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ABSTRACT 

    Two-dimensional (2D) materials have unique properties compared with the 

traditional materials. Graphene, as one of the most fundamental 2D materials, was first 

isolated by mechanical exfoliation in 2004. This work also led to Nobel Prize in Physics 

in 2010 for the researchers. Graphene exhibits many significant properties, including 

high carrier mobility, remarkable mechanical properties, high light transmittance and 

large thermal conductivity. The defects intensities related issues of graphene deeply 

influence the exfoliation of graphene nanosheets and impermeability. In this thesis, we 

design two experiments which related to the graphene defects densities: (a) A 

theoretical model of mechanically exfoliated graphene size distributions identification 

and comparison with the experimental statistics results; (b) Improved air-stability of 

organic-inorganic perovskite with anhydrously transferred graphene 

    We first develop a theoretical simulation model about the mechanical process and the 

size distributions of the tape-assisted graphene mechanical exfoliation. In addition, we 

compare the simulation results with the experiment results to confirm the validity of 

this theoretical model. 

    In addition to the size distribution identification of mechanically exfoliated graphene, 

the impermeability of graphene layer is also related to the defects density. Perovskite 

films are successfully protected by graphene barrier to the moisture. The improved 

stability is resulted from the protection of graphene impermeability properties. 
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CHAPTER 1  Introduction: Properties of 

graphene nanosheets related to its defect density 

In 2004, Andre Geim and Konstantin Novoselov first exfoliated and characterized 

monolayer graphene, which becomes the beginning of the rapid development of two-

dimensional (2D) materials.1 In different with the traditional materials, graphene   

exhibits many unique and significant properties, such as high carrier mobility, 

remarkable mechanical properties, high light transmittance and large thermal 

conductivity. These properties make graphene a suitable material for many electronic 

devices, including transistor, photodetector, and solar cell.  

   However, the defect issue is significant for graphene, which can influence the 

performance of graphene assisted devices. In addition, as one of the fundamental 

methods of graphene preparation, mechanical exfoliation method is also highly related 

to this issue.1 To discuss this issue of graphene, the mechanical process of graphene 

exfoliation required deeply discussed. Three different kinds of tapes were used to 

confirm the correction of model, including 3M Scotch tape, 3M Scotch tape with plastic 

film backing and Nitto tape with plastic film backing. Scotch tape shows the larger 

adhesive energy than Nitto tape, which the additional plastic film backing is hard 

enough to make these two kinds tape exhibit similar bending stiffness. With the help of 

this theoretical model, the size distributions of mechanically exfoliated graphene can 

be controlled by tape selection. In addition, Weibull shape parameter (α) is also found 

as an important parameter of graphene mechanically exfoliated size distribution. We 
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first introduce Weibull shape parameter (α) in predict the size distribution in the 

mechanical exfoliation of graphene by three different tapes. The theoretical results are 

also confirmed by the statistic results of experiments. 

   Furthermore, the impermeability of graphene is also an important property related to 

material defect density.2 For perfect graphene layer, even the smallest molecules cannot 

go pass even monolayer graphene nanosheets. The remarkable impermeability of 

graphene makes it a wonderful barrier for unstable materials. Graphene has been 

applied as protection barrier for many materials, including CdS and silver films. 

Perovskite material shown great potential for energy harvesting devices, light emission 

devices and photodetector. However, the poor stability, especially moisture stability, 

hinders its applications from laboratory to commercial market. There are several 

strategies have been discussed for improving the stability of perovskite, which still 

exhibit many disadvantages to perovskite material. In this thesis, we illustrate 

anhydrously transferred graphene for perovskite materials humidity stability. With the 

help of graphene’s high impermeability, perovskite thin films are effectively protected 

from moisture and exhibit improved stability. The graphene transferred play the role as 

a protective barrier for perovskite from moisture without affecting the light absorption 

of perovskite film. The AFM and SEM images further confirm the graphene coated 

onto perovskite film and that the PMMA supporting layer is removed. Perovskite 

(MAPbI3) attracted great attention for its competable light absorption in energy 

harvesting devices. Graphene with high light transmittance is the perfect material for 

perovskite protection. To successfully coating graphene onto perovskite film, an 



14 
 

anhydrous transfer method is developed, which also have potential for large-area 

graphene transfer. Different layers of graphene were transferred for perovskite 

protection. With the increasing numbers of graphene layer coated, the better stability of 

perovskite achieved. Increasing numbers of graphene reduce the pinholes in the 

graphene layer, which is also related to the defects and pinholes density of graphene.  

   In consideration of these issues related to the defects in graphene, two projects will 

be developed and discussed about graphene’s mechanical properties and 

impermeability: (a) A theoretical model of mechanically exfoliated graphene size 

distributions identification and comparison with the experimental statistics results; (b) 

an anhydrous graphene transferred for organic-inorganic hybrid perovskite. 

   In this thesis, three parts will be included to introduce the projects achieved in my 

M.Phil. study. Parts 1 (Chapter 1) illustrates a brief introduction of the significance of 

graphene defect density related issues. Part 2 (Chapter 2-4) introduce the two projects: 

a theoretical model of size distribution of mechanically exfoliated graphene nanosheets 

and improved hunidity-stability of hybrid perovskite films with transferred graphene 

protection barrier. Part 3 (Chapter 4) summarizes the experiments results discussion 

and gives an outlook for further researches. 
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CHAPTER 2  Size identification of 

mechanically exfoliated graphene  

2.1  Introduction 

  Graphene have been extensively applied in many electronic devices,1 because 

graphene has remarkable mechanical and electronic proprieties. Graphene provides 

great potential in improving the performance of current photoelectronic devices. There 

are several strategies developed to fabricate few layers graphene, including mechanical 

exfoliation, reducing graphene oxide, and chemical vapor deposition. Among these 

fabrication methods, mechanical exfoliated graphene exhibits good quality and simple 

transfer process, which make it suitable for laboratory applications. However, the sizes 

of mechanically exfoliated graphene are random and unpredictable, while the size of 

graphene are accurate preferred in exact designed devices. To obtain different sizes of 

graphene, different types of tapes, such as Scotch tape and Nitto tape, were used in 

consideration of their different mechanical proprieties. In many cases, large-size 

graphene is required for device assembly and material grow. In this project, a theoretical 

model of mechanical exfoliation process of graphene and the size analysis of graphene 

exfoliated by different tape was discussed. In the introduction part, the fundamental 

property of graphene crystal structure and the graphene exfoliation methods were 

briefly reviewed. The theoretical model and size statistics analysis were discussed 

followed the introduction section in section 2.2.the mechanical exfoliation process of 
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graphene was discussed. 

