC structure (e.g., shape, position, passivation) is required.55 Accordingly, 

previous studies report the use of different types of plasmonic particles inserted in a few different 

locations within the device. For example, gold nanoparticles embedded into the HTL can cause a 

considerable improvement of photocurrent resulting from a metallic plasmonic contribution. 

Huang et al. exploited the insertion of titania/benzoic-acid-fullerene shell decorated Ag 
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nanoparticles into the perovskite layer to enhance light absorption and carrier extraction through 

the synergistic combination of electric and optical effects.55  

However, most of these previous studies exploited spherical Ag or Au based plasmonic 

nanoparticles usually exhibiting narrow plasmonic excitation bands centered at high-energy zone 

(300~550 nm) to boost the efficiency of solar cells, which overlap with the strong extinction zone 

of the organic-inorganic metal halide perovskites. Thus, the plasmonic light enhancement effect is 

become less important and the relatively low long-wavelength absorption of the active material is 

not addressed. As shown in Figure 21, Lee et. al. recently embedded gold nanoparticles into the 

hole transfer layer (HTL) of PSC to improve the properties.76 However, based on the absorption 

check of the whole device, it is noticed that the dominate contribution to the low-energy zone of 

plasmonic PSCs is the enhancement of electrical conductivity of the HTL rather than plasmon-

induced absorption enhancement. 
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Figure 21 (a) Illustration of device structure with plasmon particles, (b) UV-Vis spectra of plasmon particles, 

(c) J-V curves and (c) temperature dependence of PL spectra and (d) corresponding ratio with and without 

plasmons. (Reproduced with permission from 76. Copyright 2013 American Chemical Society.) 

As to the material choice used for plasmonic particles in PSCs, most studies chose Ag or 

Au based plasmons exhibiting LSPR bands in a visible range (400 <  < 600 nm), where the light 

extinction coefficient of the halide perovskite is already large. Given that the light extinction 

coefficient is small near the near-band-edge (NBE), it would be of great importance to explore the 

NBE light management of the halide perovskite by modifying the physical structure of the 

plasmonic particles.75 This near-infrared (NIR) light possesses low photon energy and interacts 

with the halide perovskite weakly, resulting in the weak light absorption and low carrier extraction 
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rate.75, 76 In this regard, it would be beneficial to explore the science-guided design of new surface 

plasmonic particles, which can boost the performance of PCSs in the NIR region corresponding to 

weak absorption NBE region. It is particularly necessary to thoroughly investigate the impact of 

these new NIR plasmonic particles on both the optical and charge transport properties in PSCs. 

To achieve this goal, we have studied a SiO2@Ag@Ag2S (SAA) sandwich plasmonic shell 

particles whose LSPR wavelength is positioned in NIR region to strengthen the light-matter 

interaction at NBE of the halide perovskite (600 <  < 800 nm). Ag shell on silica cores with a 

diameter of 100 nm is employed for the redshift of silver plasmons.52, 79 Ag2S layer is coated on 

the Ag shell by reacting the outer surface of Ag layer. This top Ag2S layer prevents the trapping 

and annihilation of carriers at the interface between the Ag shell and the surrounding halide 

perovskite matrix.80 SAA particles are added into different locations of PSCs and their effects on 

PCE are comprehensively examined. It is found that the plasmonic particles within the perovskite 

layer improves the performance of PSCs the most. There is an optimum amount of embedded 

plasmonic particles which increases the light absorption while suppressing the carrier 

recombination simultaneously. This synergistic combination of the two effects significantly boosts 

the photon-to-charge carrier conversion in NIR range without sacrificing the open circuit voltage 

(VOC) and fill factor (FF) of the PSC devices. Consequently, in comparison to conventional PSCs, 

the surface plasmons increase the quantum efficiency of PSCs in the NIR region by 15% and the 

champion plasmonic device reaches short-circuit current density (JSC) of 24.7 mA/cm2
 and PCE of 

19.83%. 
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3.2 Experimental 

3.2.1 Synthesis of SiO2@Ag Core@Shell particles 

Silica (SiO2) nanoparticles were synthesized by Stöber method. 81 Ethanol was mixed with 

9 ml ammonium hydroxide solution. Then, 4.5 ml TEOS was added into the solution and 

vigorously stirred for 24 hours at room temperature. Then, obtained SiO2 particles and 1 ml 

APTMS were put in a three-neck bottle and distilled at 80oC overnight twice. The diameter of 

monodisperse silica particles was 100 nm (Figure 22a). 

A thin and uniform Ag shell was coated on the surface of SiO2 by seed mediated 

Zsigmondy method. The silica-gold seed solutions were first prepared for silver shell coating. 

Typically, 1.5 ml 0.2 M NaOH solution and 1ml THPC solution were added into 45.5 ml water 

and stirred for 5 min. 2 ml HAuCl4 solution was injected into it very quickly. Subsequently, SiO2 

nanoparticles were added dropwise (Figure 22b). The gold-decorated silica particles were mixed 

with a fresh 0.15 mM solution of AgNO3 and stirred vigorously.  
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Figure 22 (a) DLS distribution of SiO2 core nanoparticles (average size; 106.8nm) and (b) UV-vis extinction 

spectra SiO2 and Au seed nanoparticles decorated SiO2 particles. 

Then, 50 ml of formaldehyde solution was added to the stirred mixture to reduce silver 

onto the gold-decorated silica particles. This step was followed by adding ammonium hydroxide 

(typically 20~50 ml). Color of the solution changed between 30 and 60 s, which is the evidence of 

shell formation. The addition of ammonium hydroxide into the sample solution caused a rapid 

increase in the pH of the solution, which facilitated the reduction of Ag+ to Ag0 that was deposited 

onto the surface of the seed particles, forming silver shells. The surface of SiO2@Ag core-shell 

particles was passivated with Ag2S film. For the deposition of a thin sulfide nanoshell, the core-

shell particles were redispersed in a 0.5 M Na2S solution and the solution was continuously stirred 

for 2 hours at room temperature. During the stirring, 3 nm thick Ag2S layer was slowly formed on 

the surface of Ag shell. The resultant SAA particles were washed in ethanol and separated via 

centrifugation. The collected SAA particles were kept in a vacuum overnight to completely dry 

the solvent before they were further used. For the fabrication of plasmonic PSCs, different amount 

of the SAA particles were dispersed in DMF and added to the different locations of PSCs. 
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3.2.2 Mesoporous PSC Fabrication 

Perovskite Solar Cell Fabrication: A compact TiO2 (c-TiO2) layer was deposited on FTO 

glass substrates by spin coating the mixture of TTIP and 1-butanol at 3000 rpm for 30 s. The 

densely coating layer was heated at 150 °C for 10 min in the ambience. TiO2 paste dispersed in 

ethanol (1:4 w/w) was spin-coated at 4000 rpm for 30 s on the c-TiO2 layer and annealed at 500 °C 

for 1 hour. To prepare the perovskite layer with or without SAA, 159 mg MAI and 469 mg PbI2 

were first dissolved into a mixture solvent of DMSO and DMF (1:8 v/v). Then, 50 μL of precursor 

solution with or without SAA was dripped onto meso-TiO2 layer and spun at 4000 rpm for 20 s. 

After the coated precursor was spun for 9 s, 0.5 ml diethyl ether was dropped using a pipette. The 

film was then annealed on a hot plate at 60 °C for 3 min and 100 °C for 20 min sequentially. Spiro-

OMeTAD solution, which was prepared by mixing 72 mg/ml of Spiro-OMeTAD in chlorobenzene 

with 28.8 μL of t-BP and 17.6 μL of Li-TFSI salt (720 mg/ml in acetone) was deposited on top of 

the perovskite layer at 4000 rpm for 30 s as HTL. Finally, 50 nm-thick Au electrodes were 

thermally evaporated.  

3.2.3 Material Characterization 

Characterizations and Measurements: The microstructure of the devices was analyzed 

using scanning electron microscope (FEI Apreo SEM). The crystal structure was examined using 

X-ray diffraction (XRD; Bruker D8 Dsicover SRD). A radiation source was Cu Kα radiation (λ = 

0.15406 nm). Photovoltaic properties were measured using an electrochemical workstation 

(CHI660D, CHI).  
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3.2.4 Device characterization 

Photocurrent density-voltage (J-V) curves were measured under one sun illumination with 

a basic FTO/ETL/perovskite/HTL/Au structure. The external quantum efficiency (EQE) or 

incident-photon-to-current efficiency (IPCE) was measured in a direct current (DC) mode without 

an external bias using TracQ Basic Spectroscopy Instrument.  

3.2.5 Static and Time-Resolved Photoluminescence Spectra 

Photoluminescence (PL) spectroscopic experiments were performed with a Fluotime 200 

spectrometer (time-resolved PL, Picoquant Germany) and an Ocean Optics QE65000 fiber optics 

spectrometer (steady-state PL) using the 450 and 700 nm pulsed light output from a 

Pharos/Orpheus OPA/LYRA ultrafast laser system (Light Conversion Systems, 45 kHz repetition 

rate). 

3.2.6 FDTD Simulation 

The full-wave electromagnetic simulations were conducted with a commercial Lumerical 

suite Finite-Difference Time-Domain (FDTD) simulator, which is commonly used to simulate the 

LSPR of plasmonic nanoparticles. When performing the numerical simulations, the total-field 

scattering-field source was used to get the extinction cross sections as well as the electric field 

distributions at the longitudinal and transverse resonant wavelengths. In all calculations, the 

frequency dependent permittivity of materials was modeled using the experimental data of Johnson 
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and Christy with linear interpolation. The simulation domain was finely meshed with the smallest 

size of 1.5 nm in the metal region to ensure the accuracy of the calculated results. 

3.3 Design and Preparation of NIR Plasmonic Particles 

To take advantages of the surface plasmons for better performance of PSCs at the NBE 

wavelength, several conditions need to be satisfied: 1) to match the LSPR wavelength with the 

band gap energy of light absorber;75, 80 2) to avoid carrier trapping and annihilation at the metal 

component of the plasmonic structure;56, 76 3) to control the positions and concentrations of 

embedded plasmonic particles to maintain good intrinsic properties of perovskite layer, including 

high absorption coefficient in ultraviolet-visible (UV-vis) range, long charge diffusion length and 

so on.80, 82 

SiO2@Ag@Ag2S (SAA) core-shell nanoparticles were prepared through two steps as 

shown in Figure 23a. A smooth and continuous silver shell was moderately reduced from Ag1 to 

Ag0 assisted by gold seeds.79, 83 To eliminate the carrier annihilation on the metal surface and 

stabilize the silver shell, another ultrathin dielectric Ag2S shell was formed by sulfurating the outer 

surface of Ag. 84 The details of the plasmonic particle synthesis procedure can be found in the 

Experimental section. Figure 23b shows the SEM image of as-prepared SAA (SiO2 core diameter: 

100 nm, Ag shell thickness: 17 nm, Ag2S thickness: 3 nm) core-shell nanoparticles. The extinction 

spectra of SA and SAA nanoparticles in DMF are shown in Figure 23c. Two curves are similar 

except a slight difference in the resonance peak wavelength (725 nm vs. 767 nm), which 

demonstrates that the minor sulphuration of Ag does not change the LSPR of the Ag shell. Optical 
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features at the NIR region were also well maintained. Inset optical photographs in Figure 23c also 

show that the coating of the outer shell did not change the color of the plasmonic particles.  

