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Abstract 

This thesis studies the application of small molecules such as benzoic acids and 

perylene diimides as interlayers and charge transporting layers in perovskite solar cells. 

As promising new generation photovoltaics, perovskite solar cells have drawn much 

attention from scientists around the world due to the high power conversion efficiencies 

and relatively low energy consumption required during the fabrication process. 

However, many problems still need to be addressed such as improving stability, 

reducing hysteresis and removing the expensive charge transporting layers (e.g. spiro-

OMeTAD is £850/5g). All of these problems are slowing commercialization of 

perovskite cells.  

Work in this thesis starts with the optimization of the baseline perovskite solar cells, 

including optimizing the methods of thin film semiconductor preparation, the device 

architecture and device pattern. By the end of the project average PCE that were 

consistently above 11% (prepared either in a dry box or in ambient environment) with a 

narrow distribution were achieved. Further studies into hysteresis and device 

characterization were also carried out in this part.  

Interface engineering was investigated by using perylene diimides (PDIH and PDIV) 

and benzoic acids (4-aminobenzoic acid, 4-(aminomethyl benzoic acid and 4-

(methylamino) benzoic acid) as interlayers to modify the compact TiO2 layer. Methods 

to prepare the thin interlayers were optimized and the impacts of the interlayers on the 

film crystallization, device PCE, stability and hysteresis were also studied. Interlayers 

were found to significantly change the morphology of the perovskite layer (all 

molecules), enhance the short circuit current (benzoic acids), and improve the PCE 

(PDIH) and stability (PDIH). Finally PDIH was studied as the electron transporting 

layer to replace the TiO2 film as it can be processed at low temperature (compared with 

TiO2). The parameters to fabricate the PDIH layer were optimized and devices with a 

PCE of 5.7% on average and enhanced stability were achieved.  
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1.1 Perovskite solar cells and interface engineering 

From first generation single crystal silicon solar cells
1
 to emerging third generation 

solar cells, such as dye sensitized solar cells (DSSC),
2, 3

 quantum dot solar cells
4, 5

, 

organic solar cells(OPV)
6, 7, 8

 and organic-inorganic hybrid perovskite solar cells 

(PSC),
9, 10, 11, 12

 researchers have kept looking for devices that have high power 

conversion efficiencies (PCEs), are cheap to produce and can be manufactured and 

disposed of with minimal negative environmental impact. Among all these different 

types of solar cells, PSC attract tremendous attention as they have the potential to be 

highly scalable and to be manufactured by low energy routes
13, 14, 15

.  

Organic-inorganic hybrid perovskite solar cells were first studied in 2009. 
16, 17, 18

 They 

developed in an extremely fast speed and the recording power conversion efficiencies 

reaches 22.1% recently
19

. In addition they can be fabricated with lower energy 

consumption than many more established technologies in principle
13

. Perovskite solar 

cells are named after the key material „perovskite‟ which is the absorber in the device. It 

has a ABX3 structure as shown in Figure 1-1, where A is cations such as CH3NH3
+
, 

HC-(NH2)2
+
 and Cs

+
, B is Pb

2+
 or Sn

2+
 and X is halide such as Cl

-
, Br

-
 and I

-11, 20, 21, 22
 

 

Figure 1-1 Structure of perovskite. 

Though showing many outstanding advantages, perovskite solar cells are still suffering 

some disadvantages that retard the commercialization such as the sustainability and 

long-term stability problem. Currently there are two main pathways being investigated 

to improve the efficiency and sustainability of PSC (as shown in Scheme 1-1). Firstly, 

there is a lot of research focusing on the search for better active materials. A range of 
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(organo-) metal halide perovskites are being investigated for different applications (e.g. 

CH3NH3PbI3, CH3NH3PbI3-xClx, CsPbI3, HC-(NH2)2PbI3-xClx) and there is increasing 

interest in lead free absorber layers
23, 24, 25

.  The second approach is to work with 

existing materials to improve the architecture of the solar cells
16, 17, 26

. The architecture 

of the device is extremely important as the morphology of the different layers, as well 

as the nature of the interfaces between them, are critical to ensuring an efficient PCE
16, 

27, 28
. In recent years, there has been a focus on interface engineering using small 

molecules as it is a relatively simple way to improve the performance of PSC
29, 30

.  The 

used interlayers are thin layers or monolayers of organic molecules that modify a 

specific interface in the solar cell. Here the latest progress in the use of interlayers to 

optimize the performance of PSC is reviewed. Where appropriate interesting examples 

from the field of organic photovoltaics are also presented as there are many similarities 

in the types of interlayers that are used in PSC and OPV. 

 

Scheme 1-1 Approaches to improve the PCE of hybrid perovskite and organic solar cells. 

Interface engineering can significantly enhance the performance of solar cells in a 

number of ways. It can be used to modify band energy offsets at an interface and 

decrease interfacial loss processes caused by surface recombination
31

. Interface 

engineering can also improve the morphology of the active absorber layer
32

, the work 

function of contact layers
33

, the intimacy of the contact at the interface
34

 and the long 

term stability of the devices
35, 36

. In PSC, which typically have a “n-i-p” (or“p-i-n”) 

structure, there are four locations where interlayers have been investigated (Scheme 

1-2)
37

.  
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Scheme 1-2.  Possible positions of interlayers in hybrid perovskite solar cells. 

Many different materials have been investigated as interlayers, including organic 

molecules
38, 39, 40

, metal oxides
41, 42

, polymers
43, 44, 45

 and carbon based materials.
46, 47, 48

 

In particular, small organic molecules have attracted interest for their easy synthesis, 

purification and reproducible properties
49

. Small chemical modifications of the organic 

molecules‟ structure allows for further fine-tuning of the interfacial properties according 

to the research requirements. Additionally, organic molecule interlayers can be 

deposited by solution-processing at low temperature, making interface engineering a 

low-energy and scalable technique.
50, 51

  

1.2 The role of organic molecule interlayers in solar cells 

A broad range of small molecules have been used as interlayers, including benzoic acid 

derivatives
52, 53

, perylene diimide derivatives
49

, silanes
54

 and several families of amino-

functionalized molecules
55

. Interlayer materials need to be carefully selected to ensure 

an improvement in device performance. For example, an organic molecule with a dipole 

can be used as an interlayer to improve the Voc. However the ordering of the molecule 

at the surface, and hence the direction of the dipole, needs to be controlled or it could 

cause a decrease in Voc
33

. The use of a molecule with good conductivity can 

significantly improve the contact at the interface and decrease the series resistance(Rs)
34

.  
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1.2.1 Tuning the Morphology of the Absorber Layer 

Morphological control of the perovskite absorber layer, e.g. by controlling the 

crystallinity, thickness and roughness of the film, is critical in the production of high 

efficiency PSC. A homogeneous perovskite layer with few defects and pin holes can 

significantly reduce recombination
56

 and “shunting pathways” 
57

. The morphology of 

the perovskite films has been controlled by tuning the composition of the precursor 

solution
58

, the annealling temperature
59

, solvent engineering
60

 and interface 

engineering
33

. In particular, interface engineering of the substrate on which the active 

layer is deposited is an easy and effective way to control the active layer morphology. 

The simplest interlayers influence active layer morphology by controlling the surface 

energy and the wetting properties of the substrate. 
32

 An interesting study into surface 

energy control of ZnO for organic solar cells was presented by Bulliard and co-

authors
32

. They used silane molecules with different terminal functional groups to 

modify the ZnO coated substrate in order to tune the surface energy (30~70mN/m) 

without changing the work function. The surface energy was effectively adjusted when 

different ratios of mixed molecules with hydrophilic (-NH2) and hydrophobic terminal 

grounps (-CH3) were used. Accordingly, as shown in Figure 1 (a) and (b), the 

morphology of the active P3HT: PCBM blend varied with the substrate surface energy, 

leading to a variation in the cell performance. Zuo et.al
61

 studied the effects of 3-

aminopropanoic acid self-assembled monolayers (C3-SAM) as interlayers between 

CH3NH3PbI3 perovskite layers and a ZnO electron selective contact. It was revealed 

(Figure 1-2 (c) and (d)) that extended plate-like perovskite grains grew on top of the 

C3-SAM and better coverage of the substrate (fewer “pin holes”) was achieved. As a 

result, the as-prepared cell showed a 31% enhancement in PCE from 9.8% to 14.2%. 

The research also found that the amino terminal of the molecule was involved in the 

crystallization of the perovskite and improved the morphology of the film. Yang et.al. 

used 3-aminopropyltriethoxysilane to treat an SnO2 electron extracting layer in planar 

perovskite solar cells, and they also found that the subsequent CH3NH3PbI3 layer 

showed increased grain size and uniformity. The PCE of devices was improved from 

14.7% to 17.0%.
62
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Figure 1-2 SEM images showing morphology changes introduced by interface engineering.32, 61 (a) and (b) are 

images of a P3HT: PCBM heterojunction on substrates with different surface energies; (c) and (d) are images of 

CH3NH3PbI3 perovskite layers deposited on substrates with and without 3-aminopropanoic acid interlayers. 

Reproduced with permission.32, 61 

1.2.2 Work Function Adjustment 

In addition to influencing the morphology, molecules with permanent dipole moments 

can change the work function at the surface of a given layer. Such molecules can be 

beneficial to charge collection when used to modify the charge transporting layer, the 

transparent conducting oxide or the metal electrodes (shown in Scheme 1-3) and can 

expand the choices of metal contacts that can be employed in solar cells
34, 63

. When 

used to modify the cathode of the device, molecules with a dipole moment that points 

away from the electrode bends the vacuum level and causes a reduction in the work 

function (see Scheme 1-3(a)). An Ohmic contact is then expected to form between the 

electrode and the active layer and better electron extraction can be obtained. In contrast, 

molecules with permanent dipole moments that point toward the cathode are expected 

to increase the energy barrier for charge extraction and are often used to modify the 

anode, where they can decrease the energy barrier for hole collection (Scheme 1-3 

(b))
34, 53

. It is worth mentioning that in some situations, the molecules are employed in 

combination with metal oxides to give a “synergistic effect” for electron or hole 

extraction
32, 61, 64

. For example, in a polymer solar cell, a layer of metal oxide is used as 
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an electron blocking layer for its low-lying HOMO level, and a small molecule is used 

at the same time to decrease the work function.
32

  

 

Scheme 1-3. charge collection without (left) and with (right) molecular dipoles as interlayers in solar cells. (a) 

electron collection, (b) hole collection. 

 

Zhang et al. used two perylene diimide derivatives with good conductivity to tune the 

work function of the electrodes in polymer solar cells 
63

. Perylene diimide interlayers 

can effectively reduce the work function of metal electrodes as can be seen in Table 1-1. 

Devices with PDINO (amino N-oxide functionalised perylene diimide) showed an 

efficiency of 8.24% which was higher than observed for devices without the interlayer 

(4.43%). PDINO has also been used in perovsksite solar cells. Min et al. 
65

 showed that 

when PDINO was used as an interlayer, the perovskite solar cell showed a decreased 

series resistance and an increase in efficiency from 10.0% to 14.0%.  

 

 

 

 

 

 



Chapter 1: Literature review 

 

 

8 

 

Table 1-1. Selected examples of tuning work function by molecular interface engineering. 

Substrate Interlayer WF before modification/eV WF after modification/eV 

Al
63

 

 

4.3 3.5 

Ag
63

 

 

4.3 3.6 

ZnO/ITO
61

 
 

4.2 3.5 

TiO2
37

 
 

4.0 3.7 

P3HT:PCBM
66

  

 

4.5 4.4 

 

Generally, a molecule with dipole moment not only changes the work function but it 

also changes the surface energy of the substrate. In some cases work function 

modifications come at the expense of morphological control which is highly dependent 

on the surface energy
62

. 

1.2.3 Passivation of the Surface (reduction of trap states) 

In PSC and OPV organic molecules can be used to passivate surfaces in order to reduce 

trap states/defects (especially deep trap states) at the interface. 
67, 68, 69, 70, 71

 As displayed 

in Figure 1-3, imperfections in the crystal structure or chemical impurities can cause 

trap states which increase Shockley-Read-Hall (SRH, non-radiative) recombination
72, 73

. 
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Figure 1-3. Recombination caused by trapping. 

To reduce the effect of trap states, small molecules are used that can chemically react 

with surface non-bonded atoms or surface dangling bonds to reduce the number of 

surface defects.
69, 71, 74, 75

  The passivating interlayer is usually sandwiched between the 

metal oxide electron extracting layer (e.g. TiO2, ZnO) and the photoactive layer. For 

example, molecules that can self-assemble such as thiols, C60-SAMs and some benzoic 

acid derivatives are widely used to modify the metal oxide layers.
71, 76

 They can form 

monolayers on metal oxides through self-assembly and change the surface energy at the 

same time. Consequently, the performance of the cells can be improved due to a 

reduction in surface recombination and an improvement in morphology. 

In perovskite solar cells under-coordinated halogen (e.g. I
-
) and Pb

2+
 sites on the 

crystallite surface are believed to form trap states which can act as recombination 

centers.
67, 77

 It has been suggested that the halogen anions act as hole traps and the lead 

cations as electron traps. It has been shown that Lewis acids can be employed to bond 

halogen anions and passivate the surface defects. In the same way Lewis bases can be 

used to passivate non-bonded Pb
2+

 sites. For example, iodopentafluorobenzene (IPFB) 

shown in Figure 1-4(1), is a Lewis acid that was used to reduce surface defects by co-

ordinating to under coordinated iodide
77

.  The IPFB treated cells reached an efficiency 

of over 15%, while the cells without IPFB treatment showed an efficiency of 13%. As 

typical Lewis bases, thiophenes (displayed in Figure 1-4(2)) and pyridines are good 

candidates to passivate surface lead cations.
67

  In Noel‟s work, non-radiative 
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recombination was significantly reduced, and photoluminescence lifetimes were 

increased by an order of magnitude.  The efficiencies were consequently improved from 

13% to 15.3% and 16.5% when the perovskite layer was treated by thiophene and 

pyridine. 

 

Figure 1-4. Surface passivation of perovskite layer through small molecules. (1) non-bonded I- was passivated by 

Lewis acid77. (2) non-bonded Pb2+ was passivated by Lewis base67. Reproduced with permission.67, 77 

 

1.2.4 Improvements in Long-Term Stability  

Device stability during long term operation is still a major challenge for hybrid 

perovskite solar cells
78, 79, 80

. Cells can achieve high energy conversion efficiencies but 

suffer from relatively low stability when they are subjected to high temperature, a 

humid atmosphere, UV light or even when a current is drawn.
81, 82, 83

 It has also been 

shown that in some cases the inorganic ZnO or SnO2 electron extracting layer can 

decompose the perovskite.
84

 The high sensitivity of perovskite solar cells to humidity in 

particular, has complicated commercialization of the technology. As reported by 

Leijtens et al. 
81

, without additional protecting strategies, perovskite solar cells with a 

range of hole transporting materials degrade in hours at 80 ℃ in air. The loss of MAI 

made the dark-brown films turn yellow which indicated the formation of PbI2. 

Mixed-cation perovskites
85, 86

 have been shown to be more stable than single cation 

perovskites. Recently it has been shown that hybrid 2D-3D perovskite absorber layers 

can be used to dramatically increase the lifetime of the cells.
87, 88, 89

 Other strategies 

have looked at encapsulation or the use of barrier layers
90

. Finally, there have been a 

number of studies investigating organic and inorganic interlayers to improve long term 
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stability under ambient conditions 
91, 92, 93

. One approach employs a hydrophobic hole 

transporting layer or a thin hydrophobic interlayer to protect the perovskite and reduce 

degradation due to moisture ingress 
80, 94, 95

. When a hydrophobic hole conductor 

(DR3TBDTT) was used to replace the conventional spiro-OMeTAD hole transporting 

layer in a PSC, the device showed clear improvements in stability.
95

 In practice, 

however, introducing a hydrophobic interlayer is often an easier way to achieve a 

similar effect. The hydrophobic layers are generally made from small molecules with 

alkyl groups and have been located both underneath and above the perovskite layer and 

the hole transporting layer. As shown in Figure 1-5, the organic interlayer dodecyl-

trimethoxysilane was deposited on a perovskite film (CH3NH3PbI3) in a mesoporous 

perovskite solar cell and greatly improved the device stability as well as the PCE. The 

PCE of the device was monitored unsealed in ambient environment (humidity ˂ 45%), 

and 85% of the initial PCE remained after 600h.
54

 In Yang‟s study, a range of alkyl 

ammonium salts with different functional groups were deposited on perovskite films as 

hydrophobic interlayers.
80

 The substrate wetting properties were observed to change 

when the perovskite precursor solution was applied and tetra-ethyl ammonium iodide 

significantly improved the stability of the PSC. The device could be stored for over 30 

days at around RH 90%.  As mentioned above hydrophobic interlayers have been 

investigated in all four interlayer positions indicated in Scheme 2, including 

immediately adjacent to the metal cathode 
96, 97, 98

. For instance, Ciro et al. used 

Rhodamine 101 as a cathode interlayer to optimize the Ag/PCBM interface in a p-i-n 

structured perovskite solar cell
96

. They showed that device stability was significantly 

improved as the Rhodamine molecular interlayer appeared to act as a permeation barrier 

to slow the ingress of moisture from the atmosphere. 
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Figure 1-5. long-term stability of solar cells with and without hydrophobic interlayers 54.Figures (a) and (b) show the 

contact angle before and after the interlayer is added.  Figure (c) shows the change of normalized efficiency with time.   

1.2.5 Other Roles 

Interlayers can also serve many other roles such as blocking charge
99, 100

 and improving 

the intimacy of the contact between two layers
66, 101

. For example, small molecules with 

low lying HOMO can be used to modify the electron extracting layer. The interlayer 

prevents the hole from moving to the contact, as shown in Figure 1-6. Increasing the 

selectivity for one charge carrier can result in less recombination and an increase in the 

efficiency of charge collection. 

 

Figure 1-6. Hole transportation blocked by low-lying HOMO of an interlayer. 
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Organic molecule interlayers are also frequently used to increase the intimacy of the 

contact between different layers in the solar cells. In some cases the small molecules act 

to ‚bind‟ the two layers together, thereby reducing the series resistance as well
66, 102

. For 

example, when urea was used as the interlayer in polymer solar cells with PCBM and 

P3HT in the active layer
66

, the lone-pair electrons of the –NH2 group were able to 

coordinate to the Al cathode, causing a „closer contact‟ at the interface as well as tuning 

the work function. In perovskite solar cells, links between perovskite layer and contact 

layer are improved when the the interlayer moleules have terminal amino groups
52, 103

. 

For instance, a group of moleucles with generic structure HOOC-R-NH3I has been used 

to modify TiO2 surfaces
102

. These molecules bind the TiO2 surface through the carboxyl 

groups and participate in the crystallization process of the perovskite via the -NH3
-

terminus. The resulting peroskite device showed an improvement in PCE from around 7% 

to around 12%. 

1.3 Classes of Small Molecules Used in Interlayers 

There are a wide range of organic molecules that can be used as interlayers. Those most 

frequently used include perylene and its derivatives
51, 63, 65, 104, 105

, benzoic acid and its 

derivatives,
52, 106

 amino-functionalized small molecules
55, 107

, silanes
54

, dyes
108

 and 

fullerene derivatives
109, 110

. As listed in Table 1-2, different molecules are employed 

depending on the aim of the research. For instance, to reduce the work function, a 

molecule with permanent dipole moment is required. In order to change the morphology 

of the active layer, a molecule with hydrophobic or hydrophilic functional groups is 

important. If the interlayer is deposited on metal oxides, such as indium tin oxide (ITO), 

fluorine doped tin oxide (FTO), TiO2 or ZnO, small molecules with a „surface-active-

head-groups‟ (anchoring group) can be considered, as they can be deposited by a simple 

immersion process to prepare a self-assembled interlayer (displayed in Figure 1-7(a)).  
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Figure 1-7. (a) Organic molecule with dipole moment and anchoring group. (b) Silane self-assembled on a 

transparent conductive oxide (TCO) surface. 

 

Table 1-2. Relevant organic molecule interlayers that have been used in perovskite solar cells. Interesting examples 

of interlayers used in organic solar cells have also been included. 

Solar Cell architecture Small molecule 
Role of small 

molecule 

PCE 

Modified 

cell vs. 

not 

modified 

cell* 

ITO/PEDOT:PSS/CH3NH3PBIxCl1-

x/PCBM/ZnO/PDINO/Ag
65

 

 

Reduce Rs 

14.0% 

vs.11.3% 

(average

) 

ITO/PEDOT:PSS/PTB7:PCBM/PDINO/metal

63
 

 

Reduce work function 

and Rs 

7.7% 

vs.4.4% 

FTO/c-TiO2/m-TiO2/benzoic acid 

derivatives/FAxMA1-xPbI3-yBry/spiro-

OMeTAD/Au
103

 
 

Enhance charge 

extraction speed 

18.4% 

vs. 17.5 

FTO/c-TiO2/m-TiO2/benzoic acid 

derivatives / CH3NH3PbBI3/spiro-

OMeTAD/Au
52

 
 

Reduce surface 

defects 

10.5% 

vs. 7.5% 

ITO/PEDOT:PSS/P3HT:PCBM/ZnO/benzoic 

acid derivatives /metal
64

  
Reduce work function 

3.2% vs. 

0.7% 
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ITO/benzoic acid 

derivatives/PTB7:PCBM/Al
53

  

Increase work 

function/morphologic

al control 

8.2 

vs.5.1% 

FTO/TiO2/silanes/CH3NH3PbI3@ZrO2/C
38

 
 

Morphological control 
12.8% 

vs. 9.7% 

ITO/ZnO/mixed small 

molecules/P3HT:PCBM/MoO3/Ag
32

 

 

 

Surface 

energy/morphological 

control 

3.7% 

vs.3.3% 

(average

) 

ITO/ZnO/3-aminopropanoic acid/ 

CH3NH3PbI3 /spiro-oMeTAD/MoO3/Ag
61

  

Morphological control 

and reduce work 

function 

15.7% 

vs.11.9% 

FTO/TiO2/amino acids/CH3NH3PbI3/spiro-

OMeTAD/Au
111

 
 

Enhance charge 

extraction speed 

14.2% 

vs. 

10.8% 

ITO/PEDOT:PSS/NH3/CH3NH3PbI3−xClx 

/C60/BcP/Ag
112

 

NH3 Morphological control 

15.2% 

vs. 

14.3% 

FTO/c-TiO2/EA/CH3NH3PbI3− x Cl x /spiro-

OMeTAD/Au
37

  
Reduce work function 

16.3% 

vs.12.8% 

ITO/PEDOT:PSS/P3HT:PCBM/urea/Al
66

 
 

Reduce work function 

and Rs 

4.4% 

vs.3.4% 

ITO/PEDOT:PSS/DMSO/ 

P3HT:PCBM/BCP/Al
113

  
Reduce Rs 

2.7% 

vs.0.1% 

ITO/EDTA-N/PTB7:PCBM/MoO3/Al
114

 

 

 

Reduce work function 

and Rs  

6.2% vs. 

0.7% 

FTO/c-TiO2/mp-TiO2/butylphosphonic acid 

4-ammonium chloride/perovskite/spiro-

OMeTAD/Au
78

  

Stability improvement 
16.7% 

vs. 8.8% 

FTO/c-TiO2/PCBA/perovskite/spiro-

OMeTAD/Au
115

 

 

Reduce hysteresis  

13.1% 

vs. 

10.1% 

i) all the PCE data shown here are from the best performing cell and calculated from J-

V scans except where otherwise mentioned  
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1.3.1 Benzoic Acid Derivatives 

Benzoic acid derivatives are generally used in organic solar cells and perovskite solar 

cells to modify metal oxide layers like TiO2, ZnO or SnO2
52, 64, 69, 116

. The carboxyl 

group binds strongly to the oxide making them robust interlayers and the wide range of 

dipole moments accessible through functional group modification can provide 

favourable conditions for charge extraction at a variety of interfaces. With an 

appropriate dipole moment, a benzoic acid derivative can be used to improve the Voc, 

either as a cathode interlayer or an anode interlayer. Table 1-3 displays the dipole 

moment of a range of benzoic acid derivatives that have been used in PSC and OPV.
103, 

117, 118
  

Table 1-3. Dipole moments of some common benzoic acids. 

Molecule Dipole moment(Debye) 

 

-4.5 

 

-3.9 

 

-2.1 

 

1.4 

 

3.4 

 

3.8 

 

4.5 

 

1.3.2 Amino-functionalized Molecules 

The most commonly used amino-functionalized molecules can be classified into two 

groups: organic ammonium salts and neutral amino-functionalized molecules
119, 120, 121, 

122
. Generally, ammonium salts are alcohol soluble and useful for tuning the work 

function of a surface,
120

 Neutral amino-molecules are typically hydrophobic and can be 

used to tune the morphology of layers deposited on them. Some examples are listed in 

Table 1-4. Wang et al.
120

 synthesized several molecules functionalized with different 

amino groups as cathode interlayers for OPV. Depending on the amino-functional 

groups chosen, the work function of the modified electrode could be varied allowing the 
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formation of an Ohmic contact between the charge generating layer and the charge 

collecting layer.  

Table 1-4. Amino-functionalized small molecules as interlayers. Relevant interlayers used in organic solar cells have 

also been included. 

Amino-

functionalized 

small molecules 

Solar cell architecture Molecule structure Ref 

ammonium salts 

ITO/ PEDOT:PSS/ PTB7:PC71BM/ammonium 

salt/Al 

 

  

 

120
 

FTO/c-TiO2/m-TiO2/glycine/CH3NH3PbI3/spiro-

OMeTAD/Au 
 

121
 

ITO/ZnO/3-aminopropanoic acid/ CH3NH3PbI3 

/spiro-OMeTAD/MoO3/Ag  

61
 

FTO/TiO2/amino acids/CH3NH3PbI3/spiro-

OMeTAD/Au 

 

111
 

FTO/TiO2/CH3NH3PbI3/ammonium salt/spiro-

OMeTAD/Au 
 

80
 

ITO/ammonium salt/ PTB7:PC71BM/MoO3/Al 

 

119
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ITO/PEDOT:PSS/PTB7:PC71BM/TBATPB/Al  

 

123
 

Neutral amines 

   

ITO/triarylamine/CH3NH3PbI3/PCBM/LiF/Ag 

 

29
 

ITO/ammonium interlayer/ PTB7:PC71BM/MoO3/Al 

 

119
 

 

1.3.3 Silanes 

Silanes can form self-assembled monolayers (SAMs) on a range of substrates. The self-

assembly mechanism is shown in Figure 1-7 (b)). Their interaction with surface –OH 

groups is relatively straightforward. They react with transparent conductive oxides 

(TCO) to form a thin surface layer, while the non-reacting side functional groups are 

critical for the formation of surface dipoles
124, 125

. They have been used to change the 

work function, surface wetting properties and the stability of layers in solar cells. Table 

1-5 shows some examples of different silanes used in hybrid perovskite and organic 

solar cells. Song et.al. synthesised a series of silanes with fluorinated head groups as 

interlayers and systematically studied the effects of different molecular dipoles and 

packing densities of layers on ITO 
126

. After optimization of the structure and 

composition, the polymer solar cells with silanes exhibited a 54% increase of PCE and a 

35% improvement of Voc. A silane with a long alkyl chain (C12) was used in Zhang‟s 

work as an insulating layer for perovskite solar cells.
54

 It was presumed that it acted as a 

spatial separator of electrons in the perovskite layer and holes in the HTM layer. As a 

result the shunt resistance (Rshunt) increased and the series resistance Rs decreased. The 

PCE was enhanced by 40% from 9.8% to 13.7%, and device stability was also 

improved.  
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Table 1-5. Silanes in perovskite solar cells. Relevant interlayers used in organic solar cells have also been included. 