    As graphene have many wonderful properties for electronic devices, the fabrication 

and transfer methods of graphene have been a hotspot. One of the most common 

methods to obtain clean few layer graphene is mechanical exfoliation by tapes. 

However, the sizes of few layer graphene are random which can hardly meet the 

requirements of different research. By investigating the mechanical exfoliation process 

of graphene, we can choose proper tape for graphene to obtain ideal sizes for devices 

fabrication. In addition, the model we investigate can help to find out the quality of 

graphene by statistics data fitting. 

2.1.1.  Carbon materials 

Carbon is the 6th element in the periodic table of elements. The word “carbon” is 

original from the Latin word “carbo”, which means “coal" in English. In the periodic 

table of elements, C is the symbol of carbon. The element carbon was discovered in 

prehistory in the form of soot and charcoal. Carbon is abundant in earth by mass, which 

is the 15th most abundant elements in the earth crust and the 4th most abundant element 

in the universe. This element is located at non-metallic area in element table. The 

element carbon has 3 isolates in the nature. 12C and 13C are stable, while 14C is a 

radionuclide, decaying with a half-life of about 5,730 years.3 

There were many crystalline forms of carbon materials in the world, including 

graphite and diamond, which are identical in chemical composition but different 

physically. As these materials are all formed by single elements, carbon, they can turn 
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to each other under specific conditions, which means they are different phases of carbon. 

Figure 2.1 Phase diagram of carbon. shows the phase transition of graphene under 

different air pressure and temperature.3 

 
Figure 2.1 Phase diagram of carbon.4 

 

The graphite and diamond are two most thermodynamically wide-range solid 

phase in this carbon phase diagram. It is easy to conclude from the phase diagram that 

at ambient pressure graphite tends to sublimate instead of melt when heated. In addition, 

graphite transfer into diamond only at high-pressures (10 GPa), which indicates 

graphite is a more stable phase than diamond at room temperature.3, 5 

 

2.1.2.  Carbon allotropes  

   The allotropes are different forms of a same element. For carbon element, there are 

several allotropes, including diamond, graphene, graphite, amorphous carbon, 

lonsdaleite, Q-carbon, Linear acetylenic carbon, fullerenes and carbon nanotube. These 
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allotropes are formed in sample element, carbon, but different in crystalline structures. 

For example, the two most common carbon allotropes of carbon are diamond and 

graphite. Diamond is an extremely hard material, while graphite is much softer. 

Diamond and graphite show dramatic difference in mechanical and electronic 

properties.  

2.1.3.  Graphene exfoliation methods 

2.1.3.1.  Mechanical exfoliation 

    The most common method to obtain high quality and clean few layer graphene is 

mechanical exfoliation. The mechanical forces of stirring, shaking, or ultrasonication 

are used to break the van der Waals forces for few layer graphene fabrication. 

Intercalating agents, surfactants, and chemical functionalization are also used to 

diminish van der Waals interactions and keep exfoliated products suspended in 

solution.6   

2.1.3.2.  Thermal exfoliation 

     Thermal exfoliation techniques are also capable of achieving near-complete 

exfoliation into single-layer materials. These methods attempt to achieve full exfoliated 

graphene.6 During the heating process, the functional groups attached to the graphitic 

layers decompose and produce gases that build up a pressure between adjacent graphitic 

layers.6 Exfoliation occurs when this pressure exceeds the van der Waals interlayer 

attractions.6 
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2.1.3.3.  Other methods 

     Several new and promising exfoliation methods have emerged, including 

electrochemical exfoliation, thermal quenching of graphite and supercritical fluid 

exfoliation.6 These new methods also shows good exfoliation results. 

2.1.4.  Mechanical exfoliation process of two-dimensional 

(2D) materials 

2.1.4.1.  Peeling model of peeling  

Graphene, as one of the most fundamental 2D materials, was first isolated by tape- 

assisted mechanical exfoliation in 2004 by Andre Geim and Konstantin Novoselov.1 

This work also led to Nobel Prize in Physics in 2010 for the researchers. Graphene 

exhibits many significant properties, including high carrier mobility, remarkable 

mechanical properties, high light transmittance and large thermal conductivity. 

However, the process of tape assisted graphene mechanical exfoliation are seldom 

reported. In addition, the tapes researchers used for graphene mechanical exfoliation 

are determined by empirical support. The mechanical properties of tapes and its 

influence on the size distributions of graphene still remains unclear. To identify the 

graphene size, the mechanical process need to be identified first. 

