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ABSTRACT 

 

STUDY OF THE IMPACT OF MICROSTRUCTURES AND INTERFACE 

ENERGETICS IN PEROVSKITE AND ORGANIC SOLAR CELLS 

 

By 

 

Chuanpeng Jiang  

To deal with the increasing demand on energy and the concerns about fossil fuels, solar 

energy has become one of the most promising alternative energy. Photovoltaic technology has 

been developed to harnesses the solar energy. Different types of solar cells depending on the 

materials and structures of the devices have been developed, such as crystalline Si cells, dye 

sensitized solar cells, perovskite solar cells and organic photovoltaics. Solar cells with high 

efficiency, low cost, and excellent stability are desirable for the market.  

The first part of this study focuses on the organic-inorganic hybrid perovskite photovoltaics. 

Solar cells consisting of polycrystalline perovskite thin films have demonstrated a rapid increase 

of power conversion efficiency (PCE) in the past few years. To further boost the device 

performance, it is crucial to understand how the microstructures, such as the film texture, grains 

and grain boundaries, impact the electrical properties of the perovskite thin film. The ramp-

annealing treatment is adapted to tailor the texture of perovskite films, where a strong correlation 

between the device performance and the thin film texture is revealed by X-ray diffraction (XRD) 

and J-V characteristics. Electrochemical impedance spectroscopy (EIS) further suggests that the 

enhanced texture structure not only suppresses recombination at the contact but also improves the 

carrier diffusion length, which ultimately contributes to better device performance. 

The other important feature of the polycrystalline thin film is grains and grain boundaries. 

To investigate the influence of these microstructures on device performance, photo-conducting 



 

 

atomic force microscopy (pc-AFM) and Kelvin probe force microscopy (KPFM) measurements, 

which provide the nano-scale resolution, are performed on perovskite thin films with columnar 

structures. Three discrete photocurrent levels are identified among perovskite grains, likely 

corresponding to the crystal orientation of each grain identified by electron backscattering 

diffraction (EBSD). Local J-V curves measured on these grains further suggest an anti-correlation 

behavior between short-circuit current (Jsc) and open-circuit voltage (Voc). These results suggest 

the orientation-dependent carrier mobility in perovskite thin films. In addition, the photoresponse 

of perovskite films displays a pronounced heterogeneity across grain boundaries, with low-angle 

boundaries exhibiting even better performance than the adjacent grain interiors. KPFM further 

reveals the downward band bending at grain boundaries which draws electrons and repels holes. 

Thus, the low-angle grain boundaries facilitate the electron transport and suppress recombination.  

The second part of this study focuses on the interface engineering of organic photovoltaics 

(OPVs). Organic photovoltaics have attracted a significant amount of attention as they offer 

potential benefits of low cost and mechanical flexibility. It is known that in OPV devices the 

energy level alignment at the interfaces between metal electrodes and the photoactive layer is 

critical in determining the charge collection efficiency. Here, zinc oxide (ZnO) buffer layer is 

introduced between the bulk heterojunction (BHJ) organic layer and the cathode material. By 

varying the processing condition of ZnO layer, the energy level alignment at the contact is tuned 

and thus the device performance. The interfacial energetics is further investigated by KPFM. 

Schottky barriers with varied widths are identified at ITO/ZnO interfaces. With electrons tunneling 

through the narrow Schottky barrier, the charge collection efficiency at the cathode is improved. 
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Chapter 1 

Introduction  

 1.1 Motivation 

In the past few decades, many efforts have been spent on developing new techniques to 

utilize different energy sources to replace fossil fuels due to the limited supply and the severe 

environmental consequences. Though the formation of fossil fuels is a natural process, it takes 

millions of years to form and the depletion rate is much faster than the formation rate.1-2 In addition, 

the carbon dioxide emission by human activities has broken the natural balance of carbon cycle 

which has existed for thousands of years, leading to the serious greenhouse effect.3-4 In the US, for 

example, over 80% of the total energy consumption is provided by fossil fuels in 2016.5-7  

The search for renewable energy sources has been going on for years. Considering the 

above facts, solar energy as a clean and renewable source draws an increasing amount of attention. 

First, solar energy is abundant. The energy striking the earth within one hour (4.3×1020 J) is close 

to the world energy consumption in 2016 (5.6×1020 J).8-9 Second, it is a clean energy source which 

satisfies the need of a daunting amount of carbon-neutral energy. Last, the 6.5-billion-year lifetime 

of the sun makes solar energy quite sustainable. In order to utilize solar energy, solar cells are 

employed to convert solar power into electricity.  

Since the photovoltaic effect was first observed in 1839 by Alexandre-Edmond Becquerel, 

solar cells have developed into the third generation. The first generation (wafer-based) solar cells 

are made of single/polycrystalline silicon.10-13 And the second-generation cells are called thin film 

solar cells employing materials such as amorphous silicon12, 14-15 and copper indium gallium 

selenide (CIGS)16-18. The emerging third generation consists of many different types of systems 
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such as organic photovoltaics,19-21 dye-sensitized solar cells,22-25 and perovskite solar cells26-28. So 

far, a large number of efforts have been spent on the research of third generation cells since they 

promise to accomplish the goal of low-cost and high-efficiency solar cells. In this work, the study 

focuses on investigating the impact of microstructures and interface energetics on the device 

performance and is carried out on perovskite and organic solar cells.  

Organic-inorganic hybrid perovskite solar cells have drawn a tremendous amount of 

attention due to its low cost, facile fabrication and high efficiency.27-30 Perovskite films are 

prepared simply by spin-coating the precursor solution onto the substrates, followed by a low-

temperature annealing treatment.28, 31 The high light absorption coefficient has been established in 

this class of material, where ~ 90 % of light (wavelength: 350-750nm) can be absorbed in a 400 

nm thick film.32-33 Additionally, the low exciton binding energy on the order of tens of 

millielectronvolt (meV) indicates that free charge carriers are predominantly generated under 

illumination.34-36 Beyond the light harvesting capability, carrier transport and charge collection 

also collectively contribute to the efficiency of photovoltaic devices.37-40 

Due to the polycrystalline nature of perovskite thin films, it is critical to investigate the 

impacts of microstructures, such as grain size, crystallinity and texture structure, on the electrical 

properties of thin films.30, 41-42 More interestingly, studies have suggested that the texture of the 

perovskite thin film may play a more significant role in determining the device efficiency than the 

size of perovskite grains.32, 43 Thus far, time-resolved photoluminescence(tr-PL) is the most 

commonly adopted technique for investigating the influence of crystal orientation and texture 

structure on charge carrier dynamics in perovskite solar cells. Although variations of the carrier 

lifetime are observed in perovskite thin films with different textures39, 41, 44-46, it is challenging to 

disentangle the texture effects on charge transport and collection processes since the trap states in 
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the bulk and at the surface would both influence the carrier lifetime determined from the tr-PL 

measurements47. By employing the ramp annealing treatment, it’s possible to control the 

crystallinity and texture structure of perovskite thin films and thus investigate its correlation with 

device performance. In addition, through the use of EIS measurements on perovskite devices, the 

charge transport and collection processes can be differentiated based on their responses to the light 

intensity, the applied bias and the frequency. Taken together, the correlation between the 

crystallinity/texture structure and carrier dynamics in perovskite solar cells can be investigated.  

The other important feature of polycrystalline thin films is grains and grain boundaries 

(GBs), which could demonstrate different photo-responses depending on the crystal orientation of 

grains and the type of GBs, such as high- and low-angle GBs. Thus far, many techniques with 

spatial resolutions have been employed to investigate their roles in perovskite thin films. The grain-

to-grain variation has been revealed in the measurements including the electron beam-induced 

current and the confocal fluorescence microscopy, suggesting a heterogeneous contribution of 

crystalline grains to the photocurrent.48-50 The effect of GBs on the device performance is still quite 

controversial. On one hand, a lower photoluminescence (PL) intensity and a shorter local PL 

lifetime have been identified at GBs as compared with grain interiors, indicating that GBs act as 

non-radiative recombination centers.51 On the other hand, the density functional theory (DFT) 

calculation has predicted that GBs should be benign in halide perovskites due to the dominant 

shallow defect states, which distinguishes halide perovskites from other existing solar cell 

absorbers.52-53  

Despite much progress, there are several outstanding questions that remain to be addressed. 

For instance, as mentioned above, studies have suggested that the texture of perovskite thin films 

may play a more significant role than the size of perovskite grains in determining the device 
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efficiency.43, 54 This indicates that the grain orientation as well as the grain boundary type, i.e., 

low-angle boundaries formed between grains of the identical crystal orientation vs. large-angle 

boundaries between grains of different orientations, could lead to drastically different photo-

responses. From a fundamental perspective, beyond modulating the carrier diffusion length and 

transport efficiency, the grain orientation may also impact the charge transfer and collection 

efficiency at contacts.39, 55 Scanning probe studies of perovskite thin films have reported 

substantial spatial variations in the local photo-response, including Jsc and Voc.
48-49, 51, 56 One has 

attributed the significant intra-grain heterogeneity to the facet-dependent density of surface trap 

states.56 While the interconnected aggregates of several adjacent grains, not just within individual 

grains, exhibiting similar current levels have also been identified, indicating that there is a network 

of beneficial and detrimental current pathways.49 Nevertheless, because of the complications 

arising from the stacking of grains with buried grain boundaries and interfaces, it is challenging to 

identify, for instance, the high conductivity pathways that promote the transport across 

interconnected grain aggregates. Thus, it is necessary to carry out local J-V measurements with 

AFM on perovskite grains of columnar structures and distinct crystal orientations, and GBs of the 

well-classified type to evaluate their contributions to the overall power conversion efficiency.  

In addition to perovskite solar cells, OPVs have also stood out as an alternative clean energy 

solution, offering potential benefits of low cost and mechanical flexibility57-58. It is known that in OPV 

devices the energy level alignment at the interfaces between metal electrodes and photoactive layers is 

important in determining Jsc, Voc, and fill factor (FF).59-66 At weakly interacting interfaces such as the 

spin-coated polymers on non-reactive substrates, the vacuum level alignment is often assumed in the 

OPV design.67 However, Fermi level pinning to the integer charge-transfer states of organic 
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semiconductors has been observed in a number of systems including poly-3-hexylthiophene (P3HT) 

and [6,6]-phenyl C61 butyric acid methyl ester (PCBM).61, 68 

Interfacial buffer layers, therefore, play a critical role in adjusting the contact properties between 

active layers and electrodes. For instance, in the presence of non-ohmic contacts in BHJ devices, 

injection barriers may give rise to a reduction of the internal electric field and a decrease in Voc,
69-70 

while interfacial buffer layers can be readily utilized to optimize these contacts71-73. Additionally, 

interfacial buffer layers may contribute to the enhancement of charge collection and the reduction of the 

interfacial contact resistance and charge recombination, leading to a smaller series resistance (Rseries), a 

larger shunt resistance (Rshunt), and hence the improved performance59, 62-63, 74-75.  

Among the n-type buffers used in the inverted structures,59, 76-80 ZnO offers the advantages of 

high conductivity, excellent optical transparency and environmental stability73, 81-82. Various preparation 

methods have been used to fabricate high-quality ZnO films in planar and nanowire configurations for 

solar cell applications83-90. Among them, the sol-gel method is considered to be cost-effective and 

compatible with the solution processing of organic solar cells. The sol-gel method also allows for ZnO-

based nanostructuring,91-92 elemental doping,75, 93 and surface modification,63, 94 to improve the ZnO 

functionality. Here we focus on inverted OPVs with the ZnO cathode buffer layer fabricated by the sol-

gel method from zinc acetate decomposition. Several parameters can be tuned in the sol-gel process to 

improve the morphology, as well as its optical and electrical properties of ZnO thin films. However, 

there have been conflicting reports of this optimization in the literature74, 95. Optimal annealing 

temperatures reported in the literature range widely from 150 to 450 °C60, 74, 89, 91, 95-102,  although it is 

recognized that low-temperature annealing is more compatible with the processing of plastic organic 

solar cells. Therefore, a thorough investigation of the physical characteristics of ZnO buffer layers 

annealed at different temperatures is necessary. 
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1.2 Outline of this work 

To better understand the working principle of solar cells, semiconductor physics and physical 

processes in photovoltaic devices are introduced in Chapter 2. The device architecture based on planar 

structured solar cells as well as the physical processes such as photo-generation, carrier transport, charge 

collection, and recombination will be the focus of the discussion. With a basic understanding of the 

mechanism of photovoltaics, J-V characteristics are introduced, and the factors that impact the device 

performance are discussed.  

After getting acquainted with solar cell physics, perovskite solar cells and OPVs are introduced 

in Chapter 3. First, the physical properties of perovskite materials and their contributions to the device 

performance are discussed. Also, the current status of perovskite solar cells is reviewed to assess the 

challenges and problems to be addressed. Different fabrication methods are also described since they 

determine the film quality. The second part focuses on the device architecture and physical processes 

in OPVs.  The BHJ based OPVs are described and compared with planar perovskite solar cells. The 

critical role of the electrode/active layer interface is then discussed, and different methods to tune the 

interface properties are demonstrated. At last, ZnO and its application in OPVs are illustrated as well as 

the challenges of tuning its electrical property.  

Before reaching the experimental results and conclusions, the device fabrication processes and 

experimental techniques that help to address the physical properties of solar cells are described in 

Chapter 4. The fabrication process is important as it determines the quality of each part in the devices 

and thus the efficiency. Details about the working principle of AFM, EIS, and EBSD and how to 

interpret the data are described.  

Chapter 5 discusses the impact of microstructure in perovskite thin films on the device 

performance. The texture structure and morphology of perovskite thin films are tuned by ramp 
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annealing treatment, which includes a two-step annealing profile. The correlation between device 

performance and the thin film crystallinity/texture is investigated. To elucidate the impact of the texture 

structure on the carrier dynamic processes in perovskite solar cells, EIS, which is able to disentangle the 

convoluted charge transport and collection processes, is performed on devices with different thickness 

and under different light intensities and applied biases.  

To further understand how the microstructures, specifically grains and grain boundaries, impact 

the device performance, AFM techniques are utilized to investigate the correlation between 

microstructure and nano-scale device performance in Chapter 6. The discrete photocurrent levels 

across crystalline grains and the anti-correlation of Jsc and Voc of each grain are identified by pc-

AFM and point J-V spectra on perovskite thin films. With the aid of electron backscattering 

diffraction (EBSD) measurement, the crystal orientations of grains are revealed. Additionally, GBs 

in perovskite thin films demonstrate heterogeneous behaviors with low-angle GBs showing a 

higher power output than the adjacent grains. KPFM is utilized to investigate the energetics at 

grain boundaries.  

Chapter 7 discusses the application of ZnO as a buffer layer between the cathode material, 

i.e., indium tin oxide (ITO) and the active layer of P3HT and PCBM. The work function of ZnO 

thin film is tuned, and its impact on the device performance is attributed to the efficient charge 

collection at the interface. Modulations on the interface energetics are analyzed by KPFM.  

In Chapter 8, the thesis studies are summarized, together with future work from the 

perspectives of device engineering and instrumentation development.   
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Chapter 2 

Solar cell physics  

In this chapter, the semiconductor physics is introduced in the first part. The band structures, 

the doping of semiconductors and the formation of junctions between metals and semiconductors 

are discussed, as well as their applications in photovoltaics. The difference between organic and 

inorganic semiconductors is also described. In the second part, the configuration of planar 

structured solar cell is used as an example to illustrate the physical process occurring in the devices 

under illumination. The processes from the generation of excitons to the formation of photocurrent 

are detailed. Lastly, the J-V characterization of solar cells are described. The device performance 

parameters are defined and the factors impacting the characteristic parameters are deliberated.  

2.1 Introduction to semiconductors  

2.1.1 Basics of semiconductors 

Semiconductors as the core of semiconductor devices are widely used in our daily life 

owing to the unique electrical properties compared with insulators and conductors. Generally, 

semiconductors demonstrate certain crystal structures: a cluster of repetitive atom arrangements. 

When two atoms are brought together, the atomic orbitals would split into two new orbitals with 

higher and lower energy than that of the original orbitals. With more and more atoms forming a 

cluster, the split orbitals form bands as shown in Figure 2.1. If the material shows continuous 

electronic states without a gap, it is a conductor. For semiconductors and insulators, there is a 

bandgap in the energy diagram. The band above the gap is defined as conduction band (CB) and 

the one below is the valence band (VB). The bandgap of semiconductors is around 0.5 to 3.0 eV. 

Materials with bandgaps larger than 3 eV are called insulators. At the low temperature and under 

the dark condition, semiconductors are barely conductive since not many electrons can be excited 
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to the CB. However, when enough energy is provided to the semiconductor, such as incident 

photons and thermal energy, electrons in the VB can be excited to the CB and the material becomes 

“conductive”. For the organic semiconductors, which are 𝜋-bonded molecules or polymers, they 

form relatively dense but discrete levels instead of continuous bands. The highest occupied level 

is called HOMO, similar to the concept of valence band maximum (VBM) in inorganic 

semiconductors. The lowest unoccupied level is called LUMO, corresponding to the conduction 

band minimum (CBM). The difference between LUMO and HOMO equals the bandgap of the 

material. Compared with inorganic semiconductors, organic semiconductors demonstrate smaller 

dielectric constants because of the diminished charge screening capability.  

 

Figure 2.1: Band formation of semiconductors: as the number of atoms increases, the atomic 

orbitals split into multiple levels and thus form the conduction band and the valence band.  

To investigate the carrier population in semiconductors, the density of states and Fermi 

level function are two key parameters. The density of states is a prerequisite for determining the 
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carrier concentration and energy distributions of carriers in semiconductors. It equals the number 

of allowed electron states per energy per volume. Through the approximation of a particle in a 3-

D box, the density of states (D(E)) is expressed by:  

𝐷𝑒(𝐸) =
1

2𝜋
(
2𝑚𝑒

∗

ℏ2
)
3
2⁄ (𝐸 − 𝐸𝑐)

1
2⁄                                              (2.1) 

𝐷ℎ(𝐸) =
1

2𝜋
(
2𝑚ℎ

∗

ℏ2
)
3
2⁄ (𝐸𝑉 − 𝐸)

1
2⁄                                             (2.2) 

Here, 𝑚𝑒
∗  and 𝑚ℎ

∗  are the effective mass of electron and hole, respectively, which is related to the 

band structure of the semiconductor. In addition to the density of states, the Fermi function is also 

crucial to calculate the number of electrons occupying certain electronic states. The Fermi function 

f(E), as a function of energy, is equal to the ratio of filled states over all allowed states at a given 

energy. It can be described by the following equation: 

𝑓(𝐸) =  
1

1+𝑒
(𝐸−𝐸𝑓) 𝑘𝑇⁄                                                          (2.3) 

Ef is called the Fermi level as shown in Figure 2.1 which lies within the bandgap. For intrinsic 

semiconductors, the Fermi level is close to the center of the bandgap. If the material is doped, its 

Fermi level would shift upwards or downwards accordingly.  

2.1.2 Intrinsic and extrinsic semiconductors  

 Semiconductors containing an insignificant number of impurity atoms are referred as 

intrinsic semiconductors. Since the only way to generate electrons and holes is to excite electrons 

in the VB to the CB in intrinsic semiconductors, the population of electrons and holes are always 

equal. However, semiconductors with a high electron (n-type) or hole (p-type) concentration are 

widely used in semiconductor devices. These types of semiconductors are termed as extrinsic 

semiconductors and show different electrical properties than intrinsic ones. In order to manipulate 
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the carrier concentration, the specific impurity atoms are added into the semiconductor, which is 

described as doping.  

 

Figure 2.2: Schematic of semiconductor doping. (a) n- and p-type doping of silicon with 

phosphorous and boron atoms; (b) the influence of donor states (ED) and acceptor states (EA) on 

the position of Fermi level.  

Figure 2.2 depicts the semiconductor bonding model of Si, which helps us understand the 

mechanism of the doping process. As an IV column semiconductor, there are four valence 
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electrons and four neighbors for each Si. By sharing the valence electrons, the covalent bonds are 

formed between Si atoms. When a silicon atom is replaced by a phosphorous atom, five valence 

electrons are available for bonding with the adjacent Si atoms. However, there are only four Si 

neighbors and each of them needs only one electron to form the covalent bond. The extra electron 

is loosely bound to the phosphorous atom and can be easily freed from it by the thermal energy 

provided at room temperature. In this case, the phosphorous atom is called donor. In the energy 

band diagram (Figure 2.2), it can be seen that the energy level (ED) introduced by replacing Si with 

P is very close to the conduction band edge and the electrons can be excited to the CB at room 

temperature. Correspondingly, the Fermi level is shifted upwards (closer to CB) compared with 

the intrinsic case.  Vice versa, the replacement of Si with a Boron atom which only provides three 

valence electrons would result in an electron vacancy (hole). The adding of Boron atoms (acceptor) 

introduces the energy levels close to VB (EA) which are able to accept electrons excited by the 

thermal energy at room temperature from the valence band. Thus, the Fermi level shifts 

downwards to the VB. The doping source can be intrinsic and extrinsic. The example shown above 

is the extrinsic doping of Si. For solution-processed perovskite materials, both n-type and p-type 

doping have been identified depending on the fabrication process and the types of intrinsic defects, 

such as the vacancy/interstitial of I- or MA+.   

2.1.3 Equilibrium distribution of carriers 

   The density of states and the Fermi function have been introduced previously. The carrier 

concentration in the intrinsic semiconductors can then be calculated by the following equations:  

𝑛 = ∫ 𝐷𝑒(𝐸)𝑓(𝐸)𝑑𝐸
∞

𝐸𝐶
                                                     (2.4) 

𝑝 = ∫ 𝐷ℎ(𝐸)(1 − 𝑓(𝐸))𝑑𝐸
𝐸𝑉

−∞
                                               (2.5) 
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Here, n and p are the concentration of electrons in conduction band and holes in valence band, 

respectively. According to Boltzmann approximation, if the Fermi level is far enough from both 

band edges, the Fermi function can be simplified by:  

𝑓(𝐸) ≈ 𝑒(𝐸𝑓−𝐸) 𝑘𝐵𝑇⁄                                                      (2.6) 

And n and p can thus be written by:  

𝑛 = 𝑁𝑐exp (−(𝐸𝐶 − 𝐸𝑓) 𝑘𝐵𝑇⁄ )                                          (2.7) 

𝑁𝐶 = 2(
𝑚𝑒

∗𝑘𝐵𝑇

2𝜋ℏ2
)3 2⁄                                                    (2.8) 

𝑝 = 𝑁𝑉exp (−(𝐸𝑓 − 𝐸𝑉)/(𝑘𝐵𝑇)                                       (2.9) 

 𝑁𝑉 = 2(
𝑚ℎ

∗ 𝑘𝐵𝑇

2𝜋ℏ2
)3 2⁄                                                 (2.10) 

NC and NV are termed as the effective density of states of the conduction band and the valence 

band, respectively. According to the above equations, the product of n and p equals: 

𝑛 ∙ 𝑝 = 𝑁𝑐𝑁𝑉 exp(−𝐸𝑔 𝑘𝐵𝑇⁄ ) = 𝑛𝑖
 2                                     (2.11) 

𝑛𝑖 = √𝑁𝑐𝑁𝑉exp (−𝐸𝑔 2𝑘𝐵𝑇)⁄                                         (2.12) 

Here, we introduce the intrinsic carrier concentration (ni): the electron and hole concentration in 

intrinsic semiconductors, which is related to the bandgap and the density of states. For example, 

in Si, the intrinsic carrier concentration at room temperature is 1.05×1010 cm-3.  

For the extrinsic semiconductors, the above equations still hold. However, the electron and 

hole concentrations are not equal anymore. For n-type semiconductors, the electron density in the 

conduction band is given by: 
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 𝑛 = 𝑛𝑖 + 𝑁𝐷
+                                                        (2.13) 

where 𝑁𝐷
+ is the density of ionized donors. At 0 K, all donor states are full so n = 0. As the 

temperature increases, donor electrons are excited to CB and 𝑛 ≈ 𝑁𝐷
+ since 𝑁𝐷

+ ≫ 𝑛𝑖. As equation 

(2.11) still holds, the hole density in the valence band is written by: 

𝑝 ≈ 𝑛𝑖
2 𝑁𝐷

+⁄                                                         (2.14) 

At even high temperatures, a large number of electrons in the valence band are excited to the 

conduction band (𝑛𝑖 ≫ 𝑁𝐷) and n equals ni again.  

 

Figure 2.3: Temperature dependence of carrier concentrations in n-type semiconductors.   

2.1.4 Junctions 

 Some basic physical properties of semiconductors have been introduced in the previous 

content. Photovoltaic devices consist of multiple layers of materials in order to generate 

photocurrent. A junction forms when two materials are in contact, which could facilitate the charge 

transport and collection in the devices. Thus, it is necessary to talk about the scenario when a 

semiconductor is in contact with materials such as metals and semiconductors. 
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2.1.4.1 Metal-semiconductor junction  

 Suppose that there is an n-type semiconductor with the work function of 𝛷𝑛 and a metal 

with the work function of 𝛷𝑚 (𝛷𝑛  < 𝛷𝑚) as shown in Figure 2.4. Before they are in contact, the 

vacuum levels align indicating that CB, VB and Ef of the semiconductor and the metal are 

independent. However, when these two materials are in contact, the Fermi levels level up to reach 

the equilibrium, leading to the shift of the vacuum level. Electrons in the semiconductor flow to 

the metal and leave the positive charges in the region close to the metal which is called the space 

charge region. The width of the space charge region depends on the dielectric constant of the 

semiconductor (εs), the doping level of the semiconductor (ND), the vacuum level change at the 

junction (Vbi) and the applied bias (VA), as described by: 

𝑊 = √
2𝜀𝑠(𝑉𝑏𝑖−𝑉𝐴)

𝑞𝑁𝐷
                                                       (2.15) 

The n-type semiconductor with a high doping level, for example, demonstrates a narrow depletion 

region due to the high concentration of electrons. On the other side of the junction, the 

corresponding negative charges in the metal is limited to the interface owing to its high dielectric 

constant. The separation of electrons and holes forms an electric field which suppresses the charge 

transfer at the contact. The intensity of the electric field increases as more charges are separated. 