Solar cell architecture Silane structure References 

FTO/c-TiO2/m-TiO2/ CH3NH3PbI3/silanes/spiro-MeOTAD/Ag 
 

54
 

FTO/TiO2/silane/CH3NH3PbI3@ZrO2/C
38

 

 

38
 

ITO/PEDOT:PSS/ CH3NH3PbI3-xClx /silanes/PCBM/Ca/Al 

 

127
 

ITO/PTAA/ CH3NH3PbI3/C60-SAM/silanes/BCP/Cu 

 

128
 

FTO/SnO2/silanes/CH3NH3PbI3/spiro-OMeTAD/Au 

 

62
 

ITO/ZnO/mixed silanes/P3HT:PCBM/MoO3/Ag
32

 

 

 

32
 

ITO/silanes/P3HT:PCBM/metal 

  

 

34
 

ITO/ P3HT:PCBM/silanes/Au 

 

129
 

ITO/silanes/PTB7:PCBM/LiF/Al 

 

126
 

1.3.4 Perylene and its Derivatives 

Perylene and its derivatives (e.g. perylene diimides (PDIs) or perylene bisimides(PBIs)) 

are very typical n-type interlayers used in solar cells. The perylene core ensures good 
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conductivity, and in addition their energy levels and solubility can easily be modified by 

changing the side functional groups or substitution in the bay positions of the 

conjugated core. As displayed in Table 1-6, several different perylenes (most of them 

are perylene diimides) have been investigated
130

. As briefly discussed above, a solution 

prosessable perylene diimide, PDINO was used as cathode modifier in inverted 

structure perovskite solar cells. It improved the contact between the ZnO and the Ag 

metal contact, significantly reducing Rs and increasing Rsh, the PCE of the device was 

enhanced from 11.3% to 14%.
65

 Due to its good electric and electronic properties, 

PDINO has also been used in organic solar cells (as shown in Table 1-6)
63

, and the 

device showed improved efficiency from 4.8% to 8.2%. To date there are limited 

examples of perylene derivatives used in perovskite solar cells, however, the sucess in 

OPV
131, 132

(see Table 1-6) in organic solar cells suggests that this is an underexplored 

area in PSC.  

Table 1-6. Perylene and its derivatives used in perovskite and organic solar cells. 

Solar cell architecture Perylene and derivatives structure References 

ITO/PEDOT:PSS/perylene/ CH3NH3PbI3-xClx/ 

PCBM/Bphen/Al  

105
 

ITO/PEDOT:PSS/CH3NH3PbIxCl3-x/PCBM/ZnO/PDINO/Ag 

 

65
 

ITO/PEDOT:PSS/PTB7:PCBM/PDINO/metal 

 

63
 

ITO/PDIs/P3HT:PCBM/V2O5/Al 

 

131
 

ITO/ZnO:PDIs/PTB7Th:PCBM/MoO3/Al 

 

130
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ITO/PDIs/PTB7:PCBM/MoO3/Al 

 

133
 

ITO/PCDTBT:EP-PDI/PDIs/Al 

 

51
 

 

It is worth noting that the orientation in which PDIs pack or stack plays an important 

role in determining the electronic properties of the interlayer.
49, 134, 135

 Figure 1-8 

displays two different aggregation orientations of PDIs. It is reported that with different 

preparation methods, for example dipping or spin coating, the tilt angles of the 

molecular cores are different
49

. A phosphonic acid functionalized PDI film prepared 

using a dipping method showed a smaller tilt angle than the one made by spin coating
49

 

(Figure 1-8 (a)). Zhang et.al investigated how the charge transfer process changed with 

variation in orientation at the interface
135

. The authors used different solvents to control 

intermolecular hydrogen bond formation which modified the PDI film morphology 

(Figure 1-9). UPS analysis was used to show that the solar cells with PBI-1 (5,6,12,13-

tetrakis(o-tolyloxy)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-

tetraone) nanoparticles showed better charge transfer than those with PBI-1 nanofibers 

at the interface.  
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Figure 1-8  PDIs aggregating in different orientations. (a) PDIs aggregates have different tilt angles depending on the 

preparation methods used.  

 

Figure 1-9. PDIs film morphology changes with different solvents (both films obtained by spin coating).135 (a) 

CHCl3 as solvent; (b) THF as solvent. 

1.3.5 Other Molecules 

Other molecules including dyes 
104, 136, 137

, phosphonic acids
138, 139

, metal organo 

compounds
107, 140

 , alcohols
141

 and thiols
142, 143, 144

 have also been used as interlayers, as 

shown in Table 1-7. Rodamine 101 was found to increase the fill factor effectively 

when used as an interlayer between PCBM and the Ag contact in perovskite solar cells 

due to better aligned energy levels.
108

 It was suggested that its introduction in the solar 

cell created an Ohmic contact at the interface, which resulted in an increase of PCE 

from 12.0% to 14.8%. Interestingly, molecular interlayers can also help build ITO free 

device architectures in perovskite solar cells.
143

 Chang et.al. used two types of thiols 

and Ag was sandwiched between the two interlayers to form an ITO free electron 

collecting electrode.
143

 Thiol interlayers adjusted the work function of the Ag and 

improved the stability of devices. Due to the low sheet resistance of the modified Ag 

electrode, it also partially overcame the problem of high sheet resistance introduced by 
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TCOs in large area devices. The average PCE for devices with an active area of 

0.12cm
2
 was 15% and 5cm

2
 active area devices showed an efficiency of 11.8%. 

Table 1-7. Other organic molecule interlayer examples in perovskite solar cells. Relevant interlayers used in organic 

solar cells have also been included. 

Solar cell architecture Molecule structure REF Classification 

ITO/PEDOT:PSS/CH3NH3PbI3-

xClx/PCBM/rodamine101/Ag 

 

108
 dye 

ITO/ PEDOT:PSS/porphyrin/ 

CH3NH3PbI3/PCBM/BCP/Al 

 

100
 dye 

FTO/c-TiO2/m-TiO2/thiols/CH3NH3PbI3/thiols/spiro-

OMeTAD/Au 

 

 

142
 thiol 

Glass/thiols/Ag/thiols/PCBM/CH3NH3PbI3/PTAA/Ag 

 

143
 thiol 

ITO/NiOx/ CH3NH3PbI3-xClx/PCBM/metal organo 

compound/Ag 
 

140
 

metal organo 

compound 

ITO/PEDOT:PSS/ PCDTBT:PC71BM/ 

metallophthalocyanine/Al 

 

136
 dye 

ITO/phosphonic acids/P3HT:PCBM/Al 

 

139
 

Phosphonic 

acid 
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ITO/glycol/PTB7:PC71BM/Al 
 

141
 glycol 

 

1.4 Methods Used to Prepare Organic Molecular Interlayers  

Due to the insulating nature of most small organic molecules, the interlayer in a device 

is generally less than 10 nanometers thick 
63, 66, 145

. Interlayers are also required to be 

thin in order to avoid unwanted absorption of light before it can reach the active 

layer,
131

 although there are a few exceptions, especially when the molecule has good 

conductivity. As reported by Wang et al., a perylene diimide based interlayer 

(conductivity ~ 10
-5

 S cm
-1

) gave a very good performance with thicknesses ranging 

from 6 to 25nm.
63

  

Several approaches can be employed to prepare thin interlayers. They can be made by 

solution processing or by vapor deposition. The method chosen depends on the 

properties of the material being deposited and the surface it is being deposited on. 

Scheme 1-4 illustrates the three most common methods used to prepare thin layers, i.e. 

dip coating, spin coating and thermal evaporation. Notably, when using solution-

processed approaches it is extremely important to account for the effects of the solvent 

on interlayer morphology. The stability of the interlayer in the presence of the solvent 

used to deposit subsequent layers is also important.  

 

Scheme 1-4. Thin interlayer preparation methods. (1) dipping method, (2) spin coating method, (3) thermal 

evaporation. 
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1.4.1  Dip Coating/Immersion  

Dip coating is a simple and low energy route to obtaining uniform thin films through 

molecular self-assembly. Small molecules deposited by dip coating usually have 

surface-active groups to anchor and self-assemble spontaneously on the solid surface. 

They can easily rearrange and form well-ordered and highly oriented ultrathin films 

through specific interactions such as formal chemical bonds, hydrogen bonds or π-π 

stacking
146

. The molecules should be carefully chosen to match the surface properties of 

the substrates
147

 in order to get uniform layers. As has already been mentioned, 

molecules with R-O-R‟, R-OH or R-COOH structures can form chemical bonds with 

TCO substrate surfaces. Other examples include thiols (R-SH) or dithiols which can 

self-assemble on metal surfaces
148, 149, 150, 151

 (e.g. Au, Ag, Cu, Pd, Pt, Ni, Fe etc.) and 

phosphonic acids which can also form self-assembled monolayers on oxides such as 

silicon dioxide and aluminum oxide
152

.  

Table 1-8 lists the parameters that are important to achieve good dip coated film quality;  

e.g. the number of surface dangling functional groups (such as –OH on metal oxides) 

could significantly affect chemical adsorption on the surface. The temperature of the 

solution will influence the adsorption speed and the dipping time will have impact on 

the coverage. To make a thin layer that is more strongly bound to the substrate a post 

annealing process after dipping can help convert physisorption into chemisorption. 

There are some studies mentioning that the high relative humidity (RH) of the 

environment needs to be controlled as it can prevent molecules from forming chemical 

bonds with the substrates
152

. 

Table 1-8. Dip coating process parameters for making molecular interlayers. 

Substrates Material Solvent Concentration 
Dipping 

time 

Dipping 

temperature 
REF 

SiO2 ODPA THF 1mM 3h 60° 
152

 

TiO2 
Benzoic acid 

derivatives 

THF: 

EtOH(1:1) 
0.1mM overnight - 

69
 

TiO2 
Benzoic acid 

derivatives 
MeCN 1mM 2~h - 

117
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TiO2 
Carboxylic /phosphonic 

acids 
EtOH 0.5mM 18h - 

153
 

TiO2 glycine H2O 1mM overnight - 
121

 

ITO 
Perylene diimide 

derivatives 
DMF/CHCl3 20 µM 1h 

Room 

Temperature 

49
 

Where a value has not been entered it was not mentioned in the reference. 

Rather than getting a thin layer (monolayer or multilayer) through a self-assembly 

process, an exact monolayer can be obtained using the Langmuir-Blodgett technique 

(shown in Scheme 1-5). This technique relies on amphiphilic molecules forming a 

monolayer at the liquid/air interface. By slowly withdrawing a substrate from the liquid, 

a uniform monolayer can be obtained.
154, 155
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Scheme 1-5. Self-assembly process and Langmuir-Blodgett technique. 

1.4.2 Spin Coating  

Spin coating is a highly controllable method for depositing thin films. It is very 

practical for small area substrates as long as the desired material is soluble or well 

dispersed in the selected solvent. Unlike dip coating, spin coating is a quicker process 

and has fewer substrates requirements. It typically only takes a few seconds to coat the 

film and usually a few minutes to anneal it. Spin coating can be used to deposit 

molecules that can physisorb or chemisorb onto the surface.  
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The thickness and the quality of spin coated films can be optimized by varying the spin 

speed, coating time or concentration of the precursor solution. In Table 1-9, a few 

parameters for commonly used spin coating processes are listed. To get good quality 

thin films, the solvent type, concentration of the solution, pH of the solution, spin 

coating parameters and annealing procedures are all important factors that need to be 

considered
131, 135

. As mentioned above Zhang et.al.
135

 used CHCl3 and THF as two 

different solvents to control the morphology of perylene diimide cathode interlayers by 

changing the intermolecular hydrogen bonding. In addition, the authors introduced 

acetic acid as an aggregation inhibitor to control the structure and dimensionality of the 

film.  

Table 1-9. Spin coating process parameters for making molecular interlayers. 

Underlayer Molecule Solvent concentration 
Spin coating 

speed 
REF 

PCBM PDINO MeOH 1mg/mL 1krpm 
65

 

TiO2 Ethanolamine 2-methoxyethanol 0.35wt.% 3krpm 
37

 

PCBM:P3HT 

Heterojunction 

Urea Methanol 1mg/mL 3krpm 
66

 

ITO 
Perylene diimide 

derivatives 
CHCl3 0.5mM 1krpm 

49
 

F-DTS:R-PDI 

Heterojunction 

Perylene diimide 

derivatives 

Methanol with 0.2% acetic 

acid 
1.5mg/mL 3krpm 

134
 

 

1.4.3 Thermal Evaporation 

Thermal evaporation is a simple physical vapor deposition process which is suitable for 

both inorganic and organic materials. The desired material is placed in a boat under 

vacuum and then heated to form vapor which will condense on nearby substrates. This 

is an effective approach to deposit multilayer films especially when the desired material 

has low solubility in common solvents. This method allows precise control of the film 

thickness (0.1nm precision) and an easily controllable deposition rate. Despite the 

drawback that some organic materials easily decompose at high temperatures, it is a 

very popular method to deposit organic compounds for optoelectronic devices
156, 157

. 
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Huang et.al. prepared a FPDI (fluorinated perylene diimide derivative) electron 

transporting layer using the vapor deposition method
158

 for CH3NH3PbI3 perovskite 

solar cells. The thickness was precisely controlled from 25nm to 75nm, and the solar 

cell efficiency was effectively improved with the optimization of FPDI thickness.  

1.4.4  Other Methods 

There are some other solution based methods to deposit thin films, such as drop-casting, 

solution printing techniques and solvothermal methods.
159

. For instance, Qu et al.
159

 

used a solvothermal method to prepare a thin carboxylic acid layer on a TiO2 surface. 

The process was carried out in an autoclave at 100 °C for 24h. The higher temperature 

and pressure conditions make the molecules chemically adsorb onto the TiO2 surface 

(bidentate chelation). The coverage was optimized by changing the ratio of TiO2 to the 

small molecules.  
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2.1 Introduction  

In this chapter, the theory behind the techniques and measurements used in this project 

is described.  

2.2 Semiconductors and band structures 

Based on their conductivity, solid materials can be classed as conductors, 

semiconductors and insulators. In a conductor, the conduction band and the valence 

band have a very small gap, and the conduction band is partially filled. Only tiny energy 

is needed to excite the valence electron, therefore it has high conductivity. While in a 

semiconductor or an insulator, the conduction band and the valence band are separated, 

and in an undoped wide band gap semi-conductor the concentration of free carriers at 

room temperature is very small. Thus the conductivity of semiconductors and insulators 

are lower than conductors. As shown in Figure 2-1, the conductivity of a 

semiconductor is in the range of 10
-10 

S/cm to 10
4

 S/cm, and its band gap is in the 

medium range with respect to an insulator and conductor. As the core part of a solar cell, 

semiconductors determine the optical properties of a device, and are critical to the 

charge generation efficiency and the output photovoltage that a device can achieve.  

 

Figure 2-1 Band structures and conductivity of a conductor, semiconductor and insulator. 

Depending on the majority charge carrier (electron or hole), semiconductors can be 

categorised as intrinsic, n-type and p-type semiconductors as demonstrated in Figure 

2-2. An intrinsic semiconductor has equal densities of electrons and holes and the Fermi 
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energy level (EF) is located in the middle of the band gap, an n-type semiconductor (n 

type doping, i.e. introducing electron donors) has an excess of electrons with the EF 

close to the conduction band and a p-type semiconductor (p type doping, i.e. 

introducing electron acceptors) has an excess of holes with the EF close to the valence 

band. In perovskite solar cells methylammonium lead iodide (CH3NH3PbI3) perovskite 

is well accepted as an intrinsic semiconductor
1
, thus the junction it forms with electron 

transporting materials and hole transporting materials is so-called a “p-i-n” junction.  

 

Figure 2-2 Classification of semiconductors. EF represents Fermi energy level.  

2.3 Energy alignment in a solar cell 

Efficient solar cells also rely on effective charge separation and transport in addition to 

charge generation. It is of great importance to have appropriate energy level alignments 

between the different layers in a device, such as between semiconductor/semiconductor 

(e.g. p-n junction) and between the semiconductor/electrode (semiconductor/metal 

junction).  

2.3.1 Energy alignment of p-n junctions and metal-semiconductor junctions 

Band bending generally happens at the interface of materials with different Fermi levels. 

As illustrated in Figure 2-3, where a “p-n” junction is used as an example, band bending 

occurs at the interface of the junction and Fermi levels are aligned. The as-established 

potential step caused by the alignment of Fermi levels is called the built-in potential 

(Vbi); the bending area (depletion region) is depleted of majority carriers.  
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Figure 2-3 Energy alignment of a p-n junction in a solar cell at equilibrium at dark.   

The energy alignment at the interface of a semiconductor and an electrode (i.e. metal) is 

critical for charge collection in a solar cell. If the Fermi level of a semiconductor is 

higher (lower work function) than a metal (i.e. mismatch of energy levels), a barrier can 

form at equilibrium with respect to the conduction band of the semiconductor. Figure 

2-4 shows an n type semiconductor in contact with a metal. The metal has a lower 

Fermi level than the semiconductor. Once equilibrium is reached, an energy barrier, a so 

called Schottky Barrier, is generated at the interface, which acts to retard the electron 

flow to the metal. This mismatch in the energy levels should be avoided in order to 

reduce energy loss and improve the efficiency of charge collection.  

 

Figure 2-4 Energy alignment of a semiconductor-metal junction at dark. 

2.3.2 p-i-n junction of the perovskite solar cell 

The alignment of the energy levels in a p-i-n junction is demonstrated in Figure 2-5. 

The built-in voltage is determined by the Fermi level differences which is the same as 

the p-n junction. But the electric field is uniformly extended over the thickness of the 

intrinsic semiconductor. Charge carriers in the intrinsic semiconductor generally show 
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extended lifetimes as the photogenerated carriers can be driven by the electric field and 

survive for a longer distance.  

 

Figure 2-5 Energy alignments of p-i-n junction at dark.  

2.3.3 Surface dipole and the charge collection at the metal contacts 

Molecules with dipole moments are frequently used to tune the work function of 

modified substrates
2
. The direction of the surface dipole greatly influences the charge 

collecting efficiency (e.g. electron collection and hole collection). As illustrated in 

Figure 2-6, for electron collection ((A), (B)and (C)), a surface dipole with the direction 

facing away from the metal will reduce the work function of the metal and decrease the 

barrier for electron collecting. In contrast, a surface dipole with the direction facing 

toward the metal will increase the work function of the metal and raise the barrier for 

electron collecting. The mechanism is the same for hole collecting. However, a surface 

dipole that is directed toward the metal is beneficial to hole collection Figure 2-6(D), (E) 

and (F).  



Chapter 2: Theory 

 

 

56 

 

 

Figure 2-6  surface dipole and work function tuning in an organic solar cell. 2, 3 ΦM is the work function of a metal 

contact. (A)(B)(C) demonstrate the impacts of molecular dipoles on electron collection. (D)(E)(F) demonstrate the 

impacts of molecular dipoles on hole collection.  

2.4 Recombination and trap states in semiconductors 

The photocurrent/photovoltage of a solar cell is the result of a balance between charge 

generation and charge recombination.
4
 In a photovoltaic cell energy is needed to 

generate electron-hole pairs that then disappear by recombination, releasing energy.  

Recombination can release photons (radiative recombination), give energy to another 

carrier at the same time (Auger recombination) or excite lattice phonons (non-radiative 

recombination) Trap-mediated recombination (non-radiative recombination) occurs 

when the charge release (from the trap state) time is longer than the time to capture the 

opposite charge. e.g. when an electron relaxes from the conduction band to a trap state 

and a hole is then captured as well before the electron is released from the trap state The 

detailed processes are described in Figure 2-7, where radiative recombination, non-

radiative recombination and Auger recombination are all demonstrated.  
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Figure 2-7 Recombinations in a solar cell 

A „trap‟ is a localised energy state within the band gap. Trap states are caused by 

impurities or defects in the crystal structure and can be classed as deep trap states and 

shallow trap states depending on the energy level the state is located. Charges trapped 

into shallow trap states can still be thermally excited. Charges which fall into deep trap 

states are more likely to recombine. As charge separation happens at an interface (i.e. 

depletion region) of a junction, the trap states can reduce the charge mobility and the 

recombination centres at surfaces can affect the charge collection. Decreasing the 

density of surface traps and recombination centres improves the PCE of perovskite solar 

cells
5
.  

 

Figure 2-8 Deep and shallow trap states in a semiconductor. 
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2.5 Power conversion efficiency of perovskite solar cells 

The power conversion efficiency (PCE) is an important parameter used to estimate the 

performance of a solar cell. It indicates how effectively solar energy can be converted 

into electricity. It can be obtained by carrying out J-V scans, where a bias is applied to 

the cell, as shown in Figure 2-9. Under certain test conditions (e.g. standard test 

condition: AM 1.5, 100 mW/cm
2
 at a temperature of 25°C) parameters such as open 

circuit voltage (Voc), short circuit current density (Jsc), and fill factor (FF) can be 

measured. The FF is calculated according to equation 2-1. The PCE can then be 

calculated by equation 2-2. 

   
         

       
                                                                                                                             Equation 2-1 

   (    )  
           

      
 

          

      
                                                         Equation 2-2  

Where Pmax output is the maximum power output and P input is the power of incident solar 

energy. 

 

Figure 2-9 J-V curve of a solar cell under illumination. 

Due to the diode character of a solar cell in the dark, the J-V curve under illumination is 

an overlap of the dark current and the light-generated current. As illustrated in Figure 

2-10, the J-V curve for a solar cell in the dark shows typical diode characteristics 

(Figure 2-10 (a)), and the direction of the dark current is opposite to the light generated 

C
u

rr
e

n
t 

d
e

n
s

it
y

 /
m

A
c

m
-2

Voltage / V

V
oc

J
sc

Maximum power



Chapter 2: Theory 

 

 

59 

 

current which is also demonstrated in an equivalent circuit (Figure 2-10(b)). The output 

current can be illustrated as equation 2-3 

            (
  

   
)                                                                               Equation 2-3 

Where IL is the light generated current, I0 is saturated dark current, I is the output 

current of a device and n is the ideality factor.  

 

Figure 2-10 J-V curve of a solar cell at dark and equivalent circuit of a solar cell.  

2.6 Cyclic voltammetry and HOMO/LUMO energy levels of organic 

molecules 

Cyclic voltammetry is a frequently used electrochemical technique to study both the 

kinetics and thermodynamics of chemical systems.
6
 A triangular waveform is applied 

(shown in Figure 2-11(a)), and the current response is recorded as a function of 

potential, as demonstrated in Figure 2-11(b). 

 

Figure 2-11 Cyclic voltammetry technic.(a) Applied voltage signal over time, (b) Plot of current-voltage response.6 

Ep,c is redox peak current potential, Ep,a is oxidation peak current potential, Ep/2 is half peak current potential and 

Eswitch is the potential where the scan direction changes. 
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The reduction peak occurs when the species in solution or on the surface is reduced. As 

illustrated in Figure 2-12, electrons transfer from the electrode into the LUMO of the 

molecule when the Fermi level of electrons in the metal electrode is driven to a position 

where an electron can relax to the LUMO of the molecule. In contrast, oxidation occurs 

when the Fermi level for electrons is driven to a position where it can accept electrons 

from the molecule. Therefore, the HOMO and LUMO energy levels of a molecule can 

be estimated. This method is only used to estimate the energy levels. It cannot 

determine exactly where the HOMO and LUMO are, since the reorganisation energy is 

not taken into account.  

 

Figure 2-12 Reduction and oxidation reactions of molecules in the electrolyte by electrochemical methods.7 

To carry out measurements, a three-electrode system is employed, which includes a 

working electrode (WE), a counter electrode (CE) and a reference electrode (RE). 

Sometimes the system to be studied needs to be kept under an inert environment to 

prevent dissolved oxygen reacting at the electrode. A three-electrode cell is shown in 

Figure 2-13, the cell is held under Argon to keep an inert environment, and a 

thermometer can be used to check the temperature.  
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Figure 2-13 A cell with three-electrode system and inert environment.6 

2.7  Impedance Spectroscopy 

Impedance spectroscopy is a dynamic measuring technique, which can be used to study 

the kinetics of a system
8
. A small perturbation signal is applied to the system, generally 

a sinusoidally varying voltage E(t) with a small amplitude (e.g. 10mV), and the 

impedance (Z) is detected over a range of frequencies. The impedance is defined by 

Equation 2-4
9
 

    
 ( )

 ( )
 

     (  )

     (    )
 

     (    )

     (      )
                                             Equation 2-4 

Here I(t) is the current, Em and Im are the amplitudes of the voltage and the current, θ is 

the phase difference between the applied voltage and the measured current,  and Z′ and 

Z″ are the real and imaginary part of the impedance. 

For a resistance, the phase difference between the applied voltage and the detected 

current are zero, the impedance can then be described by Equation 2-5, indicating the 

impedance of a resistance is a constant.  

  
 ( )

 ( )
 

     (  )

     (    )
 

     (    )
  
 

    (    )
                                                        Equation 2-5  

 For a capacitance (C), its impedance changes as a function of frequency according to 

Equation 2-6. It is easy to find that the phase change between the voltage and current 

are 90°. 
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2-6 

According to Laplace Transform
8
, the impedance of the capacitance can be written as 

Equation 7 

   
 

   
                                                                                                          Equation 2-7 

For an inductance (L), the impedance can be described as the equation and the phase 

difference is also 90°.   
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    Equation 2-8 

After transforming, the impedance of the inductance can represent as following
8
: 

                                                                                                                             Equation 2-9 

Two typical plots, the Nyquist and Bode plots are used represent the information of the 

impedance spectroscopy. As demonstrated in Figure 2-14, a Nyquist plot shows the 

information in a complex plane where the real and imaginary part of the impedance are 

displayed. However, the frequency is not obvious. In the plot the points from left to 

right represent the high frequency to low frequency signal. A bode plot displays the 

clear relation of the phase change or the absolute impedance change as a function of 

frequency, which is shown in bottom graph in Figure 2-14. 
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Figure 2-14 Impedance spectrum. Nyquist plot (top) and Bode plot (bottom)10 

An equivalent circuit with different electrical elements (e.g. resistance, capacitance and 

inductance) is used to model the reality of an electrochemical system. In terms of the 

complex processes in perovskite solar cells, the impedance spectra are still not fully 

understood. Recently, it has been reported that the spectrum can be modelled using an 

equivalent circuit shown in Figure 2-15.
11, 12

 The equivalent circuit can display the 

series resistance and reveal the charge movements in a perovskite solar cell. In the 

circuit, Rs is series resistance, Zrec represents the recombination resistance which is 

frequency-dependent, Cgeo is the geometric capacitance. Rshunt is the shunt resistance 

which is generally very high and rarely noticed in impedance. Rionic and Cdl are the ionic 

resistance and double layer resistance which are related to the ionic moving in the 

device.  
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Figure 2-15Equivalent circuit for impedance spectrums of perovskite solar cells11 . 

2.8 Steady state and transient photoluminescence  

Photoluminescence (PL) is a photon-excited light emission process. It includes three 

steps which are charge carrier generation following light absorption, diffusion of 

carriers and radiative recombination.  Figure 2-16 shows light absorption to create an 

excited electron in an organic molecule. However, electrons can only be kept at the 

excited state for a short time. They speedily relax from a higher energy level to a lower 

energy and photoluminescence (i.e. fluorescence and phosphorescence) can be observed 

when the electrons relax from a singlet excited state or a triplet excited state to the 

ground state   

 

Figure 2-16 Jablonski Energy Diagram shows the light absorption and light emission process.13  
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In an inorganic semiconductor, PL refers to fluorescence. The energy of emitted light is 

related to the recombination processes. As illustrated in Figure 2-17, 5 different 

radiative transitions can be observed with PL. (a) is direct band to band recombination 

in the figure. (b) is the recombination of free excitons (bound electron hole pairs). In 

this situation some energy is used to counteract the binding energy. Therefore, the 

emission has a lower energy than the band gap. (c) is the recombination of the bound 

excitons of a free hole and a neutral donor, (d) represents bound excitons of a free 

electron and a neutral acceptor, and (e) is the recombination happening between an 

electron on a  neutral donor and a hole on a neutral acceptor.      

