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Abstract

Perovskite solar cells are a very promising photovoltaic technology which was first re-

ported in 2009 and developed very rapidly. The crystallisation within perovskite films

is highly dependent on processing environments, such as temperature, humidity, atmo-

sphere, even light, which makes the fabrication of perovskite solar cells rather lab-dependent

and poorly reproducible. One strategy to overcome this problem is to develop a controlled

synthesis of perovskite nanocrystals which can then be ordered into films in a separate

step.

In this thesis, optimisation of planar perovskite solar cells is carried out by the engi-

neering of perovskite film fabrication methods. Different deposition methods along with

different process factors such as solvents, temperature and precursor recipes are com-

pared. One step spin-coating method with the recipe of MAI:PbCl2=3:1 gives the best

PCE of 12.1± 0.7 % in air with controlled humidity of < 35%, showing high reliability

and reproducibility.

Doping of TiO2 layers with Zn 2+, Sn 4+ and Nb 5+ ions are carried out to investigate the

impacts of doping ions in different valence states on the electron-transporting properties

of TiO2 ETLs. The different doping ions shift the flat band potential differently. Zn 2+

largely negatively shifts the flat band potential, whereas Nb 5+ positively shifts and Sn 4+

barely changes the flat band potential of TiO2. the Zn-doping of the TiO2 ETL decreases

the performance of the cells. However, when a thin layer of Zn-doped TiO2 is deposited

on top of the pristine TiO2 layer as interlayer, the cell efficiency is slightly improved.

Following the cell optimisation, to achieve better control over the crystallisation process,

a facile flow reactor is developed for the synthesis of MAPbX3 perovskite nanocrystals

at low temperature, which are further used for perovskite solar cells. The nanocrystals

show narrow size distribution, good emissive properties and high stability. The band-

gap of the nanocrystals was easily tuned between 485-745 nm by changing the halide

compostion. The photoluminescence of the MAPbI3 NCs in the first supernatant can also

be tuned by changing the process parameters such as temperature, residence time and

ligand concentration. However the impacts are more complex in the second supernatant
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in toluene with the appearance of multiple peaks in the PL spectra. It could be resulted

from the formation of smaller NCs due to the reprecipitation of the incompletely removed

reactants when added into toluene, or the fragmentation of the NCs upon dispersion in

toluene, but better understanding is still needed.

In the last part of the thesis, the synthesised MAPbI3 nanocrystals are investigated in

perovskite solar cell applications. They have been applied as interlayers at the perovskite-

HTM interface, where they improved the stability of the devices towards moisture. The

nanocrystals and their bulk by-products are also used as active light-absorbing layers for

perovskite solar cells, delivering the the best PCEs of 0.51% and 1.2% respectively, and

notably showing outstanding water resistance. Further improvements in the cell perfor-

mance could potentially be achieved by the removal of the insulating long chain ligands

using effective ligand exchange treatments.
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Symbols and Abbreviations

PV: photovoltaic PCE: power conversion efficiency

VOC: open-circuit voltage JSC short-circuit current density

FF: fill factor DSSC: dye-sensitised solar cell

ETL: electron-transporting layer HTL: hole-transporting layer

MA: methylammonium FA: formamidinium

FTO: fluorine-doped tin oxide NC: nanocrystal

QD: quantum dot HTM: hole-transporting material

FWHM: full width at half maximum PL: photoluminescence

HI: hot injection LARP: ligand-assisted reprecipitation

LED: light-emitting diode ODE: octadecene

OLA: oleylamine OA: oleic acid

DMF: N,N-dimethylformamide DMSO: dimethyl sulfoxide

CB: conduction band VB: valence band

XRD: X-ray diffraction AFM: atomic force microscopy

TEM: transmission electron microscopy XPS: X-ray photoelectron spectroscopy

EF: Fermi level Eg: band-gap

Re: Reynolds number ni: intrinsic carrier concentration

kB: Boltzmann’s constant T : temperature

h: Planck constant ~: reduced Planck constant

I0: dark saturation current q: elementary charge

τ: carrier lifetime WS C: width of space charge region

Nd: doping density CS C: capacitance of space charge region

VFB: flat band potential Z: impedance

ε: relative permittivity ε0: vacuum permittivity

aB: exciton Bohr radius µ: reduce exciton mass

Rs: series resistance Rrec: recombination resistance
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Chapter 1

Introduction

With the development of an industrial society, the ever-increasing demand for energy by

mankind and the non-renewability of fossil fuels have pulled human beings into an Energy

Crisis. The use of fossil fuels is generally believed to be responsible for air pollution and

climate change, which have serious global implications. To rectify this, people are seeking

clean renewable energies to replace fossil fuels. Renewable energies such as wind, solar

energy, hydroenergy and biomass have been greatly developed over the last few years,

as shown by the figures for UK electricity generation by renewables during 2003-2016

in Fig. 1.1 [1]. Of all the renewable energies, solar energy is believed to be the source

of almost all energy on the earth. It is so abundant that the energy from sunlight hit on

the earth in a year is as high as 1.5 × 1018 kWh, which is more than a hundred times the

total energy of known fossil fuel reserves all over the world [2]. Therefore developing an

efficient way to make use of solar energy would be highly promising for fulfilling societal

demand. Photovoltaic cells are one way to harvest this solar energy.
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Chapter 1. Introduction

Fig. 1.1 Electricity generation by renewable sources in UK during 2003-2016. Reproduced
from data provided by National Statistics. [1]

1.1 Solar cell overview

A solar cell is a device which can convert solar energy directly into electricity. Since

the first discovery of the photovoltaic (PV) effect by Edmond Becquerel in 1839 [3] and

the first production of a 6% crystalline silicon solar cell by Chapin et al. in 1954 [4], this

technology has been greatly developed. Now crystalline silicon based PV technology

is very mature and widely commercialised. By the end of 2016, the global installed PV

power capacity has increased to 315 GW, and is predicted to double by 2019 [5]. The global

PV cell/module production in 2016 has also reached over 80 GW as shown in Fig. 1.2.
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Chapter 1. Introduction

Fig. 1.2 World PV cell/module production from 2005 to 2017 (estimate). [5]

The development of solar cell technology has gone through three stages, which are known

as three generations, as shown in Fig. 1.3 [6].

Fig. 1.3 Diagram showing the efficiencies and costs for three generations of PV technolo-
gies. [6]

3



Chapter 1. Introduction

First generation

The so-called ’first generation’ solar cells are based on silicon wafers. This technology

is now the most mature and still dominates the photovoltaic market. Most solar cells and

modules sold today are made of crystalline silicon, both single-crystalline and polycrys-

talline silicon wafers with high purity. The efficiencies for these solar cells are typically

close to 20% [7], but they also suffer from relatively high cost for large scale production as

well as negative environmental impacts due to stringent processing conditions, which can

increase their energy payback time [8].

Second generation

The second generation solar cells are based on thin film technology. In this approach, a

thin layer of active material, for example, cadmium telluride (CdTe) [9] or copper indium

gallium selenide (CIGS) [10], is deposited onto a substrate, which not only reduces the

usage of the active material and consequently the cost, but also makes the cells more

flexible and lower in weight. This technology is operational, and the efficiency can also

be around 20% [7], but it is still facing difficulties in large-scale production including the

availability of Te, In, and Ga sources as well as the toxicity of heavy metals such as Cd [11].

Third Generation

The third generation solar cells refer to different emerging technologies which aim at pro-

ducing solar cells with lower cost and higher efficiency. The third generation technologies

normally include organic solar cells, quantum dots solar cells, dye-sensitised solar cells

(DSSCs), perovskite solar cells as well as multi-junction solar cells such as tandem solar

cells. Although these technologies are mostly not mature enough for industrial commer-

cialization, they are still believed to be very promising and attract much research interest

worldwide.

Organic solar cells

In organic solar cells, organic polymers or small organic molecules are used for light

absorption and charge transport. Organic materials are normally flexible and lightweight,

allowing organic solar cells to be the same. In addition, molecular engineering makes

4



Chapter 1. Introduction

the band-gap of organic materials tunable, and the thickness can be reduced to ∼ 100 nm

due to optical absorption coefficients as high as 105 cm−1. [12] However, since the band-

gap of most organic materials are large (above 2 eV for many cases), the harvesting of

the incident light can be quite limited [13], which makes organic solar cells less efficient.

The highest record efficiency for organic solar cells is still only ∼ 11% [7]. Apart from

low efficiency, poor stability is another problem for organic solar cells. Photo-oxidation

or degradation can easily occur under illumination and continuous exposure to oxygen or

moisture, which results in the short lifetime of the organic solar devices and hinders their

practical application [14].

Quantum dots solar cells

Quantum dots are nanocrystals of semiconducting materials. The diameter of the quan-

tum dots is typically a few nanometres, which is so small that electrons are confined in

all three dimensions due to the quantum confinement effect. The band-gap of quantum

dots can be tuned simply by changing the dots size. As a result, photons with differ-

ent wavelengths can be harvested at the same time using mixtures of quantum dots with

different sizes, which can potentially make multi-junctional solar cells. Using CsPbI3

perovskite quantum dots (coated with formamidinium iodide (FAI) to enhance the carrier

mobility) as the absorbing material, a solar cell with a certified efficiency of 13.4% has

been achieved, and a high open-circuit voltage (VOC) of 1.2 V has been abtained [15].

Dye-sensitised solar cells

A DSSC is based on a 5-20 µm layer of a mesoporous oxide (normally TiO2) formed be-

tween an anode and an electrolyte as shown in Fig. 1.4 [16]. The wide band-gap of TiO2

nanoparticles (3.2 eV) means they can only absorb light in ultraviolet region [17]. There-

fore, in DSSCs, to enable the absorption towards sunlight in the visible region, a dye

monolayer is adsorbed on the mesoporous TiO2 layer. Photo-generated electrons in the

dye molecules are rapidly injected into the conduction band of TiO2 and then collected

by the anode. The oxidised dye is then regenerated by a redox couple, normally the io-

dide/triiodide couple in the organic electrolyte which is further regenerated at the cathode.

Overall, the device generates electric power from sunlight continuously without consum-

ing the electrode materials or the electrolyte.

5



Chapter 1. Introduction

Fig. 1.4 Schematic diagram of operational principle of dye-sensitised solar cells. [16]

Since the report of the first highly efficient DSSC by Brian O’Regan and Michael Grätzel

in 1991 with an efficiency of 7.1-7.9% [18], the efficiency has reached 13% in 2014 [19].

Though the efficiency is still relatively low compared with silicon-based solar cells, DSSCs

do show some advantages [20]. They can be produced using low-energy-consuming roll-

to-roll techniques, on flexible substrates. They can also work under low light intensity

condition due to the scattering effect of the mesoporous TiO2 nanoparticles in the film.

The main problem hindering the application of DSSCs is their instability, mainly aris-

ing from the leaking of the liquid eletrolyte [20,21]. The electrolyte solution is made up

of volatile organic solvents which are hazardous to human health and the environment,

and the corrosive nature of the redox couple to plastic sealants also makes the sealing

of the electrolyte a big challenge. Alternatively, a solid p-type organic semiconductor

with hole-transporting property is used to replace the liquid electrolyte, providing a solid-

state DSSC. The most commonly used hole transporting material is Spiro-OMeTAD [22,23].

However since the optimal film thickness of the mesoporous TiO2 layer is 2-3 µm which

is not sufficient for efficient optical absorption [24], it ended up with no big improvement

in the efficiency [25], until perovskite materials replaced dyes as the sensitizer.

6
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1.2 Perovskite solar cells

Since the first use of perovskite in solar cells in 2009 [26], the efficiency of perovskite-

based solar cells has rocketed from 3.81% to ∼ 23% [7]. Their development was so quick

that they were named as a new type of solar cells - ‘perovskite solar cells’.

1.2.1 Structure of perovskite

Perovskite refers to a crystal structure originally found for CaTiO3. Compounds with

perovskite structure normally have a generic chemical formula of ABX3, in which an A

cation resides at the eight corners of the cubic cell and the B cation is located at the body

centre, surrounded by six X anions (located at the face centres), forming a BX6 octahe-

dron, as shown in Fig. 1.5. Typically, the A cation can be Ca 2+, Cs+, organoammonium

ions such as methylammonium (MA) and formamidinium (FA), etc., the B site cation,

which is smaller than the A cation, could be Ti 4+, Pb 2+, Sn 2+, etc., and the C anion could

be halide ions or oxygen. To form a stable cubic perovskite structure, the size of the ions

should meet some certain requirement, i.e. the tolerance factor Γ defined as Equation 1.1

should lie between 0.813 < Γ < 1.107 [27,28].

Γ =
rA + rX
√

2(rB + rX)
(1.1)

where rA, rB and rX are the effective ionic radii for A, B and X ions, respectively. For

solar cell applications, the most used perovskite is organoammonium lead (or tin) halide

perovskite, for example methylammonium lead iodide (MAPbI3), of which the tolerance

factor is calculated as 0.83 [28].

7
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Fig. 1.5 Crystal structure of perovskite ABX3.

1.2.2 History of perovskite solar cells

Studies of perovskite solar cells first appeared in 2009 and evolved from DSSC tech-

nology. In DSSCs, the normal dyes only form a monolayer, thus the thickness of the

mesoporous layer has to be around 10 µm in order for sufficient light absorption [24]. To

enhance the light-absorbing ability, people were trying to develop alternative sensitizers.

In 2009, Miyasaka and coworkers [26] reported the utilization of MAPbI3 and MAPbBr3

perovskites as sensitizers in a DSSC with solution electrolyte. The perovskite materials

absorbed light strongly and broadly in the visible range, so that complete light absorption

can be achieved in films even as thin as 500 nm [29]. An efficiency as high as 3.81% was

achieved for the MAPbI3 based cell, and a high photovoltage of 0.96 V was obtained for

the MAPbBr3 based device. N.G. Park and co-workers [30] optimized the TiO2 thickness,

perovskite precursor concentration and TiO2 surface in 2011 based on a similar device

structure, and further improved the efficiency to 6.54% with 3.6 µm-thick TiO2 films.

However, the instability of perovskite in liquid electrolyte is fatal for these electrolyte-

based cells. 80% degradation occurred in about 10 min under continuous illumination as

the MAPbI3 perovskite was dissolved gradually by the redox electrolyte.

8



Chapter 1. Introduction

A breakthrough in the efficiency and stability of perovskite solar cells came with the

use of solid state hole transporting material (HTM) 2,2,7,7-tetrakis(N,N-p-dimethoxy-

phenylamino)-9,90-spirobifluorene (spiro-OMeTAD) in 2012. Park, Grätzel and cowork-

ers [31] reported a solid-state perovskite solar cell with MAPbI3 on a 0.6 µm m-TiO2 layer

and spiro-MeOTAD as HTM, which showed a power conversion efficiency (PCE) of

9.7%. The use of spiro-OMeTAD also greatly improved the device stability compared to

liquid electrolyte-based cells. Long-term stability for over 500 h was achieved, with the

devices being stored in air without encapsulation. At a similar time, Snaith and cowork-

ers [32] reported a mixed-halide MAPbI3-xClx perovskite solar cells with the same device

structure, as shown in Fig. 1.6, delivering a PCE of ∼ 8%. They also replaced the meso-

porous n-type TiO2 with mesoporous Al2O3. Al2O3 is an insulator (band-gap 7-9 eV), and

cannot transport electrons. Surprisingly the device still worked and the electron transport

in the Al2O3-based device was even much faster than in the TiO2-based device, and the

VOC was also increased by a few hundred millivolts with the insulating Al2O3 scaffold,

leading to a PCE of 10.9%. Even a planar-junction device FTO/c-TiO2/MAPbI2Cl/spiro-

OMeTAD/Ag without a mesoporous layer also exhibited an efficiency of 1.8%. These

results mean that the perovskite layer can not only absorb light but also transport elec-

trons out of the device. Since then, an explosion of research activities was triggered,

and a variety of device configurations, deposition methods and material sets have been

employed.

Fig. 1.6 Schematic diagram and SEM image of the cross-section of a mesoporous structured
perovskite solar cell [32].

Grätzel and coworkers [33] investigated a mesoscopic MAPbI3/TiO2 heterojunction solar

cell without an HTM layer, which still showed remarkable photovoltaic performance. An

PCE of 5.5% was obtained with a short-circuit current density (JSC) of 16.1 mA cm−2, a
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VOC of 0.63 V, and a fill factor (FF) of 0.57. It shows that MAPbI3 can also work as the

HTM in a heterojunction solar cell.

Snaith [34] configured a planar FTO/c-TiO2/MAPbI3-xClx/spiro-OMeTAD/Ag device with-

out a mesoporous layer utilizing a highly uniform MAPbI3-xClx layer synthesized via a

dual-source vapour deposition route. The perovskite films showed extreme uniformity

without pinholes, and thus avoided direct contacts between the spiro-OMeTAD and c-

TiO2 layers which could form shunting paths lowering the cell performance. An efficiency

of over 15% was achieved, with an VOC of 1.07 V.

Generally, mixed halide perovskite MAPbI3-xClx showed better performance than pure

iodide perovskite MAPbI3
[35–37], though no significant content of chloride in the lattice

had been detected experimentally. The introduction of chloride is believed to improve

the uniformity of perovskite films, as well as increase the carrier lifetime and diffusing

length.

Grätzel’s group reported a mixed-cation perovskite [38] based on mixed organic cations

of MA and FA. It was found that the band-gap of perovskite (MA)x(FA)1-xPbI3 can

be tuned by changing the FA content in the composition. The increase of FA con-

tent resulted in a red shift of absorption onset which means a smaller optical band-gap,

while the light absorbing ability was decreased. Optimal absorption was obtained from

MA0.6FA0.4PbI3, with a best efficiency of 14.9%. Saliba and coworkers further added a

small amount of Cs into the binary mixed cations [39], forming a triple cation configuration

Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3. The triple cation cells delivered stabilized PCEs

up to 21.1%, and an PCE of 18% was still retained even after continuous aging for 250

hours under operational conditions. The triple cation configuration is now still giving the

highest efficiency in perovskite family. F. Hao and M. G. Kanatzidis et al. [40] substituted

lead with tin, and found that the band-gap of MASn1-xPbxI3 can also be tuned by changing

the content of Sn. For MASn0.5Pb0.5I3, the smallest band-gap of 1.17 eV was obtained,

smaller than both MAPbI3 (1.55 eV) and MASnI3 (1.3 eV), showing an PCE of 7.27%.
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1.2.3 Deposition methods of perovskite films

As the key absorber material for perovskite solar cells, the quality of the perovskite layer

is vital for the device performance. The deposition of the perovskite films is mainly

based on the reaction of the organic ammonium MAX and the inorganic lead halide PbX2

components, where X = I, Cl, Br.

PbX2 + MAX
4
−→ MAPbX3 (1.2)

Up to now, various deposition processes have been investigated for the fabrication of

organometal halide perovskite films, which are mainly classified as one-step methods and

two-step methods through solution processes, vapour processes, or a combination thereof.

One-step methods

One-step methods are based on the co-deposition of both the organic and inorganic pre-

cursors through a solution process or a vapour process.

Initially, most MAPbI3 or MAPbI3-xClx perovskite films were deposited by spin-coating

a mixed solution of PbX2 (X=I, Cl) and MAI in organic solvents (DMF, DMSO, GBL),

followed by thermal annealing. For MAPbI3, stoichiometric MAI and PbI2 (1:1) are dis-

solved in organic solvent for spin-coating deposition [31,41]. While for MAPbI3-xClx, a mo-

lar ratio of MAI: PbCl2 of 3:1 is normally used [32,42]. In order to obtain perovskite films

with higher surface coverage and better uniformity, much work has been done to con-

trol the crystallization of perovskite. Snaith’s group [43] investigated the morphology of

MAPbI3-xClx annealed at different temperature, and found that surface coverage dropped

as the annealing temperature increased. Coverage of ∼ 93% was obtained for the planar

MAPbI3-xClx film annealed at 90 ◦C, delivering an improved efficiency of 11.4%. Po-Wei

Liang, Alex K.-Y. Jen et al. [44] added 1,8-diiodooctane (DIO) to the perovskite precur-

sor as an additive, and found that the perovskite films prepared with 1 wt% DIO additive

were much smoother and better covered than the prestine films, leading to a PCE ∼ 12%

in a planar perovskite solar cell. Jeon and Seok et al. developed a solvent engineering

technique to improve the film quality [45], by toluene dripping while spin-coating of the

perovskite precursor in the mixture of GBL and DMSO. This toluene dripping treatment
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enabled extremely uniform and dense perovskite layers and achieved a certified 16.2%

PCE.

Apart from solution processed one-step methods, a vapour based one-step method was

also developed for the fabrication of high quality perovskite films. Snaith and cowork-

ers [34] successfully synthesized a uniform film of MAPbI3-xClx perovskite with a dual-

source vapour deposition method. MAI and PbCl2 were evaporated simultaneously un-

der vacuum with with a molar ratio of 4:1, and deposited on FTO substrates with com-

pact TiO2. Fully crystallized perovskite layers were obtained after annealing. With this

vapour-deposition method, efficient perovskite devices with an efficiency of 15.4% were

yielded, with a JSC of 21.5 mA cm−2, a VOC of 1.07 V and a FF of 0.68.

Two-step methods

Two-step methods, or sequential methods, are based on the formation of PbX2 films,

normally by spin-coating, and their subsequent transformation into perovskite films. The

transformation process can be done in different ways, as shown in Fig. 1.7: 1) dipping the

PbX2 films into MAX solution [46,47]; 2) spin-coating MAX solution on top of the PbX2

films [48,49]; 3) evaporating MAX powder at elevated temperature and exposing the PbX2

films into the vapour [50].

Fig. 1.7 Schematic diagram of two-step methods for perovskite film preparation.
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Two-step deposition methods allow for independent control in the deposition conditions

of each precursor and hence their reaction thereafter, which eventually enables a better

control over the perovskite film formation process. Julian Burschka and Michael Grätzel

et al. [46] spin-coated PbI2 film on a 350-nm-thick mesoporous TiO2 layer, and subse-

quently dipped it in a solution of 10 mg ml−1 MAI in IPA. The conversion of yellow PbI2

into dark brown perovskite occurred within seconds, and resulted in a PCE of approx-

imately 15% with excellent reproducibility. In contrast, it takes much longer for com-

plete conversion in planar devices, as it is harder for MAI to diffuse into a planar PbI2

film. A dipping duration of approximately 20 min has been reported [51], or a higher re-

action temperature (70 ◦C) is needed [52]. Qi Chen and Huanping Zhou et al. developed

a vapour-assisted solution process (VASP) [50] for the fabrication of perovskite film, in

which PbI2 was first spin-coated from solution and subsequently annealed in MAI vapour

to form MAPbI3 films with microscale grain size, highly smooth surface and full cover-

age. The obtained optimum planar device showed a PCE of 12.1%. Chang-Wen Chen

and Hao-Wu Lin et al. [53] prepared MAPbI3-xClx films through a layer-by-layer sequen-

tial vacuum deposition process. Extremely smooth PbCl2 films were thermally sublimed

onto PEDOT:PSS-coated indium tin oxide (ITO) glass, followed by the sublimation of

MAI, which resulted in ultra-smooth MAPbI3-xClx films with full surface coverage. The

champion cell performed a high PCE of 15.4%, with a JSC of 20.9 mA cm−2, an VOC of

1.02 V and a high FF of 0.72.

1.2.4 The bright side of perovskite solar cells

The band-gap for MAPbI3 perovskite is ∼ 1.5 eV, corresponding to an absorption onset

of ∼ 800 nm, which makes it a good absorber over the whole wavelength range of visible

light. The high absorption coefficient of 1.5 × 104 cm−1 at 550 nm and 0.5 × 104 cm−1 at

700 nm allows sufficient absorption even with a small film thickness [28]. And the high

carrier mobilities (11.6 cm2 V−1 s−1 for MAPbI3-xClx and ∼ 8 cm2 V−1 s−1 for MAPbI3
[54])

along with the long carrier lifetime (hundreds of nanoseconds) result in a long carrier

diffusion length (ranging between 100 nm and 1,000 nm [55]). These together greatly de-

crease the possibility of recombination within the bulk.
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Typically, perovskite solar cells employ a n-i-p or p-i-n junction structure in which a per-

ovskite layer (intrinsic semiconductor layer) is sandwiched between an n-type electron-

transporting layer (ETL, normally TiO2 or PCBM) and a p-type hole-transporting layer

(HTL, normally spiro-OMeTAD, NiO or PEDOT:PSS). The energy level alignment as

shown in Fig. 1.8 is favourable for charge separation [31]. After excitation, the photoelec-

trons can be fast injected into the conduction band of TiO2, while the holes are transported

into the HOMO of spiro-OMeTAD. In this way the charge carriers are separated and re-

combination can be alleviated.

Fig. 1.8 Energy diagram in a typical n-i-p structured perovskite solar cell. [31] (Assuming the
Spiro acts as a semiconductor rather than a redox couple.)

The preparation methods of perovskite, both one-step and two-step, are simple, low-

energy-consuming and capable of producing high quality perovskite films. Roll-to-roll

processes such as spray-coating and blade-coating also make the production of perovskite

devices easy to scale up. These factors, along with the abundance of raw materials, mean

perovskite solar cells have a short energy payback time (EPBT, defined as the ratio of the

total primary energy consumption to the annual electricity generation), which is estimated

to be 0.3 years, much shorter than silicon-based devices, as shown in Fig. 1.9 [56].
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Fig. 1.9 Comparison in the energy payback time of typical PV modules. P-1 and P-2 are
perovskite modules based on TiO2 and ZnO, respectively. The error bars show the 95%
confidence intervals. [56]

The rapid development of perovskite solar cells has sparked the hope of their practical

application. Dar and Grätzel used cheap inorganic CuSCN as HTMs for perovskite so-

lar cells [57], which achieved stabilized PCEs exceeding 20%. By incorporating a reduced

graphene oxide interlayer between the CuSCN and gold layers, over 95% of the initial effi-

ciency of the cells was successfully retained after 1000 hours aging at the maximum power

point at 60 ◦C. Nazeeruddin’s group [58] developed a 2D/3D (HOOC(CH2)4NH3)2PbI4/MAPbI3

perovskite junction, and fabricated 10×10 cm2 solar modules through a fully printable

route. The large area modules delivered stable 11.2% efficiency with no efficiency de-

crease for over 10000 h. Furthermore, there have been numerous industrial companies

worldwide, such as Solar-Tectic, Oxford PV, Frontier Energy Solution and Microquanta

Semiconductor, dedicated to the commercialisation of the perovskite technology. Hope-

fully, perovskite solar cells will find their real applications in the near future.

1.2.5 Issues to be addressed

Though organometallic halide perovskite based solar cells have shown many extraordi-

nary properties and promising efficiency, there are still some issues to be addressed before

their large-scale application.
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Hysteresis

Hysteresis is a phenomenon commonly observed during the performance tests of per-

ovskite solar cells. When scanned from different directions during current-voltage be-

haviour tests, different J-V curves can be obtained, as illustrated in Fig.1.10 [59]. The

current-voltage curve taken with decreasing voltage (reverse scan) tends to exhibit higher

currents at each voltage than the curve taken with increasing voltage (forward scan). As

a result, the performance of perovskite devices can be overestimated. Several ideas have

been proposed as the cause of this phenomenon, including trap states [60], ferroelectric-

ity [61,62] and ion migration [63–66]. The idea that it is caused by ion migration is being

accepted by more and more researchers, but more work is still needed for better under-

standing and the avoidance of hysteresis.

Fig. 1.10 J-V curves with forward and reverse scans showing hysteresis. [59]

Hysteresis has been found to be much more severe in planar devices than in mesoporous

devices, and strongly dependent on the scan speed, light-soaking and pre-biasing condi-

tions [67,68], temperature [69], perovskite crystal size [70] and contacts used [71].

For the accurate measurement of perovskite solar cells, it is generally required to include

the data of both forward and reverse J-V curves at various scan rates as well as the steady-

state photocurrent at voltages near the maximum power point (Pmax) when efficiencies are

reported [72].
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Stability

Stability is probably the biggest challenge preventing practical applications of perovskite

solar cells. For the decomposition reaction

MAPbI3 
 PbI2 + MAI (1.3)

the change in the Gibbs free energy at 300K is ∆Go
300K = 0.16 eV per formula unit [73],

indicating the perovskite structure is chemically stable under standard conditions, but the

small magnitude suggests the stability is very fragile and can be shifted easily, especially

with the existence of water. Since MAI is highly water soluble, the saturation concentra-

tion to suppress the decomposition of MAPbI3 is estimated to be as high as ∼ 8 g/L [73],

which means a small amount of water can result in serious decomposition of the per-

ovskite phase. Besides, further decomposition can occur through reaction 1.4 which can

be further accelerated by oxygen or UV light due to the consumption of the HI [74] through

the reactions illustrated in Equation 1.5 and Equation 1.6, respectively. It was found that

MAPbI3 would be degraded completely into PbI2 after 18 h exposuse in air with a humid-

ity of 60% at 35 ◦C [74]. As a result, optimised device architecture and proper encapsulation

are required for the long-term stability of perovskite solar cells.