 

Figure 23 (a) Schematic of the synthesis of the core-shell SiO2@Ag@Ag2S (100@17@3 nm) plasmonic 

particles; (b) SEM images of the SAA particles; (c) Extinction spectra particles in DMF with the 

concentration of ~2× 10-10 M (inset: Optical photograph of plasmonic particle solutions, SAA on the left and 

SA on the right). 

3.4 Plasmon PSC Device Optimization 

These SAA nanoparticles were incorporated into different locations of PSCs (mesoscopic 

TiO2/MAPbI3/Spiro-OMeTAD). Figure 24a illustrates three configurations of the plasmonic 
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devices; (position #1) inside the MAPbI3 perovskite layer, (position #2) at the interface of 

perovskite/HTL (i.e., on the surface of perovskite layer), and (position #3) inside the HTL layer. 

Since the incident light comes from TiO2 side of the device, the plasmonic particles are not 

expected to have dual scattering or up-conversion emission effects.75, 85 Figure 24b shows the 

corresponding cross-sectional SEM image of control devices. The typical J-V curves of different 

plasmonic PSCs are shown in Figure 24c, and the corresponding photovoltaic parameters are 

tabulated in Table 2 and Figure 25 for direct comparison. The surface plasmons increased JSC in 

comparison to the control devices. However, inserting the SAA particles at the perovskite/HTL 

interface or within HTL worsened VOC and FF. To further investigate the effects of SAA particles, 

IPCE of the plasmonic PSCs was measured to find out the dependence on the incident photon 

energy, as shown in Figure 24d. SAA inside the perovskite layer and the HTL could obviously 

improve IPCE within the whole absorption spectrum. Moreover, the PSC with SAA embedded 

only inside the active layer showed a more obvious enhancement in the longer wavelength region 

(>500 nm). This is due to the near-field effect and the suppression of the non-radiative 

recombination, which is further explained in a following section. However, inserting the SAA 

particles at the perovskite/HTL interface or in the HTL did not lead to an effective enhancement 

of IPCE in the NBE region. This is likely caused by the energy level mismatch between Ag2S  of 

SAA particles and HTL, impeding the carrier transport from perovskite to HTL.80, 86  
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Figure 24 (a) Illustration of plasmonic SAA particles incorporated in different positions of PSCs and the 

positions are noted as #1 (inside the perovskite layer), #2 (at the interface of perovskite/HTL), #3 (inside the 

HTL); (b) J-V characteristics of PSCs with or without SAA under one sun illumination and (c) corresponding 

IPCE and integrated current of the PSCs. 
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Figure 25 Statics of photovoltaic performance of the PSCs incorporated with SAA at different positions: (a) 

JSC, (b) FF, (c) VOC, and (d) PCE of the PSCs. (14 devices were measured for each of the conditions) 
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Table 2 Summary of the J-V parameters of the plasmon PSC devices incorporated in different positions (from 

14 devices for each type) 

 JSC  [mA/cm2] VOC [V] FF [%] PCE [%] 

control 
22.17 

(22.13±0.63) 

1.063 

(1.052±0.016) 

74.3 

(71.3±1.7) 

17.49 

(16.60±0.68) 

#1 
23.43 

(23.00±0.61) 

1.065 

(1.059±0.017) 

72.7 

(72.4±1.1) 

18.37 

(17.63±0.49) 

#2 
23.11 

(22.83±0.33) 

1.055 

(1.022±0.022) 

68.8 

(68.3±1.0) 

16.77 

(15.93±0.50) 

#3 
22.91 

(22.94±0.37) 

1.072 

(1.026±0.030) 

69.7 

(69.2±1.3) 

17.12 

(16.28±0.47) 

 

Based on results in Figure 24, the device structure of #1 was chosen to further investigate 

the effect of the plasmonic particles on the light absorption and carrier dynamics. Different 

concentrations of SAA particles were added into the perovskite layer. Figure 26a shows the 

champion J-V curves of PSCs (#1 structure) with 0, 1, 3, 5 wt.% SAA. In the control device, the 

PCE, JSC, VOC, and FF were 17.49%, 22.17 mA/cm2, 1.063 V, and 74.3%, respectively. When 1 

wt.% SAA particles were added, the PCE of the plasmonic PSC reached 18.37% with JSC, VOC and 

FF of 23.43 mA/cm2, 1.065 V and 72.6%, respectively. The detailed photovoltaics parameters and 

other statistics are shown in Table 3 and Figure 27. As the SAA concentration increased, we found 

that the PCE and JSC first increased (at 3 wt.%) but then decreased (at 5 wt.%). Thus, the addition 
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of 3 wt.% SAA particles improved the device performance the most (PCE = 19.88% and JSC = 

24.66 mA/cm2). Figure 26b shows IPCE and the corresponding integrated photocurrent. They are 

consistent with JSC values in Figure 26a. Figure 26c shows a difference in IPCE between the 

plasmonic and control devices (∆IPCE). Though the enhancement of IPCE was observed in the 

entire spectral range, it was very pronounced where the surface plasmons were excited. 

Specifically, ∆IPCE was 15~20% in the NIR region (600 < λ < 800 nm). The optical effect of the 

SAA plasmon on the light absorption of perovskite layer was also investigated. Figure 26d shows 

the absorbance spectra of the perovskite layer embedded with SAA particles. In comparison to the 

control sample, the SAA addition clearly increases the absorption of the perovskite layer in the 

NBE region. It can be seen that as the insertion plasmon concentration increased from 1 to 3 wt.%, 

the absorbance increased at the range of 500-800nm. However, when further increasing the 

plasmon to 5 wt.%, there is an increase at 600-750nm while a decrease at 750-800nm range. This 

can be ascribed to partial aggregation effect of the particles during the film coating and thus the 

plasmon resonance peak is kind of blue shift.49 The increasing Ab curves witness the best NBE 

light harvesting of the perovskite under 3 wt.% condition, supporting the notion that the device PV 

performance is improved due to the enhanced light absorption by the LSPR of SAA particles 

(Figure 23c). Although more plasmon insertion (with 5 wt.%) caused highest absorption at 

600~750nm range, the result showed least enhancing effect. This is because over plasmon insertion 

will cause PbI2 formation and decrease the quality of the active perovskite layer which will be 

discussed more.  Further, it can be seen that compared with light harvesting, there is a blueshift of 

the enhancing peak of increasing IPCE (Figure 26c). The inconspicuous enhancement is due to the 

strong light extinction capacity of MAPbI3 in this zone where the incident light is of high photon 

energy.62 
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Figure 26  (a) J-V characteristics of PSCs with different concentrations of SAA NPs in the active layer of PSC 

under one sun illumination; (b) corresponding IPCE of the PSC devices with different amounts of 

incorporated plasmonic particles, (c) increasing IPCE and (d) UV-vis absorption spectra and the increasing 

absorption value of plasmonic PSC devices. 
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Figure 27 Statics of photovoltaic performance of the PSCs with various SAA concentrations (0, 1, 3, 5 wt.%): 

(a) JSC, (b) VOC, (c) FF, and (d) PCE of the PSCs. 

 

 

 

 

 

 

 

 



 57 

Table 3 Summary of the J-V parameters of the plasmon PSC devices with different amounts of plasmonic 

particle incorporation (from 14 devices for each type).  

 JSC  [mA/cm2] VOC [V] FF [%] PCE [%] 

control 
22.17 

(22.13±0.63) 

1.063 

(1.052±0.016) 

74.3 

(71.3±1.7) 

17.49 

(16.60±0.68) 

1 wt.% 
23.43 

(23.00±0.61) 

1.065 

(1.059±0.017) 

72.7 

(72.4±1.1) 

18.37 

(17.63±0.49) 

3 wt.% 
24.66 

(24.26±0.34) 

1.061 

(1.067±0.013) 

76.0 

(72.9±1.6) 

19.88 

(18.87±0.59) 

5 wt.% 
23.21 

(22.13±0.81) 

1.047 

(1.027±0.025) 

71.3 

(70.8±2.6) 

17.71 

(16.08±0.71) 

 

3.5 Origin of NBE Enhancement 

Figure 28 shows the XRD patterns of MAPbI3 films on FTO substrates with and without 

SAA nanoparticles. Diffraction peaks located at 14.1°, 28.4°, and 31.7° are assigned to (110), (220), 

and (310) planes of tetragonal MAPbI3 crystal structure. There was no change in the crystal 

structure of the perovskite layer which was added with  1wt.% and 3wt.% SAA particles. When 5 

wt.% SAA was added,87 a new peak appeared at 2 = 12.8o, one of the main peaks of PbI2. This 

observation indicates an excessive addition of SAA particles (e.g., 5 wt.%) prevents the 
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crystallization of MAPbI3 and deteriorates the carrier transport within PSCs.80 This is consistent 

with previous studies reporting an optimal amount of the plasmonic particles inside the perovskite 

layer for improving the light absorption without deteriorating the carrier dynamics.78, 88  

 

Figure 28 XRD spectra of perovskite layers with plasmon SAA incorporation.  

In principle, the remarkable improvement in perovskite device light harvesting by 

plasmonic particle incorporation has been attributed to the enhancement of optical scattering and 

local field distribution.56 The scattering effect can be refected and proven by the optical absorption 

strengthen 56, 89 as shown previously in Figure 26. Moreover, we has demonstrated the near electric 

field concentration at the vicinty of the plasmon structures in the semiconductive absorption 

material using FDTD calculation. The best plasmon enhanced device in our simulation work uses 

an optimal doping concentration of 3 wt.% for SiO2@Ag@Ag2S core-shell particles in the 
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perovskite precursor solution. Note that the effective plasmon concentration is ultralow and the 

average distance between paticles should be several micrometers and the local field enhancing 

region is usually tens of nanometers. Thus, the local field distribution are performed with a 

simplified single particle method without any aggregations.90  

Figure 29 illustrates the EM field distribution around the SAA particle embedded in the 

perovskite layer at different incident photon wavelengths. This simulation result supports the 

considerable enhancement of IPCE of the plasmonic device for NBE photons, as observed in our 

experiment. We are investigating the EM response under the wavelength range in the perovskite 

wavelength range (400~800nm) with a ~100nm interval. To further examine the enhanced NBE 

absorption via the excitation of the surface plasmons in the NIR region, further simulations were 

performed at five representative incident photon wavelengths (794, 702, 594, 496, and 398 nm). 