 

Figure 2-17 Different radiative transitions observed with photoluminescence14 

Photoluminescence is a useful tool to estimate (or identify) the defect and determine the 

charge carrier lifetime of a semiconductor
5, 14, 15

. As mentioned above, the defects in a 

semiconductor can act as centres for non-radiative recombination. The density of the 

defects can significantly influence the intensity of the PL which is generated when 

radiative recombination happens. The more defects there are, the lower the PL intensity 

is. There are two PL techniques that have been used to characterise solar cells, which 

are steady-state PL and transient PL. In a steady-state PL measurement, continuous 

laser illumination is used to excite the charges. The PL intensity at different 

wavelengths is detected which, in the case of direct band to band recombination can be 

used to estimate the band gap. In a transient PL measurement, a transient laser pulse is 

generally applied. The decay PL intensity following a laser pulse at a certain 
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wavelength is recorded over time. This test can be used to investigate the charge carrier 

lifetime and calculate the charge diffusion length.  
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3.1 Introduction 

In this chapter, the methods used to fabricate solar cell devices are described and the 

most important characterization techniques used throughout this project are discussed. 

All the chemicals were ordered from Sigma-Aldrich or Dyesol, and they were used 

without further purification. 

Table 3-1 Chemicals used in this project 

Chemicals Supplier Purity Size 

CH3NH3I Dyesol - 5 g 

PbI2 
Sigma-

Aldrich 
99% 50g 

PbCl2 
Sigma-

Aldrich 
98% 250g 

Titanium isopropoxide 
Sigma-

Aldrich 
99.999% 5mL 

Titanium diisopropoxide 

bis(acetylacetonate) 

Sigma-

Aldrich 

75% in 

isopropanol 

100 

mL 

Spiro-OMeTAD 
Sigma-

Aldrich 
99% 5 g 

Li-TFSI 
Sigma-

Aldrich 
99.95% 5g 

4-(aminomethyl) benzoic acid 
Sigma-

Aldrich 
97% 5g 

4-amino benzoic acid 
Sigma-

Aldrich 
99% 5g 

4-(methylamino) benzoic acid 
Sigma-

Aldrich 
97% 10g 

Ammonium hydroxide  
Sigma-

Aldrich 

28%-30% aq. 

solution 

500 

mL 
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3.2 Device fabrication  

In this project “n-i-p”, both planar and mesoporous, perovskite solar cells were prepared. 

The structure of planar and mesoporous cells are shown in Figure 3-1. The cells were 

prepared by depositing one layer at a time from the bottom FTO substrate upwards. 

Devices were prepared either in a dry box or in an ambient environment.  

 

Figure 3-1 Planar and mesoporous perovskite solar cells 

3.2.1 TCO glass cleaning and etching 

FTO and ITO glasses were used as the charge collecting electrodes. They were cut into 

a size of 2.5cm×2.5cm and etched with Zn powder and 2 moldm
-3

 aqueous HCl to 

achieve the desired pattern. The pattern is displayed in Figure 3-2 where the blue part is 

etched and not conductive. Subsequently, substrates were cleaned by using a 5-step 

cleaning process. Substrates were sonicated at 80°C in 2% hellmanex solution, ultrapure 

water, isopropanol, acetone and ethanol respectively, each sonication step lasted 15mins. 

Substrates were then dried with N2 flow before deposition of the next layer.  

 

Figure 3-2 Etching pattern on FTO and ITO glass 
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3.2.2 Electron transporting layer (ETL) 

A compact TiO2 film works as an electron transporting layer in planar and mesoporous 

solar cells. It is prepared either through spin coating or spray pyrolysis. Depending on 

the methods used, different titanium precursor solutions are employed. For the spin 

coating method, an ethanolic solution of titanium isopropoxide (TTIP, ) was used
1
. HCl 

solution was added into 0.2 mol/L TTIP in ethanol. The ETL is deposited by firstly spin 

coating the precursor solution at 2k rpm for 60s, followed by annealing the substrate at 

150°C for 15min to remove the residue solvent, and then sintering at 500°C for 30min 

to get anatase TiO2. For spray pyrolysis, a solution of titanium diisopropoxide 

bis(acetylacetonate) in ethanol was used. TiO2 was prepared by spraying the precursor 

solution on substrates kept on a hotplate at 500°C with a chromatography sprayer 

(provided by Sigma-Aldrich). This step was repeated for 10 times and then post-

annealing the substrates for 10min to get anatase TiO2. 

3.2.3 Mesoporous layer 

The mesoporous TiO2 precursor solution was prepared by dispersing a TiO2 paste 

(Dyesol 18NR-T) into ethanol with a weight ratio of 2:7. The suspension was stirred at 

room temperature for at least 30min before use. The mesoporous layer was deposited by 

spin coating the precursor solution at 5k rpm for 30 s. The film was then heated at 

150°C for 15min to remove the solvent and subsequently annealed at 500°C for 30min.  

3.2.4 Hole transporting layer (HTL) 

To prepare the precursor solution for making the hole transporting layer, 9.6 µL tert-

butyl-pyridine and 30 µL bis(trifluromethane)sulfonimide lithium salt (Li-TFSI) 

solution (175 mg/mL of) in acetonitrile were added into 1mL of a 0.78 mol/L solution 

of N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-

fluorene]-2,2′ ,7,7′ -tetramine (spiro-OMeTAD) in chlorobenzene. The precursor 

solution was spin coated on top of the perovskite layer at 3k rpm for 30s to get the 

desired HTL.  
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3.2.5 Back contact electrode 

The Au back contact was deposited by thermal evaporation (Moorfield nanoPVD). The 

deposition speed and thickness were monitored. The film was deposited at 0.1 nm/s for 

the first 5 nm and then at a rate of  ~1 nm/s to obtain a 50 to 70 nm film.  

3.3 Perovskite layer deposition  

In this thesis, the perovskite layer is either CH3NH3PbI3 or CH3NH3PbI3-xClx, 

depending on the type of perovskite film required. Two types of perovskite film 

deposition are used in this thesis. The first is a one-step method where the perovskite 

film is deposited using a single precursor solution.  The second method is a vapour-

assisted solution method in which the perovskite layer is deposited by a two-step 

method.  

3.3.1 One step method 

The one-step solution processing method is very widely used to prepare perovskite 

layers
1, 2

. It is simple and the layer is generally made by spin coating the precursor 

solution directly on the substrates. Two recipes were used in this work, and they are 

both 41% precursor solution. One has DMF as the solvent solution with MAI 

(methylammonium iodide): PbI2:PbCl2=4:1:1(molar ratio), named the 4:1:1 recipe. The 

other one is also a DMF solution but with MAI: PbCl2=3:1(molar ratio), named the 3:1 

recipe. The details of the recipes can be found in Table 3-2. After spin coating, the wet 

films were usually annealed at 100°C for 90 min to get full conversion to the dark 

brown/black perovskite films. 

Table 3-2 Precursor solutions for preparing perovskite films 

Recip

es 

MAI 

(Dysol, )(mg/

mL) 

PbI2 (Sigma 

Aldrich, )(mg/

mL) 

PbCl2 (Sigma 

Aldrich, )( (mg/

mL) 

Solve

nt 

Spin 

coatin

g 

speed 

(rpm) 

Spin 

coatin

g time 

(s) 

4:1:1 307.1 222.6 134.3 DMF 3 k  30 

3:1 419.5 - 244.5 DMF 2 k 60 
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3.3.2 Vapour assisted method 

A two-step vapour assisted method was also used to prepare perovskite films. The films 

were prepared in air under low vacuum. To get perovskite films, a PbI2 layer was first 

deposited by spin coating a PbI2 in DMF solution (400 mg/mL) on a compact TiO2 

substrate at 4k rpm for 60s, and then annealed at 120°C for 1 h to get the PbI2 film.
3
 The 

precursor solution and FTO substrates were both kept at 60°C before the deposition of 

PbI2 films.  MAI powder and the substrates with PbI2 films were then put on a hotplate 

at 150°C. The samples were covered with a desiccator lid which was connected to a 

pump (Edwards 5 E2M5 Rotary Vane Dual Stage Mechanical Vacuum Pump) to 

evacuate the chamber as shown in Scheme 3-1. The yellow PbI2 film turned into dark 

perovskite films, following the reaction of PbI2 with MAI vapour. A complete color 

transition was observed after the substrates were treated for 70 mins under the 

dessicator lid.  

 

Scheme 3-1 Vapour assisted solution method for making perovskite films in air 

 

3.4 Characterization Techniques 

3.4.1 Cyclic voltammetry (CV) 

CV was carried out using the Metrohm Autolab electrochemistry platform. A three-

electrode set-up was used and measurements were carried out in an earthedFaraday 

Cage. A piece of Pt foil was used as the counter electrode, Pt wire was used as a 

pseudo-reference electrode and a Pt disc electrode (ø=2mm) as the working electrode. 

The electrolyte (PDIs in DMSO solution) was bubbled with argon gas for at least 15 

min before the measurement to remove oxygen, and the system was kept under Ar 
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atmosphere until the measurements were finished. Ferrocene was added into the 

electrolyte as an internal reference after the CV measurements of active materials. 

3.4.2 Current density-voltage scan (J-V scan) 

J-V scans were controlled by a homemade programme supported by LabVIEW. The 

power was provided by a Keithley (2601A System) source meter and the light 

illumination was simulated by a solar simulator to match one sun, AM1.5. Both forward 

(e.g. from 0V to 1.1V) and reverse scans (e.g. from 1.1V to 0V) at dark and under 

illumination were tested. Before scanning under illumination, devices were soaked 

under light for 5s to to ensure the scans started from steady state. All devices were 

tested in the ambient environment without encapsulating. 

3.4.3 Stability test 

The stability of perovskite solar cells were monitored by measuring J-V scans of a 

device over time. For example, devices were first tested straight after fabrication, which 

is the data point collected at 0 h. More data points were then collected by taking JV 

curves at regular intervals, for instance, 1h, 2h, 24h, 48h or longer. The PCE change in 

the devices was used to estimate the stability. Between each test point, devices were 

kept in a desiccator box where the RH was around 20%. 

3.4.4 Impedance Spectroscopy (EIS) 

Impedance was measured on a ModulabXm (Solartron analytical). Solar cells were held 

at the open circuit voltage under illumations with a red LED (660nm) for measurements 

at single illumination intensity. Measurements at different light intensities were also 

carried out on the same instrument, but with a blue LED (470nm) as the light source. A 

frequency range of 1MHz to 10 mHz and an AC amplitude of 10 mV were applied in 

the test. Measurements were carried out in a earthed Faraday cage at room temperature. 
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4.1 Introduction  

There are two key factors correlated to the power conversion efficiency of perovskite 

solar cells as shown in equation 4-1. They are charge generation efficiency (including 

light harvesting, exciton generation and separation) and charge collection efficiency of 

devices. The optimization of solar cell device performance can be achieved by 

improving both processes. 

                                                                                                                Equation 4-1 

To enhance the charge generation efficiency, improvements can be achieved by 

increasing the light harvesting and charge generation, such as reducing light loss and 

band gap, . As demonstrated in Figure 4-1, three important processes happen in a solar 

cell. They are the light harvesting, charge generation (e.g. excitation generation) and 

charge collection process (including the charge separation, recombination and 

transporting). It is an effective solution to improve the charge generation efficiency by, 

for example, reducing losses due to light reflection and absorption of transparent 

conductive oxides (TCO) glass substrates, and the electron transporting material (ETM) 

helps to improve the light harvesting efficiency. Lowering the band gap of the 

perovskite can improve the harvesting of visible light. The addition of additives into 

perovskite precursor solution
1, 2

 and use of mixed anions (MAPbI1-xClx)
3, 4

 have been 

used to improve the absorbance of the perovskite. Mixed cation systems (e.g. 

CsxFAyMA1-x-yPbX3) can be used to reduce the band gap of perovskite
5, 6

. Charge 

collection efficiency can be improved through enhancing the charge separation and 

charge transporting and decreasing non-radiative recombination in the device. For 

instance, decreasing the energy loss at interfaces by optimizing the energy alignments 

of different layers either through interface engineering or selection of a well-matched 

contact layer can effectively improve the charge collection efficiency. In addition, 

avoidance of the non-radiative recombination by reducing the concentration of defects 

of semiconductors is also an effective way to improve the charge collection efficiency.  
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Figure 4-1 Working mechanism of n-i-p structure hybrid perovskite device. The three processes displayed are (1) 

light harvesting, (2) excition generation and (3) charge collection. 

In this chapter, studies are based on conventionally structured perovskite solar cells, 

which have a “n-i-p” architecture with TiO2 as the electron transporting layer. The 

optimization described in this chapter mainly targets the performance enhancement of 

mixed halide perovskite (MAPbI1-xClx) solar cells fabricated in air or in a dry box. 

Research was carried out on different layers of the devices, from selection of the TCO 

substrates, studying of the blocking layers made by different methods and modification 

of perovskite layers to device configuration improvement. Most of the work focuses on 

the modification of the techniques used to prepare thin films, including the blocking 

layer and the perovskite layer. Factors such as film preparation method, humidity of the 

environment, solvent atmosphere and film annealing procedure were explored and their 

effect on device performance investigated in detail. In addition, hysteresis in planar and 

mesoporous devices is also discussed. The work in this chapter was important to create 

baseline solar cells for the following study of small molecules and their applications in 

perovskite solar cells. 

4.2 Experimental 

Device Fabrication: All devices in this chapter were prepared by one step solution 

method unless specifically mentioned. The details can be found in Chapter 3. 
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Samples preparation for profilometer: When films were spin coated or sprayed on 

FTO substrates, the edges of FTO were covered in order for the thickness difference to 

be measured. 

Film coverage estimation. The coverage of perovskite films were estimated according 

to the colour gradient of the AFM images using Matlab image analysing function. 

Detailed codes of the program can be found in the supporting information at the end of 

this chapter.  

4.3 Transparent conductive oxide (TCO) glass substrates 

FTO (TEC15, TEC7) and ITO glass are three widely used substrates for rigid perovskite 

solar cells.
7
 

8, 9
 They are employed as electrodes in conventional structure hybrid 

perovskite solar cells
6, 10, 11

. Their properties are listed in  

Table 4-1, including transmittance, resistance and average roughness. The transmittance 

of substrates can affect how much solar illumination can reach the light absorbing layer, 

thus affecting the external quantum efficiency (EQE) of the devices. The sheet 

resistance can increase the series resistance of devices, and ultimately influence the fill 

factor (FF). The roughness of substrates can impact the film quality of the layer 

deposited directly on top of the glass which in turn can influence the short circuit 

current (Jsc), open circuit voltage (Voc) and FF.  

To work out the difference in morphology, glass substrates were characterized by 

Atomic Force Microscopy (AFM), the three substrates showed distinctly different 

morphology. As shown in Figure 4-2, ITO glass is the smoothest substrate and 

composed of big oxide particles. Its average roughness is approximately 1nm. TEC15 

has a medium roughness, 8nm on average. TEC7 is the roughest substrate with an 

average roughness of 25nm. According to the optical and electrical information 

demonstrated in  

Table 4-1, TEC15 is very transparent but with relatively high sheet resistance, TEC7 

has lower sheet resistance but a very rough surface and is inferior in transparency.  ITO 

is very smooth but costs more than the other two substrates. It is worth noting that the 

resistance of ITO will increase severely when it is heated at high temperature (e.g. 

500°C)
12

. For this reason, most of the work related to use of ITO is usually done at low-

temperature
13

 or in inverted structure perovskite solar cells. However, it is still 
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necessary to explore how the cell performance can be changed in comparison with 

substrates which have better tolerance of high temperature. It is important to mention 

that when the perovskite film is annealed on a hotplate, the thickness of the glass 

substrate could cause significant surface temperature differences. For example, it was 

found that when the hotplate was heated up to 103°C, the temperature of the substrates 

surface was 88°C, 88.7°C and 95.6°C for TEC15, TEC7 and ITO, respectively. In order 

to find the most suitable substrate for conventional structure (n-i-p) perovskite solar 

cells, standard device preparation procedures were used for solar cells with different 

glass substrates, and effects of the substrate on the power conversion efficiency were 

investigated. 

Table 4-1 Properties of TCO substrates 

Substrat

e 
Transmittan

-ce
a
 

Sheet 

resistance
a 

Surface 

roughness
b 

thickness
a 

Surface 

temperature 

(substrate/hotpla

-te) 

Price
c 

/per 

substr

-ate 

FTO 

TEC15 
82~84.5% ~13Ω /sq ~ 8 nm 2.3 mm 88°C/103°C £0.37  

FTO 

TEC7 
80~82% ~7 Ω /sq ~25 nm 2 mm 88.7°C/103°C £0.37 

ITO 84% 8-12 Ω /sq ~ 1 nm 1.1mm 95.6°C/103°C £10.6 

a
 data from Sigma-Adrich;  

b
 average roughness obtained by using AFM; 

c
 price calculated according to the size of the substrates (2.5×2.5cm ) used in the lab 

 

 

Figure 4-2 AFM images of TCO substrates. Images shown at the top are Z-axis 3D topography, and images shown at 

the bottom are Z-axis 2D colour map. 
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 Devices were prepared in N2 filled dry box, and the one step method was used to 

deposit mixed halide perovskite films. The details of the device preparation methods 

can be found in chapter 3. Current density-voltage (J-V) tests were carried out for all the 

devices. The calculated device parameters from J-V curves are shown using box plots 

(Figure 4-3) to monitor the performance change. All the parameters can be found in 

detail in Table 4-2. 

 

Figure 4-3 Perovksite solar cell performances. Devices with different substrates were labelled as TEC15, TEC7 and 

ITO. The box and whisker represent 0.5 SD and 1 SD. Data were from reverse scan of current density-voltage 

measurement at one sun AM1.5 at room temperature. The scan rate was 200mV/s. The active area under illumination 

was 7.5mm2
. Device configuration was glass substrate/TiO2/MAPbI1-xClx/spiro-OMeTAD/Au.  

It can be concluded TEC15 and TEC7 are better candidates than ITO to work as rigid 

substrates for conventional devices. The damage to the conductivity of ITO by the high 

temperature annealing procedure causes a significant PCE drop. As shown in the figure 

and the table, devices using ITO show inferior Voc, FF and Jsc in comparison with the 

other two samples, especially the FF which is much lower than the other two. The PCE 

of devices using ITO substrates is 2.9% on average. For devices TEC15 and TEC7, they 

showed very similar PCE, giving average efficiencies of 9.8% for TEC15 and 9.9% for 

TEC7. When being analysed in detail, it can be found that the FF of device TEC7 is 

higher than device TEC15 (0.57 vs. 0.56) due to better conductivity. TEC7 also has a 
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higher Jsc but a lower Voc than device TEC15. This could be due to the low sheet 

resistance (i.e. effective charge collection caused Jsc to increase) but high surface 

roughness (i.e. high recombination caused Voc drop). Overall, ITO is not an appropriate 

substrate for conventional structure perovskite solar cells, while TEC7 and TEC15 

display similar device performance, indicating no preferences when these two substrates 

are used.  

Table 4-2 Device parameters under AM1.5 illumination 

Samples PCE /% Voc / V Jsc / mAcm
-2

 FF 

TEC15 9.8 ± 0.8 0.86 ± 0.03 20.5 ± 0.8 0.56 ± 0.02 

TEC7 9.9 ± 0.8 0.82 ± 0.02 21.5 ± 0.6 0.57 ± 0.03 

ITO 2.9 ± 1.8 0.80 ± 0.09 11.5 ± 4.7 0.29 ± 0.07 

4.4 Hole-blocking layer optimization 

High quality selective contacts are very critical to make a good device. A good blocking 

layer film should be highly selective to either electrons or holes, which ideally means 

no “pin holes”. The surface should be good for the following layer to be deposited, 

which means its morphology and wetting properties are appropriate for the control of 

the following layer.  In this part, the preparation of the hole blocking TiO2 films is 

described. The films were prepared using spin coating and spray pyrolysis methods. 

Films were characterized by AFM, contact angle measurement and XRD, and the 

effects of the blocking layer on perovskite films were studied.  

4.4.1. Spin-coated TiO2 and sprayed TiO2 

Two different methods, spray pyrolysis and spin coating, were employed to make the 

TiO2 layers. The details of blocking layer preparation were copied from references
14, 15

 

and are described in detail in chapter 3. The morphologies of two blocking layers were 

characterized by AFM and they were noticed to be similar. As shown in Figure 4-4, 

AFM images of both films show particles with the size around 200nm, which is likely 

to be the structure of the TEC15 substrate
14

. Due to the fine structure of TiO2, its 

morphology is hard to detect by AFM or even SEM when it is deposited on TCO glass. 

Films display similar average roughness of 4.9 nm and 6.5 nm for spin coated and 

sprayed film, respectively.  
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Figure 4-4 AFM images of spin coated TiO2 (a), sprayed TiO2 (b) and average roughens of TiO2 films by box plot(c). 

The size of AFM images is 5×5μm  

The thickness of the spin coated TiO2 layers was estimated to be around 50nm by 

FESEM cross-section measurements, while the sprayed TiO2 was found to be thicker 

and was around 120 nm measured by profilometer.  

 

Figure 4-5 Thickness of TiO2 (a) FESEM cross section of device without perovskite to determine spin coated TiO2. 

(b) profilometer measurement to determine thickness of sprayed TiO2 

Advancing contact angle measurements indicate that TiO2 layers prepared by spray 

pyrolysis are more hydrophilic than layers made by spin coating. The water contact 

angle of sprayed TiO2 is 25.5°± 1.3°, and it is 30.7°± 1.8° for spin coated TiO2. Since 
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the perovskite films are typically deposited from DMF, which is miscible with water, 

we have observed that low contact angles are beneficial for perovskite layer deposition.   

 

Figure 4-6 Advancing contact angle to monitor wetting properties of TiO2 blocking layer. Liquid used for test is 

water.The range of the box is one standard deviation (SD) and the range of the whisker is 2SD 

XRD curves of TiO2 films reveal that films prepared by spray pyrolysis are in the 

anatase phase, and the peak at 25.3° is the (101) lattice plane of the crystal. The 

characteristic peaks of spin coated TiO2 are not obvious which is either due to the layer 

being too thin or an amorphous layer being formed on the FTO surface.  

 

Figure 4-7 X-ray diffraction of TiO2 by spin coating or spray pyrolysis. 

22

24

26

28

30

32

34

C
o
n
ta

c
t 
a
n
g

le
 /


spin coated TiO
2

sprayed-TiO
2

10 20 30 40 50 6010 20 30 40 50 6010 20 30 40 50 60






FTO+TiO2(sprayed) 

FTO

in
te

n
s
it
y
 /
a
.u

.

FTO+TiO2(spin coated) 

* TiO
2


110 SnO2

101

200

211
310

PDF 46-1088 SnO
2

101

in
te

n
s
it
y
 /
a
.u

.

2 degree

in
te

n
s
it
y
 /
a
.u

.



Chapter 4 Optimization of baseline perovskite solar cells 

 

 

86 

 

 

Figure 4-8 AFM images of perovskite films. (a) AFM colour map (b) 3D view of perovksite film deposited on spin 

coated TiO2, (c) AFM colour map (d) 3D view of perovskite film deposited on sprayed TiO2. Image sizes are 

100μm×100μm. Perovskite film was prepared by the one step method in air. 

As shown in Figure 4-8, perovskite films deposited on blocking layers prepared by 

different methods display some differences. Films on sprayed TiO2 appear to be more 

compact and have bigger grains than those deposited on spin coated TiO2. Besides, the 

3D view images reveal that perovskite film deposited on spin coated TiO2 have a 

rougher surface as shown by a wider range of undulations on the Z axis. The average 

roughness is 255nm for films on spin coated TiO2 and 142nm for films on sprayed TiO2. 

In addition, as an important parameter, the coverage is estimated to be 68.5% for films 

on spin coated TiO2, while it is 91% on sprayed TiO2. In a word, regardless of the 

thickness (which can be easily controlled), TiO2 prepared via spray pyrolysis shows 

better performance than the spin coated TiO2 when it is used as the blocking layer in 

perovskite solar cells.  

4.5 Perovskite film quality control 

Generally, perovskite film preparation is carried out under carefully controlled 

conditions such as in a glove box or in a clean room. The humidity, as well as the dust 

and oxygen levels in the environment can then be controlled. However, in terms of the 

expense, these facilities are very high cost and also expensive to maintain. Thus, it will 

be very useful if the operations can be done in ambient environment with cheap 

equipment. In this part, perovskite solar cells were prepared in a dry box which was 
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filled with dry inert gas to control the humidity and atmosphere. Perovskite film quality 

was monitored under various preparation conditions such as different lead sources, 

different film annealing processes and dry box atmosphere control. 

4.5.1. Humidity  

Humidity is one of the key factors that affect perovskite solar cells‟ performances. As 

MAI can easily dissolve in water, the humidity of the environment will significantly 

influence the crystallization of the perovskite film and the stability of devices as well. 

However, it has also been reported that at certain humidity ranges (35% ± 5%)
16

, the 

moisture can assist the perovskite growth and is beneficial to make good quality 

perovksite films. This work shows the possibility to make devices without glove box, 

which is high cost and expensive to maintain. In order to obtain more information about 

how humidity affects the film morphology, perovskite layers prepared at different 

humidity (i.e. 32%, 37%, 42% and 47%) via one step method were characterized by 

AFM.  As demonstrated in Figure 4-9, though the humidity difference is only 5%, the 

coverage of perovskite films decreases obviously with the increase of humidity, and 

films roughness rises nearly in direct proportion. Especially, from 42% to 47% there is 

remarkable increase of roughness (from 70nm to 150nm), and the coverage decreases 

sharply as well. Thus, we believe when the humidity is above 42%, the moisture is 

detrimental to perovskite film preparation, and all devices preparations reported in this 

thesis were carried out for humidity below 42% when devices were prepared in ambient 

environment. Otherwise if devices were fabricated in a dry box, the humidity is kept at 

around 6% by filling with dry N2.  
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Figure 4-9 Changes of perovskite film morphology with humidity. 

4.5.2. Perovskite layer annealing process control  

Control of the annealing procedure for making perovskite films is vital since the speed 

of solvent evaporation can significantly influence the crystallization process. When the 

precursor solution is deposited on substrates, the transformation from the liquid state to 

solid state via an intermediate phase (CH3NH3PbI3·solvent) plays an important role in 

obtaining perovskite films with desired morphologies
17

. Researchers have used solvent 

engineering or vapour assisted methods to either control the intermediate phase or skip 

the process that forms intermediates
17, 18, 19

.  In the present work, a 15min pre-annealing 

process was introduced to control the crystallization when making planar structure 

devices and mesoporous devices. After spin coating of perovskite precursor solution, 

instead of being transferred to hotplate directly, wet films were kept at room 

temperature for 15min before being annealed at high temperature. The pre-annealing 

process slows down the evaporation of the solvent, and it will ultimately affect the film 

qualities. Its impacts were found to be different for planar and mesoporous structure 

devices. It assists the planar device by improving the performance, while it causes a 

decrease in the PCE for mesoporous solar cells.  
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As shown in Figure 4-10, (a) and (b), when wet samples for making planar devices were 

taken out for annealing directly after spin coating, the films showed inferior coverage 

(77%) and the average roughness was 128 nm. However, if samples were kept at room 

temperature for a while (e.g.15min), an obvious increase of coverage (85%) and 

reduction of roughness (88 nm) were observed, as displayed in (c) and (d). In addition, 

perovskite particles are big and compact in samples with pre-annealing. We suppose the 

pre-annealing process allows enough time for PbI2 interacting with MAI in the state of 

intermediates (PbI2-MAI-DMF), and it reduces the influences of the solvation which is 

responsible for the poor coverage of perovskite film. The pre-annealing process 

decreases the solvation problem which caused needle-shaped uncovered areas on the 

substrate and helps the crystal compactly cover the substrate. 

 

Figure 4-10 AFM images of perovskite films without pre-annealing (a),(b), and (c)(d) with pre-annealing (c),(d). 

Perovskite films were deposited on compact TiO2.  

Devices were also made with the corresponding perovskite films and the device 

performance is displayed in Figure 4-11 as box plots, based on 12 devices. The PCE of 

planar solar cells with the pre-annealing procedure is observed to be higher in 

comparison with the ones without pre-annealing. The increase in average Voc (from 

0.84 V to 0.89 V) and average Jsc (from 9.18 mAcm
-2

 to 11.08 mAcm
-2

) could be due to 

the better coverage of perovskite films shown in Figure 4-10 which decreases shunt 

path and results in the improvement of device performance. The FF of both types of 
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devices is almost the same, indicating the resistance was not changed after pre-

annealing. 

 

Figure 4-11 Device performance of planar perovskite solar cells prepared with and without pre-annealing. 