As reported by Kruglovae et al., the model of adhesive layer when peeling on the 

different shape of surface is shown in Figure 2.2.7 F is the peeling force at the free side 

of the tape and r is the radius of curvature. The geometry illustration, especially the 



20 
 

radius r, provides significant parameter for graphene mechanical exfoliation analysis.7 

 

 

Figure 2.2 Schematic illustration of cross section of tape peeling from the substrates. r is the 

radius of curvature of the ridge connecting the flap to the substrate, L is the length of this ridge, 

and F is the applied force.7 

 

2.2  Size analysis of mechanically exfoliated graphene 

2.2.1.  Motivation 

    Graphene have been widely used as electrodes and function layers in electronic 

devices, such as phototransistor, photodetector, and solar cell. To obtain suitable 

numbers of graphene layer, many methods of graphene fabrication including, 

mechanical exfoliation, CVD and liquid exfoliation.8 Meanwhile, different transfer 

methods have been developed to fit these fabrication methods, such as PMMA transfer 

method for CVD grown graphene. PMMA-assisted transfer methods are usually used 

for transfer CVD-grown graphene from metal substrate (Cu) to target substrate. 
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However, during this transfer process, the PMMA could residual on graphene sheet 

because of PMMA’s not entire dissolution, which may cause degraded performance for 

electronic devices. Liquid exfoliation required high energy level sonicating treatment 

and organic solvent, which may cause defects in crystal lattices.8 Among these methods, 

mechanical exfoliation method by a simple tape are widely applied for graphene 

exfoliation as its convenient process and high-quality graphene exfoliated. In addition, 

the tape-assisted mechanical exfoliation method combines exfoliation and transfer 

progress together, which is one of the simplest methods to obtain graphene thin film 

and transfer it onto target substrate.  

    However, in practical, the graphene used in electronic devices has size requirements. 

The tape-assisted mechanically exfoliated graphene usually shows random distribution 

for each peeling result, which makes this method need multiple attempts. In addition, 

the graphene transferred substrates need to be characterized under optical microscope 

for graphene layer thickness identification. In consideration of different kinds of tapes 

used for graphene mechanical exfoliation showing different mechanical properties, 

such as 3M Scotch tape and Nitto tape, the size distributions of graphene exfoliated by 

different tapes are supposed to be different. However, the size differences of graphene 

exfoliated by different tapes are neglected, because these differences are hard to identify 

by single piece of graphene film, which is random and unpredictable 
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2.2.2.  Experiment 

 

Figure 2.3 Schematic illustration of tape-assisted graphene mechanical exfoliation process, and 

graphene transferred onto SiO2 (300nm)/Si substrates. 

 

    The mechanical exfoliation process of graphene is schematically illustrated in Figure 

2.3. The graphene crystal was stuck at a Scotch tape with the adhesive layer upwards. 

A 10 cm long Scotch tape was cut off, and the left right side of the tape was pressed on 

the graphite crystal. An applicator was used to squeeze out the air at the interface of 

graphite and the tape. Afterwards, a proper downwards pressure was forced on the tape 

by finger, where the graphite crystal located. Finally, the right side was picked up, and 

slowly peeling from the graphite crystal. To keep the peeling process in the same way, 

which are supposed not to influence the results of graphene sizes, the right side of tape 

was picked up straightly up during the entire peeling process. 

    The transfer substrates in this work was 300 nm SiO2 coated silicon wafer film. The 

300 SiO2 provide significant optical contrast for graphene sheet thickness 
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characterization by optical microscope. The substrates were clean by were cleaned with 

acetone, isopropanol (IPA) and DI water. After that, the substrates were dried by a N2 

gas gun. The cleaned substrates were store in dry box from pollutions.  

    After peeling from the graphite crystal, the tape was stuck onto the SiO2/Si substrates. 

A proper downwards pressure was forced on the tape by finger. After that, the tape was 

peeled from the substrates with a tweezer keeping SiO2/Si substrates on table.  

Two kinds of tape were used in the peeling process, including 3M Scotch tape and 

Nitto tape. In addition, to change the mechanical properties of tapes, a thick plastic film 

was stuck on the backing layer of tape. This plastic film was much harder than Scotch 

tape and Nitto tape. As shown in Figure 2.4, the thickness, the length, and the width of 

this plastic film were about 3.0 mm, 15.0 mm, and 55.0 mm respectively. 

 

 
Figure 2.4 Plastic film used for hybrid tape. 

 

As shown in Figure 2.5, the plastic film was stuck on the backing layer of the tape 
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(3M Scotch tape and Nitto tape) by a layer of double-side tape. Proper force was applied 

on the plastic film to wipe out the air at the interfaces of each layers. As the plastic film 

is much harder than tape’s backing layer, the mechanical properties of tapes were 

substantial changed. 

 

 
Figure 2.5 Schematic illustration of tape with plastic film. 

 

The morphology and the thickness of graphene 2D nanosheets was confirmed by 

AFM (atomic force microscopy) (Bruker Nanoscope 8) in tapping mode in ambient. 

Raman spectroscopy (HORIBA HR800) was used to confirm the characteristic peaks 

of graphene nanosheets on SiO2/Si substrates with an excitation wavelength of 488 nm.  

The optical images of graphene nanosheets on SiO2/Si substrates were 

characterized by optical microscope (Leica DM1750M – x1000 Optical microscopy 

with CCD camera). These optical images also provide contrast value for graphene 

thickness identification. The optical setting of the camera is shown in figure 2.5.  
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Figure 2.5 The exposure time, gain, and contrast settings of the optical images obtained by 

Leica CCD camera. 

 

As shown in Table 2.1, the mechanical properties of different tapes are listed. 

Scotch tape shows almost 2 times of the adhesion energy of Nitto tape, which indicates 

the Scotch tape is much adhesive than Nitto tape. In addition, the plastic backing 

increases the backing layer thickness and bending stiffness. The different mechanical 

properties provide information for statistics analysis to confirm the correction of 

theoretical model results with the size statistics results. These three different tapes are 

used to peel the graphene crystal with the parameters changed. 
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Table 2.1 Mechanical properties of different tapes, including Scotch tape, Scotch tape with 

plastic backing and Nitto tape with plastic backing. γ is adhesion energy, tTP is thickness of the 

backing layer of tape (the thickness of plastic backing is included for tape with plastic backing), 

b is width of tape, and EI is bending stiffness. 