MAI (aq)
 CH3NH2 (aq) + HI (aq) (1.4)

4HI (aq) + O2 (g)
 2I2 (s) + 2H2O (l) (1.5)

2HI (aq)
 H2 (g) + I2 (s) (1.6)

Toxicity

Lead compounds are very hazardous for the environment, and the impact of lead-based

perovskite devices on the environment is a big concern for their large-scale applica-

tion. Several researchers have tried to replace Pb with other less toxic elements such

as Sn [75,76]. Though MASnI3 also showed good semiconductive properties with a band-

gap of ∼ 1.3 eV, Sn 2+ is easily oxidized into Sn 4+ which can cause p-type doping to the

material [75]. Partial replacement of Pb with Sn has also been investigated to reduce the
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use of lead [77–79], but the highest PCE so far reported for Sn-Pb alloy-based perovskite

solar cell is only 15.2% for MASn0.25Pb0.75I3
[78], and stability is still a problem. So until

now, the most efficient perovskite solar cells still have to be based on lead, but with proper

encapsulation and the development of lead recycling processes which is also extremely

important for lead acid batteries, the harm of lead content to the environment could be

minimised.

1.3 Perovskite Nanocrystals

Along with the rapid development of bulk perovskite materials in solar cells, their nanocrys-

tals (NCs) have also attracted significant interest. When the size of crystalline semicon-

ductors is reduced into the nanoscale dimension, the materials can exhibit distinct prop-

erties from their bulk forms. Due to the quantum confinement effect, quantum dots of

PbS, CdSe etc. show size-dependent band-gaps, which provide for tunable light emission

by control of the particle size. As a result, these quantum dots have shown promising

applications in displays and lighting [80], as well as solar cells [81]. On the basis of the

facile solution processability, as well as the high carrier mobility, long carrier lifetime

and low trap density shown in solar cell applications of bulk perovskite materials, people

have also prepared NCs of a variety of APbX3 perovskite materials, and found promising

applications, in both light emitting diodes (LEDs) and solar cells.

Perovskite NCs have shown bright and narrow-band photoluminescence (PL) that is easily

tunable from ultraviolet to near-infrared wavelengths by changing either the halide com-

position or NC size. Pérez-Prieto and co-workers [82] reported the preparation of 6 nm-

sized MAPbBr3 NCs as stable colloidal solutions and made electroluminescent devices

using them. Both the solutions and thin films showed bright green emission at ∼ 530 nm,

and the quantum yield reached 23%. Rogach’s group [83] demonstrated the size-tunable

bandgap of MAPbBr3 NCs by changing the processing temperature. The emission peaks

of the MAPbBr3 NCs was tuned in the region of 475-520 nm when the temperature was

changed from 0 to 60 ◦C, all with narrow emission linewidths of 28-36 nm, and very high

quantum yields of 74%-93% were achieved. Zhong et al. [84] reported the synthesis of

brightly luminescent MAPbX3 (X = Cl, Br and I) NCs with a simple ligand assisted
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repricipitation strategy, and demonstrated the fine tunability of the PL wavelength from

407 nm to 734 nm by changing the halide composition, with an absolute PL quantum

yield of up to 70%. Kovalenko and co-workers [85] also managed to synthesize monodis-

perse NCs of fully inorganic perovskite CsPbX3. The band-gap of the NCs showed both

compositional dependance and size tunability, and covered the the whole visible spectral

region of 410-700 nm. The PL spectra also exhibited narrow emission peak widths of

12-42 nm and high quantum yields of 50-90%. Perovskite NCs based on other organic

cations have also been synthesised. The same group further demonstrated the fabrication

of highly monodisperse FAPbBr3 NCs [86], and managed to tune the PL peaks in the range

of 470-540 nm by controlling the size of the NCs (5-12 nm). High quantum yield of up to

85% and narrow PL peak width of <22 nm were also achieved. Scholes et al. [87] have suc-

cessfully synthesized layered 2D perovskites R2(MA)n-1PbnI3n+1, where R is a long-chain

organic ammonium ion, and n is the number of layers. The PL emission was dependent

on not only the size of the NCs, but also the number of layers n which can be tuned by the

molar ratio between RI and MAI.

In addition to promising applications in LEDs, perovskite NCs have also been investigated

in solar cell applications. Zheng and Wang [88] used MAPbBr0.9I2.1 NCs as interlayers for

perovskite solar cells, where the NCs were placed between the MAPbI3 layer and HTL.

The NCs improved hole transfer at the interface and consequently improved the PCE of

the device from 10.3% to 13.3%. Perovskite NCs have also been used as the absorber

layers for solar cells. Petrozza and Manna [89] reported the fabrication of perovskite solar

cells based on CsPbBr3 NCs. The cells with active layers of 550 ± 50 nm delivered an

ultra high VOC of 1.5 V, but due to the large band-gap of the CsPbBr3 NCs (2.38 eV), and

possibly poor band alignments of the charge transporting layers, a PCE of only 5.4% was

achieved. Luther, on the other hand, reported [90] the use of 9 nm CsPbI3 NCs with a much

smaller band-gap of ∼ 1.9 eV as the absorbing layers for perovskite solar cells. The cells

exhibited a high PCE of 10.77% and a VOC of 1.23 V. The cells also worked as LEDs,

giving red emission with low turn-on voltage. The same group further treated the CsPbI3

NCs with FAI [15], and pushed the PCE to 13.4%, a certified record for quantum dots based

solar cells [91]. The FAI treatment doubled the charge carrier mobility of the CsPbI3 NC

film from 0.23 to 0.50 cm2 V−1 s−1 and increased the photocurrent.
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Up to now, solution approaches for the synthesis of perovskite NCs are mainly based on

two strategies: hot-injection (HI) and ligand-assisted reprecipitation (LARP), as shown in

Fig. 1.11.

Fig. 1.11 Schematic diagram of synthesizing strategies of perovskite NCs: (a) HI method [92];
(b) LARP approach [84].

The HI route is a fabrication process of APbX3 perovskite NCs which involves the in-

jection of (typically) the A source into a PbX2 solution at elevated temperature. The

HI procedure had been commonly used for the synthesis of metal chalcogenide or flu-

oride NCs [93–96] such as PbS, CdSe and NaYF4, based on which Kovalenkos group [85]

pioneered the fabrication of CsPbX3 NCs. Cs-oleate solution was made through the re-

action of Cs2CO3 with oleic acid, and was quickly injected into the PbX2 solution in

octadecene at high temperatures (140-200 ◦C), with 1:1 mixture of oleic acid (OA) and

oleylamine (OLA). The OA and OLA worked as ligands to dissolve PbX2 and stabilize

the as-obtained perovskite NCs. Highly luminescent colloidal 4-15 nm cubic CsPbX3 NCs

were obtained through the reaction in Equation.1.7, with high quantum yield of 50-90%,

and the PL was tunable by both particle size and halide composition.

3 PbX2 + 2 Cs-oleate
4
−→ 2 CsPbX3 + Pb(oleate)2 (1.7)

Following their work, the HI method has been widely used for the synthesis of CsPbX3

NCs. Zhang and Jiang [97] investigated ethers as the solvent for the synthesis and found
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that the growth of CsPbX3 NCs could be better controlled in less polar solvents. Zeng

and coworks [98] replaced the Cs-oleate with Cs-stearate and successfully synthesised 2D

CsPbBr3 nanosheets with a thickness of around 3.3 nm. The nanosheets showed good

dispersibility, high flexibility and excellent photo-detecting properties. Due to the abil-

ity to achieve high-quality perovskite NCs, the HI approach has been the most widely

adopted procedure for the fabrication of CsPbX3 NCs. However, this method normally

requires a protective atmosphere and high temperatures of over 100 ◦C, and the reaction

temperature and time are hard to control during the injection of the reagent, resulting in

poor reproducibility between batches and users [99,100]. Besides, the HI process normally

suffers from localised mixing of the reactants, which makes it hard to scale up.

The LARP approach is another important process for the synthesis of perovskite NCs,

which typically involves the addition of a perovskite precursor solution in a polar solvent

(e.g. DMF or DMSO) into a nonpolar solvent such as toluene or hexane. Perovskite

crystals precipitate out with the assistance of stabilising capping ligands. In 2015, Zhong

and coworkers [84] developed the LARP technique for the preparation of MAPbBr3 NCs by

dropping a precursor solution of MABr and PbBr2 in DMF with OA and OLA as ligands

into toluene with vigorous stirring. MAPbBr3 NCs were obtained with a mean diameter of

3.3 nm and a narrow size distribution. The PL spectrum peaked sharply at 515 nm with a

small peak width of only 21 nm, and PL quantum yields of 50-70% were achieved. Halide

composition was also easily tuned by using appropriate halide ratios in the precursor

solution. Since then, the LARP method has been widely used for the synthesis of APbX3

NCs. Deng’s group [101] applied the LARP stragety in the preparation of CsPbX3 NCs.

CsPbX3 NCs of different morpholopies were prepared by changing the organic acid and

amine ligands. By tuning the shape, size and composition of the NCs, PL emission peaks

covering the visible range from 380 to 693 nm were achieved, with PL quantum yields up

to over 80%. Levchuk et al. [102] reported the LARP synthesis of brightly emitting FAPbX3

nanoplatelets. A high quantum yield of up to 85% was achieved, and luminescence was

tuned by simply changing the halide composition, covering a wide visible range between

415 and 740 nm. The thickness of the nanoplatelets was also tailored by the ligand ratio.

The LARP approach can be carried out at room temperature and is easy to conduct, but

bulk material is formed as a by-product together with the nanoparticles, which limits the

synthetic yield [84].
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Although both these two methods result in the formation of highly emissive perovskite

NCs, they are typically focused on conventional batch systems which are characterized

by poor heat and mass transport. The nucleation rates for perovskite NCs, however, is

very fast [103]. As a result, the low speed of homogeneous mixing of reagents and heat

transfer in the batch system, especially in large-scale production, makes the synthesis

difficult, and therefore limits their scale-up. A promising alternative to the batch system

is flow chemistry.

1.4 Flow chemistry

Flow chemistry is a process in which the use of flow reactors comprising channels or

tubing are involved to conduct a chemical reaction in a continuous stream rather than in a

static container [104]. Flow chemistry has provided a very useful tool for both the industrial

scale-up of a variety of reactions as well as laboratory researches into small scale material

production, and has received remarkable attention [105–107].

Flow reactors are modular toolboxes for synthetic chemistry, and are typically comprised

of multiple interconnected units as shown in Fig. 1.12: delivery, mixing, reactor, quench-

ing, collection, and optionally pressure regulation, analysis and purification units [104]. A

delivery unit (typically feeding pumps) accurately feed the reactants into the flow system.

Mixing of the reactants is conducted in a mixing unit before they enter the reactor unit

which is further connected to a quenching unit to terminate the reaction, and the product

is collected in the collection unit. Pressure regulation is also needed if high pressure is in-

volved in the system, and optional analysis and purification units can also be incorporated

where required.
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Fig. 1.12 Schematic diagram of a typical flow reactor. [104]

The reactor unit is where chemical reactions occur, and is the core of a flow reactor sys-

tem. The reactor could be a chip reactor based on channels formed in silicon, glass,

ceramics or stainless steel, or a coil reactor comprising low cost tubings made from poly-

mers (e.g. PFA, PTFE) or stainless steel. The reactors are normally set up in combination

with temperature-controlling facilities to maintain the temperature during the reaction.

The length of the reactor, together with the flow rate of the flow medium, determines the

residence time of the reactant mixture in the reactor, which is also the reaction time, a

most important parameter of a flow system. Bawendi and co-workers [108] reported the

synthesis of CdSe NCs of different sizes using a flow microcapillary reactor, and demon-

strated higher reaction yields and larger particle sizes obtained at longer residence time or

higher temperature. The scale of a reactor can range from 10 µm up to a few milimeters in

inner diameter (i.d.). Mesofluidic reactors [106] (typical i.d. 500 µm up to several milime-

ters) provide large flow capacity, less pressure drop and less tendency to block, and are

therefore normally used for industrial large-scale manufacturing. Whereas microfluidic

reactors (typical i.d. 10-500 µm) possess better heat transfer capability due to their larger

heat transfer area per unit volume, while suffering from limited flow capacity and high

pressure drop, thus are mainly used in laboratories for analytical and diagnostic applica-

tions [106]. Alivisatos [109] demonstrated chip-based microfluidic reactors for the synthesis

of CdSe NCs with controllable sizes by changing the reaction time, temperature and pre-

cursor concentration, and highlighted the flexibility of microreactors for kinetic studies

and fine tuning of product properties.

Putting chemical reactions into fluids flowing in long thin channels have several intrinsic

advantages over conventional batch systems, which have made the technology attractive
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for chemical synthesis in both industry and academia.

Better mixing

Mixing of reactants is normally of great importance for chemical reactions, especially

for fast reactions. When the rate of the reaction is higher than the speed of mixing,

the concentration gradients or localised distribution of the reactants could result in the

formation of by-products, or uneven size-distribution of nanomaterials. The flow pattern

of liquids can be predicted using the Reynolds number (Re) defined as:

Re =
ρdv
η

(1.8)

where ρ is the density of the liquid, η is the dynamic viscosity of the liquid, d is the char-

acteristic dimension of the container, and v is the velocity of the flow. Low Re describes

laminar flow, whereas high Re values normally mean turbulent flows, and transitional

flow forms in between. In laboratory batch reactors, mixing is typically turbulent near the

stirring bar while laminar at outlying areas where reactants mixing is generally based on

diffusion [104]. Fluids in flow reactors normally have low Reynolds numbers (below 250)

and are also within the laminar flow regime [107]. Since the diameter of the flow channel

is very small, the diffusion time is inherently smaller and mixing can be achieved much

faster than in batch. In addition, various mixers can be easily integrated into the flow

system, which can make uniform mixing achievable within seconds.

Faster heat transfer

Due to the small dimensions of flow reactors, their area to volume ratios are large, which

facilitate the heat transfer between the liquid and the temperature-controlling facility in

the flow system. For endothermic and exothermic reactions, the heat consumed or gener-

ated by the reaction could decrease or increase the temperature of the reaction medium,

and consequently cause problem, such as the formation of side-products, decomposition

of chemicals or phase transition of solvents [105]. The change of temperature can also make

kinetics studies impossible, as the reaction kinetics is highly dependent on temperature.

Therefore, efficient heat transfer of flow reactors provides a good solution to keeping the

temperature constant, allowing efficient control over the reaction.
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Increased safety

Flow reactors are better at running dangerous chemistry than batch systems due to their

intrinsic advantages in safety [110]. The small dimension of the flow reactors means that

any toxic chemicals are used in small amounts and are easier to handle. The reactions are

confined in the channels of robust materials, which make the chemicals less likely to spill

or be unintentionally exposed to the environment during the reaction. More importantly,

the fast heat transfer discussed above makes the heat management more efficient, thus

avoiding thermal runaway and dangerous safety issues such as boiling of solvents, and

even explosion.

Online analysis

Chemical reactions take place along with the reactants flowing through the reactor, ther-

fore, different stages of the reactions happen at different positions in the flow reactor. This

makes online analysis of the reaction, such as the intermediates and mechanism investiga-

tions, very feasible, especially for fast reactions. Kovalenko and deMello [111] reported a

droplet microfluidic platform for the synthesis of FAPbX3 perovskite NCs. An end-point

fluorescence detector and an in-line fluorescence detector were incorporated, allowing

them to conduct mechanistic and optimising studies. Online PL analysis of the NCs

identified optimal synthesis conditions, and revealed the different growth mechanisms for

FAPbX3 NCs with different halide compositions.

Automation

As all the components (i.e. feeding pumps, valves, temperature controller, pressure reg-

ulator, etc.) are easy for automation, flow reactions can be automated easily, even re-

motely [112], allowing for unattended operation and experimental planning. By coupling

the reactor with a detecting system, it is possible to further automate the screening of

a range of possible reaction parameters (stoichiometry, residence time and temperature,

etc.) with little or no intervention. Automatic feedback optimization can also be carried

out so that the parameters can be adjusted in real-time, saving significant time and money

for the chemists [104].

Due to these advantages, flow systems have been successfully used to synthesize a variety
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of nanomaterials [113], including metal nanoparticles [114], metal oxides [115,116] and colloidal

semiconductors [117,118]. Torrente-Murciano and coworkers demonstrated [114] the synthesis

of silver nanoparticles with narrow size distributions in a helical microreactor without

the assistance of capping ligands. Lee and Jeon developed [118] a thermoplastic-based

microreactor for the synthesis of ZnSe/ZnS core/shell NCs. The formation of the core

and the shell layers were achieved in a single step and the size of the NCs were easily

tunable by changing the flow rates of the precursors.

Flow chemistry has also been applied in the synthesis of perovskite NCs. The nucleation

and growth of perovskite NCs are typically fast due to the ionic metathesis nature of the

reaction [103]. Therefore, flow systems are particularly useful in terms of fast mixing and

heat transfer. deMello and Kovalenko [103] reported an elegant flow synthesis of CsPbX3

NCs using a droplet-based microfluidic platform in 2016. Online optical measurements

were conducted to perform ultrafast kinetic studies and reaction optimization, revealing

the fast growth time of 6 3 s. The same group carried out [111] further mechanistic inves-

tigation and reaction optimisation to the preparation of FAPbX3 NCs using the droplet

microfluidic system, and developed [119] an automated droplet microfluidic platform for

the controlled synthesis of FAPb(Cl1-xBrx)3 NCs with blue emission. However we could

not find any reports of flow chemistry being used to synthesize MA-based perovskite

NCs. In addition, the reported flow synthesis of perovskite NCs are developed from the

HI technique, and require not only high temperatures of 120-180 ◦C, but also the use of

an oil carrier fluid which increased the system complexity.
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Chapter 2

Theory

In this chapter, the main theories used in this thesis are introduced, including the basic

theories of the working principle of a solar cell, from the primary principles of semi-

conductors to the processes of charge generation, charge separation and charge recom-

bination. The theories behind some important characterisation techniques such as the

Mott-Schottky test and the impedance spectroscopy are also included, to assist the under-

standing towards the results of the work.

2.1 Semiconductor

Semiconductors are materials with electronic conductivity that lies between conductors

and insulators. According to band theory, the valence band (VB) is the allowed energy

band where all of the valence electrons reside, while the conduction band (CB) is the

energy band with higher energy in which electrons can move freely in the material. The

VB and CB are separated by a forbidden region and the energy difference between them

is called the band-gap. Electrons in a full VB are unable to move and cannot contribute to

conduction unless they absorb enough energy to overcome the band-gap and are excited

into CB. For conductors, the VB and CB touch or overlap, so the electrons can move eas-

ily, but in insulators, the band-gap is so wide that the excitation of electron is normally not

possible, as seen in Fig. 2.1, while semiconductors have small band-gap so that excitation

of carriers across the band-gap is possible.
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Fig. 2.1 Valence and conduction bands in conductor, semiconductor and insulator.

According to the type of majority charge carrier, semiconductors can be classified into

n-type, p-type and intrinsic semiconductors. An intrinsic semiconductor is a pure semi-

conductor without any significant dopant species present. The charge carriers in intrinsic

semiconductors are electrons that have been excited into the CB and holes which remain

in the VB, and the number of electrons and holes are equal. When an intrinsic semicon-

ductor is doped with donor impurities (e.g. nitrogen in silicon) or acceptor impurities (e.g.

boron in silicon), an n-type or p-type semiconductor is formed. In n-type semiconductors,

due to the existence of donor states, the electrons have a higher concentration than holes,

and serve as majority charge carrier and minority charge carrier, respectively. In p-type

semiconductors the situation is the opposite, in which holes are majority and electrons are

minority charge carriers.

2.1.1 Fermi level

The probability of an electron occupying an energy level with energy E is given by the

Fermi-Dirac distribution function:

f (E) =
1

1 + exp((E − EF)/(kBT ))
(2.1)

where kB is Boltzmann’s constant, T is the temperature, and EF is called the Fermi energy

or Fermi level which is the energy level where the probability of occupancy by an electron
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is exactly 50%, i.e.

f (EF) =
1
2

(2.2)

When E >> EF , equation 2.1 can be simplified to the Boltzmann approximation.

f (E) = exp
(
−

E − EF

kBT

)
(2.3)

In an intrinsic semiconductor, the Fermi level lies in the middle of the band-gap, as shown

in Fig.2.2. But in an n-type semiconductor, there are more electrons in the conduction

band than holes in the valence band, which means the probability of finding an electron

near the conduction band edge is larger than the probability of finding a hole at the valence

band edge, therefore the Fermi level is closer to the conduction band. Contrarily, for a

p-type semiconductor, as the number of holes in the valence band is higher than that of

electrons in conduction band, the probability of finding an electron near the conduction

band edge is smaller than the probability of finding a hole at the valence band edge, and

the Fermi level is closer to the valence band.

Fig. 2.2 Energy levels of intrinsic, n-type and p-type semiconductors.

2.1.2 Equilibrium carrier concentration

In intrinsic semiconductors in darkness, as electrons in conduction bands and holes in

valence bands are always created in pairs, the concentrations of electrons n0 and holes p0
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are the same and are called the intrinsic carrier concentration, denoted as ni.

n0 = p0 = ni (2.4)

The intrinsic carrier concentration is material dependent and is ralated to the band-gap of

the material and temperature. Silicon for instance, the intrinsic carrier concentration is

described by Misiakos as a function of temperature T [1,2]:

ni(T ) = 5.29 × 1019(T/300)2.54exp(−6726/T ) (2.5)

For n-type or p-type semiconductors, as the concentration of the dopant introduced is nor-

mally much higher than the intrinsic carrier concentration, the concentration of majority

charge carriers approximately equals to the concentration of the donor ND or acceptor

NA, assuming the dopants are fully ionised. And according to the law of mass action, at

equilibrium,

n0 p0 = n2
i (2.6)

Therefore, the equilibrium carrier concentrations are expressed as:

For n-type,

n0 = ND, p0 =
n2

i

ND
(2.7)

For p-type,

p0 = NA, n0 =
n2

i

NA
(2.8)

2.2 Photovoltaic effect

When a semiconductor is exposed to light of certain wavelengths, electrons in the valence

band can absorb the energy of the photons and get excited into the conduction band,

leaving holes in the valence band. When the electrons and the holes are separated, e.g.

by a p-n junction, a voltage can be measured in the external circuit. This phenomenon is

called photovoltaic effect, which is the basis of a solar cell.
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2.2.1 Charge generation

In photovoltaics, the most important charge generation process is photogeneration which

means charge generation through light absorption. The light absorption of a semicon-

ductor depends on the band-gap of the semiconductor material and the wavelength of

the light, i.e. only the photons with energy equal to or higher than the band-gap can be

absorbed. Photons with energy the same as the band-gap of the semiconductor can be

absorbed and excite electrons from the valence band edge into exactly the edge of the

conduction band. Photons with energy higher than the band-gap of the semiconductor

can also be absorbed and generate charge carriers with higher kinetic energy. But the

carriers quickly lose the extra energy, usually by thermalisation through interacting with

the lattice and eventually relax to the band edge, producing a phonon [3]. Semiconductor

materials have an onset in their absorption spectra, as shown in the absorption profile of

CH3NH3PbI3 perovskite in Fig. 2.3, since light with less energy than the band-gap cannot

be absorbed.

Fig. 2.3 Absorption spectra of a CH3NH3PbI3 perovskite film [4].

The absorbing ability of a material towards light is defined by the absorption coefficient,

which is related to the absorption depth (the penetration distance needed for a certain

of absorption). The absorption coefficient is dependent on the energy of the photon, and
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their relations are different for direct semiconductors and indirect semiconductors. During

the band transition following light absorption, in addition to the requirement about the

photon energy, momentum must also be conserved. For direct band gap semiconductors,

the minimal energy state in the conduction band and the maximal energy state in the

valence band have the same crystal momentum (k-vector), therefore, the band transition

can happen directly, as shown in Fig. 2.4a. The absorption rate is high and the absorption

coefficient α is proportional to the square root of the difference between the photon energy

and the band gap [5].

α = A(hν − Eg)1/2 (2.9)

where A is a constant depending on the material, and ν is the frequency of the photon.

While for indirect band gap semiconductors, the k-vectors of the valence band maxima

and conduction band minima are different, so the band transition is not possible due to

the conservation of momentum unless the momentum is changed by interacting with the

lattice. Thus, the absorption or emission of a phonon must also be involved, which makes

the process less likely to happen. The absorption coefficient α is proportional to the square

of the difference between the photon energy and the band gap [5].

α ∝
(hν + Ep − Eg)2

exp(Ep/kBT ) − 1
+

(hν − Ep − Eg)2

1 − exp(−Ep/kBT )
∝ (hν − Eg)2 when hν − Eg � EP (2.10)

where Ep is the energy of the phonon.

Compared with direct band gap semiconductors, the absorption coefficient is normally

smaller in indirect band gap semiconductors, so a thicker film is generally needed if an

indirect band gap semiconductor is used for photovoltaic applications to achieve sufficient

light absorption. Therefore, direct semiconductors are more preferable for thin film solar

cells.
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Fig. 2.4 Electron transitions during light absorption in (a) direct and (b) indirect band gap
semiconductors. [6]

2.2.2 Charge separation

Charge separation in photovoltaics is normally carried out using a p-n junction. A p-

n junction is formed when a p-type semiconductor and an n-type semiconductor join

together. Due to the higher electron concentration in the n-type material and the higher

hole concentration in the p-type material, electrons diffuse from the n-side to the p-side,

and holes diffuse from the p-type side to the n-type side, as shown in Fig. 2.5a, creating

a diffusion current Idi f . As a result of this diffusion, the p-side of the junction becomes

negatively charged and the n-side is positively charged, forming a ‘built-in’ voltage. The

built-in voltage will cause the holes in the n-side to move towards the p-side and electrons

from the p-side to the n-side, achieving charge separation and a drift current Idr. Any

charge carriers present are quickly wiped away, so the region is called a depletion region.

At equilibrium, the diffusion current and drift current are the same magnitude in opposite

directions, and equal dark saturation current I0, as shown in Fig. 2.5b.

Idi f = Idr = I0 (2.11)
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Fig. 2.5 Energy band diagrams of a P-N junction under no bias in the dark: (a) at the first
contact; (b) at equilibrium.

When an external bias is applied across the p-n junction, the Fermi levels in p- and n-

sides are split, as shown in Fig. 2.6. The external bias changes the diffusion barrier of

charge carriers across the junction and changes the diffusion current Idi f . On the other

hand, the drift current Idr stays essentially the same since it depends on the number of

minority carriers generated near or within the depletion region which is relatively not

changed by the external bias [2]. As a result, the equilibrium between diffusion current and

drift current shown in equation 2.11 is broken, and a net dark current Id forms, which is

expressed as the diode equation:

Id = I0(e
qV

nkBT − 1) (2.12)

, where V is the bias voltage applied across the junction, q is the absolute charge value of

an electron, kB is the Boltzmann’s constant, T is the temperature, and n is ideality factor

which serves as a measure of how close a diode is to an ideal diode.
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Fig. 2.6 Energy band diagrams of a P-N junction under forward and reverse bias in the dark.

Under illumination, the p- and n- semiconductors absorbs the energy of photons and gen-

erate charge carrier pairs, and the Fermi levels for electrons and holes are split. The

photogenerated minority charge carriers (holes in the n-type semiconductor and electrons

in the p-type semiconductor) reaching the P-N junction are swept across the junction by

the electric field in the junction and become majority carriers on the other side, forming

a photocurrent IL which is in the opposite direction to the dark current Id. In this way,

the photo-generated carriers are spatially separated by the P-N junction, preventing their

recombination. The overall current is given as

I = IL − Id = IL − I0

(
e

qV
nkBT − 1

)
(2.13)

Therefore, by scanning the bias voltage and measuring the current, an I-V curve can be

obtained, as illustrated in Fig. 2.7, which is the normal way of testing the performance

of a solar cells device. From the I-V curve, the short circuit current (ISC, the current at

V = 0), the open circuit voltage (VOC, the bias voltage where I = 0) and the fill factor (FF,

the ratio of the maximum power Pmax to the product of ISC and VOC) can be determined,

and the power conversion efficiency PCE is given as

PCE(%) =
Pmax

Pin
=

VmpImp

Pin
=

VOCISCFF
Pin

(2.14)

where Pin is the incident power, Vmp and Imp are the bias voltage and current at the maxi-
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mum power point respectively.

Fig. 2.7 I-V curves of a typical solar cell under dark and illumination [7].

2.3 Recombination

After being excited into conduction bands, the electrons can also jump back into va-

lence bands and combine with holes, releasing energy. The recombination is the reverse

process of excitation, and leads to the elimination of charge carriers. According to the

mechanisms, there are three types of recombinations.

Fig. 2.8 Schematic diagram of (a) radiative, (b) SRH and (c) auger recombinations.
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2.3.1 Radiative recombination

Radiative recombination is the reverse process of the light absorption, which is the re-

combination of an electron from the conduction band directly with a hole at the valence

band, releasing a photon, as shown in Fig. 2.8a. Since the energy of the photon is close

to the band-gap of the material, it can only be weakly absorbed and is emitted out of the

material. Radiative recombination normally occurs in direct band-gap semiconductors

and is the basis of LEDs.