The resulting EM field distributions are shown in Figure 29a-e. They show that the local field in 

the vicinity of the silver shell becomes stronger at all the tested wavelengths, but the intensity and 

spatial extension of the EM field decrease with decreasing the wavelength. When the wavelength 

of incident photons is 794 nm, the near-field intensity in the vicinity of the Ag shell (up to 50 nm 

from the surface of the Ag shell) increases by around 15 times (Figure 30). At 398 nm, the near-

field effect of the SAA particles becomes negligible. This indicates that the LSPR of our SAA 

particles could manage the light absorption more effectively and produce more excitons in the NIR 

region than in the blue region. The wavelength-dependent IPCE variation is not as significant as 

wavelength-dependent plasmon light harvesting. The increasing IPCE is more complicated and 

usually a smaller IPCE in the control device leading to a higher increasing value. More important, 

IPCE is not only related to the light harvesting efficiency but also the carrier kinetics including 

carrier trapping and recombination. 
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Figure 29 Simulated electric field distribution of MAPbI3 layer incorporated of SAA plasmon corresponding 

different resonance wavelengths at 794(a), 702(b), 594(c), 496(d) and 398 nm(e) respectively. 
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Figure 30  (a) Simulated electric field distribution of MAPbI3 layer incorporated of SAA plasmon and (b) The 

X-axis electric field intensity (Z=58.33 nm) at 794 nm wavelength. 

According to the previous studies on the plasmonic effects of the PSCs, the LSPR or 

surface plasmons could also influence the IPCE of the solar cell by changing the carrier 

dynamics.53, 77 To examine this for our case, the steady-state PL and time-resolved PL (TRPL) 

spectra of the perovskite layer with and without 3 wt.% SAA particles were measured. Figure 31 

shows the results of two different perovskite layers on quartz glass substrates. Two representative 

excitation wavelengths at 450 nm (2.76 eV) and 700 nm (1.77 eV) were selected to compare the 

effect of SAA nanoparticles in the visible and NIR regions. We find that the incorporation of the 

SAA particles does not change the PL spectral shape, the maximum PL peak position. Interestingly, 

the broad PL bands which exhibited an excitation-wavelength-dependent shift, could be 

deconvoluted into two sub-band Gaussian peaks at 770 nm (1.61 eV) and 798 nm (1.55 eV).91, 92 

The emission peak at 770 nm originates from the optical bandgap of tetragonal MAPbI3 is ~1.6 

eV.93 Meanwhile, the observed broadening of the PL band (~56 meV) is likely attributed to the 

Urbach energy of localized states associated with shallow defects sites. The mechanism underlying 
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the excitation-wavelength-dependence of the PL in this study seems more complicated. Scattering, 

reabsorption, and re-emission caused the dual-emission or shift of PL peaks, which is referred to 

as photon-recycling processes.92, 94 Herein, both Figure 31a and c show fluorescence enhancement 

in the presence of plasmonic particles. The PL intensity enhancement via plasmon was almost two 

times larger for 700 nm excitation than 450 nm excitation. The larger effect of the 700 nm 

excitation is due to the match of the excitation wavelength (700 nm) with the LSPR wavelength 

of our SAA particles.95 77, 88 To further examine the role of SAA nanoparticles, the PL decay 

profiles of the plasmon and control films were measured using 450 nm excitation and 700 nm 

excitation, as shown in Figure 31c and d. The corresponding effective PL lifetimes were obtained 

by fitting the decay data to a double-exponential function. The 450 nm excitation slightly 

decreased the lifetimes of SAA-added film (from τ1 =1.28 ns and τ2 = 7.23 ns to τ1 = 0.88 ns and τ2 

= 5.10 ns). This indicates that the slight increase in the PL intensity under the 450 nm excitation 

is due to only the slightly increased light absorption by SAA nanoparticle, as has been shown in 

our results (Figure 26). Interestingly, the addition of SAA particles rendered both time constants 

of the plasmonic film significantly longer than those of the control sample (from τavg = 5.133 ns to 

τavg = 8.757 ns) (Table 4). These longer lifetimes suggest that the 700 nm excitation of the 

plasmonic film not only promotes the light absorption but also increases the carrier lifetime.96 The 

overall comparison of our PL, TRPL, and IPCE spectra results have shown that the incorporation 

of NIR SAA nanoparticles facilitates the photon-to-charge carrier conversion process by 

suppressing the carrier non-radiative recombination as well as enhancing the light absorption, 

similar to prior reports.77, 97 
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Figure 31 PL spectra (a and b) and TRPL lifetime (c and d) of perovskite layers with and without plasmonic 

particles excited by 450nm and 700nm, respectively. 
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Table 4 Parameters of the TRPL spectra of perovskite films with and without plasmon particles under two 

excitation wavelengths. 

Excitation Wavelength 

[nm] 
 ƫavg [ns] ƫ1 [ns] I1 [%] ƫ2 [ns] I2 [%] 

450 

Control 5.441 1.284 30.11 7.232 69.89 

Plasmon 3.911 0.877 28.16 5.101 71.84 

700 

Control 5.133 1.756 32.67 6.771 67.33 

Plasmon 8.757 2.859 34.06 11.803 65.94 

 

 

Finally, we also found that the device J-V hysteresis and stability could be improved by 

incorporating SAA particles. We quantified the J-V hysteresis of the fabricated PSC devices with 

and without SAA particles by using the hysteresis index (HI) which is defined as98: 

 HI =  
JRS(0.8VOC)-JFS(0.8VOC)

JRS(0.8VOC)
       (3-1) 

where JRS(0.8VOC) and JFS(0.8VOC) are the photocurrent densities at 80% of the VOC for reverse 

and forward J-V scans, respectively. As shown in Figure 32a, the PSC devices with and without 

the SAA nanoparticles in the perovskite layer showed HI of 0.21 and 0.35, respectively, thus a 

~40% reduction in hysteresis by SAA nanoparticles. Electron trapping has been suggested as one 

of main reasons for the hysteresis and less trapping of charge carriers in the plasmonic devices 

may reduce the hysteresis. Furthermore, the plasmonic PSCs showed an improved performance 
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stability, retaining 90% of the initial PCE after 500 hours storage in a dark and inert environment, 

as opposed to 82% retention of PCE for the control device without PAA particles (Figure 32b). 

This is consistent with previous studies that reported the retarded aging of the time-dependent 

device performance or even a certain level of the improvement by the incorporation of plasmonic 

particles within PSCs.  By avoiding the carrier accumulation at the interface and grain boundary, 

the retention rate of the initial photovoltaic performance is increased in the plasmonic PSCs. 

 

Figure 32 (a) The hysteresis behavior and (b) stability of the device with and without plasmon particles.  

3.6 Conclusion 

In summary, SAA plasmonic particles with intense LSPR at the NIR range were 

successfully synthesized and incorporated into MAPbI3 PSCs. We demonstrated the 10% 

enhancement of JSC and PCE by optimizing the location and concentrations of SAA particles in 

the PSC devices, particularly by adding SAA particles within the perovskite layer. This 

improvement in the power conversion of PSCs was accompanied by the reduced J-V hysteresis 
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and aging of the device. We found that the surface plasmons of SAA particles enabled the near-

field absorption of the NBE photons in the perovskite layer, resulting in the effective utilization of 

the low-energy photons. Moreover, the SAA particles significantly increased the carrier lifetime 

in the perovskite film under NBE excitation due to the suppressed nonradiative recombination of 

carriers via the LSPR effect. The results demonstrate that the plasmonic SAA particles designed 

for the LSPR at the NIR range concurrently improve the light absorption and subsequent carrier 

dynamics of the PSCs at the NBE region. The intrinsic working mechanism of the NIR plasmon 

in PSCs revealed in this study should also be helpful for guiding the application of tunable 

plasmons to other photovoltaic devices and optical sensors. 
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4.0 Surface Engineering of SnO2 Electron Transport Layer via PbS Quantum Dots 

4.1 Background and Motivation 

Due to the outstanding properties and solution processability, organometal halide 

perovskite solar cells (PSCs) rapidly emerge as a high-efficiency and low-cost photovoltaic 

technology. PSCs have shown a rapid increase in power conversion efficiency (PCE) from 3.8% 

to over 25% within a short period.18, 30 The architecture of regular PSCs includes a mesoporous 

TiO2 electron transport layer (ETL).17, 99 Though TiO2 ETL enables the high PCE, it requires high-

temperature annealing to fully convert the precursor to a crystalline film.33 And TiO2 ETLs cause 

electron trapping at the interface,100 hysteresis of current density-voltage (J-V) curves,101 and rapid 

aging of perovskite (PVK) layer due to their photocatalytic properties. Therefore, there has been 

intensive research to develop alternative ETLs utilizing a simple and low-temperature process. 

Among them, SnO2 is a candidate of enormous potential for its high transmittance, suitable 

electronic band structure, high electron mobility (approximately 10−3 cm2/(V•s), and low-

temperature fabrication process. Recently, planar n-i-p PSCs using SnO2 thin film as ETL have 

achieved certificated PCE of 25.5% and high operational stability.18, 102  

Efficient electron extraction is more difficult in PSCs of the thin ETLs than in PSCs of the 

mesoporous structures, due to a small contact area between the ETL and PVK. In addition, there 

are structural defects like oxygen vacancies (VO
··) in the thin SnO2 film made out of a colloid 

solution.103 These defects deteriorate the performance of ETL, because VO
·· defects will leave Sn 

dangling bonds on the surface of SnO2.
104 And such surface defects can be the electron trap sites 

as well as easily absorb the water and hydroxyl groups in the air. Thereafter, various modification 
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strategies have been reported to passivate the defects of SnO2 film. They include halide salt 

ionization,105 organic and inorganic functional group decormation106 and interfacial layer shaping. 