 

2.2.2.1.  Graphene thickness identification 

    As reported by Li et al., the optical contrast differences between the SiO2 coated 

silicon wafer to graphene are related to the thickness of 2D nanosheets.9 The contrast 

differences provide a direct, simple, and fast method to identify the number of layers 

for graphene nanosheets. As shown in Figure 2.6, different layers of graphene 

nanosheets shown different contrast differences to the 90nm SiO2/Si substrates.  
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Figure 2.6 image a-n are the optical images of 1-layer to 15-layers graphene flakes on 200 nm 

SiO2 coated silicon wafer substrates, the scale bar is 10 µm.9 

 

To quantify the contrast difference of graphene nanosheets to the substrates, the 

software ImageJ was used to identify the Grey Value of each pixel in the cutting line of 

the graphene nanosheets. Li et al. calculated all the differences and plots them in Figure 

2.7 (p) with exposure times of 80 and 200 ms.9 It is clear that the values of contrast 

differences decrease with the layer numbers of graphene increase. Each layer number 

has its unique contrast difference, which can be used for graphene thickness 

identifications. In addition, these graphene nanosheets are characterized by AFM to 

confirm their layer numbers. In our theoretical result, the thickness of graphene sheet 

exfoliated are related to the thickness of graphene. We only summarize the sizes of 

monolayer graphene mechanically exfoliated by different tapes, including Scotch tape, 

Scotch tape with plastic film and Nitto tape with plastic film.  

 

 

Figure 2.7 (p) The plot of contrast difference values of 1 to 15L graphene on 90 nm SiO2/Si. 

The exposure times are 80 and 200 ms, respectively. (q) The plot of thickness difference of 1 
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to 15L graphene.9 

 

2.2.2.2.  Peeling model 

For peeling the tape from the graphene crystal, the left side of tape was vertically 

pulled upside. The left side of the tape is perpendicular to the substrate. As shown in 

Figure 2.8, the radius of curvature of the ridge connecting the flap to the substrate is the 

r, and the thickness of the tape backing layer is t1. In order to prevent the differences of 

peeling direction, which is related to the value of r, the left side of tape is kept 

perpendicular to the substrate.  

 

 

Figure 2.8 Cross section the system. r is the radius of curvature of the ridge connecting the flap 

to the substrate, and t1 is the thickness of the tape backing layer. The blue line is the cross section 

of tape, and the grey line is the substrate. 

 

During peeling process, the curvature radius at the peeling zone can be expressed 
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by:  

2
EIr
g

=
 

 

E is the Young’s modulus of the tape backing, I is the moment of inertia of the 

cross section, and γ is the adhesion energy of the tape.  

The tension strain of the lower surface of the tape due to bending can be expressed 

as: 

1
0 1=2 2

t
t

r EI
ge =
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2.2.2.3.  Stress transfer 

 
Figure 2.9 Stress analysis of graphene. tg is the thickness of graphene exfoliated, Ng is the stress 

inside graphene crystal, and τ is the stress from the adhesive layer. 

 

As shown in Figure 2.9, the stress transfers from the backing layer of tape through 

the adhesive layer of graphene to the graphene nanosheets.10 The mechanical analysis 

of this stress transfer could be concluded as: 

For graphene nanosheets:  
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0x gF dN dxt= =å  
 
While the stress (εg) at the bottom of adhesive layer:  
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Meanwhile, assuming tensile stress in graphene is uniform along thickness 

direction: 
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In the adhesive layer of the tape, the stress can be expressed as: (on the constitutive 

relation of the adhesive layer) 
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Taking derivative with regard to x on both side: 
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Taking derivative with regard to x on both side: 
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After rearranging: 
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The solution: 

 
 

Since 0t ®  when x is far from the free end, 

We have 1 0c =  



32 
 

2
xc e bt -=  

 

Using 

g

g

d
dx t
s t

=
, taking integral 

2
3

x
g

g g

cdx e c
t t

bt
s

b
-= = - +ò

 
 

At the free end of nanosheets, 0, 0gx s= =  

( )3 1
x

g c e bs -= -
 

 
When x is very large, there is no mismatch strain of 2D material and tape at the 

interface 0ge e=
, so there is no shear interfacial shear stress 

 
The stress in graphene layer can be expressed by 

( ) ( )( )0 1 expgx E xs e b= - -
 

 

2.2.2.4.  Theoretical result 

 
Figure 2.10 Cross section of the graphene flake. The graphene flake is divided into N small 

pieces, of which the length is Δx. 

 

    As shown in Figure 2.10, the graphene flake is divided into N pieces for probabilities 

calculation.  

    Based on the Weibull strength for brittle materials, the probability that the i-th 
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graphene segment with length Δx does not fail is: 
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is  stress of the i-th element 

0s Scale parameter (characteristic stress) of Weibull distribution 

a Shape parameter (Weibull modulus)  

 l0 = 1 µm 

 

To obtain a flake with length equal to or larger than l requires consecutive survival 

of at least N segment. This probability can be expressed as: 
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Since /x l ND = , if the segment is infinitely small ( 0xD ® ), N ®¥ , 
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The probability of obtaining a flake with length equal to or smaller than l is: 
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The probability density function of the flake length distribution can be thus 

obtained: 
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As shown in Figure 2.11 the probability of obtaining graphene flake decreases as 

the size of flake increase.  
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Figure 2.11 Probability of obtaining graphene flake with length ≥ l 

 

    By test the value of β, λ and α, the distribution and the characteristic peak of the size 

distributions of graphene change, as shown in Figure 2.12 (a), (b) and (c), respectively. 

As shown in Figure 2.12 (a), the size distribution changes as the value of β changes, 

which concludes that the increasing values of β lead to increasing values of mode sizes 

and deviations. λ shows the similar proprieties as β. Graphene size distribution changes 

with the mode size shift to larger values with the values of α increasing as shown in 

Figure 2.12 (c). β, λ and α have different distributions in the graphene size distribution 

model. 