2.3.2 Shockley-Read-Hall recombination

Shockley-Read-Hall (SRH) recombination, also called trap-assisted recombination, is a

recombination process which involves two steps. Recombination occurs via defects in

the crystal lattices, as shown in Fig.2.8b. Firstly, an electron (or a hole) is trapped at

an energy level within the forbidden region which is caused by dopants or defects in the

crystal lattice. The trapped carrier can again be released by thermal activation. Otherwise,

if the defect traps another opposite charge carrier before releasing the first trapped charge

carrier, the two carriers recombine. As the concentration of defects are high at the surface

or grain boundaries due to the disruption of crystal lattices, the SRH recombination is

more profound at these areas, and is generally important in photovoltaic applications.

2.3.3 Auger Recombination

Auger recombination is a recombination process in which three charge carriers are in-

volved. An electron in the conduction band recombines with a hole in the valence band,

but instead of emitting a photon, the energy is given to a another electron in the conduction

band. This excites the electron into a higher energy level in the conduction band, as shown

in Fig.2.8c. Eventually the electron relaxes back to the valance band edge and thermally

releases its excess energy. Due to the involvement of three charge carriers, auger recom-

bination is an important recombination process only where carrier densities are very high,

such as in highly doped materials, at high temperature or under strong illumination.
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In solar cell applications, recombination should be prevented as much as possible so that

more carriers can be collected by the electrodes and more electricity can be obtained. Two

important parameters relating to recombination rates are carrier lifetime and diffusion

length.

The lifetime of an electron or hole in a given material, denoted by τn or τp, is the average

time which a minority carrier can exist before it recombines. The carrier lifetime takes

into account all different types of recombinations.

1
τ

=
1
τRad

+
1

τS RH
+

1
τAug

(2.15)

Carrier diffusion length L is the average distance a carrier can move before it recombines.

It depends on the carrier lifetime τ and the diffusivity D through the equation

Ln =
√

Dnτn for electrons, Lp =
√

Dpτp for holes (2.16)

The diffusion length is closely related to the probability of a carrier being collected by the

electrode in solar cells. With higher diffusion length, carriers can move longer distance

before recombination and thus are more likely to be collected and contribute to the pho-

tocurrent. In solar cell architectures, the thickness of active layer is normally smaller than

or similar to the carrier diffusion length, such that the charge carriers can be collected

effectively.

2.4 Mott-Schottky relationship

When a semiconductor contacts with an electrolyte, charges also transfer in a similar way

as in a p-n junction, forming a semiconductor-electrolyte junction. Due to differences

between the redox potential of the electrolyte (EF,redox) and the Fermi level of the semi-

conductor (EF), charge flows between the electrolyte and the semiconductor. As a result,

the energy bands bend in the semiconductor at the interface until equilibrium is reached

(EF = EF,redox when no external potential is applied), leaving a space charge region in the

semiconductor side [8,9]. The net charge is compensated by the opposite ionic charge in
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the electrolyte side. According to the direction of the charge transfer, the space charge

region can be a depletion region or an accumulation region. As shown in Fig.2.9, for the

case of an n-type semiconductor, if the redox potential of the electrolyte is lower than the

Fermi level of the semiconductor before contact (EF,redox < EF), electrons flow from the

semiconductor to the electrolyte, leaving a space charge region positively charged. As

the majority charge carriers are depleted, the space charge region is called a depletion

region. In contrast, if the redox potential of the electrolyte is higher than the Fermi level

of the semiconductor before contact (EF,redox > EF), electrons flow from the solution to

the semiconductor, making the majority carrier density at the surface larger than in the

bulk of the semiconductor, and the space charge region is called an accumulation region.

Fig. 2.9 Types of space charge regions in n-type semiconductors. a) Depletion layer. b)
Accumulation layer.

The degree of band bending can also be changed by applying an external bias. At a spe-

cific applied bias, there is no excess charge on the semiconductor side of the junction. At

this potential, which is denoted as the flat-band potential VFB, no band bending occurs.

If the potential is made more positive than VFB, electrons are withdrawn from the semi-

conductor, leaving a positive depletion region. The distribution of charge, electric field,

potential and band energy are as shown in Fig.2.10.
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Fig. 2.10 Distribution of charge (Q), electric field (ξ), potential (ψ) and band energy across the
n-type semiconductor-electrolyte junction [8].

Under the assumption of being only distance dependent in the x direction, the potential

distribution in the space charge region is described according to the Poisson’s law in one

dimension as
d2ψ(x)

dx2 = −
σ(x)
εε0

(2.17)

where ψ(x) is the potential at x, σ(x) is the charge density, ε is the relative permittivity of

the material and ε0 is the vacuum permittivity.

Using the abrupt approximation that all the electrons in the space charge region (0 ≤ x ≤

WS C , where WS C is the width of the space charge region) are depleted, σ(x) is given by

the doping density Nd, i.e.
d2ψ(x)

dx2 = −
σ(x)
εε0

= −
qNd

εε0
(2.18)

If 2.18 is integrated, with boundary conditions that when x = WS C, the electric field

ξ(x) = dψ(x)/ dx = 0 and ψ(x) = φb, then

ψ(x) =
qNd

εε0

(
WS C x −

1
2

x2 −
1
2

W2
S C

)
+ φb (2.19)

in which φb is the potential in the bulk of the semiconductor and q is the elementary

charge. At the semiconductor surface, ψ(x = 0) = φb − ∆φS C, therefore,

WS C =

(
2εε0∆φS C

qNd

)1/2

(2.20)
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where ∆φS C is the potential drop across the space charge region and ∆φS C = Vapplied−VFB.

The total charge of the space charge region QS C is given as

QS C = qNdAWS C (2.21)

where A is the area of the semiconductor electrode, and the differential capacitance of the

space charge region CS C is

CS C =
dQS C

d∆φS C
(2.22)

Substituting equation 2.20 and 2.21 into equation 2.22 gives the Mott-Schottky relation-

ship as equation 2.23

C−2
S C =

2∆φS C

qNdA2εε0
=

2
qNdA2εε0

(
Vapplied − VFB

)
(2.23)

In a more accurate approach, the thermal distribution of electrons ne is taken into account,

the charge density in the space charge region is given as

σ(x) = q[Nd − ne(x)] (2.24)

According to equation 2.3,

ne(x) = n0
eexp

[
q

kBT
(ψ(x) − φb)

]
(2.25)

where n0
e is the electron concentration in the bulk of the semiconductor, and for n-type

semiconductors n0
e ≈ Nd.

Substituting equations 2.24 and 2.25 into equation 2.17 gives

d2ψ(x)
dx2 =

qNd

εε0

{
exp

[
q

kBT
(ψ(x) − φb)

]
− 1

}
(2.26)

Using the transformation
d2ψ(x)

dx2 =
dψ
dx

dψ/ dx
dψ

(2.27)

and integrating equation 2.26, the electric field in the space charge region can be derived
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as

ξ(x) =
dψ(x)

dx
=

(
2qNd

εε0

)1/2 {
kBT

q
exp

[
q

kBT
(ψ(x) − φb)

]
− (ψ(x) − φb) −

kBT
q

}1/2 (2.28)

According to Gauss’ law,

QS C = εε0Aξ(x = 0) (2.29)

Thus

QS C =
(
2εε0A2qNd

)1/2
[
kBT

q
exp

(
−q
kBT

∆φS C

)
+ ∆φS C −

kBT
q

]1/2

(2.30)

For depletion layer −q∆φS C/kBT < −1, therefore neglecting the exponential term gives

QS C =
(
2εε0A2qNd

)1/2
(
∆φS C −

kBT
q

)1/2

(2.31)

Substituting equation 2.31 into equation 2.22 gives the Mott-Schottky relationship with

an extra term kBT/q

C−2
S C =

2
qNdA2εε0

(
∆φS C −

kBT
q

)
=

2
qNdA2εε0

(
Vapplied − VFB −

kBT
q

)
(2.32)

From the Mott-Schottky relationship, the plot of C−2
S C according to the applied potential

Vapplied is linear. The Mott-Schottky plot can be made by carrying out impedance mea-

surements on the semiconductor electrode immersed in the electrolyte at different applied

potentials. The slope of the plot gives the doping density of the semiconductor Nd, and

the flat band potential VFB can be obtained from the intercept on the x axis.

2.5 Photoluminescence

Photoluminescence (PL) is an embodiment of radiative recombination, and is the reverse

process of absorption, in which photon-excited electrons and holes in semiconductors

recombine and emit light.
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There are various mechanisms involved in radiative recombination processes, and the

band to band transition is one of the most important. After excitation, electrons are excited

from valence bands to conduction bands. The energy of the excitation photons may be

higher than the band gap and the electrons are excited into higher energy levels than the

conduction band edge. These carriers with higher kinetic energy then quickly relax to

the band edge by releasing phonons to cool down. The electrons at the conduction band

edge can return to the valence band and recombine with holes at the valence band edge,

releasing photons.

In direct band gap semiconductors, the k-vectors of the valence band maxima and con-

duction band minima are the same, as shown in Fig. 2.11, and the transition can happen

directly. Only an electron and a hole are involved in the recombination process, so the

rate is high, which results in a high radiative efficiency. The energy of the photons emitted

is

~ω = EC − EV = Eg (2.33)

where ~ is the Dirac constant, ω is the angular frequency of the photon.

While in indirect band gap semiconductors, the k-vectors of the valence band maxima and

conduction band minima are different, and a direct transition is not possible due to con-

servation of momentum. For the transition to occur in an indirect band gap material, the

absorption or emission of a phonon must also be involved, which makes the process less

likely to happen. Thus the emission intensities of indirect band gap semiconductors are

normally low. This is the reason why direct band gap semiconductors are more favourable

in light emitting and lasing applications. The energy of the photons emitted for indirect

band gap semiconductors is

~ω = EC − EV ± Ep (2.34)

where EP is the energy of the phonon.
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Fig. 2.11 Electron transitions during band to band recombination in (a) direct and (b) indirect
band gap semiconductors.

In band to band recombination, both the recombining electrons and holes have well-

defined energies, as a result the photoluminescence spectra of semiconductors give sharp

peaks, which are very useful for the measurement of band gaps.

Apart from the band to band recombination, photoluminescence can also be induced

by other recombination mechanisms [6] such as the recombination of excitons which are

bound electron-hole pairs, the recombination via impurities, and so on. Careful analysis

of these data provides an important way to spot the impurities and check the crystalline

quality of semiconductors.

As discussed in section 2.3, there are other recombination processes which do not emit

photons and compete with radiative recombination. Due to these non-radiative recom-

binations, not all excited charge carriers are available for light emission. The parameter

to present the efficiency of photoluminescence is the quantum yield Φ, which is a most

important parameter for materials for LED applications.

Φ =
Number o f photons emitted

Number o f photons absorbed
(2.35)

Photoluminescence spectroscopy is a very useful technique to investigate carrier recombi-

nation processes. It has been widely used to determine the band gap of semiconductors, to

study charge separation in solar cells, and to measure the quantum yield of emitting ma-
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terials for LEDs. By combining it with microscopy, it is also a powerful tool to probe the

purity and quality of semiconductor samples. Besides, time-resolved photoluminescence

(TRPL), in which the sample is excited with a light pulse and the decay of the emission

is measured, is a useful method to measure minority carrier lifetimes.

2.6 Quantum confinement effects

For bulk semiconductor particles, the conduction electrons are unconfined in the bound-

less crystal lattice. As a result the energy bands are continuous. When electrons in the

conduction band move to the valence band and radiatively recombine with holes, as dis-

cussed previously in section 2.5, the energy of the photons emitted is near the band gap

Eg of the bulk semiconductor. However, when the size of the semiconductor crystal is

very small, typically several nanometers and comparable with the exciton Bohr radius aB,

the excitons are confined by the dimensions of the crystal, and the energy bands become

discrete. The energy gap between the conduction bands and valence bands ∆E becomes

size-dependent and larger than the bulk band gap Eg. The exciton Bohr radius aB is given

as

aB = ε

(
me

µ

)
a0 (2.36)

where ε is the relative permittivity of the material, me is the electron rest mass, µ is the

reduced mass of the exciton which is given by the electron effective mass m∗e and hole

effective mass m∗h as 1/µ = 1/m∗e + 1/m∗h, and a0 is the Bohr radius which is 0.53 Å. This

size-dependent effect is called the quantum confinement effect, and the semiconductor

nanoparticles showing quantum confinement are called quantum dots.

The quantum confinement effect can be understood by the particle-in-a-box model, also

known as an infinite potential well. Firstly, a simple one dimensional system is consid-

ered, wherein the particle is confined in one dimension in a box with a length of L, as

shown in Fig. 2.12.
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Fig. 2.12 Schematic diagram of a one dimension quantum well.

Within the box, the potential energy V(x) is zero, and the particle can move freely. How-

ever, at the walls of the box, the potential energy is infinite, which prevents the particle

from escaping from the box. That is,

V(x) =


0, 0 < x < L

∞, x ≥ L, x ≤ 0
(2.37)

The time-independent Schrödinger wave equation is given as

EΨ(x) = −
~2

2m
∂2

∂x2 Ψ(x) + V(x)Ψ(x) (2.38)

where E is the total energy of the particle, ~ is the reduced Planck constant, m is the mass

of the particle, and Ψ(x) is the time-independent wavefunction. Inside the box, as the

particle moves freely, it behaves like a free particle. Solving the Schrödinger equation

2.38 gives the wavefunction in the form of

Ψ(x) = A sin(kx) + B cos(kx) (2.39)

where k2 = 2mE
~2 . Using the boundary conditions of Ψ being continuous and Ψ(x = 0) =

Ψ(x = L) = 0, the constants k and B are calculated to be

k =
nπ
L
, n = 1, 2, 3 . . .

B = 0
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As the probability of finding the particle in the box is equal to 1, normalizing the integral

of the wavefunction to 1 gives

A =

√
2
L

Therefore, the wavefunction is given as

Ψ(x) =


2
L sin

(
nπ
L x

)
, 0 < x < L

0, x ≥ L, x ≤ 0
(2.40)

and the energy of the particle E is

En =
n2π2~2

2mL2 (2.41)

Thus, the energy of the particle in the quantum well is not continuous, but can only take

up discrete values which increase with n2, and the minimum of the energy is

E1 =
π2~2

2mL2 (2.42)

In quantum dots, the situation is not the same. The box is three dimensional and spherical

is shape. But the confinement energy equation of excitons is similar, which is given as

Edot =
π2~2

2µr2 (2.43)

where r is the radius of the quantum dots. Therefore, the band gap of quantum dots is

equal to the band gap of the bulk material Eg plus the energy derived from confinement

Edot. Further considering the Coulombic interaction between the confined electron and

hole, the band gap of quantum dots ∆E is given as the Brus equation [10]

∆E = Eg +
π2~2

2µr2 −
1.8q2

4πεε0r
(2.44)

where ε is the relative permittivity of the material, ε0 is the vacuum permittivity and q

is the elementary charge. As the Coulombic term is normally small, the band gap of

quantum dots is approximately inversely proportional to the square of the radius of the

quantum dots r2.
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As a result of the quantum confinement effect, the band gap of the quantum dots are size

dependent, and the optical properties can be continuously tuned by changing their particle

sizes through changing the conditions of synthesis. This unique property of quantum dots

makes them very promising for LED and lasing applications.

2.7 Impedance spectroscopy

Impedance spectroscopy measures the response of a system to an applied small amplitude

voltage. Based on the nature of a system, the current output can have a different magnitude

and phase to the input signal. Analysis of the response at different frequencies can provide

information about the system.

In impedance spectroscopy, a sinusoidal perturbation signal is normally applied, i.e.

Vt = Vm sin(ωt) (2.45)

where Vm is the signal amplitude, ω is the angular frequency (ω = 2π f , where f is the

signal frequency) and t is time. The response signal, It, is also sinusoidal with the same

angular frequency ω, shifted in phase (φ) and has a different amplitude Im,

It = Im sin(ωt + φ) (2.46)

if the following criteria are met [11,12]:

Causality. The response of the system must be determined entirely by the perturbation

signal. This requires the system to be shielded from outside noises and the system condi-

tions such as temperature need to be kept constant during the measurement.

Linearity. The perturbation/response characteristics of the system must be linear. For

electrochemical systems, the relationship between voltage and current is intrinsically not

linear, but if the perturbation is small enough, it can be pseudo-linear.

Stability. The system being measured must remain in a stationary state during the mea-

surement. Once the perturbation has been removed, the system must return to its original
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state. Therefore measurement conditions have to be properly chosen in order to avoid any

long term drift of the system.

According to Euler’s formula, for any real number x

e jx = cos x + j sin x (2.47)

where j is the imaginary unit. Therefore, the sinusoidal signals can be written in complex

notation as:

Vt = Vm e jωt

It = Im e j(ωt+φ)
(2.48)

Then the impedance Z can be defined as:

Z =
Vt

It
=

Vm e jωt

Im e j(ωt+φ) =
Vm

Im
e− jφ

= Z0 e− jφ = Z0 cos φ − jZ0 sin φ = Z′ + jZ′′
(2.49)

in which Z0 is the magnitude, φ is the phase angle, Z′ is the real part, Z′′ is the imaginary

part of the impedance, and Z2
0 = Z′2 + Z′′2, tan φ = Z′′/Z′. The impedance spectra can be

obtained by plotting −Z′′ versus Z′ (Nyquist plot) or Z0 and φ versus frequency f (Bode

plot).

The impedance of some basic circuit elements can be derived as follows:

For a resistor R, according to Ohms law,

It =
Et

R
=

Vm e jωt

R
(2.50)

The impedance of the resistor is given as

ZR =
Vt

It
=

Vm e jωt

Vm e jωt

R

= R (2.51)

Therefore, the impedance of a resistor is simply its resistance R, independent of frequency.
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For a capacitor C,

It = C
dVt

dt
= C

d
(
Vm e jωt

)
dt

= jCωVm e jωt (2.52)

The impedance of the capacitor is given as

ZC =
Vt

It
=

Vm e jωt

jCωVm e jωt =
1

jωC
= − j

1
ωC

(2.53)

For an inductor L, the impedance can be calculated in a similar way.

Vt = L
dIt

dt
= L

d
(
Im e jωt

)
dt

= jLωIm e jωt (2.54)

ZL =
Vt

It
=

jLωIm e jωt

Im e jωt = jωL (2.55)

When these basic circuit elements are connected together to form a electrical circuit,

the total impedance is the combination of the impedances of the individual elements.

For elements in series, the total impedance is the sum of the individual impedances, i.e.

Z = Z1 + Z2 + . . . , while for elements in parallel, the inverse of the total impedance equal

to the sum of the inverse of the individual impedances, that is, 1/Z = 1/Z1 + 1/Z2 + . . . .

In this way, the impedance of a more complex system can be calculated.

Real systems can be modelled as different equivalent circuits comprised of a series of

basic circuit elements according to the process and interface properties of the system. A

typical electrochemical electrode system for instance, can be modelled with a simplified

Randles circuit [13] as shown in Fig. 2.13, which includes a double layer capacitor Cdl in

parallel with a charge transfer resistance Rct and a solution resistance Rs in series with the

parallel recombination [14].

Fig. 2.13 Schematic diagram of the simplified Randles circuit.
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The total impedance of the system is given as

Z = Rs +
1

1
Rct

+ jωCdl
= Rs +

Rct

1 + jωCdlRct

= Rs +
Rct

1 + (ωCdlRct)2 − j
ωCdlR2

ct

1 + (ωCdlRct)2

(2.56)

Thus, the real part Z′ and imaginary part Z′′ of the impedance are

Z′ = Rs +
Rct

1 + (ωCdlRct)2 (2.57)

Z′′ = −
ωCdlR2

ct

1 + (ωCdlRct)2 (2.58)

It is easy to get (
Z′ − Rs −

Rct

2

)2

+ Z′′2 =

(Rct

2

)2

(2.59)

Therefore, the Nyquist plot of the simplified Randles circuit gives a semicircle centering

at point (Rs + Rct/2, 0) with a diameter of Rct, as shown in Fig. 2.14

Fig. 2.14 Nyquist and Bode plots for the simplified Randles circuit with Rs = 5 Ω, Rct = 20 Ω

and Cdl = 1 × 10−5 F

For an unknown system, the impedance properties at different frequencies reflect the pro-

cess and interfacial behaviours inside the system. Therefore, collecting the impedance

data and fitting them with proper equivalent circuits is an effective way to retrieve infor-

mation about the system. For perovskite solar cells, impedance spectrum has been widely
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used for the investigation of carrier recombination and ion diffusion processes [15–18].
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Chapter 3

Experimental

In this chapter, the materials used for the synthesis of perovskite nanocrystals and the fab-

rication of perovskite solar devices are listed, general methods are introduced, and typical

characterisation techniques are included. Further more, each results chapter of this the-

sis also includes an individual brief experimental section, stating experimental processes

specifically applied in that chapter, so that the exact procedure used for a specific experi-

ment can be referred to more easily.

3.1 Materials

All the materials used in this thesis are listed in Table. 3.1. All reagents and solvents are

used as received without further purification.

Table 3.1 Chemicals and solvents used in this thesis.

Materials Purity Supplier

Lead (II) iodide (PbI2) 99% Sigma-Aldrich

Lead (II) bromide (PbBr2) 99.999% Sigma-Aldrich

Methylammonium iodide (MAI) - Dyesol

Methylammonium bromide (MABr) - Dyesol

N,N-dimethylformamide (DMF) anhydrous, 99.8% Sigma-Aldrich

Isopropanol (IPA) anhydrous, 99.5% Sigma-Aldrich
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Materials Purity Supplier

Titanium (IV) diisopropoxide

bis(acetylacetonate)

75 wt% in IPA Sigma-Aldrich

Ethanol absolute 99.8%, AnalaR ACS

Reagent

VWR Chemicals

Chlorobenzene anhydrous, 99.8% Sigma-Aldrich

TiO2 paste (18NR-T) - Dyesol

Lithium bis(trifluoromethylsulphonyl)-

imide (Li-TFSI)

99.95% Sigma-Aldrich

Spiro-OMeTAD 99% Sigma-Aldrich

Dimethyl sulfoxide (DMSO) anhydrous, 99.9% Sigma-Aldrich

4-tert-butylpyridine (tBP) 99% Sigma-Aldrich

Gold Premion 99.9985% Alfa Aesar

Tin (IV) isopropoxide 99%, 10% w/v in IPA Sigma-Aldrich

Zinc nitrate hexahydrate

(Zn(NO3)2 · 6 H2O)

98% Sigma-Aldrich

Niobium (V) ethoxide 99.95% Sigma-Aldrich

Octadecene (ODE) 90% Acros Organics

1-butanol (BuOH) 99% Acros Organics

Oleylamine (OLA) 80-90% Acros Organics

Oleic acid (OA) 90% Alfa Aesar

Toluene ACS Reagent VWR Chemicals

n-hexane 97% HPLC VWR Chemicals

Diethyl ether 99% GPR VWR Chemicals

Azetidinium iodide (AzI) - -

tert-butylammonium iodide (tBAI) 98% Sigma-Aldrich
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3.2 Methods

3.2.1 Perovskite film preparation

The preparation of perovskite films was conducted using three different methods:

Vapour-assisted sequential deposition method. the vapour-assisted sequential deposi-

tion of perovskite films was carried out in ambient atmosphere with room humidity of less

than 35 %. Firstly a solution of 400 mg mL−1 PbI2 in DMF was spin-coated at 4000 rpm

for 30 s, followed by annealing at 100 ◦C for 1 h. Then the PbI2 films were put on a hot-

plate, surrounded with MAI powder and covered with a lid. The chamber was evacuated

with an Edwards vacuum pump by continuously pumping for 2 min and sealed. The setup

of the experiment is illustrated in Fig. 3.1. The hotplate was heated at 70 ◦C for 20 min to

remove moisture adsorbed in the MAI powder, after which the chamber was re-evacuated

for another 2 min and the temperature was raised to 150 ◦C to sublime the MAI powder

and transform the PbI2 into MAPbI3 perovskite. After 1 h reaction, the perovskite film

was taken out and cooled to room temperature.

Fig. 3.1 Schematic diagram of the setup for the vapour assisted two step method [1].

Sequential spin-coating method. Firstly PbI2 films were formed by spin-coating a so-

lution of 461 mg mL−1 PbI2 in DMF at 6000 rpm for 30 s, followed by annealing at 70 ◦C

for 10 min. Then a solution of MAI in IPA with different concentrations was sequentially
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spin-coated onto the PbI2 films at 6000 rpm for 30 s with a loading time of 10 s. The

wet films were kept at room temperature for 10 min before being annealed at 110 ◦C for

60 min. The interdiffusion and reaction of the two layers resulted in the formation of dark

brown perovskite phase. The sequential spin-coating deposition of perovskite films was

carried out in a nitrogen-filled dry box with controlled humidity of less than 10 %.

One-step spin-coating method. Precursor solutions of 40 wt% were made by dissolving

MAI, PbI2 and PbCl2 (in the mixed lead source recipe) with the molar ratio of MAI : PbI2 : PbCl2

= 4 : 1 : 1 or MAI and PbCl2 (in the PbCl2 source recipe) with the molar ratio of MAI : PbCl2 =

3 : 1 in DMF at 60 ◦C. The precursors were spin-coated onto hot substrates of 100 ◦C at

4000 rpm for 30 s, followed by annealing at 100 ◦C for 100 min. The deposition process

was carried out and compared in ambient atmosphere with humidity of less than 35 % and

in the dry box with controlled humidity of less than 10 %.

3.2.2 Device fabrication

Perovskite cells with a n-i-p architecture were fabricated layer by layer on glass substrates

coated with FTO conducting layers. The structure of planar and mesoporous devices,

along with a photo of a typical device, are depicted in Fig. 3.2.

Fig. 3.2 (a) Photo image of a typical device with six small pixel cells. Each pixel is comprised
of multiple-layer structures shown in (b) planar or (c) mesoporous.

Substrate pretreatment. FTO substrates (2.5 cm× 2.5 cm) were etched with Zn powder
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and hydrochloric acid, and cleaned sequentially with 2% Hellmanex detergent, deionised

water, IPA, acetone and absolute ethanol under ultrasonication (50 Hz, 100 W) for 10 min

respectively. After being blow dried, the substrates were treated with UV-ozone for

10 min.

ETL deposition. Compact TiO2 hole blocking layers (c-TiO2) were deposited using a

spray pyrolysis method. A 50 mL solution of titanium diisopropoxide bis(acetylacetonate)

(0.2 M) was obtained by dissolving 4.9 mL of it in ethanol absolute. The precursor solu-

tion was then sprayed onto the cleaned FTO substrates kept on a hotplate at 450 ◦C using a

hand-held atomiser. The spraying process was carried out every half minute and repeated

10 times to achieve a thickness of ∼ 50 nm. The substrates were further post-annealed for

20 min to get anatase TiO2 films. In planar devices, the c-TiO2 blocking layer alone served

as the ETL, whereas another mesoporous TiO2 (m-TiO2) layer was deposited on top of

the compact layer in mesoporous devices. The deposition of the mesoporous layer was

conducted by spin-coating a 18NR-T TiO2 paste at 3000 rpm for 30 s after it being diluted

into ethanol with a weight ratio of 2 : 7. The film was dried at 150 ◦C for 30 min, followed

by calcination at 500 ◦C for 30 min. After the ETLs were cooled to room temperature,

perovskite layers were deposited on top with the methods described in 3.2.1.

HTL deposition. After the perovskite layers had been deposited on top of the ETLs,

Spiro-OMeTAD layers were deposited on top serving as HTLs. A solution was pre-

pared by dissolving 96.6 mg Spiro-OMeTAD in 1 mL chlorobenzene at 60 ◦C for 30 min,

followed by the addition of 9.6 µL tBP and 30.2 µL Li-TFSI solution (175 mg mL−1 in

acetonitrile). The solution was spin-coated on top of the perovskite layers at 3000 rpm

for 30 s after a loading time of 10 s. The films were kept overnight in dry air to allow the

Spiro to become partially oxidised and hence to increase the doping density of the Spiro

layer.

Deposition of back contacts. Full devices were finished with the deposition of gold

back contacts through thermal evaporation. ∼ 200 mg of gold wire was evaporated using

a nanoPVD T15A bench-top physical vapour deposition system at the pressure of 1 ×

10−5 mBar and a current of ∼ 60 A. A shadow mask was used to define six pixels on one

device, each with an active area of 0.09 cm2.

73



Chapter 3. Experimental

3.2.3 Flow synthesis of perovskite NCs

A flow reactor setup was developed for the continuous flow synthesis of perovskite NCs,

which comprised of two syringe pumps, a PFA T-junction and PTFE tubing, as illustrated

in Fig. 3.3. The formation of perovskite NCs resulted from the reaction of a lead halide

(PbX2) solution and a methylammonium halide (MAX) solution. The PbX2 solution was

prepared by dissolving 0.8 mmol PbI2 or PbBr2 in 8 mL ODE with 1.2 mL OLA and 1.2

mL OA at 100 ◦C. The MAX solution was made by dissolving 0.8 mmol MAI or MABr

in the mixture of 8 mL BuOH and 4 mL ODE with 1 mL OA. Both the solutions were

cooled to room temperature before use. For MAPbI3 NC synthesis, the PbI2 solution and

MAI solution were pumped using the syringe pumps and mixed in the T-juction before

being flown through a 3 meter PTFE tubing (internal diameter: 1.5 mm) submerged in

a water bath at 30 ◦C. The flow rates of the two solutions were set to be 236 µL/min

and 294 µL/min respectively, resulting in the molar ratio of PbX2 : MAX = 1 : 1 and a

residence time of 10 min. The mixture was collected in a container sitting inside an ice

bath to help quench the reaction. The final product was centrifuged and the supernatant

containing any unreacted precursors was discarded. The solid was re-dispersed in toluene,

and a second centrifugation step was used to remove any larger aggregates. The NCs

remained in the second supernatant, and kept for further characterisations or applications.