Ultimately, the electric field would stop the charge flow at the junction. Though the space charge 

region in the semiconductor is positively charged, the conduction and the valence band positions 

relative to the vacuum level are the same as the regions away from the junction. As the vacuum 

level in the space charge region changes, the CB and VB change accordingly, the process of which 

is described as the band bending. This junction formed between the n-type semiconductor and the 

metal is referred as the Schottky barrier which shows a rectifying characteristic.  
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Figure 2.4: Formation of Schottky barriers: (a) n-type semiconductor and metal junction 

when 𝛷𝑛  < 𝛷𝑚; (b) p-type semiconductor and mental junction when 𝛷𝑝 > 𝛷𝑚.  

 Figure 2.5 illustrates the rectifying characteristic of the Schottky barrier formed between 

the n-type semiconductor and the metal. As mentioned before, at the thermal equilibrium there is 

not net current flow (the number of electrons flowing to the metal equals the number of holes to 

the semiconductor). Under a reverse bias, a positive voltage is applied to the semiconductor which 

enlarges the band bending and further suppresses the electrons from flowing to the metal. 

Consequently, the net current is determined by the leakage current resulting from the movement 

of holes to the metal. In n-type semiconductors, holes are the minority carriers, so the current level 

is quite small. Under a forward bias, a negative voltage is applied to the semiconductor, and 

Schottky barrier is reduced. Thus, the flow of electrons to the metal is enhanced. As the barrier 

height decreases, the current level increases approximately exponentially with the bias. Similarly, 
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Schottky barrier is observed at the junction of the p-type semiconductor and the metal when  𝛷𝑝 >

𝛷𝑚 as shown in Figure 2.4b.  

 

Figure 2.5: Rectifying characteristics of the metal/semiconductor junction.  

 The situation is different if the work function of the metal is higher than that of the n-type 

semiconductor. As shown in Figure 2.6, the electrons flow from the metal to the semiconductor in 

order to reach the thermal equilibrium. This type of junction does not show the rectifying 

characteristics and is called Ohmic contact since the majority carriers is able to pass the junction 

in either direction with a low resistance. Similarly, for the p-type semiconductors and the metals, 

when 𝛷𝑝 < 𝛷𝑚, an Ohmic contact forms at the junction.  There are other ways to form an Ohmic 

contact in addition to the satisfaction of 𝛷𝑛 > 𝛷𝑚  or 𝛷𝑝 < 𝛷𝑚 . In the heavily doped 

semiconductors, for example, the space charge region could be quite narrow (several nanometers) 

and thus the majority carriers are able to tunnel through the barrier.  

 At the organic semiconductor/metal junction, the situation is different. The formation of 

the junction, in this case, is described by the Integer Charge-Transfer model.103 The charge transfer 
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at the organic semiconductor/metal interface is dominated by the tunneling of electrons because 

of the negligible hybridization of 𝜋-electronic molecular orbitals and the substrate wavefunctions. 

The tunneling of the electrons indicates that the transfer process involves an integer amount of 

charge to the well-defined charge states located at the surface of the organic semiconductor.  

 

Figure 2.6: Formation of Ohmic contacts at the metal/semiconductor junction. Between metal 

and (a) n-type semiconductors when 𝛷𝑛 > 𝛷𝑚, (b) p-type semiconductors when 𝛷𝑝 < 𝛷𝑚 

There are the positive and the negative integer charge-transfer states (EICT+ and EICT-). The 

energy of EICT+ is defined as the energy required to take away one electron from the molecules, 

and the energy of EICT- is the energy gained by the molecule when adding an electron to it. The 

generation of the Integer Charge-Transfer states is caused by the formation of the self-localized 

states, also called polarons, when reducing or adding an electron to the organic molecules. As 
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depicted in Figure 2.7, when the work function of the metal, 𝛷𝑚, falls between the EICT+ and EICT-, 

the vacuum level alignment is expected at the interface. If 𝛷𝑚 is larger than EICT+, electrons would 

be taken away from the organic molecules and the Fermi level is pinned to the EICT+. Similarly, 

the Fermi level would be pinned at the EICT- when the Fermi level of metal is above EICT- as a result 

of the addition of electrons to the organic molecules. It is worth mentioning that this also holds for 

the semiconducting organic/inorganic interfaces with negligible interactions. 

 

Figure 2.7: Schematics of the formation of junctions at the semiconducting organics and 

metal interface: when (a) 𝛷𝑚 is smaller than EICT-, (b) 𝛷𝑚 is between EICT- and EICT+, and (c) 𝛷𝑚 

is larger than EICT-.  
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Figure 2.8: Illustration of the band alignment at (a) p-n and (b) p-i-n junctions.  

2.1.4.2 p-n junction and p-i-n junction  

 The p-n junction is the most widely adopted structure in photovoltaic devices. When an n-

type and a p-type semiconductor are in contact, the junction formed is called the p-n junction. As 

mentioned before, the Fermi levels level up if two materials are in contact and an electric field is 

introduced at the junction. As shown in Figure 2.8, electrons in the n-type material flow to the p-

type material and holes in the p-type material flow to the n-type material. Thus, the space charge 

regions exist on both sides of the junction. The junction always behaves as a barrier for the majority 

carriers and a high conductivity path for the minority carriers, which is beneficial for the charge 

separation. In solar cells, the separation of electrons and holes is crucial to the formation of 

photocurrent.  

 If the carrier diffusion length in the semiconductor is short and photo-generated carriers in 

p- or n-type materials are not likely to contribute to the photocurrent, the p-i-n junction is 

advantageous. The junction is formed by inserting a layer of the intrinsic semiconductor between 
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n- and p-type materials. The built-in electric field is extended to a wider region as shown in Figure 

2.8b and drives electrons and holes generated in the intrinsic layer to the opposite directions.    

 

Figure 2.9: Planar structured solar cells: active layer, anode and cathode. Under illumination, 

the active layer absorbs photons and generates excitons which are then dissociated into free carriers.   

2.2 Planar structured solar cells  

In this part, planar structured solar cells are used as an example to illustrate the working 

principle of photovoltaic devices. Planar structured solar cells consist of three parts: active layer, 

cathode and anode as shown in Figure 2.9. The active layer, which is made of semiconductors, 

absorbs light and converts it into electrons and holes via the photovoltaic effect. The generated 

electrons and holes are then transported to the electrodes. As a result of the selectivity of electrode 

materials, the cathode and anode collect electrons and holes, respectively.  Then, the free carriers 

form an electrical current and contribute to the external circuit.   

2.2.1 Light absorption and exciton dissociation  

The active layer absorbs photons and generates charge carriers. The number of photons 

that the active layer is able to absorb is determined by many factors. First, the active layer can only 
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absorb the photons with the energy higher than its bandgap. Semiconductors with low bandgap 

utilize more of the solar spectrum and thus generate more photocarriers and output a higher current. 

Second, the quantity of the light absorption depends on the absorption coefficient which is 

wavelength dependent. Photons with the energy just above the bandgap only excite electrons 

around the valence band edge to the CB edge, while high energy photons can excite electrons deep 

in the VB. In addition, the absorption coefficient depends on the density of states in the conduction 

and valence band of semiconductors. A higher density of states provides more “parking lots” for 

the excited electrons in the conduction band. Last, the thickness of the active layer influences the 

absorption of photons. More photons can be absorbed in thicker films. However, if the film is too 

thick, photocarriers must travel a long distance to the electrode, which increases the possibility of 

being nullified by the counter charges (more details are shown in the latter part of this chapter). 

An optimized film thickness is essential to balance between the light absorption and carrier 

transport process in photovoltaic devices.  

After the absorption of photons, it generates the electron-hole pairs, which are called 

excitons, in the semiconductor as shown in Figure 2.9. There is a binding force between the 

electron and hole in the exciton. Consequently, it requires an external force to dissociate excitons 

into free carriers. The bound of the electron and the hole is similar to the coulombic interaction 

between the positive and negative charges. According to Coulomb’s law, the force is reversely 

proportional to the dielectric constant: 

𝐹 =
𝑞2

4𝜋𝜀𝜀0𝑟2
                                                               (2.16) 

where r is the distance between the two charges. The energy required to dissociate the exciton is 

called the binding energy, which is also related to the dielectric constant of the active layer 



23 

 

material.36, 104 Semiconductors with high dielectric constants, such as organic-inorganic hybrid 

perovskites, demonstrate low exciton binding energy: tenths of meV. For organic semiconductors 

with small dielectric constants, the binding energy could be as high as hundreds of meV. 

Consequently, in OPVs, the donor-acceptor system is introduced to create an energy offset at the 

interface of the donor and the acceptor to dissociate excitons.19, 105 More details on the donor-

acceptor system will be discussed in next chapter.  

2.2.2 Charge transport  

 With the excitons being dissociated into free carriers, the next step is charge transport. 

Electrons and holes must travel across the active layer to the cathode and anode, respectively. The 

mechanism of charge transport process in the active layer is the drift and diffusion.  

2.2.2.1 Drift 

Drift is defined as the motion of the charged particle in response to an electric field. When 

an electric field is applied to the device, it drives holes moving towards the direction of the electric 

field and the electrons in the direction opposite to the electric field. Thus, the drift current is given 

by: 

𝑖𝑛,𝑑𝑟𝑖𝑓𝑡 = 𝑞𝜇𝑛𝑛𝐸                                                        (2.17) 

 𝑖𝑝,𝑑𝑟𝑖𝑓𝑡 = 𝑞𝜇𝑝𝑝𝐸                                                        (2.18) 

E is the electric field in the device, and μn and μp are the carrier mobility for the electron and hole, 

respectively, with the unit of cm2 V-1 s-1.  The origin of E-field could be an external bias applied 

to the device or a built-in electric field established between materials of different work functions. 

For example, in photovoltaic devices, the cathode and anode consist of different materials. The 

anode material which collects holes demonstrates a low work function. For the cathode, materials 
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with high work functions are employed to collect electrons. When the cathode, the anode and the 

active layer are in contact, a built-in electric field forms due to the alignment of Fermi-levels, as 

illustrated in Figure 2.8. When solar cells are under illumination, the built-in electric field draws 

the photo-generated electrons to the cathode and holes to the anode, forming the photocurrent.  The 

carrier mobility is the key parameter in determining the performance of solar cells. Carriers with 

a high mobility suppress the recombination of electrons and holes and improve the charge transport 

and collection efficiency. One factor that influences the carrier mobility is the scattering process 

taken place in the active layer. For semiconductors, the phonon scattering and the ionized impurity 

scattering processes tend to be dominant. The phonon scattering refers to the collision between the 

carriers and the vibrating lattice atoms. The ionized impurity scattering is related to the coulombic 

interaction (attraction or repulsion) between the carriers and the ionized donors/acceptors, 

especially in the highly doped semiconductors. In addition, for polycrystalline materials, like 

organic-inorganic hybrid perovskite thin films, the defect scattering must be taken into 

consideration due to the break of crystal symmetry at the grain boundaries. The carrier mobilities 

for electrons and holes could also be different in the same material owing to the different effective 

mass. The imbalanced carrier mobility requires more efficient charge collection at the electrode 

which collects the carriers with the lower mobility.  

2.2.2.2 Diffusion 

 Diffusion is the process in which particles tend to redistribute to reach a concentration 

equilibrium as a result of the random thermal motion. Consequently, a net movement of carriers 

goes from the areas of the high concentration to the areas of the low concentration in solar cells. 

The corresponding currents are expressed by the following equations:  

𝑖𝑛,𝑑𝑖𝑓𝑓 = 𝑞𝐷𝑛∇𝑛                                                     (2.19) 
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𝑖𝑝,𝑑𝑖𝑓𝑓 = −𝑞𝐷𝑝∇𝑝                                                   (2.20) 

where 𝐷𝑛 and 𝐷𝑞  are the diffusion coefficient of electrons and holes with the unit of cm2 s-1; 

∇𝑛 and ∇𝑝 are the concentration gradient of electrons and holes. The diffusion coefficient, similar 

to the carrier mobility in the drift process, is crucial in determining the carrier diffusion process. 

The relationship between the diffusion coefficient and the carrier mobility has been built by 

Einstein:  

𝐷

𝜇
=

𝑘𝑇

𝑞
                                                            (2.21) 

In the studies of solar cells, many techniques, such as Hall measurement, PL quenching and time 

of flight, have been employed to extract the carrier mobility information in order to characterize 

the transport properties of devices.  

2.2.3 Charge Collection  

 After the photo-generated electrons and holes arrive at the electrode, they must be 

selectively collected by the electrodes in order to contribute to the external circuit, instead of being 

“nullified” by the counter charges. The selectivity of cathodes and anodes is enhanced by a 

selective contact layer inserted between the active layer and the electrodes, named by the electron 

or hole transport layer (ETL/HTL). Generally, materials used in the selective contact layer are 

highly doped n-type and p-type semiconductors for ETL and HTL, respectively, with a high carrier 

mobility.  For example, n-type materials employed as ETL usually show high selectivity and 

conductivity of electrons and a deep VB to block holes.106-107  Another factor to consider here is 

the energy level alignment at the contact. The interface energetics is critical since it directly 

impacts the collection efficiency. Ideally, an Ohmic contact is expected at the active layer/selective 

contact and the selective contact/electrode interfaces to avoid the energy loss. However, the 
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formation of the Schottky barrier is the common case in solar cells. Meanwhile, at the interfaces, 

there exists a high density of defects which leads to severe recombination. More details about 

surface recombination will be discussed in the next section.  

 

Figure 2.10: Schematic of charge transport driven by the built-in electric-field. (a) Illustration 

of the carrier transport process in the active layer; (b) the built-in electric field induced by the work 

function difference of electrodes drives electrons and holes to the cathode and the anode, 

respectively. 
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Figure 2.11: Schematic of charge collection at the interface. (a) The free carriers are collected 

by the cathode and the anode due to the selectivity of the electrode materials, (b) both interfaces 

between the active layer and ETL as well as ETL and cathode impact the charge collection 

efficiency.  

2.2.4 Recombination, carrier lifetime and diffusion length 

2.2.4.1 Recombination in photovoltaic devices  

Recombination is the loss mechanism of photovoltaic devices which refers to the loss of 

free carriers. For example, an electron annihilates a hole instead of contributing to the photocurrent. 

There are different ways of recombination, such as radiative recombination, Auger recombination 

and trap-assisted recombination.  

Radiative recombination is the dominant loss mechanism in the direct bandgap 

semiconductors. As shown in Figure 2.12, an electron in the conduction band relaxes to the valence 

band and recombines with a hole while releasing a photon. This loss mechanism is related to the 
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intrinsic property of the material and is inevitable. Though the radiative recombination is damaging 

the performance of photovoltaic devices, the light emitting diode device is a good example of 

utilizing the radiative recombination mechanism.   

 

Figure 2.12: Schematics of the loss mechanisms. (a) Band to band radiative recombination, (b) 

Auger recombination, (c) trap-assisted recombination, and (d) surface recombination  

The other unavoidable loss mechanism is the Auger recombination which involves three 

charge carriers. Figure 2.12b depicts the Auger recombination process. When an electron in the 

CB decays to the VB, instead of releasing the energy in the form of heat or photons, it transfers 

the amount of energy, which equals the bandgap, to the other electron in the CB which eventually 

goes back to the CB edge via thermal relaxation. The above process involves the interaction among 

the carriers, so Auger recombination is dominant in the low bandgap materials with high carrier 

densities.  
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Recombination via trap states, also called Shockley-Read-Hall (SRH) recombination, 

denotes the recombination of electrons and holes via an electronic state within the bandgap. For 

the perfect single-crystal semiconductors, SRH recombination does not occur due to the lack of 

mid-gap states. As shown in Figure 2.12c, SRH recombination includes two steps. First, an 

electron (or hole) is trapped in the mid-gap state which is introduced by the defects of the crystal 

structures. The trapping and de-trapping processes are reversible since the trapped charges can be 

re-emitted to the CB or VB by thermal excitation. However, if a hole (or electron) is also captured 

by the mid-gap state before the electron (or hole) is thermally re-emitted to the CB, recombination 

would happen. For defect states deep into the bandgap, the thermal energy required to de-trap the 

charge is relatively high and it is likely to induce recombination since the trapped charge has a 

high chance to recombine with a counter charge than being re-emitted. Vice versa, if the defect 

state is close to the band edge, the trapped charges can be easily de-trapped instead of recombining 

with the counter charges.  

Surface recombination is another critical loss mechanism for photovoltaic devices. The 

semiconductor surface is an area with a high density of defects as the crystal symmetry is 

interrupted and a large number of dangling bonds exist there. As the carriers recombine, a 

concentration gradient would form which drives more carriers to the surface. However, the surface 

recombination can be suppressed by passivating the defect sites, such as neutralizing the charged 

sites by doping or forming bonds with the unpaired electrons by introducing small molecules or 

interfacial layers at the contact.  

2.2.4.2 Carrier lifetime and diffusion length  

 Recombination process, as discussed before, is a loss mechanism in photovoltaic devices. 

It determines how long the carriers survive, how far they travel before recombining, and eventually 
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the number of carriers contributing to the external circuit. The average amount of time which the 

carrier can survive in an excited state is called the carrier lifetime. The diffusion length is the 

distance that carriers are able to travel after photogeneration and before recombination. It 

determines the thickness of the active layer in solar cells. For example, the thickness of the active 

layer in OPVs is around 100 nm as a result of the low carrier diffusion length. The active layer in 

perovskite solar cells is around 300-500 nm thick since the perovskite materials demonstrate a 

carrier diffusion length as long as hundreds of nanometers. Overall, the carrier lifetime and carrier 

diffusion length are the key factors that impact the efficiency of photovoltaic devices. 

Semiconductor devices with short carrier lifetime and diffusion length would suffer from severe 

recombination and demonstrate low efficiency.  

 Carrier lifetime (𝜏) depends on the total recombination rate of the three recombination 

mechanisms mentioned above. Therefore, it can improve the lifetime of photogenerated carriers 

by employing semiconductors with insignificant radiative/Auger recombination and manipulating 

the density of defect states to suppress the SRH recombination. Obviously, carriers with a longer 

lifetime are able to diffuse a further distance, and the correlation between carrier lifetime and 

diffusion length (L) is written by:  

𝐿 = √𝜏𝐷                                                             (2.22) 

D is the diffusion coefficient and related to the intrinsic property of the semiconductor.  

2.3 J-V characteristics of photovoltaic devices  

J-V characteristics are measured in order to determine the device performance of solar cells. 

In the dark, photovoltaic devices behave as diodes and the corresponding J-V curve is shown in 

Figure 2.13. The dark current (ID) is written by:  
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𝐼𝐷 = −𝐼𝑜[exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1]                                                 (2.23) 

Io is called the saturation current which equals the leakage current of the device in the dark 

condition. n (usually larger than 1) is the ideality factor as the behavior of real devices deviates 

from an ideal diode. Under illumination, the flow of photo-generated carriers in the device forms 

the photocurrent (Iph). Therefore, the total current (I) of the device is given by: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜[exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1]                                            (2.24) 

The efficiency of photovoltaic devices (𝜂) equals the maximum power output (Pmax) over the power 

input (Pin). Pin is determined by the incident light intensity. From the J-V characteristics shown in 

Figure 2.13, the power output is calculated by the product of total current and the corresponding 

voltage. Therefore, the maximum power output is extracted, and the efficiency is written by:  

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐼𝑠𝑐𝑉𝑜𝑐FF

𝑃𝑖𝑛
                                                    (2.25) 

Here, Isc and Voc are directly read from the J-V curves. At zero bias, the current is named as the 

short-circuit current (Isc). When the photocurrent is canceled out by the dark current, the 

correspondingly applied bias is called the open-circuit voltage. Then, fill factor can be expressed 

in terms of Isc and Voc:  

FF =
𝑃𝑚𝑎𝑥

𝐼𝑠𝑐𝑉𝑜𝑐
                                                           (2.26) 

The current density is generally used when talking about the device performance since the current 

depends on the device area. Hence, in the following discussions, we use term Jsc (short-circuit 

current density) instead of Isc.  
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Figure 2.13: Illustration of J-V curves and the characteristic parameters of photovoltaic 

devices under dark and illumination conditions.  

2.3.1 Short-circuit current (Jsc) 

 Mathematically, Jsc can be written by:  

𝐽𝑠𝑐 = ∫ 𝑓𝑙𝑢𝑥(𝐸)𝐸𝑄𝐸(𝐸)𝑑𝐸
∞

𝐸𝑔𝑎𝑝
                                           (2.27) 

where flux(E) is the photon flux of the incident light, and EQE (the external quantum efficiency) 

is defined by the number of electrons contributing to the photocurrent over the number of incident 

photons. First, Jsc depends on the incident light intensity. The photocurrent increases when the 

device is under the illumination of a higher intensity. EQE, which also determines the photocurrent 

level, equals:  

𝐸𝑄𝐸 = 𝜂𝐿𝐻 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶                                                  (2.28) 
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𝜂LH, 𝜂CT and 𝜂CC refer to the efficiency of light harvesting, carrier transport, and charge collection 

processes as described before. Consequently, the active layer material, the selective contacts, the 

electrode materials, and their interactions collaboratively impact the photocurrent and the device 

performance.  

2.3.2 Open-circuit voltage (Voc) 

 The value of Voc depends on the bandgap of the active layer semiconductor as well as the 

Fermi-level splitting under illumination. In semiconductors with large bandgaps, the excited 

electrons and holes possess more energy leading to a higher open-circuit voltage. Under the strong 

illumination, the extent of the Fermi level splitting increases and thus the Voc. Since the photo-

generated carriers are then collected by the electrodes, the interface energetics also impact the 

value of Voc. For example, if an injection barrier presents or severe recombination happens at the 

interface, the Voc decreases drastically.  As the Voc equals the voltage when the corresponding total 

current is zero, we obtain:  

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln(

𝐼𝑝ℎ

𝐼𝑜
+ 1)                                                   (2.29) 

Since 𝐼𝑝ℎ ≫ 𝐼𝑜 and 𝐼𝑝ℎ depends on the light intensity, the light intensity dependence of Voc can be 

simplified as follows: 

𝑉𝑜𝑐
′ = 𝑉𝑜𝑐 +

𝑛𝑘𝑇

𝑞
ln 𝑋                                                 (2.30) 

X is the relative light intensity with the unit of 1. By plotting Voc versus X, the ideality factor can 

be calculated, which shines light on the recombination mechanism in the devices.  
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2.3.3 Fill factor, shunt resistance and series resistance 

 According to Figure 2.13, FF representing the squareness of the J-V curve is related to the 

shunt resistance (Rsh) and the series resistance (Rs). The introduction of Rsh and Rs modifies the 

total current equation by: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 exp
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
−

𝑉−𝐼𝑅𝑠

𝑅𝑠ℎ
                                          (2.31) 

The series resistance refers to the total resistance of the device to the movement of 

photocarriers. Thus, the resistances coming from the active layer, the electrodes and the interfaces 

between different layers contribute to Rs. Rs impacts the squareness of the J-V curve close to the 

open-circuit condition because of the resulting voltage drop across the device.  

 

Figure 2.14: Equivalent circuit of photovoltaic devices including series and shunt resistances.  

The shunt resistance impacts FF and the device performance since it provides an alternative 

path for the photocurrent as shown in Figure 2.14. For example, when the active layer is not 

compact, the contact of ETL and HTL acts as a leakage path for photocurrent with the electrons in 

ETL recombining with holes in HTL. Therefore, Rsh mainly affects the shape of the J-V curve 

closer to the short-circuit condition.  

Rs

Iph Rsh

Io



35 

 

In this chapter, the semiconductor physics and the working principle of photovoltaic 

devices as well as the J-V characteristics are introduced. The discussion over the factors that impact 

the photo-generation, charge transport and collection, and recombination processes is helpful to 

understand the strategies of boosting the device performance. In the next chapter, the focus is 

introducing the physical processes in perovskite solar cells and OPVs.  
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Chapter 3 

Perovskite solar cells and organic photovoltaics 

In this chapter, the physical processes in perovskite solar cells and OPVs are introduced. 

First, the physical properties of perovskite materials and their contributions to the remarkable 

device performance of perovskite solar cells are discussed. In addition, the current stage, as well 

as the challenges of perovskite solar cells, are reviewed. The working principle of organic 

photovoltaics is described in the second part. Especially, the critical role of the interfacial layer in 

OPVs is illustrated together with the methods to improve the charge collection at the interface. 

The physical properties of ZnO and its application in OPVs are presented at last.  