102 It is worth noting that the interface engineering is a straightforward method which can 

effectively reduce electron accumulation and nonradiative recombination loss in the device.104, 107 

Recently, quantum dot (QD) materials have been applied to SnO2 films to optimize the ETL 

electrical properties and thus improve the PCE and stability of corresponding planar PSCs. For 

instance, Chen et al. fabricated a novel SnO2 ETL using red carbon QDs (RCQs).34 The SnO2-

RCQ ETL achieved excellent electron mobility by passivating the trapping sites and defects at the 

ETL/PVK interface (Figure 33). Meanwhile, QD materials such as CdS of tunable optoelectronic 

performance have been proven to modulate the work function of SnO2 and increase the open-

circuit voltage (VOC) of PSCs.108  
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Figure 33 (a) Crystalline mechanism of a perovskite grown on SnO2 ETLs modified by RCQs. (b) J-V 

characteristics of the electron-only devices and (c) conduction properties of the SnO2 films with and without 

RCQs. (Reproduced with permission from 34. Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim.) 

Moreover, the surface treatment of ETL also has an effect on the crystallization and grain-

growth in the PVK layer. If the material using for ETL surface passivation enhances the 

crystallinity of PVK at once, it can further improve the quality of the PVK layer as well as decrease 

the defects at ETL/PVK interface. Choy et al. have proved there is a strong inetraction between 

the halide anions and PbS QDs (Figure 34). This solid ionic interaction can inhibit iodide ions 

mobilization in the PVK film and thus increase the crystallization quality and stability of the final 

PSC devices.109  However, PbS QDs have not been applied to the surface of SnO2 ETL to obtain 

high-performance n-i-p PSCs. 
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Figure 34 (a) schematic diagram of PbS QDs incorporated perovskite film and the interaction between 

perovskite and PbS QDs and (a) carrier dynamic analysis of the devices. (Reproduced with permission from 

109. Copyright 2020 Wiley‐VCH GmbH.) 
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In this study, we engineered the SnO2/PVK interface by introducing a thin PbS QD 

interlayer and explored the dual roles of PbS QDs in the passivation of SnO2 ETL and the 

crystallization of the active PVK layer. A solution of PbS QDs was drop-casted on the SnO2 film 

to passivate dangling Sn bonds on the surface of SnO2. The modified ETL (SnO2-PbS) has fewer 

trap sites and its conduction band edge matches better with that of the PVK layer. In addition, the 

PbS QDs underlayer assists the nucleation of PVK by stabilizing the intermediate phase between 

δ and α-FAPbI3 phases. The PVK layer grown on the SnO2-PbS ETL has a better morphology and 

crystallization. All of them improve the extraction/transportation of photogenerated electrons in 

PSCs with the configuration of FTO/SnO2-PbS/(FAPbI3)0.95(MAPbBr3)0.05(OAI)/spiro-

OMeTAD/Au. The short-cut current density (JSC) and VOC increase to 24.02 mA/cm2 and 1.14 V, 

leading to the best PCE of 21.66%. Moreover, the PbS QD coating increases the stability of PSCs. 

After 1000 hour-long operation in ambient air, the PCE of the PbS QD treated PSCs decreased 

only by 7%, while that of the control sample decreased by 12%. This work offers a new interface 

engineering method to achieve the full potential of SnO2 ETLs of PSC devices.  

4.2 Experimental 

FTO glass (TEC15, purchased from MSE Supplies LLC) was cleaned sequentially with 

acetone, deionized (DI) water and ethanol for 15 minutes in ultrasonic system. The aqueous 

solution of SnO2 (diluted in DI water at a mass ratio of 2.67 wt.%) was deposited on FTO substrates 

at 3000 rpm for 30 seconds and after that the substrates were annealed at 150 oC for 30 minutes to 

form the electron transport layer (ETL). In the case of PbS QD modification, as prepared PbS QD 

solution was spin coated on the surface of ETL at 4000 rpm for 20 seconds just before the 
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perovskite layer deposition. 70 μL of a mixed organic metal halide solution (889 mg FAPbI3, 16.5 

mg MAPbBr3 and 16.5 mg MACl in 1 ml mixed solvent: DMF/DMSO=8:1, v/v) was spin-coated 

on SnO2 layer at 4000 rpm for 20 seconds. Anisole was used as an antisolvent in the last 10 seconds. 

As-deposited films were later transferred onto a hot plate and then annealed at 140 ℃ for 10 

minutes. Subsequently, OAI (4 mg/ml in IPA) was spin coated on the surface of perovskite films 

for passivation at 4000 rpm for 20 seconds and the films were then annealed at 100 oC for 10 

minutes. 1 ml Spiro-OMeTAD (72.3 mg/ml in CB) solution was mixed with 28.8 μL 4-tBP and 

19.6 μL Li-TFSI (360 mg ml-1 in AN) for hole transport layer deposition. The Spiro-OMeTAD 

was deposited at 3000 rpm for 30 seconds. All the layer deposition and annealing processes were 

conducted in ambient air with relative humidity (RH) of 25%. Finally, the 70 nm Au was deposited 

by the Plassys Electron Beam Evaporator. 

 

Figure 35 Schematic illustration of deposition of PbS interlayer between SnO2 and perovskite. 

4.3 SnO2 ETL surface modification 

As shown in Figure 35, SnO2 colloid and PbS QD solutions were sequentially spin-coated 

before the (FAPbI3)0.95(MAPbBr3)0.05 active layer was deposited. As-synthesized PbS QDs of a 
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long alkyl ligand oleic acid (OA) surfactant (Figure 36a) are dispersed in toluene solvent. As seen 

in Figure 36b, the PbS coating does not change the transmittance or the bandgap (Eg) of SnO2 

based ETLs and the corresponding PVK layers. In addition, the decoration of PbS QD did not 

change the electron conductivity of ETL (Figure 36c) which is an essential property of ETL. 

 

Figure 36 UV-vis spectra of (a) QD PbS with OA ligand in Hexene absorbance, (b) transmittance spectra of 

FTO (black), SnO2 (blue) and SnO2-PbS (red) deposited on FTO and (c) conductivity measurements of SnO2 

(black) and SnO2-PbS (red). 

Ultraviolet photoelectron spectroscopy (UPS) was used to examine the band structure of 

SnO2 with and without PbS coating. Figure 37a shows the measured band structures of SnO2 and 

SnO2-PbS films. It ca be seen that PbS coating slightly decreases the work function (Wf) of the 

ETL. The conduction band edge of SnO2, SnO2-PbS, and PVK films were -4.42 eV, -4.24 eV, and 

-4.15 eV, respectively. Since there is a better energy level match between the PVK/SnO2-PbS than 

PVK/SnO2, improved interfacial energetics are obtained and more efficient electron extraction is 

expected at the interface.18, 110 UPS spectra and the detailed analysis results are shown in Figure 

37b-e and Table 5.  
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Figure 37 (a) Illustration of band energy structure of the individual layers in a PSC device and kinetic energy 

spectra of (b&c) SnO2 (black) and SnO2-PbS (red) and (d&e)  PVK deposited on ITO substrate. 
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Table 5 UPS analysis data (Unit: [eV]) 

ETLs Eg Wf KE at high energy VBM 

SnO2 3.00 5.42 19.22 2.02 

SnO2-PbS 3.00 5.14 19.12 2.12 

PVK 1.54 4.48 19.9 1.21 

 

Furthermore, we measured the chemical states of SnO2 and SnO2-PbS ETLs using X-ray 

photoelectron spectra (XPS). Figure 38a and b show their Sn 3d peaks and O 1s peaks. The 3d5/2 

peak of Sn4+ is 487.2 and 487.3 eV with and without PbS coating. The spin-orbit splitting energy 

between Sn 3d5/2 and 3d3/2 is 8.4 eV.35, 111 The shift of the core-level spectrum of Sn by PbS QD 

coating indicates that the dangling Sn is passivated by the sulfide ions of PbS.112 Two dominant 

peaks in the O 1s spectrum are assigned to O-Sn4+ and chemisorbed nonlattice oxygen (Ochem) such 

as O−, O2−, and OH− peaks. The area ratio of Ochem in O 1s peaks is 22.9 and 17.3% for SnO2-PbS 

and SnO2. The higher Ochem content is compelling evidence testifying that the OA ligand of PbS 

QDs is attached to the SnO2.
113, 114 Figure 38c and d further shows the Pb 4f and S 2p peaks of the 

surface PbS QD coating. 109, 115  
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Figure 38 PVK layers and deconvoluted XPS peaks of (a) Sn 3d and (b) O 1s states in as-prepared SnO2-PbS 

and SnO2 films and (c) Pb 4f and (d) S 2p in SnO2-PbS film. 

X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to examine the 

crystal structure and microstructure of PVK films that are coated on SnO2-PbS and bare SnO2. The 

XRD spectra are shown in Figure 39. Regardless of the PbS QD concentration in a coating solution, 

PVK films exhibit the similar crystallinity of photo active α FAPbI3 phase with a high purity.28, 30 

The three main peaks posited 13.92o, 28.04o and 42.63o are corresponding to (100), (200) and (300) 

peaks of the cubic perovskite phase. Notably, there is a small peak at 12.7o that is assigned as (001) 

peak of the PbI2 phase in the PVK deposited on bare SnO2 (Figure 39b).29 When PbS QDs coated 
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underlay, there is a decrease of the PbI2 phase. This suggests that PbS QDs on SnO2 layer can 

suppress the formation of the second phase in the final active layers. Furthermore, in the top-view 

morphology of SEM images in Figure 40, the average grain size of all smooth PVK crystal is 

around 1.5 μm. Though the average grain size does not change as coating the QDs, the increase 

concentration of the PbS coating solution decreases the distribution of small grains and a number 

of pinholes.  

 

Figure 39 XRD patterns of PVK films on SnO2 with PbS coating of different concetartions after annealing at 

140 oC for 10 min. 
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Figure 40 SEM image of PVK films on SnO2 with PbS coating of different concetartions after annealing at 

140 oC for 10 min. 

Herein, the effect of PbS QD coating of SnO2 and PVK films has been concluded, as 

illustrated in Figure 41a. Firstly, before coating PbS QDs, which is (Ⅰ), the dominant defects of 

bare SnO2 is VO
··

 and the surface of SnO2 film has the high density of Sn dangling bonds. 116 These 

defects are easily adsorb the water and hydroxyl groups in the air and can also be treated as the 

electron trapping sites.117 After coating PbS QDs, at the stage (Ⅱ), XPS results in Figure 1c and d 

have shown a strong interaction between PbS and SnO2. The coating of SnO2 films by the 

octahedral PbS QDs passivate these Sn dangling bonds with the sulfide atoms on (001) facet.118 

And the Pb atoms on(111) face of PbS QDs were passivated by OA ligand. Subsequently, after 

PbS QDs were contacted with dropped PVK precursor, the OA ligands are desorbed in polar 

solvent DMF and exchanged by halide ions on the PbS surface. Afterwards, the PVK can grow on 

the surface of PbS QDs at the stage (Ⅲ). To confirm the nucleation of PbS QDs in the PVK 
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fabrication procedure. Intermediate PVK phase without annealing were investigated to discover 

the details of the growth process. As shown in Figure 41b and d, the XRD patterns and morphology 

images of as-deposited intermediate PVK films on SnO2 and SnO2-PbS (0.5mg/ml) are presented. 