 

 

Figure 2.12 Graphene size distributions with (a) λ and α fixed (λ =1, α=2), and the value of β 

0 0/ 0.6gE e s =
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changes; (a) β and α fixed (β =1.0 µm-1, α=2), and the value of λ changes; (a) β and λ fixed (β 

=2.0 µm-1, λ =0.9), and the value of α changes. 

 

2.2.3.  Result and discussion 

    To make the size statistics efficient, a standard sample were found to be provide the 

contrast differences of different layers. As shown in Figure 2.13, the standard sample 

have different thickness of graphene nanosheets in single graphene flake. The contrast 

difference of graphene nanosheets are clearly shown, that were because of the 

differences of graphene thickness.   

 

 

Figure 2.13 Color optical image of a piece of mechanically exfoliated graphene nanosheet. The 

red square is the area of AFM characterization.  

 

   To identify the thickness of graphene nanosheets in this standard sample, the AFM 

characterization was used to confirm the thickness of different nanosheets. As shown 

in Figure 2.14, the step morphology of graphene nanosheets in this flake is clearly 

characterized by AFM. In the AFM image, at the left-up side, there is a part of graphene 
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nanosheets shown the less thickness step differences in the graphene flake. To further 

identify the thickness of this part, we use a line cut begin from the substrate to this part.  

 

 

Figure 2.14 The AFM characterization results of the red square. The thickness of the cutting 

line is shown below the AFM image. 

 

However, because the thickness of cutting line shown in Figure 2.14 can hardly 

identify the thickness of our target part. We used Raman spectrum to identify the 

characteristic peaks of graphene at this part. As shown in Figure 2.15, the graphene 
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nanosheet is excited at the red point by 488 nm laser. In the Raman spectrum, the G and 

2D peak of graphene is clearly in the Raman spectrum, which confirms this flake is 

graphene crystal but not any other polluting materials. In addition, the Raman spectrum 

shows no strong peaks except the G and 2D peaks of graphene, indicating the 

mechanical exfoliated shows high quality. The intensity ratio of G/2D peak is calculated 

(0.97). As the ratio is close to 1, that means G and 2D peaks have similar Raman 

intensities, this part of graphene nanosheet is double layer.  

 

 

Figure 2.15 The Raman spectrum of graphene mechanical exfoliated. The laser point is at the 

red point in the insert image. 

 

To improve the efficiency of graphene thickness identification for graphene size 

statistics, the contrast differences of 1LG to SiO2/Si substrates were calculated by 

software ImageJ. As illustrated by Figure 2.16, line a cuts the graphene flake from the 
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substrate to 1LG and 3LG nanosheets, while line b cuts from 2LG to the substrates.  

 

 
Figure 2.16 Color optical image of mechanically exfoliated graphene flake on 300 nm SiO2/Si 

substrate. Line a and b are two grey value characterization cutting lines. 

 

Figure 2.17 (a) and (b) show the grey value of each pixels on the line a and b. In 

Figure 2.17 (a) and (b), the grey values of the substrates are similar and both around 

198. As shown in Figure 2.17 (a), there are 3 clear steps in the grey value curve of line 

a, which corresponds to SiO2/Si substrate, 1LG and 3LG, respectively. As shown in 

Figure 2.17 (a), the contrast difference of 1LG to substrate is -10, and that of 3LG is -

30. Meanwhile, the contrast difference of 2LG to substrate is -20, as shown in Figure 

2.17 (b). 
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Figure 2.17 The grey values of each pixels on the cutting lines a and b, corresponding to (a) 

and (b) respectively. The contrast differences of 1/2/3LG are about 10, 20, and 30, respectively. 

 

    Figure 2.18 (a) and (b) shows the optical image of 1LG which is mechanically 

exfoliated by Scotch tape.9 As shown in Figure 2.18 (a), the longest length of graphene 

on the peeling direction is measured as the size of the sample. The thickness of graphene 

nanosheets are identified by the contrast differences which is calibrated by the standard 

sample discussed above. In Figure 2.18 (b), only monolayer graphene exfoliated by 

Scotch tape are within the statistic results to remove the effect of graphene thickness in 

the statistic results. As shown in Figure 2.18 (b), the size distribution is narrow with a 

characteristic peak at 0.5 µm. The size statistics results of mechanically exfoliated 

graphene by Scotch tape provide the basic mechanical properties of graphene crystal 

which used in this work. The relevant parameters are fixed to make the theoretical curve 

fixing the statistic results. As shown in Figure 2.18 (b), the theoretical curve well fits 

the size statistic results (R2 = 0.97), by which 3 key parameters are obtained, including 

α = 8.4, β = 7.6 µm-1, and λ = 0.31.  
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Figure 2.18 (a) Optical image of mechanically exfoliated graphene nanosheets by 3M Scotch 

tape. (b) Statistic result of graphene size distribution (histogram) and theoretical results (red 

curve). 

 

   Figure 2.19 (a) and (b) shows the optical image of 1LG which is mechanically 

exfoliated by Scotch tape with plastic film. As shown in Figure 2.19 (a), the longest 

length of graphene on the peeling direction is measured as the size of the sample. The 

thickness of graphene nanosheets are also identified by the contrast differences which 

is calibrated by the standard sample discussed above. In Figure 2.19 (b), only 

monolayer graphene exfoliated by Scotch tape are within the statistic results to remove 

the effect of graphene thickness in the statistic results. Because the only change of the 

experiment situation is an additional thick plastic film stuck on the backing layer of 

Scotch tape, which indicates the adhesive layer is not change, the α and β are not 

changed as in Figure 2.18 (α = 3.3, β = 3.8 µm-1) As shown in Figure 2.19 (b), the size 

distribution is wider than pure Scotch tape results with a characteristic peak at 0.7 µm. 