3.1 Organic-inorganic hybrid perovskite solar cells  

In 2009, organic-inorganic hybrid perovskite materials were first applied in dye-sensitized 

solar cells by Kojima et al., yielding an efficiency of 3.8 %.108 Three years later, Snaith et al. 

employed the perovskite materials in solid state photovoltaic devices, which increased the 

efficiency to over 10%.28 By the year of 2017, the highest certified efficiency of perovskite solar 

cells has reached 22.7%.109 The drastic improvement of the device performance, together with the 

low-cost and facile fabrication of perovskite materials, has drawn tremendous attention to this type 

of materials in the past few years. Perovskite solar cells have been considered as one of the most 

promising candidates for the next generation photovoltaic technology.  

3.1.1 Basics of perovskite materials 

The most well-studied organic-inorganic hybrid perovskite material is methylammonium 

lead iodide (MAPbI3) which adopts an ABX3 formula and the perovskite structure as shown in 

Figure 3.1. In MAPbI3 perovskite, A site is composed of methylammonium (MA) cation. The lead 

(B site) and iodide (X site) form an octahedral cage with lead in the center and iodide at the corners. 
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There are many other options to fill A, B and X positions of the perovskite materials. For A site, 

formamidinium (FA), Cs+ and Rb+ have been used to replace or partially substitute MA. Sn2+ has 

been found to be a possible substitute for Pb2+ at B site.  As to X site, Cl- and Br- were mixed with 

iodide. Perovskite materials with different compositions demonstrate varied physical properties. 

For example, according to Shockley-Queisser limit, the optimal bandgap of a single junction 

photovoltaic device is around 1.1 to 1.4 eV which is smaller than the bandgap of MAPbI3. By 

replacing or mixing the cations or anions of the perovskite material, the bandgap can be effectively 

tuned. So far, the major concerns about the commercialization of perovskite solar cells are the 

toxicity of lead, the stability and hysteretic J-V characteristics of devices. The above concerns can 

be addressed by modifying the composition of perovskite materials. In this study, the focus is to 

investigate the electrical property of the microstructures in MAPbI3 and its contribution to the 

associated device performance.  

The crystal structure of MAPbI3 is tetragonal at room temperature with the octahedral PbI6 

cage corner-connected and MA cations filling the openings.110 At 330 K, the tetragonal phase 

undergoes a phase transition to the cubic phase.111 In photovoltaic devices, perovskite materials 

are employed in the form of polycrystalline thin films. The bandgap is about 1.5 to 1.6 eV for the 

polycrystalline MAPbI3 thin films. According to the density functional theory (DFT) calculation, 

the conduction band minimum (around 3.9 eV) is composed of the non-bonding state of the 6p 

orbitals of Pb and 5p orbitals of iodide, while the valence band maximum (around 4.5 eV) consists 

of the anti-bonding of 6s orbitals of Pb and 5p orbitals of iodide in the Pb-I chains.112-113 Though 

MA+ does not directly participate in the formation of band structures, the orientation of MA cation 

still impacts the electronic properties of perovskite materials.114-115 
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Figure 3.1: Crystal structure and band diagram of organic-inorganic hybrid perovskites. (a) 

Crystal structure of organic-inorganic hybrid perovskites (ABX3) with a tetragonal phase and (b) 

the band diagram of MAPbI3. In the perovskite structure, A site: MA, FA; B site: Pb, Sn; X site: 

Cl, Br, I.  

 

Figure 3.2: Illustration of the device architectures of perovskite solar cells: meso-porous 

structure, inverted (p-i-n) structure and conventional (n-i-p) structure. 
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3.1.2 Structure of solid-state perovskite solar cells 

 As mentioned above, the efficiency of perovskite solar cells took off after the electrolyte 

was replaced by solid-state materials. In general, there are two different types of perovskite solar 

cells: meso-porous structured and planar structured as shown in Figure 3.2.27-28, 31-32, 40-41, 44, 107 The 

meso-porous structure is usually composed of meso-porous titanium oxide (TiO2) as the electron 

transport layer and the scaffold of the perovskite layer.28, 31, 44, 48 By filling into the porous structure, 

it is more likely to form a continuous and compact film which is essential for high efficiency 

devices. One has discovered that perovskite materials exhibit an excellent carrier diffusion length 

(> 100 nm for MAPbI3) and the ambipolar charge transport properties, indicating that photo-

generated electrons and holes are able to travel hundreds of nanometers within the perovskite 

material before they recombine.116-120 Therefore, the planar structured perovskite solar cells have 

drawn an increasing amount of attention.27, 32, 40-41, 107, 120   

According to the configuration of planar structured solar cells, there are two types of planar 

devices: conventional and inverted structured solar cells as shown in Figure 3.2. The inverted 

structured (p-i-n) perovskite solar cells usually employ a thin layer of conducting metal oxide, 

such as indium tin oxide (ITO) or fluorine doped tin oxide (FTO) coated glass as the cathode to 

collect electrons. The selectivity of the electrode is modified by inserting an n-type material (ETL), 

such as TiO2 and ZnO.27, 41, 107 The most widely used HTL in perovskite solar cells is 

2,2(7,7(tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-spirobifluorene))) (spiro-OMeTAD) which 

is first dissolved in chlorobenzene with additives to improve the conductivity and then spin-coated 

on top of the perovskite layer. Other inorganic and organic hole transport materials have also been 

employed in perovskite solar cells such as copper thiocyanate (CuSCN), nickel oxide (NiOx), 

P3HT, poly-triarylamine (PTAA).121-124 The disadvantage of the inverted structure is that the 
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ETLs require a high processing temperature, which increases the complexity and cost of the 

device fabrication and limits the application on the flexible substrates. In contrast to the inverted 

structure, the conventional structured solar cells employ the n-i-p configuration. The most 

widely used hole transport material is PEDOT:PSS which is spin-coated onto ITO or FTO from 

water solution and requires a low annealing temperature (around 100 oC). Due to the organic 

nature of PEDOT:PSS, it can also be coated onto soft substrates in order to fabricate flexible 

devices. As for ETLs, C60 fullerene and its derivatives, like phenyl-C61-butyric acid methyl ester 

(PC61BM), are commonly used in the conventional structured solar cells. These organic 

molecules are dissolved in chlorobenzene and then cast on top of perovskite layer.  

3.1.3 Fabrication of polycrystalline perovskite thin films 

 Prior to discussing the physical process in perovskite solar cells, it is necessary to introduce 

the fabrication of perovskite layers since the film quality is significantly impacted by the 

processing methods. The simplest way to make MAPbX3 perovskite thin films is spin-coating the 

precursor solution, which is composed of lead iodide/chloride (PbI2/PbCl2) and methylammonium 

halide (MAX) with certain ratios in dimethylformamide (DMF)/dimethyl sulfoxide (DMSO), onto 

the substrate followed by annealing at 100 oC as shown in Figure 3.3.28, 31, 125 To prepare MAPbI3, 

the ratio of MAI and PbI2 is 1.0. The incorporation of Cl in the perovskite material requires the 

mixture of MAI and PbCl2 with a ratio of 3:1. This method works fine for meso-porous structured 

devices but not the planar structured devices with respect to the morphology and surface coverage 

of perovskite layers. It is challenging to form a continuous and pin-hole free perovskite film on 

the planar substrates. As mentioned in the previous chapter, it is critical to prepare a compact film 

without any pinholes in order to achieve high efficiencies. One way to improve the film quality is 

adjusting the precursor solution. The influences of the concentration of precursor solution, the 
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types of lead precursor, and the ratio of lead precursor and organic cation on film quality have 

been studied by several groups.125-129  One has reported that a higher concentration leads to a 

compact thin film and the larger grain size with improved crosslinking of grains, which contribute 

to the enhanced characteristic parameters of device performance.128 Meanwhile, it has been 

proposed that the first step of the crystallization process involves the removal of organic molecules 

which are the product of the reaction between lead source and organic salt.126 Thus, lead acetate 

was employed, instead of lead iodide, to form methylammonium acetate (MAAc). Since MAAc 

requires a lower temperature to decompose, the fast nucleation and crystallization are induced 

during the annealing treatment resulting in an ultra-smooth thin film. The ratio of lead precursor 

and organic salt is another factor that impacts the quality of perovskite thin films. An excess 

amount of PbI2 influences not only the grain size but also the electronic structure of perovskite 

thin films.129  In addition, anti-solvent methods, washing the generic film during spin-coating 

process to introduce over-saturation, have also been reported to effectively improve the film 

quality by inducing the fast nucleation and crystallization.130-131 A similar but simpler way to over-

saturate the perovskite layer and induce the homogeneous nucleation is applying a vacuum-flash 

treatment which pumps away the remaining solvent molecules in the film right after spin-coating.30  

 While the one-step methods evolve, two-step fabrication, also called sequential deposition, 

starts to draw more and more attention since it generates a compact film on the planar substrates. 

In this method, the first step is to deposit a compact PbI2 layer. The PbI2 is dissolved in 

DMF/DMSO and then cast onto the substrate. On top of the compact PbI2 layer, MAI is 

subsequently deposited, followed by the thermal annealing process to allow the inter-diffusion of 

PbI2 and MAI to form the perovskite phase. There are several different ways to deposit the MAI 

layer. Burschka et al. and Liu et al. dipped the PbI2 coated sample into MAI contained isopropanol 
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(IPA) solution.107, 132 Another approach to incorporate MAI into the active layer is spin-coating 

the MAI solution onto the PbI2 layer.133-134 In this scheme, the critical part is to find an orthogonal 

solvent, which dissolves MAI but not PbI2. The most commonly used candidate is IPA. Due to the 

low melting point of MAI, Chen et al. developed a vapor-assisted solution process which 

introduces the organic part into the perovskite layer by vaporizing MAI.135  

 

Figure 3.3: Illustration of preparing perovskite thin films by one-step method. A few drops of 

the precursor solution are dripped onto the substrate, and then the substrate is spun at a high speed. 

The thin film is annealed at about 100 oC leading to the formation of the perovskite structure.  

Generally, the challenges of two-step methods are to fully convert PbI2 into the perovskite 

structure and control the grain size. The concerns mentioned above are related to the fast 

crystallization of PbI2 which leads to randomly sized crystallites.134 It is difficult for MAI to 

penetrate into the large crystallites due to the edge-on nature of PbI2 crystals. Therefore, it is critical 

to control the grain size of the PbI2 layer. One has discovered that the crystallization process can 

be effectively controlled through retarding the crystallization of PbI2 via its strong coordination 

with solvent molecules, such as DMSO.134, 136  The solvent molecules interact with Pb by donating 

a pair of electrons, which slow down the crystallization of PbI2 and stretch the PbI2 lattice for the 

incorporation of MAI. The other way to control the grain size is the solvent annealing process.137 

After depositing the MAI layer, the sample is transferred to the hotplate. A petri-dish with a few 
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microliters of DMF covers the sample. During the annealing process, DMF molecules are 

vaporized and fill the petri-dish. The diffusivity of PbI2 and MAI are enhanced in the solvent 

atmosphere leading to a large grain size in micron scale and high film quality.  

 

Figure 3.4: Illustration of preparing perovskite thin films by two-step methods. The first step 

is to spin-coat a layer of PbI2. The introduction of the MAI layer can be achieved in different ways, 

such as (1) immersing in the MAI/IPA solution, (2) spin-coating the MAI/IPA solution on top of 

PbI2, and (3) thermal evaporation of MAI.  

 As mentioned at the beginning of this chapter, the efficiency of single junction perovskite 

solar cells has reached over 20%. The thin film preparation processes, which control the film 

quality, play a critical role in determining the device performance. Large-area devices with high-

quality perovskite films are required in order to commercialize perovskite solar cells. However, 

the majority of the methods mentioned above result in low film quality and increase the complexity 
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of the fabrication process when it comes to the fabrication of large devices. Several techniques 

have been developed to make large-area perovskite thin films with high quality so far.30, 138-139 The 

devices with the area around 1 cm2 have achieved an efficiency close to 20%.30 Kim et al. have 

reported an even larger device (16 cm2) with an efficiency of 12%.139 Still, it is imperative to keep 

boosting the device performance and simplifying the fabrication processes of large-area perovskite 

photovoltaic devices.  

Overall, photovoltaic devices employing perovskite materials demonstrate excellent 

capabilities for the commercialized solar cells. In the following part of this section, the outstanding 

optical and electrical properties of perovskite solar cells, as well as the remaining challenges, will 

be discussed.  

 

Figure 3.5: Absorption coefficient of ITO/PEDOT:PSS/MAPbI3 sample. Even though ITO and 

PEDOT:PSS layers contribute to the calculated value, the high absorption coefficient, which is 

comparable to that of GaAs, is still dominated by the perovskite material. Inset: an image of 

ITO/PEDOT:PSS/MAPbI3. 
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3.1.4 Light absorption and carrier generation in perovskite solar cells 

  The perovskite thin films with a bandgap of ~ 1.5 eV show a dark brown color. Most of 

the high-efficiency perovskite solar cells obtain a 300-600 nm thick perovskite film which is able 

to absorb 90% of the visible light.32-33, 140 One has reported that polycrystalline MAPbI3 

perovskites demonstrate a sharp absorption onset around 800 nm, a high absorption coefficient 

(around 105 cm-1) and the Urbach energy as small as 15 meV.52, 141 Figure 3.5 depicts the 

absorption coefficient of ITO/PEDOT:PSS/MAPbI3 sample. The high absorption coefficient of 

perovskite material is related to its direct bandgap nature and the stronger p-p orbitals interaction 

of the conduction band compared with s-p interactions and indirect bandgap semiconductors.52 

The unoccupied p-orbitals of lead contribute to the high density of states at the conduction band 

minimum and the sharp absorption onset.142 The small Urbach energy indicates a well-ordered 

structure of perovskite thin films and a low density of mid-gap states. The high absorption 

coefficient contributes to not only the high photocurrent but the small Voc loss. With a high light 

harvesting efficiency, perovskite solar cells require a thin active layer which reduces the 

recombination-induced saturated dark current.140  

After photons are absorbed by the perovskite layer, excitons are generated. It has been 

reported that the exciton binding energy is around a few tenths of meV in perovskite materials 

which is comparable to the thermal energy provided at room temperature, implying that majority 

of the excitons are spontaneously dissociated into free carriers upon light absorption.36, 143  The 

efficient free carrier generation under illumination also contributes to the remarkable device 

performance of perovskite solar cells through avoiding the recombination within the excitons. It 

is worth mentioning that the co-existence of excitons and free carriers has also been observed, 
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especially under a high incident photon density, by D’Innocenzo et al. and Nah et al., indicating 

the wide perspective of perovskite materials in different types of optoelectronic devices.34, 144  

3.1.5 Carrier transport and collection in perovskite solar cells  

The transport of holes and electrons is critical in determining the device performance as 

discussed before. So far, MAPbI3 and MAPbI3-xClx have demonstrated superior charge transport 

properties with ambipolar characteristics, balanced charge transport of electrons and holes.117, 119-

120, 145-146 One has reported the carrier diffusion length to be over 100 µm for both types of carriers, 

and the mobilities of electrons and holes are around 100 and 20 cm2 V-1 s-1 in MAPbI3 single 

crystals, measured by time-of-flight (TOF) and space charge limited current (SCLC).117 In 

polycrystalline perovskite thin films, the carrier diffusion length is over 100 nm for MAPbI3 and 

1𝜇m for MAPbI3-xClx,
119, 146 and the carrier mobilities drop to below 20 cm2 V-1 s-1 for both 

electrons and holes.119, 145 The superior charge transport and ambipolar characteristic of perovskite 

materials have been attributed to the similarly small effective mass of electrons and holes as 

discovered by DFT calculations.118, 147 In addition, the low doping level of perovskite materials 

(weakly p-type) explains the excellent carrier mobility and diffusion length with the diminished 

carrier scattering and recombination.117 It is worth mentioning that the reported carrier mobilities 

vary in a considerable range due to not only the utilization of different measurements but also the 

diverse film quality, since the carrier mobility is potentially influenced by grain sizes, crystallinity, 

grain boundaries and electronic traps in the perovskite films.148  

It has been reported that devices with larger grain sizes yield a higher efficiency due to the 

improved quality of the film and the reduced density of grain boundaries (GBs) since GBs act as 

not only recombination centers but the carrier scattering centers.149-151 Nevertheless, the concern 

here is that the increase of grain size is also accompanied by the change of the texture structure, 
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the degree of preferential crystal orientation. Docampo et al. have found that the crystal orientation 

plays a more significant role than the grain size in determining the film quality and thus the charge 

transport property. 43, 54  Besides, one has reported that the electron mobility varies along different 

crystal orientations.152  Therefore, it is necessary to take grain sizes, crystal orientations and  GBs 

into consideration when investigating the charge transport in perovskite thin films, and employ 

techniques with high spatial resolutions in order to distinguish the role of GBs from grain interiors.  

The charge collection process at the interface between the active layer and ETL/HTL is 

another critical factor that impacts the device performance. The carrier injection barrier at the 

interfaces has been identified in perovskite solar cells.40, 153-154 To effectively collect carriers, it is 

essential to form an Ohmic contact via the matching energy levels between ETL/HTL and 

perovskite materials. Additionally, the conductivity of ETL/HTL materials influences FF and thus 

the device performance by contributing to Rs. One has reported that the charge injection from 

perovskite materials to spiro-OMeTAD is more efficient than to polymeric HTLs due to the 

matching energy levels and the high carrier mobility in the former.155 The insertion of an interface 

layer between TiO2 and MAPbI3 and doping of ETL are also employed to enhance the charge 

collection by tuning the injection barrier and the conductivity of ETL.156-157  

At the surface of perovskite materials, there also exist defect states due to the broken 

symmetry and the dangling bonds. The trapping of electrons and holes at the surface would result 

in recombination, which hampers the charge collection process.158-159 More details about surface 

recombination and the passivation of surface defects will be discussed in next session.  

3.1.6 Non-radiative recombination in perovskite solar cells 

In this section, the discussion focuses on the non-radiative recombination in perovskite 

solar cells. Typically, non-radiative recombination happens via trap states within the bandgap.  The 
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trap states, induced by the crystal structure defects, are able to trap and de-trap electron/hole. If the 

carrier cannot be de-trapped from the mid-gap state before encountering an opposite charge, 

recombination happens. Thus, the density of trap states, trap/de-trap kinetics and carrier 

concentrations impact the non-radiative recombination process.  

The structural defects exist in the bulk of the perovskite thin films, as well as at the surface 

and grain boundaries. As mentioned before, the small Urbach energy (~15 meV) indicates a well-

ordered structure and the low density of mid-gap states in the polycrystalline perovskite thin films. 

It has been reported that the polycrystalline perovskite thin film demonstrates a bulk trap density 

around 1015 - 1016 cm-3 which is comparable to the solution-processed CIGS films.51, 160 Several 

theoretical studies have revealed the unusual defect physics in perovskite thin films. One has 

discovered that the defects generate shallow levels close to CB or VB.52, 161-162 Consequently, these 

defect states act as unintentional doping sources instead of recombination centers. In addition, it 

has been pointed out that the defects in MAPbI3 that create deep levels require high formation 

energy and barely exist in low-temperature processed perovskite films.162 The low density of trap 

states in perovskite thin films is also ascribed to the low crystallization activation energy (less than 

100 kJ mol-1) compared with that of amorphous silicon, which is as high as 400 kJ mol-1.127 Though 

the polycrystalline perovskite thin films show a low density of trap states, it has been suggested 

that the trap-assisted recombination in the bulk perovskite still impacts the power output of 

devices.51, 140, 163-164 By comparing with single crystals, it is evident that polycrystalline perovskite 

thin films demonstrate a short diffusion length, a low carrier mobility and a high defect density. 

And these characteristics collectively impact to the device performance of perovskite solar cells.  

Besides the point defects, the defects located at grain boundaries also impact the density of 

trap states in the bulk perovskite thin films. Different from point defects, GBs possess more 
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complicated structural defects, 2-dimensional planar defects. It is likely that there are various 

stoichiometries at GBs. Guo et al. have carried out DFT calculations to investigate the electronic 

structure of GBs in MAPbI3 thin films.53 The same conclusion as point defects has been made that 

2D planar defects at GBs do not generate deep level electronic states.  Experimentally, the non-

detrimental, even beneficial, role of grain boundaries has been observed by employing the 

techniques with spatial resolutions such as AFM, microwave impedance microscopy (MIM) and 

KPFM.48, 165-167 However, de Quilettes et al. and Mamun et al. have employed confocal and wide-

field fluorescence microscopy and discovered the lower PL intensity and faster PL decay at GBs 

compared to grain interiors in perovskite thin films, suggesting the GB-induced non-radiative 

recombination.51, 168-169 Meanwhile, one has found the heterogeneous behaviors of GBs: some GBs 

act as the “highway” of lateral carrier transport while others possess an energy barrier for charge 

transport across grains.49, 170 More interestingly, MacDonald et al. have found the depth-dependent 

electrical behaviors of GBs due to the faster degradation of MAPbI3 close to the top surface.170 

Though most of the techniques mentioned above provide a high resolution, the characterization of 

the power output of the microstructures in perovskite thin films, which provides direct evidence 

on their contributions to the device performance, has not been performed due to the challenges 

brought by the roughness of perovskite thin films and the stacking of grains and GBs.  

 Contrary to the controversial role of GBs, non-radiative recombination at the interface has 

been criticized as the dominant carrier loss mechanism in perovskite solar cells. The broken 

symmetry at the perovskite surface introduces trap states and thus result in severe recombination. 

Trap-mediated recombination has been identified in both perovskite/ETL and perovskite/HTL 

interfaces. A large portion of recombination occurs at the interface of perovskite/PEDOT:PSS in 

n-i-p planar structured devices. The adoption of nickel oxide nanoparticles or poly[N,N′-bis(4-
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butylphenyl)-N,N′-bis(phenyl)- benzidine (poly-TPD) enhances the passivation of surface states 

and thus reduces the Voc loss.171-172  Also, Correa-Baena et al. discovered that in p-i-n structured 

perovskite solar cells the recombination dynamics are strongly correlated with the dopant 

concentration in spiro-OMeTAD layer, and a Voc as high as 1.22 V has been achieved by controlling 

the amount of dopants.173  

The passivation of perovskite/ETL interfaces has been accomplished by employing tin oxide 

(SnO2), chlorine-capped TiO2, magnesium oxide (MgO) coated ZnO nanoparticles as ETL, or inserting 

an ultrathin polymer-fullerene film.173-176 Similarly, Yang et al. have inserted an organic self-

assembled monolayer (Si-bearing 3-aminopropyltriethoxysilane) to introduce an interfacial dipole, 

which boosts the interaction of perovskite materials and ETL and tunes the band energy alignment 

to enhance the charge extraction.177 In addition, due to the interfacial charge transfer anisotropy of 

perovskite films, tuning the texture structure and preferential crystal orientation improves the charge 

collection and suppresses the recombination at the interface. Overall, the passivation of interface 

recombination is especially beneficial to reduce the Voc loss and improve the efficiency of perovskite 

solar cells.  

3.1.7 Remaining challenges in perovskite solar cells  

 Though the device performance of perovskite solar cells has reached over 20 %, there are 

still some challenges in the commercialization process, such as the J-V hysteresis characteristics 

and device stability.  

The hysteresis characteristics of perovskite solar cells refer to the discrepancy of J-V curves 

when sweeping the voltage in the forward and reverse diractions.178 Therefore, the existence of the 

hysterical phenomenon poses challenges in accurately determining the device performance of the 

devices. The hysteresis behavior stems from the devices themselves and is impacted by the 
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scanning conditions. From the inside, the hysteresis behavior depends on the perovskite materials 

and the selective transport layers.172, 179-182 It has been discovered that inverted structured 

perovskite solar cells demonstrate a negligible hysteresis due to the passivation effect of PCBM.183 

On the outside, the scanning conditions such as the scan rate, the external electric field, and the 

pre-conditioning of devices also impact the hysteresis of J-V curves.184-186 Since the discovery of 

the hysteresis behavior in perovskite solar cells, many mechanisms have been proposed, such as 

the ferroelectricity of MAPbI3, the trapping/de-trapping process, and  ion migrations.179-180, 187-189 

Several studies have revealed that ion migration is the dominant mechanism of the hysteresis 

behavior in perovskite solar cells.179-180, 186, 190  

The ion migration is driven by the built-in and/or external electric field, resulting in the 

ionic accumulation at the interface. Consequently, the built-in electric field in the bulk perovskite 

is enhanced or diminished depending on the species of the accumulated ions and the interface. 

When sweeping the voltage in different directions, even under the same bias, the effective electric 

field in the device would be different due to the slow response of the ion migration, leading to the 

mismatch of the photo-response. The time-scale of the ionic movement also matches with the 

observed hysteresis response to the scan rate in perovskite solar cells. Figure 3.6 describes the ion 

migration process due to the built-in electric field and its impact on the distribution of the electric 

field. The accumulated ions at the interfaces form an electric field in the opposite direction to the 

built-in electric field, which diminishes the intensity of the effective electric field in the bulk 

perovskite layer. As discussed before, the electric field influences the separation of photogenerated 

electrons and holes. Hence, the diminished field causes a less efficient charge separation in 

perovskite solar cells. The ions at the interface modify the charge extraction barrier as well, as 

depicted in Figure 3.6. The species of ions migrating in the perovskite material are likely to be I- 
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and MA+ ions due to the low activation energy of migration comparing with that of Pb2+ ion, as 

calculated by Meloni et al. and Eamea et al.180, 190  Experimentally, the concentration contrast of 

MA+ ions before and after poling the device has been observed by Yuan et al., indicating the 

migration of MA+ under the external electric field.191 Also, Li et al. have observed the I- migration 

and characterized the migration kinetics in perovskite solar cells with the aid of wide-field PL 

microscopy.192  

 

Figure 3.6: Schematic of the ion migration in the perovskite material. Illustration of (a) the 

existence of mobile ions in perovskite layers and their moving directions (negative ions: blue arrow, 

positive ions: red arrow) under the built-in electric field when sandwiched between the anode and 

the cathode with different work functions; (b) the accumulation of ions at the interface and the 

modified (diminished) built-in electric field in the bulk of perovskite layer.  