With a small amount of stabilizers (MAPbBr3 and MACl) added in the PVK precursor solution, 

the coated films are crystallized to α-phase of FAPbI3 without thermal annealing.29, 30 However, 

the pre-coated PbS QDs on SnO2 can further promotes the crystallization to cubic α phase and 

decreases the content of residual non-photoactive hexagonal δ FAPbI3 phase from the precursor 

solution.119 The stabilization of intermediate phase is vital for the final PVK quality because the δ 

phase will inhibit the complete phase transformation to α PVK and easily induce the degradation.29, 

30 This supports our claim that the PbS QD interlayer helps the crystallization of α-phase in the as-

deposited film. Likewise, the morphology of intermediate PVK films on SnO2 and PbS-QD/SnO2 

is shown. It can be seen that the initial growth stage of PVK on SnO2-PbS is more induced and 

active. The more compact and uniform film without any pores indicate more nucleation due to the 

PbS QDs. Thereafter, the more crystallization and compact grains of the final PVK films can be 

obtained after annealing in Figure 41c and e. Experimental observations indicate that the PbS QDs 

facilitates the growth and crystallization processes of the PVK film using the antisolvent-assisted 

solution-based method.  
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Figure 41 (a) Schematics of the effect of PbS QDs on the PVK growth mechanism; XRD patterns and top-

view SEM images of the intermediate PVK on (b) SnO2 and (d)  SnO2-PbS before annealing and final PVK on 

(c) SnO2 and (e) SnO2-PbS ETLs after annealing at 140 oC for 10min. 



 81 

4.4 Fabrication of perovskite solar cells 

To investigate the PbS coating on the final device performance, we fabricated PSCs with 

the structure of FTO/ETL/PVK/Spiro-OMeTAD/Au (Figure 42). The thickness of the PVK film 

is about 500 nm, exhibiting a vertical grain boundary. The direct connection of ETL and HTL by 

a single grain offers benefits for charge transport within the active layer.120 

 

Figure 42 (a) Schematic of the n-i-p configuration of the PSC devices. Cross-section of PSC devices employing 

(b) SnO2 and (c) SnO2-PbS ETLs. 

Figure 43 shows the J-V curves of PSCs using coating solutions of different PbS 

concentrations. Photovoltaic performance parameters of these devices are summarized in Table 6. 

As the PbS QD concentration increases from 0 to 0.5 mg/ml, the performance is continually 

improved. However, the device performance degrades when further rising the concentration. This 

is because the excess PbS QDs are hardly fully mixed with PVK precursor,  and the OA ligands 

which cannot be exchanged by iodide ions. The residual OA molecules are insulated and will 

terminate the electron transfer.121  
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Figure 43 J-V curves of device with PbS coating of different concentrations. 

 

Table 6 Photovoltaic parameters of PSC devices using different concentrations of PbS QD solution.  

Concentration [mg/ml] JSC [mA/cm2] VOC [V] FF [%] PCE [%] 

0 22.08 1.070 73.6 17.40 

0.25 23.04 1.106 77.0 19.62 

0.5 24.02 1.144 78.1 21.66 

0.75 23.77 1.129 70.5 18.92 

1 23.16 1.086 69.9 17.60 
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The J-V curves of control PSC on SnO2 and champion PSC on SnO2-PbS are compared in 

Figure 44a: JSC and VOC are improved from 22.08 to 24.02 mA/cm2 and 1.070 to 1.144 V, with the 

hysteresis index (HI) reduced from 0.27 to 0.04. Consequently, the PCE increased from 17.40 to 

21.66% (Table 7). Figure 44b shows the external quantum efficiency (EQE) spectra of the control 

and champion devices. The champion device shows constant improvement of IPCE from 300 to 

800 nm. An integrated current density is 21.32 mA/cm2 for SnO2-based PSCs and 23.67 mA/cm2 

for SnO2-PbS-based PSCs, which suggests that better electron extraction is responsible for the 

improved PCE. This indicates that the PbS QD coating suppresses the nonradiative carrier 

recombination within PVK/ETL.  

 

Figure 44 (a) A typical device under reverse and forward scan of PSC devices on SnO2 and SnO2-PbS and (b) 

EQE of and corresponding integrated JSC. 
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Table 7 Photovoltaic parameters of the champion PSC device on different ETLs in reverse and forward scans 

ETLs direction JSC [mA cm-2] VOC [V] FF [%] PCE [%] HI 

SnO2 reverse 22.08 1.070 73.6 17.40 0.27 

 forward 22.825 1.029 62.1 14.58  

SnO2-PbS reverse 24.02 1.144 78.1 21.66 0.04 

 forward 23.56 1.135 75.7 20.26  

 

The reproducibility of PSCs based on pristine SnO2 and SnO2-PbS are shown in Figure 45. 

The average PCE increased significantly from 15.03 to 18.25%. The performance improvement is 

mainly due to the increase of VOC and JSC, indicating a substantial defects termination on the 

perovskite surface. The slight deviation of the device performance indicates high device 

reproducibility.  
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Figure 45 Statistical distributions of the JSC, VOC,  FF and PCE of PSC devices with SnO2 (black) and SnO2-

PbS (red) ETLs. 

According to the reverse J-V curve of SnO2-PbS based PSC in Figure 44a, the current 

density and voltage at MPP is 22.06 mA/cm2 and 0.95 V, respectively. The steady-state current 

density of PbS assisted device tracking at maximum power point (MPP) displayed in Figure 46a 

is 22.06 mA/cm2 corresponded a stabilized power output of 20.97% at a voltage of 0.95 V. It shows 

that PSCs using SnO2-PbS ETL exhibit a more stable current density over time at MPP. 

Nevertheless, the power output of the control device (SnO2 based PSC) decreases over time. 

However, there seems to be difficulty stabilizing the power output for the control device, probably 

due to severe ion migration within the device. Similar behavior was observed when the ion 
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migration was severe in PSC devices.122 The reducing of iodine migration can be attributed to the 

strong attraction of lead atoms on the (111) facets of PbS QDs.123  

In addition to enhanced devices performance, our devices also show better stability than 

reference devices (Figure 46b). The SnO2-PbS-based PSCs can retain over 93% of their initial 

efficiency after 1000 h in ambient air (relative humidity~30%). In contrast, the control devices 

retain ~88% of their initial efficiency, probably due to the better crystallization and less ion 

migration within the FAPbI3 perovskite film. 

 

Figure 46 (a) Steady-state current density versus time for the devices measured at MPP and (b) PCE 

evolution of the unencapsulated devices exposed to the humidity of 30 RH% at room temperature in the dark 

condition. 
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4.5 Carrier Extraction and Recombination 

So far, the results have confirmed that simply PbS QD as interlayer made a progress in 

accomplishing the final chemical state and films with high morphological quality. Another 

indispensable role of surface/interface passivation is to collect the electrons generated by light 

absorption of the PVK layer constructively while reducing the non-radiative recombination across 

the interface. To quantitatively estimate the bulk trap density in perovskite films, the space-charge-

limited-current (SCLC) technique was applied to the electron-only devices with a structure of 

FTO/pristine SnO2 (and SnO2-PbS)/PVK/phenyl-C61-butyric acid methyl ester (PCBM)/Ag as 

shown in Figure 47. The trap density Nt is calculated from the equation110, 113  

 VTFL = eNtL
2/2εε0     (4-1) 

where e is the elementary charge, L is the thickness of perovskite film, ε is the relative dielectric 

constant, ε0 is the vacuum permittivity, and VTFL is the trap-filling limit voltage. The trap densities 

are calculated to be 1.24 × 1016 and 6.06 × 1015 cm−3 for perovskite films grown on SnO2 and 

SnO2-PbS composite, respectively.  
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Figure 47 SCLC measurements of electron-only devices (inset) fabricated employing (a) SnO2 and (b) SnO2-

PbS. 

In order to gain further insight into the charge transport mechanism, the charge transfer 

processes in the perovskite devices were studied in detail. A lower dark saturation-current density 

was also observed for the target solar cell in Figure 48a, in agreement with the lower trap density 

for perovskite films grown on SnO2-PbS. The carrier recombination rate in the PSCs was evaluated 

by the VOC decay measurements. Figure 48b shows the VOC decay curves of the PSCs based on 

different ETLs. It is apparent that the device on SnO2-PbS exhibits the slower VOC decay time 

compared to the devices based on pristine SnO2, indicating that the devices with SnO2-PbS have 

the lower charge recombination rate and the longest carrier lifetime, consistent with the highest 

VOC for the device based on SnO2-PbS by J-V measurements.124  
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Figure 48 (a) Dark JV and (b) VOC decay measurements of PSC devices with SnO2 (black) and SnO2-PbS 

(red) ETLs. 

Figure 49 shows JSC and VOC versus light intensity of the PSCs using different ETLs. The 

JSC line appears that all devices show a fitting correlation with the slopes very close to 1, indicating 

that the band-to-band recombination in the working devices is negligible. Figure 49b shows the 

light intensity dependent VOC measurements for the PSCs. For both the control and target cells, 

they measured Voc was linearly dependent on the logarithm of the light intensity.113 The diode 

ideality factor nid, deduced from the slope described by nidkBT/q, where kB is the Boltzmann 

constant and T is temperature, was 1.84 and 1.33 for the SnO2 and SnO2-PbS-based cells, 

respectively. The reduced nid contributed to the increased FF of the target cell, as the FF critically 

depends on the nid.
18 The reduced nid is consistent with the SCLC, dark J-V and VOC decay 

measurements, and unambiguously supporting the conclusion of reduced nonradiative 

recombination of the target PSC using SnO2-PbS ETL. The substantial reduction of the trap-

assisted nonradiative recombination is the main reason for the reduced Voc deficit of our target 

device. 
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Figure 49 Light-dependent (a) VOC and (b) JSC for the PSCs with different ETLs. 

The electrical impedance spectroscopy (EIS) was employed to extract transfer resistance 

in the PSC devices. Figure 50 shows the Nyquist plots of the devices using different ETLs 

measured at bias of 0.9V under dark conditions, with the equivalent circuit shown inset. It is known 

that in the EIS analysis, the high-frequency component is the signature of the transfer resistance 

(Rtr) and the low-frequency one for the recombination resistance (Rrec). The numerical fitting gives 

the device parameters, as listed in Table 8. Apparently, compared to control PSCs based on pristine 

SnO2, the device with SnO2-PbS shows a smaller Rtr of 120 Ω and a much larger Rrec of 513 Ω. 