 

Table 4-3 AM 1.5 parameters of planar devices prepared with and without pre-annealing 

Preparation procedure PCE / % Jsc / mAcm
-2

 Voc / V FF 

Without pre-annealing  9.18 ± 1.43 16.01 ± 0.66 0.84 ± 0.09 0.67 ± 0.03 

With Pre-annealing  11.08 ± 0.90 18.40 ± 1.17 0.89 ± 0.02 0.68 ± 0.03 

The effects of the pre-annealing were also investigated on mesoporous devices. The 

perovskite films were compared by AFM characterization. As shown in Figure 4-12(a) 

and (c), the roughness and coverage of films are very similar. The average roughness is 

50 nm and coverage is 92% for sample with pre-annealing, and 48 nm and 94% for 

sample without pre-annealing. It indicates that films without pre-annealing have a 

slightly smoother surface and better coverage. The grain size distribution was also 

worked out for both samples to further explore the morphology. As revealed in Figure 

4-12 (b) and (d), the median grain size is around 0.45 µm
2
 for the pre-annealed sample, 

and around 0.55 µm
2
 for the sample without pre-annealing, indicating grain size is 
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reduced when the pre-annealing process is used. It is noteworthy that what the AFM 

images show is the film morphology of capping layers. When spin coated on 

mesoporous layer, the precursor solution will infiltrate the porous structure, and 

perovskite crystals then form in pores as well as on top of the mesoporous layer. This 

implies that the pre-annealing process cannot influence the crystallization of perovskite 

in the same way it does in planar devices.  

 

 

Figure 4-12 AFM images and grain size distribution of perovskite films without (a)(b) and with (c)(d)pre-annealing. 

Perovskite films were deposited on mesoporous TiO2. 

Mesoporous devices fabricated with and without pre-annealing show different 

performances. Instead of enhancing the device performance, the pre-annealing process 

causes a decrease in the PCE of mesoporous devices. As demonstrated in Figure 4-13 

and Table 4-4, the PCE drops when pre-annealing is used for device preparation. It is 

9.96% on average for devices prepared without pre-annealing, while it is 9.42% in 

average for pre-annealed devices. Other parameters Jsc, Voc and FF all decreased when 

pre-annealing was employed.  
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It is interesting to notice that the effects of the pre-annealing process are different on 

solar cells with different architectures. It is assumed that the pre-annealing could reduce 

the needle-shaped solvation intermediates in planar devices
19

, and it can be confirmed 

by the increased coverage and grain size shown in AFM images. However, the coverage 

and grain size change show the opposite trend in mesoporous solar cells. We think this 

is a result of the different architecture of mesoporous solar cells which includes the 

mesoporous layer and the capping layer. It is very likely that the crystallization 

processes of perovskite in titania pores and in the capping layer are different. The 

hypothesis is that once slower crystallization occurs in pores, the formed perovskite fills 

the pores, and it makes the escape of the solvent more difficult. The capping layer could 

be supposed to be influenced by pre-annealing in the same way as the planar perovskite 

film. However, the delayed quick solvent removal procedure (when heated) will drive 

the solvent from mesoporous layer to pass through the capping layer, and ultimately 

cause a decrease in coverage of the capping layer.  

 

Figure 4-13 Perovskite solar cell performances shown by box plots. Devices with and without pre-annealing are 

labelled as 15 min pre-anneal and w.o. pre-anneal. The box and whisker represent 0.5 SD and 1 SD. Data are from 

reverse scan of current density-voltage measurement at one sun AM1.5 at room temperature. The scan rate was 

200mV/s. The active area under illumination was 7.5mm2. Device configuration is glass substrate/c-TiO2/meso-

TiO2/MAPbI1-xClx/spiro-OMeTAD/Au. 

0

2

4

6

8

10

12


 /

%

 G (Mean ± 0.5 SD)

 N (Mean ± 0.5 SD)

 Mean ± 1 SD

 Median Line

w.o. pre- anneal 15 min pre-anneal
0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

V
o
c
 /

V

w.o. pre- anneal 15 min pre-anneal

10

12

14

16

18

20

22

J
s
c
 /

 m
A

c
m

-2

w.o. pre- anneal 15 min pre-anneal

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

F
F

w.o. pre- anneal 15 min pre-anneal



Chapter 4 Optimization of baseline perovskite solar cells 

 

 

93 

 

Table 4-4 AM 1.5 parameters of mesoporous devices prepared with and without pre-annealing 

Preparation procedure PCE / % Jsc / mAcm
-2

 Voc / V FF 

Without pre-annealing  9.96 ± 0.68 21.20 ± 0.66 0.83 ± 0.02 0.57 ± 0.02 

Pre-annealing  9.42 ± 0.71 20.68 ± 0.67 0.83 ± 0.01 0.55 ± 0.03 

The J-V curves of the best pixels show clear trend of Voc and Jsc decrease after 

employing the pre-annealing process. This could be because the perovskite film 

crystallinity is reduced, and the decreased coverage causes more “shunt paths” for 

recombination.  

 

Figure 4-14 AM 1.5 J-V curves of mesoporous devices. Both the reverse scan (showing higher efficiency) and the 

forward scan (showing lower efficiency) are displayed. 

4.5.3. Lead source 

There are numerous potential ways to optimize CH3NH3PbI3 film quality by controlling 

the crystallization process, such as solvent engineering
17

, and varying the materials in 

precursor solutions.
3, 4

 Usage of mixed halides in the perovskite is a very effective 

approach. For example, a 3:1 ratio of MAI and PbCl2 precursor solution is used to 

improve the film quality
20

, and the resulted perovskite is known as CH3NH3PbI3-xClx. 

With the addition of PbCl2, the kinetics of crystallization change and the resulting film 

is more compact and uniform. In 2015, Zhang et.al. found that PbAc2 can significantly 

speed up the crystallization of perovskite and make the perovskite films ultra-smooth.
21

 

However, when those optimized parameters are taken as reference, the variation in 

results needs to be considered as the fabrication of perovskite devices is affected by a 
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great many factors and highly depends on the circumstances in the lab where they are 

being made. For instance, in Zhang‟s work
21

, PbI2 was not completely converted into 

CH3NH3PbI3 when annealed at 100°C for 12 h, while in some other studies, it was fully 

converted within a few hours
22

. In order to investigate the effects of different lead 

sources on perovskite films prepared in a dry box, the perovskite film morphology was 

characterized, and device performances were monitored.  

Here, lead acetate and lead chloride were used as lead sources in precursor solutions for 

the one step method of perovskite film preparation. The precursor solutions are 

composed of MAI and PbX2(X=Cl
-
 or Ac

-
) in a 3:1 ratio. Spin coated films were 

annealed at 100°C for 5min (PbAc2) and 100min (PbCl2) respectively, and the device 

fabrication procedures can be found in chapter 3. The resulting perovskite films were 

found to be remarkably different in morphology, as shown in Figure 4-15. AFM colour 

maps and 3D images indicate that perovskite film made from PbCl2 has bigger grains 

and a rougher surface (127nm) than the one from PbAc2 (48nm), and film from PbAc2 

has a better coverage of the substrate but with smaller grains, which could mean more 

recombination at grain boundaries. The 3D images (b) and (d) roughly reveal the 

thickness of the perovskite films. Due to the large increase in the roughness, perovskite 

films made from PbCl2 (Figure 4-15(b)) appeared to be much thicker than the one from 

PbAc2 (Figure 4-15(d)). 

 

Figure 4-15 AFM images of perovskite films from different lead sources. (a) colour map and (b) 3D view of 

perovskite films made by using PbCl2, (c) colour map and (d) 3D view of perovskite films made by using PbAc2. 

Image sizes are all 100μm ×100μm. Perovskite films were made by that one step method and deposited on compact 

spray pyrolysisTiO2 
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Perovskite films were also characterized by XRD. No PbI2 peaks were observed in the 

two spectra shown in Figure 4-16, indicating that the lead sources in two samples are 

fully converted. A strong diffraction peak at 14.2° is observed, which is the (110) lattice 

plane of MAPbI3 crystal. The FWHM of the perovskite films are 0.24° (PbAc2) and 

0.18° (PbCl2), indicating that the particles of the perovskite film from PbCl2 is bigger 

than that from PbAc2. The characteristic peak of FTO at 26.6° is not found in the 

spectrum of the perovskite sample made from PbCl2, which can be ascribed to the 

strong intensity of perovskite peaks.  

 

Figure 4-16 XRD curves of perovskite made from PbCl2 and PbAc2. Samples were detected by Cu Kα (000) 

Diffraction intensity was normalized to [0,1].  

Devices were fabricated by using different lead sources, and the performance of solar 

cells was demonstrated in Table 4-5. The standard deviation in efficiency of devices 

prepared from PbAc2 was quite narrow, implying the active layer is uniform, which is 

consistent with the AFM images. However, the average Jsc is 16.26 mAcm
-2

, much 

lower than that of devices from PbCl2. This is within expectation, since the XRD has 

revealed the crystallinity of perovskite from PbAc2 is not as good as that from PbCl2. 

Table 4-5 device parameters of solar cells made from different lead sources. 

Lead source PCE / % Jsc/ mAcm
-2

 Voc / V FF 

PbCl2 9.20 ± 3.17 17.45 ±1.65 0.87 ± 0.16 0.59 ± 0.12 

PbAc2 10.22 ± 0.47 16.26 ± 0.36 1.02 ± 0.01 0.61 ± 0.01 
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The J-V curves of best-performing pixel in each case are shown in Figure 4-17. When 

PbAc2 was used as the lead source, the Voc is enhanced, but the Jsc is decreased in 

comparison with PbCl2 device. The modified Voc can be attributed to the improved 

coverage which can reduce the „shunt path‟, and decrease the recombination.  

 

Figure 4-17 AM 1.5 J-V curves of perovskite solar cells made from PbAc2 and PbCl2. Devices tested at one sun 

AM1.5 at room temperature. The active area is 7.5mm2 

The study into varying the lead sources reveals that PbAc2 can significantly speed up 

crystallization of the perovskite film. The resulting film was uniform and compact, and 

the Voc of devices was improved compared with PbCl2 devices. Though the champion 

device had a lower efficiency than the champion PbCl2 one, the average efficiency was 

found to be higher than for PbCl2 and distributed in a narrow range. To further achieve 

better devices by using PbAc2, the crystallinity of the perovskite film needs to be 

improved. More research therefore should be done to control the perovskite film 

annealing process, such as the annealing temperature or annealing time. This study 

shows how important it is to optimise perovskite film preparation for the specific lab 

conditions since minor changes in humidity or solvent atmosphere in the dry box can 

greatly change to observed results.  

4.6 Efficiency measurement of solar cells - scan rates and hysteresis 

The phenomenon of hysteresis was noticed when J-V scans were used to evaluate the 

device performances, and it was found to be related to the architectures of devices and 
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the processing conditions. Hysteresis has been discussed by many researchers.
23, 24

 

However, the reasons behind the phenomenon still remain unclear. Researchers have 

reported that trap states at the interfaces, charge collection at interfaces  and properties 

of perovskite itself (e.g. mobile ions, a ferroelectric effect, capacitive character) can 

attribute to the hysteresis
25

. It is observed to change with scan directions and scan rates 

of J-V curves, as well with illumination conditions and temperature
23, 26, 27

.  Generally, 

the hysteresis is more evident in planar structure solar cells and less pronounced in 

mesoporous structure solar cells. Since the hysteresis is highly dependent on processing 

conditions, we monitored the hysteretic behaviours for devices made in our laboratory, 

and both the planar solar cells and mesoporous solar cells were studied.  

Devices were prepared with mixed halide perovskite layers (MAPbI3-xClx) deposited 

using the one-step method and devices were assembled in a dry box. The hysteresis was 

measured by recording the J-V curves at different scan rates from 4000mV/s to 10mV/s. 

All the scans start at open circuit to short circuit, before scanning to short circuit then 

back to open circuit. Before scanning, the devices were polarized at 1.1V for 5s. Both 

planar solar cells and mesoporous solar cells were investigated and the obtained J-V 

curves are displayed in Figure 4-18 and Figure 4-20 respectively. J-V curves of planar 

solar cells show very evident hysteresis within a certain range of scan rates, and the 

hysteresis disappears when scanning at very low or very high speed.  Similar trends 

have been seen in some other studies
13

. 

 

Figure 4-18 J-V curves of reverse scans and forward scans of planar structure devices at different scan rates. Devices 

tested at one sun AM1.5 at room temperature. The active area is 7.5mm2 
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The hysteresis phenomenon is very pronounced when the efficiencies calculated from 

the reverse scan and the forward scan are compared. Shown in Figure 4-19, the 

efficiency calculated based on reverse scan (open circuit to short circuit) is much higher 

than that from the forward scan (short circuit to open circuit) within the middle range of 

scan rates, and the difference reduces when at high and low scan rates. Interestingly, the 

efficiency of the forward scan was found to be higher than that of the reverse scan when 

tested at 10 mV/s.  

 

Figure 4-19 Hysteresis of planar solar cells shown by comparing device efficiencies of reverse scan and forward scan 

at different scan rates. Devices tested at one sun AM1.5 at room temperature. The active area is 7.5mm2 

The J-V curves of mesoporous devices at various scan rates are displayed in Figure 4-20. 

Unlike the planar solar cells, the hysteresis of mesoporous devices is negligible. The 

efficiency shown in the reverse scan and forward scan are very close. This is consistent 

with reported studies
23

.  
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Figure 4-20 J-V curves of reverse scans and forward scans of mesoporous structure devices at different scan rates. 

Devices tested at one sun AM1.5 at room temperature. The active area is 7.5mm2 

Figure 4-21 gives the comparison of efficiencies calculated via reverse scan and 

forward scan. It is clear that the efficiencies from different scan directions are very 

close, and the dependence of efficiency on scan rates is not as apparent as the planar 

device. From the normalized efficiency figure, the hysteresis shows similar trend as the 

planar device which decreases at very high and low scan rates, though not distinctly.  

 

Figure 4-21 Mesoporous structure device efficiency and hysteresis comparison at different scan rates. Devices tested 

at one sun AM1.5 at room temperature. The active area is 7.5mm2
 and the device architecture is TEC15/c-TiO2/m-

TiO2/CH3NH3PbI1-xClx/spiro-OMeTAD/Au 
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4.7 The configuration of devices 

The configuration of devices is very important as it decides whether accurate 

parameters can be obtained when characterising the cells. As demonstrated in Scheme 

4-1, our first-generation device has 10 independent pixels on each substrate. The 

cathode electrode for electron collecting, a conductive strip, was located in the middle, 

and the 10 pixels were symmetrically aligned at the two sides. However, we found the 

pixels close to the edge (e.g. 1, 6 5, 10) frequently showed inferior performance 

compared to other pixels on the same substrates. We supposed that it is due to the non-

uniformity in film thickness at the edge of the active layers, which is possibly caused by 

edge effects of the spin coating. The upgraded configuration (configuration-2) has 6 

pixels which are more centred. The deposition of the gold contact is finely controlled by 

using a mask. The final area is calculated by taking a digital image of the active area 

and the dimensions are then measured in image J in order to make the characterization 

more accurate. As shown in Scheme 4-1, no pixel was found to be working improperly.  

 

Scheme 4-1 Configurations of solar cell devices. * represents the best-performing pixel, and green colour represents 

the pixel functioning properly, and the red colour represents the pixel does not work or showed an unusually inferior 

performance. 

4.8 Conclusions 

In addition to standard perovskite solar cells preparation procedures, some factors that 

could severely influence the device performance were studied in order to optimize the 

device PCE in our lab. The work in this chapter is basic, but it was important to 

establish baseline devices to support the later research projects. The optimization 

considered the substrate, the compact layer, perovskite layer and ultimately the whole 



Chapter 4 Optimization of baseline perovskite solar cells 

 

 

101 

 

device configuration. Different TCO glasses were compared. TEC7 and TEC15, though 

having different electric and electronic characters, were found to show similar 

performance when used as conducting substrates. ITO glass was unsuitable due to the 

high cost and the loss of conductivity when it was used to prepare conventional TiO2 

based devices. TiO2 compact layers prepared by spray pyrolysis were more easily 

wetted by the perovskite precursor solution than spin coated TiO2 layers, which was 

beneficial to make more compact and uniform perovskite films. Further studies on the 

perovskite layer show that if device are to be fabricated in the ambient environment, the 

humidity should be below 42%, as the coverage decreases dramatically for only a 5% 

humidity increase. The pre-annealing process is good for making planar perovskite 

films but disadvantageous to mesoporous perovskite films. The type of lead used in 

precursor solutions has important impacts on the perovskite film morphology. PbAc2 

was observed to significantly improve the coverage of perovskite film but to decrease 

the grain size and crystallinity. More work needs to be done to find the optimal process 

to prepare perovskite film from PbAc2 under our laboratory conditions. The hysteresis 

of planar and mesoporous devices made in our lab was compared and the mesoporous 

solar cells has negligible hysteresis. The configuration of the solar cell was upgraded 

from 10 pixel substrate to 6 pixel substrate in order to make the characterization of 

devices more accurate and reproducible.   
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Supporting Information 

Code of Matlab package for estimating film coverage 

function[coverRate]=CalculateCoverage() 

data=imread('warm.bmp'); % read the image you need 

grayIm = rgb2gray(data); % turn it into the gray level 

imshow(grayIm); 

level = 0.25; % computing the level used for binary im, 
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binaryIm = im2bw(grayIm, level);% turn it into the binary im 

imshow(binaryIm); 

[m, n] = size(binaryIm); % get the dimension of the image 

totalArea = m*n; % total area of this image 

coverageArea = sum(sum(binaryIm)); % the area that be covered 

coverRate = coverageArea / totalArea; % get the final coverage rate 
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5.1 Introduction 

In a conventional “n-i-p” structured hybrid perovskite solar cell, TiO2 is the most 

commonly used inorganic electron transporting layer (or hole blocking layer) due to its 

good electrical and electronic properties. It has a band gap of 3.2 eV
1
 which is 

transparent to visible light and has a low lying valance band maximum (VBM, -7.6 eV) 

which is good for hole blocking. Besides, it is easy to get a uniform, continuous and 

compact anatase TiO2 layer through spin coating
2
, spray pyrolysis

3
 and other methods 

such as chemical vapour deposition (CVD) and atomic layer deposition(ALD)
4, 5

. 

Despite its numerous advantages as a blocking layer, TiO2 has some drawbacks, such as 

surface defects and relatively low conductivity. The reported conductivity of TiO2 used 

in perovskite solar cells is around 10
-5 

~ 10
-6

 S /cm
6
 

7
, and for a thick layer, this can 

limit the device PCE. Moreover, surface defects resulting from an imperfect crystal 

structure or chemical impurities can act as deep trap states that cause non-radiative 

recombination. 

Interface engineering by using organic small molecules is an effective way to change 

the electrical and electronic properties of TiO2. It can reduce the number of surface 

defects and adjust the work function as well as the surface energy. For example 

molecules with carboxyl groups (e.g. benzoic acids) can interact with non-bonded 

atoms on TiO2 surface 
8
. There are a few different groups of molecules can be used as 

interlayer in solar cells, among which, perylene diimide derivatives reported as typical 

n-type interlayer have attracted interest in organic solar cells and perovskite solar cells 

for their good conductivity(e.g. 10
-5

 S/cm)
9, 10

. In this chapter, we studied the 

optimization of hybrid perovskite solar cells’ performance via interfacial engineering, 

and two perylene diimides, N, N’-di(L-histidine)-perylene-3,4:9,10-tetracarboxylic acid 

diimide (PDIH) and N, N’-di(L-valine)-perylene-3,4:9,10-tetracarboxylic acid diimide 

(PDIV) were used as interlayers. They both have carboxyl groups which are able to 

bind to metal oxides, and the interlayers prepared by these two molecules succeeded in 

changing surface properties of the TiO2. Two different interlayer preparation methods 

spin coating and dip coating were used, and their effect on interlayer quality and device 

performance was investigated. The two organic materials were provided by Professor 

David Adams, University of Liverpool. The procedures to prepared two molecules can 

be found in reference 9 .
11
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5.2 Experimental 

Solutions 0.05mM PDIV or PDIH solutions were prepared by dissolving the solid in 

anhydrous DMSO. The solutions were kept under magnetic stirring overnight to make a 

fully dissolved clear dipping solution. 0.5mM solutions were made by the same 

procedure.  

PDIs films PDIs films were prepared either through the spin coating method or the dip 

coating method. 

1) By spin coating method. 1 equivalent 0.1 mol/L KOH was added into 2mg/mL 

PDIs aqueous solutions to improve the materials’ solubility.  Solutions were 

then stirred for 4 hours at room temperature (RT) and filtered with a 0.45 µm 

filter before use. PDIs films were deposited at 1k rpm, 2k rpm or 3k rpm with 

100 µL solution and annealed at 120°C for 1h.  Samples are labeled as 1k rpm, 

2k rpm and 3k rpm. 

2) By dip coating method. Before being immersed into the solution, FTO substrates 

with compact TiO2 were heated to 150°C to remove any moisture and then 

cooled down to 70°C. The 70 °C substrates were then dipped into 0.05mM PDIs 

DMSO solutions contained in sealable glass cleaning jars and kept for 3 hours or 

24 hrs. Once being taken out, the substrates were rinsed with 2-isopropanal (IPA) 

and dried with dry N2 flow. The as-prepared substrates were sealed in a clean 

petri dish before perovskite layer deposition.    

Device fabrication the perovskite layers described in this chapter were prepared by a 

one-step spin coating method or a two-step vapour-assisted solution processing method. 

More details about these two methods can be found in Chapter 3 and reported 

procedures in reference 10
12

 

Characterization  

1) Photoluminescence perovskite film samples (deposited on glass or glass with 

TiO2) were illuminated via the air/perovskite interface under vacuum at around 

10
-3

 mbar. For steady state photoluminescence, a laser wavelength of 510nm 

was used. For transient photoluminescence (TRL) measurements were carried 

out by using a laser pulse with a width of approximately 20ps FWHM and 
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wavelength of 510 nm. The laser power was measured to be 0.2mW using a 

power meter. The TRPL signal was collected at 770nm. 

5.3 Perylene diimides (PDIs) molecular structure and properties 

5.3.1 Molecular structure and solubility 

The molecular structures of the two molecules used in this work are shown in Figure 

5-1 . They both have –COOH functional groups, which allow them to chemically bind 

to the metal oxide surface. Because of the conjugated core, the PDIs showed low 

solubility in many commonly used solvents. As listed in Table 5-1, PDIH and PDIV are 

practically insoluble in chlorobenzene, toluene and chloroform and are partially soluble 

in DMSO and DMF.  In this work, anhydrous DMSO was used as the solvent in the dip 

coating process for solubility and safety purposes, and KOH was used as an additive to 

prepare the precursor solution for spin coating process. 

 

Figure 5-1  Structures of the perylene diimides used in this work 

Table 5-1 Solubility of PDIs in common solvents 

Material chlorobenzene chloroform DMSO DMF toluene acetonitrile H2O 

PDIH - - ± ± - - ± 

PDIV - - ± ± - ± ± 

     ± partially soluble, less than 1mg/mL 

     - not soluble 

5.3.2 Optical property and thermal stability 

PDIV and PDIH were dissolved into DMSO to make 0.05mM solutions. Clear red 

solutions were obtained after overnight magnetic stirring. The optical properties and 

thermal stability of the two molecules were characterized by UV-Vis and TGA 
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measurements. As shown in Figure 5-2, PDIV and PDIH have almost the same 

absorption onsets which are around 550nm, indicating a HOMO-LUMO gap of ~2.2 eV.  

They both show peaks at around 490nm and 530nm, which represent the 0-1 and 0-0 

vibronic bands of the S0/S1 transition , respectively
13

. 

 

Figure 5-2 UV-Vis absorption of 0.05 mM PDIs DMSO solutions.  

In order to find out whether thermal decomposition of the interlayer might occur during 

the perovskite layer annealing procedure, a study of the thermal stability study of PDIV 

and PDIH below 200°C was carried out. The results of the thermogravimetry (TGA) are 

shown in Figure 5-3. The mass loss started from the beginning of heating for both the 

PDIV and PDIV samples. For the PDIV sample, the weight stop dropping after 140°C 

and stayed stable until around 200°C. The weight loss is around 5%, and it can be 

attributed to the remove of the moisture in the sample. For the PDIH sample, the 

moisture removal process is slow and it keeps losing mass until reaching the 

temperature for the 2
nd

 mass loss. The mass loss in the first step is around 8.8%. With 

further increase of the temperature, a 2
nd

 stepped decrease in mass occurred. But the 

mass loss starts above 200°C, indicating that PDIV and PDIH will both be stable at the 

temperature at which perovskite film is made (typically. below 150°C). 
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Figure 5-3 Thermogravimetric analysis (TGA) of PDIV and PDIH.  Experiments were carried out under N2 gas flow 

and a heating rate of 5 °C/min from 30°C to 700°C. 

5.3.3 Electrochemistry 

Cyclic voltammetry (CV) and UV-Vis measurement were used to estimate the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) energy levels of the PDIV and PDIH molecules. The energy level of the 

HOMO can be related to the first oxidation process measured by cyclic voltammetry. 

The LUMO can be related to the first reduction peak
14

. The CV measurements were 

carried out under an argon atmosphere and ferrocene was used as an internal standard 

which was added into the same solution where the CV curves of PDIs were obtained.,
15

 

The HOMO and LUMO values were then estimated using the equations below:  

         (      
      

 

      )                                                               Equation 5-1 

         (      
      

 

      )                                                               Equation 5-2 

              
   

                                                                                            Equation 5-3 

In which -4.8eV is the absolute energy of ferrocene–ferricenium couple
16

, E1/2 Fc/Fc
+ 

is 

the half-wave potential of the ferrocene-ferricenium redox couple, Eg
opt

 is the optical 

band gap of the material and the Eonset 
oxd 

and Eonset 
red

 are the onset potentials of the 

oxidation peak and redox peak, respectively. 
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Figure 5-4 Cyclic Voltammetry of PDIV (0.25mM) in 0.1M TBAPF6 DMSO soltuion with ferrocene as the internal 

standard(ferrocene was added into the solution of PDIs after PDIs curves were collected). Scan rate 100mV/s and the 

scan direction is from 0V to -1.6V. Counter electrode:  Pt, working electrode: Pt column (2mm diameter) and 

reference electrode: Pt wire. 

The cyclic voltamogram of PDIV is illustrated in Figure 5-4. The onset potential of the 

first redox peak is -0.35V and the E1/2 Fc/Fc
+ 

is 0.47V. The LUMO of PDIV is 

calculated to be -4.0 eV by using equation 5-1. Since the oxidation peak corresponding 

to the HOMO is not clear, equation 5-3 can be used to estimate the HOMO by using the 

LUMO and the optical band gap. As the Eg
opt

  is 2.25eV which was obtained from UV-

Vis the absorption onset of PDIV solution (Figure 5-2), the HOMO of PDIV can then 

be estimated. The energy levels of PDIH were determined by the same method. As 

shown in Table 5-2, the HOMO and LUMO of PDIV and PDIH are all listed. They 

have very close energy levels due to the high similarity of the structure, and the energy 

levels are close to some reported PDIs (-3.63eV/-5.96eV) as well.
15

 It should also be 

made clear that the reorganization energy was not considered when the equations were 

used to calculate the HOMO and LUMO. In addition, when Eg
opt

 was used to calculate 

the HOMO, the binding energy between the electron and hole was not considered. 

Therefore, equation 5-3 and CV can only be used to give a rough estimate of the energy 

levels, but it is useful to have an estimate to compare with literature values for other 

PDIs.  
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Figure 5-5 Cyclic Voltammetry of PDIH (0.2mM) dissolved in 0.1M TBAPF6 DMSO solution with ferrocene as 

internal standard. Scan rate: 100mV/s, counter electrode:  Pt, working electrode: Pt column (2mm diameter) and 

reference electrode: Pt wire. Scans strart from 0V to -1.6V. 

Table 5-2 HOMO and LUMO of PDIs calculated according to CV tests. 