In order to suppress the ion migration, it is necessary to understand ion migration paths in 

the perovskite photovoltaic devices. According to DFT study, the ions migrate along the defects 

in the perovskite layer by hopping between neighbor sites.180, 190 Additionally, Shao et al. and Yun 

et al. have reported a faster ion migration along GBs and attributed it to the high density of defects 

with the aid of c-AFM and KPFM techniques.193-194 Therefore, it is important to improve the 
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crystallinity, reduce the concentration of mobile ions, and grow large grains to decrease the density 

of mobile ions and grain boundaries in perovskite thin films.183, 195-196 Likewise, it is important to 

passivate the perovskite surface to suppress the ion migration.172, 197  

The device stability is the other challenge that perovskite solar cells are facing on the way 

to the market of photovoltaic devices.  It is well-known that MAPbI3 is sensitive to moisture and 

heat.198-201 The moisture in the air accelerates the decomposition of perovskite materials into HI, 

MA and PbI2. The encapsulation of perovskite solar cells has successfully protected the devices 

from the humid environment and improved the device stability.202-203 The other external factor that 

impacts the stability is the heat induced by illumination under working condition. The low thermal 

stability leads to the decomposition of MAPbI3 under constant illumination. In addition, as 

discussed above, a transition from the tetragonal to the cubic phase of MAPbI3 happens around 50 

oC which is within the range of the operation temperature for photovoltaic devices. The organic 

part (MA) in the perovskite materials has been accused of hampering the thermal stability. Several 

studies have demonstrated that by introducing organic or even inorganic cations, such as FA and 

Cs, the stability of the corresponding perovskite materials is greatly improved as well as the phase 

transition temperature.30, 204-205 Recently, one has reported the migration of the electrode metals, 

such as Au, to the active layer through small molecule HTLs under thermal stress, leading to the 

decomposition of MAPbI3.
173, 206  To suppress the migration of Au, novel and stable hole transport 

materials have been employed to replace spiro-OMeTAD and the thermal stability is improved.205, 

207  

In order to compete with silicon solar cells, perovskite solar cells have to demonstrate a 

degradation rate of 0.5 % per year for up to 20 years and comparable or even lower costs.200 
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Accordingly,  more efforts are needed to make high-quality perovskite materials with excellent 

stability, and cost-effective ETL/HTLs in order to commercialize perovskite photovoltaic devices.  

3.2 Organic photovoltaics and the application of ZnO as a buffer layer 

 This part focuses on the application of ZnO nanoparticles in organic photovoltaics. Before 

talking about ZnO, it is necessary to briefly talk about organic photovoltaics. OPVs demonstrate a 

low cost, facile manufacturing, and the mechanical flexibility.57-58 Majority of the OPVs are using 

polymers as light absorbers which offer a high absorption coefficient (usually ≥ 105cm-1). The 

chemical flexibility of the modifications facilitates the tuning of optoelectrical properties in 

organic semiconductors. Here, the P3HT:PCBM blend, one of the most widely studied active layer 

in OPVs, is used as an example.  

 

Figure 3.7: Schematics of photocarrier separation, collection and recombination in OPVs. 

Excitons generated close to the donor/acceptor interface are efficiently dissociated into free 

carriers. The electrons/holes then travel within the acceptor/donor domains to the cathode/anode. 

As illustrated above, the isolated domains confine the free carriers and eventually they recombine 

at the donor/acceptor interface.  
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P3HT is a p-type polymer based on polythiophene, demonstrating an extended delocalized 

𝜋-electron system with the bandgap around 2.0 eV.  PCBM is an n-type small molecule based on 

C60.106 The general physical processes in OPVs are illustrated in Figure 3.7. Compared with 

perovskite materials, the dielectric constants of P3HT and other organic semiconductors are small. 

Consequently, upon illumination, the excitons generated in P3HT show a high binding energy (0.3 

eV-0.7eV) and thus cannot be spontaneously dissociated at room temperature.208-211 One way to 

efficiently separate the photogenerated electron and hole pairs is to introduce a potential drop, for 

example, the P3HT and PCBM interface as discussed in Chapter 2. At the heterojunction of 

P3HT:PCBM, electrons and holes are separated via the transfer of electrons to PCBM. 

Accordingly, P3HT and PCBM are called the donor and the acceptor, respectively. There are many 

ways to create the donor-acceptor interface. For example, it can be achieved in a layered structure: 

one layer of P3HT followed by one layer of PCBM. However, the concern is that the excitons must 

diffuse to the heterojunction and then be dissociated. The average distance that excitons travel 

before recombination, also called exciton diffusion length, is usually less than 20 nm in organic 

materials.212  Therefore, it requires the thickness of P3HT layer to be around the same range to 

efficiently dissociate excitons, which is obviously not thick enough to make the most out of the 

incident photons. The bulk heterojunction (BHJ) configuration solves the rivalry of the exciton 

diffusion length and the film thickness by intimately mixing the donor and acceptor. In order to 

form the BHJ, P3HT and PCBM are dissolved together in organic solvents, such as chlorobenzene, 

followed by spin-coating onto the substrate. As illustrated in Figure 3.7, donors and acceptors form 

segregated domains in the active layer. Under illumination, excitons are generated in the donor, 

and then they diffuse to the interface and get separated. In this scenario, as long as the domain size 

is within the same range of the exciton diffusion length, excitons can be efficiently dissociated at 
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the donor/acceptor interface. The challenges for this structure are controlling the domain size and 

forming the percolated path for both donors and acceptors. If the domain size is much larger than 

the carrier diffusion length, the excitons that are generated deep within the domains recombine 

within the acceptor before reaching the interface. Without the percolated path, the free carriers 

dissociated at the interface would be spatially confined inside the domain and cannot be collected 

by the electrodes, as illustrated in Figure 3.7.  

After the exciton dissociation process, free electrons and holes are transported within 

donors and acceptors separately. The carrier mobilities of organic semiconductors are generally 

low, ranging from 10-5 to 1 cm2 V-1 s-1, which limit the thickness of the active layer and pose certain 

requirements on the length of the percolated pathways.213 For example, if the percolated path of 

P3HT is longer than the hole diffusion length, it increases the possibility in the recombination of 

separated electrons and holes at P3HT/PCBM interface.  

The interfacial layers play a significant role in determining the device performance of 

OPVs. First, interfacial layers act as selective contacts. As depicted in Figure 3.7, the P3HT:PCBM 

blend would directly contact the electrodes without the assistance of interfacial layers. Electrons 

in PCBM and holes collected by the anode are likely to recombine at PCBM/anode contact. A 

similar situation holds for the P3HT/cathode contact. Therefore, an interfacial layer is necessary 

to form a selective contact and suppress the recombination at the contact. In OPVs, the commonly 

used electron selective materials include ZnO, TiO2, fullerene-based molecules. And p-type 

materials, such as PEDOT:PSS, molybdenum oxide (MoO3) and NiO, are employed as the 

interfacial layer at the anode/active layer interface. Second, the interfacial layers optimize the 

contact by tuning the working function of the electrode and reducing the injection barrier. From 

the perspective of energetics, in OPVs, the built-in electric field, which depends on the work 
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function difference of the anode and cathode materials, not only assists the dissociation of excitons 

but facilitates the charge transport. The existence of injection barriers at the active layer/electrode 

interfaces has been observed and attributed to the energy level mis-alignment.214-216 By inserting 

an interfacial layer, it has been demonstrated to effectively tune the work function of electrodes 

and thus optimize the contact, resulting in high device performance.59, 62, 106, 217-220 An alternative 

way to tune the work function is via the formation of a dipole layer at the contact. Figure 3.8 

depicts the impact of the interfacial dipole on the work function of the electrode. When an 

interfacial dipole points out of the electrode, it reduces the work function and vice versa. In 

addition, materials, like bathocuproine (BCP) and MoO3, with bandgaps larger than that of the 

donor and the acceptor act as the exciton blocking material since it requires extra energy to transfer 

the exciton to the interfacial layer.221-224  

ZnO is a direct bandgap material with the bandgap around 3.4 eV.225 The CBM and VBM 

of ZnO are 4.3 and 7.7 eV, respectively.225 ZnO frequently exhibits the n-type conductivity due to 

the existence of intrinsic defects in the material.226-227 The intrinsic defects include zinc 

vacancy/interstitial, oxygen vacancy/interstitial, and antisites of Zn and oxygen. One has found 

that the zinc vacancies, which result in deep acceptor states with low formation energy under n-

type conditions, are likely to be the compensating defects in n-type samples. And the deep VBM 

enables ZnO acting as an effective hole blocking material. In addition, the application of ZnO 

interfacial layer in OPVs has been proved to improve the stability of the devices.85, 228-229 However, 

the control over the electrical conductivity of ZnO is still challenging, which hinders the 

application of ZnO in electronic devices.81 In order to tune the conductivity, it is critical to control 

the intrinsic and extrinsic defects, which is still a major issue for ZnO materials.  
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Figure 3.8: Schematics of work function tuning via the formation of interface dipole. The 

interface dipole (𝜇) pointing out of the surface induces a vacuum level shift and thus reduces the 

work function of ITO.  
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Chapter 4 

Device fabrication and experimental methods 

To characterize the photovoltaic devices and investigate the dynamic processes, many 

techniques have been employed in this study. It is necessary to understand the principles of the 

experimental instruments in order to interpret the results. In this chapter, first, the detailed 

procedures of sample preparation are described. Different preparation methods have been 

developed and resulted in different film quality, especially for perovskite thin films. Hence, it is 

important to know the fabrication process of the devices. Second, the experimental conditions and 

instrument settings are illustrated for cross-referencing the experimental results between different 

studies. Particularly, the working principles of AFM, EIS and EBSD measurements are introduced 

in the last session for a better understanding of the experimental results.  

4.1 Device fabrication  

4.1.1 Fabrication of perovskite solar cells 

 In this study, the conventional planar structured (n-i-p) perovskite solar cells were 

fabricated and investigated. In this architecture, the MAPbI3 layer is sandwiched between 

ITO/PEDOT:PSS (anode) and PCBM/BCP/Ag (cathode). The fabrication process involves 

multiple deposition techniques, such as solution processes and physical vapor depositions.  

4.1.1.1 Anode preparation 

 The anode preparation was done in the cleanroom. ITO/Glass substrates from Xinyan 

Technology Ltd. were pre-cleaned in alconox, deionized (DI) water, acetone and IPA, respectively, 

with sonication for 10 min. Then, the substrates were blown dry with nitrogen. In order to tune the 

work function of ITO and remove the organic molecules adsorbed on the surface, the substrates 
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were transferred to the vacuum chamber and processed with oxygen plasma for 5 min at 150 W 

(PX-250, March Instruments). 

The spin-coating of PEDOT:PSS layer was done in the air. PEDOT:PSS solution (Heraeus 

Technology Group) was filtered and sonicated for 30 min before used for spin-coating. The 

solution was kept in the fridge (around 5 oC) when not in use. 50 uL of PEDOT:PSS solution was 

dripped on top of ITO/glass and then spin-coated at 6000 RPM for 20s. A highly transparent film 

with light blue color was formed on the substrate. Right after spin-coating, the substrate was 

transferred onto a hotplate which was pre-heated to 150 oC. After 5 min, the residual water from 

the solution was completely removed from PEDOT:PSS films. The samples were immediately 

transferred into the glovebox where the water and oxygen levels were below 0.1 ppm for the next 

step: the deposition of the perovskite layer. 

4.1.1.2 Preparation of MAPbI3 thin film  

 In this study, both one-step and two-step methods were employed to fabricate the pure 

MAPbI3 thin film of different thickness and grain sizes. The formation of the perovskite phase is 

through combining the lead source and CH3NH3I with the aid of thermal annealing. The perovskite 

layers were prepared in the glovebox due to its sensitivity to the ambient condition. Details of the 

fabrication process are described below. 

To synthesize CH3NH3I, 10 mL of hydroiodic acid (57wt% in water, Sigma) was added to 

24 mL of methylamine (33 wt.% in ethanol, Sigma) dropwise into a round-bottom flask which was 

immersed in ice/water bath (0 oC). After completing the adding of acid, the solution turned dark 

brown and was stirred for another 2 hr at 0 oC, Then, the solution was transferred to a rotary 

evaporator in a water bath at 50 oC. The water and ethanol were gradually removed from the 

solution leaving the yellow precipitate in the flask. Next, the raw product was dissolved in the 
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minimum amount of ethanol and then precipitated by adding diethyl ether. The precipitate with 

light yellow color was then filtered. The recrystallization process was repeated two more times to 

purify the CH3NH3I product into white crystallites.  

 

Figure 4.1: Images of the spin-coater and the hotplate ensembled in the glovebox. 

 In one-step method, both lead source and MAI were dissolved in DMF and/or DMSO. To 

make MAPbI3, 2.88 g of PbI2 (Sigma) and 0.636 g of CH3NH3I were dissolved in 5 mL mixture 

of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) and stirred at 60 °C for 12 hr in 

the glovebox. The solids gradually dissolved, forming a light-yellow solution.  

The precursor solution prepared above was then spun onto the PEDOT:PSS/ITO substrate 

at 1000 RPM for 15 s and 5000 rpm for another 30 s. A light-yellow film was formed on the 

substrate. The samples were then annealed at 100 °C for 10 min, which was referred as fast 

annealed samples. The films turned into dark brown after heated for 5 s. As to ramp annealing 

process, the samples were first annealed at a lower temperature T0 for 10 min, and then the 

temperature was ramped up to 100 °C at different ramp rates, followed by 10 min annealing at 

100 °C. The color of the film gradually turned into dark brown and the film became highly 
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reflective. The thickness of MAPbI3 thin films was tuned by adjusting the concentration of the 

precursor solution as listed in Table 4.1.  

Table 4.1: Precursor concentration and film thickness. 

Solution Concentration 

mol L-1 

Solution temperature 

°C 

Film thickness 

nm 

0.63 25 110 

1.25 25 200 

1.87 25 290 

2.50 70 450 

 

 In Chapter 6, the samples were prepared by two-step method followed by the solvent 

annealing process in order to grow columnar-structured grains. First, 230 mg of PbI2 and 15 mg 

of MAI were dissolved in 1 mL of DMF and MAI, respectively. The solutions were stirred at room 

temperature in the glovebox for 2 hr. The as-prepared PbI2 solution was spun onto 

PEDOT:PSS/ITO substrate at 4000 RPM for 30 s. Then, MAI was spun on top of PbI2 at 4000 

RPM for 20 s. A smooth film with light brown color was formed immediately after spin-coating. 

The samples were immediately transferred to a hotplate which was preheated at 100 °C. A petri-

dish coated with 10 μL DMF was then put on top of the sample, forming a solvent environment 

during the annealing (30 min). The resulting film thickness was around 110 nm as measured by 

AFM. In order to increase the film thickness to 300 nm and characterize the film quality, the 

concentration of PbI2 and MAI were increased to 500 mg mL-1 and 40 mg mL-1, respectively, with 

the annealing duration extended to one hour. To prepare the sample for EBSD measurement, the 

same procedure was adopted while using a higher concentration of PbI2 (1000 mg mL-1, 100 °C) 

and MAI (40 mg mL-1, 70 °C). And the solvent annealing condition was adjusted to 2 hr with the 

aid of 20 μL DMF. All the processes were carried out in a nitrogen-filled glovebox. 
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4.1.1.3 Cathode preparation  

 The preparation of cathode involves the solution process and the thermal evaporation. 

PCBM (2 wt% in chlorobenzene) was spun onto the perovskite film at 1500 RMP for 30 s. The 

resulting samples were transferred to a vacuum deposition chamber (Angstrom Engineering). First, 

5 nm of BCP was thermally evaporated and deposited on top of perovskite at the rate of 0.5 Å s-1. 

The sample stage was rotating during the deposition to guarantee the full coverage of BCP. Then, 

Ag (100 nm) was thermally evaporated at increasing rates (0.5, 1.0 and 2.0 Å s-1) with a patterned 

shadow mask covering the samples. The stage was still to avoid the shadow effect which could 

potentially enlarge the device area. The deposition of BCP and Ag was under a pressure of ~ 3.0 

× 10-6 Torr. 

 

Figure 4.2: Images of the thermal evaporator used for deposition of MoO3, C60, BCP and Ag 

layers.  
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4.1.2 Fabrication of organic photovoltaics 

To make ZnO thin film, zinc acetate solution (0.1 mol L-1) was prepared in 2-

methoxyethanol (MXL) and monoethanolamine (MEA) with a molar ratio of 1:1 between zinc 

acetate dihydrate and MEA.230 All materials were purchased from Sigma-Aldrich. The addition of 

MEA is to increase the solubility of zinc acetate in MXL by the chelation between -OH/-NH2 

group and zinc. The solution was spin-coated at 4000 RPM for 40 s onto ITO/Glass substrates 

(Xinyan Technology Ltd.) which were pre-cleaned with sonication in acetone and isopropanol. 

The samples were then annealed for 10 min at different temperatures to decompose the acetate 

precursor and crystallize the ZnO film. These films were subsequently rinsed in DI water and 

ethanol, followed by annealing at 150 °C for 10 min to dry the sample.90  

ZnO film preparation was followed by spin-coating a P3HT and PCBM blend (1: 0.8 in 

weight) in chlorobenzene (27 mg ml-1 in total) at 800 RPM for 30 s. P3HT and PCBM were 

purchased from Rieke Metal and American Dye Sources Inc., respectively. The samples were then 

heated to 105 °C at a rate of 20 °C min-1 and annealed at this temperature for 20 min, followed by 

cooling at a ramping rate of 10 °C min-1 to room temperature. The entire process was carried out 

in a glove box where the oxygen and water impurity levels were below 0.1 ppm. The resulting 

samples were transferred to a vacuum deposition chamber (Angstrom Engineering), where 10 nm 

MoO3 and 100 nm Ag were thermally deposited with shadow masks under a deposition pressure 

of 3.0× 10-6 Torr. 

4.2 Experimental conditions of characterizing tools 

4.2.1 J-V and EQE measurements 

 Solar cell efficiencies were characterized in air using a Keithley 2420 source-meter and a 

Newport solar simulator under 100 mW cm-2 illumination measured with an NREL calibrated mc-
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Si detector with KG5 filter. Filters were applied to adjust the light intensities from 0.0092 to 1 sun 

for the J-V measurements at varied light intensities. The scan rate of the J-V characteristics of 

perovskite solar cells was 50 mV s-1. The EQE measurements were carried out on a setup 

comprising a Xe lamp, a monochromator, a current-voltage preamplifier, and a lock-in amplifier. 

The light spectrum was determined with a monocrystalline photodetector calibrated by the 

National Institute of Standard and Technology (NIST). Devices were corrected for the spectral 

mismatch (M) with values of approximately 0.98 <M< 1.01. 

4.2.2 SEM and EBSD measurements  

 The film topology and cross-section morphology of MAPbI3/PEDOT:PSS/ITO samples 

were studied by Hitachi S-4700II field emission scanning electron microscope with the 

acceleration voltage of 15kV.  In order to get a sharp edge for cross-sectional SEM, the sample 

was immersed in liquid nitrogen for 2 min before cleavage. Then, a 5-nm Pt was sputtered on the 

cross-section cleaved sample to avoid charging effect.  

 EBSD measurement was carried out using a TESCAN Mira 3field-emission SEM equipped 

with OIM data collection (version 6.1.3); Kikuchi patterns were collected using 15 kV accelerating 

voltage and indexed in the “interactive” mode of the data collection software. 

4.2.3 X-ray diffraction measurement 

 X-ray diffraction pattern of the polycrystalline perovskites was characterized by Bruker 

Davinci Diffractometer using Cu Kα radiation (Rigaku D-max operating at 40 kV and 40 mA) 

with rotational sample stage. The XRD measurement of ZnO film was carried out on Bruker D8 

X-ray Diffractometer. 
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4.2.4 AFM measurement  

AFM, pc-AFM and KPFM measurements were carried out on the MFP-3D-AFM from 

Asylum Research in a nitrogen-filled cell. The illumination condition was established by a green 

laser (532nm) shining from the bottom of the sample that sits above an inverted optical microscope. 

The light intensity was around 200 mW cm-2. The infrared laser for the cantilever detection (860nm) 

was below the absorption edge of CH3NH3PbI3, not interfering with the photo-response 

measurements. A Pt/Ir coated tip with the spring constant of 0.2 N m-1 was used in the pc-AFM 

measurements, while 20 nN force was applied between tip and sample. As the tip moved across 

the surface, the topology and current were measured simultaneously at the scan rate of 0.5 Hz. In 

the point J-V measurements, the AFM tip was fixed while a bias connected to the bottom ITO 

electrode was swept and current between the tip and ITO were recorded. The fitting of the point 

J-V curves was done in Origin software. For AFM (tapping mode) and KPFM, a Ti/Pt coated tip 

with a spring constant of 2 N m-1 was used.  In KPFM, first, the topology of the sample was 

measured in the tapping mode. Then, the tip was lifted by 30 nm and followed the topography of 

the first scan. Meanwhile, a bias was applied to the tip (sample grounded) to nullify the electrostatic 

force between the tip and sample. 

4.2.5 EIS measurement  

 Electrochemical impedance spectroscopy was conducted on an Autolab potentiostat 

coupled with Nova electrochemical software using a 50 mV amplitude perturbation and sweeping 

frequencies from 0.5 to 400 kHz. The light source was a 450 W Xe arc lamp. An AM 1.5 solar 

filter was used to simulate sunlight at 100 mW cm-2. Capacitance and resistance data were fitted 

using ZView software (Scribner Associates). More details about the fitting and equivalent circuit 

are provided in Chapter 5.  
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4.2.6 UV-vis spectroscopy 

 Absorbance spectra were calculated from the transmission and reflection measured using 

a dual-beam Lambda 800 UV/vis spectrometer. The transmittance and reflectance of both 

PEDOT:PSS/ITO (substrate) and MAPbI3/PEDOT:PSS/ITO (sample) were measured. The 

absorbance of perovskite films is calculated by the following equation:231  

𝐴𝑓𝑖𝑙𝑚 = −ln (
𝑇𝑠𝑎𝑚𝑝𝑙𝑒 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒⁄

1−
𝑅𝑠𝑎𝑚𝑝𝑙𝑒−𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
2

)                                              (4.1) 

4.3 Working principles of experimental methods 

4.3.1 Atomic force microscopy 

 As a type of scanning probe microscopy, AFM demonstrates a high spatial resolution on 

the order of less than a nanometer. It was first invented by IBM scientist, Binnig, Quate and Gerber 

in 1986 to investigate the surfaces of insulating materials at the atomic scale.232 After over 30 years, 

AFM has developed into one of the leading techniques for investigating the nano-scale properties, 

such as the morphology, the local conductivity and the surface potential, of different kinds of 

materials. AFM experiments in this study are performed on MFP-3D AFM manufactured by 

Asylum Research. Figure 4.3 shows the basic setup of AFM. 

 AFM consists of a cantilever with a sharp tip at the end, which is also called probe. The 

probe is mounted to the cantilever holder as shown in Figure 4.4. The movement of the tip is 

controlled by the z-piezo assembled in the cantilever holder. A sharp laser produced by a laser 

diode is aligned with the end of the cantilever. The laser is deflected by the cantilever, and the 

deflection is detected by a position sensitive photodetector. The detected signal is then transferred 

to the feedback loop, which generates topography information and controls the AFM probes by 

controlling the z-piezoelectric element.  
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Figure 4.3: Illustration of the basic setup of AFM and tip-sample force (Fts). 

4.3.1.1 Tip-sample interactions  

 The working principle of AFM is based on the interaction of atoms: atomic force. During 

the scan, the probe is brought close to the sample surface. The interaction between the probe and 

sample leads to the bending of the probe and changes the deflection of the cantilever which is 

detected by the photodetector. There exist the short-range chemical, van der Waals, electrostatic 

and magnetic forces, as well as meniscus forces formed by the adhesion layer when the sample is 

exposed to the ambient condition with surface contaminations.233 It is necessary to introduce the 

tip-sample interaction for a better understanding of the working principle of AFM.  
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Figure 4.4: Images of AFM (MFP-3D) and the cantilever holder. 

 The short-range interaction between the tip and the sample described by Lennard-Jones 

potential, 𝑈𝐿𝐽, is given by:  

𝑈𝐿𝐽 = 𝜀 [(
𝑟𝑚

𝑟
)
12

− 2(
𝑟𝑚

𝑟
)
6

]                                                   (4.2) 

where ε is the depth of the potential wall, r is the distance between particles, and rm is the distance 

at which the potential reaches its minimum, as depicted in Figure 4.5. The tip-sample force (Fts) is 

then given by:    

𝐹𝑡𝑠 = −
𝜕𝑈𝐿𝐽

𝜕𝑧
                                                             (4.3) 

where z is the distance between the tip and the sample surface. The corresponding force curve is 

shown in Figure 4.5b. It is evident that the interaction between the tip and the sample is attractive 

when the distance is larger than rm. However, when the tip and the sample get too close to each 

other (z < rm), this interaction becomes repulsive due to the Pauli exclusion principle which restricts 

the overlapping of the electron orbitals.233  

Inverted optical microscope

AFM head

Sample stage

Probe

Cantilever holder

AFM head



70 

 

 

Figure 4.5: Examples of Lennard-Jones potential curve and the tip/sample force curve. (a) 

Lennard-Jones potential curve describing the interaction of two atoms; (b) the force between the 

tip and the sample based on Lennard-Jones potential.  