The theoretical curve fits the statistics results well (R2 = 0.97, λ = 0.45). 
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Figure 2.19 (a) Optical image of mechanically exfoliated graphene nanosheets by 3M Scotch 

tape with plastic film. (b) Statistic result of graphene size distribution (histogram) and 

theoretical results (black curve). 

 

    Figure 2.20 (a) and (b) shows the optical image of 1LG which is mechanically 

exfoliated by Scotch tape. As shown in Figure 2.20 (a), the longest length of graphene 

on the peeling direction is measured as the size of the sample. The thickness of graphene 

nanosheets are identified by the contrast differences which is calibrated by the standard 

sample discussed above. In Figure 2.20 (b), only sizes of monolayer graphene 

exfoliated by Nitto tape with plastic film are within the statistic results to remove the 

effect of graphene thickness in the statistic results. As shown in Figure 2.20 (b), the size 

distribution is much wider than that of Scotch tape and Scotch tape with plastic film 

and exhibits a characteristic peak at 2.1 µm (α = 3.3, β = 1.10 µm-1, and λ = 0.77). The 

theoretical curve also fits the statistics results well (R2 = 0.94). 
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Figure 2.20 (a) Optical image of mechanically exfoliated graphene nanosheets by Nitto tape 

with plastic film. (b) Statistic result of graphene size distribution (histogram) and theoretical 

results (black curve). 

 

As shown in Figure 2.24, the graphene nanosheets exfoliated by Scotch tape (black), 

Scotch tape with plastic backing (red) and Nitto tape with plastic backing (blue), 

respectively are excited at the red point by 488 nm laser. As shown in Raman spectra, 

the G and the 2D peak of graphene confirm these flakes (as shown in Figure 2.21 (a), 

Figure 2.22 (a) and Figure 2.23 (a)) are graphene. In addition, the Raman spectrum 

shows no strong peaks except the G and 2D peaks of graphene, indicating the 

mechanical exfoliated shows high quality. The intensity ratio of G/2D peak is calculated 

around 2, which indicates these graphene nanosheets are monolayer. 
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Figure 2.24 The Raman spectrum of graphene films exfoliated by Scotch tape (black), Scotch 

tape with plastic backing (red) and Nitto tape with plastic backing (blue), respectively. 

 

From Figure 2.19 (b) and Figure 2.20 (b), the theoretical results and the graphene 

size statistics results have good coherence by comparing (all values of R2 beyond 0.94), 

which indicates the theoretical model is reliable for graphene size analysis. In this 

theoretical model, the stress transferred from peeling tape to graphene crystal 

exfoliation is the main cause for graphene fragmentation. Specifically speaking, 

comparing the graphene size distribution of Scotch tape and Scotch tape with plastic 

film backing, the adhesive energy remains the same, while the bending stiffness 

increases. The increasing bending stiffness results in larger size of graphene nanosheets 

(from 0.5 to 0.7 µm), and the size probabilistic distribution also become wider. In 

addition, comparing the graphene size distributions of Scotch tape with plastic film 

backing and Nitto tape with plastic film backing, the bending stiffness remains the 

similar (the bending stiffness is much strong than the origin backing layer of Scotch 
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tape and Nitto tape), while the adhesive energy increases. The decreasing adhesive 

energy results in larger size of graphene nanosheets (from 0.7 to 2.1 µm), and the size 

probabilistic distribution also become wider. Furthermore, in this theoretical model 

adhesive layer with smaller shear modulus and larger thickness could produce graphene 

flakes with larger size. It can be concluded that to obtain large size graphene nanosheets, 

the tape used for mechanical exfoliation should have strong bending stiffness, less 

adhesive energy and small shear modulus adhesive layer. In addition, from the aspect 

of graphite crystal itself, Larger Weibull shape parameter (α) represents smaller 

variation of strength of the sample, which also lead to lager size for graphene 

nanosheets. The theoretical model we discussed also have potential to analysis the other 

mechanically exfoliated 2D material flakes. This model provides theoretical support of 

tape selection for different requirements of 2D material nanosheets sizes. 
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CHAPTER 3  Improved Air-Stability of 

Organic-inorganic Perovskite with Anhydrously 

Transferred Graphene 

3.1  Introduction 

3.1.1.  Introduction of organic-inorganic hybrid 

perovskite 

    Dieter Weber first developed organic-inorganic hybrid perovskite by substituting 

caesium with methylammonium cations (CH3NH3) in Cs-based perovskite in 1978. The 

crystal stricture of CH3NH3PbI3 (MAPbI3) is shown in Figure 3.1. Perovskite materials 

have attracted great attention from the renewable energy industry since 2003 because 

of its outstanding photovoltaic performance.  As is shown by perovskite crystal 

structure, the green atom, A, is an organic cation such as methylammonium (MA) or 

MA) and formamidinium (FA). The grey one is a divalent metal cation Sn2+ or Pb2+, 

and X is a monovalent anion namely a halogen. In this crystal structure, the chemical 

formula of the perovskite material, which is widely applied in energy harvesting devices, 

is MAPbI3. 
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Figure 3.1 Crystal structure of cubic metal halide perovskites (ABX3).11 

 

    MAPbI3 have been attracted great attention because of its remarkable progress as 

applied in solar cell. This material shows high light absorption at visible range with a 

suitable bandgap at around 1.55 eV. The excited pairs of electrons and holes exhibit a 

low effective mass, which makes this material shows high carrier mobilities.11 In 

addition, this material is also applied in memory, light emission devices, laser, and 

photodetectors.   