The improved Rrec effectively resists charge recombination, which is in agreement with the 

observations discussed above. Combined, all the results confirm the more effective ETL SnO2 with 

PbS coating for the planar-type PSC. 
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Figure 50 Impedence spectra for the PSCs with different ETLs. 

 

Table 8 EIS spectra analysis 

ETL R
s 
[Ω] R

tr 
[Ω] C

tr
 [F] R

rec
 [Ω] C

rec
 [F] 

SnO
2
 30.49 150.8 3.7×10

-8

 180.9 9.1×10
-8

 

SnO
2
-PbS 31.23 120.9 5.5×10

-8

 512.7 4.8×10
-8
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4.6 Conclusion 

We demonstrate that the PbS QD coating is an effective way to engineer the interface 

between SnO2 and PVK and improve the performance of the n-i-p type PSC employing SnO2 ETL. 

PbS QDs are well attached to the surface of SnO2 and considerably decrease the interfacial trapping 

sites. In addition, PbS QDs promote the growth of columnar FAPbI3 grains by providing more 

nucleation sites and suppressing the formation of the second phase. They contribute to enhancing 

carrier kinetics and stability of the PSC. PSC on PbS QD-SnO2 exhibits JSC and VOC of 24.02 

mA/cm2 and 1.14V, resulting in a champion PCE of 21.66%. Moreover, the PCE of PSC on PbS 

QD-SnO2 maintained more than 90% of the initial PCE after 1000 hours. This facile strategy 

utilizing PbS QD provides a path toward high-performance PSC on SnO2 ETL. 
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5.0 Hybrid Perovskite Photocathode with Mo2C Co-catalyst 

5.1 Background and Motivation 

Solar-driven water splitting has great potential to address a burgeoning need for green 

hydrogen production which will solve the pressing social issues such as fuel shortage, 

environmental pollution, and global warming.125, 126 Materials for solar-fuel conversion require a 

wide bandgap to absorb visible and IR light 27, good charge separation and transportation abilities, 

low-cost manufacturing process, exceptional hydrogen evolution reaction (HER), and excellent 

operation stability.126, 128 

Transition metal oxide and sulfide semiconductors have been extensively explored for 

solar-driven photoelectrochemical (PEC) systems due to their proper band structures which can 

harvest the sunlight and catalyze the water splitting to hydrogen and oxygen.129 However, these 

materials such as TiO2,
130 V2O5,

131 SrTiO3,
132 CdS133 have relatively large bandgap (2.5-3.5 eV) 

which mainly absorb the UV and blue portion of solar radiation (only 8-10% of incident solar 

energy). By contrast, recently emerging halide perovskite materials such as CH3NH3PbI3 has a 

smaller bandgap (1.4-1.5 eV) and thus absorb a large portion of the solar energy. Incident photon-

to-current efficiency (IPCE) of perovskite solar cells (PSCs) is over 80% in the visible range and 

output voltage of PSCs is over 1 V.69, 134 Moreover, the halide perovskite materials have long 

carrier lifetime and charge diffusion length, leading to excellent carrier collection efficiency.134-136 

Because of these superior advantages, the efficiency of perovskite solar cells (PSC) has 

dramatically increased from 3.8% to 25.6% for the last decade.12, 72, 137 However, there are 

problems applying the halide perovskite materials to the PEC application. They have low stability 
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in a corrosive electrolyte system and poor catalytic efficiency. Therefore, several studies have been 

aimed to protect the halide perovskite layer from rapid degradation and enhance not only the 

stability but also the catalytic property. Water-resistant and/or electron conductive materials such 

as InBiSn alloy,136 aluminum (Al)-doped ZnO (AZO) layer,138 Ti foil,135 ALD TiO2,
139 and 

multiple carbon-derived films140, 141 are tested to develop the stable perovskite photoelectrodes for 

PEC. On the other hand, to improve the catalytic ability of the perovskite photoanodes, co-catalysts 

boosting the water splitting have been implemented to the PEC system.69, 136, 140 Most of 

perovskite-based PEC studies employed a thin platinum (Pt) layer as the catalyst due to the 

outstanding catalytic property of Pt and the compatibility of the e-beam deposition process with 

the vulnerable halide perovskite materials.135, 136, 139 However, the e-beam process is hard to 

promote and apply on many earth-abundant catalysts. Very recently, more affordable HER co-

catalyst including CoP and FeNi(OH)x, are connected to the polymer encapsulated PSCs using 

metal.69 Nevertheless, there are still few works directly combining the low-cost catalysts with the 

encapsulation layers through a simple method. 

Therefore, we employed a dual functional assemble layer comprising commercial pure Ti 

foil (0.032mm thick, 99.7% metal basis) and Mo2C nanoparticles on hybrid perovskite 

photocathodes, bridging the boundary between the perovskite PVs and the non-noble catalysts. 

This design can encapsulate the perovskite layer, assist electron transport, and catalyser-splitting. 

Ti and its alloys are widely demonstrated as high-quality structural materials for fuel and energy 

panels due to their high strength, low density, and excellent electrochemical stability. Moreover, 

is a promising and cheap HER catalyst candidate due to its unique surface electronic structure and 

recently gained great research attention. Lai et. al. successfully decreased the overpotential of the 

Ru doped Mo2C electrocatalyst to 15 mV due to the excellent catalytic activity of Ru element (the 
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Gibbs free energy of Ru-H bond is very close to the free energy of Pt-H bond in the centre of HER 

volcanic map).142  

In this study, we have demonstrated that the integration of Mo2C nanoparticle coated Ti 

foil to PSCs is a simple and effective way to obtain PEC device with both excellent stability and 

catalytic performance. By optimizing the catalytic performance of the Mo2C, the photoelectric 

performance of the PSC device can be well transferred to the photocathode. The hybrid integrating 

CH3NH3PbI3 based photocathode shows a good photocurrent density of 14 mA/cm2 at 0V versus 

(vs.) reversible hydrogen electrode (RHE) and can maintain over 60% of the initial performance 

over 10 h in 0.5M H2SO4 electrolyte solution under continuous 1 sun illumination, which is 

comparable to the state-of-the-art perovskite photocathode with Pt, as shown in Table 9. This is a 

facile and versatile method to integrate noble metal free and earth abundant catalyst into the 

perovskite photoelectrodes for further development of the solar fuel system. 
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Table 9 State-of-the-art Perovskite based Photocathode  

Photocathode Configuration 

Onset Potential (V)   

(at current density of 

10mA/cm2) 

Photocurrent Density 

at 0V vs. RHE 

(mA/cm
2
) 

Stability (h) 

ITO/NiOx/Cs0.05(MA0.17FA0.83)0.95Pb

(I0.83Br0.17)3/PCBM/AZO/FM/Pt 
0.38 14.3 18138 

FTO/PEDOT:PSS/CH3NH3PbI3/PC

BM/PEIE/Ag/FM/Pt 
-- 9.8 1136 

ITO/PEDOT:PSS/ 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)

3/PCBM/ALD TiO
2
/Pt 

0.68 10.5 2139 

ITO/NiOx/MAPbI3/PCBM/Ag/Ti 

Foil/Pt 
0.64 18 12135 

5.2 Experimental 

5.2.1 Inverted Perovskite Solar Cell Fabrication 

The solar cell was an inverted p-i-n structural configuration. Etched FTO glass substrates 

(TEC 7, 7Ω/sq, MSE Supplies) were ultrasonically cleaned by acetone, deionized water, and 

ethanol in sequence followed by 15 min UV-O3 treatment for surface adsorption removal. Hole 

transport layer was a polymeric NiOx. 10nm Ni layer was E-beam deposited on FTO followed by 

atmosphere oxidation at 550 oC for 6h. Then, 3mg/ml PTAA in toluene (Sigma-Aldrich) was spin-

coated on the surface of NiOx at 4000 rpm for 30 s and heat at 100 oC for 10 min. Perovskite 
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precursor solution was synthesized by dissolving 159mg MAI (Greatcell) and 461 mg PbI2 (Sigma-

Aldrich) in the mixed solvent of 76μl DMSO and 580μl DMF (Sigma-Aldrich). 50μl was dropped 

and spin-coated at 4000 rpm for 25s. After 9 s of the spinning, 0.5ml diethyl ether (Sigma-Aldrich) 

was dropped to remove the redundant DMSO. After spin coating, the film was annealed at 60 oC 

for 3 min and 100 oC for 20 min in sequence. Then, PC60BM (20mg/ml in di-chlorobenzene) was 

coated on perovskite at 2000 rpm and a very thin BCP layer was deposited on it for passivation. 

Then, 80nm Ag layer was coated on the top of the structure by E-beam system for electrode or 

passive layer for photocathode fabrication in the next.  

5.2.2 Co-catalyst Mo2C based Nanoparticle Synthesis 

Mo-based precursor nanoparticle synthesis was obtained through a microwave-assisted 

solvothermal (MWSV) method. MoCl5 (0.4g/ml in Ethanol) was mixed in urea and transferred 

into a Teflon tube for the microwave reaction at 400 W. The hydrothermal reaction was conducted 

at 150 oC for 10 minutes to obtain the precursor. For the synthesis of Mo2C/GO and Ti doped 

Mo2C/GO, the Mo source was mixed with 3wt.% graphene oxide (GO), GO and TiCl4 in the 

solution before the MWSV. Subsequently, the powders were annealed in N2 at 800 oC for 180 min. 

And the amorphous precursor was crystallized into Mo2C (MC), Mo2C/GO (MCG) and Ti doped 

Mo2C/GO (TMCG) nanoparticles. 

5.2.3 Perovskite Photocathode Integration 

As-synthesized three kinds of Mo2C based nanoparticles were mixed with 2 wt.% cellulous 

and terpineol and printed on Ti foil. Then the printed films were annealed at 250 oC to remove 
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residual organics. Then, the coated Ti foil was attached on the top of the PSC device fabricated 

before using silver conductive paste with a blade. To dry the silver conductive paste then whole 

device was dried in the vacuum oven at 60 oC for over 30min. 

5.2.4 Characterizations and Measurements    

The surface morphology of samples was measured using a scanning electron microscope 

(SEM, SEM-ZEISS Sigma500 VP). The crystal structure was examined by X-ray diffraction 

(XRD, Bruker D8 XRD system) using Cu Kα radiation (λ = 0.15406 nm) as the radiation source.  