For MAPbIxBr3-x NCs, the PbI2 solution was replaced by a mixture of PbI2 solution and

PbBr2 solution, and/or the MAI solution was replaced by a mixture of MAI solution and

MABr solution, according to the ratio of I : Br = x : (3-x).
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Fig. 3.3 Schematic diagram of the flow reactor system used for the synthesis of MAPbX3 NCs.

3.3 Characterisation techniques

X-ray diffraction (XRD). XRD spectra of thin films were measured using a BRUKER

D8-Advance Powder X-Ray Diffractometer using a Cu Kα radiation source (λ = 1.5406 Å)

at a voltage of 40 kV and 40 mA, and a PSD:VANTEC-1 detector. The diffraction pattern

was scanned with a step size of 0.023 ◦ and a rotation speed of 15 rpm, at room temper-

ature. To measure the XRD patterns of the perovskite NCs, clean silicon wafers were

immersed in the dispersion of the NCs in toluene. After 48 h, the wafers were taken out,

blow-dried with nitrogen and measured on the X-Ray Diffractometer.

UV-visible spectroscopy (UV-vis). UV-vis spectra of the MAPbX3 NCs dispersed in

toluene and perovskite thin films were measured. For MAPbX3 NCs, the solutions were

put in a quartz cuvette, and the UV-vis spectra were measured on a Varian Cary 50 UV-

Visible spectrophotometer. Scans were carried out at a rate of 300 nm/min at room tem-

perature. For perovskite thin films, both the reflectance R% and transmittance T% were

measured using a Perkin-Elmer Lambda 750S UV/Vis spectrometer with an integrating

sphere. The absorptance A% was calculated by A%=1-T%-R%. Scans were conducted

from 900 nm to 300 nm.

Photoluminescence (PL). PL spectra of the perovskite NCs were measured on a Gilden
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photonics fluoroSENS fluorimeter under emission mode. The dispersions of MAPbX3

NCs in toluene were put in a 1-cm quartz cuvette. The excitation wavelength was set

at 365 nm which is commonly used in PL studies for perovskite nanocrystals [2,3], and

the integrating time of the measurement was 100 ms. All data were obtained at room

temperature and under air atmosphere.

Atomic Force Microscopy (AFM). The morphology of thin films were studied with

AFM on a Nanosurf Easyscan 2 atomic force microscope under the ”Phase Contrast”

mode using tap190 AFM probes. The scan speed was 1 second per line.

Transmission electron microscopy (TEM). TEM measurements were carried out to in-

vestigate the micromorphology of the MAPbX3 NCs. The samples were prepared by

dropping the toluene dispersions of the NCs onto carbon supported copper grids followed

by drying overnight under vacuum. The TEM measurements were performed on a JEOL

JEM-2100Plus transmission electron microscope with an acceleration voltage of 200 kV.

Current density voltage tests (J - V). J-V curves of perovskite cells were measured on

a Keithley 2601 System SourceMeter under simulated AM 1.5 sunlight at 100 mW cm−2

irradiation generated by an Abet sun 2000 solar simulator. The light intensity was cal-

ibrated using a Si reference cell. Cells were masked with a dark aperture to define an

illumination area of 0.0625 cm2. A Bias potential was applied across the cell and it was

scanned from 1.2 V to 0 V and back to 1.2 V after being pre-biased at 1.2 V for 5 seconds.

The scan rate was 200 mV/s.

X-ray photoelectron spectroscopy (XPS). XPS analysis of the TiO2 films were carried

out using a Thermo Scientific K-Alpha spectrometer fitted with a monochromatic Al-

Kα source to investigate the elemental constituents. Survey scans were conducted in the

binding energy range of 0-1350 eV at a pass energy of 40 eV.

Mott-Schottky tests. Mott-Schottky measurements of compact TiO2 hole blocking lay-

ers were carried out on a Modulab potentiostat. Copper wires were attached to the ex-

posed FTO at the top of the substrates with copper tape. The coated FTO slides served

as the working electrodes, and Kapton tapes were used to define an area of ∼ 50 mm2.

The electrodes were photographed and the actual areas were measured using ImageJ soft-
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ware. During Mott-Schottky measurements, three electrode electrochemical cells were

constructed, with a Pt wire counter electrode and a Ag/AgCl reference electrode. A solu-

tion of 0.1 M Na2SO4 in water with the pH = 3 (adjusted by H2SO4) was used as the elec-

trolyte. Capacitances were retrieved through single frequency (27 Hz, where the space

charge capacitance CSC dominates the measured capacitance [4]) impedance tests at differ-

ent bias voltage between -0.1 V and 1 V, and were used for the Mott-Schottky plots, from

which the doping density and flat band potential of the TiO2 films were calculated.

Electrochemical impedance spectroscopy (EIS). Impedance spectra were measured on

a ModulabXm (Solartron analytical) in a Faraday cage at room temperature. Cells were

held at the open circuit voltage under illumation. A blue LED (470 nm) was used as the

light source. Measurements were carried out at different light intensities by changing

the current input of the LED. The frequency range was 1 MHz to 10 mHz and the AC

amplitude was 10 mV.
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Chapter 4

Synthesis Optimisation of Perovskite Solar Cells

With an n-i-p structure made up of multi layers as shown in Fig. 4.1, the performance of

perovskite solar cells is highly dependent on the properties of each layer, among which

the quality of the perovskite layer is one of the most important. As the light-absorbing

layer, the light harvesting ability of the perovskite layer is linked directly to the number of

charge-carriers generated and subsequently the current of the device. The perovskite layer

is sandwiched between an n-type TiO2 electron-transporting layer and a p-type spiro-

OMeTAD hole-transporting layer, thus discontinuities (pinholes) in the perovskite film

can form shunt paths due to the direct contact of these two layers and cause the loss

of photocurrent. In addition, trap states caused by poor crystallization of the perovskite

can serve as recombination centres and result in poor performance [1,2]. Many strategies

have been developed to improve the quality of the perovskite layer, including solvent

engineering [3–6], solvent annealing [7,8] and additives [9–11]. But due to the sensitivity of

the perovskite crystallisation to environmental conditions such as humidity [12,13], atmo-

sphere [14,15], temperature [16,17], even light [18], the quality of the perovskite films are still

rather lab-dependent and process-dependent. In this chapter, both one-step and two-step

methods are adapted, and different conditions such as solvents, annealing temperature

and precursor recipes are optimised to find a robust way of making high-quality per-

ovskite films in our lab in air or with the assistance of a nitrogen drybox. The work in

this chapter is the foundation of research works on perovskite solar cells to be discussed

in the following chapters.
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Fig. 4.1 Schematic diagram of the cell architecture. Thickness of different layers: TiO2:
∼50 nm, perovskite: 200-300 nm, Spiro-OMeTAD: ∼200 nm, Au: 80-100 nm.

4.1 Experimental

In this chapter, different methods were studied for the preparation of perovskite layers, in-

cluding a vapour-assisted sequential deposition method, a sequential spin-coating method

and a one-step method. The detailed processes used in each of these methods can be

found in the main experimental chapter 3.

For the vapour-assisted sequential deposition method, different annealing temperatures of

115 ◦C, 130 ◦C and 150 ◦C, different solvents of DMF and DMSO, different lead sources

of PbI2 and PbCl2 and the effect of chlorobenzene dripping during PbI2 spin-coating were

compared. In chlorobenzene dripping during the spin-coating of PbI2 solution, 120 µL

of chlorobenzene was quickly dripped on the center of the substrate 8 seconds after the

spinning started. For the sequential spin-coating method, different MAI concentrations of

10 mg/mL, 30 mg/mL and 50 mg/mL were compared. For the one-step method, different

precursor recipes of MAI:PbCl2=3:1 and MAI:PbI2:PbCl2=4:1:1 were compared in air

and in a dry box.
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4.2 Vapour-assisted sequential deposition method

The vapour-assisted sequential deposition synthesis of perovskite thin films involves the

crystallisation of PbI2 and its conversion into perovskite through heterogeneous reaction

with MAI vapour. The reaction temperature and the morphology of the PbI2 films are of

great importance for the formation of high quality perovskite films. Here, the influences of

annealing temperature, anti-solvent dripping, solvents and lead sources were investigated,

as shown in Fig. 4.2.

Fig. 4.2 Diagram showing the factors investigated in the vapour-assisted sequential deposition
of perovskite films.

4.2.1 Annealing temperature

Temperature is of great importance for the conversion of PbI2 into perovskite in the

vapour-assisted sequential method. It affects not only the generation of MAI vapour,

but also the infiltration of MAI in the film, as well as the growth of perovskite crystals.

Fig. 4.3 shows the XRD patterns of perovskite films synthesised at 115 ◦C, 130 ◦C and

150 ◦C. At 115 ◦C, after 1 h reaction, the appearance of peaks at 13.9◦, 28.2◦ and 31.7◦

in the XRD pattern shows the formation of tetragonal perovskite, corresponding to the

(110), (220) and (310) facets respectively [19]. However, a set of strong diffraction peaks

at 12.5◦, 25.7◦ and 34.1◦ still remained, which are assigned to the (001), (101) and (102)
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facets of PbI2, indicating the incomplete conversion of PbI2. For the sample synthesised

at 130 ◦C, the peaks of perovskite were enhanced, indicating better conversion at a higher

temperature. But the existence of characteristic peaks of PbI2, though much lower in in-

tensity, implied that 130 ◦C for 1 h was still not enough for the complete conversion of

PbI2. When the reaction temperature was further raised to 150 ◦C, the diffraction peaks

of PbI2 fully disappeared and the peaks of tetragonal perovskite phase were further en-

hanced, suggesting the full conversion of PbI2 and the formation of a perovskite film with

high crystallinity.

Fig. 4.3 XRD patterns of perovskite films synthesized with the vapour-assisted sequential
method at different temperatures.

AFM images of perovskite films synthesised at different temperatures are shown in Fig. 4.4.

For the sample prepared at 115 ◦C for 1 h, the film consisted of many small particles and

some larger particles, with a rough surface. As the reaction temperature increased, the

amount of smaller particles decreased and more larger particles were formed. The surface

smoothness was also improved. When the reaction temperature was increased to 150 ◦C,

the particles grew into many large particles with a diameter of ∼ 1 µm, packing densely on

the surface, forming a uniform film with good smoothness and high coverage. The mor-

phology changes may be ascribed to the high MAI vapour concentration in the system

and fast formation of crystals at high temperatures serving as seed crystals for perovskite
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growth [17].

Fig. 4.4 AFM images of MAPbI3 perovskite films synthesized at (a) 115 ◦C, (b) 130 ◦C and (c)
150 ◦C on c-TiO2 blocking layers; (d) Schematic diagram of the structure of the half device for
AFM tests.

Solar cell devices with the structure of FTO/c-TiO2/perovskite/Spiro-OMeTAD/Au were

made, and J-V tests were carried out. The cell performances are shown in the box plots in

Fig. 4.5 and listed in Table. 4.1. The cells with perovskite layers made at 115 ◦C showed

PCEs of 1.52± 0.37%, with the VOC of 0.84± 0.04 V, JSC of 2.50± 0.45 mA · cm−2 and FF

of 0.74± 0.19. The low PCE is mainly due to the low current which is believed to be due to

the poor conversion of PbI2 as shown in the XRD spectra, as well as recombination at the

grain boundaries due to the small particle size [20]. When the annealing temperature was

increased to 130 ◦C, as a result of the enhanced conversion of PbI2 to perovskite, and the

increased particle size, the JSC increased to 7.48± 2.05 mA · cm−2, and the PCE increased

to 3.46± 1.30%. When the annealing temperature was increased further to 150 ◦C, the JSC

decreased to 3.22± 1.16 mA · cm−2 and the PCE decreased to 1.73± 0.81%, though the
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perovskite films showed complete phase conversion and larger particle sizes. The better

performance of the cells with perovskite layers made at 130 ◦C than 150 ◦C may be due

to the existence of the small amount of PbI2 in the perovskite films which has previously

been reported to passivate the grain boundaries and decrease recombination when it is

present in small amounts at the interface [21,22].

Fig. 4.5 Box plots of PCE, VOC, ISC and FF of devices with MAPbI3 films synthesis at 115 ◦C,
130 ◦C and 150 ◦C. The box edges represent the 25/75 percentiles. The square symbols (�)
inside the boxes show the mean value, and the lines across the boxes stand for the median.

Table 4.1 Performance parameters in reverse scans for cells with perovskite layers made at
different temperatures.

Temperature VOC JSC
FF

PCE

[◦C] [V] [mA·cm−2] [%]

115 0.84± 0.04 2.50± 0.45 0.74± 0.19 1.52± 0.38

130 0.81± 0.08 7.48± 2.05 0.57± 0.13 3.46± 1.30

150 0.78± 0.13 3.22± 1.16 0.66± 0.15 1.73± 0.81
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Although the cells with perovskite films made at 130 ◦C showed the best performance,

the reproducibility was considerably poorer, as seen from the wide distribution of PCEs

in Fig. 4.5. Therefore, 150 ◦C was used for the preparation of perovskite films in the

following investigations about the vapour-assisted sequential method.

4.2.2 Chlorobenzene dripping

Antisolvent dripping has been widely applied for the one-step preparation of perovskite

films, and it has been shown that the introduction of antisolvents such as chlorobenzene,

toluene or ethyl acetate during the spin-coating of perovskite precursors can accelerate

the crystallization of perovskite and result in the formation of highly uniform perovskite

thin films with high coverage [3,4,6]. Therefore, in order to control the morphology of PbI2

precursor and investigate its effect on the perovskite film, chlorobenzene dripping was

conducted during the spin-coating process of the PbI2 solution.

Due to the insolubility of PbI2 in chlorobenzene, the addition of chlorobenzene helps

with the crystallization of PbI2. As shown in Fig. 4.6a and Fig. 4.6b, after the addition

of chlorobenzene, due to the accelerated nucleation speed, the particle size of PbI2 was

greatly decreased, and the surface coverage was significantly improved. After the phase

conversion, the resulting perovskite films both showed increases in particle sizes and bet-

ter coverage than the PbI2 films due to volume expansion [23]. The sample with chloroben-

zene dripping also showed smaller particle size than that without.

However, XRD patterns of the perovskite films showed the existence of remaining PbI2

in the film prepared with chlorobenzene dripping. As shown in Fig. 4.7, both the samples

with and without chlorobenzene dripping exhibited strong diffraction peaks of tetragonal

MAPbI3 perovskite, indicating the high crystalline nature of the perovskite phase. But

there is also a weak peak at 12.5 ◦ in the spectrum of the perovskite film synthesised with

chlorobenzene dripping, which is the characteristic diffraction peak of the PbI2 phase.

The incomplete conversion of the chlorobenzene dripped PbI2 could be caused by the

increased compactness of the PbI2 film which hindered the infiltration of MAI vapour into

the film. Therefore, though the chlorobenzene dripping treatment during the spin-coating

process can improve the quality of PbI2 precursor films and consequently the morphology
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of perovskite films, a higher temperature or longer reaction time is necessary for the full

conversion of PbI2.

Fig. 4.6 AFM images of PbI2 films (a) without and (b) with chlorobenzene dripping and (c, d)
the obtained MAPbI3 perovskite films on c-TiO2 blocking layers. The AFM image of the c-TiO2

film can be found in Fig. 5.4.
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Fig. 4.7 XRD spectra of perovskite films synthesised from PbI2 films (a) with and (b) without
chlorobenzene dripping.

The performance of devices based on the MAPbI3 films prepared from PbI2 layers with

and without chlorobenzene dripping are shown in Fig. 4.8. For the devices without chloroben-

zene dripping, VOC of 0.81± 0.09 V, JSC of 7.28± 3.53 mA·cm−2 and FF of 0.27± 0.05

were obtained, leading to PCEs of 1.70± 1.17 %. Whereas for the devices with chloroben-

zene dripping, the photovoltaic performances were even worse, with PCEs of as low as

0.64± 0.21 %. The inferior performance is believed to be caused by the incomplete phase

conversion of PbI2 into perovskite. It has been discussed previously that small amount of

unconverted PbI2 can passivate the grain boundaries and reduce recombination. However,

in this case, the unreacted PbI2 due to the hindered infiltration of MAI by the the highly

compact PbI2 film would be most likely to accumulate at the bottom of the perovskite

film, rather than being uniformly distributed at grain boundaries in the layer. Because of

its wide bandgap, PbI2 accumulating at the interface of TiO2/perovskite may impede the

charge transfer to the ETL [21,24] as illustrated in Fig. 4.9. As a result, the VOC, JSC and FF

all dropped comparing with the devices without chlorobenzene dripping.
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Fig. 4.8 Box plots of cell performance of devices with perovskite films synthesised from PbI2
layers with and without chlorobenzene dripping.

Fig. 4.9 Approximate band diagram of the device showing the presence of a PbI2 layer in
the incompletely converted perovskite layer would form an energy barrier hindering electron
injection from perovskite into TiO2. [24]

88



Chapter 4. Synthesis Optimisation of Perovskite Solar Cells

4.2.3 Solvents

Due to the differences in the solubility of PbI2 in different solvents, the interaction be-

tween PbI2 and solvent molecules, and the volatility properties of different solvents, the

choice of solvents for the spin-coating solution is also important for the PbI2 film ob-

tained. DMF and DMSO are both common solvents for the dissolution of PbI2. Here,

they were introduced as the solvents for the spin-coating of PbI2 films and their effects on

the morphology of the films were investigated.

As shown in the AFM images of PbI2 and perovskite films in Fig. 4.10, the DMF-based

PbI2 film was made up of particles packing loosely and irregularly, and the surface cov-

erage was poor. While in the case of DMSO, the particle size was much smaller and the

packing of particles was denser, with very good coverage. The improvement in surface

coverage may be ascribed to the stronger coordination between sulfoxide oxygen with

Pb 2+ [25], and the lower volatility of DMSO, such that crystallization was initiated at a

higher onset concentration [26]. After phase conversion, the particle sizes increased and

surface coverage was improved for both samples compared with the PbI2 films due to

volume expansion. Particles in the perovskite film synthesised from DMSO-based PbI2

were much smaller than that from DMF-based PbI2 film, with excellent surface coverage.

The area roughness of the film was as small as 12.1 nm, which is much smaller than the

28.1 nm of the DMF perovskite film, indicating the ultra smoothness of the DMSO films.
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Fig. 4.10 AFM images of PbI2 films deposited from DMF (a) and DMSO (b) and the obtained
MAPbI3 perovskite films (c, d) on TiO2 blocking layers.

The effect of DMF and DMSO as solvents for PbI2 deposition on the device performance

are illustrated in the box plots of cell performance in Fig. 4.11. The DMF devices showed

a PCE of 1.70± 1.17 %, with the VOC of 0.81± 0.09 V, the JSC of 7.28± 3.53 mA·cm−2

and the FF of 0.27± 0.07. While with DMSO as the solvent for PbI2 deposition, the

PCE of the cells was improved to 2.34± 0.60 %. The narrower distribution of the PCE is

believed to be due to the high uniformity of the perovskite film. The VOC of the cells with

DMSO as the solvent was 0.81± 0.08 V, practically unchanged comparing with the DMF

devices, and the increase of the efficiency was mainly resulted from the enhanced JSC

(8.61± 0.81 mA·cm−2) and FF (0.34± 0.10), which could be ascribed to the better contact

with the hole-transporting and electron-transporting layers due to the ultra smoothness of

the perovskite film as seen from the AFM images.
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Fig. 4.11 Box plots of cell performance of devices with perovskite films synthesised from PbI2
layers with DMF and DMSO as the solvents.

4.2.4 Lead sources

Introducing chlorine in the precursor for perovskite film deposition is a widely accepted

way to improve the cell performance. Though only trace amounts of Cl can incorporate

into the MAPbI3 perovskite film due to the large difference between the ionic radii of Cl

and I [27] and the high sublimation of MACl [28,29], the addition of Cl can not only result

in the formation of perovskite films with better morphology, but more importantly it is

argued that they greatly increase the carrier diffusion length of perovskite from ∼ 100 nm

for MAPbI3 to over 1 µm for MAPbI3-xClx
[30]. Here different lead salts of PbI2 and PbCl2

were used as precursors for the fabrication of perovskite films. Due to the poor solubility

of PbCl2 in DMF, DMSO was used as the solvent for all the samples.
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Fig. 4.12 AFM images of PbI2 (a) and PbCl2 (b) films deposited from DMSO and the obtained
MAPbI3 (c) and MAPbI3-xClx (d) perovskite films on TiO2 blocking layers.

The AFM images of PbI2, PbCl2 films and the corresponding perovskite films are shown

in Fig. 4.12. The films showed distinctly different mophologies. The PbI2 film was com-

posed of very small particles in the scale of nanometres, with small pin-holes in the film.

Whereas for the PbCl2 film, the particles grew into bigger tree-like particles with branches

and the surface coverage was relatively low, with many cracks observed in the film. After

the phase conversion into perovskite, the particles in the MAPbI3 film were larger than

those in the PbI2 film and packed neatly on the surface forming a highly uniform film

with area roughness of 11.8 nm and superb coverage. While for the MAPbI3-xClx film,

the particle sizes were smaller than that of the PbCl2 film. This may be because of the

emission of MACl from the bulk of the film during the reaction which broke the grains

into smaller particles. The area roughness of the film was 21.4 nm and the cracks in the

PbCl2 film were still observed though less significant.
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The performances of the MAPbI3 and MAPbI3-xClx devices with PbI2 and PbCl2 as lead

sources are shown in the box plots in Fig. 4.13. For the MAPbI3 perovskite devices, the

PCE was 2.34± 0.60 %, with the VOC of 0.81± 0.08 V, the JSC of 8.61± 0.81 mA·cm−2 and

the FF of 0.34± 0.10. While for the MAPbI3-xClx devices, the cell performances were

largely improved. The PCE was increased to 3.41± 0.69 %, with the VOC increased to

0.85± 0.04 V, the JSC enhanced to 8.91± 2.59 mA·cm−2 and the FF increased to 0.47± 0.08.

The performance enhancement in spite of the poorer morphology comparing with the

MAPbI3 film as shown in the AFM images could be attributed to the suppressed recombi-

nation. MAPbI3-xClx perovskite has shown much longer diffusion length than MAPbI3
[30]

after the introduction of Cl, as a result, the possibility of recombination was greatly re-

duced.

Fig. 4.13 Box plots of cell performance of devices with MAPbI3 and MAPbI3-xClx perovskite
films synthesised from PbI2 and PbCl2 as the lead sources.

Although the vapour assisted sequential method has been reported to give decent efficien-

cies in literature [31,32], it did not in these experiments, so other techniques were investi-

gated.
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4.3 Sequential spin-coating method

The sequential spin-coating method is another two-step processing method for the syn-

thesis of perovskite thin films which involves the spin-coating of MAI solution on top of

PbI2 films. The interdiffusion and reaction of the two stacking layers result in the for-

mation of MAPbI3 perovskite films. Sequential spin-coating deposition can also achieve

a better control of the perovskite crystal growth, and compared with the vapour-assisted

sequential deposition process, it only requires simple spin-coating operations and does

not require special experiment setups. In the sequential spin-coating process, the concen-

tration of MAI solution is a very important factor influencing the conversion of PbI2 into

perovskite. It determines not only the thickness of the MAI layer, but also the diffusion of

MAI into the PbI2 layer and the nucleation of perovskite during the loading time [33]. Thus,

different MAI concentrations of 10 mg/mL, 30 mg/mL and 50 mg/mL were investigated

for the sequential spin-coating deposition of MAPbI3 films.

As seen from the AFM images of the MAPbI3 films in Fig. 4.14, MAI concentration made

no big differences to the grain sizes of the perovskite films. All the films showed particles

sizes of 200-300 nm. The trend was consistent with Nam-Gyu Park et al.’s report [33] which

showed the perovskite particle size decreased exponentially to an asymptotic plateau with

the increase of MAI concentration. The particle sizes of our perovskite films are larger

than that in the report (90 nm for MAI concentration of 10 mg/mL), which is believed to

be due to the formation of MAPbI3 ·H2O intermediate during the air exposure process be-

fore annealing [34]. Notably, the films made with 30 mg/mL and 50 mg/mL MAI showed

remarkable compactness and better surface coverage than that with 10 mg/mL MAI, and

the film made with 30 mg/mL MAI exhibited the lowest area roughness (15.4± 2.3 nm)

comparing with 21.4± 4.8 nm of that with 10 mg/mL MAI and 20.5± 1.5 nm of that with

50 mg/mL MAI. However, the conversion of PbI2 was complete only when the MAI con-

centration was as high as 50 mg/mL, as illustrated in the XRD spectra in Fig. 4.14d. The

diffraction peaks at 12.5 ◦ indicated the existence of PbI2 in the films made with MAI

concentrations of 10 mg/mL and 30 mg/mL, and the intensity was much stronger for

the 10 mg/mL film, suggesting the very poor phase conversion. Due to the poor light-

absorbing and charge-transferring ability of PbI2 comparing with perovskite, the residue
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of large amounts of PbI2 in perovskite films would result in the poor performance of the

photovoltaic devices.

Fig. 4.14 AFM images of MAPbI3 films synthesised with sequential spin-coating method with
MAI concentrations of 10 mg/mL (a), 30 mg/mL (b) and 50 mg/mL (c), and XRD patterns (d) of
the films on TiO2 blocking layers.

Cell performances of devices with the MAPbI3 films are shown in Fig. 4.15. The cells

with perovskite films synthesised with MAI concentration of 30 mg/mL showed the best

PCE of 5.1± 2.7 %, with the VOC of 1.00± 0.02 V, the JSC of 11.1± 2.5 mA·cm−2 and

the FF of 0.44± 0.14 (champion: PCE 9.5%, JSC 14.5 mA·cm−2, VOC 1.02 V and FF

0.64). When the MAI concentration was decreased to 10 mg/mL, the JSC dropped to

6.12± 2.75 mA·cm−2 and the FF dropped to 0.34± 0.06, leading to the decrease of the

PCE to 2.12± 1.21%. The poor cell performance is believed to be caused by the large

amount of unconverted PbI2 in the perovskite films. With the concentration of MAI in-

creased to 50 mg/mL, however, the cell performance also became worse, even though the

MAPbI3 film showed good surface coverage and complete conversion of PbI2 as shown in
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Fig. 4.14. The PCE dropped to 1.09± 0.67 %, the JSC decreased to 5.78± 3.95 mA·cm−2

and the FF decreased to 0.26± 0.12, even worse than that of the 10 mg/mL cells. The

better performance of the 30 mg/mL cells than the 50 mg/mL cells could be due to the

existence of the small amount of PbI2 in the perovskite films as discussed previous, which

passivated the grain boundaries and decreased recombination [21,22]. The very poor per-

formance of the 50 mg/mL cells might be also because of the excess of the MAI in the

perovskite films which hindered the charge transfer.

Fig. 4.15 Box plots of cell performance of devices with MAPbI3 films synthesised with sequen-
tial spin-coating method with different MAI concentrations.

4.4 One-step method

One-step synthesis of perovskite films involves the straightforward deposition, mainly by

spin-coating, of the perovskite precursor solution containing both the lead and ammo-

nium ingredients. It is the simplest process for the preparation of perovskite thin films.

However, the performance of the devices is strongly dependent on many factors, includ-

ing humidity [12,13], atmosphere [14,15], lead sources [35,36] and precursor recipes [37]. In this
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work, different recipes of MAI:PbCl2=3:1 and MAI:PbI2:PbCl2=4:1:1 are studied as the

precursors for perovskite deposition and syntheses carried out in air with humidity of

below 35 % and in a nitrogen-filled dry box are compared.

Fig. 4.16 shows the XRD spectra of the MAPbI3-xClx films. All the films showed high

phase purities of perovskite structure. The strong diffraction peaks at 14.2 ◦ and 28.5 ◦

were assigned to the (110) and (220) facets of tetragonal perovskite crystals. No visible

peaks of PbI2 were observed, indicating the complete conversion of the reactants. The

peak intensities of the 3:1 samples were much higher than that of the 4:1:1 samples, sug-

gesting better crystallinity. It could be due to the faster crystallisation of the 4:1:1 samples

which were observed to turn dark much faster than the 3:1 samples. The reaction of PbI2

with MAI was much faster than PbCl2, therefore MAPbI3 perovskite crystallites formed

very quickly in the 4:1:1 films and accelerated the growth of MAPbI3-xClx
[37]. Notably,

for the recipe of 3:1, the films synthesised in the dry box showed better crystallinity than

in air, whereas better crystallinity was achieved in air with the recipe of 4:1:1.

Fig. 4.16 XRD patterns of MAPbI3-xClx films prepared through one-step spin-coating process
with the recipes of 3:1 and 4:1:1 in air and in a dry box.
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Fig. 4.17 AFM images of MAPbI3-xClx films prepared via one-step spin-coating process with
the recipes of: 3:1 in air (a) and in the dry box (b); and 4:1:1 in air (c) and in the dry box (d).