3.1.1.1.  Challenge of perovskite poor moisture stability 

    Although perovskite (MAPbI3) shows remarkable properties in many application, 

especially the energy harvesting devices. However, the poor stability of perovskite 

limits its potential for long-lifetime use device, such as solar cells which requires 

lifetime for years. There were many issues related to the degradation of MAPbI3 

perovskite, including oxygen, light, moisture and temperature. For moisture stability of 
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perovskite, MAPbI3 reacts with H2O and seriously degrades into PbI2. During the 

complicated progress of perovskite moisture degradation, many intermediated phases 

of MAPbI3 were formed, such as (CH3NH3)PbI3·H2O, (CH3NH3)4PbI6·2H2O and 

MAPbI3·H2O.12 The related degradation reaction equations are shown as below: 

 

Equation 3.1 4 CH3NH3PbI3 + 2H2O ⇄ (CH3NH3)4PbI6·2H2O + 3PbI2 
12 

Equation 3.2 4 CH3NH3PbI3 + 4H2O ⇄ [4(CH3NH3)PbI3·H2O] ⇄ 

(CH3NH3)4PbI6·2H2O + 3PbI2 + 2H2O 12 

 

    The final degradation composites are correlated with the MAI salt and metal 

halides.12 For commercial applications of perovskite, the moisture related degradation 

issues are required necessary improvement. As perovskite have been researched for 

many years, many kinds of improvement methods are summarized as below. 

3.1.1.2.  Perovskite stability improvement methods 

    In consideration of the poor stability of perovskite, several methods have been used 

to improve it stability through different aspects, including change perovskite chemical 

composites by introduction of mixed cations, encapsulation, and substituting all-metal-

oxide charge carrier transport layers for organic layers.13-15 As is shown in Figure 3.2 (a), 

Lee et al. developed a formamidinium and cesium mixed-cation perovskite 

(FA1−xMAxPbI3), and improved moisture stability has been exhibited since cubo-

octahedral volume contracts and FA–I interaction enhances by partially substituting 
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organic FA cation with inorganic Cs cation.13 Another common method to improve the 

stability of perovskite is encapsulation to isolate moisture from perovskite material, as 

shown in Figure 3.2 (b). Proper encapsulation prevents H2O molecules from reacting 

with perovskite layer. Bella et al. sealed perovskite solar cells by photocurable 

fluoropolymers.16 This PCE of the perovskite solar cell can be retained up to 98% of its 

initial PCE for 1 months under strong aging conditions (95% RH).16 Additionally, Figure 

3.2 (c) shows all-metal-oxide charge transport layers instead of organic layers, such as 

PCBM and Spiro-OMeTAD, is another method to achieve perovskite based electronic 

devices with improved stability because all-metal-oxide functional layers shown better 

stability than organic ones.15  

 

 
Figure 3.2 (a) Improved PCE stability of formamidinium and cesium mixed-cation perovskite 
crystal.13 (b) Schematically illustration of UV-coating principle.16 (c) Schematically illustration 
of metal-oxide-function-layer perovskite solar cell.15 

 

    Although the methods discussed above are promising to improve the stability of 

perovskite, these strategies still have their drawbacks. Firstly, the employment of 

perovskite with mixed cation can limit the performance of perovskite based devices.13, 15 

perovskites with mixed cation showed limited PCEs.13 Secondly, the all-metal-oxide 
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layers make the fabrication process complicated, which requires vacuum conditions. 

Furthermore, the photocurable fluoropolymers encapsulation also restrict the light 

absorption from both sides of semi-transparent perovskite based electronic devices, and 

mechanical properties will be poorer with the encapsulation. These issues prevent 

perovskite from the applications of semi-transparent and flexible devices. 

3.1.2.  Impermeability of graphene 

3.1.2.1.  Theoretical background 

    Graphene has a sp2-hybridized carbon arrangement in a single plane, which makes 

the graphene the thinnest 2D materials in the world. As shown in Figure 3.3, in graphene 

crystalline, the carbon atoms are localized in hexagon. A Graphene exhibits single atom 

sheet of carbon atoms, which makes graphene as one of the thinnest materials.2 

 

 
Figure 3.3 Graphene lattice structure: sp2 hybridized carbon atoms arranged in a 2D 

honeycomb lattice.2 

 

    Even graphene is as thick as one atom, but the impermeability of graphene is 
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remarkable. The dense and delocalized cloud is formed at the p-orbitals of graphene, 

which blocks the gap (Figure 3.4). The within aromatic rings resist molecules to pass 

through, including the smallest molecules, e.g. hydrogen and helium. In consider of the 

good impermeability of graphene, some big molecules, such as H2O and O2 molecules 

are hard to pass through even single layer graphene sheet.2  

 

 
Figure 3.4 The molecular structure with rough electronic density distribution; The geometric 

pore of sp2-hybridized carbon is 0.064 nm.2 

 

    For perfect graphene layer, no molecules are supposed to pass through. However, in 

practical, there are defects inside graphene crystals, even for high-qualified graphene 

sheet. Wang et al. reported the DFT calculation results of the possibilities for O2 and 

H2O molecules to penetrate monolayer graphene.17 As shown in Figure 3.5, the barrier 

energy of O2 and H2O molecules penetrate perfect graphene with different lattice 

vacancies at different locations are calculated. These energy barriers are resulted from 

the steric hindrance effect. As shown in Figure 3.5 (a), at bridge and hollow sites, if an 

O2 molecule go through the graphene sheet, the barrier energies it needs to reach are 

111.2 and 37.4 eV, respectively. In other word, it is impossible for O2 molecule to go 
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penetrate perfect graphene. In addition, the barrier energy of O2 molecule go through 

single-atom and eight-atom vacancies are 13.9 eV and 0.32 eV, respectively, which both 

are too high for O2 molecule to penetrate (Figure 3.5 (b)). Similar results of H2O 

molecule are shown in Figure 3.5 (c) and (d).\ 

 