Material Eonset
red

/ V E1/2(Fc/Fc
+
) / V Eg 

opt 
/ eV LUMO /eV HOMO /eV 

PDIV -0.35 0.47 2.25 -3.98 -6.23 

PDIH -0.32 0.48 2.24 -4.00 -6.24  

 

5.3.4 Dipole moment estimation 

Molecular dipoles of PDIV and PDIH can be estimated based on the non-relaxed 

structures (the 3D structure provided by chem3D is displayed in Figure 5-6) using the 

software Avogadro, and the equation used to determine dipoles is as following: 

 
→ ∑    

  
→                                                                                                 Equation 5-4 

Where 
 
→ is the dipole moment vector,    is the charge of the i

th
 atom, and 

  

→ is the 

vector representing the position of the i
th

 charge. The absolute value of PDIV dipole is 

6.30D, and it is 6.96D for PDIH. Note that the geometries of the molecules are not 

relaxed by ab initio calculations, thus the numbers are merely a rough estimation and 

should not be taken into quantitative account. Since the PDIH and PDIV have molecular 

dipoles, interlayers based on these molecules are expected to affect the work functions 

of the modified substrates.  
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Figure 5-6 3D view of PDIs molecules through Chem3D.  

5.4 Interlayer preparation through spin coating method 

5.4.1 Results and discussion 

In this part, PDIH interlayers were prepared using a spin coating method, and the 

deposition of mixed halide perovskite layer was then carried out in a dry box by a one-

step method which is described in detail in Chapter 3. The sample without interlayers 

was labelled as the control and the other 3 samples were labelled according to the spin 

coating speeds at which the interlayer was prepared (i.e. 1k rpm, 2k rpm and 3k rpm).  

Figure 5-7 displays digital images of the deposited PDIH films. The visible colour 

change of the substrate after the deposition of a PDIH interlayer shows the successful 

deposition of PDIH film. The substrate with the PDIH interlayer deposited at 1k rpm is 

darker than the other samples. According to the UV-Vis curve (shown in Figure 5-8) of 

the film deposited at 1k rpm, which should be the sample with the thickest PDIH film.  

The absorption peak indicates the presence of PDIH, and suggests the spin coated layer 

is not a monolayer but a multilayer film as it is unlikely this UV/Vis system would be 

sensitive enough to measure a single monolayer. The fact that a pinkish colour can also 

be seen by eye again suggests a multi-layer is formed. 
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Figure 5-7 Digital image of precursor solution and spin coated thin film 

 

Figure 5-8 UV-Vis of the 1k rpm deposited PDIH film. 

To investigate the morphology of the PDIH interlayer, AFM was carried out. It is very 

hard to distinguish the difference between the bare TiO2 and the sample with PDIH as 

both layers (TiO2 and PDIH) appears to mirror the surface of the underlying FTO film. 

As shown in Figure 5-9 (a) the image of the thin TiO2 film looks very similar to the 

image of the underlying FTO (has been discussed in Chapter 4), and TiO2 with PDIH on 

top also show very similar morphology. The average roughness for samples before and 

after interface engineering is almost the same, both around 7 nm. Thus, the morphology 

of the PDIH interlayer cannot be resolved – although no large aggregates of PDIH were 

observed. Though the film cannot be observed directly through characterization 

methods such as AFM or SEM, Some spectroscopic methods can be employed to study 

the material properties indirectly. 
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Figure 5-9 AFM images of TiO2 (a) and TiO2 with PDIH spin coated at 2k rpm (b). 

In order to confirm the existence of the PDIH interlayer and to investigate the effects of 

the PDIH interlayer on the interface, X-ray photoelectron spectroscopy (XPS) and 

Kelvin probe force microscopy (KPFM) were used to characterize the surface properties. 

XPS is shown in Figure 5-10(a), the peaks at the binding energies 284eV and 399 eV 

represent C1s and N1s respectively, indicating the existence of PDIH on the TiO2 

surface.
17

 KPFM results in Figure 5-10(b) reveal that after deposition of the PDIH 

interlayer, the work function of the substrate is decreased by 30 meV compared with 

bare TiO2, confirming the work function adjustment function of the PDIH interlayer. 

 

Figure 5-10 Surface properties characterization.(a) XPS and (b) KPFM of PDIH film spin coated at 2k rpm   
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Since the wetting properties of the substrate surface has a critical effect on the 

morphology of the film to be deposited, it is important to study the variation in the 

contact angles of the substrates before and after interface engineering. As shown in 

Figure 5-11, bare TiO2 shows an average contact angle (to water) of 17.6°, while after 

being coated with a PDIH interlayer, the contact angle of the substrate is around 28°. 

This indicates that the PDIH has changed the surface energy and actually has made the 

substrate less hydrophilic. However, it cannot be concluded that the PDIH will induce 

worse morphology in the perovskite film as the crystallization of the perovskite is a 

complex process which is affected by quite a few factors (e.g. temperature, solvent).   

 

Figure 5-11 Contact angle of TiO2 and TiO2 with PDIH interlayer. Measurements were carried out by dropping 

ultrapure water on the substrate.  

UV-Vis spectra of CH3NH3PbI3-xClx perovskite films deposited on different substrates 

were measured to characterise the optical properties of perovskite layers after interface 

engineering. As displayed in Figure 5-12, all the samples show similar absorption 

curves. The band gap is not changed after the interface engineering and is calculated to 

be around 1.57eV which agrees with reported data
18

. There is no obvious absorption 

enhancement observed after interface engineering.  
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Figure 5-12 UV-Vis absorption of perovskite layer on PDIH film spin coated at different speeds. 

As mentioned above surface energy and contact angle of substrates have changed after 

deposition of PDIH interlayers, the morphology of the perovskite layers was expected 

to change with the interface engineering. AFM was used to investigate the effects of the 

interface engineering on the morphology of mixed halide perovskite layers. In Figure 

5-13 AFM images of the control sample (Figure 5-13(a)) and samples with interlayers 

(Figure 5-13 (b) (c) & (d)) are displayed. Grain sizes in the perovskite films were 

observed to change with the introduction of interlayers: samples with PDIH show 

smaller grain sizes across the entire field of view compared with the control sample. In 

addition, the average roughness of samples (shown in Table 5-3) indicate that 

perovskite films are smoother on interlayers compared to on bare TiO2 layer except the 

2k deposited sample. However, the standard deviations of samples deposited on 

interlayers are much higher than the control samples, indicating the perovskite films on 

the interlayers are less uniform. 

400 500 600 700 800

20

30

40

50

60

70

80

90

A
b

s
o

rp
ta

n
c
e
. 

/ 
%

Wavelength / nm

  CON

 1k

 2 k

 3 k



Chapter 5: Perylene diimides as interlayers in perovskite solar cell 

      

 

120 

 

 

Figure 5-13 AFM images of mixed halide perovskite films. (a) Control, (b) with PDIH 1k rpm, (c) 2k rpm, (d) 3krpm  

Table 5-3 Average roughness (from AFM tests) of mixed halide perovskite films deposited on different substrates 

Samples Control 1k rpm 2k rpm 3k rpm 

Average roughness/nm 67.5 ± 0.6 56.3 ± 4.7 87.1 ± 16.2 57.0 ± 12.0 

To further explore the crystal structure of the prepared perovskite films, X-ray 

diffraction was used and the patterns are illustrated in Figure 5-14. All the samples 

show a weak peak at 12.7° which is attributed to PbI2, revealing the incomplete 

conversion of PbI2 in perovskite film. The diffraction peaks at 14.2°, 23.5, 24.5°, 28.2°, 

28.5°, 31.9° and 43.3°, exhibited in the four curves, were assigned to be the (110), (211), 

(202), (004), (220), (312) and (314) lattice planes of the tetragonal crystal structure of 

CH3NH3PbI3, implying that interface engineering does not change the material crystal 

structure. Besides, enlarged scale plots (Figure 5-15) for peaks at 14.2° and 28.5 show 

differences in the full width half-maximum (FWHM) of the four samples. The control 
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sample gives the smallest FWHM, indicating a bigger particle size which is consistent 

with the AFM images. The control also shows higher peak intensity, revealing that the 

crystallintiy is better than the films deposited on PDIH interlayers.  

 

Figure 5-14 XRD of perovskite films (intensity normalized) on different substrates. Samples are perovskite layer on 

FTO glass with TiO2 with and without PIDH layer. (the peak for TiO2 is not certain) 

 

Figure 5-15 Enlarged scale plots of normalized peaks at 14.15° and 28.5°.  
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To explore the influence of the interlayer on device performance, conventionally 

structured (i.e. “n-i-p’) planar solar cells were prepared. The details about device 

fabrication can be found in chapter 3. All the devices were tested directly after Au was 

deposited and measured at 1 sun AM1.5 (100 mW/cm
2
) with a masked area of 0.075cm

2
. 

Figure 5-16 shows all the parameters (i.e. power conversion efficiency (PCE, η), open 

circuit voltage (Voc), short circuit current density (Jsc) and fill factor (FF)) of devices 

with and without PDIH interlayers. The data is presented in box plots and the whisker is 

1 standard deviation (Further details can be found in Table 5-4). As demonstrated in the 

figure and the table, the PCE of devices with PDIH films that have various thicknesses 

are lower than the control samples. This is found to originate from the decrease of Voc, 

FF and Jsc. In particular, the Voc drops sharply after the introducing of the interlayer, 

which could be a result of the introduction of surface defects that act as recombination 

centres.  However, the work function of TiO2 with an interlayer was reduced by 30 meV 

(KPFM measurement shown in Figure 5-10) which is supposed to increase the Vbi and 

benefit charge collection. Thus, we suppose the decrease of device parameters is owing 

to the interlayer film quality (e.g. coverage, thickness and uniformity), as the thickness 

and uniformity of interlayer films are critically important to the charge collection. The 

hypothesis can be proved by varying the thickness of the interlayer. As demonstrated in 

Figure 5-16 , the best-performing devices are those with interlayers deposited at 2k rpm. 

There is an obvious increase of Jsc, FF and Voc for devices with 2krpm deposited PDIH 

compared with those deposited at1k rpm and 3k rpm. 
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Figure 5-16 Device performances. The box and whisker represent 0.5 SD and 1 SD. Data were from reverse scan of 

current density-voltage measurement at one sun AM1.5 at room temperature. The scan rate was 200mV/s. The active 

area under illumination was 7.5mm2
. Control device configuration was TEC15/TiO2/MAPbI1-xClx/spio-

OMeTAD/Au,, and the interface engineered device was TEC15/TiO2/PDIH/MAPbI1-xClx/spio-OMeTAD/Au  6 

pixels were tested which were on one substrate. 

The current density-voltage characteristics (J-V curves) of the best performing solar cell 

tested under illumination and in the dark are shown in Figure 5-17 J-V curves taken in 

the dark indicate both the control and devices with interlayers have typical diode 

character. The best performing cells shown the same trend as the wider study outlined 

above, e.g.the control solar cell gave the best performance and the 2k rpm deposited 

solar cell showed the best performance among solar cells with interlayers.  

Table 5-4 Device performance parameters. Devices are the same as demonstrated in Figure 5-16. 

Devices PCE /% Voc / V Jsc / mAcm
-2

 FF  

Control 9.7 ± 1.5 0.83 ± 0.09 19.2 ± 0.7 0.60 ± 0.03 

1k rpm deposited PDIH 7.2 ± 2.1 0.68 ± 0.16 18.8 ± 0.7 0.54 ± 0.05 

2k rpm deposited PDIH 8.2 ± 1.0 0.76 ± 0.03 19.0 ± 0.7 0.57 ± 0.06 

3k rpm deposited PDIH 6.6 ± 2.9 0.66 ± 0.22 18.6 ± 0.9 0.50 ± 0.12 
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  Figure 5-17 J-V curves of solar cells scanned at 200 mV/s under illumination (a), and at dark (b). The curves are 

from best-performing pixels. 

Hysteresis and long-term stability of devices were also monitored to further understand 

the impacts of interface engineering. The ratio of the PCE at forward scan (Jsc to Voc 

direction) and reverse scan (Voc to Jsc direction) was used to estimate the hysteresis 

change. As shown in Figure 5-18(a), the hysteresis is less serious with the decrease of 

the spin coating speed used to deposit the PDIH interlayer. It suggests that the increase 

of the interlayer thickness could decrease the hysteresis, implying that a PDIH 

interlayer could reduce the hysteresis in perovskite solar cells.  

Control and 2k rpm devices were tested immediately after fabrication and after 480h 

under standard test conditions to investigate the effects of interlayers on the stability of 

perovskite solar cells. All the devices were kept in a sealed container with a relative 

humidity of 20% at room temperature when not being tested. The PCE variation for 

both devices is shown in Figure 5-18(b). It shows that the devices with PDIH 

interlayers (deposited at 2k rpm) were observed to be more stable than the control. It 

impressively keeps 97% of the initial efficiency. While the control devices only keep 79% 

of their initial efficiencies. This very stable character of the devices with 2k rpm 

deposited PDIH interlayer reveals that the long-term stability of solar cells can be 

significantly improved through an appropriate interface engineering process.  
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Figure 5-18 Hysteresis and long-term stability of devices with and without PDIH interlayers.Devices were tested at 

200 mV/s under room temperature at AM1.5. Devices were stored in a desiccator box(RH%~20%) when not being 

tested.)  

5.4.2 Conclusion 

To conclude, PDIH films were deposited on TiO2 as interlayers by spin coating for 

perovskite solar cells. The work function of the compact layer TiO2 can be decreased by 

around 30 meV due to the dipole moment of PDIH molecules. However, the 

corresponding solar cells displayed a reduction in open circuit voltage. It is supposed to 

be caused by the increased recombination after adding a PDIH interlayer. A further 

study on interlayer thickness was carried out by varying the spin coating speeds. After 

optimization of layer thickness, the Voc of the devices increased, and in our study a 

maximum Voc was shown for 2k rpm deposited devices, though the Voc was still lower 

than the control. In addition, 2k rpm deposited samples displayed less hysteresis and 

better long-term stability compared with the control. In order to make better quality 

interlayers, a dip coating method was used and is discussed below. 

5.5 Interlayer preparation through dip coating method 

As illustrated in the last part, the interlayer film quality plays an important role in 

determining device performances. Results discussed previously indicated that the spin 

coating method may not be a perfect approach to make thin and uniform interlayers, 

especially for PDIs which can easily aggregate in the precursor solution (e.g. π-π 

stacking). Therefore, in this part, employed dip coating method was used to prepare PDI 

interlayers. This method takes advantages of the functional groups of the PDIs 

molecules, introducing a self-assembly process on the substrate surface. The self-
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assembly process involves the interaction of the –COOH functional group of PDIs with 

–OH functional groups or non-bonded Ti
4+

 on the TiO2 surface. It takes longer to form a 

film; however, the film is expected to be more uniform. 

5.5.1 Results and discussion 

After being immersed into the precursor solution (0.05mM PDIV or PDIH in DMSO 

solution) for a certain time, substrates were taken out to measure the UV-Vis absorption 

to see if any PDI had adhered to the surface. Figure 5-19 shows the absorption spectra 

of the substrate (FTO/TiO2/PDIs) after it has been dipped for different times. The 

characteristic peaks for PDI (seen in solution at 490 and 530 nm) were not observed 

after 3 and 6 hour dipping, but it was hard to obtain a good quality spectrum on the 

TiO2 surface. After 18 hrs peaks appeared at around 530 and 630 nm (PDIV 525 and 

627nm, PDIH 532 and 632nm) which could indicate PDIs on the surface, the signal is 

red shifted compared to the solution suggesting that the molecules are aggregated. It is 

possible that there is PDIs on the surface after 3 and 6 hours but the spectrometer is not 

sensitive enough to detect it. 

 

Figure 5-19 UV-Vis of PDIV and PDIH films by dip coating method. Samples are substrates immersed into 

PDIH/PDIV solutions for 3h, 6h and 18h.Spectra were obtained by subtracting the background (FTO/TiO2) 

In order to further investigate the existence of the interlayer, desorption experiments 

were carried out. Substrates which were already coated with PDIs were immersed into 

0.1M KOH aqueous solution for 2h to desorb any adsorbed molecules. The remained 

solution was then measured by UV-Vis spectroscopy. The results are shown in Figure 

5-20. There is no obvious absorption peaks for PDIV samples immersed for 3h and 6h, 
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and very weak peak appears at around 500nm of sample immersed for 18h, indicating 

the amount of absorbed PDIV is very limited. In contrary, all the three samples of PDIH 

(immersed for 3h, 6h and 18h) are observed to display characteristic peaks at around 

500 nm and the signal increases with the immersion time. 

 

Figure 5-20 desorption of PDIV and PDIH films. Substrates were immersed into 2mL 0.1M KOH solution separately 

for 2h at room temperature. 

Contact angle measurements were used to find the surface energy change after the film 

had been deposited.  Figure 5-21 demonstrates there is only slight increase of the 

contact angles between the control sample and those with PDIV interlayers shown in 

the digital images. It is consistent with the UV-Vis curves in desorption experiments, 

revealing the inefficient adsorption of the PDIV molecules on the TiO2 surface. In 

contrast the substrates with PDIH interlayers give a different response compared with 

the control sample, and the contact angle goes up when immersed for a longer time. The 

box plots in Figure 5-21 also show the contact angles before and after interface 

engineering. The contact angle of the TiO2 blocking layer is 10° on average, the angle 

increases to 26.5°, 27.5° and 34.5°for the 3h, 6h and 18h PDIH interlayer samples. The 

contact angle change for the PDIV is not obvious. They are 6°, 14.2° and 13.5° for 3h, 

6h and 18h immersed samples respectively, indicating poor adsorption of PDIV onto 

the TiO2 surface. Therefore, we assume that the interaction of the PDIs samples with the 

TiO2 is not mainly based on the –COOH. The difference in the adsorption for the two 

molecules also implies that the imidazole ring in the PDIH structure plays an important 

role in improving the adsorption on the TiO2 surface. 
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Figure 5-21 Advancing contact angle measurements on PDIV and PDIH films by using water as the working liquid. 

Samples were rinsed with IPA and dried with dry N2 flow. Digital images were taken in the measurements and shown 

at the top are PDIV and PDIH samples. They are TiO2 substrates immersed into PDIV or PDIH for 3h, 6h and 18h.  

The bottom box plots show the contact angle data.  The whisker and box indicate the 25%, 50%, 75% and 100% of 

data distribution.  

A two-step method (vapour assisted solution method) was used to prepare perovskite 

layers. A PbI2 layer was first deposited on substrates with interlayers by spin coating. 

The morphology of the PbI2 layer was investigated by AFM. As shown in Figure 5-22, 

(a), (b) and (c) are the AFM topography images of PbI2 on PDIV, PDIH and the control 

sample, respectively. PDIV sample shows very different PbI2 morphology. The film is 

rougher and has bigger grain sizes than the other samples. While the PDIH and control 

sample show smooth surfaces and compact grains. The average roughness of all the 

samples is given in Table 5-5. The control sample gives the smallest average roughness 

14.5 nm, and the PDIV gives the biggest roughness 36.2 nm.  
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Figure 5-22 AFM images of PbI2 films on different substrates (a) TiO2/PDIV, (b) TiO2/PDIH and (c) bare TiO2 

(control). Image size is 20µm ×20 µm. 

Table 5-5 Average roughness of PbI2 films from AFM 

Sample PDIV PDIH Control 

Average roughness/nm 36.2 ± 3.8  20.1 ± 1.5 14.5 ± 1.2 

After reacting with CH3NH3I vapour, PbI2 was converted into the hybrid perovskite. 

The morphologies of perovskite layers on different substrates were also investigated by 

AFM and are displayed in Figure 5-23. It is clear that the perovskite layer morphology 

is related to the PbI2 layer. Shown as (a), (b) and (c) in Figure 5-23, PDIV, PDIH and 

control samples imply a similar trend of roughness to the PbI2 layer. The PDIV sample 

shows a rougher texture, while PDIH and the control exhibit relatively smooth surfaces. 

The detailed average roughness information can be found in Table 5-6. However, unlike 

information demonstrated in Table 5-5 where control sample has the lowest average 

roughness, PDIH sample give the smoothest film surface in all the samples, with a 

roughness of 19.1 nm. It was also observed from the AFM images that the PDIH film 

shows better surface coverage.  Enlarged images(e), (f), (g) below show the 

corresponding fine structure of the perovskite films shown in images (a), (b) and (c). It 

is obvious that both the perovskite on PDIH and PDIV have smaller grains than the 

control sample, which is consistent to the character shown in samples prepared by spin 

coating methods. We then can conclude that the application of PDIH and PDIV organic 

interlayers will decrease the grain size of the perovskite film. Although PDIH sample is 

composed of smaller grains, it shows smoother surface than the control sample, 

implying fewer “shunt paths” through the perovskite film. 
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Figure 5-23 AFM images of perovskite films in different scales. (a) and (e) TiO2/PDIV/Perovskite, (b)and(f) 

TiO2/PDIH/Perovskite, (c)and(g) TiO2/Perovskite (Control)  

Table 5-6 Average roughness of perovskite films from AFM 

Samples PDIV PDIH Control 

Average roughness /nm 45.7 ± 1.6 19.1 ± 0.9 35.7 ± 2.9 

Information about the particle size was further analysed and the grain size statistics for 

perovskite films in different samples are given in Figure 5-24. As shown in the 5-25 (a) 

the PDIV sample has particles mainly distributed around 0.079 ± 0.058 µm
2
. Figure 5-

25(b) shows the distribution for the perovskite film on PDIH. The particles mainly 

distribute at 0.026 ± 0.010 µm
2
. Figure 5-25(c) shows the control sample, it shows 

micrometre grain size (0.43 ± 0.29 µm
2
), and the particles are one order of magnitude 

larger than PDIV and PDIH samples.  
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Figure 5-24 perovskite film grain size distribution. (a) PDIV, (b) PDIH, (c) Control 

The AFM shows that interface engineering can significantly change the film 

morphology of perovskite layers. To understand if interlayers can change the crystal 

structure and crystallinity in addition to the morphology, XRD measurements were 

carried out, and the results are shown in Figure 5-25. The sharp and strong peaks at 14.2° 

(110) and 28.5° (220) indicate tetragonal perovskite crystals are formed in all samples. 

The peak at 12.7° in PDIV and the control are the (101) lattice plane of PbI2, indicating 

the incomplete conversion of lead source in these two samples. In addition, crystal size 
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information can be obtained from the FWHM of the peaks. In the enlarged scale graph, 

it is observed that the control sample has a lower FWHM than PDIV and PDIH sample. 

It suggests that the perovskite layer in the control sample has bigger particles than the 

other two samples after interface engineering. The reduced particle size of perovskite 

film may cause increase of recombination in perovskite layer. 

 

Figure 5-25 XRD patterns of perovskite films. Samples are CON(FTO/TiO2/perovskite), 

PDIH(FTO/TiO2/PDIH/perovskite) and PDIV(FTO/TiO2/PDIH/perovskite) Peaks for different samples are aligned 

with peaks of FTO, and all the patterns in (a) are normalized. 

Steady state photoluminescence and transient photoluminescence measurements were 

carried out to investigate trap states and the charge transfer dynamics. Samples with 

configurations glass/perovskite, glass/TiO2/perovskite and glass/TiO2/PDIs/perovskite 

were prepared. As shown in Figure 5-26(a), perovskite emission peaks at around 772nm 

(~1.6 eV) are observed in all samples, which roughly agrees with the published band 

gap of MAPI perovskites (~1.55eV) in references
19

. When the perovskite was deposited 

on TiO2, the peak was slightly red-shifted (∆λ=3 nm, 0.006 eV) indicating light emitted 

has a lower energy than the control (glass/perovskite), and the luminescence intensity 

was strongly increased. The peak shift suggests a slight shift of the band edge, which 

has also been observed in other reported work.
20

 However, samples with PDIH or PDIV 

interlayers showed a blue-shift in luminescence peak (767nm, 771nm respectively) and 

lower luminescence intensity. It indicates the band-gap of the perovskite is slightly 

increased. Li et al have reported that the steady state PL intensity is linked to the 

number of surface defects in the perovskite film
21

; where the surface defects act as 

recombination centres to reduce the PL intensity. If this is true it suggests that the PDI 
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introduces more surface defects than the TiO2 (in fact the film on TiO2 seems to have 

fewer surface defects than the film on glass). It is important to note that the PL signal 

could also be decreased by the introduction of bulk defects in the perovskite – this could 

be due to changes in the crystal size and structure when the films are spin coated onto 

different substrates. In contrast, You et al
22

 have stated that reduced PL signals are due 

to better quenching of the excited state due to effective charge transfer from the 

perovskite to the contact layer, however they do not discuss what happens to the carriers 

after they have been transferred to the contact. If more effective quenching is occurring 

it suggests that the PDI is a better electron extracting layer than the TiO2. It is very 

difficult to prove which mechanism is happening in the perovskite films. In these 

experiments the films were illuminated from the perovskite side and the perovskite film 

was approximately 300-400 nm thick. Given that the absorption coefficient of MAPI is 

~10
5
cm

-1
, this suggests that all the incident light at 510nm would be absorbed in the 

first ~100nm of the film
23

. This suggests that PL is more likely to be indicative of the 

number of bulk recombination sites in the film. Again this suggests that the film 

morphology (e.g. crystallite size and number of grain boundaries) is highly dependent 

on the substrate it is deposited on.  

 

Figure 5-26 Steady state photoluminescence of perovskite films. (a) PDIH and corresponding reference samples, (b) 

PDIV and corresponding reference samples.  
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Figure 5-27 Transient photoluminescence decay of perovskite films. G represents glass, BL represents TiO2 blocking 

layer and PS represents perovskite. Lifetime calculation follows the definition. 

Transient photoluminescence (or time-resolved photoluminescence, TRPL) was used to 

detect PL decay. As displayed in Figure 5-27, the spectra for PDIH, PDIV and the 

reference samples show significant differences in decay kinetics. In the literature it is 

often suggested that faster decay kinetics are linked to more efficient charge transfer to 

the electron (or hole) selective contact
24

. The calculated lifetime is 90ns for sample 

G/PS (glass/peroskite), 250ns for G/BL/PS (glass/TiO2/perovsite), 20ns for 

G/BL/PDIH/PS (glass/TiO2/PDIV/perovskite) and 6ns for G/BL/PDIV/PS 

(glass/TiO2/PDIV/perovskite). If the theory about improved quenching is correct then 

the TiO2 blocking layer, is a less effective selective contact than the PDIs. After 

introducing the perylene diimide interlayers, the electron could be extracted to electron 

transporting layer more efficiently. However if the rate of PL decay is controlled by 

charge transfer to the selective contact it is not clear why a shorter lifetime is observed 

for the perovskite film on glass compared to a film on titania – glass is not able to 

accept electrons. This also suggests that the rate of PL decay is more likely to be linked 

to the properties of the bulk perovskite layer.  

Based on the characterisation shown above, it appears that the interlayers change the 

perovskite morphology and this has a large effect on the film properties. In order to 
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investigate the overall impact on the device, full devices were fabricated in air (PDIH 

and PDIV films were obtained by dipping in solution for 3 hrs). Devices were tested 

under standard condition (AM1.5, one sun, 25°C). The parameters of devices were 

acquired from current density-voltage analysis. The PCE, Jsc, Voc and FF are shown in 

box plot in Figure 5-28, and the results in detail are shown in Table 5-7.  

 

Figure 5-28 solar cell performances of devices in box plot. At least 6 devices were fabricated to analyse the statistic 

parameters for each type of samples. Data were from reverse scan of current density-voltage measurement at one sun 

AM1.5 at room temperature. The scan rate was 200mV/s. The active area under illumination was 7.5mm2
. Control 

device configuration was TEC15/TiO2/MAPbI1-xClx/spio-OMeTAD/Au, and the interface engineered device was 

TEC15/TiO2/PDIs/MAPbI1-xClx/spio-OMeTAD/Au 

Table 5-7 Solar cell parameters of different devices. Shown as average with standard deviation.  