The morphologies of the MAPbI3-xClx films are illustrated in Fig. 4.17. The films pre-

pared with the recipe of 3:1 in air and in the dry box both showed high compactness

and good surface coverage, whereas numerous voids were observed in the films synthe-

sised with the recipe of 4:1:1. The films prepared with the 3:1 recipe showed a high

coverage of 97-98%, as estimated with Matlab, whereas the 4:1:1 films exhibited a sur-

face of ∼ 90%. It has been reported that the one-step deposition of MAPbI3-xClx using

4:1:1 recipe can produce more uniform films than using 3:1 recipe [37], as the rapid reac-

tion of MAI with PbI2 preforms MAPbI3 perovskite domains which help the sequential

growth of the perovskite film. Our experiment, however, showed the contrary. It could

be due to the different annealing process used during the deposition, as the formation of

MAPbI3-xClx film has been shown highly sensitive to the thermal annealing condition [38].

In our deposition, hot-casting was applied, in which the substrates were kept hot at 100 ◦C

during spin-coating. The hot-casting process has been shown capable of producing uni-

form MAPbI3-xClx films with large grains [39], but may not be ideal for the 4:1:1 recipe.
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Similar trend with the surface coverage was seen for the absorption of the films, as shown

in the UV-vis spectra in Fig. 4.18. All the films showed absorption onsets of ∼ 800 nm,

indicating a bandgap of 1.55 eV. The films prepared with the 3:1 recipe gave stronger

absorption than those made with the 4:1:1 recipe, which could be likely due to their better

surface coverage as discussed above. Another possible reason could be the difference in

the thickness of the films due to the different compositions of the precursor solutions. In

addition, for both the recipes, the films made in the dry box showed better light absorption

properties than in air. Since the surface morphology and coverage of the films made in air

and in the dry box were quite similar as shown in Fig. 4.17, the different absorption is most

likely to be due to the difference in the film thickness. The different atmosphere, air flow

and temperature in the dry box and in ambient may cause the different evaporation rate of

the solvent during spin-coating, resulting in the different thickness of the perovskite films.

Fig. 4.18 UV-vis absorption spectra of FTO/c-TiO2/MAPbI3-xClx films prepared through one-
step spin-coating process with the recipes of 3:1 and 4:1:1 in air and in the dry box. The
absorptance A% is calculated by A%=1-T%-R% where T% and R% are the transmittance and
reflectance respectively.

The cell performances of the devices with one-step processedMAPbI3-xClx films are shown

in Fig. 4.19. All the cells made with the 3:1 recipe showed better performance than those

with 4:1:1 recipe, giving the PCEs of 12.1± 0.7 % and 10.8± 0.9 % for made in air and

in the dry box respectively, comparing with 9.0± 0.6 % and 8.0± 0.7 % for those with the
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4:1:1 recipe. Significantly better JSC was observed for the 3:1 cells (20.7± 0.6 mA·cm−2 in

air, and 20.4± 0.9 mA·cm−2 in the dry box) compared with the 4:1:1 cells (16.8± 0.5 mA·cm−2

in air, and 16.3± 0.7 mA·cm−2 in the dry box). The JSC enhancements were due to the bet-

ter surface coverage and the better light absorption as shown in Fig. 4.17 and Fig. 4.18.

Moreover, better cell performance was achieved for the cells made in air than in the dry

box, mainly due to the enhanced VOC. The cell made in air showed a VOC of 0.97± 0.03 V

with the 3:1 recipe and 0.91± 0.03 V with the 4:1:1 recipe, whereas those made in the dry

box showed the VOC of 0.92± 0.04 V (3:1 cells) and 0.85± 0.03 V (4:1:1 cells) respec-

tively. This could be due to the suppressed recombination in the perovskite films made

in the ambient air with controlled humidity. Yang and coworkers [14] have reported the

annealing of perovskite films in ambient air with a humidity of 35± 5%, and illustrated

the increased PL lifetime of the films, indicating suppressed non-radiative recombination,

which consequently improved the cell performance.

Fig. 4.19 Box plots of cell performance of devices made through one-step spin-coating pro-
cess with the recipes of 3:1 and 4:1:1 in air and in the dry box.
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Table 4.2 Performance parameters for cells made through one-step spin-coating process with
the recipes of 3:1 and 4:1:1 in air and in the dry box.

Recipes Atmosphere
VOC JSC

FF
PCE

[V] [mA·cm−2] [%]

3:1
air 0.97± 0.03 20.7± 0.6 0.60± 0.03 12.1± 0.7

drybox 0.91± 0.03 20.4± 0.9 0.59± 0.04 10.8± 0.9

4:1:1
air 0.92± 0.04 16.8± 0.5 0.58± 0.02 9.0± 0.6

dry box 0.85± 0.03 16.3± 0.7 0.58± 0.03 8.0± 0.7

4.5 Conclusions

In this chapter, vapour-assisted sequential method, sequential spin-coating method and

one-step spin-coating method were adapted for the synthesis of perovskite layers as ab-

sorbing layers for perovskite solar cells. Different factors such as solvents, temperature

and precursor recipes were investigated, to establish a robust procedure for the fabrication

of high quality perovskite layers, and set a foundation for the following works.

For the vapour-assisted sequential process, a high temperature of 150 ◦C was necessary

for the complete conversion of PbI2, but the trace amount of residual PbI2 in the films

made at 130 ◦C improved the cell performance by passivating the grain boundaries and

reducing the recombination. Chlorobenzene dripping during the spin-coating of PbI2

helped improving the coverage and compactness of the PbI2 film, which may however

have hindered the infiltration of MAI and caused the incomplete conversion of PbI2 at the

bottom. DMSO as the solvent for PbI2 deposition resulted in smaller particles and better

uniformity of the PbI2 films, and consequently ultra smooth perovskite films and better

cell performance. Perovskite films prepared with PbCl2 as the lead source showed poorer

surface coverage and uniformity than PbI2, but better cell performance was still achieved

due to the greatly improved carrier diffusion length.

For sequential spin-coating method, a concentration of 50 mg/mL for the MAI solution is

required for the complete conversion of the PbI2 precursor films, while the lower concen-
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tration of 30 mg/mL gave better surface smoothness of the perovskite films and the trace

PbI2 residue passivated the grain boundaries and reduced the recombination, giving rise

to the better PCEs of 5.12± 2.69 %.

For one-step spin-coating process, the recipe of MAI:PbCl2=3:1 produced MAPbI3-xClx

with better surface coverage and light absorption than the recipe of MAI:PbI2:PbCl2=4:1:1,

likely to be due to the slower crystallisation of MAPbI3-xClx than MAPbI3, and conse-

quently better cell performance was achieved. Besides, improved cell performance was

seen for the cells made in air with relative humidity of < 35 % than in the dry box, which

could be due to the suppressed recombination in the perovskite films made in ambient air

with the assistance of controlled humidity.

Finally, one-step spin-coating of MAI:PbCl2=3:1 solution gave the best cell performance,

with the PCE of 12.1± 0.7 % in air and 10.8± 0.9 % in the dry box, respectively, with high

reliability and reproducibility. The process was set as the baseline for the cell fabrication

in the studies of TiO2 doping in the next chapter.
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Doped-TiO2 for Perovskite Solar Cells

Due to the fact that perovskite solar cells evolved from DSSCs, the most commonly used

ETL for n-i-p perovskite solar cells has been TiO2 due to its excellent optical transmit-

tance and good chemical stability at high temperature in air. However, it has also been

reported to possess a relatively low electron mobility [1,2] (10−4 cm2 V−1 s−1) and poorer

charge transfer [3,4] from perovskite layers when compared to other ETLs such as ZnO

and PCBM. To facilitate charge transfer, a few approaches have been developed, includ-

ing applying interlayers between perovskite and TiO2 layers [5,6], surface treatments [2] and

defect control [7,8] of TiO2 layers.

TiO2 generally displays n-type semiconducting properties due to the formation of oxygen

vacancies or titanium interstitials during the film preparation which both are donor-type

defects [9]. Therefore, controlling the defect states by varying the annealing atmosphere

or introducing doping ions can significantly change the semiconductive properties. How-

ever, the effects of these defect states on the performance of the perovskite solar cells are

rather inconsistent between reports, and sometimes even contrary. Yu-Che Ho et al. [8]

reported reduced oxygen vacancies in TiO2 films by annealing them in oxygen. They

argued that trap-assisted recombination was significantly decreased due to the reduced

defect states, which resulted in improved perovskite solar cell performance. However,

Yanbo Li’s work [7] showed deep trap states introduced by depositing the TiO2 films in

an oxygen-deficient environment could improve the photo-conductivity of the TiO2 films

and therefore improve the cell performance.

Doping of TiO2 has been widely investigated to modify its semiconductive electronic
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properties in dye sensitised solar cells [10], and has also been reported to be able to greatly

improve the performance of perovskite solar cells. Zhou et al. [11] reported Y-doped TiO2

as an effcient ETL and managed to achieve a high PCE of 19.3% for planar MAPbI3

perovskite solar cells. Giordano et al. [12] reported the n-doping of TiO2 with lithium

which partially reduced Ti 4+ to Ti 3+; they believed that this passivated trap states acting

as non-radiative recombination centres. Using Li-doped mesoporous TiO2 electrodes, the

PCE of the perovskite solar cells was successfully improved from 17% to over 19% with

negligible hysteresis. Peng et al. [13] used indium-doped TiO2 as an ETL for pervoskite

solar cells, which they argued exhibited increased carrier density and better aligned band

energies, and successfully improved the steady-state efficiency of the MAPbI3 based cells

from 13.5% to 17.9%. However, the effect of metal doping on the electronic properties of

TiO2 are not always clear. Zn-doping, for instance, has been reported to negatively shift

the flat band potential VFB of TiO2 in some works [14,15], but to positively shift the VFB in

others [10,16].

It has been argued that doping can affect the energy levels of TiO2 in two different ways [10]

according to the influence on the number of trap states, as shown in Fig. 5.1. In n-type

doping, as shown in Fig. 5.1b, doping decreases the number of deep trap states, causing

an upward shift of EF and CB . Whereas in p-type doping shown in Fig. 5.1c, more deep

traps are formed, resulting in the downward shift of the CB and EF .

Fig. 5.1 The effect of doping on the CB and EF of TiO2. States induced by the doping are
shown in red. (a) pristine TiO2; (b) n-type doping; (c) p-type doping. [10]

In this work, metal ions with different oxidation states were investigated as dopants for

TiO2 films, and the impacts of the dopants on the morphology, optical and semiconductive

electronic properties and also the performance of the perovskite solar cells were studied.
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5.1 Experimental

Deposition of TiO2 ETLs were conducted via a spray pyrolysis process. 0.2 M titanium

diisopropoxide bis(acetylacetone) solution in ethanol was sprayed onto clean FTO sub-

strates placed on a hot plate at 450 ◦C using a hand held atomizer. Spraying was carried

out every half minute and repeated 10 times to achieve the desired thickness of ∼ 50 nm.

The films were further annealed on the hot plate for another 20 min before being removed

and air cooled. To dope the TiO2 films, Zn(NO3) 2 · 6 H2O, tin(IV) isopropoxide, or nio-

bium(V) ethoxide was added to the titanium precursor with the desired molar ratio to the

Ti 4+ ion. The deposition processes of the films were the same with that of the undoped

TiO2 films.

Device fabrication. The synthesis of perovskite films were carried out with the one-step

spin-coating method with the precursor recipe of MAI:PbCl2=3:1. The detailed film depo-

sition and device fabrication processes can be found in Chapter 3. All the cell fabrication

were conducted in air with room humidity of < 35 %.

5.2 Zn-doped TiO2 ETLs

Doping of TiO2 with varieties of ions, both metallic and non-metallic, has been widely

applied in DSSCs [10] and photocatalysts [17], and has also attracted research interests in

perovskite solar cells [18–20]. But the effects of the doping on the photoelectric properties

of TiO2 are still poorly understood. [21,22] Here, the Zn 2+ ion was investigated as a dopant

for TiO2 compact layers by the introduction of Zn(NO3)2 in the precursor solution at a

concentration of 2 mol%.

XRD patterns of the pristine and Zn-doped TiO2 films deposited on silicon wafers are

illustrated in Fig. 5.2. All the films showed the pure anatase structure, with the peaks at

25.4 ◦, 48.2 ◦ and 55.3 ◦ assigned to the (101), (200) and (211) facets respectively. The

absence of diffraction peaks for ZnO indicated the Zn 2+ dopant ions were incorporated

into the TiO2 lattices, rather than forming an oxide phase of its own.
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Fig. 5.2 XRD patterns of pristine and Zn-doped TiO2 films deposited on silicon wafers.

The incorporation of the Zn 2+ ions was further confirmed by the XPS spectra of the films.

As shown in Fig. 5.3a, the pristine TiO2 films showed the presence of C, Ti and O, and

additional Zn peaks were observed in the Zn 2+ doped samples. The presence of C might

be caused by the absorption of carbon sources in the atmosphere on the surface of the

films [23]. The ratio of Zn:Ti was estimated to be 6:94, higher than the 2% in the precursor

solution, indicating the accumulation of Zn 2+ ions on the surface. The high-resolution

Ti 2p spectra in Fig. 5.3b showed the doublet Ti 2p3/2 and Ti 2p1/2 peaks at binding ener-

gies of 458.6 eV and 464.2 eV in the pristine TiO2 film. The Ti 2p peaks were slightly

shifted lower to 458.4 eV and 464.1 eV respectively after Zn-doping. The shifts of the

Ti 2p peaks match those found in literature reports [24,25], indicating that Zn ions replaced

some of the titanium ions and changed the chemical envionment. Fig. 5.3c shows the dou-

blet peaks of Zn 2p3/2 and Zn 2p1/2 at 1021.1 eV and 1044.1 eV in the Zn−TiO2 sample,

which were absent in the pristine TiO2 film. These peaks suggested the existence of Zn 2+,

mainly in the form of Zn-O.

112



Chapter 5. Doped-TiO2 for Perovskite Solar Cells

Fig. 5.3 Full profile XPS spectra of the pristine and Zn-doped TiO2 films (a), and the corre-
sponding high-resolution spectra of Ti 2p (b), Zn 2p (c).

Table 5.1 Elemental contents in the pristine and Zn-doped TiO2 films from the XPS spectra.

Samples
Element contents (atomic %)

Ti2p O1s C1s Zn2p3

TiO2 24.1 60.9 15.0 -

Zn-TiO2 22.2 58.6 17.7 1.6

AFM images of the pristine and Zn-doped TiO2 films are shown in Fig. 5.4. The mor-

phologies of the films were quite similar, with the area roughness both in the range of

6-7 nm. The particle sizes were 140-160 nm for both the samples, which however are
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more likely to be the morphological properties of the underlying TEC15 FTO substrates.

Due to the fine structure and small thickness, the TiO2 smooths the FTO surface, but its

crystal morphology is very difficult to detect using AFM [26,27].

Fig. 5.4 AFM images of the pristine (a) and doped Zn-doped TiO2 films (b) deposited on FTO
substrates.

The surface wetability of the TiO2 films were also investigated, as perovskite layers were

spin-coated right on the top of the TiO2 layers during cell fabrication and the wetabil-

ity of the TiO2 layers would impact the spread of the perovskite precursor solution and

consequently the film homogeneity of the perovskite layers. However, no valid contact

angle data were obtained with the static sessile drop method, because all the films were

very hydrophilic, and the water drops completely spread out once being dropped onto the

surfaces and could hardly be distinguished from the substrates, giving contact angles of

almost 0◦. Previously Wentao in our lab has shown that the contact angle of TiO2 films

can be greatly increased from near zero to 47◦ in 5 days if the surface becomes coated

with organics from the atmosphere during storage [27]. This measurement confirms that

the fresh blocking layers are very hydrophilic if used immediately.

Given that the surface properties including the morphology and the wetability of the TiO2

films after doping with Zn 2+ stayed unchanged, the morphologies of the perovskite films

deposited on top would be expected to be unaffected, which was confirmed by the AFM

images shown in Fig. 5.5. High surface coverages were exhibited in perovskite film on

both the doped and undoped TiO2 layers, which are essential for efficient perovskite solar
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cells. Both of the films showed surface roughness as low as ∼ 65 nm, and no obvious

changes were observed in the particle sizes.

Fig. 5.5 AFM images of MAPbI3-xClx perovskite films deposited on the pristine (a) and Zn-
doped (b) TiO2 films.

In the n-i-p structured perovskite solar cells shown in Fig. 4.1, the light illuminates through

the FTO substrates and the TiO2 ETLs, and gets absorbed by the perovskite layers to gen-

erate electron-hole charge pairs. Therefore, high transmittance of the ETL is a necessity.

Fig. 5.6 shows the transmittance of the pristine and Zn-doped TiO2 films on FTO. Sim-

iliar transmission spectra were obtained for the pristine and Zn-doped TiO2 films, with

the high transmittance of 65-75 % over the whole range of 400-850 nm. Considering the

transmittance of the FTO substrates of 82-84.5 % (provided by Sigma-Aldrich), the light

loss caused by the TiO2 ETLs are quite small.

The UV-vis spectra of perovskite films on the pristine and Zn-doped TiO2 films are shown

in Fig. 5.7. The absorption of the films were almost identical, with well-defined optical

onsets of ∼ 800 nm and strong absorption of around 90 % over wide wavelength ranges.

The excellent light absorbing properties were due to the high surface coverage and unifor-

mity of the perovskite films as shown in the AFM images in Fig. 5.5, and the very small

differences in the absorption spectra of the films on pristine and Zn-doped TiO2 layers

indicated that Zn-doping of TiO2 layers had negligible impact on the optical properties of

the perovskite layers.
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Fig. 5.6 Transmittance of the pristine and Zn-doped TiO2 films on FTO substrates over the
wavelength range of 400-850 nm.

Fig. 5.7 UV-vis absorption spectra of perovskite films deposited on top of the pristine and
Zn-doped TiO2 films. The absorptance A% is calculated through A%=1-T%-R%.

Since good morphological and optical properties have been achieved for both the TiO2

and perovskite layers, complete devices of FTO/c-TiO2/perovskite/Spiro-OMeTAD/Au

perovskite solar cells were made with the pristine and doped TiO2 layers as ETLs, and

the cell performances are illustrated in Fig. 5.8 and Table 5.2. All the cells showed PCEs

of over 10 % with good reproducibility. However, compared with the 12.0± 1.0 % of the
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cells with undoped TiO2 blocking layers, the PCEs dropped for the cells with Zn-doped

TiO2 to 10.7± 0.6 %, mainly arising from the decreased FF of 0.55± 0.02 compared

to 0.60± 0.03 for the pristine cells. The VOC and JSC were basically unchanged. The

series resistance Rs is one of the major factors influencing the FF of solar cells. Rs of the

devices are estimated from the slope of the J-V curves at the open-circuit voltage point [28]

as illustrated in Fig. 5.9. The Zn-TiO2 device showed a higher Rs of 12.5 Ω cm2 compared

with the 9.3 Ω cm2 for the TiO2 device, which is in accordance with the decreased FF.

Fig. 5.8 Box plots of the device performances with the pristine and Zn-doped TiO2 films as
ETLs.

Table 5.2 Performance parameters for cells with pristine and Zn-doped TiO2 layers as ETLs.

ETLs
VOC JSC

FF
PCE

[V] [mA · cm−2] [%]

TiO2 0.97± 0.02 20.5± 0.6 0.60± 0.03 12.0± 1.0

2 % Zn−TiO2 0.95± 0.02 20.5± 0.5 0.55± 0.02 10.7± 0.6
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Fig. 5.9 J-V curves of the devices with the pristine and Zn-doped TiO2 films as ETLs. The
straight lines are the tangents at the open circuit voltage point.

As it has been shown that Zn-doping of the TiO2 layers barely affected the morphological

and optical properties of the TiO2 and perovskite layers, the differences in the cell perfor-

mances are believed to be due to the differences in the semiconductive electronic prop-

erties of the TiO2 layers and the interfacial properties between the TiO2 and perovskite

layers. To investigate the impact of Zn-doping on the semiconductive electronic proper-

ties of the TiO2 layers, Mott-Schottky plots were measured, as illustrated in Fig. 5.10. The

films showed the typical Mott-Schottky responses of n-type semiconductors. Linear re-

gions were observed which correspond to the formation of depletion layers above the flat

band potential at the semiconductor-electrolyte junction. When the potential was swept

more positive, the plot flattened off, as the depletion layer extended across the TiO2 layer

and started to probe the FTO layer. The n-type nature of the TiO2 films could be due to

defects sites, such as oxygen vacancies [29,30], in the matrix. Doping densities Nd and flat

band potentials VFB of the TiO2 films were calculated through linear regressions of the

linear regions, as listed in Table 5.3, assuming a relative permittivity of 40 for TiO2
[31].

After Zn-doping, the doping density of TiO2 was decreased slightly from 4.07×1018 cm−3

to 1.06 × 1018 cm−3, which could suggest a decreased conductivity and could explain the

lower FF of the Zn-TiO2 devices. But it also should be understood that the difference
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was not significant and could potentially lie within the margin of error considering the

uncertainty caused by the film roughness and porosity and the error in the surface area

measurement of the electrodes. However the VFB was shifted significantly to a more neg-

ative value of -0.11 V from 0.13 V. The negative shift of the VFB may suggest an upward

shift of the EF
[32], which can occur following n-type doping as shown in Fig. 5.1b, but

this is a surmise, since we have no idea whether the distribution of trap states changes

after Zn-doping, and the VOC of the devices was not increased as seen in Fig. 5.8. An-

other factor affecting the VOC is recombination. To compare the recombination of cells

with pristine and Zn-doped TiO2 ETLs, impedance spectra of the devices were measured

at open circuit, as illustrated in Fig. 5.11. Well defined semicircles were observed in the

Nyquist plots for both the cells, consistent with literature reports [33]. The high frequency

semicircle is attributed to the geometric capacitance Cgeo and the recombination resis-

tance Rrec. By fitting the semicircles with a simple circuit shown in the inset, the Rrec

was obtained. The Rrec at different VOC induced by different light intensities are shown

in Fig. 5.11b. Good linearity is observed in the semilogarithmic plots of Rrec vs. VOC

for both the TiO2 and Zn-TiO2 devices, consistent with Pockett’s report [33]. The ideality

factor m of the devices can be calculated from the slope of the plots using the equation

∂ log Rrec

∂VOC
= −

q
2.303mkBT

(5.1)

where q is the elementary charge, kB is the Boltzmann constant and T is temperature.

The m values for the TiO2 and Zn-TiO2 cells are calculated to be 2.6 and 5.3 respectively,

which are also similar to those found previously by Pockett. The ideality factor of a solar

cell is normally 1 when only radiative recombination occurs, whereas the trap-assisted

recombination gives an ideality factor of 2 [34,35]. The reason for the large differences

in ideality factors of our devices are not clear, the cells studied by Pockett et al. had

similar efficiencies at 1 Sun and had been made in an identical preparation process. From

Fig. 5.11b, the Rrec is expected to be higher for the Zn-TiO2 devices than the TiO2 devices

under one sun where the VOC is 0.9-1 V, suggesting less recombination in the Zn-TiO2

devices at operating conditions. The reason for the unchanged VOC though the VFB was

negatively shifted and recombination was reduced is not clear yet. Mott-Schottky plots

were carried out on isolated semi-conductor films dipped into electrolyte solution, it is

very possible that in a complete device the interface of the TiO2 layers experiences a
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different environment and the shifts in VFB are not the same.

In addition, the Rs for the Zn-TiO2 device is fitted from the impedance spectra to be 46 Ω,

slightly higher than the 41 Ω for the Zn-TiO2 device, which is consistent with the J-V

curves and explains the lower FF of the Zn-TiO2 devices.

Fig. 5.10 Mott-Schottky plots of the pristine and Zn-doped TiO2 films on FTO.

Table 5.3 Doping densities and VFB of the pristine and Zn-doped TiO2 ETLs calculated from
their Mott-Schottky plots.

ETLs
Doping Density VFB

[cm−3] [V] vs. Ag/AgCl

TiO2 4.07 × 1018 0.13

Zn−TiO2 1.06 × 1018 -0.11
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Fig. 5.11 Impedance spectra of devices employing pristine and Zn-doped TiO2 ETLs. The dots
are the experimental data points, and the line curves are the fittings with the circuit shown in
the inset.

5.3 Double TiO2 electron-transporting layers

As discussed above, doping TiO2 ETLs with Zn ions barely affected their optical and

morphological properties, but there was a change in the VFB and a slight decrease in the

doping density of TiO2. In addition the total recombination in the device was reduced

after Zn-doping. However the series resistance of the device was increased, possibly due

to an decreased conductivity of the Zn-TiO2, as a result, the FF was decreased, result-

ing in poorer cell performances. It has been reported that a bilayer of ZnO on top of

TiO2 as ETL could facilitate the electron transport and improve the performance of both

dye-sensitised solar cells [36] and perovskite solar cells [37]. Besides, efficient perovskite

solar cells with very thin insulating layers between the ETL and perovskite layers have

been reported [38], suggesting electrons transport hindrance can be avoided by reducing the

thickness of the layer. Therefore, here an electron-transporting bilayer comprised of a thin

Zn-doped TiO2 layer on top of a pristine TiO2 layer was constructed, so that the negative

effects (i.e. higher series resistance) can be minimised by decreasing the thickness of the

Zn-TiO2 layer while the positive effect of Zn-doping (negative shift of VFB and reduced

recombination) might be retained.

The performance of the cells employing the bilayer ETLs are shown in Fig. 5.12 and Ta-

ble 5.4, and different ratios of TiO2 : Zn−TiO2 were compared. The ratios were controlled
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by spraying the TiO2 and Zn−TiO2 for different numbers of sprays while a total of 10

sprays were maintained so that the whole thickness of the ETLs were kept the same. For

the purpose of comparison, the cell performance of the single Zn−TiO2 ETL based de-

vices shown in previous section are reproduced. All the cells showed narrow distributions

in all the parameters of PCE, VOC, JSC and FF, indicating their excellent reproducibility.

With TiO2 single layer as the ETL, the control cells showed the PCE of 12.0± 1.0 %, with

the VOC of 0.97± 0.02 V, the JSC of 20.5± 0.6 mA · cm−2 and the FF of 0.60± 0.03. While

with Zn−TiO2 single layer as the ETL, the cells showed inferior PCEs of 10.7± 0.6 %,

with decreased FF of 0.55± 0.02 as discussed in the previous section. However, with

TiO2/Zn−TiO2 bilayer ETLs, interesting results were observed. When a thin layer of

Zn−TiO2 was deposited on top of pristine TiO2 layer with the Zn−TiO2 : TiO2 ratio of

3 : 7 (3 sprays for Zn-TiO2 and 7 sprays for TiO2), the PCE of the devices was improved

to 12.6 %. As the content of Zn−TiO2 was further increased, the PCEs dropped. The same

trend was seen for the FF of the devices. The best FF of 0.62± 0.02 was obtained at the

Zn−TiO2 : TiO2 ratio of 3 : 7, and decreased as the content of Zn−TiO2 further increased.

The VOC also showed improvements with bilayer ETLs that decreased as the Zn−TiO2

content went too high. The best VOC happened in devices with the Zn−TiO2 : TiO2 ratio

of 5 : 5.

The differences in cell performances with the bilayer ETLs suggested that the thin layer

of the Zn−TiO2 between the pristine TiO2 and perovskite layers might serve the role of

interface engineering, and the negative effect on the conductivity could be minimised by

decreasing the thickness of the Zn-TiO2 layer while the positive effects of a negatively

shifted VFB and reduced recombination might be retained. As a result the VOC and FF

were both enhanced, leading to the improvement of cell performance, just as expected.

Whereas when the thickness of the Zn-TiO2 increased too much, the negative effects came

up again and reduced the cell performance.
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Fig. 5.12 Box plots of the device performances with bilayer ETLs comprised of pristine and
doped TiO2 films with different ratios.

Table 5.4 Performance parameters for cells employing bilayer ETLs comprised of pristine and
doped TiO2 films with different ratios.

TiO2 : Zn−TiO2

VOC JSC
FF

PCE

[V] [mA · cm−2] [%]

10 : 0 0.97± 0.02 20.5± 0.6 0.60± 0.03 12.0± 1.0

7 : 3 0.98± 0.03 20.6± 0.5 0.62± 0.02 12.6± 0.8

5 : 5 1.01± 0.03 20.4± 0.6 0.59± 0.04 12.3± 1.0

3 : 7 1.00± 0.02 20.2± 1.2 0.56± 0.03 11.3± 0.6

0 : 10 0.95± 0.02 20.5± 0.5 0.55± 0.02 10.7± 0.6

As it has been shown that Zn-doping had no influences on the morphological and optical

properties of the TiO2 ETLs, the morphological and optical properties of the bilayer ETLs

would be not changed from the TiO2 layer. Therefore, to figure out the origin of the dif-
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ferences in cell performances, the morphological and optical properties of the perovskite

layers were compared.

Fig. 5.13 AFM images of perovskite layers on top of dual ETLs with different ratios of
TiO2 : Zn−TiO2: (a) 10:0; (b) 7:3; (c) 5:5; (d) 3:7; and (e) 0:10.
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The morphologies of the perovskite layers are shown in Fig. 5.13. No obvious differ-

ences were observed for the perovskite films, which all showed high surface coverages

on TiO2 / Zn−TiO2 bilayer ETLs with different ratios of TiO2 : Zn−TiO2. All of the films

showed low surface roughnesses of 80-90 nm, and no obvious changes were observed in

the particle sizes.