The PV measurement was conducted using a CHI660D potential station. Device 

photocurrent density-voltage (J-V) curves were measured with a Keithley 2400 digital source 

meter under 1 sun illumination. The dark J-V measurement was also performed by this Keithley 

2400 digital source meter under dark state to extract the trap state density with the basic p-i-n 

structure. The incident photon-to-current efficiency (IPCE) spectrum was measured with the 

TracQ Basic Spectroscopy system (MKS Instruments, Inc) in the DC mode without any voltage 

bias. J-V measurements were performed in 0.5 M H2SO4 (pH=0.33) using a CHI660D potential 

station. Photo-electrochemistry and electrochemistry measurements were conducted using a three-

electrode configuration: perovskite working photocathode, Ag/AgCl reference electrode, and a 

rod-type carbon counter electrode. Epoxy resin was used to seal other parts of the device to protect 

the electrochemical cells from mechanical damage. 
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5.3 Co-catalyst of Mo2C 

Figure 51 shows the basic working principle and photocathode configuration of this PEC 

system and the corresponding three kinds of catalyst utilized here: pristine Mo2C (MC), Mo2C/GO 

(MCG) and Ti-Mo2C/GO (TMCG). A versatile and facile method was used to prepare a perovskite 

photocathode which is compatible with nanoparticle catalyst coating. It consists of an inverted p-

i-n structural PSC and a Mo2C nanoparticle coated Ti foil. With the goal of waterproof and catalyst 

integration, as-synthesized Mo2C based nanoparticles are coated on a commercial Ti foil. A 

cellulose-catalyst paste mixture is printed and annealed at 400oC to form a porous Mo2C layer. 

Two components are bonded using Ag paste following the previous work.135 The device is 

illuminated from the FTO substrate so that photogenerated electrons move toward Ti foil and 

reduce H+ ions in water.  
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Figure 51 Schematic of representative solar driven hydrogen evolution configuration with CH3NH3PbI3 

perovskite. 

Three kinds of Mo2C based catalyst nanoparticles are synthesized here as shown in Figure 

52a-c: rGO incorporated by the microwave-assisted solvothermal (MWSV) method from MG 

nanoparticles with 20nm diameter to MCG and TMCG nanoparticles with 10nm. The 

incorporation of graphene not only better disperse the nanoparticles with reducing particle size but 

provide good conductivity in the whole catalytic structure. Furthermore, based on the HER 

thermodynamic calculation, Ti element was chosen to dope into the Mo2C molecular among a 

series of transition metal based on the calculation. Ti doping introducing thermoneutral sites are 

expected to be more HER active than that on the pristine β-Mo2C (011) by ΔGH = −0.1 eV as 

shown in Figure 52d. 
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Figure 52 TEM micrographs of representative Mo2C based catalysts: (a) pure Mo2C (MC), (b) Mo2C/GO 

(MCG), (c) Ti-Mo2C/GO(TMCG) and (d) thermodynamic representation of the HER reaction pathway. 

(Reproduced with permission from 143. Copyright 2022 American Chemical Society.) 

Figure 53 a and b show the crystal structure of CH3NH3PbI3 deposited on FTO substrate. 

The compact morphology and uniform size of 300nm of PVK confirmed a good quality of film 

deposition. Further, the XRD peaks positing at 14.1o, 24.5o, 28.5o corresponding to (110), (202), 

(220) plane of tetragonal phase.144 Correspondingly, the UV-vis absorbance of the perovskite layer 
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on glass is shown in Figure 53c. At the wavelength from 500 nm to 800 nm, most incident UV-

visible light is harvested. The estimated bandgap of the perovskite layer is 1.58 eV, which agrees 

perfectly with that of α-phase and the PL emission peak at the wavelength of 784 nm.136, 145 

 

Figure 53 (a) SEM image and (b) XRD spectra of the CH3NH3PbI3 layer deposited on FTO substrate. (c) 

Optical absorbance and PL spectra of CH3NH3PbI3 thin film and (d) corresponding calculated Tacu’s plot of 

CH3NH3PbI3 thin film on glass. The estimated band gap is around 1.58 eV. 

A corresponding cross-section SEM image of the PSC is shown in Figure 54a. A 20 nm 

thick poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/NiO multilayer is a hole transport 

layer (HTL). Methylammonium lead triiodide (CH3NH3PbI3 denoted as MAPbI3) is a light 

absorber. Bathocuproine (BCP) doped phenyl-C61-butyric acid methyl ester (PCBM) is an electric 
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transport layer (ETL). To complete the fabrication of the PSC part of the PEC device, 80nm think 

Ag layer is deposited on top of PCBM layer. As shown in Figure 54a and b, light is incident 

through HTL of PSCs where light is converted to electrons and holes. Electrons are subsequently 

extracted to Mo2C based catalyst for HER. The PV performance of the PSC was measured under 

simulated AM 1.5 G solar light (100 mW/cm2). The current density-voltage (J-V) curve in Figure 

54c showed that the typical device yielded a power conversional efficiency (PCE) of 15.18% with 

a short-circuit current density (JSC) of 20.81mA/cm2, an open-circuit voltage (VOC) of 1.084 V, 

and a fill factor (FF) of 67.5%. The corresponding IPCE was more than 80% in a broad region 

from 350 to 750 nm (Figure 54d), consistent with the results of UV-Vis spectra and J-V curve. 
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Figure 54 (a) SEM image of cross-sectional PSC structure and (b) energy diagram for photo-electrocatalytic 

hydrogen evolution. (c) Representative J-V curve of a PSC device recorded under 1 sun (100 mW/cm2) and (d) 

IPCE spectra for the PSC of the same configuration. 

The electrochemical HER performance of three kinds of Mo2C based catalysts were 

evaluated using a standard three-electrode configuration in 0.5 M H2SO4 solution. The linear 

sweep voltaic (LSV) scan curves and corresponding Tafel plots were shown in Figure 55. As 

expected, the electrocatalytic activity increases as the trend of MC<MCG <TMCG, demonstrating 

that overall enhancement of catalyst comes from the introducing of GO and Ti element doping. 

Bare Mo2C exhibits a metallic electronic structure like the Pt but shows a relatively low onset 

overpotential of 365mV to reach the current density of 10mA/cm2. The introducing of the GO can 
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improve its conductivity, suppressing the carrier recombination and accelerating the electron 

transfer146 and thus the onset overpotential can be improved to 125 mV. Further, it is worth noting 

that TMCG owns a more superior performance with the overpotential at 89 mV, which is 36 mV 

lower than Mo2C-GO without Ti doping. To probe the HER kinetics of the catalysts, Tafel plots 

were fitted to the Tafel equation (η=a+blog (j)), where b is the Tafel slope. As shown in Figure 

55b, the bare Mo2C catalyst exhibits a Tafel slope of 174 mV/dec. The Tafel slopes of MCG and 

TMCG are 120 mV/dec and 74mV/dec, respectively. The lower Tafel value suggest a higher HER 

rate and favorable kinetics with GO and Ti incorporation. 147, 148 In addition, Tafel slope falling 

within the range of 40~120 mV/dec indicating a Volmer-Heyrovsky mechanism working on the 

surface of the catalyst and the rate of the discharge step is consistent to desorption process. The 

exchange current density (jo) was calculated by extrapolating the Tafel plot to an overpotential of 

0V, which might profoundly reflect the intrinsic electrochemical reaction rate. As expected, the 

TMCG exhibits a jo of 10mA/cm2, which is much higher than those of MC and MCG.  

 

Figure 55 Electrocatalytic performance of Mo2C based catalyst. (a) LSV of pristine MC, MCG and TMCG 

particles in 0.5M H2SO4 at a scan rate of 100mV/s and (b) the corresponding Tafel plots.  
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The Tafel plots derived from polarization curves are always affected by factors such as 

different choices of overpotential regions and different methods of IR compensation 142, 148. 

Therefore, we further performed electrochemical surface area (ECSA) and electrochemical 

impedance spectroscopy (EIS) measurements to further explore the HER kinetics. Owing to the 

unclear capacitive behaviors of carbides, accurate ECSAs cannot be measured directly.148 Double-

layer capacitance (Cdl), which is proportional to the ECSA, was measured to provide a relative 

comparison.149 Derived from the cyclic voltammograms (CV) with varied scan rates, TMCG 

presented the highest Cdl of 8.75 mF/cm2 among the Mo2C based catalysts (Figure 56a). This can 

be partially attributed to the increases of the active specific surface area of the catalyst with 

abundant active sites for HER pathway. In addition, it is more rational to normalize the current 

density by Cdl so the intrinsic activity can be accessed. Remarkably, the higher values over TMCG 

compared to MC and MCG indicate the intrinsic optimization of active sites (Figure 56b). As 

proved by our previous simulation, the doping of Ti atoms in to Mo2C structure can promote the 

dissociation of H2O and coordinate the adjustment of the free energy of adsorption and desorption 

of the reaction intermediates and products to facilitate the reaction. Additionally, measurements 

identified a low Rct on TMCG, confirming the rapid electron transport for H2 evolution as shown 

in Figure 56c. Overall, our results indicate that the HER kinetics are significantly improved by 

doping Ti into Mo2C and mixing GO with Mo2C. 
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Figure 56  (a) Estimation of Cdl by plotting the current-density variation at 150 mV vs. RHE against the scan 

rate to fit a linear regression, (b) normalized LSV curves by Cdl and (c) Nyquist plots (scan rate=100 mV) of 

three catalysts. Electrocatalytic performance of catalyst and CV of (d) MC, (e) MCG and (f) TMCG catalysts 

in 0.5M H2SO4 at different scan rates.  

5.4 Hybrid Perovskite based Photocathode 

To fully evaluate the performance of the optimized device, the performance of the 

integrated perovskite hybrid photocathodes has been evaluated using a standard three-electrode 

configuration in 0.5 M H2SO4 solution. The catalysts and their effective contact with electrolyte 

also play an important role of in the PV driven electrolysis system. As schematic in Figure 57a, 

Figure 57b has shown the linear sweep voltaic (LSV) scan curves of photocathode with three kinds 

of Mo2C at 20mV/s scan rate under 1 sun illumination and the bare photocathode protected by Ti 

foil without any catalyst has also drawn to compare. The hybrid photocathode combining with 
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TMCG has demonstrated the onset potential 514mV vs. RHE of the photocurrent density of 

10mA/cm2. Besides, at 0V vs. RHE, the photocurrent density can be up to 13.5 mA/cm2. However, 

when the perovskite integrating with MCG and MC to form a photocathode, the photocurrent is 

decreased to 10.68 mA/cm2 and 7.99 mA/cm2, respectively. To better evaluate the practical 

potential of the photocathode, the applied bias photo-to-current conversion efficiency (ABPE) is 

derived from the current density-potential curve as shown in Figure 57b. The maximum power 

points of the hybrid perovskite photocathode with MC, MCG and TMCG was found to be at 325, 

358 and 491mV versus RHE, respectively. At the peak point, the corresponding ideal ABPE are 

1.63%, 2.97% and 5.17%, considerably increased by the GO incorporation and Ti doping, which 

can be comparable with Pt assisted photocathode.12, 135 The increased PEC performance can be 

owed to the improved catalytic activity of the co-catalyst. Compared with the TMCG cathode 

without perovskite scanned in the same configuration, the onset potential shift is around 650mV, 

which can be seen as the potential provided by the PV device underneath. LSV curve exhibits 

relatively square waves under chopped light.  