Samples PCE /% Voc / V Jsc / mAcm
-2

 FF 

PDIV 3.9±1.4 0.80±0.13 12.0±2.7 0.39±0.06 

PDIH 7.9±2.3 0.93±0.02 14.4±3.4 0.57±0.08 

Control 5.6±2.9 0.78±0.25 14.4±3.1 0.44±0.11 

It is observed that the PCE of devices with PDIH interlayers is significantly enhanced 

compared with the control, while devices with PDIV interlayers display inferior 
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performance. The PCE of the best performing solar cell is 10.5% for PDIH sample, 8.5% 

for control and 5.3% for PDIV samples. The superior performance of devices with 

PDIH interlayers is mainly due to an increase of the Voc and FF, which could be 

attributed to the smooth perovskite film which has small crystallites and fewer pinholes.  

Meanwhile, the Jsc for PDIH and the control devices is very similar. However for PDIV 

samples, the Jsc and FF are much lower than the others, though the average Voc is close 

to control devices, could be due to the rough perovskite film (more possible shunt 

paths).   

The J-V curves of best-performing devices are shown in Figure 5-29. The Voc and FF of 

PDIH are significantly enhanced in comparison with the control. The result is consistent 

with the corresponding KPFM and PL measurements. Besides, the PDIH is a 

conjugated material with very good conductivity, the series resistance (Rs) could be 

reduced as well.  

 

Figure 5-29 J-V curves of devices. Devices are with configurations of PDIH: FTO/TiO2/PDIH/perovskite/spiro-

OMeTAD/Au, PDIV: FTO/TiO2/PDIV/perovskite/spiro-OMeTAD/Au and CON: FTO/TiO2/perovskite/spiro-

OMeTAD/Au. Devices tested at room temperature at one sun AM1.5. Scan rate is 200 mV/s. Active area with Au is 

9mm2, and the area under illumination is 7.5mm2 

The interlayer also impact the stability of devices. As shown in Figure 5-30, average 

efficiencies of different devices were monitored over time. Significant degradation was 

found in all three device types when they were tested after being kept at ambient 

environment for 360 h and 500h. However, the PDIH device was noticed to be the most 

stable device with ~ 32% decrease of its original efficiency after being kept for 360h. 
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The control device, by contrast, has a 48% decrease of efficiency at 360h. The PDIV 

device shows the most serious degradation which can be ascribed to the rougher 

perovskite film which presents a larger surface area and many grain boundaries where 

moisture could attack the film.  

   

Figure 5-30 stability of solar cells with and without PDIs interlayers. Devices were kept at desiccator box with a 

humidity of ~20% 

5.5.2 Conclusion 

In this part, interlayers of PDIH and PDIV molecules were prepared by dip coating 

method. By using this method, perylene diimides can chemically bond the surface of 

TiO2 through the interaction of their functional groups (e.g. –COOH) with the TiO2 

surface. Though this process takes longer time than the spin coating method, thin and 

strongly attached interlayers should be achieved. All the procedures for device 

fabrication were carried out in air, and perovskite layers were prepared through vapour 

assisted two-step solution method. The characterization of interlayers indicates that 

interface engineering significantly changed the surface energy, and perovskite films on 

PDIH and PDIV interlayers both show reduced particle sizes. Samples with PDIH 

interlayers show smoother perovskite films relative to the control; while samples with 

PDIV interlayers displayed a higher roughness than the control. Solar cells fabricated 

with and without interlayers demonstrate very distinct differences in performance. 

Devices with PDIH interlayer has an optimized performance, the Voc and FF are both 

improved and the PCE increased by 24%, from 8.5% (average 5.6%) of control devices 
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to 10.5% (average 7.9%) . However, devices with PDIV show inferior performance 

which can be attributed to the change of the surface energy which leads to a less 

favourable film morphology. The improved performance of devices is also shown by 

the stability measurements. In the presence of a PDIH interlayer, the efficiency 

remained at 68% of the initial value after 360h, which is better than the control (52% 

retained). 

5.6 The effects of the interlayer preparation method on device 

performance 

It is very critical to control the interlayer film quality when interface engineering is 

employed to optimize the solar cell performance. Theoretically, the interlayer should be 

very thin to avoid an increase in series resistance and the formation of recombination 

sites. It can be prepared by spin coating a low concentration precursor solution (1-

2mg/ml or lower) or through dip coating method by immersing the substrates into dilute 

solution (a few mM or lower) for a certain time. 

In this chapter, both methods were tried and the devices display different performance 

when the same interlayer material was used (PDIH interlayer as an example.) The 

device with PDIH interlayers prepared through dip coating showed enhanced PCE 

compared to the control. However, the device with PDIH interlayer prepared by spin 

coating method displays a lower PCE than the control. As discussed before, we suppose 

the thickness and the uniformity of the interlayer can be the two key factors that affect 

the device efficiency. The hypothesis is partly confirmed by changing the thickness of 

interlayers through varying the spin coating speeds. We then analysed how the 

optimization of interlayers changes the device parameters. As shown in the discussions 

in sections 5.4 and 5.5, the parameters of devices vary with the interlayer preparation 

methods. In the end, the device with spin coated PDIH shows a Voc and Jsc decrease (vs. 

control), while the one with dip coated PDIH interlayer shows increased Voc, and 

similar Jsc (vs. control). 

 

5.7 Conclusion and future work 

This chapter discussed the importance of the interface engineering in the performance 

improvement of perovskite solar cells. Introducing interlayers in devices can improve 
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the built in voltage and control the morphology of the active layer. In our work, PDIH 

and PDIV were used modify titania layers. It is found that the interlayer film quality is 

extremely critical in determining the device performance. The thickness, coverage and 

morphology are all important since they can effectively affect properties of the layer 

deposited on interlayers. When a PDIH interlayer was prepared through spin coating, 

the Voc and FF both decreased, and the optimization of spin coating speed causes an 

increase of Voc and FF. Thus we believe the films prepared through spin coating method 

are thicker than they are expected to be. We then used a dip coating method to make the 

interlayers and the results show that when the substrates were dipped into PDIH 

solution for 3h, the PCE was 24% higher than the control sample. The Voc and FF were 

both found to have increased after interface engineering with PDIH. The inferior 

performance of devices with dip coated PDIV interlayer can be attributed to the low 

coverage of the interlayer on the substrate surface, which can be obtained from contact 

angle and UV-Vis measurements. Moreover, PDIH cells are more stable than PDIV or 

control cells, revealing that interface engineering also impacts the long-term stability of 

devices. More work needs to be carried out to investigate how to control the quality of 

interlayer and how the interlayer interacts with the TiO2. For example, thickness control 

of a PDIH interlayer through immersing for different times, PDIH film thicknesses can 

be measured via ellipsometry, and the kinetics of PDIH or PDIV absorption on TiO2 

could be further investigated. All this work should be done to find the optimal 

conditions to prepare interlayers in order to get enhanced performance of perovskite 

solar cells.  
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6.1 Introduction  

Dyes with carboxylic acid pendant groups are typically used in dye-sensitized solar 

cells (DSSCs) as the carboxylic acid group can interact strongly with the titania surface. 

For example, the –COOH anchoring group interacts strongly with the titania
1, 2

. Benzoic 

acids have also been used to modify oxide layers in organic and perovskite solar cells
3, 4, 

5
. As mentioned in previous chapters, a compact TiO2 film is also commonly employed 

as the hole blocking layer for hybrid perovskite solar cells. However several studies 

have shown that titania blocking layers induce hysteresis in perovskite solar cells and 

that surface modification is needed to improve the J-V characteristics
6, 7, 8

. Considering 

all the advantages, the study of benzoic acids as modifiers for the TiO2 layer is 

meaningful, since it promises to substantially improve the perovskite solar cells’ 

performance. To date, only a few studies have been reported where benzoic acids have 

been used as surface modifiers in hybrid perovskite solar cells
5, 9

.  

Benzoic acids have been shown to reduce the surface defects on the surface of the TiO2 

layer by chemically bonding with non-bonded Ti
4+

 on the surface, since the non-bonded 

Ti
4+

 can act as a site to trap electrons
10

. In addition, benzoic acids and their derivatives 

can be used to adjust the work function at the interface as they have dipole moments. 

They can be functionalized easily to get various derivatives with different dipole 

moments. 
4
 It has been reported that benzoic acids with para-position functional groups 

such as amino, methoxyl, bromide, cyano and nitro groups have dipoles of -4.5D, -

3.9D,1.4D, 3.4D and 3.8D respectively
4
. The negative or positive dipole moment can be 

introduced at the interface according to the structure of devices to improve the energy 

level alignment.  

Recent research using benzoic acids in hybrid perovskite solar cells generally targets the 

mesoporous TiO2 layer in mesoporous devices. To date no study about modifying the 

compact TiO2 layer has been reported. Zhu and co-authors used a group of benzoic 

acids (i.e. 4-amino benzoic acid, 4-chloride benzoic acid, benzoic acid and 4-nitro 

benzoic acid) to modify the mesoporous TiO2 in mixed cations and mixed halides 

perovskite solar cells.
5
 Benzoic acids interlayers did not change the morphology and 

crystallinity of perovskite, but they significantly improved charge extraction. Out of all 

the molecules, 4-chlorobenzoic acid was observed to improve the device PCE from 

17.5 % to 18.4%, while 4-nitrobenzoic acid and 4-aminobenzoic acid were found to 
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have a negative effect on the device PCE. Li et.al.
9
 employed 4-aminobenzoic acid in 

their mesoporous CH3NH3PbI3 perovskite solar cells. However, unlike the studies above, 

they found the morphology of perovskite layer was modified, and the device 

performance was improved from 9.6% to 10.6%.  

In this chapter, the effects of benzoic acids interlayers on hybrid perovskite solar cells is 

discussed. Three benzoic acids with different amino groups, 4-aminobenzoic acid 

(ABA), 4-(aminomethyl) benzoic acid (AMBA) and 4-(methylamino) benzoic acid 

(MABA) were investigated. They were all used to modify the compact TiO2 layers in 

planar perovskite solar cells, and their impact on the surface energy of the TiO2 layer, 

perovskite layer morphology and crystallinity were studied. As the functional groups 

have different substitutions, the effects on perovskite crystallization caused by them 

were also discussed. Inconsistent results have been reported in literature studies (as 

mentioned above) containing the same benzoic acid derivatives and reasons for the 

differences are discussed. Experiments were also designed to figure out the factors that 

could cause the inconsistencies.  

6.2 Experimental  

Interlayer preparation 

By spin coating: 10mM of the benzoic acid derivative was dissolved into H2O with one 

equivalent of NH4OH as the additive to make the interlayer precursor solutions. 

Interlayer films were prepared by spin coating the precursor solution at 500 rpm, 1000 

rpm, 2000 rpm, 3000 rpm or 4000 rpm on TiO2 blocking layer and then annealed at 

120°C for 1 hour to remove the solvent.  

By dip coating: TiO2 substrates were heated to 60°C and then immersed into 0.1mM 

benzoic acid derivative MeOH solution for 3h, 6h, 12h or 24h. Substrates were then 

taken out from the solution and rinsed with EtOH to remove any physically adsorbed 

molecules. N2 flow was used to dry the substrates.  

Device Fabrication: TiO2 blocking layers were made by spray pyrolysis method unless 

specifically mentioned. Devices were fabricated by using a one-step solution method in 

air unless mentioned specifically. The substrates and precursor solutions were kept at 

60°C before depositing the perovskite layer. More details can be found in Chapter 3. 
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6.3 Structure of benzoic acids with amino groups and their potential roles 

as interlayers 

ABA, AMBA and MABA show limited solubility in water. The solubility of ABA can 

be significantly increased when the pH is reduced below 4 or increased above 9. As 

shown in Figure 6-1, the reported solubility (calculated) at pH 7 is around 10mg/mL 

( ~66 mM).
11

 In this work, when a basic additive is added to deprotonate the carboxyl 

functional group, the solubility in water can reach 25 mg/mL. NH4OH was therefore 

used to improve the solubility of all the solutions (Figure 6-2).  

 

Figure 6-1 Calculated pH dependence of the aqueous solubility of 4-(aminomethyl) benzoic acid, generated using the 

program PhysChem 7.0 (Advanced Chemistry Development, Toronto, CA)11. 



Chapter 6: Benzoic acids interlayers for planar perovskite solar cells 

 

 

147 

 

 

Figure 6-2 Molecular structure of amino benzoic acids  

These three molecules have dipoles that point from the carboxylate group (negative end 

of the dipole) to the amino group (positive end of the dipole). As mentioned in the 

introduction chapter, aligned molecular dipoles can help interfacial band alignment in 

perovskite devices. Since the carboxyl group interacts with TiO2 surface, the dipole 

introduced by the molecule will point away from the TiO2 surface, and the work 

function of the TiO2 should be reduced. Theoretically, as a result the built-in voltage of 

the p-i-n junction is expected to increase, and it is beneficial to charge collection in the 

device.. In addition, molecules with amino groups have been reported to be able to 

coordinate with the non-bonded Pb
2+

 , the amino benzoic acid layer could therefore 

affect the defects at the interface and could also possibly affect the crystallinity of the 

perovksite films
5, 12

.  

6.4 4-(Aminomethyl) benzoic acid 

6.4.1 Solubility of AMBA--effects of NH4OH 

AMBA was the first molecule to be studied. As mentioned in the experimental part, 

NH4OH was added into the spin coating solution to improve its solubility. It was 

observed that the optical properties of AMBA have not been changed. The UV-vis 

absorption signal of the AMBA solution and its salt are the same, and are shown in 

Figure 6-3. The molecule AMBA and its salt only absorb light in the UV region, which 

makes it a good candidate as the interlayer, since it doesn’t affect the light harvesting of 

the perovskite layer. In addition, the absorption of UV light could improve the stability 

of devices (though the UV light absorbed by a interlayer may be negligible), as UV 

light is one of the factors that causes the degradation of the perovskite.
13
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Figure 6-3 UV-Vis of solutions with and without the addition of NH4OH 

To investigate the influence of the NH4OH additive on the solar cell performance, 

devices were fabricated based on interlayers made from solutions with and without 

NH4OH, and the performance of these devices was characterized through J-V scans. As 

shown in Figure 6-4 and Table 6-1, the Jsc is obviously improved from 11.37 to 12.82 

mAcm
-2

 in devices with AMBA interlayers made from the basic solution. The Voc 

increases slightly as well from 0.92 V to 0.94 V. The changes in Jsc and Voc indicate that 

the usage of the basic additive in interlayer preparation solution can modify the device 

performance. 
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Figure 6-4 J-V curves of devices. CH2NH2-NH4OH represents interlayers prepared from the AMBA solution with 

NH4OH additive, and CH2NH2 represents the one without basic additive. Device structures are: 

FTO/TiO2/AMBA/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au and FTO/TiO2/AMBA-NH4OH/ CH3NH3Pb1-xIClx/spiro-

OMeTAD/Au respectively. Devices were tested at one sun AM1.5 with a scan rate of 200 mV/s at ambient 

environment. The active area of each device is 0.075cm2
. 

Table 6-1 Device parameters. 

Device Jsc / mAcm
-2

 Voc / V FF  PCE /% 

CH2NH2  11.37 ± 1.04 0.92 ± 0.02 0.35 ± 0.04 3.63 ± 0.44 

CH2NH2-NH4OH 12.82 ± 0.88 0.94 ± 0.01 0.35 ± 0.04 4.17 ± 0.55 

 

6.4.2 Optimisation of 4-(Aminomethyl) benzoic acid interlayer 

Optimization of the spin coating process for interlayer preparation was carried out by 

varying the spin coating speeds from 500 rpm to 4000 rpm. All the interlayer precursor 

solutions had NH4OH as an additive. The corresponding devices were characterized by 

J-V scans in the dark and under illumination, and the results are shown in Figure 6-5. 

All devices show typical diode characteristics as shown in Figure 6-5(b) when tested at 

the dark. When tested under illumination, it is observed that the Jsc of devices changed 

significantly with the variation of the spin coating speeds for making the interlayers. 

The Jsc increases with the spin coating speed in the range of 0.5k to 3k rpm and 

decreases from 3 k to 4 k rpm. It peaks for devices prepared at 3k rpm, with an average 

Jsc of 16.81 mAcm
-2 

(shown in Table 6-3). There is also a change in the FF, and it peaks 
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in the 3k rpm deposited devices. The FF is 0.64 on average which is 45% higher than 

the cells prepared at the lowest spin rate (0.5k).  

 

Figure 6-5 J-V curves of devices with different spin speed deposited AMBA under illumination (a) and at dark (b). 

Devices are labelled according to the spin coating speed and their structure is FTO/TiO2/AMBA-

NH4OH/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au. Devices were tested at one sun AM1.5 with a scan rate of 200 mV/s 

at ambient environment. The active area of each device is 0.075cm2
. 

Table 6-2  Device parameters. Devices are labelled according to the spin coating speeds for making the interlayers. 

Device Jsc / mAcm
-2

 Voc / V FF  PCE /% 

0.5k 7.72 ± 5.81 0.83 ± 0.14 0.41 ± 0.05 2.66 ± 2.09 

2k 11.80 ± 3.00 0.82 ± 0.15 0.56 ± 0.07 5.62 ± 2.32 

3k 16.81 ± 1.30 0.85 ± 0.02 0.64 ± 0.02 8.98 ± 0.89 

4k 12.87 ± 5.39 0.74 ± 0.08 0.59 ± 0.05 5.79 ± 2.83 

 

6.4.3 AMBA interlayer for planar hybrid perovskite solar cells 

After the optimization of preparation conditions, AMBA interlayers were deposited 

using the optimized parameters to make hybrid perovskite solar cells, and the 

performance was compared with the standard device. J-V curves under illumination 

(Figure 6-6 (a)) show that the Jsc of the device is increased with the interface 

engineering, and Table 6-3 shows that the Jsc increases from 15.98 ± 0.79 mAcm
-2

 to 

16.58 ± 0.41 mAcm
-2

 after interface engineering with AMBA. The improved Jsc could 

be due to enhancing the film quality of the perovskite layer as the amino functional 

groups in the interlayer are believed participate into the crystallization process of 
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perovskites
14

, and XRD measurements were carried out in the following work in order 

to find the evidence about changes in crystallisation for the perovskite films after 

interface engineering. The Voc is largely unchanged by surface modification (Figure 

6-6 and Table 6-3). Though the Jsc is improved after interface engineering, the FF is 

decreased obviously and it causes the PCE to drop. As can be observed from the J-V 

curves under illumination (Figure 6-6 (a)), the reason for the FF drop is the increase of 

the series resistance and the shunt resistance.  

 

Figure 6-6 J-V curves of best performing devices with and without AMBA interlayers under illumination (a) and at 

dark (b). Devices structure is CH2NH2-NH4OH: FTO/TiO2/AMBA-NH4OH/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au, 

CON: FTO/TiO2/AMBA-NH4OH/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au. Devices (12 devices in total) were tested at 

one sun AM1.5 with a scan rate of 200mV/s at ambient environment. The active area of each device is 0.075cm2
. 

RH=22%. 

Table 6-3 Device parameters. Devices were measured at standard condition (AM1.5, 100mW/cm2) 

Device Jsc / mAcm
-2

 Voc / V FF  PCE / % 

CON 15.98 ± 0.79 0.88 ± 0.08 0.53 ± 0.06 9.58 ± 1.34 

AMBA 16.58 ± 0.41 0.92 ± 0.02 0.44 ± 0.05 8.70 ± 1.09 

 

6.4.4 Other characterizations  

X-ray photoelectron spectroscopy was used to prove the existence of the AMBA 

interlayer. As displayed in Figure 6-7, a peak at around 400 eV and a peak at 285 eV are 

clearly observed due to the binding energy of N 1S and C1s respectively, showing the 

presence of benzoic acid on the surface.  
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Figure 6-7 XPS of AMBA interlayer deposited on TiO2 

To understand how the overlying perovskite films were affected, contact angle 

measurements, AFM and XRD were used out study the substrate surface, the perovskite 

layer morphology and the perovskite film crystallinity. As demonstrated in Figure 6-8, 

the advancing contact angle of the TiO2 surface increased from around 12° to 27° on 

average after the deposition of the AMBA interlayer. The surface is therefore less 

hydrophilic than the control, which will influence the wetting of the precursor solutions 

when preparing the film.  

 

Figure 6-8 Contact angle of TiO2 substrates. Photos shows contact angle of (a) TiO2 with spin coated AMBA and (b) 

TiO2, (c) box plot showing average contact angles of different TiO2 substrates.  
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Since any change in the surface energy can possibly change the morphology of 

perovskite films, we used AFM measurements to investigate the perovskite films’ 

morphology when interface engineering is employed. As shown in Figure 6-9, the 

morphologies of the perovskite films display distinct differences in the grain size and 

coverage. It is noticed that with the AMBA interlayer, the deposited perovskite films 

have a more compact surface and bigger grains than the control sample. The average 

roughness of the control sample was around 154.7±9.1 nm, while the sample with an 

AMBA interlayer showed a much lower roughness, 83.9±1.3nm as calculated.  

 

Figure 6-9 AFM of perovskite films deposited  (a) on the TiO2 compact layer (control), (b) on the TiO2 with AMBA 

interlayer 

X-ray diffraction was used to further understand the effect of the AMBA interlayer on 

the crystals of the perovskite films, and the diffraction patterns are shown in Figure 

6-10. The characteristic peaks at 14.1°(110) and 28.5°(220) displayed in the patterns 

indicate that both the perovskite samples(e.g. control and AMBA) are in the tetragonal 

phase. No peak of PbI2 is observed in both samples, indicating the full conversion of 

PbI2 to the perovskite. The peaks at 14.1° are given in an enlarged-scale figure (Figure 

6-10 (right)), where the intensity and FWHM are compared. It reveals that the particle 

sizes of the two perovskite samples are almost the same and the crystallinity is largely 

unchanged. This suggests that increased Jsc is not caused by the film quality change (in 

this measurement at least-there is some inconsistency between measurements on 

different batches of films)-more discussion is presented below.  
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Figure 6-10 XRD of perovskite films deposited on TiO2 and TiO2 with AMBA. 

6.4.5 4-aminobenzoic acid and 4-(methylamino) benzoic acid 

In order to monitor the effects of different amino groups on solar cell performance, the 

other two benzoic acids were also introduced as interlayers, and the devices were made 

by using the same optimized procedures for making AMBA film. Devices with AMBA 

were also fabricated in this batch. After analysing the J-V curves of different devices 

(Figure 6-11), it is interesting to notice that the device parameters vary with the amino 

groups’ positions and substitutions. 4-aminobenzoic acid (ABA) and 4-

(aminomethyl)benzoic acid(AMBA) are primary amines, while 4-

(methylamino)benzoic acid is a secondary amine, and it has been reported that the 

interaction of these molecules with perovskite crystals are different
15

. The primary 

amines are less hindered than the secondary amines and therefore could more easily 

affect the passivation of perovskite films, as the lone pair electrons of N are more 

flexible. As shown in Figure 6-11, devices with ABA and AMBA which have primary 

amino groups show higher Jsc than MABA devices (secondary amine), and the Jsc is also 

higher than the standard devices. The average Jsc is 18.42 mAcm
-2

 for ABA devices, 

18.51 mAcm
-2

 for AMBA devices and 15.48 mAcm
-2 

for MABA devices. The Jsc of the 

control devices is 15.77 mAcm
-2

 as demonstrated in Table 6-4, which is located 

between the secondary amine and primary amine devices. In this experiment, the 

hypothesis was that the terminal function group interacted with the perovskite film 

which could change the perovskite crystallinity . This hypothesis seems to be supported 

by the trend in the Jsc values and crystallinity of the films (Figure 6-15). However, from 

the last batch experiment, the Jsc was improved after adding AMBA, while the 
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crystallinity didn’t change. Thus it is believed that interface engineering caused 

crystallinity change could be one of the origins of the Jsc increase, but not the only one. 

 

Figure 6-11 J-V curves of best performing devices with and without interlayers. CON: FTO/TiO2/bezoic acids-

NH4OH/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au, and device with interlayers are: FTO/TiO2/bezoic acids-

NH4OH/CH3NH3Pb1-xIClx/spiro-OMeTAD/Au. All devices (12 devices for each type) were tested at one sun AM1.5 

with a scan rate of 200mV/s at ambient environment. The active area of each device is 0.075cm2
. RH%=37% 

Table 6-4 Device parameters. Devices (12 devices for each type) are labelled according to the amino groups.  

Device Voc / V Jsc /mAcm
-2

 FF / % PCE / % 

CON 0.96 ± 0.03 15.77 ± 4.99 0.58 ± 0.08 9.1 ± 3.9 

-NH2 (ABA) 0.88 ± 0.05 18.42 ± 3.24 0.49 ± 0.03 7.9 ± 1.2 

-CH2NH2 (AMBA) 0.93 ± 0.02 18.51 ± 2.02 0.50 ± 0.03 8.7 ± 1.4 

-NHCH3 (MABA) 0.90 ± 0.03 15.48 ± 3.07 0.51 ± 0.03 7.0 ± 1.1 

The influence of the terminal functional groups of the benzoic acids in the perovskite 

crystal is also illustrated in Scheme 6-1. Due to the similarities to the methyl 

ammonium ion, the amino groups of ABA and AMBA are supposed to interact with the 

Pb
2+ 

via the lone pair electrons provided by the nitrogen. They therefore could affect the 

perovskite crystallization because of their competition with CH3NH3
+
. In contrast the 

secondary amine MABA finds it slightly more difficult to bond with Pb
2+

 due to the 

steric-hindrance caused by the methyl substitute. The –NH2 in ABA is less flexible than 

that of AMBA, which makes it less effective in its involvement in the perovskite crystal. 

In a word, it is assumed that among the three interlayers, the activity of the terminal 

group interacting with Pb
2+ 

in perovskite is AMBA > ABA > MABA. 
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Scheme 6-1 The interactions of interlayers and the perovskite crystal. 

According to the device parameters given by the J-V scans under illumination, the Jsc of 

ABA and AMBA devices are close when compared with that of MABA and control 

devices, though the Jsc of ABA devices is still slightly lower than the AMBA devices. 

This result is consistent with the hypothesis mentioned before as the perovskite film 

quality mainly determines the Jsc at least in these measurements. Once again, the Voc of 

the devices are very similar (within experimental error), although it appears that the Voc 

of the control is slightly higher. Though the Jsc is found improved, the PCE of devices 

with ABA and AMBA interlayers is decreased compared with the control devices. 

According to Table 6-4, the decrease is due to slightly lower FF. As it is observed in J-

V curves, both the shunt resistance and series resistance are worse than the control, and 

the results are consistence with the last batch made devices. Theoretically benzoic acids 

should decrease the WF of TiO2 and thus increase the Vbi of the junction which will 

improve the charge separation and collection. Improvement in charge collection will 

increase the Jsc, therefore, it is concluded that the Jsc increase could be attributed to two 

reasons, one is crystallinity changes caused by the interlayer, and the other one is the 

WF adjustment which leads to a charge collection improvement. The crystallinity 

change is not observed in the first batch of devices which could be resulted from the 

other factors that have more influence on the perovskite morphology (e.g. contact angle). 

 As shown in Figure 6-12, contact angles for the bare TiO2 and TiO2 with benzoic acids 

were measured by using water as the testing liquid. The contact angle is slightly 

increased after the deposition of interlayers, and increased from around 35° to around 
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40°. AMBA has the lowest contact angle (~38°) out of the three molecules. ABA and 

AMBA both have –NH2 as the terminal group, but the molecular dipole of AMBA is 

estimated to be bigger, as its electron donating group –CH2NH2 has a relatively high 

electron density than –NH2. Due to the hydrophobic terminal group –CH3, MABA 

surface has a higher contact angle than AMBA. It is interesting to notice that, after the 

deposition of interlayers, the standard deviation of the contact angle becomes smaller, 

indicating the wetting is more uniform on interlayers. Correspondingly, it is observed in 

the parameter table (Table 6-4) that the PCE of solar cells has a lower standard 

deviation that the PCE for the control.  

 In addition to the contact angle change, it is also important to notice that the contact 

angle of the control TiO2 is around 35° which is much higher than the same type of 

sample shown before (Figure 6-8) where it was around 12°. The difference of the 

contact angle could be due to the roughness difference or the film age caused a surface 

energy change (details can be found in Figure 6-21).   

 

Figure 6-12 Contact angle of TiO2 before and after interface engineering. 