Optical property of the films were compared in the UV-vis spectra shown in Fig. 5.14.

All the films showed well-defined optical onsets of ∼ 800 nm, corresponding to the opti-

cal band-gap of ∼ 1.55 eV, and strong absorption of around 90 % over wide wavelength

ranges. The excellent light absorbing properties are attributed to the high coverage of

the films as shown in the AFM images, and are responsible for the high JSC of over

20 mA·cm−2 of the cells. The spectra of the films deposited on TiO2 / Zn−TiO2 bilayer

ETLs with different ratios of TiO2 : Zn−TiO2 were very similar, with only small differ-

ences in the range of 400-600 nm. Considering the very similar JSC of the cells, the small

changes are believed to be due to the contamination on the back of the glass introduced

during the spray pyrolysis process. Therefore, as might be expected, a second layer of

lightly Zn-doped TiO2 layers had negligible impact on the optical properties of the per-

ovskite layers.

Fig. 5.14 UV-vis absorption spectra of perovskite films on top of bilayer ETLs with different
ratios of TiO2 : Zn-TiO2 from 10:0 to 0:10.
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Now that the morphological and optical properties of the perovskite layers were not af-

fected, the semiconductive electronic properties of the bilayer ETLs were investigated by

Mott-Schottky measurements. As shown in the Mott-Schottky plots in Fig. 5.15, all the

films showed the typical Mott-Schottky responses of n-type semiconductors. With bilay-

ers of Zn−TiO2 on top of pristine TiO2 with different ratios of TiO2 : Zn−TiO2, the films

showed similar doping densities of 7-9×1018 cm−3, indicating the overall doping density

was not significantly changed when the films being partly light doped with Zn. Moreover,

similar negative shifts of the VFB with in the previous section were also observed, and the

shift became more profound as the Zn content increased. The negative shift of the VFB

explains the increase of VOC when the thickness of the Zn−TiO2 is small. While with the

further increase of the Zn−TiO2 content in the bilayer, the VOC decreases, the reason for

which is still not clear.

Fig. 5.15 Mott-Schottky plots of the dual ETLs with different ratios of TiO2 : Zn−TiO2 from 10:0
to 0:10.

126



Chapter 5. Doped-TiO2 for Perovskite Solar Cells

Table 5.5 Doping densities and VFB of the TiO2 ETLs calculated from their Mott-Schottky plots.

TiO2 : Zn−TiO2

Doping Density VFB

[cm−3] [V] vs. Ag/AgCl

10:0 7.88 × 1018 0.08

7:3 7.09 × 1018 0.02

5:5 7.99 × 1018 -0.12

3:7 9.07 × 1018 -0.16

0:10 7.09 × 1018 -0.11

5.4 Doped TiO2 ETLs with other metal ions

As shown in the discussions above, the effect of doping of TiO2 ETLs with Zn 2+ ion on

the cell performance was insignificant, though small differences were observed. In this

part, other different metal ions of Sn 4+ and Nb 5+ are studied as dopants for TiO2 layers.

As the valence state of Sn 4+ ion is the same with, while the valence state of Nb 5+ ion

is higher than Ti 4+ in the TiO2 lattice, which are different from the case of Zn 2+, their

impacts on the electronic properties of TiO2 layers would be different from Zn-doping.

As illustrated in the XRD patterns of the pristine, Sn-doped and Nb-doped TiO2 films

deposited on silicon wafers in Fig. 5.16, all the films showed high phase purity of anatase

TiO2, with the absence of the oxide phases of SnO2 and Nb2O5. All the diffraction peaks

at 25.4 ◦, 48.2 ◦ and 55.3 ◦ are assigned to the (101), (200) and (211) facets respectively.

Therefore the doping ions were also incorporated into the TiO2 lattices, rather than form-

ing the oxide phase of their own.
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Fig. 5.16 XRD patterns of pristine and doped TiO2 films with Sn and Nb.

The successful incorporation of the dopant ions was also confirmed by the XPS spectra of

the films. As shown in Fig. 5.17a, additional Sn and Nb peaks were present in the spectra

after Sn and Nb doping respectively. The ratio of Sn:Ti and Nb:Ti were estimated to be

3:97 and 7:93, higher than the 1% for Sn and 2% for Nb in the precursors, indicating

that the Sn 4+ and Nb 5+ ions were also accumulated at the surface of the films. The high-

resolution Ti 2p spectra in Fig. 5.17b showed the doublet Ti 2p3/2 and Ti 2p1/2 peaks for

all the films. Compared with the pristine TiO2 sample, The Ti 2p peaks were slightly

shifted lower to 458.4 eV and 464.1 eV respectively for Sn−TiO2, and higher to 458.7 eV

and 464.5 eV for Nb−TiO2, suggesting that Sn and Nb ions replaced some of the Ti ions

and change the chemical environment. Fig. 5.17 c and d showed the doublet peaks of

Sn 3d5/2 and Sn 3d3/2 at 486.0 eV and 494.5 eV in the Sn−TiO2 sample, and the doublet

peaks of Sn 3d5/2 and Sn 3d3/2 at 207.2 eV and 210.2 eV in the Nb−TiO2 sample, which

are absent in the pristine TiO2 film. These peaks suggested the existence of Sn 4+ mainly

in the Sn−TiO2 film and Nb 5+ in the Nb−TiO2 film.
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Fig. 5.17 Full profile XPS spectra of the pristine and doped TiO2 films (a); and the correspond-
ing high-resolution spectra of Ti 2p (b), Sn 3d (c), Nb 3d (d).

Table 5.6 Elemental contents in the pristine and doped TiO2 films from the XPS spectra.

Samples
Element contents (atomic %)

Ti2p O1s C1s Nb3d Sn3d

TiO2 24.1 60.9 15.0 - -

Nb-TiO2 21.0 58.0 19.4 1.6 -

Sn-TiO2 22.7 60.1 16.5 - 0.7
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Fig. 5.18 AFM images of TiO2 films: (a) pristine; (b) Sn-doped; (c) Nb-doped; and (d-f) per-
ovskite films on top.

AFM images of the pristine and doped TiO2 films with Sn and Nb ions and the perovskite

layers on top are shown in Fig. 5.18. All the TiO2 films showed compact and smooth

morphologies with high surface coverages, and no noticeable changes in the morphologies
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of the films were observed with the incorporation of Sn 4+ and Nb 5+ dopants. The particle

sizes stayed 140-160 nm for all the samples and the roughness of the films were all in

the range of 6-7 nm, indicating the light doping of TiO2 films with these ions also had

no impact on the film morphology. Besides, for the perovskite films on top, high surface

coverages were also exhibited in all the films, as shown in Fig. 5.18d-f. All of the films

showed surface roughness of as low as ∼ 80 nm, and no obvious changes were observed in

the particle sizes. Therefore, the light doping with Sn and Nb also had negligible impact

on the morphological properties of of TiO2 films and the perovskite films on top.

Also, the doping of TiO2 ETLs with Sn or Nb ions had no impact on the optical properties

of the perovskite films deposited on top, as illustrated in the UV-vis spectra in Fig. 5.19.

The perovskite film showed almost identical absorption spectra in the wavelength range

of 400-900 nm, with well defined absorption onset of ∼ 800 nm and strong absorption of

around 90% within visible region. The strong absorption of the films are due to their high

surface coverage and film uniformity as illustrated in their AFM images.

Fig. 5.19 UV-vis absorption spectra of perovskite films on top of pristine and doped TiO2 ETLs
with Sn and Nb ions.

The influences of doping of TiO2 ETLs with Sn and Nb ions on the cell performances

are shown in Fig. 5.20 and Table 5.7. All the cells showed PCEs of above 10 % with

good reproducibility. However, compared with the 11.6± 1.6 % of the cells with un-
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doped TiO2 blocking layers, the PCEs dropped for all the cells with doped TiO2. For

the Sn−TiO2 based devices, the VOC was slightly increased to 1.00± 0.01 V, whereas

the JSC was decreased to 17.5± 2.1 mA · cm−2, leading to a slightly decreased PCE of

11.0± 1.5 %. While for the Nb−TiO2 based devices, the VOC dropped to 0.95± 0.05 V

and the FF was decreased to 0.6± 0.02, causing the decrease of the PCE to 10.8± 1.1%

though the JSC was slightly enhanced to 19.0± 0.8 mA · cm−2.

Fig. 5.20 Box plots of cell performances with Sn and Nb doped TiO2 as ETLs.

Table 5.7 Performance parameters for cells with pristine and Sn-doped and Nb-doped TiO2

layers as ETLs.

ETLs
VOC JSC

FF
PCE

[V] [mA · cm−2] [%]

TiO2 0.99± 0.02 18.3± 1.8 0.63± 0.04 11.6± 1.6

Sn−TiO2 1.00± 0.01 17.5± 2.1 0.62± 0.03 11.0± 1.5

Nb−TiO2 0.95± 0.05 19.0± 0.8 0.60± 0.02 10.8± 1.1
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To figure out the cause of the cell performance change, the semiconductive electronic

properties of the pristine and doped TiO2 with Sn and Nb ions were also measured, as

illustrated in the Mott-Schottky plots in Fig. 5.21. With Nb-doping, the doping density

of TiO2 was slightly increased to 1.59 × 1019 cm−3, and on the contrary to the case of

Zn-doped TiO2, the VFB was positively shifted to 0.23 V, which explains the decrease in

the VOC of the devices. Sn doping, on the other hand, showed very small influence on the

semiconducting electronic properties of TiO2. The VFB was unchanged, and the change in

doping density was also insignificant, only from 4.07× 1018 cm−3 to 6.81× 1018 cm−3. As

a result, the cell performance was essentially unchanged as shown in Fig. 5.20.

Fig. 5.21 Mott-Schottky plots of the pristine and doped TiO2 films with different dopant ions
on FTO.

Table 5.8 Doping densities and VFB of the pristine and doped TiO2 ETLs with Sn and Nb
calculated from their Mott-Schottky plots.

ETLs
Doping Density VFB

[cm−3] [V] vs. Ag/AgCl

TiO2 4.07 × 1018 0.13

Sn−TiO2 6.81 × 1018 0.13

Nb−TiO2 1.59 × 1019 0.23
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5.5 Conclusion

In this chapter, different metal ions of Zn 2+, Sn 4+ and Nb 5+ with different valence states

were investigated as dopants for TiO2 ETLs. Their impacts on the morphological, op-

tical and semiconductive electronic properties of the TiO2 layers were studied, and the

performances of planar perovskite solar cells employing the ETLs were compared.

Due to the similar sizes of the doping ions with Ti 4+, the doping ions were successfully

incorporated into the lattice through a simple spray pyrolysis process.

Zn-doping had negligible impacts on the morphological and optical properties of both

the TiO2 ETLs and the perovskite layers on top. The doping density of the TiO2 was

decreased very slightly, but the VFB was largely negatively shifted. Recombination in the

device under operating conditions was decreased after Zn-doping. On the other hand, the

FF was decreased due to an increase of the series resistance, leading to decreased PCEs

of the planar cells with the Zn-doped TiO2 ETLs. To minimise the negative effect of the

Zn-doping while retaining the positive side, a bilayer ETL was constructed by depositing

a thin layer of Zn-TiO2 on top of the pristine TiO2. When the thickness of the Zn-TiO2 is

very small, it works as interface engineering with the drawbacks in series resistance being

minimised, so the VOC and FF of the device are improved, resulting the enhanced PCE

of the cells. As the thickness of the Zn−TiO2 layer further increased, the negative effects

become profound again, and cell performance decreases.

Sn and Nb doping, on the other hand, worked differently from Zn-doping. They also

showed insignificant impact on the morphology and optical properties of the TiO2 and

perovskite layers, but they influenced the electronic properties of TiO2 differently from

Zn-doping. The doping density of the TiO2 was also not changed much, but the VFB was

shifted quite obviously. Sn-doping showed the smallest effect on the VFB, and the cell

performance showed the least changes. Nb-doping, however, positively shifted the VFB

of TiO2, contrary to the case of Zn-doping. As a result, the VOC dropped, leading to the

decrease of the PCE.

Finally, the metal ion doping of TiO2 ETLs showed some effects on the cell performance
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of planar perovskite solar cells, but the differences are quite small, typically ∼ 1 % in

PCE at most, which is unlike reports by other research groups [12,13]. It is believed to be

due to the fact that the quality of the perovskite films play the most important role in the

cell performances, and differences between cells could be due to differences in perovskite

morphology if it is not tightly controlled to make it directly comparable.
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Chapter 6

Synthesis of perovskite nanocrystals

As is discussed in previous chapters, the crystallisation of perovskite within thin films

is highly influenced by the processing conditions such as humidity, temperature, atmo-

sphere and even light, which makes the fabrication of perovskite films hard to control. The

preparation of perovskite solar cells has to be conducted under strictly-controlled condi-

tions, typically with the assistance of glove boxes, and reproducibility can be a challenge,

which greatly hinders their practical production and application. Therefore, it would be

very interesting if the crystallisation and film formation processes of perovskites could be

separated and a robust method could be developed for the synthesis of perovskite crystals.

Currently, the synthesis of APbX3 perovskite nanocrystals (NCs) is mainly based on two

methods: ligand-assisted reprecipitation (LARP) [1] which involves the reprecipitation of

perovskite NCs when the precursor dissolved in a solvent (typically DMF or DMSO) is

injected into an anti-solvent (e.g. toluene, hexane), and hot injection (HI) [2] in which

a Cs-oleate solution is injected into a PbX2 solution at elevated temperature. In LARP,

bulk material is formed as a by-product together with the NCs, which limits the synthetic

yield [1]. While the HI method normally requires temperatures of over 100 ◦C, and is most

commonly used for the synthesis of Cs-based perovskites and rarely for MAPbX3 NCs [3].

Although these two methods can both result in the formation of highly emissive perovskite

NCs, the syntheses are typically carried out in batch systems which are characterized

by poor heat and mass transport, making the large-scale production difficult due to the

limitations in their scale-up.

In this work, a facile continuous flow method was developed for the synthesis of MAPbX3
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perovskite NCs at room temperature with no requirement for pre-degassing steps. The

resulting perovskite NCs showed narrow size distribution, excellent emissive properties

and high stability, and ultra-high reproducibility was achieved. The band-gap of the NCs

was easily tuned by changing the halide composition to achieve emissions covering a wide

range of visible and near infrared wavelength region.

6.1 Experimental

The flow synthesis of MAPbX3 NCs was conducted in a flow reactor as illustrated in

Fig.3.3, and details of the procedure can be found in the main experimental Chapter

3. Briefly, PbX2 and MAX solutions were injected by syringe pumps separately into

PTFE tubes and mixed in a PFA T-junction. The mixture flowed through a PTFE flow

reactor immersed in a 30 ◦C water bath with a residence time of 10 min. The reaction

between MAX and PbX2 was very fast, with a typical rate constant of ∼ 2.5 × 10−3 min−1

at 75 ◦C [4]. The perovskite NCs were observed to nucleate quickly, forming small crystals

that created a visible colour change from yellow to brown in the tube a few seconds after

mixing. The product was collected in a container inside an ice bath. The resulting mixture

was centrifuged and the pellet of solid material obtained was resuspended in toluene.

The suspension was then centrifuged again to remove any bulky aggregates. The toluene

supernatant solution was stored in a glass vial with a screwed lid in the dark for further

characterisations. The post-treatment process for the product after collection is illustrated

in Fig. 6.1. On the basis of the standard procedure, to study the effect on the size of the

NCs, different reaction temperatures (20 ◦C, 30 ◦C and 50 ◦C), different residence time

(5 min, 10 min and 20 min by changing the flow rate), and different ligand amounts (one

fold, halved and doubled) were compared.

Deposition of films of MAPbX3 NCs was carried out by immersing clean substrates

of FTO glass or silicon wafers into the toluene solution of the MAPbX3 NCs prepared

using the flow reactor, which were kept in the dark at room temperature for 24 h before

being taken out and blow dried with nitrogen. The films were used for XRD and PL

measurements to study the crystal structure of the NCs and test their possibility in thin

film applications.
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Synthesis of bulk MAPbI3 powder and films. 576 mg/mL PbI2 and 199 mg/mL CH3NH3I

were dissolved in DMF and stirred at 60 ◦C for an hour. To make the MAPbI3 powder, the

solution was cast onto a clean glass petri dish at 100 ◦C and left for an hour. To prepare the

MAPbI3 films, the solution was spin-coated onto clean 2.5 cm× 2.5 cm FTO substrates at

3000 rpm for 30 s followed by annealing/curing at 100 ◦C for 30 min.

Fig. 6.1 Schematic diagram of the post-treatment for the product after collection of the reaction
mixture.

6.2 Synthesis of MAPbI3 NCs

There have been quite a few reports about the synthesis of perovskite NCs, but mainly

based on inorganic CsPbX3 perovskite [5–7] or MAPbBr3 perovskite [3,8,9]. The synthesis

of MAPbI3 NCs has rarely been reported, and their poor stability is blamed [8,10,11]. In

this work, we showed that MAPbI3 NCs could be successfully synthesized using the flow

method at low temperature, giving NCs with excellent optical properties and high stability.

TEM images of MAPbI3 NCs are shown in Fig. 6.2. The NCs had a cubic morphology

with sizes of 10.5± 1.5 nm, as shown in the size distribution histogram in Fig. 6.2b. The

interplanar spacing was measured to be 3.2 Å, which is consistent with the (220) plane

of tetragonal phase MAPbI3 perovskite [12]. The perovskite structure of the crystals was

further confirmed by X-ray diffraction (XRD) spectra taken for NCs coated onto a piece of

silicon wafer, as shown in Fig. 6.3. Diffraction peaks at 14.0 ◦ and 28.3 ◦ were observed,

corresponding to the (110) and (220) planes of the tetragonal perovskite phase. Notably,

the peaks are much broader compared with the film of bulk material (see the inset of

Fig. 6.3), confirming the small crystal sizes. Scherrers equation was used to calculate the
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average crystal size.

β =
Kλ

B cos θ
(6.1)

where β is the mean crystal size, K is the Scherrer constant K = 0.89, λ is the wavelength

of the X-ray, B is the full width at half maximum (FWHM) of the diffraction peak, and

θ is the angle of the diffraction peak. Using this equation, the average crystal size was

estimated to be 9.4± 0.1 nm, which is in good agreement with the TEM results.

Fig. 6.2 (a) TEM image of the MAPbI3 NCs. The inset is the high resolution TEM of a typical
MAPbI3 NC. (b) Size distribution histogram of the MAPbI3 NCs measured from the TEM image.
The side lengths of the NCs were obtained by square rooting the areas of the NCs in the TEM
image, under the approximation of their shape to be square.
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Fig. 6.3 XRD patterns of MAPbI3 NCs coated on a silicon wafer. The inset is the comparison
of the (110) peak of the MAPbI3 NCs with that of the bulk film.

The MAPbI3 NCs in toluene solution showed bright red colour under UV light, and ex-

hibited strong optical absorption and emission properties as illustrated in the UV-vis and

photoluminescence (PL) spectra in Fig. 6.4. The absorption onset is at 740 nm, and the

emission peaks sharply at 745 nm, indicating an optical band-gap of 1.66 eV. The ab-

sorption and emission are both blue-shifted compared to the bulk material [13] (spectrum

shown in Fig. 6.4b), which could be due to the quantum confinement effect since the

exciton Bohr radius aB is calculated to be ∼ 22 nm using Equation.2.36 (the relative per-

mittivity of MAPbI3 ε=70 according to Meredith [14], and the reduced mass of the exciton

µ=0.17me according to Yamashita [15]), and the sizes of the NCs as shown in the TEM

image are well below aB. Using the band-gap of 1.60 eV of the bulk material (PL at

775 nm), the band-gap of the NCs with size of 10 nm is calculated from Equation.2.44

to be 1.68 eV, corresponding to a PL peak of 738 nm, which is reasonably close to the

745 nm we obtained. The PL emission peak was sharp, with a narrow FWHM of 39 nm.

As quantum confinement effect makes the band-gap size-dependent, the narrow PL peak

is believed to a result of a narrow size distribution of the NCs, as confirmed in Fig. 6.2b.
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Fig. 6.4 (a) UV-vis and PL spectra of MAPbI3 NCs solution in toluene. The insets show the
solution under ambient and UV light. (b) Comparison of the PL spectra of the NCs and bulk
powders of MAPbI3 dispersed in toluene. Excitation wavelength: 365 nm.

Stability is an important problem for perovskite NCs, especially MA-based perovskite

NCs [3,5]. As is the case with all NCs, they are prone to aggregation which has to be pre-

vented by stabilising ligands, which are oleic acid and oleylamine in our case. MAPbX3

perovskites can also be easily decomposed into PbI2
[16] in the presence of polar solvents

such as water through reaction 1.2. To investigate the long term stability of the MAPbI3

NCs in toluene solution, PL emission spectra were measured at regular intervals for more

than one month, as shown in Fig. 6.5a. No position shift or width broadening was ob-

served in the emission peak for the MAPbI3 NC solution over 39 days, as seen in Fig. 6.5b.
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Actually the PL intensity increased with time during storage, which could be related to a

decrease in the concentration of the NCs in the solution due to their adhesion on the wall

of the vial container, as thin films of the NCs can be clearly observed on the inner wall of

the vial. As the solution was highly concentrated, which is evidenced by the deep colour

and strong absorption in Fig. 6.4a, the emission could be self-quenched, self-absorbed or

scattered by the NCs to some extent. Therefore, when the concentration was decreased,

these effects were reduced and the emission intensity was enhanced. The stability of the

MAPbI3 NCs was also confirmed by the TEM images shown in Fig. 6.5c and d. After

being kept for over 8 months, the cubic morphology of the NCs was retained and the

size showed no obvious changes. The high stability of the MAPbI3 NCs are believed to

be due to the presence of hydrophobic long-chain ligands, which not only prevented the

NCs from aggregating, but also acted as a barrier to slow moisture reaching the perovskite

core.

Fig. 6.5 Stability of the MAPbI3 NCs. (a) PL spectra and (b) normalised PL spectra taken for
the MAPbI3 NC solution over 39 days; TEM images of the NCs: (c) as-prepared and (d) after
over 8 months. The solution was stored in a glass vial with screwed lid at room temperature
in the dark.
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Notably, the flow synthesis showed outstanding reproducibility, as shown in the PL spec-

tra of eleven independent repeats in Fig. 6.6. The emission peaks showed high conformity,

centering at 742.4± 1.6 nm, with the FWHM of 39.8± 0.3 nm. The small deviations indi-

cated the high robustness of the method. The reproducibility of the NCs are much better

than the films of the MAPbI3 bulk material discussed in previous chapters, which may

be due to the fact that the crystallisation occurs in the solution and does not contact di-

rectly with air. Therefore the crystallisation of the NCs are less affected by humidity and

atmosphere than in the films and much easier to control.

Fig. 6.6 (a) PL spectra of MAPbI3 NCs obtained in 11 different runs and the box plots of the
(b) peak positions and (c) FWHM.

For NCs, a very important advantage is their size-dependent band-gap which makes it

feasible to tune their optical properties by controlling their sizes. Therefore, tuneability is

an important aspect in the synthesis of NCs. In this work, to investigate the tuneability of
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the flow synthesis of perovskite NCs, a few process conditions that we think are important

in size control, including temperature, residence time, ligand concentration and washing

liquid, are investigated.

6.2.1 Temperature

As the rates of nucleation and crystal growth, which determine the size of colloid nanocrys-

tals, are both temperature-dependent [17], temperature has been an important factor for tun-

ing the particle size during quantum dots syntheses, especially in hot injection method [18–20].

The crystallisation process involves nucleation, only occuring when the concentration of

the solute is above the critical nucleation concentration Cnu
min, followed by growth of the

particles, as shown in Fig. 6.7 [21]. At higher temperature, since the solubility of the so-

lute normally increases, both the saturation concentration CS and the critical nucleation

concentration Cnu
min would increase as well, which would result in the suppress of the nu-

cleation process and consequently bigger particle sizes. Therefore, to study the tunability

of the NC sizes in the flow synthesis, different temperatures of 20 ◦C, 30 ◦C and 50 ◦C

were investigated.

Fig. 6.7 Schematic diagram showing the nucleation and growth processes during crystallisa-
tion. [21]

As seen in Fig. 6.8a, small shifts in the PL peak positions of the NCs in toluene prepared

at different temperatures were observed. However, when the temperature was raised to

50 ◦C, or lowered to 20 ◦C, the PL spectra showed properties of multiple peaks, which in-

dicated particles of different sizes. What exactly toluene washing does to the NCs to cause
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the changes in their sizes is still uncertain. It could be due to the incomplete removal of

the reactants through centrifugation, which reprecipitate and form smaller crystals when

added into toluene. Or it could be due to the change in the morphology of the NCs upon

dispersion in toluene. Urban and coworkers have reported [22] an obvious blue-shift in

PL of MAPbBr3 NCs upon dilution in toluene. The large NCs are fragmentated due to

osmotic swelling, forming different morphologies, and the excess ligands in the solution

quickly passivate the new surfaces and stabilize the smaller NCs. In order to get rid of

the affect of the toluene washing and obtain the direct information about temperature on

the particle sizes, the PL spectra of our NCs in the first supernatant of the as-prepared

mixtures were retrieved. As seen from Fig. 6.8b, the position of the PL peak maximum

was basically the same for the NCs synthesised at different temperature, but peak broad-

ening was observed for the NCs made at higher temperatures, as evidenced by the tails

at shorter wavelength in the PL spectra. The asymmetry of the emission peaks suggested

the formation of more smaller particles at higher temperature, which is contrary to liter-

ature reports where bigger particles were normally obtained at higher temperature [19,23].

The reason of the anomalous change in particle sizes with temperature still needs more

investigations to figure out.

150



Chapter 6. Synthesis of perovskite nanocrystals

Fig. 6.8 PL spectra of the MAPbI3 NCs synthesised at different temperatures: (a) the second
supernatant in toluene and (b) the first supernatant of the as-prepared reaction mixture.

6.2.2 Residence time

In flow chemistry, the residence time is a most important parameter, as it is the reaction

time of the reactants in the tubing. In the case of NC synthesis, the residence time affects

the extent of crystal growth, and therefore has great impact on the size of the NCs. Longer

residence time potentially results in larger crystal sizes. Thus, in this work, while the tube
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length and diameter were kept constant, the flow rates of the reactants were doubled or

halved to achieve different residence times of 5 min, 10 min and 20 min, and the impact

on the NC sizes were investigated.

Fig. 6.9 PL spectra of the MAPbI3 NCs synthesised with different residence time: (a) the sec-
ond supernatant in toluene and (b) the first supernatant of the as-prepared reaction mixture.

The MAPbI3 NCs in toluene prepared with the residence time of 10 min and 20 min

showed almost identical PL spectra, as shown in Fig. 6.9a, while multiple PL peaks were

again observed for the sample made with the residence time of 5 min. Again, to get rid of

the affect of the toluene washing, the PL spectra of the NCs in the first supernatant of the

as-prepared mixtures were compared, as seen in Fig. 6.9b. The PL emission peak became
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sharper when the flow rate was doubled, which could be ascribed to the improved mixing

of the reactants at higher flow rate. While the peak shifted slightly to longer wavelength

as the flow rate was halved, indicating a slight increase of the particle size with longer

residence time. The insignificance of the changes in the PL spectra with the different res-

idence time of 5 min, 10 min and 20 min could be due to the fast kinetics of the reaction,

which can be seen from the fast colour change of the mixture in the tube, so that a plateau

of the particle size has been reached after 5 min.

6.2.3 Ligand concentration

In the synthesis of perovskite NCs, the ligands are very important, which not only con-

trol the kinetics of crystallisation, but also suppress the aggregation of the NCs [1]. More

ligand used in the synthesis can potentially stabilize the nanocrystals at earlier stage of

the crystallisation, and consequently result in smaller crystal size. Therefore, ligand con-

centration could be another important factor for the tuning of the size of the NCs. In this

work, 1.2 mL OLA and 2.2 mL OA were used as standard, which were also halved and

doubled, for the synthesis of MAPbI3 NCs, and the PL spectra were compared.

Again, multiple peaks were observed in the PL spectra of MAPbI3 NCs in toluene pre-

pared with different ligand concentrations, as shown in Fig. 6.10a. To get rid of the affect

of the toluene washing, the the PL spectra of the NCs in the first supernatant of the as-

prepared mixtures were also compared, as seen in Fig. 6.10b. An obvious blue shift of the

PL emission peak was observed when the ligand concentration was increased, indicating

the particle size of the NCs was decreased. As the role of the ligands is to stick on the

surface of the NCs to suppress their growth into bulk material, higher concentration of

the ligands would be able to stabilise the NCs at earlier stage of the crystal growth, and

therefore could result in the form of smaller crystals.
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Fig. 6.10 PL spectra of the MAPbI3 NCs synthesised with different ligand amount while all
other conditions being kept the same: (a) the second supernatant in toluene and (b) the first
supernatant of the as-prepared mixture.