4.3.1.2 Contact mode and tapping mode 

AFM operates in different modes, such as the contact mode and the tapping mode. Figure 

4.6 illustrates the operation of the contact and tapping mode. The contact mode refers to the mode 

in which the probe is touching the sample with a gentle force applied to the probe as marked in 

Figure 4.5b. The applied force would lead to the upward bending of the cantilever and thus the 

change of the deflection. In order to control the force, the response of the photodetector with 

reference to the applied force and the spring constant of the probe need to be extracted from the 

force curve and the thermal spectrum. An example of the force curve is shown in Figure 4.6b. 

When the probe approaches the sample but still away from the surface, there is barely any 

interaction between them (i). As the probe gets closer to the surface, it starts to “feel” the attractive 

interaction with the sample and bend down (ii). Due to the instability of the interaction, when the 

probe reaches a certain distance, it would snap into the contact with the sample (iii). As the probe 

is further pressed against the surface, it reaches the repulsive region with the probe bending upward 
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(iv). When retracting the probe, it requires a larger force to pull the probe off the surface due to 

the adhesive interaction as mentioned before (v).  

 

Figure 4.6: Schematics of the contact and tapping modes, and an example of the tip-sample 

force curve. (a) Operation principle of the contact mode and the tapping mode; (b) a typical force 

curve between the tip and the sample when the tip approaches and is withdrawn from the sample.   

According to the force curve (part iv and v), the parameter called Defl InvOLs (α) with the 

unit of nm V-1 is extracted, which builds a correlation between the displacement of the probe with 

the applied bias to the z-piezo. A thermal spectrum is performed with the room temperature thermal 
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motion driving the cantilever. By fitting the peak in the thermal spectrum with a single harmonic 

oscillator model, the natural resonance frequency (ωo) can be extracted. The spring constant (k), 

in the unit of nN nm-1, can be calculated by the following equation:  

𝜔0 = 2𝜋𝑓0 = √
𝑘

𝑚∗                                                        (4.4) 

where m* is the effective mass which accounts for the tip-cantilever geometry. Therefore, 

according to Hook’s law, the correlation between the applied force (Fapp) and bias is given by:  

𝐹𝑎𝑝𝑝 = 𝑘∆z = 𝑘𝛼∆𝑉                                                      (4.5) 

Using the above equation, the applied force can be tuned by changing the applied bias (∆V) to the 

z-piezo. Generally, the soft probes are used in the contact mode since the probes get contaminated 

easily by grabbing the dirt when being dragged across the surface. The consequences of probe 

contamination are 1) the reduced spatial resolution due to the blunt tip and 2) the change of tip and 

sample interaction. For example, pc-AFM is also operated in contact mode, and the current flow 

through the probe would be diminished by the insulating dirt attached to the probe.  

 The other important operation mode is the tapping mode, also called AC mode, which 

avoids the lateral dragging force caused by the continuous contact between the tip and the sample. 

In the tapping mode, the probe is driven by the z-piezo at or near its resonance frequency over the 

surface, as shown in Figure 4.6a, and the change in the oscillatory behavior is monitored to map 

the topography. The motion of the probe is described by the following equation:  

𝑚𝑧̈ +
𝑚𝜔𝑜

𝑄
𝑧̇ + 𝑘𝑧 = 𝐹𝑡𝑠 + 𝐹𝑑 cos(𝜔𝑑𝑡)                                    (4.6) 

where m is the mass of the probe, Q is the quality factor of the cantilever as a result of both the 

lever and the environment, and Fd and ωd are the drive amplitude and frequency, respectively. 
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Under a small perturbation, the tip is under the influence of a parabolic tip-surface interaction 

potential. And the total force (F) acting on the tip, the effective spring constant (ke), and the 

effective resonance frequency (ωe) are expressed by: 

𝐹 = 𝐹𝑑 + (
𝑑𝐹

𝑑𝑧
)
𝑧𝑜
(𝑧 − 𝑧𝑜)                                                  (4.7) 

𝑘𝑒 = −
𝑑𝐹

𝑑𝑧
= (𝑘 −

𝑑𝐹𝑡𝑠

𝑑𝑧
)
𝑧𝑜

                                                  (4.8) 

𝜔𝑒 = (
𝑘−(𝑑𝐹𝑡𝑠 𝑑𝑧⁄ )

𝑚
)
1 2⁄

                                                      (4.9) 

It is evident that the interaction between the probe and the sample would result in the shift of the 

resonance frequency. As shown in Figure 4.5, even in the tapping mode, AFM is operated in the 

attractive or repulsive regime depending on the distance between the tip and the sample. In the 

attractive regime, the tip is farther away from the sample, which is an even safer situation for the 

probe. While in the repulsive regime, the probe is closer to the sample surface and there is a higher 

chance that the tip touches the sample, especially for rough surfaces. But it is worth pointing out 

that the scanning in the repulsive regime provides a higher resolution than that in the attractive 

regime.  

The impact of the attractive and repulsive interaction is depicted in Figure 4.7. In the 

attractive regime, the term 𝑑𝐹𝑡𝑠 𝑑𝑧⁄ > 0, thus the resonance frequency decreases. It is obvious that 

when the tip is driven at the free resonance frequency (ω0), the amplitude decreases. The phase of 

the oscillatory behavior of the cantilever is 90 o when driven at ω0. However, in the attractive mode, 

the phase would be larger than 90o, which is an important indicator of the operating regime. In the 

repulsive mode, the amplitude would also be diminished as well as the phase (<90o). During the 

measurement, it is critical to maintain the operation in the same regime. If the tip toggles between 
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the two modes, the image quality would be affected due to the tip jumping into and out of the 

sample surface, which is called “phase jump”.  

 

Figure 4.7: Illustration of the resonance frequency shift when the tip-sample interaction falls 

into attractive and repulsive regimes.  

4.3.1.3 Photo-conducting AFM 

Pc-AFM is a useful tool to study the photoresponse of the microstructures. The schematic 

of pc-AFM is illustrated in Figure 4.8. Pc-AFM operates in the contact mode while adopting a 

probe with a conductive coating in order to flow current. During the scan, the tip is grounded while 

a bias is applied to the sample if needed. The light source is a laser coming from the bottom of the 
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sample and aligned with the probe. Thus, the setup requires the bottom of the sample to be 

transparent so that the laser can pass through. The topology and current information are collected 

simultaneously while the probe moves across the sample. In order to achieve a high-quality current 

map, it is crucial to make sure that it forms a good contact between the tip and sample by applying 

a proper force without damaging the sample surface or contaminating the probe.  

 

Figure 4.8: Schematic of pc-AFM setup. The topology and current are measured spontaneously 

as the tip moves across the sample. The current signal is tracked and amplified by the current 

amplifier.  

4.3.1.4 Kelvin probe force microscope  

 KPFM is a useful tool to study the energetics since it measures the contact potential 

difference (CPD) which is reflecting the surface potential of the sample. The setup of KPFM is 

illustrated in Figure 4.9. It operates in the tapping mode with the topology and CPD information 

acquired separately. First, the tip moves across the sample and collects the topography information. 

Then, it is lifted by several tenths of nanometers and moves above the sample while maintaining 
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the same height relative to the sample by following the trace of the topography. Meanwhile, CPD 

is measured by a nullifying mechanism.  

 

Figure 4.9: Schematics of KPFM setup and the operation mode. (a) Illustration of the setup of 

KPFM: the lock-in amplifier tracks the oscillatory term with the same frequency as the applied 

AC bias, and then the potential feedback loop adjusts the DC bias to nullify the CPD; (b) an 

example of the operation of KPFM.  
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Figure 4.10:  Illustration of the working principle of KPFM. 
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 Figure 4.10 depicts the nullifying mechanism of KPFM. The AFM tip and the sample with 

different work functions demonstrate the vacuum level alignment while they are away from each 

other. When they get close enough for tunneling or make an electrical contact, the Fermi levels 

tend to level up, resulting in a current flow from the sample to the tip as shown in Figure 4.10b. 

The alignment of Fermi levels causes the vacuum level shift. The magnitude of the energy level 

shift is equal to CPD. Then, a DC bias is applied to the tip to nullify the CPD and thus stops the 

current flow. With the vacuum levels lining up, the DC bias applied to the tip equals the CPD 

between the tip and sample. This is the nullifying mechanism of KPFM.  

 In the KPFM measurement, an AC bias is applied between the tip and sample, together 

with the DC bias. If the tip and sample are treated as a parallel plate capacitor, the electrostatic 

force (F) between them is described by:  

𝐹 =
1

2

𝜕𝐶

𝜕𝑧
𝑉2                                                             (4.10) 

where V is the total potential difference, and C and z are the capacity and distance between the tip 

and the sample, respectively. The total potential difference including the AC bias (VAC sin(ωt)), 

DC bias (VDC), and the CPD (VCPD) is given by:  

𝑉 = 𝑉𝐴𝐶 sin(𝜔𝑡) + 𝑉𝐷𝐶 + 𝑉𝐶𝑃𝐷                                          (4.11) 

Substituting the V in equation 4.10, F is given by: 

𝐹 =
1

2

𝜕𝐶

𝜕𝑧
{[(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)

2 +
1

2
𝑉𝐴𝐶

2] + 2[(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶 sin(𝜔𝑡)] −
1

2
𝑉𝐴𝐶

2 cos(2𝜔𝑡)} (4.12) 

To determine CPD, the second term is critical. By applying a DC bias with the same value 

of CPD, the oscillatory force at the frequency of the drive would be nullified. The lock-in amplifier 

tracks the second term and sends the information to the potential feedback loop which controls the 
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DC bias. This is how KPFM works based on AFM setup. Stiffer probes with the conductive coating 

are applied in KPFM. However, CPD measured from KPFM is a relative value. In order to extract 

the surface potential and work function information, a reference material with a well-defined work 

function is needed. In this study, the highly ordered pyrolytic graphite (HOPG, WF of 4.6 eV), a 

typical calibration sample, is employed in KPFM measurement.  

4.3.2 Electrochemical impedance spectroscopy 

 Impedance refers to the resistance of circuit elements to the current flow, such as resistors 

and capacitors.  

𝑍 =
𝑉

𝐼
                                                           (4.13) 

Measuring the impedance with only DC bias barely provides information of the total 

resistance of the system, while the impedance measurement with an AC perturbation enables us to 

differentiate impedance components, including resistance and capacitance related to various 

charge transfer, transport, storage, etc. processes, and therefore de-convolute different physical 

processes. For example, EIS measurement is widely applied in the study of the carrier dynamic 

processes in solar cells and is able to disentangle them via the frequency dependent behaviors of 

different processes.  

4.3.2.1 Impedance of capacitors and combination of resistor and capacitor 

 When an AC bias is applied to the capacitor, the current flows during the charging and 

discharging processes. The AC bias (V) and capacitive current (ic) are given by:  

𝑉 = 𝑉𝑜cos (𝜔𝑡)                                                         (4.14) 

𝑖𝑐 = 𝐶
𝑑𝑉

𝑑𝑡
= 𝜔𝐶𝑉𝑜 cos (𝜔𝑡 +

𝜋

2
)                                            (4.15) 
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where Vo is the amplitude of AC bias, and ω is the angular frequency. The correlation of V and ic 

is described in a phasor diagram as shown in Figure 4.11. The current is always ahead of the bias 

by 𝜋/2, which is called the phase angle (∅), and their values equal to their projections on the x-

axis. In this case, the y-axis is the imaginary axis. This stems from the Euler equation:  

exp(𝑗∆) = cos ∆ + 𝑗 sin ∆                                               (4.16) 

where j is the square root of -1. It is easier to do calculations with exponents in terms of 

multiplication and derivation. Then, V and ic is described with exponents by:  

𝑉 = 𝑉𝑜exp (𝑗(𝜔𝑡))                                                    (4.17) 

𝑖𝑐 = 𝐶
𝑑𝑉

𝑑𝑡
= 𝐶𝑗𝜔𝑉𝑜 exp( 𝑗(𝜔𝑡)) = 𝑗𝜔𝐶𝑉                                  (4.18) 

The impedance of capacitor (𝑍̇𝑐) can then be written as:  

𝑍̇𝑐 = −
𝑗

𝜔𝐶
                                                             (4.19) 

 

Figure 4.11: Cosine-based phasor diagram for a purely capacitive circuit.  
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Next, the system with more than one electrical element is discussed. The total impedance 

is calculated in the same way as the resistors in systems with elements in series or parallel. For 

example, a circuit consists of a capacitor and a resistor in parallel, RC parallel circuit, which is 

commonly seen in the equivalent circuit of photovoltaic devices. It is similar to the classical 

Randle’s circuit with the negligible diffusional impedance and series resistance, in which the 

capacitance is associated with Helmholtz layer formed at the electrode/solution interface and the 

resistance represents the charge transfer resistance. The total impedance of the parallel circuit (𝑍̇𝑡𝑜𝑡) 

is given by:  

1

𝑍̇𝑡𝑜𝑡
=

1

𝑍̇𝑐
+

1

𝑅
                                                         (4.20) 

Substituting equation (4.19) into the above one, one can get:  

𝑍̇𝑡𝑜𝑡 =
𝑅

1+𝜔2𝐶2𝑅2 − 𝑗
𝜔𝐶𝑅2

1+𝜔2𝐶2𝑅2                                          (4.21) 

Consequently, the absolute value of impedance and phase angle (∅) equal:  

|𝑍̇𝑡𝑜𝑡| =
𝑅

√1+𝜔2𝐶2𝑅2
                                                  (4.22) 

∅ = tan−1(𝜔𝐶𝑅)                                                  (4.23) 

Generally, the impedance data can be plotted in two ways: Nyquist plot and Bode plot. In 

the Nyquist plot, the x-axis is the real part of the impedance (Zreal) and y-axis represents the 

imaginary part (-Zim). Log|𝑍| and ∅ are plotted against log frequency in Bode plot. Figure 4.12 

depicts an example of Nyquist and Bode plots of an RC parallel circuit. It is not difficult to notice 

that it shows a semicircle feature in the Nyquist plot. The semicircle intercepts with the x-axis at 

x=0 and R. The capacitance can be extracted from the maximum point of -Zim: 
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𝐶 =
1

𝜔𝑅
                                                            (4.24) 

 

 

Figure 4.12:  Examples of Nyquist (a) and Bode (b), (c) plots of a RC parallel circuit.   
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4.3.2.2 Application of EIS in solar cells  

In the first part of this session, the basics of impedance have been introduced. The 

impedance spectroscopy measures the impedance response of the systems composed of capacitors, 

resistors etc. Then, the question is what the origin of the capacitor and resistor behaviors is in solar 

cells.  

Capacitances, including geometric, chemical and contact capacitances, have been 

identified in solar cells. And resistors always accompany with the capacitors, either in series or 

parallel. The existence of geometric capacitance (Cg) is related to the geometry of the design and 

the dielectric property of the device. For example, in perovskite solar cells, the capacitance 

measured at high frequency has been attributed to the perovskite material, and the calculated 

dielectric constant from the capacitance of EIS measurement matches well with that of the 

perovskite materials.234-235 The geometric capacitance is described by: 

𝐶𝑔 =
𝜀0𝜀

𝐿
                                                             (4.25) 

where ε and ε0 are the dielectric constant of the sample and the vacuum permittivity, respectively, 

and L is the film thickness.  

Chemical capacitance is attributable to the displacement of the Fermi level with respect to 

the band edge as a result of the accumulation of carriers.234, 236-237 Consequently, the chemical 

capacitance is correlated with the carrier concentration. At the interfaces, the spatial separation of 

electrons and holes also contributes to the capacitor behaviors. For example, at the cathode, 

electrons are collected by the selective contact while holes remain in the bulk. Therefore, the 

spatial separated electrons and holes contribute to the capacitance at the contact.  



84 

 

In DSSCs, for instance, a capacitor forms at the mesoscopic cathode (electron reservoirs in 

TiO2) interface and the electrolyte connected with Pt electrode. The change of the electrochemical 

potential at the cathode leads to the variation of Fermi level as well as the concentration of 

electrons. Hence, the capacitance is dominated by the chemical capacitance which is related to the 

chemical potential of electrons in TiO2 plates.237 The carriers in the two “plates” tend to recombine 

as mentioned in Chapter 2. Therefore, a resistor called recombination resistance (Rrec) is in parallel 

with the chemical capacitor, which represents the resistance to the current resulted from the 

recombination of electrons and holes. Therefore, a larger Rrec indicates a better charge separation 

in the devices. The other resistance commonly observed in solar cells is Rs as discussed in Chapter 

2. The transport of carriers in the bulk, as well as the barriers presented at the interface contribute 

to Rs. Contrary to Rrec, efficient solar cells demonstrate a low Rs. 

The essential part of understanding the EIS data is to adopt an accurate equivalent circuit 

to describe the physical processes in the devices. Solar cells demonstrate different capacitive 

behaviors due to the configuration of the device and materials properties. One way to figure out 

the origin of the capacitive behavior is investigating its dependency on the device structure, 

illumination conditions and applied bias. For example, the geometric capacitance is reversely 

proportional to the distance between two capacitor plates, i.e., the thickness of the absorber layer, 

while the chemical capacitance increases with the light intensity and the thickness of the absorber 

layer.234 More details about the equivalent circuit used in this study are discussed in Chapter 5.  

4.3.3 Electron backscattering diffraction measurement  

EBSD measurement is a useful tool for materials analysis, such as characterizing the crystal 

orientation, misorientation, grain and grain boundary, and phases. The mechanism behind EBSD 

measurement is the backscattered electron diffraction process. When an electron beam hits the 
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sample, the interaction between electron beams and the sample atoms extends from nanometer to 

a few microns within a teardrop-shaped volume, called interaction volume. The inelastic scattering 

would generate secondary electrons close to the surface, which yields high-resolution images of 

morphology. This is the mechanism of SEM imaging process.  

The elastic scattering happens deeper in the sample. The backscattered electrons are 

generated as shown in Figure 4.13b. The diffraction of the backscattered electrons between certain 

crystal planes in the sample provides the local crystal orientation information. Since heavy atoms 

demonstrate a stronger interaction with the backscattered electrons, samples with large atomic 

numbers show stronger EBSD signals. In this study, EBSD measurement is employed to measure 

the crystal orientation of grains in the polycrystalline perovskite thin film.  

 

Figure 4.13: Schematics of the inelastic and elastic scattering of electrons. When the electron 

beam (yellow) interacts with the atoms, for inelastic scattering, the electron beam would knock 

out electrons from the atoms as secondary electrons (a), while the electrons are backscattered in 

the elastic scattering (b).   

+ +

(a) (b)
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4.3.3.1 EBSD setup and electron diffraction process 

The schematic layout of EBSD system is shown in Figure 4.14. Experimentally, EBSD is 

assembled in SEM. The sample is tilted by 70° with respect to the horizontal direction in order to 

increase the signal contrast and the interaction volume. With the electron beam focusing on the 

sample, the backscattered electrons are ejected from the sample surface and detected by the 

phosphor detector. Some of the backscattered electrons exit the sample at the Bragg angle and 

diffract according to Bragg’s law. The diffraction of backscattered electrons forms Kikuchi lines 

on the phosphor detector. The patterns are then captured by the camera mounted behind the 

detector. Since the EBSD measurement is assembled in the SEM, the secondary electrons provide 

morphology information during the measurement.  

 

Figure 4.14: Schematic layout of EBSD system.  
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Figure 4.15: Illustration of the backscattered electrons diffraction and the formation of 

Kikuchi bands on the phosphor detector. 

Figure 4.15 depicts the diffraction of backscattered electrons in EBSD measurement. 

Though the scattering process is chaotic, some of the scattered electrons in the sample satisfy the 

Bragg’s law when exiting the surface. Consequently, the diffracted electrons form two cones, 

called Kossel cones. As the detector is close to the sample, the Kossel cones are intercepted by the 

detector and appear as two “parallel” lines in the phosphor screen, which are called Kikuchi lines. 

Each line forms an angle of 𝜃 with the crystal plane. The Kikuchi lines together with the space in 

between are termed as Kikuchi bands. The bandwidth is proportional to the d-spacing of diffraction 

planes. As the diffraction can happen at multiple crystal planes, many Kikuchi bands are observed 
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in the EBSD measurement. And the electron diffraction at the same plane can show up at different 

locations of the detector depending on the crystal orientations.  

 

Figure 4.16: Illustration of Hough transform: transform (a) a dot and (b) a line into Hough 

space. In real space, infinite lines can pass through the same dot at different angles. Draw dotted 

lines perpendicular to the lines passing the dot from the same origin and record the distance from 

the origin to the intersect of the lines (ρ) and the angle (θ) which are the axes in Hough space. And 

a dot in real space corresponds to a wave in Hough space. As shown in (b), a line in the real space 

consists of infinite dots and each dot correspond a wave in Hough space. However, all the waves 

intersect at the same dot in the Hough space. Thus, a dot in the Hough space can represent a line 

in the real space.  

Electrons in the bulk of the sample suffer from inelastic events instead of elastic 

backscattering. Combined with the high tilt angle, only scattered electrons within several tenths to 
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a few hundred nanometers away from the surface contribute to the diffraction pattern. Therefore, 

the crystal lattice should be strain-free and without contamination within the same range in order 

to enhance the electron diffraction. Also, factors such as the surface roughness, grain sizes and 

atomic numbers impact the scattered electrons and thus the pattern quality.  For example, at the 

valley of the sample surface, the tall features block the scattered electrons from reaching the 

detector resulting in none detectable signal, as observed in the EBSD measurement of 

polycrystalline perovskite thin films.   

4.3.3.2 Indexing process and band identification 

 Hough transform is employed in indexing process of EBSD measurement, which reduces 

the amount of data in the image while maintaining the characteristic information. In Figure 4.16, 

the mechanism of Hough transform is illustrated. The Kikuchi lines are first transformed into 

points in Hough space. By locating the peak positions in Hough transform, the Kikuchi bands are 

identified. With the basic crystal information uploaded in the system, the possible Kikuchi bands 

are then simulated. By comparing the calculated look-up table of interplanar angles with the band 

information from the Hough space, the crystal orientation information is extracted. More details 

about the data processing are described in Chapter 6.  
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Chapter 5 

Elucidating the impact of thin film texture on charge transport and collection in perovskite 

solar cells 

In this chapter, electrochemical impedance spectroscopy is utilized, which has the potential 

to disentangle the bulk and contact processes, to pinpoint the effects of the thin film texture on the 

performance of perovskite solar cells. By adapting ramp annealing treatment to rationally tailor 

the crystallinity of the perovskite layer, it is demonstrated that the texture of the perovskite thin 

film not only influences the surface recombination kinetics and thus the charge carrier collection 

at the contacts but also affects the carrier diffusion length and charge transport in the bulk. Lastly, 

it is shown that ramp annealing is a well-controlled process that can result in highly reproducible 

device performance as detailed in this Chapter. This methodology could aid in the simple design 

and fabrication of high-efficiency organic-inorganic hybrid perovskite solar cells. 

5.1 Ramp annealing treatment and crystalline structure of perovskite thin films 

Figure 5.1 shows the SEM images of the CH3NH3PbI3 thin film deposited on 

PEDOT:PSS/ITO using the conventional one-step solution process,32 where the annealing is 

performed at 100 oC for 10 min which is termed as the fast-annealing treatment. Beyond the 

relatively high density of cracks, the Ө-2Ө X-ray diffraction scan of such prepared films in the 

Bragg-Brentano configuration (blue curve in Figure 5.2b) further reveals the polycrystalline nature 

of the film with perovskite grains oriented along the (110), (310), (112) planes, etc. To improve 

the surface morphology and to gain a better control over the film crystallinity and texture (meaning 

the degree of preferential crystal orientation in this dissertation), the ramp-annealing treatment is 

adapted in the fabrication process.  
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Figure 5.1: SEM images of perovskite films processed under different conditions. SEM images 

of perovskite films (~ 110 nm thick): (a) fast annealed at 100 oC for 10 min; annealed at 40 oC then 

ramped up to 100 oC at (b) 1 oC min-1, (c) 10 oC min-1 and (d) 100 oC min-1, followed by annealing 

at 100 oC for 10 min; cross-sectional SEM images of optimized ramp-annealed sample (e) and fast 

annealed sample (f).  

The schematic of the ramp annealing profile is sketched in Figure 5.3a, which consists of 

three steps, that is, low temperature annealing, ramping, and final annealing at 100 oC. The 

rationale behind this treatment is twofold: (i) to induce heterogeneous nucleation of the perovskite 

phase at the interface between film (solvent-solute) and substrate and (ii) to remove solvent 

molecules when the film is still largely amorphous, thus minimizing cracking. The microstructure 

of the perovskite thin film is determined by the nucleation and growth processes. The 

heterogeneous nucleation is generally induced at the film/substrate interface, while the 

homogeneous nucleation occurs within the bulk film. The activation barrier is inversely 

proportional to the thermodynamic driving force for the transformation of amorphous film into 
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crystalline films. Therefore, the nucleation at the interface requires a lower activation energy than 

the homogeneous case due to the reduced surface area of the nucleus and minimized interface 

energy. In our case, comparing to the homogeneous nucleation that occurs in the bulk of the 

perovskite film, nucleation at the perovskite/PEDOT: PSS interface can potentially lead to 

columnar structures with preferentially oriented grains guided by the interaction between the 

perovskite and the substrate (see Figure 5.3b for schematics). Because the activation energy of 

homogeneous nucleation is larger than that of the heterogeneous nucleation, it is desirable to first 

perform the thermal annealing at a relatively low temperature where only heterogeneous 

nucleation can occur,238-239 followed by the ramping up of the temperature to 100 oC to complete 

the crystallization/growth process.  