Chapter 6: Benzoic acids interlayers for planar perovskite solar cells 

 

 

158 

 

AFM images shown in Figure 6-13 display the morphology of perovskite films 

deposited on TiO2 and TiO2 with different interlayers. Their morphologies are not 

distinctly different, but there are slight differences in roughness and grain sizes. The 

average roughness is around 86nm, 97nm, 91nm and 75nm for the control, ABA, 

AMBA and MABA respectively. MABA has the smoothest surface, but the grain size 

of the perovskite film is decreased. The decreased grain size raises the number of grain 

boundaries which is supposed to increase surface recombination and reduce the PCE. 

However, the morphology changes are different from what we observed for the control 

and AMBA sample in previous batch (Figure 6-9). It is supposed that the humidity of 

the environment and the variation of the TiO2 surface wetting properties between the 

two sample batches resulted in the inconsistencies in the perovskite morphology, and 

these factors make a bigger impact on the perovskite film than the interlayer properties. 

More details can be found in part 6.5 where all the possible reasons that caused the 

morphology difference are discussed. Although the perovskite morphology did vary 

between batches, the Jsc always increased and PCE always decreased when an interlayer 

was added.  

 

Figure 6-13 AFM images of perovskite films deposited on (a) TiO2 , (b) ABA, (c) AMBA, (d) MABA.  



Chapter 6: Benzoic acids interlayers for planar perovskite solar cells 

 

 

159 

 

UV-vis was used to further understand the effect of the interlayer on light harvesting.  

The absorption curves in Figure 6-14 show that interface engineering with benzoic acids 

does not change the band gap and the light absorbing ability of the perovskite. The 

absorption onsets are all around 790 nm which corresponds to a band gap of 1.57eV.  

 

Figure 6-14 UV-vis of perovskite films deposited on TiO2 with different interlayes.NH2 represents the ABA 

interlayer, CH2NH2 represents AMBA interlayer and NHCH3 represents MABA interlayer. Absorption is extracted 

by using Absorption%=100%-Transmission%-Reflection%. 

In order to determine the crystal structure and obtain information on crystallinity, the 

four perovskite films were characterised by powder X-ray diffraction. As shown in 

Figure 6-15(a), peaks at 14.2°(110) and 28.5°(220) indicate all films contain tetragonal 

phase CH3NH3PbI3 crystals. It is also revealed that PbI2 is not fully converted in all 

samples, as the characteristic peak of PbI2 at 12.9° (101) is still noticed in the 

diffraction curves.  Among these samples, AMBA shows the weakest intensity at 12.9°, 

indicating its relatively higher conversion ratio than the others. Table 6-5 exhibits the 

full width at half maximum (FWHM) of the peak at 14.2° which is the (110) lattice 

plane of the tetragonal perovskite crystal. It is revealed from the peak intensity 

displayed in Figure 6-15(b) as well as the FWHM shown in the table that the sample 

deposited on an AMBA interlayer has the best crystallinity and largest particles as it has 

the highest peak intensity and narrow FWHM out of the 4 samples, while MABA has a 

similar crytallinity and particle size as the control. The results for the perovskite film 
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crystallinity are consistent with the Jsc variations among samples since film quality is 

closely related to Jsc.  

 

Figure 6-15 XRD of perovskite films deposited on TiO2 and TiO2 with different benzoic acids. (a) Diffraction 

patterns of the control and ABA (NH2), AMBA (CH2NH2) and MABA (NHCH3), (b) enlarged-scale of peak at 14.2° 

(110). 

Table 6-5 FWHM of the diffraction peak at 14.2 (110 lattice plane) 

Sample CON NH2 CH2NH2 NHCH3 

FWHM 0.133 0.124 0.119 0.134 

 

6.4.6 Impedance characterization 

Impedance Spectroscopy (IS) was carried out at different light intensities for all the 

solar cell devices to understand the recombination behaviour of the charges. The 

measurements were operated at Voc by using a blue LED (470nm) as the light source. 

According to Pockett et al
16

, the recombination resistance is given by the intercept of 

the high frequency semi-circle with the real axis. However, a subsequent study by the 

same authors
16

 proposed that the recombination should be represented by a complex 

impedance rather than a simple resistance in order to take into account time-dependent 

changes in recombination rate brought about by slow relaxation of the ionic 

distributions (and hence of the electric field profile) within the film. The equivalent 

circuit can therefore be shown as Figure 6-16, in which Rs represents the series 

resistance, Zrec represents the complex recombination impedance, Cgeo represents the 

geometry capacitance, Rshunt is the shunt resistance, Rionic is related to ionic 

transportresistance and Cdl is the double layer resistance. As a general condition in a 
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good cell, Rshunt is much higher than the Rrec. Furthermore the ionic transport resistance 

is expected to be sufficiently high that it can be neglected, which means that the model 

can be simplified to the one in the bottom in Figure 6-16. 

 

Figure 6-16 Equivalent circuit and simplified model of high frequency response for a planar structured perovskite 

solar cell. 

As shown in Figure 6-17, the RC response represented by the first semicircle shows that 

the Rrec decreases with light intensities for both the control and device with interlayers 

(AMBA (CH2NH2) as a representative). It can be ascribed to the increase in the number 

of excited charges when the illuminated light intensity is increased. More details about 

the relationship between the recombination resistance and the light intensity can be 

found in part 6.8. 
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Figure 6-17 Nyquist plots of control device (CON) and AMBA device (CH2NH2) at different light intensities. 

Impedance spectrums were collected at Voc from 106HZ to 5 mHZ at room temperature  

To further understand the relationship between Rrec and the light intensity, Rrec obtained 

from the impedance spectra was plotted versus light intensity. It was found that the 

logplot of Rrec versus light intensity shows a linear relationship as displayed in Figure 

6-18. However, the slopes of the plots are less than 1, showing the Rrec is not inversely 

proportional to the light intensity as expected. (the deviation can be found in the 

supporting information at the end of this chapter). Notably, the Rrec of devices with 

interlayers are higher than the control, indicating that recombination in devices with 
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interlayers occurs less easily than in the control. Especially the Rrec of the device with 

AMBA (NH2CH2 or 4-(aminomethyl) benzoic acid) is one order of magnitude higher 

than in the control device, showing recombination is more difficult in devices with 

those benzoic acids interlayers.  

 

Figure 6-18 Recombination resistances of devices at different light intensities.CON is the control device, NH2 is the 

ABA device, CH2NH2 is the AMBA device and NHCH3 is the MABA device. 

Table 6-6 lists the gradients of the linear fits shown above. It is interesting to notice that 

devices with interlayers containing 4-(aminomethyl) benzoic acid show a steeper 

gradient. It is possible that interlayers with terminal groups that are involved in the 

perovskite crystallization could have a higher impact on the recombination behaviour of 

solar cells. However, the mechanism of how the recombination process is affected by 

the interlayers remains unclear. It could be the reduction of surface defects due to the 

crystallinity improvements in the perovskite films.  

Table 6-6 Gradients and other parameters of curves logRrec vs. light intensity. 

Device Gradient 
Geometric Capacitance 

/ F 

Geometric Capacitance / 

Fcm
-2

 

R
2
 of 

curves 

CON -0.41 5.55E-08 7.44E-7 99.4% 

NH2 -0.46 1.48E-07 1.97E-6 99.9% 

CH2NH2 -0.72 6.65E-08 8.87E-7 99.6% 

NHCH3 -0.50 2.35E-07 3.13E-6 99.9% 
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Equation y = a + b*x

Plot E

Weight No Weighting

Intercept 4.15122 ± 0.00617

Slope -0.49857 ± 0.00579

Residual Sum of Squares 5.24102E-4

Pearson's r -0.99966

R-Square(COD) 0.99933

Adj. R-Square 0.99919
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6.5 Discussion of inconsistency in device performance 

Based on this study, the changes in perovskite morphology and some of the device 

parameters show very different trends after interface engineering of different batches of 

devices. The morphologies of the perovskite films with and without interface 

engineering are distinctly different among the first batch samples. However, the 

difference was observed to be negligible in the second batch. Interestingly, this 

phenomenon has been observed in other work. There are some reported studies, which 

used the same benzoic acids as the interlayers in devices with the same architecture, but 

reported opposite influences of the interlayer on device performances.
5, 9, 15

 In Table 6-7, 

the interlayer deposition methods and the performance of corresponding devices 

reported in the two papers and those investigated in this chapter are displayed. From the 

information listed in the table, it seems the impacts of the benzoic acids are very hard to 

determine as the results from different experiments are not consistent. The differences 

in the reported studies come mainly from FF and Jsc. In our work the effect of AMBA 

on the Jsc and FF of devices was always the same.  

It is noticed that the changes in perovskite film morphology are more distinct when the 

changes in contact angle are larger (column “perovskite morphology change” in Table 

6-7). Therefore, it looks like the change in the contact angle is the main factor that 

dominates the change of the perovskite film morphology. Notably, in our study, the 

contact angle measurements reveal that the substrates’ wetting properties vary 

differently from batch to batch. The contact angle increases from 12° to 27° (15° 

difference) in the first batch, while it changes from 35° to 38° (3° difference) in the 

second batch after the deposition of the interlayers. In the published studies, the contact 

angle variation is opposite (e.g. paper A and paper B). It seems that the original surface 

of the modified substrates (i.e. mesoporous TiO2 in reported papers and compact TiO2 

in our study) is extremely important. The contact angle of the TiO2 is highly related to 

how the TiO2 and is made, and it can be different even when the same preparation 

method is used. For instance, the roughness of the TiO2 film will affect the wetting of 

the liquid to be coated. Thus, the impacts of the interlayer are not the only factor that 

determines the contact angle. We assume other factors derived from the environment 

could be the origin of the inconsistency.  
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Table 6-7 Comparison of experiments and device performances in different papers where same interlayer was used. 

Performances of devices from different batches with the same interlayer in this chapter are also listed. 

Origin 
Molecule 

interlayer 

Target 

layer 

Interlayer 

preparation 

method 

Contact 

angle
*
 

Perovskite 

morphology 

change
*
 

Crystallinity

*
 

Impact 

on 

devices

*
 

Paper 

A
5
 

4-

aminobenzoi

c acid 

Meso 

TiO2 

Immersion 

2mM IPA 

6° 

vs.12° 

No obvious 

difference 

No obvious 

change 

Jsc↓, 

Voc↓, 

FF↓, 

PCE↓ 

Paper 

B
9
 

4-

aminobenzoi

c acid 

Meso 

TiO2 

Immersion 

0.2mM 

EtOH 

39° vs. 

22° 

Larger grain 

size 
increased 

Jsc↑, 

Voc↓, 

FF↑, 

PCE↑ 

Batch 

1 

4-

(aminometh-

yl) benzoic 

acid 

Compa-

ct TiO2 

Spin- 

coating 

10mM 

aqueous 

12° vs. 

27° 

Larger grain 

size 

No obvious 

change 

Jsc↑, 

FF↓, 

PCE↓ 

Batch 

2 

4-

(aminometh-

yl) benzoic 

acid 

Compac

t TiO2 

Spin- 

coating 

10mM 

aqueous 

35° 

vs.38° 

No obvious 

difference  
Increased 

Jsc↑, 

FF↓, 

PCE↓ 

*
 represents the changes (interlayer vs.control).  

A planar perovskite solar cell based on TiO2, with an interlayer to modify the TiO2, is 

given in Figure 6-19. It illustrates the three possible interactions between different 

layers that could influence the device performance.①②③ represent all the 

interactions, including physical and chemical ones between those layers. For instance, 

in this study, ② comprises the influence the amino group has on the crystallization of 

the perovskite (chemical interaction) and the band edge changes caused by the surface 

dipole of the interlayers.  
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Figure 6-19 interactions between interlayers and other layers with a TiO2 based planar perovskite solar cell as the 

example.①②③ represent the interactions between TiO2 and the interlayer(TiO2/interlayer), interlayer/perovskite 

and TiO2/perovskite.  

6.5.1 Humidity of the environment - possible inconsistency from the perovskite layer 

Since the formation of perovskite films is extremely sensitive to the humidity of the 

environment, any change of the humidity will cause a variation in perovskite film 

morphology. Samples shown in Figure 6-9 and Figure 6-13 were prepared using exactly 

the same procedures. However there was a humidity difference of in the environment. It 

was 22% for the sample shown in Figure 6-9 and 38% for the one shown in Figure 6-13. 

If the impact of the humidity on the morphology of the perovskite layer is larger than 

the change introduced by interface engineering, the influences of the interface 

engineering will not be evident in device performance.  

6.5.2 Effects of the atmosphere-possible inconsistency from the TiO2 layer 

Another possible cause for inconsistent results could be the surface chemistry of the 

TiO2 layer. This will directly affect interaction ① (TiO2/interlayer) and indirectly affect 

interaction ②(interlayer/perovskite). It was noticed that the surface wetting properties 

of the blocking layer change significantly after being blown with N2 even for a short 

time. As shown in Figure 6-20, the contact angle of the TiO2 layer increases from 22° to 
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42° after being blown with N2 for 4 min. It could be attributed to the adsorption of N2 

onto the TiO2, causing the surface to be less hydrophilic. It is also possible that 

exposure to a stream of dry nitrogen removes some water from the surface of the titania 

films, as these samples were exposed to the ambient environment for hours (stored in a 

petri dish) before being tested. When the perovskite solar cells were made, the blocking 

layers were generally prepared a few hours in advance, and the substrates with blocking 

layer were kept in a petri dish before the deposition of the perovskite layer. Therefore 

care must been taken when N2 flow is used to dry the TiO2 surface, and the atmosphere 

for storing TiO2 substrates is also important. 

 

Figure 6-20  Water contact angle of TiO2 (a) before and (b) after N2 treatment for 4 min  

It was found that after being stored under ambient conditions (in a covered petri dish) 

for 5 days, the contact angle of the TiO2 also changed significantly (as displayed in 

Figure 6-21). The freshly made TiO2 showed nearly zero contact angle to water, while 

after being stored for 5 days, the contact angle was 47°.  

 

Figure 6-21 Water contact angle changes with the film age:(a) contact angle of freshly prepared film (b) contact angle 

of film after  5 days. Data provided by Isabella Poli. 

6.5.3 Temperature of the ambient environment - possible inconsistencies in the 

interlayer 

Interactions ①and ② can be affected if the state of the benzoic acid interlayer has been 

changed (e.g. coverage). One possible reason that could influence the interlayer is room 
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temperature variation. As the interlayers were prepared at room temperature, especially 

for the dip coating method, changes of ambient environment temperature could affect 

the binding kinetics However it seems unlikely that this would cause the big differences 

in perovskite morphology observed.   

In a word, there are many reports on interface engineering in the literature, but care 

needs to be taken that any changes in the device are not due simply to differences in 

morphology of the perovskite film.  

6.6 Conclusion and future work 

In this chapter, three benzoic acids 4-aminobenzic acid, 4-(aminomethyl) benzoic acid 

and 4-(methylamino) benzoic acid) with different amino functional groups are used to 

modify the compact TiO2 layer in perovskite solar cells. The procedures of interlayer 

preparation were optimized by adding NH4OH and adjusting the spin coating 

parameters. Though the terminal amino groups can theoretically all become involve in 

the crystallization of perovskite layer, the changes caused by the substitutions are 

different. Primary amino groups (4-aminobenzoic acid and 4-(methylamino) benzoic 

acid) were found to display enhancement of Jsc, while secondary amino (4-aminomethyl 

benzoic acid) shows negative impact on Jsc when compared with control devices. 

Impedance spectroscopy was used to monitor the recombination in devices. It is 

observed that interface engineering can reduce the recombination, and 4-methylamino 

benzoic acid shows the best performance. In addition, the inconsistency showed in some 

of the film properties and in the literature was discussed. It is very likely that 

environment change (e.g. temperature, humidity and atmosphere) changed the 

perovskite morphology which can have a larger impact than the presence of an 

interlayer. This uncertainty can be removed by controlling those parameters strictly.   
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6.8 Supporting Information  

6.8.1 Relationship between recombination resistance and light intensity 

Due to the opposite direction of light generated current and the saturated current, the net 

current collected can be displayed as: 

         [ 
  

      ]                                                                 

where jL is light generated current density, jsat is saturated current density. As the 

 
  

    
 
    ,  the equation can also be displayed as : 

         [ 
  
    ] 

As IS is generally tested at open circuit, where j=0, the current density equation can 

then be shown as: 

       [ 
  
    ] 

Then      
  

  
 
    

  
 

So logRrec is inversely proportional to logjL which is proportional to the light intensity. 

More details can be found in Adam and co-authors’ work.
17
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7.1 Introduction  

In a conventional planar perovskite solar cell (“n-i-p” structure), inorganic hole 

blocking layers (electron transporting layers) such as TiO2 and ZnO are widely used due 

to their easy preparation processes and good electronic and optical properties.
1, 2

 For 

example, TiO2  has been reported to exhibit good conductivity (e.g. 1.1×10
-5

S cm
-1

 )
3
  

and it is nearly transparent which means light can be harvested efficiently by the 

perovskite light absorber layer. However, these inorganic hole blocking layers either 

require a high-temperature sintering step or cause long-term device stability problems.
4
 

For instance, a high annealing temperature (e.g.500 °C) is needed to realize the phase 

transformation to get high quality, compact anatase TiO2 films that can act as efficient 

electron transporting layers in solar cells.
5
 The high operating temperature can result in 

a severe drop in conductivity of the TCO substrates, especially ITO glass whose sheet 

resistance is highly correlated to the annealing temperature
6
.  Furthermore, it also makes 

the fabrication of flexible devices hard to achieve. Thus, to avoid the drawbacks of 

using inorganic hole blocking layers, some organic semiconductors with good 

conductivity and stability have been investigated.
7, 8

 For example, fullerene and its 

derivatives are commonly used in organic solar cells and perovskite solar cells.
9, 10

  In 

addition to costly fullerene derivatives, non-fullerene electron-transporting materials, 

especially perylene diimides (or perylene bisimides), are very popular for their cheap 

price and good electrical and electronic properties. As typical n-type small molecular 

semiconductors, perylene diimide and its derivatives have good electron mobility (10
-5 

S cm
-1

) according to reported studies
11

. They are also solution-processable which means 

low temperature device fabrication can be easily realized. In this work, N, N’-di(L-

histidine)-perylene-3,4:9,10-tetracarboxylic acid bisimide (PDIH) was introduced as an 

electron transporting layer in planar structure perovskite solar cell to replace the TiO2 

blocking layer. The PCE of the resulting devices is around 6%, and the device 

fabrication can be carried out below 150°C. PDIH film thickness and aggregation state 

were also studied in this work, and improvements to the device performance were made 

by modifying the PDIH film quality. 
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7.2 Experimental 

7.2.1 PDIH blocking layer 

 PDIH precursor solution was prepared by dissolving 2.5mg PDIH into 1mL 

MeOH/NH4OH=4:1(v/v) mixed solvent and stirring overnight before use. PDIH thin 

film was obtained through spin-coating the precursor solution on clean FTO substrates 

at 2k, 3k or 4k rpm and then annealed at 50°C, 100°C or 150°C for 1h to remove the 

solvent. 

7.2.2 Device fabrication 

A perovskite layer was deposited by using the one step solution method and a 

(3:1(MAI/PbCl2 molar ratio)) perovskite precursor solution. More film deposition and 

device fabrication details can be found in Chapter 3.  

7.3 Results and discussions 

An appropriate energy level alignment between semiconductors in a solar cell is 

important to achieve a good device performance. According to previous studies, the 

conduction band (CB) minimum of CH3NH3PbI3 is around -3.9 eV and the valence 

band (VB) maximum is around -5.4 eV
12

. In chapter 5 the energy levels of PDIH 

molecule were studied using electrochemistry and spectroscopic methods. Its HOMO 

and LUMO are estimated to be -6.24 eV and -4.00 eV respectively. Its energy level 

matches very well with that of perovskite layer as demonstrated in Schematic 7-1.  

 

Schematic 7-1 Energy alignment of hybrid perovskite (CH3NH3PbI1-xClx) solar cells12 
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7.3.1 PDIH thin layer morphology and thickness control 

PDIH is poorly soluble in most commonly used solvents as discussed in chapter 5. The 

two symmetrical carboxylic functional groups at the sides of the conjugation core make 

its solubility in water pH-dependant, and it will also dissolve in some alcohols. Figure 

7-1 shows the first tests of the solubility in different solvents. It rarely dissolves in 

solvents with low polarity such as toluene and chloroform, and it partially dissolves in 

DMF. However, 2 mg PDIH dissolves well in water and MeOH with the addition of 

base (KOH or NH4OH). In Figure 7-2, (a) and (b) indicate that PDIH dissolves better in 

base-adjusted solvent than acid adjusted solvent which is due to the deprotonation of the 

carboxylic acids. When the pH is above 5(neutral at pH ≈5), the deprotonation of the 

carboxyl group improves the solubility of the molecule
13

. 

 

Figure 7-1 Photographs of PDIH dissolving in different solvents. From (a) to (f) are 2mg / mL PDIH in toluene, 

chloroform, DMF, water with KOH; 1mg/mL PDIH in MeOH with KOH and 2mg/mL PDIH in MeOH with NH4OH. 

 

Figure 7-2 pH-dependant solubility of PDIH.  (a) Photograph of 6.5mg PDIH in 1mL MeOH-KOH mixed solvent, (b) 

photographs of 6.5mg PDIH in 1mL MeOH-HAc mixed solvent. 

The morphology of the deposited PDIH film (spin coated at 3k rpm for 30s from 

MeOH/NH4OH precursor solution) is hard to distinguish using SEM and AFM. As 

displayed in Figure 7-3, the SEM and AFM images of TEC15 ((a) and (b)) show no 

evident difference in morphology compared with (c) and (d) which are SEM and AFM 

images of TEC15 with PDIH films. This is ascribed to the rough surface of TCO coated 

glass and the fact that a very thin (potentially sub-monolayer) of PDIH is deposited. 
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TCO glass surfaces show a wide distribution of particle sizes which can vary from tens 

of nanometers to hundreds of nanometers
14

. The roughnesses of FTO and FTO with 

PDIH were found to be very close as well, around 9 nm and 7nm respectively. As the 

PDIH film could not be detected on FTO glass, to investigate the surface morphology of 

PDIH, a film was deposited on a silicon wafer which has smooth surface. 

 

Figure 7-3 Morphology of PDIH films deposited on TCO glass. Sample are tested by SEM and AFM. (a) and (b) are 

TEC15,(c) and (d) are FTO TEC15 +PDIH. PDIH was deposited at 3k rpm for 30s from 2.5mg/mL PDIIH 

MeOH/NH4OH solution.  

The surface morphology of PDIH films deposited on Si wafer was also investigated by 

AFM and the images can be found in Figure 7-4. The difference in morphology is clear 

between samples with and without PDIH film on top. As clearly shown in Figure 7-4(b) 

the PDIH film is composed of nanoparticles with a size of around 70nm, while the Si 

wafer is composed of steps which around half a micrometre in width (Figure 7-4(a)). 

The PDIH particles form a compact film on the Si wafer and the film roughness is 
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around 2 nm, rougher than the Si wafer surface ( ~ 1nm), and the coverage of the 

substrate is reasonable. 

 

Figure 7-4 Morphology of si wafer (a), and PDIH film deposited on Si wafer (b) tested by AFM. PDIH was deposited 

at 3k rpm for 30s from 2.5mg/mL PDIIH MeOH/NH4OH solution. Si wafer was cleaned by immersing it into 

H2O:H2O2:HCl (5:1:1 v/v) and H2O:NH4OH:H2O2(6:1:1 v/v) solutions for 10 mins separately and rinsed with water 

after that.  

As discussed in previous chapters, the morphology of the underlayer for depositing 

perovskite is extremely critical for obtaining high quality perovskite films. The 

roughness of the PDIH film was therefore monitored when varying the solvent, types of 

base added and the concentrations of PDIH precursor solutions. Though the film was 

deposited on a Si wafer rather than TCO glass, a study of changes in film morphology is 

still instructive. As shown in Figure 7-5, changing the solvent from H2O to MeOH does 

not bring about a big change in the film roughness, while decreasing the PDIH 

concentration and changing the basic additive (from KOH to NH4OH) caused a 

significant drop in film roughness from 7.5 ± 6.1nm to 3.5 ± 1.1 nm. Further reduction 

of roughness can be achieved by halving the concentration. However, the roughness 

only slowly decreases according to the curve in the figure, and almost does not change 

from 2.5mg/mL solution to 1mg/mL solution. The conclusion is that a weak base 

NH4OH was better than KOH in assisting the dissolution of the PDIH molecules, and a 

low concentration of PDIH reduced aggregation of PDIH in the solution.  
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Figure 7-5 PDIH film roughness varies with changing of solvent and concentration. Films are deposited at 3k rpm for 

30s, and the roughness data are from AFM.  

The thickness of PDIH film deposited on Si wafers was also measured by AFM (Figure 

7-6). Though it doesn’t represent the actual thickness of PDIH films deposited on TCO, 

it gives useful information about the thickness variation with the spin coating speeds. 

As shown in Figure 7-6(a), the PDIH film was partially scratched to measure the 

thickness by AFM. The Z axis section shows the film was around 15nm when it was 

prepared at 3k rpm, and the thickness is proportional with the reciprocal of the square 

root of spin coating speed ((b) and (c)). 
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Figure 7-6 PDIH film thickness by AFM.(a)AFM image of PDIH film deposited on Si wafer, (b)AFM z axis line 

roughness, (c)thickness at different spin coating speeds, (d)relationship of spin coating speeds with the film thickness.  

UV-Vis absorption of the precursor solution and the corresponding film were tested and 

are shown in Figure 7-7.The solution spectrum shows peaks at 490 and 522nm, which 

represent 0-1 and 0-0 vibronic transitions of the S0/S1 transition respectively
15

. The 

relative absorption intensity of the two peaks gives information on the degree of 

aggregation
16

. Free PDIH dominates in solution, while unsurprisingly the PDIH is 

aggregated in the film. In addition the peaks for the film are red-shifted relative the 

solution, showing maxima at 508nm and 550 nm.
17
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Figure 7-7 UV-Vis. of PDIH MeOH/NH4OH solution and the corresponding thin film. Thin film on FTO was 

prepared by spin coating at 2k for 30s (1mg/mL PDIH solution) and annealing at 50°C for 1h. DMF washing was 

carried out using the same procedure as perovskite film preparation.  

7.3.2 Effects of PDIH blocking layer on device performance  

It is important to monitor any change in morphology of perovskite films deposited on 

new substrates (i.e. FTO or FTO with PDIH), as the presence of a PDIH layer can 

change the surface energy of the substrates. To explore the change, AFM was used to 

characterize perovskite films deposited on PDIH. Perovskite film deposited on standard 

TiO2 blocking layers was also tested for comparison. As shown in Figure 7-8, the 

morphologies of the corresponding perovskite films exhibit pronounced differences. 

The coverage and grain sizes were found to be different for each sample. The perovskite 

film deposited on FTO showed the worst coverage. The film deposited on TiO2 appears 

to be slightly more compact compared to the film on the FTO substrate. Films deposited 

on PDIH were compact and showed the best coverage. It was also noticed that the grain 

size decreased when perovskite was deposited on PDIH layer. With an increase in the 

PDIH film thickness (or decrease of the spin coating speed), smaller perovskite grains 

were found in the films, indicating that the FTO was more efficiently covered with 

PDIH at low spin coating speed. Perovskite films on PDIH, especially on sample PDIH-

2k, were also smoother than those deposited on other samples. As shown in Figure 7-9, 

the roughness of perovskite films on FTO, 2.5mg PDIH-4k, 2.5mg PDIH-3k, 2.5mg 

PDIH-2 and TiO2 is calculated to be around 103nm, 94nm, 89nm, 73nm and 92 nm 
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respectively. Out of all PDIH samples, PDIH-2k displays the smoothest surface. 

However, the distribution in the roughness values is wide, implying that the PDIH film 

is possibly not as uniform as the TiO2 layer. It is also interesting to notice that 

perovskite films on FTO and TiO2 have similar morphology and grain size, but the film 

on TiO2 is more compact and smoother which can be proved by the average roughness. 

The morphology change after deposition of PDIH blocking layer indicates that PDIH 

can significantly adjust the morphology of perovskite films through changing the grain 

size and surface roughness.  