6.2.4 Washing solvent

As discussed in 6.2.1, the washing-out of the MAPbI3 NCs using toluene caused changes

to the NCs, which changed their sizes and resulted in the multiple peaks in the PL spec-

tra, possibly due to the reprecipitation of the incompletely removed reactants when added

into toluene, or the fragmentation of the NCs due to osmotic swelling upon dispersion in

toluene, which resulted in the formation of smaller crystals. In the hope of addressing
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this problem, different solvents were compared for the washing-out of the NCs. Fig. 6.11

showed the PL spectra of MAPbI3 NCs synthesised at standard condition with toluene,

hexane and diethyl ether as the washing solvent respectively. All these solvents worked

well for the re-suspension of the MAPbI3 NCs at standard condition, as seen from the

sharp emission peaks in the PL spectra. All the peaks showed narrow FWHMs of be-

low 40 nm. Comparing with the first supernatant (729 nm), all the washed-out solutions

showed notable red shift in their PL, which is reasonable as the NCs in the solutions were

washed out from the pellets and are expected to be slightly bigger in size than that re-

mained in the first supernatant. Moreover, the PL peaks was shifted differently with the

different washing solvents. Toluene washing exhibited the smallest red shift to 748 nm,

while hexane and diethyl ether washing shifted the PL to 752 nm and 759 nm respectively.

The difference in the peak positions could be due to the different dispersibility of the NCs

which resulted in the washing out of NCs with different sizes.

Fig. 6.11 PL spectra of the MAPbI3 NCs washed out with different solvents. All other condi-
tions are kept the same as standard.

These solvents were further used for the synthesis of the MAPbI3 NCs with doubled lig-

and concentration, as the PL spectra of the NCs in the first supernatant of the as-prepared

mixture showed obvious blue shift compared with that obtain at standard condition, as

shown in Fig. 6.10b. The PL spectra peaked at the same wavelength of 739 nm for all
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the samples with the three solvents, as seen in Fig. 6.12, blue shifted compared with the

745 nm of the NCs made with standard ligand concentration. However, multiple peaks

were still observed, though less pronounced for the sample in diethyl ether. Therefore,

diethyl ether might be a slightly better washing solvent in terms of size tuning of the

MAPbI3 NCs, but better understanding of what solvent washing does to the NCs is still

needed in order to fully solve the problem.

Fig. 6.12 PL spectra of the MAPbI3 NCs synthesised with doubled ligand concentration using
different solvents as washing solvents.

6.3 Synthesis of MAPbX3 NCs with different halide com-

positions

As has been well understood, the band-gap of organolead halide perovskites can be ef-

fectively tuned by changing the halide composition [24,25]. The band-gap becomes larger

when the halide is changed from iodine to bromine and further to chlorine, and contin-

uous tuneability can be achieved by using the binary mixture of adjacent halides with

different ratios. The easy tuneability of the band-gap makes perovskites very promising
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for applications in LEDs and lasers. NCs of CsPbX3, MAPbI3 and FAPbX3 Perovskites

with different halide compositions have also been prepared [1,5,26], which showed lumines-

cences covering wide wavelength ranges in visible region, with high quantum yield and

colour purity. To investigate the feasibility of the flow method in the synthesis of per-

ovskite NCs with different halide compositions, a range of MAPbIxBr3-x NCs were also

prepared with the facile flow reactor.

As shown in Fig. 6.13, the addition of bromine shifted the emission peak to lower wave-

lengths, indicating a larger band-gap with an increase of bromine content. A wide range of

MAPbIxBr3-x compositions were investigated, allowing us to tune the emission between

485 nm and 745 nm. It was a larger range than has previously been reported for CsPbX3

quantum dots [19], and also slightly wider than that for MAPbX3 NCs reported by Zhang [1]

made by the LARP method in a batch process. The NCs prepared by Zhang showed

tuneable emission between 515-734 nm when the halide composition was changed from

MAPbBr3 to MAPbI3. For all of our compositions, excellent colour purity was observed

with FWHMs of below 50 nm, which suggests a narrow size distribution of the NCs and

means the NCs have the potential to be used for LED and lasing applications.
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Fig. 6.13 Photograph of sample vials under UV illumination and PL spectra of MAPbIxBr3-x

perovskite NCs in toluene with different halide compositions.

Interestingly, the NCs with different halide compositions showed different morphologies.

As shown in Fig. 6.14, in addition to cubes of ∼ 10 nm, the MAPbIBr2 NCs also presented

small dots of 2-5 nm in diameter, while MAPbBr3 NCs were all tiny dots with diameters

of 2.8± 0.3 nm. It was quite surprising to see mixed morphology in the MAPbIBr2 sample

as a single narrow peak was observed in the PL as seen in Fig. 6.13. It is possible that the

number of the dots are very small compared to the cubes so that the fluorescence signal

from them are too low to be distinguished in the spectrum. Also the smaller nanoparticle

could have been formed during the sample preparation for TEM. Future work is needed

to understand the morphology evolution from cubes to dots between the I – and Br –

perovskites. The ultra small size of the MAPbBr3 NCs is believed to be responsible for

the emission below 500 nm.

158



Chapter 6. Synthesis of perovskite nanocrystals

Fig. 6.14 TEM images of the (a) MAPbIBr2 and (b) MAPbBr3 NCs.

The mixed halide NCs also showed high stability, as shown in the long term PL spectra for

MAPbIBr2 and MAPbBr3 NCs displayed in Fig. 6.15. The MAPbIBr2 NCs showed very

high stability over a time span of 26 days, showing almost identical PL spectra in terms of

peak position and peak shape. The MAPbBr3 NCs also showed reasonably high stability,

though the peak position of the PL was slightly red shifted from 485 nm to 492 nm over 7

days, indicating the moderate growth of the particle size which then stabilised, evidenced

by no further shifting of the peak in the next 100 days. The slightly poorer stability of the

MAPbBr3 NCs may also be related to their ultra small sizes which make them ultimately

active to agglomeration.
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Fig. 6.15 PL spectra of (a) MAPbIBr2 and (b) MAPbBr3 NCs in toluene over 26 days and 107
days respectively.

To investigate the possibility of the NCs to be applied in display or photovoltaic devices,

films of MAPbI3, MAPbIBr2 and MAPbBr3 NCs showing light emissions in red, green

and blue colours were made using a dip-coating method. The photographs and PL spectra

of the films are illustrated in Fig. 6.16. The PL properties of the NCs were well retained

after they were made into films. Bright emission is visible in the photographs under UV

light, and sharp emission peaks were recorded at 736 nm, 527 nm, 461 nm respectively.
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The peak positions of the films were slightly blue shifted compared with the solution in

toluene (745 nm, 570 nm and 485 nm respectively as shown in Fig. 6.13), which could

be due to the interaction with solvents in the solution and the orientation of the NCs in

the solid state [27,28]. The emission peaks also showed small FWHMs, demonstrating their

high colour purity, especially the MAPbBr3 NCs, indicating they could be suitable for

display applications. Notably, the signal of the MAPbIBr2 film was very noisy, which

was due to the low intensity of the spectrum. For one thing, it was partly because of the

low resolution of the spectrometer on solid samples without the assistance of an integrat-

ing sphere, for another, it also indicated the low quantum yield of the MAPbIBr2 NCs

compared with NCs with other halide compositions.

Fig. 6.16 (a) Optical image and (b) PL spectra of films of MAPbI3, MAPbIBr2 and MAPbBr3

perovskite NCs on glass substrates showing red, green and blue emissions respectively.
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6.4 Synthesis of APbI3 NCs with different organic cations

Apart from halide composition, different cations at the A site have also been widely

investigated [29] to explore other new potential 3D or 2D perovskite materials, such as

formamidinium (FA) [30,31], aminovaleric acid (AVA) [32] and tetrabutylammonium [33] lead

halides. Previous work in our group has revealed an orange phase of azetidinium lead

iodide (AzPbI3) [34] with a possible structure between 2D and 3D perovskite. The substi-

tution of up to 5% Az cations in MAPbI3 solar cells showed improved cell performance

and reduced hysteresis. It has also been reported that n-butylammonium (BA) ions can be

incorporated into MAPbI3 perovskite and form a Ruddlesden-Popper layered perovskite

structure (BA)2(MA)n-1PbnI3n+1
[35], where the MAPbI3 perovskite layers are isolated from

one another by the BA spacer cations and the value of n determines the thickness of each

perovskite layer. The layered perovskite structure has showed improved stability com-

pared with their three-dimensional counterparts in stress tests of light, humidity and heat.

Therefore, in this work, azetidinium and tert-butylammonium (tBA, which is an isomer

of n-butylammonium) are investigated as A site cations for the synthesis of APbI3 NCs.

Fig. 6.17 shows the PL spectra of AzPbI3 NCs. Unlike MAPbI3 NCs, the toluene washing

liquid showed almost negligible fluorescent response, as also seen in the very weak emis-

sion under UV light. But interestingly, the first supernatant of the as-prepared mixture

showed blue emission peaking at the wavelength of 429 nm, corresponding to a band-

gap of 2.89 eV. The band-gap is much higher than the 2.15 eV reported for AzPbI3 bulk

films [34]. For comparison, PL spectra of both the AzI and PbI2 reactants were also mea-

sured. No fluorescence signals were observed, which confirmed the blue emission is likely

to be from the AzPbI3 product rather than residual reactants. The significant blue-shift of

the PL emission was believed to result from the quantum confinement effect due to the

small size of the NCs. The absence of fluorescence response in the toluene washing liquid

suggests that the NCs could not be separated by centrifugation, also an indication of the

ultra small size of the NCs. However, due to the high boiling point of the octadecene

solvent in the first supernatant, no TEM or XRD data could be obtained. For further char-

acterisations and applications, proper methods for the isolation of the NCs from the liquid

need to be developed.
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Fig. 6.17 PL spectra of AzPbI3 NCs in the first supernatant and in toluene. The insets are
their photo images under UV light: first supernatant on the left and toluene washing liquid on
the right.

Synthesis of perovskite NCs with tBA as the A site organic cation was also attempted

with the MAI solution being replaced by tBAI. However, no colour change or solid pre-

cipitation was observed when PbI2 solution was mixed with the pure solution of tBAI. It

indicated no tBAPbI3 perovskite was formed with the direct reaction of PbI2 and tBAI.

Therefore, a mixture of tBAI : MAI = 1 : 2 was used instead. PL spectra of perovskite NCs

with the mixed ammonium cations are shown in Fig. 6.18. Both the first supernatant and

the toluene washing liquid showed strong PL emission, with peak maxima of 703 nm and

716 nm respectively. The blue-shift of the first supernatant compared with the toluene

washing liquid was similar to that observed for MAPbI3 NCs, as discussed in 6.2.4, due

to the selection effect of the centrifugation process. The spectra of the MAPbI3 NCs are

also reproduced for comparison. After the incorporation of tBA ions, the PL of both

the first supernatant and the toluene washing liquid were blue-shifted, indicating a larger

band-gap in the mixed cation perovskite MA2/3tBA1/3PbI3 than MAPbI3, which is similar

to the case of BA incorporation [35]. However, broad peaks with long tails at lower wave-

length were seen for the MA2/3tBA1/3PbI3 NCs in both the first supernatant and toluene
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washing liquid, suggesting the uneven size distribution, which might be due to a different

crystallisation kinetics for the mixed cation perovskite.

Fig. 6.18 PL spectra of (MA tBA)PbI3 NCs prepared from MAI : tBAI = 2 : 1 in the first super-
natant and in toluene and that of MAPbI3.

6.5 Conclusion

In this chapter, a facile flow reactor was developed for the continuous synthesis of organo-

lead halideperovskite NCs at low temperature. The process was very simple and highly

reproducible, and avoided the use of high temperature and complex degassing treatment

used in most conventional methods. It is easy to scale up, and particularly suitable for

mass production.

MAPbI3 NCs were successfully synthesised with the flow method. The NCs showed

small sizes of ∼ 10 nm with narrow size distribution and exhibited obvious quantum con-

finement effect compared with MAPbI3 bulk material. The NCs also showed high stabil-

ity and excellent emissive properties. The MAPbI3 NCs gave a sharp emission peak at

745 nm in their PL spectrum, with narrow FWHM of 39 nm. Notably, the morphological
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and emissive properties of the MAPbI3 NCs remained stable for over 8 months. The ex-

ceptional stability of the MAPbI3 NCs could be ascribed to the presence of hydrophobic

long-chain ligands, which not only prevented the NCs from aggregating, but also acted as

a barrier to slow moisture reaching the perovskite core.

The PL of the MAPbI3 NCs can be tuned by changing the temperature, flow rate and

ligand concentration, especially for the NCs in the first supernatant of the as-prepared

mixture. Different temperatures of 20 ◦C, 30 ◦C and 50 ◦C did not change the peak posi-

tion, but peak broadening was observed for the NCs made at higher temperatures. Lower

flow rate resulted in the formation of NCs giving emissions at longer wavelength, in-

dicating their larger sizes with longer residence time, but the effect was not significant

when the residence time was tuned from 5 min to 20 min, probably due to the fast re-

action kinetics such that a plateau of the particle size was already reached after 5 min.

Higher ligand concentration obviously shifted the fluorescence peak of the MAPbI3 NCs

to shorter wavelength, suggesting the smaller crystal size of the NCs, due to the ligands’

role of suppressing the growth of the NCs in the synthesis. However the impacts of these

process parameters on the NCs washed out in toluene were more complex due to the

appearance of multiple peaks in the PL spectra. It was speculated that toluene washing

caused the formation of smaller NCs due to the reprecipitation of incompletely removed

reactants when added into toluene, or the fragmentation of the NCs upon dispersion in

toluene, but better understanding is still needed.

The flow synthesis was adapted to the synthesis of perovskite NCs MAPbIxBr3-x with

different halide compositions. A series of perovskite NCs with halides of pure iodine to

pure bromine were successfully prepared, and showed tuneable emissions between 485-

745 nm, covering a wide wavelength range of visible and near infrared regions. The PL

spectra of the NCs showed narrow FWHMs of below 50 nm, indicating the high colour

purities, and the emission peoperties was well retained after being made into thin films

with a dip-coating method, which are very promising for LED applications.

Different organic cations of azetidinium and tert-butylammonium were attempted as A

site cations for the synthesis of APbI3 perovskite NCs. AzPbI3 NCs showed the emission

peak of 429 nm, much blue-shifted than their bulk films. Tert-butylammonium ions were

incorporated into MAPbI3 NCs with the ratio of tBA : MA = 1 : 2. The mixed cation per-
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ovskite MA2/3tBA1/3PbI3 NCs showed blue shift than MAPbI3 NCs in their PL spectra,

but broad peaks with long tails were observed, indicating the uneven size distribution.

Finally, perovskite NCs were successfully synthesised through a continuous solution pro-

cess, in which their crystallisation are easier to control and less dependent on atmo-

sphere conditions. It could also provide a new idea for the preparation of perovskite

thin films, which can separate the crystallisation and film formation processes and poten-

tially achieve better control to the quality of the films. It could be beneficial for the large

scale fabrication of perovskite solar cells in terms of reproducibility.

Reference

[1] F. Zhang, H. Zhong, C. Chen, X. g. Wu, X. Hu, H. Huang, J. Han, B. Zou, and

Y. Dong. Brightly luminescent and color-tunable colloidal CH3NH3PbX3 (X =

Br, I, Cl) quantum dots: Potential alternatives for display technology. ACS Nano,

9(4):4533–4542, 2015.

[2] L. Protesescu, S. Yakunin, M.I. Bodnarchuk, F. Krieg, R. Caputo, C.H. Hendon,

R.X. Yang, A. Walsh, and M.V. Kovalenko. Nanocrystals of cesium lead halide

perovskites (CsPbX3, X = Cl, Br, and I): Novel optoelectronic materials showing

bright emission with wide color gamut. Nano Letters, 15(6):3692–3696, 2015.

[3] O. Vybornyi, S. Yakunin, and M.V. Kovalenko. Polar-solvent-free colloidal syn-

thesis of highly luminescent alkylammonium lead halide perovskite nanocrystals.

Nanoscale, 8(12):6278–6283, 2016.

[4] B. Wang, K. Young Wong, X. Xiao, and T. Chen. Elucidating the reaction pathways

in the synthesis of organolead trihalide perovskite for high-performance solar cells.

Scientific Reports, 5:10557, 2015.

[5] X. Li, Y. Wu, S. Zhang, B. Cai, Y. Gu, J. Song, and H. Zeng. CsPbX3 quantum dots

for lighting and displays: Room-temperature synthesis, photoluminescence superi-

orities, underlying origins and white light-emitting diodes. Advanced Functional

Materials, 26(15):2435–2445, 2016.

166



Chapter 6. Synthesis of perovskite nanocrystals

[6] Y. Wang, X. Li, X. Zhao, L. Xiao, H. Zeng, and H. Sun. Nonlinear absorption

and low-threshold multiphoton pumped stimulated emission from all-inorganic per-

ovskite nanocrystals. Nano Letters, 16(1):448–453, 2016.

[7] A. Swarnkar, R. Chulliyil, V.K. Ravi, M. Irfanullah, A. Chowdhury, and A. Nag.

Colloidal CsPbBr3 perovskite nanocrystals: Luminescence beyond traditional quan-

tum dots. Angewandte Chemie International Edition, 54(51):15424–15428, 2015.

[8] L.C. Schmidt, A. Pertegs, S. Gonzlez-Carrero, O. Malinkiewicz, S. Agouram,

G. Mnguez Espallargas, H.J. Bolink, R.E. Galian, and J. Prez-Prieto. Nontem-

plate synthesis of CH3NH3PbBr3 perovskite nanoparticles. Journal of the American

Chemical Society, 136(3):850–853, 2014.

[9] Y. Ling, Z. Yuan, Y. Tian, X. Wang, J.C. Wang, Y. Xin, K. Hanson, B. Ma,

and H. Gao. Bright light-emitting diodes based on organometal halide perovskite

nanoplatelets. Advanced Materials, 28(2):305–311, 2016.

[10] A. Merdasa, M. Bag, Y. Tian, E. Kllman, A. Dobrovolsky, and I.G. Scheblykin.

Super-resolution luminescence microspectroscopy reveals the mechanism of pho-

toinduced degradation in CH3NH3PbI3 perovskite nanocrystals. The Journal of

Physical Chemistry C, 120(19):10711–10719, 2016.

[11] H. Huang, M.I. Bodnarchuk, S.V. Kershaw, M.V. Kovalenko, and A.L. Rogach. Lead

halide perovskite nanocrystals in the research spotlight: Stability and defect toler-

ance. ACS Energy Letters, 2(9):2071–2083, 2017.

[12] T. Oku. Crystal structures of CH3NH3PbI3 and related perovskite compounds used

for solar cells, page Ch. 03. InTech, Rijeka, 2015.

[13] D. Shi, V. Adinolfi, R. Comin, M. Yuan, E. Alarousu, A. Buin, Y. Chen, S. Hoogland,

A. Rothenberger, K. Katsiev, Y. Losovyj, X. Zhang, P.A. Dowben, O.F. Mohammed,

E.H. Sargent, and O.M. Bakr. Low trap-state density and long carrier diffusion in

organolead trihalide perovskite single crystals. Science, 347(6221):519–522, 2015.

[14] Q. Lin, A. Armin, R.C.R. Nagiri, P.L. Burn, and P. Meredith. Electro-optics of

perovskite solar cells. Nature Photonics, 9(2):106–112, 2014.

167



Chapter 6. Synthesis of perovskite nanocrystals

[15] G. Giorgi, J.-I. Fujisawa, H. Segawa, and K. Yamashita. Small photocarrier effective

masses featuring ambipolar transport in methylammonium lead iodide perovskite: A

density functional analysis. The Journal of Physical Chemistry Letters, 4(24):4213–

4216, 2013.

[16] G. Niu, W. Li, F. Meng, L. Wang, H. Dong, and Y. Qiu. Study on the stability

of CH3NH3PbI3 films and the effect of post-modification by aluminum oxide in all-

solid-state hybrid solar cells. Journal of Materials Chemistry A, 2(3):705–710, 2014.

[17] Principles of glass formation. In James E. Shelby, editor, Introduction to Glass

Science and Technology (2), pages 7–25. The Royal Society of Chemistry, 2005.

[18] Y. Bekenstein, B.A. Koscher, S.W. Eaton, P. Yang, and A.P. Alivisatos. Highly lumi-

nescent colloidal nanoplates of perovskite cesium lead halide and their oriented as-

semblies. Journal of the American Chemical Society, 137(51):16008–16011, 2015.

[19] J. Song, J. Li, X. Li, L. Xu, Y. Dong, and H. Zeng. Quantum dot light-emitting

diodes based on inorganic perovskite cesium lead halides (CsPbX3). Advanced Ma-

terials, 27(44):7162–7167, 2015.

[20] I. Lignos, S. Stavrakis, G. Nedelcu, L. Protesescu, A.J. deMello, and M.V. Ko-

valenko. Synthesis of cesium lead halide perovskite nanocrystals in a droplet-based

microfluidic platform: Fast parametric space mapping. Nano Letters, 16(3):1869–

1877, 2016.

[21] SeJin Ahn, KiHyun Kim, YoungGab Chun, and KyungHoon Yoon. Nucleation and

growth of Cu(In,Ga)Se2 nanoparticles in low temperature colloidal process. Thin

Solid Films, 515(7-8):4036–4040, 2007.

[22] Y. Tong, F. Ehrat, W. Vanderlinden, C. Cardenas-Daw, J.K. Stolarczyk,

L. Polavarapu, and A.S. Urban. Dilution-induced formation of hybrid perovskite

nanoplatelets. ACS Nano, 10(12):10936–10944, 2016.

[23] I. Moreels, Y. Justo, B. De Geyter, K. Haustraete, J.C. Martins, and Z. Hens. Size-

tunable, bright, and stable pbs quantum dots: A surface chemistry study. ACS Nano,

5(3):2004–2012, 2011.

168



Chapter 6. Synthesis of perovskite nanocrystals

[24] E.T. Hoke, D.J. Slotcavage, E.R. Dohner, A.R. Bowring, H.I. Karunadasa, and M.D.

McGehee. Reversible photo-induced trap formation in mixed-halide hybrid per-

ovskites for photovoltaics. Chemical Science, 6(1):613–617, 2015.

[25] S.A. Kulkarni, T. Baikie, P.P. Boix, N. Yantara, N. Mathews, and S. Mhaisalkar.

Band-gap tuning of lead halide perovskites using a sequential deposition process.

Journal of Materials Chemistry A, 2(24):9221–9225, 2014.

[26] D.N. Minh, J. Kim, J. Hyon, J.H. Sim, H.H. Sowlih, C. Seo, J. Nam, S. Eom,

S. Suk, S. Lee, E. Kim, and Y. Kang. Room-temperature synthesis of widely tun-

able formamidinium lead halide perovskite nanocrystals. Chemistry of Materials,

29(13):5713–5719, 2017.

[27] Y. Sun, Y. Sun, S. Zhao, D. Cao, R. Guan, Z. Liu, X. Yu, and X. Zhao. Efficient

solution- and solid-state fluorescence for a series of 7-diethylaminocoumarin amide

compounds. Asian Journal of Organic Chemistry, 7(1):197–202, 2018.

[28] Q.A. Akkerman, M. Gandini, F. Di Stasio, P. Rastogi, F. Palazon, G. Bertoni, J.M.

Ball, M. Prato, A. Petrozza, and L. Manna. Strongly emissive perovskite nanocrystal

inks for high-voltage solar cells. Nature Energy, 2(2):16194, 2016.

[29] C. Li, X. Lu, W. Ding, L. Feng, Y. Gao, and Z. Guo. Formability of ABX3 (X =

F, Cl, Br, I) halide perovskites. Acta Crystallographica Section B, 64(6):702–707,

2008.

[30] W.S. Yang, J.H. Noh, N.J. Jeon, Y.C. Kim, S. Ryu, J. Seo, and S.I. Seok. High-

performance photovoltaic perovskite layers fabricated through intramolecular ex-

change. Science, 348(6240):1234–1237, 2015.

[31] T.M. Koh, K. Fu, Y. Fang, S. Chen, T.C. Sum, N. Mathews, S.G. Mhaisalkar, P.P.

Boix, and T. Baikie. Formamidinium-containing metal-halide: An alternative mate-

rial for near-ir absorption perovskite solar cells. The Journal of Physical Chemistry

C, 118(30):16458–16462, 2014.

[32] G. Grancini, C. Roldan-Carmona, I. Zimmermann, E. Mosconi, X. Lee, D. Mar-

tineau, S. Narbey, F. Oswald, F. De Angelis, M. Grätzel, and M.K. Nazeeruddin.

169



Chapter 6. Synthesis of perovskite nanocrystals

One-year stable perovskite solar cells by 2D/3D interface engineering. Nature Com-

munications, 8:15684, 2017.

[33] I. Poli, S. Eslava, and P. Cameron. Tetrabutylammonium cations for moisture-

resistant and semitransparent perovskite solar cells. Journal of Materials Chemistry

A, 5(42):22325–22333, 2017.

[34] S.R. Pering, W. Deng, J.R. Troughton, P.S. Kubiak, D. Ghosh, R.G. Niemann,

F. Brivio, F.E. Jeffrey, A.B. Walker, M.S. Islam, T.M. Watson, P.R. Raithby, A.L.

Johnson, S.E. Lewis, and P.J. Cameron. Azetidinium lead iodide for perovskite so-

lar cells. Journal of Materials Chemistry A, 5(39):20658–20665, 2017.

[35] H. Tsai, W. Nie, J.-C. Blancon, C.C. Stoumpos, R. Asadpour, B. Harutyunyan, A.J.

Neukirch, R. Verduzco, J.J. Crochet, S. Tretiak, L. Pedesseau, J. Even, M.A. Alam,

G. Gupta, J. Lou, P.M. Ajayan, M.J. Bedzyk, M.G. Kanatzidis, and A.D. Mohite.

High-efficiency two-dimensional ruddlesden–popper perovskite solar cells. Nature,

536(7616):312–316, 2016.

170



Chapter 7

Applications of perovskite nanoparticles in solar

cell fabrication

Due to their size-tunable band-gap, solution processability and high monodispersity, quan-

tum dots of a variety of semiconductor materials such as PbS, PbSe, PbTe, CdSe et al.

have been widely investigated for photovoltaic applications [1,2]. Their photovoltaic per-

formance have been boosted from less than 1 % in 2005 to a recently certified record

of 11.3% [3,4]. Due to the easy tunability of their band-gap, quantum dots could be very

promising for the construction of multijunction solar cells which can achieve high power

conversion efficiencies [5] .

Perovskite nanocrystals have also attracted significant interests. MAPb(Br0.3I0.7)3 NCs

have been used as interlayers [6] for perovskite solar cells, placed between a MAPbI3 layer

and a hole-transporting layer (HTL). The NCs improved the device performance and the

increase in efficiency was attributed to improved hole transfer at the interface. CsPbI3

NCs have been used as the absorber layer for solar cells [7,8] delivering an efficiency of

10.77%, high stability and an open-circuit voltage as high as 1.23 V.

As discussed in previous chapters, preparation of perovskite thin films using nanoparti-

cles could potentially provide a way of separating the crystallisation and film formation

processes, which makes the film fabrication much easier to control and improves the re-

producibility of the devices. Therefore, on the basis of the flow synthesis of perovskite

NCs as discussed in Chapter 6, the application of the MAPbI3 NCs and their powder

bulk by-products in perovskite solar cell making was attempted.
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7.1 Experimental

Synthesis of MAPbI3 NCs has been mentioned in previous chapter and the details can

be found in the main experimental Chapter 3. The NCs were kept in toluene for further

use.

Cell preparation employing MAPbI3 NCs was conducted under ambient conditions

with no control over the humidity or atmosphere. The cells were based on the mesoporous

structure with TiO2 as a scaffold layer. Deposition of the MAPbI3 NCs were carried out

via dip-coating and spin-coating methods. In dip-coating, the substrates were soaked in

the NC solutions in toluene and kept still for 24 h in the dark before being taken out, and

blow dried with nitrogen at room temperature. In spin-coating, 100 µL of the NC solution

was spin cast onto the substrates at 1000 rpm for 20 s, followed by blow drying at room

temperature for 5 min. The spin-coating process was repeated 5 times. The pretreatment

of the substrates and deposition of other layers were the same as in the preparation of

standard mesoporous devices, and can be found in Chapter 3.

The application of MAPbI3 NCs for interface engineering was performed with two

different methods in a nitrogen filled dry box:

Method 1 The standard perovskite precursor solutions were prepared by dissolving MAI,

PbI2 and PbCl2 in DMF to get 40w% solution (MAI : PbI2 : PbCl2 = 4 : 1 : 1). 100 µL of

precursor solution was spun onto the substrate at 4000 rpm for 30 seconds, then dried at

100 ◦C for 90 minutes. The MAPbI3 NCs dispersed in toluene was spun coated onto the

above perovskite layer at 4000 rpm for 30 s followed by annealing at 100 ◦C for 2 min,

forming the perovskite/MAPI NCs film. In the control perovskite film, no MAPI NCs

dispersed in toluene were spin-coated on top.

Method 2 The standard perovskite precursor solutions were prepared by dissolving MAI

and PbI2 in DMSO/GBL (3:7 vol ratio)to get 40w% solution (MAI : PbI2 = 1 : 1). 100 mL

of precursor solution was spun onto the substrate at 5000 rpm for 50 seconds. At the 25th

second 1 mL of MAPbI3 NCs dispersed in toluene was fast dropped onto the center of

the substrate and then dried at 100 ◦C for 10 minutes. The reference perovskite film was

fabricated using pure toluene as anti-solvent.
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Cell preparation employing MAPbI3 bulk powders was also attempted. The MAPbI3

bulk powder by-products of the flow synthesis were dispersed in hexane, forming inks of

∼ 20 mg/mL after being sonicated for 10 min. 100 µL of the MAPbI3 ink was spin cast

onto the substrates at 2000 rpm for 30 s, followed by annealing at 70 ◦C for 5 min. The

spin-coating process was repeated different times to control the thickness of the films.