In order to obtain rationally tuned texture structure in perovskite thin films, the parameters 

of the ramp-annealing procedure are further analyzed. First, the low temperature annealing step is 

explored. Figure 5.2a shows the XRD patterns of the CH3NH3PbI3/PEDOT:PSS/ITO samples 

annealed for 10 min at 40, 50, and 60 oC.  Grains oriented along the (110) plane are the most 

predominant, followed by those along the (310) plane. Then, the ratio of the (110) and (310) peak 

intensities is analyzed to illustrate the texture of the film. The largest ratio is achieved in samples 

annealed at 40 oC, suggesting that the film processed at this condition has developed a more 

textured structure with a preferred grain orientation. In contrast, at higher annealing temperatures 

(50 or 60 oC), it is likely that the nucleation is induced both inside the film and at the interface, 

leading to a more randomly oriented crystal structure. The other critical parameter that influences 

the film quality is the ramping rate of the temperature from 40 to 100 °C. As shown in Figure 5.2b, 

the optimized value is 10 °C min-1, which is attributed to the balance between the kinetic-limited 

and thermodynamic-limited processes. If the rate is too low, that is, 1 °C min-1, homogeneous 
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nucleation may be induced during the long duration of the temperature ramping up process, 

whereas at the high rate (100 °C min-1), the growth of the interface-nucleated grains can be 

hindered by mass transport.  

 

Figure 5.2: XRD patterns and J-V characteristics of perovskite devices with different 

annealing treatments. XRD patterns of perovskite thin films (110 nm) annealed (a) at different 

low temperatures and (b) at 40 oC followed by different ramping rates to 100 oC. The ratios of the 

(110) and (310) peak intensities are listed on the side for comparison. J-V characteristics of the 

devices with the perovskite layer (c) annealed at temperatures corresponding to those in (a) during 

the low temperature step followed by 100 oC annealing (with a fixed ramping rate of 10 oC min-1), 

and (d) processed at the selected conditions from those presented in (b). For comparison, XRD and 

device performance of the fast-annealed sample are also included in (b) and (d), respectively. 
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5.2 Correlation between device performance and the thin film texture 

To examine how the crystalline quality and texture of the perovskite film impact the device 

performance, J-V curves are measured on devices constructed of ITO/PEDOT:PSS/CH3NH3PbI3 

(110nm)/PCBM/BCP/Ag. In this structure, CH3NH3PbI3 film is the active layer which absorbs 

light and creates the photocarriers that are subsequently collected by the anode (ITO) and cathode 

(Ag) through the hole-transport (PEDOT:PSS)  and electron-transport (PCBM/BCP) layers, 

respectively. Figure 5.2c, d and Table 5.1 show the J-V characteristics of the devices with the 

perovskite layer processed at the varying annealing temperatures or ramping rates corresponding 

to those exploited in the films displayed in Figure 5.2a, b, respectively. These data strongly suggest 

that the trend of the device performance closely follows that of the active layer crystallinity as 

revealed in the XRD patterns, demonstrating that the texture of the perovskite film is essential in 

determining the device efficiency.  

It is worth mentioning that for films that are not thermally treated (black curve in Figure 

5.2a), an intermediate phase emerges at small 2Ө angles (<10o), corresponding to a large lattice 

spacing along the out-of-plane direction. This intermediate phase is likely to consist of CH3NH3I-

PbI2-DMSO (solvent molecule).130, 240-241 Although solvent molecules can be removed during the 

fast-annealing treatment, the volume shrinkage in films that are rapidly undergoing the transition 

to the crystalline phase will result in cracks as those observed in the SEM image in Figure 5.1a. 

Ramp-annealed samples, on the other hand, exhibit smooth and compact morphology with 

minimized density of cracks, as shown in Figure 5.1b-d.  This is presumably owing to the removal 

of solvent molecules during the low temperature annealing step when the film is still largely 

amorphous.242 Nevertheless, even though the cracks present on the fast-annealed sample increase 
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the surface roughness, the film is still continuous without deep pinholes or shunting paths, as 

shown in the cross-sectional SEM images in Figure 5.1f. 

 

Figure 5.3: Schematics of annealing profiles and nucleation/crystallization processes. (a) 

Schematics of the thermal annealing profile for the fast- (left) and ramp- (right) annealing 

treatments. (b) Schematics of the homogeneous nucleation induced in the bulk (top) and the 

heterogeneous nucleation at the interface (bottom), and their impacts on the crystallinity/texture 

of the thin film. 
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In the following discussion, the focus is on the analysis and comparison between the fast-

annealed sample and the ramp-annealed one treated under the optimized annealing condition 

(unless specified), corresponding to the blue and red curves in Figure 5.2b, d, respectively, as they 

represent the two ends of the spectrum in terms of film crystallinity/texture and device performance.  

The ramp-annealed samples outperform the fast-annealed ones in both the Jsc and the FF, which 

leads to an improved PCE from 6.3 to 8.7 %. The typical J-V curves under the forward and reverse 

scans are plotted in Figure 5.4, demonstrating a negligible hysteresis for both types of the devices. 

The histogram displayed in Figure 5.5 further summarizes the performance of more than 40 

devices from 10 batches of samples prepared on different days, where the enhancement of Jsc and 

FF, and therefore improved PCE are consistently observed in ramp-annealed samples.   

Table 5.1: Characteristic parameters of perovskite solar cells processed under different 

conditions. Parameters of the devices constructed of ITO/PEDOT:PSS/CH3NH3PbI3 (110nm)/ 

PCBM/BCP /Ag with the perovskite layer processed at different T0 and ramping rates. 

T0 
ramp rate 

°C min-1 

Jsc 

mA cm-2 

Voc 

V 
FF 

PCE 

% 

-- Fast annealing 10.2±1.0 0.93±0.01 0.66±0.01 6.3±0.6 

40 °C 10 13.1±1.3 0.91±0.01 0.73±0.01 8.7±0.9 

50 °C 10 12.2±1.2 0.90±0.01 0.70±0.02 7.7±0.8 

60 °C 10 12.0±1.2 0.90±0.01 0.73±0.01 7.9±0.8 

40 °C 100 10.4±1.0 0.93±0.01 0.67±0.01 6.5±0.6 

40 °C 1 10.8±1.1 0.92±0.01 0.69±0.03 7.0±0.7 
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Figure 5.4: Plot of J-V curves scanned in forward and reverse directions. J-V characteristics 

of the fast- and ramp-annealed devices (perovskite active layer of 110 nm thick) under the forward 

and reverse scans with a scan rate of 50 mV s-1. Hysteresis is negligible on both samples.   

The Jsc can also be calculated from the spectral response of the cell using the equation 𝐽𝑠𝑐 =

𝑞 ∫∅(𝜆) × EQE(𝜆)𝑑𝜆, where ∅(𝜆) is the photon flux, and EQE, the external quantum efficiency, 

represents the ratio between the number of collected charge carriers and the number of incident 

photons at a given wavelength. Because EQE measures how efficiently the cell converts incident 

light into electrical energy, it is determined by the product of the light harvesting efficiency, the 

carrier transport efficiency, and the charge collection efficiency, that is, 𝜂𝐿𝐻(𝜆) × 𝜂𝐶𝑇(𝜆) ×

 𝜂𝐶𝐶(𝜆). Figure 5.6a displays the corresponding EQE data of the two devices, where the ramp-

annealed one shows consistently higher quantum efficiency over the entire wavelength range. 

However, as illustrated in Figure 5.6b, the absorbance spectrum obtained from the UV-vis 

measurement does not show any noticeable difference between the fast- and ramp-annealed 
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CH3NH3PbI3/ PEDOT:PSS/ITO samples, indicating that 𝜂𝐿𝐻(𝜆) is not the origin of the EQE 

enhancement.  

  

Figure 5.5: Histograms of device characteristics of perovskite solar cells. Jsc, Voc, FF and PCE 

for fast- (blue) and ramp-annealing (red) processed samples with perovskite layer’s thickness of 

110 nm. Optimized parameters, that is, low temperature treatment at 40 oC and ramping rate at 

10 oC min-1 are adapted in the latter. More than 40 devices fabricated from 10 batches of samples 

made on different days are analyzed.  
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Figure 5.6: Plots of EQE and absorbance spectra of perovskite devices. (a) EQE curves 

corresponding to the fast- and ramp-annealed devices with the 110 nm thick perovskite active layer, 

and the calculated Jsc from EQE (12.8 and 10.1 mA cm-2) matches well with the Jsc extracted from 

J-V curves (13.1 and 10.2 mA cm-2). (b) Absorbance spectra of the fast- and ramp-annealed 

CH3NH3PbI3 (110nm)/PEDOT:PSS/ITO samples. 

400 500 600 700 800
0

20

40

60

80
 Ramp Annealing

 Fast Annealing

 

 

E
Q

E
 (

%
)

Wavelength (nm)

(a)

400 500 600 700 800
0

20

40

60

80
 Ramp Annealing

 Fast Annealing

 

 

E
Q

E
 (

%
)

Wavelength (nm)

400 500 600 700 800
0

1

2

3

4

 

 

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

(a) (b)



100 

 

     

    

Figure 5.7: Plots of EIS results measured under illumination at varied bias. (a) An example of 

Nyquist plot measured under short-circuit condition at 1 sun, where a high frequency arc (left) and 

a low frequency one (right) can be clearly observed (inset: the equivalent circuit); (b) Rs fitted from 

the EIS data at varied bias and under 1 sun illumination using the equivalent circuit shown in (a). 

The total time of the measurement is about 1.5 hours. (c) and (d) Dependence of resistances and 

capacitances on bias under 1 sun. 

5.3 Impact of thin film texture on charge collection and transport   

It is important to point out that the textured-structure of the perovskite layer may impact 

the carrier transport efficiency (𝜂𝐶𝑇(𝜆)) because of the enhancement of the long-range structural 

coherence in the film.39, 243 The textured structure could also improve the charge collection 
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efficiency (𝜂𝐶𝑇(𝜆)) because energy level alignment and charge transfer at the contacts can be 

highly dependent on the surface orientation/termination of the perovskite layer.39, 55  

  

 

Figure 5.8: Plots of capacitances, resistances and recombination time constants at the open-

circuit condition versus the light intensity. The dependence of capacitances (a) and resistances 

(b) on the light intensity under the open-circuit condition; (c) calculated interface recombination 

time constants under the short and open circuit conditions, respectively, at different light intensities 

for both fast- and ramp-annealed devices (110 nm perovskite layer). 

To clarify the underlying mechanism of the improved EQE and Jsc in the ramp-annealed 

devices and to pinpoint the effects of the thin film texture, EIS measurements are further performed, 

which can potentially disentangle processes occurring in the bulk and at the contact. As shown in 
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the Nyquist plot under 1 sun illumination (Figure 5.7a), two arcs are present which are well-

separated in frequency. The associated capacitance and resistance of each arc are extracted by 

fitting the impedance data to the equivalent circuit shown in the inset of Figure 5.7a. In order to 

assign the physical processes that correspond to the two arcs, EIS measurements are performed as 

a function of applied bias and under different light intensities at both short and open circuit 

conditions.  

 

Figure 5.9: Plots of Voc and Jsc versus the light intensity. Light intensity dependence of (a) Voc 

and (b) Jsc for fast- and ramp-annealed devices (110 nm perovskite). 

The high frequency arc is associated with a capacitance, C2, on the order of 1 × 10-7 F cm-

2, for both ramp annealed and fast annealed samples (Figure 5.8a). The magnitude of C2 is fairly 

constant with respect to applied bias (Figure 5.7d) and incident light intensities (Figure 5.8a), 

consistent with prior reports which have established this capacitance as the bulk dielectric 

capacitance of the perovskite layer.234-235 The other equivalent circuit commonly used in perovskite 

solar cells consists of two RC circuits in series. However, the nature of C1, a geometric capacitance 

due to the dielectric perovskites, supports the equivalent circuit adopted in the study. The 
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capacitance, C1, which is associated with the low frequency arc, has previously been assigned to 

ionic or electrical accumulation layers at the perovskite interface with charge selective contacts, 

for example, accumulated holes at the cathode.235, 244 While C1 is generally found to increase with 

light intensity, the value of C1 for the ramp annealed samples is approximately 2 orders of 

magnitude larger than the fast annealed ones (Figure 5.8a). 

As shown in Figure 5.8b, the resistance associated with the bulk capacitance, R2, can be a 

few times larger than the resistance associated with the interface capacitance, R1, for both ramp- 

annealed and fast-annealed samples. Both resistances exhibit a similar behavior of deceasing with 

the increasing light intensity (Figure 5.8b) as well as with applied bias (Figure 5.7c), which is 

opposite to the trend observed for the interface capacitance (C1). As noted by Bisquert and co-

workers,244 these observations suggest that the resistances are connected to a common process of 

recombination at the interface. In this case, the interface recombination kinetics are described by 

the time constant given by τs = (R1+R2)C1. Figure 5.8c shows that at open circuit, τs,oc is 

consistently 2 orders of magnitude larger for the ramp-annealed samples, indicating significantly 

faster recombination at the interface for the fast annealed samples. Given this fact, it seems 

surprising that the fast-annealed cells produce the same open circuit photovoltage, Voc, as the ramp 

annealed samples. There has been a recent debate centered on the physical meaning of the low 

frequency response (R1 and C1).
244-246 Therefore, to test the connection of τs,oc and Voc, J-V curves 

are also measured as a function of incident light intensity. Figure 5.9a shows a plot of Voc versus 

intensity for both ramp-annealed and fast-annealed samples. Fits of these trends to the diode 

equation reveal a nearly ideal diode quality factor, γ, of 1.4 for the ramp annealed samples, whereas 

γ is 5.6 for the fast-annealed samples, suggesting that they are controlled by different 

recombination mechanisms. A close examination of the Voc versus intensity relation for the fast-
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annealed sample further reveals that the quality factor decreases with light intensity, and a γ of 5.6 

is a simple average. This can be attributed to the filling of trap states or recombination centers 

associated with the interfaces by photogenerated carriers, resulting in the gradual drop of the 

quality factor to a value close to that of the ramp annealed sample under sufficient illumination 

(>0.2 sun).164 The diode quality factors further accounts for the larger FF which is consistently 

measured for the ramp-annealed compared to the fast annealed-samples.  

`  

Figure 5.10: Plots of resistances and capacitances at the short-circuit condition versus the 

light intensity. Dependence of (a) resistances and (b) capacitances on the light intensity at the 

short-circuit condition. The measurements are taken on samples with the perovskite layer thickness 

of 110 nm. 

The Jsc is found to increase linearly with light intensity for both samples (Figure 5.9b). The 

interfacial recombination time constants are also determined at short circuit, where τs,sc is found to 

be larger than τs,oc for both samples at all light intensities (Figure 5.8c). Unlike at open circuit, 

however, the time constants of the ramp-annealed and fast annealed samples are fairly close at 

short circuit (see Figure 5.10 for resistances and capacitances at varying intensity under the short 

circuit). This suggests that interfacial recombination may not account for charge collection losses. 
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It was suggested that the collection efficiency can be calculated from the ratio of the recombination 

resistance (R1 + R2) at the open circuit and the short circuit according to ηcc = 1-Roc/Rsc.
244 This 

analysis produces nominally identical values of ηcc = 0.985 for the ramp-annealed samples and ηcc 

= 0.978 for the fast-annealed samples. Thus, differences in charge collection efficiencies cannot 

completely account for the discrepancy in Jsc observed. Instead, if this photocurrent discrepancy 

mainly originates from the bulk diffusion / recombination processes through differences in the 

carrier diffusion length, it should be reflected in the device performance as a function of the 

perovskite layer thickness.19, 119, 146  

Table 5.2: Characteristic parameters of perovskite solar cells with different thickness. The 

devices are constructed of ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag with the varying 

thickness of the perovskite layer processed at the fast- or ramp-annealing conditions. The 

optimized T0 and ramping rate are adapted in the latter.  

Annealing 

process 

film thickness 

nm 

Jsc 

mA cm-2 

Voc 

V 

FF PCE 

% 

Fast 110 10.6±1.1 0.84±0.02 0.58±0.03 5.1±0.5 

Fast 200 15.0±1.5 0.90±0.01 0.52±0.01 7.0±0.7 

Fast 290 8.9±0.9 0.88±0.01 0.70±0.01 5.4±0.5 

Fast 450 8.8±0.9 0.85±0.01 0.67±0.02 5.0±0.5 

Ramp 110 13.7±1.4 0.89±0.01 0.66±0.01 8.0±0.8 

Ramp 200 17.2±1.7 0.87±0.01 0.65±0.01 9.7±1.0 

Ramp 290 22.0±2.2 0.83±0.01 0.66±0.01 12.1±1.2 

Ramp 450 16.5±1.7 0.88±0.01 0.67±0.01 9.7±1.0 
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Figure 5.11: Plot of Jsc and PCE dependence on the perovskite layer thickness.  

 

Figure 5.12: Plots of capacitances, resistances and recombination time constants of devices 

with thick perovskite films at the short-circuit condition versus the light intensity. 

Dependence of capacitances (a) and resistances (b) on light intensity under the short-circuit 

condition for both ramp- and fast-annealed devices with the 290 nm thick perovskite layer. (c) 

Calculated interface recombination time constants under the short and open circuit conditions at 

different light intensities.  
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By varying the concentration of the precursor solution, film thickness can be controlled 

between 110 nm and 450 nm as listed in Table 5.2. Indeed, the highest PCE for the fast- and ramp-

annealed samples is achieved at the thickness of 200 nm (7.0 %) and 290 nm (12.1%), respectively, 

as illustrated in Figure 5.11, suggesting a longer carrier diffusion length associated with the latter. 

Because the Jsc and PCE variations between the ramp- and fast-annealed samples are most 

pronounced at the perovskite layer thickness of 290 nm, corresponding EIS measurements are 

performed at this thickness which might provide more information on the recombination 

parameters under the short-circuit condition. The associated capacitances and resistances, as well 

as the derived recombination time constants are plotted in Figure 5.12. In contrast to the 

comparable τs,sc in thin devices, τs,sc of the 290 nm thick ramp- and fast-annealed samples differs 

by 2 orders of magnitude, as shown in Figure 5.12c, which originates from the larger R1 and R2 in 

the former (Figure 5.12b). It has been argued that the applied bias in EIS measurements can lead 

to ionic transport and polarization of the interfaces in devices with the regular structure, which 

consequently interferes with the EIS measurements and changes the mechanism of recombination 

from bulk- to surface-dominant.247 The same ionic processes will also lead to a gradual increase 

of Rs (defined in Figure 5.7b) over time and introduce hysteresis in J-V curves.247-248 Nevertheless, 

as shown in Figures 5.4 and 5.7b, no obvious J-V hysteresis or change in Rs is observed in our 

experiments, indicating that the ion migration/polarization issue is not as severe in our inverted-

structured devices. This can be attributed to the surface passivation effect of fullerene molecules,183 

as well as the avoidance of chemical reactions as those occur at the interfaces between perovskite 

and TiO2/Spiro-OMeTAD in devices with the regular structure.247 Therefore, the larger R1 and R2 

as measured in the ramp-annealed sample under the short-circuit condition (Figure 5.12b) provide 

a strong indication that beyond the surface recombination at contacts, bulk recombination process 
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is also suppressed in the ramp-annealed devices, which ultimately leads to the longer carrier 

diffusion length, as illustrated in Figure 5.11. Note that similar to the thin devices, significant 

variation in τs,oc, mainly contributed by the modulation in C1, that is, interface capacitance, is also 

observed between the ramp- and fast-annealed 290 nm thick samples, as illustrated in Figure 5.13.  

 

Figure 5.13: Plots of capacitances and resistances of devices with thick perovskite films at the 

open-circuit condition versus the light intensity. Dependence of resistances (a) and capacitances 

(b) on light intensity under the open-circuit condition measured on samples with the 290 nm thick 

perovskite layer, the trend of which is similar to that of the devices with 110 nm thick perovskite. 

Although there are theoretical predictions that defects in the perovskite layer mainly 

contribute to the shallow traps and thus are not detrimental to the device performance,52, 161, 249 our 

study suggests that it is still crucial to improve the crystallinity and texture of the perovskite layer 

to boost the device performance. On the one hand, the recombination at the contacts is expected 

to be the dominant loss mechanism in perovskite solar cells.38, 172, 250 Instead of introducing 

interfacial layer at the contact172, 250-251 or passivating the surface trap states with small 

molecules158-159 which could complicate the device fabrication process, our study demonstrates 
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that the recombination kinetics at the interfaces can be effectively suppressed simply by the ramp-

annealing treatment via controlling the surface orientations or terminations of perovskite grains. 

On the other hand, it is likely that the preferential crystal orientation in the ramp-annealed sample 

yields an increase in the density of low-angle grain boundaries in the polycrystalline perovskite 

thin film, which, as compared to the large-angle grain boundaries, exhibit better carrier transport 

properties with minimized bulk carrier recombination.  

5.4 Conclusion 

In this chapter, it is demonstrated that the texture of perovskite thin film influences both 

the surface recombination at the contacts and the carrier diffusion length in the bulk. The 

combination of the two effects leads to enhanced performance in devices constructed of 

preferentially oriented perovskite thin films. These findings could aid in the simple design and 

fabrication of planar-structured high-efficiency perovskite solar cells. However, it is still not clear 

how the texture structure enhances the charge transport and suppresses the surface recombination. 

As mentioned above, one possibility is that the low-angle grain boundaries are beneficial in 

perovskite films compared with high-angle grain boundaries. Also, the carrier mobility along 

different grain orientation could be different. Since CBM of perovskite mainly consists of p-

orbitals of lead and iodide, different crystal orientation would impact the distribution of electron 

cloud and therefore the charge transport. Therefore, it is critical to investigate the correlation 

between crystal orientation and carrier mobility as well as the role of grain boundaries in perovskite 

thin films, which is the focus of next chapter.  
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Chapter 6 

Crystalline orientation dependent photoresponse and heterogeneous behaviors of grain 

boundaries in perovskite solar cells 

In this chapter, photoconductive atomic force microscopy and Kelvin probe force 

microscopy are employed to study the photoresponse of microstructures in perovskite thin films. 

The discrete photocurrent levels across crystalline grains along with the anti-correlated behavior 

between the local Jsc and Voc are identified in perovskite thin films for the first time, revealing an 

orientation-dependent transport. Additionally, the photoelectrical properties of low-angle grain 

boundaries from that of large-angle boundaries are distinguished, with the former even displaying 

higher Jsc and Voc than adjacent grain interiors.  It is worth mentioning that the high-resolution 

photocurrent mapping and diode-shaped point J-V curves established in this study allow the 

extraction of local device parameters, thus providing new insights into the correlation between 

microstructures of the film and properties/performance of the device. Unraveling such correlation 

will aid the fabrication of high-efficiency hybrid perovskite solar cells.  

6.1 Photocurrent mapping of perovskite thin films with columnar structures 

Figure 6.1a, b show the top view and cross-sectional view SEM images, respectively, of 

the CH3NH3PbI3/PEDOT:PSS/ITO sample prepared with sequential deposition followed by 

solvent annealing.137 One-step spin-coating induces small perovskite grains due to the fast 

crystallization of perovskite films. Compared with one-step method, the sequential deposition 

retards the crystallization process, which facilitates the mass transport and the growth of perovskite 

grains. The DMF vapors during the solvent annealing process further promote the ion diffusivity 

and contribute to the improved grain sizes. Therefore, films processed under such condition are 

constructed of single grains along the perpendicular direction with the lateral grain size varying 
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between 100 and 500 nm. For studies aiming at unraveling the photoresponse of individual grain 

or GB, such column-structured thin film is a prerequisite which ensures that the photocurrent 

measured on the top surface is not convoluted by the stacking of grains or GBs underneath. 

Additionally, instead of a thicker film (300 nm) as in the device configuration (see Figure 6.1c), a 

thinner film (110 nm) is employed in the pc-AFM studies as the roughness of the film increases 

with the thickness which can cause artifacts in photocurrent mapping.  

 

 

Figure 6.1: SEM images of perovskite thin films and J-V characteristics of perovskite devices. 

(a) Top view and (b) cross-sectional SEM images of CH3NH3PbI3/PEDOT:PSS/ITO sample; (c) 

J-V characteristics of devices with the structure of ITO/PEDOT:PSS/CH3NH3PbI3(~300nm)/C60/ 

BCP/Ag,  yielding a device performance of 13.0 % under 1 sun illumination. 
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Figure 6.2: Photocurrent map and line profile of perovskite thin films. Simultaneously 

obtained (a) topology and (b) photocurrent map of CH3NH3PbI3 /PEDOT:PSS/ITO under the 

illumination of a green laser while applying a -2V bias to the sample. The three discrete 

photocurrent levels correspond to grains of different types, as marked by A, B, and C in (b).  (c) 

and (d) show the line profile along the red mark in (b). Note that the streaky features on the bottom 

of (b) indicates a slight tip change during the scan. 
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Figure 6.2 shows the photocurrent map along with the simultaneously taken topography 

image of the CH3NH3PbI3/PEDOT:PSS/ITO sample, while -2V bias is applied to the ITO bottom 

electrode with the tip grounded. This imaging condition is chosen because the work functions 

(measured by KPFM using highly ordered pyrolytic graphite (HOPG) as the reference) of the ITO 

electrode and the Pt/Ir coated AFM tip are ~5.0 eV and ~4.6 eV, respectively, indicating that the 

built-in electric field for collecting photo-generated holes by ITO through the hole transport layer 

(PEDOT:PSS) and electrons by the AFM tip is rather weak. Photocarriers are thus more effectively 

extracted with the aid of an external electric field. It can be seen in Figure 6.2 that the grain and 

GB features are more distinguishable in the photocurrent map than in the topography image. Line 

profiles as depicted in Figure 6.2c, d further illustrate that the photocurrent contrast does not 

originate from the height variation.  