 

Figure 7-8 Perovskite films on different substrates. Images at the bottom are enlarged-scale graphs of the 

corresponding samples shown at the top. The scale bars are 5µm and 1µm respectively. 2.5mg PDIH-2k represents 

the PDIH film deposited at 2k rpm from a 2.5mg/mL precursor solution. Other samples of PDIH are labeled as the 

same way.  

 

Figure 7-9 Average roughness of perovskite films deposited on different substrates. The box and whisker represent 

0.5 SD and 1 SD. 
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The effects of PDIH blocking layers on device performance were also investigated by 

fabricating devices with corresponding contact layers. The device parameters were 

tested by current density-voltage (J-V) scans at one sun AM1.5. All parameters were 

obtained from reverse scans (direction: Voc to Jsc) at 200 mV/s, and the parameters are 

all listed in Table 7-1. In the three different PDIH samples (deposited at different spin 

coating speeds), devices prepared with PDIH deposited at 2k-PDIH show the best PCE 

(6.02%), and the efficiency is also higher than devices prepared with no blocking layers 

(FTO, 4.16%) and conventional blocking layer TiO2 (4.11%). The increased Jsc and FF 

are the two main sources of the PCE enhancement for device PDIH (2k), and the rise of 

Jsc corresponds with the improved morphology shown in Figure 7-8. The other two 

types of PDIH devices both showed inferior performances in comparison with the 

devices on FTO and TiO2. This could be attributed to the PDIH blocking layers 

obtained at high spin coating speeds being too thin to block charge recombination 

efficiently. It is assumed that if the spin coating speed is too high (e.g. 4k rpm), the 

deposited thin film may not be able to uniformly cover the substrate. The possible 

coverage problem can be caused by several reasons. For instance, if the precursor 

solution is too dilute, the deposited film cannot significantly cover the substrate. Or if 

the solubility of the PDIH film to DMF (which is the solvent for the following 

perovskite layer) is high, the deposited PDIH can be removed by the solvent (related 

study can be found in the following context).  The poor rectifying behaviour of the 

thickest PDIH film (deposited at 2k rpm) is shown below which can partially support 

this assumption. The inhomogeneity of the deposited PDIH and the possible exposed 

FTO in contact with the perovskite could easily form recombination and shunting sites, 

resulting in rapid decrease of Voc and Jsc.  

It is also worth noting that the FF of all the devices with PDIH is higher than the other 

samples. It may be due to the good conductivity of PDIH, as it can reduce the series 

resistance of devices. The device without the blocking layer (FTO) displays the worst 

FF, which could be due to the low shunt resistance caused by the low coverage of the 

perovskite film on the substrate. .  
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Table 7-1 Device performance parameters. Devices were measured at AM1.5 at room temperature.   

Devices  PCE /% Voc / V Jsc / mAcm
-2

 FF /% 

2k-PDIH* 6.02 ± 0.17 0.78 ± 0.01 11.09 ± 0.12 70.02 ± 0.48 

3k-PDIH* 4.01 ± 1.30 0.64 ± 0.13 8.83 ± 1.14 68.98 ± 4.31 

4k-PDIH* 2.60 ± 0.79 0.50 ± 0.05 7.87 ± 1.19 64.56 ± 9.05 

FTO 4.16 ± 1.33 0.83 ± 0.11 9.98 ± 2.06 46.6 ± 6.77 

TiO2 4.11 ± 0.83 0.87 ± 0.05 7.53 ± 1.00 62.46 ± 4.56 

* Devices labelled as 2k/3k/4k PDIH represent the devices FTO/PDIH/ CH3NH3PbI3-xCl/spiro-OMeTAD/Au, and 

PDIH layers were deposited at 2k, 3k or 4k rpm. FTO represents FTO/ CH3NH3PbI3-xClx/spiro-OMeTAD/Au and 

TiO2 represents FTO/TiO2/CH3NH3PbI3-xClx/spiro-OMeTAD/Au. 

As another important parameter, the hysteresis was reduced in devices with blocking 

layers, especially in the device with 2k rpm deposited PDIH layer. In Figure 7-10 the 

differences between the reverse J-V scan and the forward scan is demonstrated for 

different devices. Devices without a blocking layer (i.e. FTO) show the most serious 

hysteresis, while devices with 2k rpm deposited PDIH display the least hysteresis. This 

hysteresis reduction phenomenon is consistent with reported works in which organic 

contacts (e.g. PCBM) are used as blocking layers
18, 19

. Other devices with PDIH 

deposited at other speeds did not give the same trend, which can be ascribed to the 

inhomogeneity of PDIH films. It can also be found that the series resistances of devices 

with PDIH are all lower than that of the other devices, due to the good electrical 

properties of PDIH.  

 

Figure 7-10 J-V curves of best performing devices with TiO2 blocking layer, PDIH blocking layers deposited at 

different spin coating speeds(2k, 3k, 4k) and no blocking layer (FTO) Reverse scan is the curve (from open circuit to 

short circuit) showing higher efficiency (e.g. illustrated as the arrows in J-V curve of TiO2)  
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The long-term stability of hybrid perovskite solar cells remains a challenge for their 

commercialization. To study stability, the PCE of devices was monitored over time. J-V 

curves of devices with TiO2 blocking layer, PDIH blocking layer (2k rpm deposited) 

and no blocking layer (FTO) were tested at 0h (tested once devices were fabricated), 

24h and 96h. As shown in Figure 7-11, the PCE of all devices is observed to increase 

within 24h, which could be caused by doping effects in the spiro-OMeTAD or a 

reduction in defects after aging under low humidity conditions.
20, 21

 When tested after 

96h, the PCE is found drop rapidly for the FTO device, while the decrease is much 

slower for devices with a TiO2 blocking layer and a PDIH layer, indicating that blocking 

layers work to slow down device degradation. In addition, from 24h to 96h, the 

degradation of device with blocking layer PDIH is slightly slower than that with 

conventional blocking layer TiO2.  

 

Figure 7-11 Device stability over time. Efficiencies were calculated according to reverse scans of J-V curves. When 

not being tested, devices were stored in a desiccator box (humidity ~ 20%) at dark. PDIH represents the sample with 

PDIH film deposited at 2k rpm from 2.5mg/mL MeOH/NH4OH solution. 

To further understand the performance of devices with PDIH (2k), UV-Vis absorption 

spectra of perovksite films deposited on PDIH (2k), FTO and TiO2 were measured. The 

onsets of the perovskite absorption are almost the same and the calculated band gaps are 

all 1.55eV, indicating no change of the perovskite structure. The absorption in the tested 

region was observed largely unchanged from PDIH sample to the control (TiO2 and 

FTO).  
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Figure 7-12 UV-Vis of perovskite films deposited on FTO, TiO2 and 2k rpm(2.5mg/mL) spin coated PDIH film 

Differences in XRD patterns can also assist in illustrating the PCE changes. As 

illustrated in Figure 7-13(a), perovskite films on FTO, TiO2 and PDIH(2k) all show 

tetragonal structured CH3NH3PbI3, showing strong peaks at 14.2°(110), 28.5°(220).  

The peaks at 12.9° represent the existence of PbI2, indicating the incomplete conversion 

of PbI2 to hybrid perovskite. However, PbI2 peaks in PDIH (2k) and TiO2 samples are 

obviously weaker than in the FTO sample, revealing that the conversion of samples 

with blocking layers is more complete than the sample without blocking layer (FTO). 

The calculated FWHM for the (110) peak of films deposited on PDIH (2k), TiO2 and 

FTO is 0.152°, 0.143° and 0.158°, indicating that the perovskite film deposited on TiO2 

has the best crystallinity and the largest particles, and the one on FTO has the worst 

crystallinity and smallest particles. 
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Figure 7-13 XRD patterns of perovskite films deposited on FTO, TiO2 and PDIH (deposited at 2k rpm, 2.5mg/mL 

solution). (a)Normalized full range diffraction patterns for perovskite films, (b) diffraction peak of lattice plane (110)  

The rectifying behaviour of the blocking layers was measured to better understand the 

behaviour of the PDIH films (Figure 7-14). The curve for sample TiO2 

(FTO/TiO2/perovskite/Au) shows distinct rectifying behaviour, while the curves for 

FTO (FTO/perovskite/Au) and PDIH (FTO/PDIH/perovskite/Au) are not particularly 

rectifying. Both the responses of FTO and PDIH are close to linear, showing a resistive 

behaviour. This indicates that the perovskite film has many shunt paths which can be 

revealed from the near-linear IV curve of the FTO/perovskite/Au junction, and the 

PDIH did not work effectively as a blocking layer. We hypothesise that the weak 

rectifying character is due to the PDIH film not being thick enough, and the uniformity 

is poor as well. This also explains why PDIH films deposited at high speeds (3k or 4k) 

which are thinner than 2k deposited film, show much decreased Voc and Jsc in 

comparison with the TiO2 device. More work needs to be done by characterize the 

rectifying behaviour of PDIH film with different thicknesses. 
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Figure 7-14 Rectifying character of PDIH (2k), FTO and TiO2. Samples structures are FTO/PDIH/perovskite/Cu tape, 

FTO/perovskite/Cu tape and FTO/TiO2/perovskite/Cu tape. Samples were tested with DC scan at dark from -1.0V to 

1.0V. 

One potential problem is that the PDIH film may be damaged when the perovskite layer 

is spin coated on top. In the first part of this chapter, solubility of PDIH in different 

solvents was investigated (Figure 7-2), and importantly PDIH was observed to partially 

dissolve in DMF. Notably, most reports do not mention or consider this problem where 

the underlayers can dissolve in the solvent that used for following films to be deposited
8
.  

As the perovskite film is deposited as a DMF solution, this could cause some of the 

PDIH to be removed from the substrate. 

To study the stability of the PDIH films to DMF, experiments were carried out by spin 

coating DMF solvent on the films. The effect was evaluated by testing the UV-Vis 

absorption of the film before and after the DMF rinse (shown in Figure 7-15). It was 

found that the position of the peaks was almost the same after solvent rinsing 

(509nm/549nm to 508nm/547nm) but the intensities of the peaks decreased, indicating 

solid PDIH can be partially removed through perovskite deposition step. As discussed 

before, the inhomogeneity could introduce recombination sites for trapping charge 

carrier. Therefore, more work on improving the solvent resistance of PDIH film needs 

to be carried out.  
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Figure 7-15 UV-Vis. of PDIH film (2k, 2.5mg / mL) before and after DMF rinse. DMF spin coating procedure was 

according to perovskite layer preparation process. The baseline is observed below zero which is ascribed to the 

subtraction of the FTO background and the FTO was not the one used for deposit PDIH.  

Since annealing at controlled temperatures can be beneficial to promote the 

intermolecular chemical bonding of PDIH and the chemical bonding of PDIH to 

substrates,
22

 it could be a useful way to improve the stability of deposited PDIH films to 

solvents (e.g. PDIH). To investigate the effects of annealing temperature on device 

efficiency, two different tests were carried out. In the experiments, PDIH films were 

annealed at 50°C and 100°C and rinsed with MeOH after annealing. MeOH rinsing was 

used previously to remove surface aggregates in the PDIH film, more details can be 

found in 7.3.3(a). J-V curves of corresponding devices were monitored and are shown 

in Figure 7-16(a). When the annealing temperature was increased from 50°C to 100 °C, 

the Voc and Jsc of corresponding devices were both improved, possibly indicating that 

the increased annealing temperature can enhance the film’s solvent resistance. 

In the second set of experiments, no MeOH rinse step was employed. Studies were 

carried out by increasing the annealing temperature from 100°C to 150°C for PDIH film 

deposited at 2k rpm and 3k rpm, and related devices were fabricated by using a one-step 

solution method. The J-V curves of devices are demonstrated in Figure 7-16(b). When 

the PDIH film was annealed at 100°C, the device with PDIH deposited at 3k shows 

better performance than the device deposited at 2k. In the previous work, PDIH was 

annealed at 50°C, and the device showed opposite trend in performance. More 

experiments need to be carried out in future, but  the results indicate that though 
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deposited at high speed (3k rpm), a thin film with improved stability to solvent rinsing 

enhances the device performance, and works better as a blocking layer than the thicker 

film (2k rpm deposited). An increase in the annealing temperature to 150°C is noticed 

to further improve the PCE. The Voc increases by 12% from 0.65 V to 0.73V, and the 

Jsc increases by 33% from 15.75 mAcm
-2

 to 20.98 mAcm
-2

.  

 

Figure 7-16  PDIH film stability over solvent after being annealed at different temperatures. 

To understand the change in the PDIH films after varying the annealing temperature, 

UV-Vis measurements were used to look for changes in the absorption spectra of films 

annealed at different temperatures. Figure 7-17 shows UV-Vis absorption spectra of 

films annealed at 50°C, 100°C, 150°C and 200°C. The curves all show peaks at around 

509 nm and 549nm which represent the aggregation
16

. But the relative intensity of the 

two peaks changes with the annealing temperature. As reported in a previous study, the 

ratio of the peak intensity in solution reveals the aggregation state of the molecule
23, 24

. 

As demonstrated in Table 7-2, the ratio of peak intensities (509 nm vs. 549nm) rises 

with an increase of temperature from 0.75 to 0.84, indicating that the degree of π-π 

stacking is reduced (assuming that a similar process happens on the surface as in 

solution). Therefore, it can be concluded that the increased annealing temperature of 

PDIH films decreases the degree of π-π aggregation, and this improves the PCE of 

devices. Furthermore, the efficiency of the device could potentially be further improved 

by increasing the annealing temperature to 200°C. 
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Figure 7-17 UV-Vis of films at different anneal temperatures. 

Table 7-2 UV-Vis. absorption peak information of PDIH films (2k, 30s) annealed at different temperatures 

Annealing 

temperature 
Peak 1 Peak 2 

Peak intensity ratio (peak 

2/peak 1) 

50 °C 509 nm 549 nm 0.75 

100 °C 509 nm 549 nm 0.76 

150 °C 508 nm 549 nm 0.81 

200 °C 509 nm 549 nm 0.84 

 

7.3.3 Optimization of device performance 

a) Aggregates on PDIH film surface  

As discussed above, the surface roughness of PDIH films can be modified by changing 

the concentration of the precursor solution and the type of base used. The average 

roughness can be reduced to around 2nm (Figure 7-5) if the film was deposited on Si 

wafer. However, it is still possible to find numerous PDIH aggregates on the film 

surface (shown in Figure 7-18). Aggregates are clearly present in Figure 7-18 

(enlarged graph). They are generally hundreds of nanometers in size and composed of 

PDIH particles with the size of around 60nm.  
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The formation of PDIH aggregates is due to the weak molecular-solvent interaction 

which causes strong aggregation that happens either in solution or during the annealing 

process
15, 17

. These big aggregates (some are micrometer size) seriously affect the 

surface roughness of PDIH blocking layer and could create uneven coverage of the 

perovskite layer.  

 

 

Figure 7-18 AFM images showing PDIH aggregates on film surface, and enlarged scale image. PDIH was deposited 

on Si wafer at 3k rpm from 2.5mg/mL solution.  

In order to improve the film quality, a solvent rinsing step was considered to remove 

large aggregates. As MeOH is not a good solvent for dissolving PDIH (PDIH only 

dissolves well in MeOH when NH4OH was added), therefore MeOH was used to rinse 

the prepared film. The force of the liquid flow should remove those aggregates which 

are physically adsorbed on the surface. The PDIH film was rinsed with MeOH for 10s 

after the annealing step, and then dried by N2 flow. Corresponding hybrid perovskite 

solar cells were fabricated by using one-step solution method, and device performances 

are demonstrated in Figure 7-19. In contrast to what we expected, the performance of 

the device with MeOH rinse procedure decreases compared with the device without 

MeOH rinsing. Shown in the J-V curves, its Voc and Jsc both drop severely. The Voc 

decrease from 0.67V to 0.52V, and the Jsc decreases from 16.4 mAcm
-2

 to 13.5 mAcm
-2 

after the MeOH rinse. The decrease of PCE could be due to removal of too much PDIH 
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from the film even though PDIH has a very low solubility in MeOH. It could also 

happen if the aggregates are removed leaving behind pin holes in the PDIH layer.  

 

 

Figure 7-19 J-V curves of devices with and without MeOH rinse. 

b) TCO substrates 

As PDIH blocking layer can be created at low temperature (below 200°C), ITO is also 

appropriate to be used as a substrate. Compared with FTO TEC15, ITO (supplied by 

Sigma Aldrich, sheet resistance 8~12Ω) has a smoother surface and lower sheet 

resistance, which make it a better substrate in low temperature fabricated solar cells. 

The corresponding devices with PDIH deposited on ITO display better performance 

than those with TEC15 as substrates (shown in Figure 7-20). Improvements of Voc, Jsc 

and FF are all observed to increase, and the main contribution to the PCE increase is the 

Jsc improvement. It increases from 13.86 to 14.88 mAcm
-2

, resulting in a 12.5% increase 

of PCE.  
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Figure 7-20 J-V curves of devices. Devices are FTO (ITO)/PDIH (2k,30s)/CH3NH3PbI3-xClx/spiro-OMeTAD/Au, and 

tested at 1 sun AM1.5 with a scan rate of 200 mV/s. 

Table 7-3 device parameters from J-V curves reverse scan. 

Devices  PCE /% Voc / V Jsc / mAcm
-2

 FF /% 

TEC15 4.8 ± 0.2 0.58 ± 0.02 13.86 ± 0.38 0.60 ± 0.01 

ITO 5.4 ± 0.9 0.59 ± 0.03 14.88 ± 1.51 0.61 ± 0.02 

 

c) PDIH Precursor solution spin coating time 

The effects of spin coating time to prepare PDIH blocking layer on device performance 

were also investigated. PDIH films were spin coated for 30s and 45s at 2k rpm 

(2.5mg/mL solution). J-V curves and device parameters of corresponding devices are 

shown in Figure 7-21 and Table 7-4. When PDIH films were spin coated for a longer 

time (i.e.45s), the Voc, Jsc were both found to increase compared to devices with PDIH 

deposited for a shorter time ( i.e.30s), and the PCE is finally increased by 19% from 4.8% 

to 5.7%. We hypothesize that the longer spin coating time could be beneficial to remove 

the big aggregates on the film surface (shown in Figure 7-18) through centrifugal force. 
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Figure 7-21 J-V curves of devices with PDIH deposited with different spin coating time. Devices are FTO/PDIH (30s 

or 45s, 2k rpm)/CH3NH3PbI3-xClx/spiro-OMeTAD/Au, and tested at 1 sun AM1.5 with a scan rate of 200 mV/s. 

 

Table 7-4 device parameters of solar cells with PDIH films spin coated for different time. 

Devices  PCE /% Voc / V Jsc / mAcm
-2

 FF /% 

2k-45s 5.7 ± 0.60 0.60 ± 0.03 17.02 ± 1.30 0.55 ± 0.02 

2k-30s 4.8 ± 0.20 0.58 ± 0.02 13.86 ± 0.38 0.60 ± 0.01 

 

7.4 Conclusion and future work 

In this chapter, the possibility of using PDIH as the electron-extracting layer in 

perovskite solar cells was investigated. Devices with PDIH layers were successfully 

fabricated, and the whole process was carried out at low temperatures (˂200°C). PDIH 

films were prepared by spin coating, and the film morphology was modified by varying 

the solvent, concentration and additives in the solution. The best cells were obtained 

using a PDIH film deposited at 2k rpm for 30s from a 2.5mg/mL precursor solution; the 

film enhanced device parameters and reduced the hysteresis to some extent. The device 

performance was also monitored by varying the film annealing temperature. The 

aggregation state of PDIH film was found to change with the increase of the annealing 

temperature, and the film is more stable to solvent when annealed at higher temperature. 

The performance of PDIH devices can be further improved by prolonging the spin 

coating time from 30s to 45s and using ITO as conductive substrates.  
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In the future, more work needs to be done on PDIH film quality improvements. The 

aggregates on film surface remain an unsolved problem. However, using a different 

solvent that has a good interaction with PDIH will be useful to reduce the big 

aggregates on the film, and adjusting the additive ratio in the solution could also be an 

alternative approach to improve the solvent-material interaction. The study on annealing 

temperature can be extended to a wider range, and corresponding devices with optimal 

conditions need to be fabricated and analysed.  
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Chapter 8 Conclusion and future work 

 

8.1 Conclusion 

In this project, procedures for making baseline perovskite solar cells were developed 

and small molecules such as perylene diimdes and benzoic acids were investigated as 

interlayers or charge transporting layers.  

In the first part, research was carried out to study the n-i-p structure perovskite solar 

cells layer by layer. It was found that TEC15 and TEC7 glasses are more suitable to be 

used in high temperature required procedures to make solar cells than ITO glasses, and 

the performances of solar cells based on TEC15 and TEC7 are similar. Several different 

methods for making the hole blocking layer (TiO2) were investigated, spray pyrolysis 

films were better than spin coated films as the perovskite precursor solution wet the 

surface more easily and a more uniform perovskite layer could be formed. In addition, 

the humidity of the environment, the pre-annealing procedure and the lead sources can 

all highly affect the quality of the perovskite film. The PCE characterisation of 

perovskite solar cells based on J-V scans at different scan rates and in different scan 

directions was also studied for both planar and mesoporous perovskite solar cells. It was 

observed that the hysteresis and the effects of scan rate on device performance are 

negligible in mesoporous solar cells. While in a planar device, the calculated efficiency 

is highly dependent on the scan rates. Optimisation of the baseline perovskite solar cells 

also included development of the device configuration, and a substrate with 6 pixels 

was used in the final devices.      

In order to modify the properties of the compact TiO2 layer in planar perovskite cell, 

perylene diimides (PDIs) with carboxyl functional groups (e.g. PDIH and PDIV) were 

used as interlayers deposited on top of TiO2. PDIs have energy levels that match with 

that of other layers in the solar cell device and it has previously been shown that organic 

interlayers can reduce hysteresis and improve stability in perovskite solar cells. Cyclic 

voltammetry was used to estimate the energy levels of the two molecules. The 

HOMO/LUMO for PDIH and PDIV were measured to be -6.24eV/-4.00eV and -

6.23eV/-3.98eV, respectively. Optical and thermal stability of the molecules were also 
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studied by UV-Vis and TGA measurements. The preparation method used to prepare 

the PDI layers strongly effect the performance of the solar cells. PDIH interlayers spin 

coated on TiO2 increased the device stability (2k rpm deposited film as an example) and 

reduced the hysteresis. However, solar cells with PDIH films deposited at 1 krpm, 2 

krpm and 3 krpm all showed decreased PCE. It was concluded that the spin coating 

method may be the best way to prepare PDIH interlayers as thicker multi-layers that 

were visible to the naked eye were formed. A dip coating method was then used to 

make PDIV and PDIH interlayers. The perovskite solar cells with PDIH interlayer 

showed higher PCE (10.5%) than the control (8.5%), and the PDIVs was observed 

decreased the PCE comparing with the control. The result of the stability test is 

consistent with previous research, showing lower degradation when PDIH was used in 

the device.  

Benzoic acids with different terminal functional groups, 4-(aminomethyl) benzoic acid, 

4-(methylamino) benzoic acid and 4-amino benzoic acid were also applied in planar 

perovskite solar to investigate their effect on the perovskite layer and the device 

efficiency. After the addition of NH4OH, the solubility of the benzoic acid was 

improved and the corresponding solar cells with benzoic acids as interlayers showed 

enhanced PCE. From this study, it was the different benzoic acids interacted differently 

with the perovskite. Primary amino groups, which are 4-aminobenzoic acid and 4-

(methylamino) benzoic acid displayed an enhancement of Jsc (18.51 mAcm
2

 vs. 

15.77 mAcm
-2

), while secondary amino (4-aminomethyl benzoic acid) showed negative 

impact on Jsc (15.48 mAcm
-2 

vs. 15.77 mAcm
-2

) in comparison with control devices. 

The recombination of charges in the devices was found to be different by impedance 

spectroscopy. It was observed that benzoic acids interlayers can increase the 

recombination resistance, and 4-methylamino benzoic acid shows the best performance 

among the three interlayers. However, in this study there was not a clear trend in all the 

parameters measured (e.g. Voc and FF). These inconsistencies and some of the possible 

reasons for them are discussed in detail. It is assumed that changes in the ambient 

environment (e.g. temperature, humidity and the atmosphere) caused differences in the 

perovskite films which hid some of the changes introduced by the interlayers. In future 

any inconsistency can be reduced by controlling these parameters more strictly. 
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In the last part of this project, PDIH was used as a hole blocking layer to replace the 

compact TiO2. By using this material, the perovskite solar cells were prepared at a 

lower temperature (below 150°C), and a PCE of 5.7% was obtained (deposited at 2 

krpm for 30 s) in a PDIH perovskite device. In this work, the deposition of PDIH was 

carried out by spin coating a solution of PDIH and ammonium hydroxide (v/v=4:1) in 

methanol onto a FTO substrate, and the device performance was optimized by changing 

the concentration of precursor solutions, spin coating speed and film annealing 

temperature. It was also found that the annealing temperature of the PDIH films is 

critical to the type of PDIH film formed. By annealing the film at 50°C, 100°C, 150°C 

and 200°C it was found that films annealed at higher temperatures were more resistant 

to solvent washing. UV-Vis suggested that fewer aggregates were present in the films 

annealed at higher temperature. 

8.2 Future work 

1. Investigation of the surface properties of compact TiO2layers 

In the future, there are several parts of this project which can be continued. Firstly, an 

investigation of the pre-treatment of the compact TiO2 can be carried out (e.g. solvent 

used, atmosphere used, the effect of acids or bases added to the solutions the TiO2 is 

being treated with) . It has been reported that the functional groups naturally at the 

surface of the TiO2 film (e.g. -OH)  can influence chemisorption
1
. The age of the TiO2 

layer was found to make a large difference to the contact angle – possibly as organic 

contaminants adsorb on the surface when it is stored. A systematic study of how the 

titania affects interlayer adsorption, perovskite morphology, device performance and 

long-term stability should be carried out. The surface functionality of the TiO2 could be 

studies by IR and titration experiments
2, 3

  

2. Aggregation of the interlayer molecules.   

The other interesting work that can be investigated is the aggregation state of the 

interlayer molecules. In chapter 7 PDIH was used as a blocking layer in a device.. PDIs 

and benzoic acid we used in this project can self-assemble and it has been found that the 

degree of aggregation of the PDIH changes device performance and how easily the 

PDIH can be removed by solvent washing. It has also been reported that the aggregation 

of PDIs influences their conductivity and optical properties
5
. Therefore, a study of the 
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interlayer to get more details about the aggregation states and its impacts on device 

would be very useful. In addition, the coverage of the interlayer molecules on the TiO2 

surface can be studied, which can be realized by desorption of the adsorbed molecules 

and get the amount of molecules through spectroscopy (e.g. UV-Vis)
4
. 

3. PDIH blocking layer optimization and alternative methods to deposit the perovskite 

layer. 

In our study, replacing of TiO2 compact layer with PDIH films meant that cells could be 

prepared below 200 °C (vs. 450 °C of TiO2 based device). However, the PDIH was not 

as effective as a selective contact as the titania and lower efficiencies were obtained. 

This is possibly due to pinholes in the PDI layer which act as recombination pathways. 

Future work will look at the optimization of the PDIH film including the thickness, 

morphology and the annealing temperature in order to get a better quality hole blocking 

layer. In addition, the PDIH blocking layer was found to be partially removed by the 

solvent that was used for depositing the perovskite film on top. This could seriously 

affect the uniformity of the blocking layer and eventually cause a performance decrease 

in the solar cells. Instead of using a solution-processable method, vacuum evaporation 

can be used as an alternative way to deposit perovskite layers in order to avoid damage 

to PDIH film.  

4. Study the charge recombination and collection at the interface 

In chapter 6, light intensity dependent impedance spectroscopy revealed that molecular 

interlayers can significantly change the recombination resistance of the device, and the 

recombination resistance is highly affected by the terminal functional groups. It would 

be interesting to understand the charge separating behaviour at the interface by using 

various techniques. Techniques such as open circuit voltage decay (OCVD), 

temperature dependent impedance, intensity modulated photocurrent spectroscopy 

(IMVS) and intensity modulated photovoltage spectroscopy (IMPS) can be used to 

deeply understand the interface properties after depositing of molecular interlayers.  
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