Deposition of other layers were the same with the preparation of standard devices.

7.2 Perovskite solar cells based on MAPbI3 NCs

MAPbI3 NCs in toluene were used for the preparation of perovskite absorbing layers for

mesoporous perovskite solar cells. Spin-coating and dip-coating are two main methods

used for the deposition of quantum dots thin film [9,10]. In this section, these two methods

were both investigated for the deposition of the perovskite NC films. Fig. 7.1 shows

the UV-vis absorption and PL emission spectra of perovskite films made using the spin-

coating method. The film was quite transparent as can be seen in the photograph in

Fig. 7.1a, which indicated very thin films had been formed. The emissive properties of

the MAPbI3 NCs were retained after being deposited onto the substrates. A PL peak at

738 nm was observed for the NC film, slightly blue-shifted from the 748 nm found for

the NCs in toluene, which could be due to the different orientations of the NCs in the

solid state and the interaction with solvent in solution. For applications in solar cells, the

light absorbing ability of the films is very important. However, the films made with the

MAPbI3 NCs showed very weak light absorption, as seen from Fig. 7.1 a, especially in

the wavelength range of 600-750 nm. The low light absorption is likely due to the small

thickness of the films and a poor surface coverage, which could be detrimental for the cell

performance.
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Fig. 7.1 (a) UV-vis and (b) PL spectra of the MAPbI3 films spin-coated with MAPbI3 NCs. The
inset is the photograph of the film.

The films prepared with the MAPbI3 NCs were made into perovskite solar cells, and J-V

curves of average-working cells employing perovskite layers made with the spin-coating

and dip-coating methods were illustrated in Fig. 7.2. Both the cells showed well-defined

J-V responses, though the curves were very noisy, which were due to the small current

signals. The JSC of the devices were only around 1 mA · cm−2. The very low current

response were believed to be due to the low light absorption as shown in Fig. 7.1. The

existence of capping layers of long chain ligands which potentially hindered the charge
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transfer could also be another reason. To dissolve the reactants and stabilise the NCs,

long chain ligands, in our case OA and OLA, are normally added during the synthesis

of the NCs. As a results, the as-prepared nanocrystals are shielded by these long chain

ligands, which act as an electrically insulating layer (1-2 nm) that impedes efficient charge

transfer [11,12]. Therefore, ligand exchange treatments to remove or replace the long chain

ligands with short length chemicals are normally required during the applications of QDs

in photovoltaics [13,14]. However due to the poor stability of the perovskite NCs in various

solvents, no ligand exchange was carried out herein.

The cells with dip-coated perovskite layers showed much better performances compared

to those with spin-coated perovskite layers, in terms of the JSC, VOC and FF. As shown

in the box plots in Fig. 7.3, the dip-coated cells showed PCEs of 0.51± 0.06 %, much

higher than the 0.19± 0.05 % for the spin-coated cells. More specifically, the cells with

dip-coated perovskite layers showed JSC of 1.31± 0.10 mA · cm−2, VOC of 0.65± 0.01 V

and FF of 0.60± 0.06, all better than the cells with spin-coated perovskite layers (JSC of

0.77± 0.11 mA · cm−2, VOC of 0.58± 0.08 V and FF of 0.45± 0.15). The better perfor-

mance of the cells made with dip-coating method might be due to the better loading of

MAPbI3 NCs on top of mesoporous TiO2 layers by dip-coating, probably with higher film

thickness films and better surface coverage.

Fig. 7.2 J-V curves of cells employing perovskite films prepared with MAPbI3 NCs.
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Fig. 7.3 Box plots of the cell performances employing perovskite films prepared with MAPbI3
NCs.

Table 7.1 Performance parameters for cells employing spin-coated and dip-coated perovskite
layers from MAPbI3 NCs.

JSC VOC
FF

PCE

[mA · cm−2] [V] [%]

Spin−coating 0.77± 0.11 0.58± 0.08 0.45± 0.15 0.19± 0.05

Dip−coating 1.31± 0.10 0.65± 0.01 0.60± 0.06 0.51± 0.06

Though the cells were not very efficient, the result is still promising considering the low

thickness and high transparency of the perovskite layers and the existence of large amount

of ligands on the surface of the NCs. To improve their performance, an increase in the

film thickness and ligand exchange treatments for the removal of the ligands need to be

done.
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7.3 MAPbI3 NCs for interface engineering

It has been shown that making efficient cells with the MAPbI3 NCs is very challenging.

Effective methods of making films thick enough and ligand exchange strategies for the

removal of the long chain ligands are still to be explored. On the other hand, interface

engineering could be a simple way of applying the NCs in perovskite solar cells. A

variety of thin layers have been studied as interlayers at perovskite-ETL or perovskite-

HTL interfaces [15], either to modify band energy offsets at interfaces or to improve the

morphology of the absorber layer or to increase the long-term stability of the device.

There have been reports about the use of QDs in perovskite solar cells to improve the

cell performance. CuInS2 QDs were applied on TiO2 nanorod arrays, facilitating electron

injection from the perovskite absorber layer to the TiO2 scaffold [16]. MAPbBr0.9I2.1 QDs

were incorporated at the MAPbI3-HTM interface, facilitating hole transfer [6]. Therefore,

in this work, the MAPbI3 NCs were also studied as the interlayer between perovskite and

Spiro HTM layers, as shown in Fig. 7.4, via two methods (method 1: direct spin-coating

on top of MAPbIxCl3-x layers; method 2: anti-solvent treatment for MAPbI3 layers, see

experimental in 7.1), and the impacts on the performance and stability of the cells were

investigated.

Fig. 7.4 Diagram of cell structures without (left) and with (right) the NC interlayer.

Cell performances with and without the MAPbI3 NCs as interlayers are shown in Fig. 7.5.

For the control cells without the NC interlayers, PCEs of around 10 % were achieved
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for both the direct spin-coating (method 1) and toluene dripping (method 2) methods,

with small deviations. The control cells made with method 1 showed slightly better

performance (JSC of 19.9± 0.6 mA · cm−2, VOC of 0.75± 0.02 V and FF of 0.71± 0.03,

leading to the PCE of 10.6± 0.6 %) than the cells made with method 2 (JSC of 18.1± 1.9

mA · cm−2, VOC of 0.76± 0.02 V and FF of 0.70± 0.09, resulting the PCE of 9.5± 0.8 %).

The improved performance could be due to larger grain sizes in the MAPbIxCl3-x films

compared with the anti-solvent treated MAPbI3 films. Larger grains are believed to re-

duce recombination at the grain boundaries [17–19]. However, the incorporation of MAPbI3

NC interlayers by both directly spin-coating the NC solution and adding the NCs in

the toluene antisolvent decreased the performance of the cells. The PCEs decreased to

9.6± 0.6 % and 7.2± 0.4 % respectively. The decrease in the cell performance was mainly

due to the decreased JSC while the VOC and FF were fairly similar. The reduction in JSC

could be due to changes in film morphology, or problems with charge extraction through

the long chain ligands capped NC layer.

Fig. 7.5 Box plots of the cell performances with and without the MAPbI3 NCs as interlayers.
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Table 7.2 Performance parameters for cells with and without the MAPbI3 NCs as interlayers.

JSC VOC
FF

PCE

[mA · cm−2] [V] [%]

Method 1 control 19.9± 0.6 0.75± 0.02 0.71± 0.03 10.6± 0.6

Method 1 with NCs 17.0± 1.5 0.77± 0.03 0.69± 0.03 9.6± 0.6

Method 2 control 18.1± 1.9 0.76± 0.02 0.70± 0.09 9.5± 0.8

Method 2 with NCs 14.8± 2.1 0.77± 0.03 0.64± 0.07 7.2± 0.4

Though the cells with the NC interlayers showed slightly decreased cell performance

compared with the controls, the perovskite films showed much improved hydrophobicity,

as seen from the contact angles of the films shown in Fig. 7.6. The control perovskite

films made with the two standard methods showed contact angles of 23.2 ◦ and 53.8 ◦

respectively, which were greatly increased to over 90 ◦ when the MAPbI3 NCs were in-

corporated. A value as high as 100.5 ◦ was achieved for the film made with method 1.

The outstanding hydrophobicity of the films is believed to be due to the presence of the

hydrophobic ligands OA and OLA bound to the surface of the NCs. Unlike in quan-

tum dot solar cells where the organic ligand are normally removed to avoid an insulating

layer that reduces charge transport [20], the ligands were kept on the surface of our NCs

in this work, as the interlayer is very thin and the impediment to carrier transport is very

limited. The high hydrophobicity of perovskite film is highly favoured for photovoltaic

applications as the poor water stability of perovskites is a big challenge [21] and the high

hydrophobicity could lead to higher water resistance.
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Fig. 7.6 Contact angles of perovskite film with and without the MAPbI3 NC interlayers, made
with (a) method 1 and (b) method 2.

The high water resistance of the perovskite films with the MAPbI3 NCs were further con-

firmed by dipping the films in water for 10 seconds. Fig. 7.7 shows the XRD patterns of

the films made with method 1 before and after 10 s being dipped in water. Both the films

showed typical XRD patterns of perovskite phase with the strong diffraction peak of (110)

facet at 14.7◦ before water immersion. As soon as being immersed in water, however, the

control film without the NCs underwent a rapid colour change from dark brown to yellow,

and the characteristic peak for PbI2 at 13.2◦ became the main and only diffraction peak.

No MAPbI3 phase could be detected, indicating a complete dissociation of the MAPbI3

phase into the PbI2 phase. In contrast, the film with integrated NCs remained dark brown

after being immersed in water for 10s. The tetragonal MAPbI3 phase of the film was still

detected and its characteristic peak at 14.7◦ remained as the dominant diffraction peak,

though a small peak due to the PbI2 phase was observed.
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Fig. 7.7 XRD patterns of perovskite films with and without the MAPbI3 NC interlayers before
and after being immersed in water for 10 s. The insets are the photo images of the films after
water immersion.

To investigate the stability of the perovskite solar cells, J-V curves were measured 70 days

after fabrication for two devices with and without the NC interlayers. Over this period

of time, the cells were left in ambient atmosphere with room humidity measured to be

60± 10%. The cells were made on the same day and exposed to the same ageing process.

Two solar cells with similar initial PCEs were evaluated. The PCE of the reference cell

decreased by over 40%, from 9.56 % to 5.81 %. The reduction in PCE mainly arose from

the decrease in current density from 19.2 mA · cm−2 to 13.3 mA · cm−2. This is believed to

be due to a degradation of the perovskite MAPbI3 to PbI2 due to the presence of moisture

which caused a decreased light harvesting. In contrast, the cell with integrated MAPbI3

NCs only suffered a slight decrease in PCE from 9.93 % to 9.17 %, with 92.3% of the

initial efficiency retained, showing greatly enhanced stability towards moisture.
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Fig. 7.8 J-V curves of solar cells with and without MAPbI3 NCs as soon as fabricated and after
70 days of ageing in ambient atmosphere.

7.4 Perovskite solar cells based on MAPbI3 powders

As discussed in 7.2, it is difficult to make films that are thick enough for efficient light

absorption in solar cell applications using MAPbI3 NCs only. As a different approch,

the bulk solid by-product of the flow synthesis dipersed in hexane was used as precur-

sor material to make the absorber layers. This approach uses directly the MAPbI3 solid

powders for film making, potentially leading to higher control over cell reproducibility by

separating the crystallisation and the film formation steps. In addition, due to the bigger

particle size of the perovskite solid powder compared to the NCs, grain boundaries can be

reduced when made into films, which is more favourable due to reduced recombination,

as grain boundaries are normally companied with defects which have been believed to

cause recombination [22]. Hung-Ju Yen [23] reported the use of perovskite single crystals

for the preparation of perovskite films with large grain sizes. The cells showed improved

reproducibility and stability, but as the single crystals were dissolved to form the precur-

sor solution, the crystal could not be retained and further crystallisation process was still
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needed.

Therefore, a perovskite ink was made by re-dispersing the perovskite solid powders com-

ing from the flow synthesis after they had been washed twice with toluene. The solid

showed excellent dispersibility in hexane and an ink with the concentration of∼ 15 mg/mL

showed high homogeneity as shown in Fig. 7.9 a. The ink was spin-coated onto TiO2

layers on FTO substrates to form perovskite light-absorbing layers. The film had a dark

brown colour and high uniformity as seen in Fig. 7.9 b. SEM images of the perovskite film

were taken to investigate the quality of the film. As shown in Fig. 7.9 c, the film exhibited

high surface coverages, with only a couple of small pin-holes present. The film was made

of particles with different sizes. A large portion of the particles are very small particles of

tens of nanometres packing densely, while there are also a large amount of big cubes of

hundreds of nanometres. The solid powders were the by-products of the flow synthesis of

perovskite NCs, thus the bulky size of the particles were due to the over growth and aggre-

gation of the small NCs, which also caused the differences in the sizes. The presence of

the large cubes could also be seen in the cross-sectional SEM image shown in Fig. 7.9 d.

The compactness of the perovskite film was observed, with the thickness of generally

250 - 300 nm, but at positions where the large cubes were present the thickness of the per-

ovskite layer could be as large as 400 - 450 nm. The non-uniformity in the thickness of

the perovskite film could be a problem when it is applied as the light-absorbing layer for

perovskite solar cells, as a thin film could cause the insufficient absorption towards light

incidence whereas too thick films could result in the increase of recombination [24].
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Fig. 7.9 . Photo images of (a) the perovskite ink in hexane; (b) the film spin-coated from the
ink; and SEM images of the film: (c) top view; (d) cross-sectional.

UV-vis and photoluminescence spectra of the MAPbI3 films are illustrated in Fig. 7.10.

The absorption onset was seen at ∼ 800 nm, consistent with that of bulk perovskite films.

The film showed reasonably good light absorption, especially in the range of 300-500 nm,

with a high absorption of over 80 % was observed, which is comparable with the films

made with standard perovskite precursor solution as shown in Fig. 5.7. However, in the

range of 500-750 nm, the absorption of the film gradually decreased to only ∼ 45 %, much

lower than that of the standard solution processed films. The relatively poor light absorb-

ing ability of the films suggested that thicker film might be needed for sufficient light

absorption. Moreover, unlike the bulk film whose PL responses were normally very weak

in our basic fluorometer without an integrating sphere, the film made with the ink showed

an strong peak at 754 nm, which could be due to the existence of small MAPbI3 NCs in
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the film which gave much stronger fluorescence.

Fig. 7.10 . UV-vis and PL spectra of the perovskite film made with the MAPbI3 solid powders.

The perovskite films were used for the fabrication of perovskite solar cells, and the per-

formances of planar and mesoporous cells were compared. As shown in the J-V curves in

Fig. 7.11, the mesoporous cell showed well-defined J-V response of a photovoltaic device,

with the JSC of 3.76 mA · cm−2, the VOC of 0.73 V and the FF of 0.45, leading to a PCE of

1.22 %. However the planar cell barely worked. The PCE was as low as 0.09 %, and the

JSC greatly dropped to 0.41 mA · cm−2, and the VOC and FF also decreased to 0.57 V and

0.40 respectively. The much better performance of the mesoporous cells than the planar

ones can also be seen in the box plots in Fig. 7.12. The mesoporous cells showed PCEs

of 1.18± 0.08 %, much higher than the 0.08± 0.02 % of the planar cells. More specifi-

cally, the mesoporous cells showed JSC of 3.64± 0.72 mA · cm−2, VOCs of 0.74± 0.02 V

and FF of 0.45± 0.08, all better than the planar cells (JSC of 0.48± 0.32 mA · cm−2, VOCs

of 0.53± 0.16 V and FF of 0.38± 0.04). The mesoporous cells only showed the PCE

of ∼ 1 %, which could be due to the improper thickness of the perovskite layer and the

hindered charge transfer caused by the presence of the long chain ligands, but it is still

very promising, considering the non-uniformity of the particle sizes and that none of the

processing parameters have been optimised yet. The ultra low PCE of ∼ 0.1 % for the
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planar cells could be due to the poor contact of the perovskite layers with the compact

TiO2 electron-transporting layers without the presence of a mesoporous layer.

Fig. 7.11 J-V curves of planar and mesoporous cells employing perovskite films spin-coated
from the ink of MAPbI3 solid powders in hexane.
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Fig. 7.12 Box plots of the performances of the planar and mesoporous cells employing per-
ovskite films prepared with MAPbI3 solid powders.

Table 7.3 Performance parameters for planar and mesoporous cells employing spin-coated
perovskite layers from MAPbI3 solid powders.

JSC VOC
FF

PCE

[mA · cm−2] [V] [%]

Planar 0.48± 0.32 0.53± 0.16 0.38± 0.04 0.08± 0.02

Mesoporous 3.64± 0.72 0.74± 0.02 0.45± 0.08 1.18± 0.08

However, interestingly, the cells made with the MAPbI3 solid powders showed high water

resistance. As shown in Fig. 7.13, no colour change was seen after the complete cell

made with the MAPbI3 solid powder was dripped with water, whereas drastic colour

change from dark brown to yellow was observed soon after water was dropped on to the

surface of the standard cell made with perovskite precursor solution, indicating the fast

decomposition of perovskite into PbI2 which is fatal for the photovoltaic performance of
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perovskite solar cells. Notably, the outstanding water resistance was also seen on the

bare perovskite film made with the MAPbI3 solid powder, without the protection of either

spiro or gold layers. The brown colour was well retained after water dripping as shown

in Fig. 7.13 e, whereas the normal perovskite film made with MAPbI3 precursor solution

turned yellow very rapidly as demonstrated in Fig. 7.13 f. As the instability of perovskite

towards water is a serious problem for the application of perovskite solar cells [21], this

result is really exciting. The high water resistance of the perovskite film made with the

MAPbI3 solid powder is likely to be due to the presence of the long chain hydrophobic

ligands on the particles which resisted the infiltration of water, however these ligands can

also act to insulate the nanoparticles and hinder charge transfer.

Fig. 7.13 Photo images of: the cell made with the MAPbI3 solid powder (a) before and (b) after
water dripping; the cell made with MAPbI3 solution (c) before and (d) after water dripping; the
bare perovskite films made with (e) the MAPbI3 solid powder and (f) MAPbI3 precursor solution
being dripped with water.

To investigate the impact of thickness of the perovskite layer on the cell performance,

the spin-coating process of the MAPbI3 ink was conducted for different number of cycles

to tune the thickness, and the cell performance of the devices thereof are illustrated in

Fig. 7.14. The cells with perovskite layers spin-coated from the MAPbI3 ink for 5 cy-

cles exhibited the best performances, with the JSC of 1.46± 0.53 mA · cm−2, the VOC of
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0.74± 0.02 V, and the FF of 0.78± 0.06, giving the PCEs of 0.83± 0.28. The cell perfor-

mance deteriorated as the thickness of the perovskite layer was increased by increasing the

number of spin-coating cycles. PCEs of 0.58± 0.21 % and 0.54± 0.26 % were obtained

for the cells spin-coated for 7 and 10 cycles respectively. The deteriorating cell perfor-

mance was mainly caused by the decreased JSC while the VOC and FF were fairly similar.

The decreased photocurrent could be due to the increased recombination when the thick-

ness of the perovskite layer was increased. The thickness of the perovskite layers were

investigated by cross-sectional SEM as shown in Fig. 7.15. Well-defined different layers

were observed from the SEM images and labelled as different colours. The perovskite

layer spin-coated for 5 cycles showed an average thickness of ∼ 300 nm with variations at

positions with and without big particles, while for the film spin-coated for 10 cycles, the

thickness was roughly doubled to ∼ 600 nm. It has been reported that the best thickness of

perovskite layer for solar cells is around 330 nm [24], so further increasing the thickness by

spin-coating the films for more than 5 cycles could be unfavourable due to the increased

recombination. Besides, the cell performance of all the devices showed wide variation,

especially the JSC, which might be resulted from the non-evenness of the film thickness

caused by the existence of large cubic particles as shown in Fig. 7.9 d.

Therefore, thickness is not the parameter that limited the cell performance of the devices

employing perovskite layers made with the MAPbI3 solid powders. The poor performance

is most likely due to the poor charge transfer caused by the long chain ligands bound to

the surface of the perovskite particles. To date several ligand exchange treatments such as

pyridine, hydrazine and 1,4-benzenedithiol have been demonstrated to be effective for the

removal of long chain ligands on the surface of inorganic colloidal QDs [13,14,25]. However

due to the poor stability of perovskite towards various solvents, effective ligand exchange

treatment for perovskite NCs is still a challenge and needs to be investigated further.
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Fig. 7.14 Box plots of performances of cells employing perovskite layers spin-coated from the
MAPbI3 ink for different cycles.

Table 7.4 Performance parameters for cells employing perovskite layers spin-coated from the
MAPbI3 ink for different cycles.

JSC VOC
FF

PCE

[mA · cm−2] [V] [%]

5 cycles 1.46± 0.53 0.74± 0.02 0.78± 0.06 0.83± 0.28

7 cycles 1.07± 0.44 0.73± 0.02 0.75± 0.08 0.58± 0.21

10 cycles 0.97± 0.45 0.72± 0.03 0.77± 0.05 0.54± 0.26
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Fig. 7.15 Cross-sectional SEM images of the MAPbI3 films made with different spin-coating
cycles on top of mesoporous TiO2 layers. The scale bars shown are 500 nm.

7.5 Conclusion

In this chapter, flow synthesised MAPbI3 NCs and the bulk by-product were tested in

perovskite solar cells. Making films with these nanoparticles avoided the in-situ crys-

tallisation of perovskite phase, and thus is less dependent on environment conditions and

easier to control.

The fluorescent properties of the MAPbI3 NCs were well retained after being made into

thin films, but the light absorption was very weak due to their low thickness. As a result,

the cells made with the films showed poor performance suffering from low photocurrents.

Cells with dip-coated perovskite films gave the PCE of 0.51 %, better than the 0.19 % for

the spin-coated devices, showing dip-coating is better for the loading of the NCs.

The NCs were also applied as interlayers at the perovskite-HTM interface through direct

spin-coating on perovskite layers and antisolvent dripping during the preparation of per-

ovskite layers. The cell performances were both slightly decreased after the incorporation

of the NC interlayers, but the films showed outstanding hydrophobicity and water resis-

tance, even being immersed in water. The cells with the NC interlayers showed much

improved stability towards moisture, with a high retention of 92.3% of the PCE after

being kept for 70 days in ambient with humidity of 60± 10 %.
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The MAPbI3 solid powder by-products showed excellent dipersibility in hexane, form-

ing homogeneous inks for the preparation of perovskite thin films. The films made by

spin-coating for 5 cycles gave the thickness of 250-300 nm and showed reasonable light

absorbing ability, and the mesoporous cells employing them showed the PCE of over 1 %.

Further increasing the thickness of the films by increasing the number of spin-coating cy-

cles did not improve the cell performance, probably due to the increased recombination

caused by the excessive thickness of the films. Though the cells are still not very effi-

cient, outstanding water resistance were obtained, with no obvious colour change when

the cell being dripped with water, which could be very useful for applications such as

water splitting.

Lastly, the cells with the MAPbI3 NCs and solid powders are still far from efficient

enough, and one of the most important causes is believed to be the hindered charge trans-

fer due to the existence of insulating long chain ligands. For the improvement in the cell

performance, effective ways of ligand exchange treatments for the removal of the ligands

have to be developed in the future work.
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Chapter 8

Conclusion and future work

8.1 Conclusion

In this work, a reliable fabrication of perovskite solar cells was developed though the

optimisation to the perovskite layer deposition methods and the metal ion doping to the

TiO2 electron transporting layers. After optimising the device fabrication, nanocrystals

of perovskite were synthesised using a facile flow reactor, and their applications in solar

cells were investigated.

Vapour-assisted sequential method, sequential spin-coating method and one-step spin-

coating method were used for the deposition of perovskite absorbing layers for perovskite

solar cells, and the effects of solvent, temperature, lead source, recipe and antisolvent

dripping were investigated. One-step spin-coating of MAI:PbCl2=3:1 solution gave the

best cell performance, with the PCE of 12.1± 0.7 % in air with controlled humidity of

< 35% and 10.8± 0.9 % in a dry box filled with nitrogen, respectively, showing high

reliability and reproducibility.

In order to improve the charge-transporting properties of the compact TiO2 ETLs, differ-

ent metal ions with different valence states were introduced into the TiO2 films as dopants,

and their effects on the TiO2 layers and the cell performances were investigated. All the

ions were successfully introduced into the lattice of TiO2 through a simple spray pyrolysis

route, and the doping had negligible influences on the morphological and optical proper-

ties of the TiO2 layers. The doping density of the TiO2 was changed very slightly after

the introduction of these dopant ions, but the flat band potential was changed quite signif-
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icantly. Zn 2+ ions negatively shifted the VFB from 0.13 V to -0.11 V, whereas Nb 5+ ions

positively shifted the VFB to 0.23 V, and Sn 4+-doping showed the smallest effect on the

VFB.

Zn-doping decreased the PCE of the planar devices though the VFB was negatively shifted,

mainly due to an decreased FF caused by an increased series resistance. However, when a

very thin layer of Zn-doped TiO2 was deposited on top of the pristine TiO2 layer forming

a bilayer ETL, the negative effects of the Zn-doping was minimised while the advantage

of negatively shifted VFB was retained, thus the VOC and FF were both enhanced, and the

PCE was slightly improved.

A facile flow reactor was developed for the continuous synthesis of MAPbX3 perovskite

NCs at low temperature. The obtained MAPbI3 NCs showed small sizes of ∼ 10 nm with

narrow size distribution. The NCs also showed excellent emissive properties and high

stability. The MAPbI3 NCs gave a sharp emission peak at 745 nm in the PL spectrum,

with narrow FWHM of 39 nm. Notably, the morphological and emissive properties of the

MAPbI3 NCs remained stable for over 8 months. The synthesis also exhibited excellent

reproducibility, with very small deviations in the PL spectra in 11 independent repeats.

A series of MAPbI3 perovskite NCs with different halide compositions were successfully

prepared using the flow reactor, showing tuneable emissions between 485-745 nm, cover-

ing a wide wavelength range of visible and near infrared regions. The PL spectra of the

NCs showed narrow FWHMs of below 50 nm, indicating the high colour purities, and the

emission peoperties was well retained after being made into thin films with a dip-coating

method, which are very promising for LED applications.

The PL of the MAPbI3 NCs in the first supernatant of the as-prepared mixture can be

tuned by changing the temperature, flow rate and ligand concentration. However, toluene

washing changes the PL response of the NCs, forming multiple peaks in the PL spectra,

indicating different sizes of the NCs, possibly due to the fragmentation of the NCs as a

result of osmotic swelling during toluene washing [1].

The continuous solution process provides better control to the crystallisation of perovskite

NCs, which is less dependent on atmosphere conditions. It could thus provide a new

198



Chapter 8. Conclusion and future work

idea for the preparation of perovskite thin films by separating the crystallisation and film

formation processes, so that better control to the film quality and consequently better

reproducibility can be achieved.

The synthesised MAPbI3 NCs and the bulk byproduct were tested in perovskite solar cells,

both as interlayers at the perovskite-HTM interface and active light-absorbing layers. The

NCs as interlayer slightly decreased the cell performances, but the stability of the cells

towards moisture was greatly improved. 92.3% of the initial PCE was retained after the

cells being kept for 70 days in ambient with humidity of 60± 10 %. As light-absorbing

layers, the NCs and the bulk by-product gave the champion PCEs of 0.51% and 1.2%

respectively. The lower efficiency can be ascribed to the hindered charge transfer due to

the existence of insulating long chain ligands on the surface of the NCs, and effective ways

of ligand exchange treatment is still to be discovered. But all the cells showed outstanding

water resistance, with no obvious colour change being dripped with water, which could

be very useful for applications such as water splitting.

8.2 Future work

Current work has been focused on the optimisation of planar perovskite solar cells, the

synthesis of perovskite nanocrystals and their applications in perovskite solar devices.

Future work can be carried on the following aspects of the project:

The influence of doping on the electronic properties of TiO2 can be modelled computa-

tionally, and ultraviolet photoelectron spectra can be measured, which together will give

direct insight into the band shifts of the TiO2 after ion doping.

The flow strategy has been shown to be effective for the synthesis of perovskite nanocrys-

tals with high size uniformity, but toluene washing does something to the nanocrystals

resulting in multiple PL peaks, and the mechanism is still not fully clear yet. More in-

vestigation into the toluene washing should be done so that better tunablity of the size of

the nanocrystals can be achieved. Moreover, since the nanocrystals show highly emissive

properties, it would be also interesting to investigate their applications in electrolumines-

cent devices.
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The perovskite nanocrystals synthesised using the flow reactor and their bulk byproducts

have been used in perovskite solar cells, but the efficiencies are rather low. The main

problem is believed to be the existence of long chain ligands on the surface which hinder

the charge transfer. Therefore, future work needs be done on the development of effective

ligand exchange strategies. Besides, the applications in a carbon based cell configuration

could be also interesting, as charge transport could be enhanced by the interpenetrating

interface between perovskite and carbon electrodes [2].
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