It is worth pointing out that in the pc-AFM setup even though the tip makes a nano-contact 

with the film surface, the current spreads out beneath the tip due to the electric field distribution.252 

There are studies suggesting that more carriers will be collected in larger grains simply due to the 

larger volumes.253 In order to explore the correlation between the grain area and the photocurrent, 

the photocurrent levels are plotted against grain areas for the six type A grains, ten type B grains, 

and ten type C grains (Figure 6.3a). The Pearson correlation coefficient (R) is -0.67, and R2 equals 

0.45. It is not surprising that there is a weak correlation between the grain area/volume and the 

photocurrent level, attributable to the confinement of photoexcited carriers due to the energy 

barriers for the lateral transport imposed by the grain boundaries.253 However, if the photocurrent 

level is predominantly determined by the grain area, one would expect a broadly distributed 

photocurrent for each grain type since the areas of the grains vary significantly within each type.  
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Figure 6.3: Illustration of the correlation between the grain area and the photocurrent of 

different types of grains. (a) Scatter plot of photocurrent levels versus grain areas, with the 

Pearson correlation coefficient of -0.67; (b) ranges of photocurrent (black solid dots) and grain 

area (gray floating columns) for different types of grains. 

As shown in Figure 6.3, the photocurrents are overall more narrowly distributed in 

comparison with the grain areas, such that the discrete photocurrent levels can be discerned in the 

pc-AFM image (Figure 6.2b). Meanwhile, the photocurrent levels associated with grain A, B, and 
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C barely overlap to each other despite the considerable overlapping of their grain areas (Figure 

6.3b). Note that AFM is not an ensemble averaging technique. Thus, it is important to consider the 

distribution, instead of just the averaged value, of the measured parameters. The distribution of the 

photocurrent levels observed among the different grain types leads to the conclusion that the grain 

area is not the predominant factor in determining the grain photoconductivity. The superior spatial 

resolution of the photocurrent map, as evidenced by the uniform photocurrent on each grain and 

the sharp photocurrent contrast across grains of different types, is likely attributable to the 

photoinduced giant dielectric constant in CH3NH3PbI3 that constraints the electric field 

distribution.254 

Table 6.1: Parameters of fitted point J-V curves. Fitted parameters of the averaged point J-V 

curves corresponding to grain A, B, C and grain boundary AA 

Type 
Jsc 

A 

Voc 

V 
FF 

Power 

W 

A -4.67×10-10 0.61 0.32 9.13×10-11 

B -2.28×10-10 0.70 0.38 6.05×10-11 

C -2.95×10-11 0.75 0.30 6.65×10-12 

GB AA -1.50×10-9 0.83 0.34 4.29×10-10 

 

Based on the magnitude of the photocurrent, perovskite grains can be categorized into three 

types as shown in Figure 6.4a: type A (-2 ~ -3 nA), type B (-1 ~ -2 nA), and type C (less than -1 

nA). To further investigate the contribution of grains to the overall device performance, point J-V 

spectrum measurements are performed to extract the parameters of nanoscale JSC, VOC and FF. 

Figure 6.4b displays the characteristic J-V spectra collected on the different grain types. Since 
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these spectra exhibit diode behaviors, similar to the macroscopic J-V curves measured on 

functional perovskite solar cells (Figure 6.1c), the diode equation, ( )/

0 1BqV mK T

SCJ J J e= − − is 

applied to the fitting, where JSC, J0, q and m  represent photocurrent, dark current, elemental 

charge, and ideality factor of the diode, respectively. The extracted parameters are listed in Table 

6.1. Note that the dependence of JSC on the grain type is consistent with that observed in the 

photocurrent mapping, despite the overall smaller values because of the absence of applied 

external field at the short-circuit condition. 

   

Figure 6.4: Plots of averaged photocurrents and point J-V curves of grains. (a) Average and 

standard deviation of photocurrent measured on the grains of different types, summarized from the 

photocurrent map shown in Figure 6.2b; (b) averaged point J-V curves at ten different locations 

for each grain type under illumination. 

The most striking feature revealed in Figure 6.4b and Table 6.1 is the anti-correlation 

behavior between JSC and VOC among the grains of different types, that is, ones of larger JSC are 

associated with lower VOC. This observation is counterintuitive at first because if it is the bulk 

recombination that limits the device performance, one would expect a correlating trend between 



117 

 

the two parameters. Nevertheless, the sample layout in the pc-AFM studies, 

CH3NH3PbI3/PEDOT:PSS/ITO, lacks an electron transport layer as compared to the complete 

device architecture (Figure 6.1c). Without the selective contact layer, severe recombination would 

occur at the tip (cathode) and sample interface under the open-circuit condition. Indeed, fit of the 

device J-V curve to the diode equation reveals a significantly enhanced FF compared to those 

obtained from the pc-AFM point spectra (Table 6.1), suggesting that surface recombination at the 

contact plays a more dominant role in the latter.255 Since surface recombination is determined by 

the minority carrier density, the recombination current at the tip-sample contact can be described 

as: 𝐽𝑅 = 𝑞∆𝑝𝑆, where q is the elemental charge, ∆𝑝 is the excess hole carrier density at the contact, 

and S is the effective recombination velocity which is proportional to the capture coefficient for 

holes and the surface density of recombination centers.164 Because of the large magnitude of S 

expected at the non-selective tip-perovskite contact, the surface recombination will be limited by 

the diffusion of holes to the contact interface via its impact on ∆𝑝.256 Thus, the higher the carrier 

mobility is, the more significant the surface recombination and the smaller the VOC will be. On the 

other hand, higher carrier mobility will lead to enhanced JSC under the short-circuit condition.  

Thereby, the anti-correlation behavior between JSC and VOC of the pc-AFM point spectra is 

attributed to diffusion-limited surface recombination, where grain A carries the highest mobility 

followed by grains B and C.  

6.2 Identification of grain orientations in perovskite thin films by EBSD  

The mobility variation is likely associated with the distinct crystal orientation of each grain 

type. It has been predicted that the charge carrier mobility is a function of the crystal orientation,152 

which ultimately leads to varied carrier migration path along different perovskite grains.257 In order 

to pinpoint the crystalline orientation of each grain, electron backscatter diffraction (EBSD) 
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measurements are conducted on columned perovskite thin films.258 Due to the damage of the 

sample by electron beam and the impact of surface topography on the detection of backscattered 

electrons, EBSD typically yields extremely diminished signals on perovskite samples. To alleviate 

the challenge, perovskite films with the thickness of ~ 1µm is employed in order to allow a larger 

interaction volume with the electron beam. It is worthwhile to point out that the cross-sectional 

SEM image (Figure 6.5) confirms the columnar structure of the perovskite layer, like the thin film 

case. 

 

Figure 6.5: Cross-sectional SEM image of the perovskite film with ~1 um thickness. 

Figure 6.6 presents the EBSD patterns taken at different locations of the same grain. These 

patterns show the same Kikuchi bands but with slight shift and contrast variation, indicating that 

each grain is a single crystalline domain. The shift and contrast variation can be attributed to the 

surface topography effect. For instance, when the electron beam strikes on the valley features of 

the surface, no EBSD signals can be detected as a result of the blocking of backscattered electrons. 

During the EBSD experiment, the damage of the sample by electron beam is observed, as 

evidenced by the presence of pits next to the red markers shown on the top grain of the SEM image 

(Figure 6.6).  
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Figure 6.6: Images of EBSD patterns on the same grain. EBSD patterns taken at three different 

locations within one grain, as marked on the top-view SEM image. 

In Figure 6.7, the distinct EBSD patterns taken on three grains are depicted. The indexed 

orientations of these grains are presented in Euler angles (𝜑1, ∅, 𝜑2), that is, a triplet of rotations 

that describe the grain crystalline orientation with respect to a reference coordinate system, as 

specified on the bottom of the indexed patterns. 
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Figure 6.7: Images of EBSD patterns and indexing taken on different grains.  EBSD patterns 

(middle panels, with and without line markers), along with their indexes (right), taken on the three 

different grains as marked by green cross and circled by dotted line on the top-view SEM images 

(left). To guide the comparison between the EBSD patterns and their indexes, main features of the 

EBSD patterns are outlined with the same color as the corresponding indexed lines. Due to the 

weak backscattered electron intensity from the sample, not all Kikuchi lines can be observed 

experimentally. Euler angles of each grain are listed on the bottom of the indexes. 

From the Euler angles, the Miller indices of the perovskite grains can be calculated using 

the following equations:  
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𝑐𝑜𝑠∅ =
𝑙

𝑐

√ℎ2+𝑘2

𝑎2
+
𝑙2

𝑐2

                                                           (6.1) 

𝑐𝑜𝑠𝜑2 =
𝑘

√ℎ2+𝑘2
                                                            (6.2) 

where ∅ and 𝜑2 are Euler angles, a, b and c are lattice constants (a = b in this case), and h, k and 

l are miller indices.259 𝜑1 represents the in-plane rotation and thus will not impact the miller indices. 

The Miller indices derived from the EBSD measurements (Table 6.2) match with the (110), (310) 

and (202) diffraction peaks observed in the XRD pattern (Figure 6.8). Note that the angles formed 

between the corresponding crystalline planes are around 10o. This experimental uncertainty is 

comparable with that of the EBSD measurement performed on a single crystal CH3NH3PbBr3 with 

a much smoother surface.258 

 

Figure 6.8: XRD pattern of perovskite thin film with columnar structures. The diffraction 

pattern demonstrates its polycrystalline nature. Peaks labelled with grey stars correspond to the x-

ray diffraction of ITO/glass substrate. 
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Table 6.2: Miller indices derived from Euler angles. The extracted Miller indices of perovskite 

grains match with the predominant diffraction peaks observed in the XRD pattern. The angles 

between the corresponding crystalline planes are included. 

Euler angles 

(𝝋𝟏, ∅, 𝝋𝟐) 

Miller indices 

(calculated) 

Miller indices 

(XRD patterns) 

Angle between 

corresponding 

crystalline planes 

183.3°, 55.8°, 353.2° (1.00 0.68 0.17) (110) 13.4° 

167.4°, 77.0°, 345.3° (3.00 1.16 0.72) (310) 12.9° 

353.3°, 85.2°, 296.0° (2.00 0.19 1.42) (202) 10.6° 

 

Figure 6.9: Images of similar EBSD patters taken on different grains. Different grains (marked 

by green cross and circled by dotted line on the top-view SEM images, left) can exhibit similar 

EBSD patterns (right panels, with and without line markers) with slight shift, indicating that the 

film has a textured structure with certain preferred crystalline orientations. To guide the view, 

common features between the two EBSD patterns are outlined. These patterns correspond to (202) 

crystalline orientation of the perovskite grains. 
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Lastly, similar EBSD patterns can also be identified among various grains (Figure 6.9), 

indicating that the as-prepared film demonstrates a textured structure with certain preferred 

crystalline orientations. In conjunction with XRD and SEM data, EBSD results convincingly 

support the proposed mechanism of diffusion-limited surface recombination, which correlates the 

discrete photoconductivity levels with the crystalline orientation of each grain. Unfortunately, due 

to the roughness of the perovskite film and the damage caused by the electron beam, EBSD 

mapping could not be performed on such films, which could potentially elucidate the distribution 

of preferential crystal orientations as observed in the XRD data. Novel preparation methods are 

needed in order to achieve smooth surfaces on perovskite films. The other way to investigate the 

local crystal orientation is transmission electron microscopy (TEM). The primary way to prepare 

the thin films for TEM tests is using focused ion beam (FIB). However, the damage caused by the 

FIB could be even worse than that of the electron beams. If the perovskite film could directly grow 

on the TEM grid, the TEM measurement is also able to elucidate the crystal orientation information 

of perovskite domains. In this case, it is important to choose the TEM grid with proper coating 

materials in order to achieve a compact thin film, similar to the film grown on the glass substrates.  

6.3 Photoresponse of low-angle and high angle grain boundaries  

Next, the photo-response of GBs that are categorized based on the relative 

photoconductivity level of the adjacent grains is examined. For instance, GBs formed between 

adjacent grains of the same photoconductivity level are termed as boundaries AA, BB, and CC. 

The other types of GBs, including types AB, AC, and BC, emerge between grains of different 

photoconductivity levels. The photocurrents of more than seventy GBs and five data points for 

each GB are extracted from the photocurrent map (Figure 6.2) with the statistics of the analysis 

presented in Figure 6.10a.  It can be seen that AA, BB and CC types of GBs carry higher 
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photocurrents than that of the adjacent grains, whereas AB, BC or AC GBs yield a photocurrent 

that lies between the levels of the adjacent grains. To further illustrate the impacts of GBs, point 

J-V measurement is performed on the AA type boundary as shown in Figure 6.10b.  Compared 

with grain A, the AA boundary exhibits a higher JSC, consistent with the observation in the 

photocurrent map. More interestingly, VOC is also larger than that of the grain interior. With a 

similar FF, the maximum power output of AA boundary is around five times of the grain A, 

suggesting a beneficial role of such GB to the overall photovoltaic performance. Parameters 

extracted from the fit to the diode equation are listed in Table 6.1. According to the previous 

discussion, it is likely that AA, BB and CC boundaries are low-angle GBs formed between two 

perovskite domains of the same crystalline orientation. And AB, BC and AC boundaries are high-

angle GBs located between grains that exhibit different crystalline orientations.  

  There is one concern, which is a common issue in AFM techniques, about the tip artifact. 

The contact area between tip and sample influenced by the surface topography and the spread-out 

of the electric field would both impact the current measured in pc-AFM. For instance, if a side 

contact is established, for example, at steep valley features, more photocarriers would be collected 

to the tip. Here, pc-AFM measurement is conducted on perovskite thin films (110 nm) with 

relatively smooth surface in order to avoid the contact issue. A typical line profile of the surface 

is shown in Figure 6.2, where a rising angle of ~10o is observed at the boundary between B-B 

grains (also illustrated in Figure 6.11). Owing to the smoothness of the surface, the contact area 

does not vary much when tip lands on top of GBs as compared to that landing on the grain interior 

(Figure 6.3). Regarding the spread-out of the electric field, the field is well confined in the 

perovskite layer as evidenced by the uniform photocurrent on each grain and the sharp 

photocurrent contrast across grains of different types. To be more quantitative, it is estimated that 
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the field spread-out is around 30 nm based on the spatial resolution of the photocurrent map (Figure 

6.2b).  

     

  

Figure 6.10: Plots of averaged photocurrents and point J-V curves of grain boundaries. (a) 

Average and standard deviation of photocurrent measured at GBs of different types, summarized 

from the photocurrent map shown in Figure 6.2b. The averaged photocurrents of grain interiors 

are marked on the graph as reference.  (b) Point J-V curves of type AA GBs in comparison with 

that of grain A (the same curve as displayed in Figure 6.4b). 
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Figure 6.11: Schematic of the tip-sample contact and the electric field distribution at grain 

boundaries and grain interiors.  

6.4 Electronic structure of grain boundaries investigated by KPFM 

To elucidate the electronic structures at GBs, KPFM characterization is performed on 

CH3NH3PbI3/PEDOT:PSS/ITO samples. KPFM measures the work function difference between 

tip and sample, which is also termed as contact potential difference, i.e., CPD=Wtip-Wsample. The 

spatial variation of CPD indicates inhomogeneous sample work function which could be 

associated with the local bending of band structures and thus impacts the charge 

separation/transport processes.165, 260-261 Figure 6.12 illustrates the topography and simultaneously 

obtained KPFM image of the same area (except some drift) before and after light illumination. The 

shift of the averaged CPD from -110 to -320 mV is likely induced by the spatial separation of 

photo-generated carriers in the perovskite film, that is, the built-up of electrons on the top surface 

and holes on the bottom interface (CH3NH3PbI3/PEDOT:PSS/ITO is hole selective).  

The purpose of KPFM studies here is to illustrate the behavior of grain boundaries, where 

the adjacent grains act as the reference. It can be seen in Figure 6.12a that the majority of the GBs 



127 

 

show a lower CPD (more negative) in comparison with that of the grains under the dark condition; 

however, this contrast is reversed upon illumination. First, this observation indicates that the 

artifact associated with the topography convolution is negligible. Otherwise, the contrast between 

grains and GBs should remain consistent regardless of light illumination. Second, a downward 

bending of the band structure at the GBs, as illustrated in Figure 6.12b, can be inferred from the 

CPD contrast observed under illumination. This band bending will facilitate charge separation as 

photo-generated electrons are attracted to the GBs, and holes are repelled from them. Because 

electrons and holes are spatially separated, the recombination process is suppressed at the GBs, 

potentially leading to an improvement in VOC and JSC. Moreover, a reduced surface recombination 

is also expected at the tip-GB contact because of the lower concentration of photo-generated holes, 

which could further contribute to enhancing VOC. Last, it must be mentioned that pc-AFM and 

KPFM cannot be performed at the same location as the setups for these two measurements are 

different.  

Although KPFM is not capable of distinguishing the low-angle from the large-angle GBs, 

it elucidates that the GBs, in general, may not be detrimental to the device performance of 

perovskite solar cells. The origin of the downward band bending at GBs, however, is not clear at 

the moment. One possibility is the unintentional doping of GBs by defects.161, 262-263 It has been 

predicted that the intrinsic defects at surfaces and grain boundaries of CH3NH3PbI3 do not produce 

deep level states, because of the anti-bonding coupling between Pb lone-pair s and I p orbitals, as 

well as the high ionicity and large lattice constants of the material.50, 161, 264-265 Rather, the energy 

levels of these structural defects are positioned close to the band edge of CH3NH3PbI3. Thus, they 

act as unintentional doping sources instead of trapping/non-radiative recombination centers, owing 

to the delocalization nature of their wave functions. It is necessary to point out that even though 
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grains with similar photocurrent levels are likely correlated to the same crystal orientation as 

illustrated in the EBSD and XRD results, the mis-orientation between adjacent grains of similar 

photocurrent could be large due to the difference in-plane rotations. Therefore, further studies on 

the in-plane azimuthal orientations of the grains are necessary in order to elucidate the detailed 

structures of the grain boundaries.    

 

Figure 6.12: Images of KPFM results and schematic of band bending at GBs. (a) Topology 

(left) and CPD (right) images obtained on CH3NH3PbI3/PEDOT:PSS/ ITO under dark (top) and  

illumination (bottom) conditions. (b) Proposed band alignment between grains and GBs based on 

the KPFM measurements. 
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Nevertheless, some studies have suggested that GBs play a detrimental role in the device 

performance since devices with larger grains demonstrate higher efficiency.149-151 It’s speculated 

that whether GBs play a beneficial or detrimental role in the PV performance should heavily rely 

on the layout of the GB network in the perovskite film. According to the band alignment picture 

(Figure 6.12b), GBs, on the one hand, facilitate charge separation and act as electron transport 

channels; on the other hand, they pose energy barriers for the lateral charge transport across 

different grains. Therefore, in perovskite thin films composed of small grains stacking on top of 

each other, horizontally positioned GBs will impede the flow of charge between the top and bottom 

electrodes. As the grain size increases together with the enhanced crystallinity and texture of the 

film, grain stacking will be suppressed, and grain boundaries will align mainly along the 

perpendicular direction, leading to improved device performance. Lastly, future investigations into 

the atomic structures, chemical and electronic states of the different types of GBs, that is, low-

angle vs. large-angle, are warranted to obtain a mechanistic understanding of the impacts of these 

GBs on the PV performance. 

6.5 Conclusion 

Pc-AFM and KPFM are performed to study the local electrical properties of grains and 

GBs in organic-inorganic hybrid perovskite thin films. Three discrete photoconductivity levels are 

identified among perovskite grains, likely corresponding to the crystal orientation of each grain. 

Local J-V curves recorded on these grains further suggest an anti-correlation behavior between JSC 

and VOC, which can be attributed to diffusion-limited surface recombination at the non-selective 

perovskite-tip contact. In addition, the photo-response of perovskite films displays a pronounced 

heterogeneity across the grain boundaries, with the boundaries formed between grains of the same 

photoconductivity level displaying even enhanced photocurrent and open circuit voltage compared 
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to those of the adjacent grain interiors. These observations demonstrate that the texture structure 

impact the charge transport process due the orientation-dependent carrier mobility and the 

beneficial role of low-angle grain boundaries in perovskite thin film. Overall, the results in Chapter 

5 and 6 highlight the significance of controlling the microstructure of perovskite thin films in order 

to push the efficiencies to the limit.  
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Chapter 7 

High-performance inverted solar cells with a controlled ZnO buffer layer  

In this chapter, the impact of the processing temperature of ZnO cathode buffer layers on the 

device performance of OPVs is investigated. Using the sol–gel method, it is found that the processing 

temperature of ZnO cathode buffer layers significantly influences the device performance of inverted 

polymer OPVs composed of blended films of P3HT and PCBM.  In particular, ZnO processed at 

relatively low temperatures results in better device performance than those processed at higher 

temperatures despite the improved crystallinity and electron mobility of the latter. This finding is 

attributed to the tuning of the ZnO work function with the annealing temperature, which determines the 

interface energetics at the cathode and thus influences the open-circuit voltage, series resistance and fill 

factor. 

7.1 Impact of ZnO preparation temperature on device performance of organic photovoltaics 

Figure 7.1(a) illustrates the electronic structure of the inverted solar cells.266 In this 

electrically inverted structure, electrons are transported in PCBM to the ITO/ZnO cathode and 

holes in P3HT toward the MoO3/Ag anode. The concentration of zinc acetate (0.1 M), the thickness 

of ZnO (8 nm) and MoO3 (10 nm) films, and the annealing temperature of the P3HT/PCBM active 

layer (105 oC) were all optimized. The J-V characteristic curves for devices with a single layer of 

ZnO buffer prepared at 300 and 450 oC are shown in Figure 7.1(b). The average power conversion 

efficiency, and the corresponding Jsc, Voc, and FF are included in Table 7.1. The low-temperature 

annealing results in significant improvements of Voc, FF, and device performance. Figure 7.1(b) 

also suggests that Rseries increases with the temperature, leading to a smaller slope of the J-V curve 

at the open-circuit condition. Indeed, Rseries which is extracted by fitting the photocurrent J-V 
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curves to the Shockley diode equation267 is 10 Ω cm2 for the 300 oC case and 16 Ω cm2 for the 450 

oC case.  

 

 

Figure 7.1: Band diagram and J-V curves of inverted OPVs with ZnO processed at different 

conditions. (a) Layout of the inverted organic solar cell with ZnO as the cathode buffer layer and the 

schematics of energy levels before reaching the equilibrium (vacuum level alignment). (b) J-

V characteristics for devices based on a single layer ZnO cathode buffer prepared at 300 oC and 450 oC, 

respectively. (c) J-V characteristics for two devices based on a single layer ZnO cathode buffer prepared 

at 300 oC with one piece of the ITO substrate was preheated at 450 oC. 
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It is well known that the optical and electrical properties of the ITO substrate can be 

sensitive to high temperature annealing. Accordingly, to eliminate the impact of ITO at higher 

annealing temperatures, control experiments were performed with zinc acetate spun on pre-

annealed (450 oC) and pristine ITO substrates, followed by 300 oC annealing of both to create ZnO 

thin films. The J-V curves of the two devices are plotted in Figure 7.1(c), which show nearly 

identical performance, suggesting that any changes in the optical and electronic properties of ITO 

from the higher temperature annealing do not play a significant role here, distinct from an earlier 

report.102  

Table 7.1: Summary of the average solar cell performance parameters. Jsc, Voc, FF, and PCE 

for devices made of 0 layer (0L), 1 layer (1L), 2 layers (2L) and 3 layers (3L) ZnO buffer prepared 

at 300 and 450 °C, respectively. The performance parameters for 1L–3L samples are averaged 

over more than 10 devices at each condition, and the parameters for 0L samples are averaged over 

4 devices (the device area is 4.84 mm2), with the standard deviations included. 