Figure 57c showed a similar square on-ff shape status under the chopped light for the 

optimized photocathode with TMCG catalyst. It can be proved that the improved proton reduction 

performance upon illumination is a photo effect. The quick switching and minimal transients 

further suggest rapid charge transport and minimal charging. Moreover, the response of the 

impressive photocurrent under different wavelength light at zero bias is shown in Figure 57d. The 

result represented a similar shape as the IPCE of the PV device, and the corresponding integrated 

current is 13.7 mA/cm2, which is consistent with the result obtained from LSV curve. Taken 

together, our results demonstrate that the performance of the perovskite solar cells is successfully 

transferred to that of the PEC configuration. The photoelectron-catalytic property of our device 
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utilizing the excellent Ti doped carbides complexing with GO (which is TMCG is compatible with 

those using Pt as co-catalyst. 

  

Figure 57 (a) Schematic of the PEC measurement usin three electrode system in 0.5M H2SO4. (b) The LSV 

comparison of photocathode with different catalysts:  and (c) corresponding applied bias photon-to-current 

conversion efficiency (ABPE). (a) Optimzed photocathode with TMCG under dark, illumination under 1 sun 

(100 mW/cm2) and chopped light and (b) corresponding IPCE measurement. 
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It is well known that a main remaining challenge in the development of the halide 

perovskite PVs is the stability of the devices.150 Before the estimation of the stability of the hybrid 

photocathode, Figure 58 has shown the stability of this hybrid TMCG catalyst on Ti foil exhibiting 

an efficient working time over 16 hours. It suggests the dual layer for the catalyst can satisfy the 

requirement of the final long-term photoelectrodes.  

 

Figure 58 (a) Stability test of the coating foil at 98mV vs. RHE in 0.5M H2SO4; Morphology of TMCG 

electrode on Ti foil b) before and c) after the stability test. 

Thereafter, the stability of the hybrid perovskite/TMCG photocathode device was also 

measured. A chronoamperometric measurement was performed under continuous one sun 

illumination and electrochemical bias (0 V vs RHE), as shown in Figure 59a. The photocathodes 

retained over 80% of the initial photocurrent density (13.5 mA/cm2) after 11 h in a strong acidic 

solution. And for the first initial photoelectrochemical stability test, the photocurrent at 0 V vs. 
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RHE maintained over 90%. Even after 11hours, the final device can also show a good on-off 

sensibility under the chopped light, which indicates the excellent stability and potential for the 

further development of commercial hybrid photoelectrode Figure 59b.    

 

Figure 59 (a) Stability of the hybrid perovskite photocathode working under continuous 1 sun illumination. 

(The electrode potential was held at 0V vs. RHE.) and LSV of working hybrid perovskite photocathode under 

illumination under 1 sun in 0.5M H2SO4 after (b) 1 hour and (c) 11 hours. 
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5.5 Conclusion 

The halide perovskite-based photoelectrode is a very promising candidate for solar-driven 

water splitting due to their appropriate bandgap (~1.58 eV) and rapid growing energy conversion 

efficiency which are comparable with commercial devices. However, the perovskite itself is quite 

moisture sensitive and easily degrades for further photoelectrode fabrication and light-harvesting 

directly in the solution. Herein, we have developed a versatile method to fabricate the MAPbI3 

based photocathode with non-noble metal co-catalyst for H2 evolution directly immersed in acid. 

The perovskite was passivated by the Ti doped Mo2C/GO (TMCG) catalyst coating metal layer. 

The effectively encapsulated photocathode has exhibited 13.5 mA/cm2 without any bias and an 

onset potential as 0.68 V versus reversible hydrogen electrode. Furthermore, the whole device also 

demonstrated an excellent stability which can obtain over 60% photocurrent after more than 10 h 

continuous H2 evolution in 0.5M H2SO4. This facile and versatile method can help remove the 

obstacle of the application of the halide perovskite in clean energy conversion, and more earth-

abundant catalysts can be introduced to replace the noble metals for further potential low-cost 

photoelectrodes. 
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6.0 Summary and Outlooks 

The objective of this study is to promote the development of organometal halide-based 

perovskite solar cell devices as well as their extended applications like water splitting. The study 

has shown the significant improvement of PSC devices by incident solar energy management and 

interfacial optimization with new kinds of transport layers. The incorporation of NIR plasmon 

particles into the photoactive perovskite layer enhanced the near-band edge  (NBE) IPCE and 

corresponding short-cut current density of the PSC devices via increase of the light absorption and 

better carrier extraction in the long-wavelength light range. Besides the upgrade of the perovskite 

layer, the development of electron transport layer and better interface of PSCs are also of great 

importance. Better performance of FAPbI3 based PSCs with planar SnO2 ETL can be achieved 

with quantum dot-PbS layered modification. The interface layer can passivate the bottom-side 

trapping sites and stabilize the growth process of perovskite phase, resulting enlarged photocurrent, 

open-circuit voltage as well as small hysteresis and long stability. Extended application of the 

PSCs in the water splitting has also been investigated. Metal foil assemble assisted hybrid 

perovskite-based photocathode with Ti-Mo2C/GO co-catalyst has shown a competitive photo-

catalytic performance with Pt based co-catalyst and long stability in strong acid environment over 

10hours.  

In the future, one of the most important and urgent work on this topic is the evolution of 

the inverted structural PSC with extensive energy conversion efficiency and stability. Not only 

because the requirement for the inverted structural PSC in special application conditions (such as 

the electron extraction for HER in this paper), but compared with normal structure 

(FTO/ETL/perovskite/HTL/Au), inverted PSCs (FTO/HTL/perovskite/ETL/Ag) have some 
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advantages such as simple fabrication process, negligible hysteresis effect, low-temperature 

solution preparation, and suitable for flexible solar cell fabrication. The basic principle for the 

inverted structure establishment is still in the direction of photoactive layer and interfacial layer 

development. We have also tried to replace MAPbI3 with FAPbI3 based perovskite due to their 

narrow bandgap and high phase stability. However, the photoactive α-FAPbI3 fabrication from β-

phase precursor-based solution requires higher annealing temperature at around 150oC. Thus, the 

interfacial passivation is more necessary for layered compatibility. PTAA was applied for the 

polymeric passivation in the bottom side between NiOx/perovskite. However, the traditional top 

side passivation of FAPbI3 using 2D perovskite seems not applicable in the inverted PSCs. The 

PCBM solution cannot wet the passivation layer and thus continuous ETL layer is difficult to 

formed, which leads to non-ideal result. Herein, the development of a new feasible passivation 

strategy for our developing inverted PSC with the structure 

FTO/NiOx(PTAA)/FAPbI3/PCBM(BCP)/Ag should be investigated. 

https://www.sciencedirect.com/topics/engineering/fabrication-process
https://www.sciencedirect.com/topics/engineering/hysteresis-effect
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Appendix A Material and Chemicals 

Appendix A.1 Perovskite Solar Cell  

Titanium (IV) isopropoxide (TTIP, 97%), lead (II) iodide (PbI2, 99.999% trace metals 

basis, perovskite grade), dimethyl sulfoxide (DMSO, anhydrous, 99.9%), N, N-

dimethylformamide (DMF, anhydrous, 99.8%), diethyl ether (anhydrous, ≥99.7%), Acetone (≥

99.5%),  chlorobenzene (anhydrous, 99.8%), 4-tert-butylpyridine (t-BP, 98%), 

bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 99.95% trace metals basis) were 

purchased from Sigma-Aldrich. Methylammonium iodide (MAI ≥99%) was purchased from the 

Great Cell Solar. TiO2 paste (electrode application, SC-HT040) was purchased from 

SHARECHEM. Spiro-MeOTAD (>99.8%) was purchased from Luminescence Technology Corp. 

1-Butanol (>99.0%) was purchased from Tokyo Chemical Industry Co., Ltd. All chemicals and 

reagents were used as received without further purification. Fluorine-doped tin oxide (FTO) coated 

glass substrates (TEC7, 7-8 Ohm Sq-1) were purchased from MSE Supplies LLC. 

Appendix A.2 SiO2@Ag Core@Shell Particle 

Ammonium hydroxide solution (28.0-30.0% NH3 basis), tetraethyl orthosilicate (TEOS, 

98%), (3-Aminopropyl) trimethoxysilane (APTMS, 97%), tetrakis(hydroxymethyl)phosphonium 

chloride (THPC, 80% in H2O),  gold (III) chloride hydrate (99.995% trace metals basis), silver 

nitrate (AgNO3 ≥99.0%), formaldehyde solution (37%, stabilized with about 10% methanol for 
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synthesis), Sodium hydroxide (NaOH, Technical, Spectrum™ Chemical), sodium sulfide (Na2S, 

anhydrous, Granular) were purchased from Fisher Scientific. 
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Appendix B Abbreviation List 

organometal halide (OMH) 

perovskite solar cell (PSC) 

photovoltaic (PV) 

Methylammonium lead halides (MAPbI3) 

Formamidinium lead halides (FAPbI3) 

power conversion efficiency (PCE) 

silica@silver (SiO2@Ag) 

infrared (IR) 

photoluminescence (PL) 

Lead sulfide (PbS) 

tin oxide (SnO2)  

electron transport layer (ETL) 

ultraviolet (UV) 

bandgap (Eg) 

silicon (Si) 

methylammonium lead bromine (MAPbBr3) 

hole transport layer (HTL) 

scanning electron microscope (SEM) 

titanium oxide (TiO2) 

electron mobility (μe) 

space-charge-limited current (SCLC) 

current-voltage (I-V) 

shortcut-circuit current density  (JSC) 

incident-photon-to-current efficiency (IPCE) 

external quantum efficiency (EQE) 

open-circuit voltage (VOC) 

localized surface plasmon resonance (LSPR) 

atomic layered deposition (ALD) 

hydrogen (H2) 

photoelectrochemical (PEC) 

valence band (VB) 

conductive band (CB) 

electromagnetic (EM) 

finite-difference time-domain (FDTD) 

near-band-edge (NBE) 

SiO2@Ag@Ag2S (SAA) 
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