ZnO buffer layer 
Jsc 

mA cm-2 

Voc 

V 
FF 

PCE 

% 

0L at 300 oC 9.7 ± 0.2 0.33 ± 0.01 0.43 ± 0.01 1.4 ± 0.1 

1L at 300 oC 10.5 ± 0.8 0.62 ± 0.01 0.60 ± 0.02 3.9 ± 0.3 

2L at 300 oC 10.4 ± 1.0 0.61 ± 0.02 0.58 ± 0.04 3.7 ± 0.6 

3L at 300 oC 10.2 ± 1.1 0.61 ± 0.02 0.59 ± 0.06 3.8 ± 0.8 

0L at 450 oC 9.6 ± 0.2 0.32 ± 0.01 0.41 ± 0.01 1.3 ± 0.1 

1L at 450 oC 9.7 ± 1.0 0.53 ± 0.04 0.52 ± 0.03 2.7 ± 0.5 

2L at 450 oC 9.7 ± 0.3 0.53 ± 0.03 0.52 ± 0.01 2.7 ± 0.2 

3L at 450 oC 9.6 ± 0.4 0.51 ± 0.04 0.51 ± 0.02 2.5 ± 0.3 

1L at 300 oC/ITO at 450 oC 10.1 ± 0.7 0.60 ± 0.02 0.58 ± 0.03 3.6 ± 0.3 

 

To further distinguish the contributions of the interface quality and the ZnO thin film 

conductivity, inverted devices with the ZnO buffer layer of various thickness were fabricated via 

multiple spin-coatings followed by thermal annealing at each step. As presented in Figure 7.2 and 
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Table 7.1, devices without ZnO buffer layer show diminished performance, likely due to the 

enhanced recombination at the cathode which decreases the shunt resistance, leading to reduced 

Voc and FF. Additionally, devices with the ZnO buffer layer processed at 300 oC consistently 

outperform those processed at 450 oC at each corresponding buffer layer thickness, where the 

different ZnO film thicknesses under a given annealing condition show similar performance in Voc 

and FF. This limited thickness dependence suggests that interface properties at the cathode are 

markedly influenced by the ZnO processing temperature, and the resistance of the ZnO thin film 

plays a lesser role in determining the performance of the inverted devices.  

 

Figure 7.2: J-V characteristics for devices with varied ZnO film thickness. 0 layer, 1 layer, 2 

layers and 3 layers of ZnO buffer prepared at 300 and 450 oC, respectively. 

7.2 Origin of the temperature dependence  

To clarify the underlying mechanisms of the improved device performance in inverted 

solar cells with the ZnO buffer annealed at 300 oC, comprehensive experiments were performed to 

investigate the potential effects of thermal annealing on the properties of ZnO thin films, including 
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optical transmittance, thin film crystallinity, surface morphology, and work function. After 

examining all these factors, it is discovered that interface energetics at the cathode plays the most 

dominating factor in determining the device performance.  

 

 

Figure 7.3: Transmittance and XRD spectra of ITO/ZnO films annealed at different 

temperatures. (a) Optical transmittance for bare ITO annealed at 450 oC and ZnO/ITO prepared at 

300 and 450 oC, respectively. The thickness of ZnO layer is about 8 nm. (b) XRD 2θ–ω spectra for ZnO 

films prepared at 300 and 450 oC on glass. The peak near 34.4 degree is characteristic for the diffraction 

of ZnO wurtzite phase. Inset: TGA curve of the zinc acetate gel. The significant mass loss near 300 oC 

corresponds to the complete thermal decomposition of zinc acetate precursor. 
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The optical transmittance of ITO/ZnO substrates is depicted in Figure 7.3(a) where the 

low-temperature annealed substrate yields a higher transmittance than the high-temperature 

annealed one in the visible range. However, such a difference mainly originates from the ITO 

substrate, as illustrated by the similar transmittance between the bare ITO and the ITO/ZnO 

substrates annealed at 450 oC, respectively. This observation implies a limited impact of the ZnO 

optical properties on the OPV device performance as the films are very thin.  

It has been well established that higher annealing temperatures lead to improved thin film 

crystallinity and enhanced electron mobility.97, 230, 268 As presented in the XRD data of ZnO thin 

films in Figure 7.3(b), samples annealed at 300 oC show amorphous structures, whereas a 

pronounced ZnO (002) peak is observed in thin films processed at 450 oC. One may expect to 

obtain better electron transport, reduced Rseries and therefore enhanced fill factors in devices with 

high-temperature processed ZnO films. However, the devices processed at 300 oC show better 

performance, including fill factor which suggests that there are other dominant factors 

compensating the crystallinity and mobility effect. It is worth noting that annealing the ZnO buffer 

layer below 300 oC results in significantly reduced device performance, which likely stems from 

the incorporation of residue zinc acetate in the ZnO film as indicated by the thermogravimetric 

analysis (TGA) of zinc acetate (inset of Figure 7.3(b)).  

The roughness and homogeneity of ZnO thin films are also investigated with AFM. Figure 

7.4(a) and (b) are AFM images of the single layer ZnO film prepared at 300 and 450 oC. The film 

prepared at 450 oC is rougher with a root mean square (rms) roughness of 2.2 nm as compared to 

the film prepared at 300 oC (rms of 1.7 nm), which might result in a higher leakage current (smaller 

Rshunt) and enhanced recombination between injected holes and photo-generated electrons at the 

cathode. However, this difference in roughness is unlikely to be the driving force for the 



137 

 

performance difference observed between various annealing conditions since the OPV device 

performance is not strongly dependent on the ZnO film thickness, as suggested in Figure 7.2, even 

though the multiple layer coating is expected to improve the compactness of the ZnO film and thus 

reduces the leakage paths.  

 

Figure 7.4: AFM images of ZnO films processed under different conditions. (a) and (b) are 

tapping-mode AFM morphology images of single layer ZnO thin film deposited on the ITO substrate 

and subsequently annealed at 300 °C and at 450 °C, respectively. The image size is 1 × 1 μm2. 

(a)

(b)
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7.3 Tuning of the ZnO work function and interface energetics at the cathode  

In the inverted bulk heterojunctions where the exciton dissociation occurs predominantly 

at the P3HT/PCBM interface, the capability of ZnO as the cathode buffer layer to collect photo-

generated electrons from the PCBM directly determines the charge collection efficiency. Thus, the 

energy alignment (or rather, collection barriers) at the ITO/ZnO and ZnO/PCBM interfaces is 

crucial to the device performance.  

KPFM is a useful tool to measure the work function of electrodes and the interface 

energetics in solar cells.61, 269-270 It is worth mentioning that oxygen molecules adsorbed on ZnO 

grain boundaries can trap free electrons and cause a depletion layer near the surface.271-273 

Accordingly, the interface energetics between ZnO and photoactive materials and the resultant 

transport properties (in dark) in solar cell devices can be impacted. It is found that light soaking 

using the solar illuminator is effective at removing these surface states, after which the dark current 

and the photocurrent merge together in the forward bias. The work functions obtained at such 

conditions are summarized in Table 7.2.  

Table 7.2: Work functions (in eV) of ITO, ITO/ZnO, and ITO/ZnO/PCBM measured by KPFM. 

The ITO and ITO/ZnO are annealed at 300 and 450 °C, respectively. A representative error bar is ±0.04 

eV 

ZnO preparation temperature ITO ITO/ZnO ITO/ZnO/PCBM 

300 °C 4.77 4.36 4.34 

450 °C 4.76 4.53 4.38 

 

The energy level alignments between ITO, ZnO and PCBM from KPFM are shown in 

Figure 7.5, where the depletion widths and band bending are inferred. One can see that the ZnO 
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work function has been tuned by thermal treatment where the Fermi level in the 300 oC annealed 

film is positioned in closer proximity to the conduction band edge, as compared to the one annealed 

at 450 oC. This implies that the former sample is more heavily n-doped by native defects, including 

Zn interstitials and oxygen vacancies, that have been partially annihilated by annealing at higher 

temperatures because of the improved thin film crystallinity.268, 274 Consequently, the width of the 

Schottky barrier formed at the ITO/ZnO interface may be significantly reduced in the samples 

annealed at 300 oC, as shown in Figure 7.5.  

 

Figure 7.5: Schematic of the interface energy level alignment at different interfaces. (a) and (b) 

are schematic band diagrams to illustrate the energy level alignment at the interfaces for devices based 

on the 300 and 450 °C processed ZnO films, respectively, as deduced from KPFM measurements. 

In addition, it is found that the Fermi level of the ITO/ZnO cathode is pinned at the negative 

integer charge transfer state (EICT-) of PCBM for both samples within the experimental error. As 

shown in Figure 7.5(a), in the 300 oC case, a neutral contact is formed at the ZnO/PCBM interface 

(a) (b)(a) (b)
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as a result of the alignment of energy levels between the cathode and PCBM. While for the ZnO 

film annealed at 450 oC, although its work function falls well within the transport gap of PCBM 

so that one may expect the vacuum level alignment at the interface,68 KPFM results suggest that 

the Fermi level is still pinned at the EICT- of PCBM, leading to the formation of an interface dipole. 

Two possibilities are proposed to reconcile the discrepancy. First, the charge transfer behavior 

between ZnO and PCBM may be disturbed by the existence of interface gap states.67 Second, if 

the PCBM film is unintentionally doped by impurities, the imbalance in work functions upon 

contact with the ITO/ZnO cathode (450 oC) can be compensated by the electron flow from PCBM 

to the cathode.269-270  

Finally, the impact of the interface energetics on the solar cell device performance is 

discussed. As presented in Table 7.1, the devices made of the 300 oC annealed ZnO cathode buffer 

display a higher FF, a larger PCE and an optimal Voc as obtained in the P3HT:PCBM systems with 

ohmic contacts.72, 275 On the contrary, Voc, FF, and PCE are reduced by about 15 %, 13 %, and 

31 %, respectively, in the devices composed of the 450 oC annealed ZnO film. These findings 

suggest that there are several factors contributing to the enhanced performance in devices 

composed of the ZnO buffer layer processed at 300 oC. (1) Charge collection at the ITO/ZnO 

interface may be improved by electron tunneling through the Schottky barrier of reduced width; 

(2) the Fermi level of the ITO/ZnO cathode lines up with the EICT- of PCBM which enhances the 

electronic coupling at the interface and minimizes the Voc loss. In contrast, the extraction barrier 

at the ZnO (450 oC)/ PCBM interface may result in a significant charge accumulation and the 

consequent recombination loss at the interface; (3) these two effects also contribute to the low 

contact resistance, thereby a smaller Rseries and a larger FF in the 300 oC case.  
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7.4 Conclusion 

The inverted solar cells with controlled ZnO cathode buffer layers in the ITO/ZnO/ 

P3HT:PCBM/MoO3/Ag structure are fabricated, which are comparable to the best conventional 

cells. Through comprehensive characterization of the surface morphology, thin film crystallinity 

and optical and electrical properties, it is discovered that the tuning of the ITO/ZnO work function 

and the interface energetics play a dominant role in determining the device performance for sol–

gel processed ZnO. These findings could aid in the design and interface engineering of high quality 

OPVs incorporating ZnO buffer layers on low temperature, flexible substrates 
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Chapter 8 

Conclusions and future work 

8.1 Summary of results 

 To boost the device performance of photovoltaic devices, it is critical to understand the 

impact of microstructures, such as the thin film texture, grains and grain boundaries, on the device 

performance, especially for devices composed of polycrystalline films. A strong correlation 

between the efficiency and microstructure is demonstrated in organic-inorganic hybrid perovskite 

solar cells, which is one of the most promising candidates for the next generation of 

commercialized photovoltaic devices. 

 As shown in Chapter 5, by adopting the ramp annealing process, both the morphology and 

the texture structure of polycrystalline perovskite thin films can be effectively tailored. Compared 

with the complicated two-step or solvent/vapor annealing methods as introduced in Chapter 4, the 

ramp annealing treatment reduces the complexity during the thin film processing yet still enables 

high-quality perovskite devices, which is advantageous for the large-scale manufacturing process. 

By employing EIS measurements, the impact of texture structure on the carrier dynamic processes, 

such as carrier transport in the bulk and charge collection at the interface, is elucidated. Though 

the interface, instead of the bulk, has been argued to render severe recombination in perovskite 

devices, this finding indicates the importance of controlling the crystallinity/texture of perovskite 

thin films. Also, the enhanced texture structure in perovskite thin films is accompanied by an 

increase in the number of low-angle grain boundaries. It is well-known that there is a higher density 

of defects at GBs due to the broken symmetry of the crystal planes. The defects in perovskite thin 

films have been theoretically investigated, and the results show that they do not generate mid-gap 

states or act as recombination centers. However, the detrimental role of them has been observed 
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experimentally. Taking these factors into consideration, it is necessary to investigate the impacts 

of different types of grain boundaries on the performance of perovskite solar cells.  

 Pc-AFM and KPFM, which provide nano-scale resolution on charge transport, are 

employed to investigate the contributions of grains and grain boundaries to the overall efficiency 

of perovskite devices. For the perovskite thin film consisting of multiple grains stacked in the 

vertical direction, the measured current would be convoluted by grains and grain boundaries in the 

film. Unfortunately, the issue of grain and grain boundary stacking has been largely neglected in 

most of the previous AFM studies on perovskite thin films. To isolate the contributions of different 

types of grains and grain boundaries, it is crucial to employ perovskite thin films with columnar 

structures, where the orientation dependent photoresponse of grains and the heterogeneous 

behaviors of grain boundaries are observed. In details, the discrete photocurrent levels and anti-

correlation behavior between the photocurrent and photovoltage measured by the local J-V curves 

on different grains indicate that the crystalline orientation of grains (extracted separately by the 

EBSD measurement) impacts carrier transport properties. These observations support the 

proposition of the correlation between crystal orientation and carrier mobility. In addition, pc-

AFM results indicate the non-detrimental role of grain boundaries in perovskite thin films with 

low-angle grain boundaries showing improved photocurrent and photovoltage. The downward 

band bending at GB, as revealed by KPFM, serves to attract electrons and repel holes. 

Consequently, GBs enhance the carrier transport and suppress the recombination. These 

discoveries point out the importance of controlling the grain orientation and low-angle grain 

boundaries in perovskite thin films for achieving efficient devices.  

 In addition to perovskite solar cells, OPVs have also drawn a significant amount of 

attention due to the low cost and mechanical flexibility. Besides the active layer, the interface is 
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also crucial in determining the device performance. In bulk heterojunction solar cells, it requires a 

high selectivity at the electrodes due to the existence of both donor and acceptor at the interface. 

By tuning the post-annealing temperature of sol-gel processed ZnO film, the work function of the 

cathode is tuned. The mechanism of work function tuning is the variation in the density of intrinsic 

defects, which acts as the dopant, with annealing temperature. By controlling the defect density, a 

sharp Schottky barrier is formed between ITO (cathode) and ZnO (electron transport layer), which 

electrons can tunnel through. Accordingly, the charge injection efficiency is improved. These 

findings not only aid in the design of OPVs but demonstrate the importance of interfacial 

engineering process which helps reduce the energy loss and improve the device performance.  

 Overall, the carrier transport and charge collection processes have been investigated in 

different types of solar cells. For devices composed of polycrystalline films, like perovskite solar 

cells, it is critical to understand the influence of microstructures on device performance. In Chapter 

5, the correlation between device performance and texture structure of perovskite thin film is 

discovered in MAPbI3 based perovskite solar cells. The ramp annealing treatment is an effective 

way to tune the crystallinity. Nevertheless, in order to largely enhance the texture structure of 

perovskite thin films, many methods can be conducted such as doping the material with chloride. 

For GBs, only low-angle GBs in perovskite thin films demonstrate a beneficial role as revealed in 

this work, which is likely related to the varied defect chemistry. By modifying the defect chemistry, 

such as adding extra CH3NH3I, the majority of the GBs may be activated and show a higher 

conductivity.276 Additionally, interfacial engineering can effectively enhance the charge collection 

at the interface and thus contribute to the device performance. Ideally, the formation of Ohmic 

contacts at the interfaces is expected for efficient charge collection. In our study in Chapter 7, 

though a Schottky barrier is formed at the interface, by controlling the width of the barrier, an 



145 

 

effective charge collection is enabled with electrons tunneling through the barrier. These 

discoveries provide deep physical insights into the impact of microstructures on the physical 

processes in photovoltaic devices and offer new strategies of device engineering to improve the 

overall efficiency.  

8.2 Future work 

 As we have extensively discussed, AFM measurements are capable of providing nano-

scale information. However, taking the c-AFM or pc-AFM measurements as an example, the 

transport properties measured locally are convoluted between the surface/contact and the bulk. On 

one hand, as discussed in Chapter 5, EIS is capable of disentangling the physical process occurring 

in the bulk and at the contact of solar cell devices at the macroscopic scale. Thus, the incorporation 

of EIS into AFM will be powerful at revealing the relevant physical processes at the nanoscale, 

offering unprecedent insights into the operation of solar cells and the limiting factors of the device 

efficiency.   

 As mentioned in Chapter 3, one of the challenges faced in perovskite solar cells is the 

hysteresis issue which is likely associated with the ionic migration. It has been suggested that the 

ions move faster along grain boundaries due to the high density of local defects.193, 277 Beyond the 

Rs which would increase upon the accumulation of ions at the interface, the interfacial capacitance 

(C1) in the equivalent circuit as shown in Chapter 5 is also likely impacted by the ion accumulation 

at the interface. Therefore, by performing EIS measurements at grain interiors and grain 

boundaries, the potential impacts of grain boundaries on the ion migration could be revealed. In 

addition, similar to the carrier transport, the migration path of ions could also depend on the crystal 

orientation. By comparing the impedance responses on various grains of the different (hkl) 

orientation, information on the orientation-dependency of ion migration could be illustrated.  
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To commercialize perovskite solar cells, it is essential to improve the stability of the 

devices. Due to the broken symmetry, the moisture in the ambient atmosphere is more likely to 

diffuse into the perovskite film at GBs. The consequence of the decomposition is the formation of 

volatile CH3NH2 and hydroiodic acid (HI), leaving PbI2 in the film. PbI2 demonstrates a large 

bandgap and poor carrier transport properties. Therefore, the decomposition of perovskite 

materials would diminish the conductivity resulting in the increase of Rs. Furthermore, the 

dielectric constant of PbI2 and perovskite materials is different, and the C2 as defined in the 

equivalent circuit would be affected. By comparing the impedance response of grain and grain 

boundary, the decomposition process in the perovskite thin films could be spatially resolved.   

 It is worth pointing out that it is difficult to determine the “device” area in EIS measurement 

performed with AFM due to the point-contact between tip and sample and the spread-out of the 

electric field. Thus, it might be challenging to solely analyze the capacitance and resistance since 

their values depend on the effective “device” area. However, parameters, such as time constant, 

would be more characteristic since the variation in the effective area is canceled out by the 

multiplication of resistance and capacitance.  
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APPENDIX 

 

This part would focus on the spin-coating method and the fabrication process of perovskite 

solar cells. The film quality, such as morphology, surface coverage, crystallinity and defect density, 

impacts the device performance. Therefore, it is essential to prepare films with high quality. The 

most widely used method for the fabrication of perovskite films and devices is the spin-coating 

deposition. Spin-coating deposition is one of the most widely used techniques to prepare thin films 

with the thickness ranging from a few nanometers to microns on a flat substrate. The advantages 

of spin-on deposition are the easy setup and the high uniformity. 

Generally, two steps are involved in the spin-coating process. The first step is to dispense 

the precursor solution onto the substrates. To ensure the surface coverage and uniformity, it 

requires the solution to fully cover the substrate, which is determined by the surface tension of the 

solution and the surface energy o the substrates. Precursors with a low surface tension tend to 

spread-out well over the substrates. Also, when the surface energy is high, it is more favorable to 

cover the substrate with precursors to minimize the surface energy.  A good example to illustrate 

the dispensing issue is the preparation of PEDOT:PSS layer. PEDOT:PSS (organic salt) is 

dissolved in water. The solution demonstrates a high surface tension, which poses the challenge in 

the dispensing process.  To overcome this issue, ITO substrates are treated with oxygen plasma 

which increases the surface energy by adding -OH groups to the surface. Yet, it enhances the 

interaction of the solvent (H2O) and the ITO surface via the formation of hydrogen bond. Therefore, 

the PEDOT:PSS film with high surface coverage is achieved. 

The second step is spinning which includes two stages. At first, most of the precursor 

solution is removed when the spinning starts. Then, the remaining solute and solvent start to 
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densify with further removal of the solvent molecules. In this step, the film quality such as surface 

coverage and crystallinity is further impact by the solvent used in the precursor solution. When the 

boiling point of the solvent is low, it evaporates fast during the spin-coating, leading to films with 

high surface coverage but low crystallinity. On the contrary, the long time is required to remove 

the solvent molecules with a high boiling point, which promotes the order of the molecular 

arrangement (crystallinity). However, due to the strong interaction between precursor molecules 

compared with precursor and substrates, the solute molecules tend to grow into islands, which 

reduces the surface coverage. To achieve thin films with both high surface coverage and 

crystallinity, the mixture of solvents with high and low boiling points could be adopted. The 

densification of the film is completed while the solvent with a low boiling point is removed. The 

remaining solvent molecules with a high boiling point would assist the arrangement of the 

precursor molecules. 

 

Figure A. 1: Solvent engineering of spin-coating method preparing halide perovskite thin film: 

the impact of the boiling point of the solvents.  

For perovskite materials, the commonly used solvents are DMF, DMSO and γ-

butyrolactone (GBL). In this work, PbI2 and CH3NH3I are first dissolved in DMF to fabricate the 

Factors impacting spin-on film quality 

8 Preparation of organic/inorganic thin films by spin-on deposition

• boiling point of solvent molecule

Film quality:

uniformity of surface coverage and thickness, order of molecular arrangement

high boiling point 

high order + low coverage

low boiling point 

high coverage + low order

mixture of solvents

high coverage + high order

Spin
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planar-structured perovskite solar cells. But the surface coverage is quite low when spin-coated 

onto PEDOT:PSS substrates. Two strategies are developed to improve the surface coverage. The 

first way is by adding toluene (2%) to DMF. The boiling point of toluene is 110.6 oC which is 

lower than that of DMF, which accelerates the evaporation of the solvent. Also, the solubility of 

PbI2 in toluene is very low, leading to the fast densification of precursors on the substrates. The 

SEM images of perovskite films prepared with different precursor solutions are illustrated in 

Figure A.2. In addition to the improvement of surface coverage, the grain size also increases. A 

further study on the impact of toluene on the film quality of perovskite, such as grain size and 

crystallinity, is necessary in the future. 

 

Figure A. 2: SEM images of perovskite films prepared from precursors with different solvents. 

(a) and (b) are the top-view and cross-section SEM images of perovskite films prepared from DMF. 

(c) and (d) are the top-view SEM images of perovskite film prepared from DMF/Toluene and 

DMF/DMSO solvents.  

500 nm

DMF

100 nm

DMF+Toluene

500 nm

DMF+DMSO

(a) (b)

(c) (d)
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The other way is by using the mixture of DMF and DMSO. Though the boiling point of 

DMSO is higher than DMF, it is discovered that DMSO reduces the surface tension of the 

precursor solution and induces the formation of intermediate phase.  As discussed in Chapter 5, 

the intermediate phase demonstrates a large d-spacing compared with PbI2, which facilitate the 

formation of perovskite phase by promoting the incorporation of organic cations (CH3NH3
+). 

Consequently, the addition of DMSO improves the dispensing of precursor solution and 

accelerates the crystallization of perovskite materials. The corresponding SEM images are shown 

in Figure A.2. The smaller grain size of perovskite films processed with DMF/DMSO is likely due 

to the fast crystallization induced by the intermediate phase, which limits the mass transport and 

growth of perovskite grains.  

In Chapter 6, to grow perovskite films with columnar structures, two-step spin-coating is 

adopted together with solvent annealing. The purpose of using two-step instead of one-step is to 

retard the crystallization of perovskite films. As shown in Figure A.2, the accelerated nucleation 

results in small grain sizes.  Therefore, by spin-coating PbI2 and CH3NH3I separately, it requires 

Pb2+, I-, and CH3NH3
+ to diffuse across the film in order to form the perovskite phase. To further 

increase the grain size, the solvent annealing is employed. By annealing the perovskite film in the 

DMF vapor, the diffusivity of ions is improved which enhance the growth of each grain. It is worth 

mentioning that the perovskite film is very sensitive to the DMF vapor. Too much DMF would 

lead to the decompose of perovskite phase into PbI2. Therefore, the amount of DMF depends on 

the sample size (area and thickness) and the volume of the “chamber”. For example, when 

preparing the film of 100 nm, 10 microliters DMF is enough to make columnar grains. However, 

when preparing films with 1-micron thickness, 20-30 microliter DMF is needed. In addition, the 

annealing time extends from 30 min to 5 hours. Other solvents, such as DMSO and GBL, are also 
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used in the solvent annealing. But the film quality is not comparable to that of DMF. It is likely 

due to their higher boiling point which requires a higher annealing temperature. And the perovskite 

film would decompose at elevated temperatures. Another factor that would impact the film quality 

is the morphology of PbI2 layer. We have observed that the film quality is better when the PbI2 

layer is annealing for 1-5 min. Further systematic studies on the impact of PbI2 (morphology and 

crystallinity) on the final film quality in the solvent annealing is necessary.  

In this work, the thickness of perovskite films has also been tuned by controlling the 

concentration of the precursor solution. The film thickness increases linearly with the 

concentration within a certain range. However, the concentration is also limited by the solubility. 

When depositing perovskite films of 1 micron, the precursor solution is heated at 80 oC. The 

preheat treatment of precursor may also reduce the viscosity of the solution which benefits the 

dispensing of the precursor. The other approach is to adjust the spin-speed. The film thickness is 

reversely proportional to the square root of spin-speed. So, the film thickness varies 3 times when 

the spin-speed varies 10 times. The concern is that spin-coating at low speed could reduce the 

uniformity of the film. Consequently, it is recommended to tune the film thickness via adjusting 

the concentration.  

The film quality is critical in determining the efficiency of photovoltaic devices. Compared 

with other deposition methods, the spin-coating method is simple and facile. And the thin film 

properties such as morphology and crystallinity can be effectively engineered by solvent 

formulation and process control. 
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