 
Figure 3.5 DFT calculation results of the barrier energy of O2 and H2O molecule that pass 

through monolayer graphene, respectively. The barrier energy of an O2 molecule penetrate (a) 

perfect graphene, and (b) graphene with vacancies. The barrier energy of a H2O molecule 

penetrate (a) perfect graphene, and (b) graphene with vacancies.17 

3.1.2.2.  Applications of graphene in improving material stability 

    As graphene shows remarkable impermeability to O2 and H2O molecules, many 

materials’ stability are suitable to be improved by graphene barrier. Wang et al. reported 
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that the CdS film protected by different layers of graphene, as shown in Figure 3.6.17 

The lifetime of CdS photocatalysts are easily degraded by the photocorrosion, which is 

related with an oxidation process in solutions with the help of H2O.17 The oxidation 

process of CdS is also resulted from the photo-excited electrons. The degradation speed 

decreases as more layers of graphene coated onto CdS film.17 It is because with the 

increasing number of graphene layers coated onto CdS, the less number of H2O 

molecules are able to penetrate graphene sheet and react with CdS.17 The coated 

graphene effectively weaken the photocorrosion of CdS photocatalysts.17 

 
 

 

Figure 3.6 (a) Potentiostatic curves of CdS films coated by 0/1/2/3 layers of graphene.The 
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applied bias potential was 0 V (vs SCE). (b) Images of CdS films coated by 0/1/2/3 layers of 

graphene taken at different visible-light irradiation times..17 

 

3.1.3.  Graphene-perovskite devices 

3.1.3.1.  Functions of graphene in perovskite devices 

Considering from another advantage of graphene, graphene can provide fast charge 

carrier transportation for perovskite.18-22 Charge-carriers mimic relativistic particles 

with zero mass of graphene endows it with remarkably high charge mobility and 

electronic conductivity.20 Graphene have been extensively applied in perovskite 

devices. As shown in Figure R5, Wang et al. illustrated a graphene-TiO2 

nanocomposites as electron collecting layer in perovskite solar cell.20 By a proper 

addition of graphene, the nanocomposites perovskite solar cells exhibited increasing 

short-circuit current density (Jsc) and fill factor (FF), which results in better PCEs than 

neat TiO2 nanoparticles (Table 3.1 Best Performance of Photovoltaics Based on Different 

Electron Collection Layer.).20 Graphene effectively collected electrons from perovskite 

layer from recombination.  
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Figure 3.7 Scheme of perovskite solar cell with graphene-TiO2 electron collecting layer.20 

 

 
Table 3.1 Best Performance of Photovoltaics Based on Different Electron Collection Layer.20 

 

Graphene provides fast charge carrier transportation for perovskites. It was reported 

that graphene could also acted as charge carrier transporting media and transparent 

electrode in perovskite photo electronic devices, because graphene shows 

superior electronic conductivity and high light transmittance.20-21 As reported by Li et 

al., carbon and graphene materials have great potentials in optoelectronic and energy 

related applications.22 A graphene phototransistor assisted by perovskite absorber was 

reported by Wang et al.18 Graphene conducts photo-excited charge carriers from 

perovskite.18-19 However, in this case, graphene were transferred directly onto substrates 
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underneath all other functional layers, including perovskite layer (Figure 3.8 (a)). This 

structures can hardly utilize graphene impermeability, which partly attributed to the 

absence of graphene transfer methods onto perovskite material.18, 20 In addition, as shown 

in Figure 3.8 (b), You et al. explored a semitransparent perovskite solar cell with 

graphene electrode.21 However, the transfer method they used requires bonding agent 

(PEDOT:PSS) between graphene and perovskite layer, and PMMA/PDMS film was 

not removable as supporting layer.21 In consideration of the limitations of former 

graphene transfer methods, we developed this anhydrous graphene transfer method to 

extend graphene’s applications in perovskite devices and make sufficient use of 

graphene impermeability. 

 

 
Figure 3.8 (a) Device structure of graphene-perovskite phototransistor.18-19 (b) Schematic 

illustration of semi-transparent perovskite solar cell with graphene transparent electrode.21  
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3.1.3.2.  Challenge and outlook 

However, in this case, graphene was transferred directly onto substrates underneath 

all other functional layers, including perovskite layer (Figure 3.8 (a)). This structures 

can hardly utilize graphene impermeability, which partly attributed to the absence of 

graphene transfer methods onto perovskite material.18, 20 In addition, as shown in Figure 

3.8 (b), You et al. explored a semitransparent perovskite solar cell with graphene 

electrode.21 However, the transfer method they used requires bonding agent 

(PEDOT:PSS) between graphene and perovskite layer, and PMMA/PDMS film was 

not removable as supporting layer.21 In consideration of the limitations of former 

graphene transfer methods, we developed this anhydrous graphene transfer method to 

extend graphene’s applications in perovskite devices and make sufficient use of 

graphene impermeability. 

 
 

3.2  An anhydrously graphene transfer method for 

humidity-sensitive materials 

18. Perovskite materials have attracted great attention from the renewable energy 

industry since 2003 because of its outstanding photovoltaic performance. However, the 

poor air-stability of perovskite materials hinders it from long lifetime electronic devices 

applications. In our project, we report an anhydrous graphene transfer method to 

improve the stability of MAPbI3 perovskite with trilayer graphene coated. The AFM 

and SEM figures shows our transfer method will not cause great damange to the 
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perovskite film. In addition, the time-dependent XRD spectra shows perovskite film. 

The AFM and SEM characterizations in our project indicates the nice interface between 

graphene and perovskite surfaces. The time-dependent XRD spectra shows increased 

stability of graphene coated perovskite films throughout the accelerated experiment to 

humidity in a sealed and dark box. The protecting effect of graphene is additionally 

proved by PL and absorbance spectra.  This graphene transfer technique while not the 

employment of water has the potential to boost the air-stability of perovskite moreover 

as other humidity sensitive materials. 

3.2.1.  Motivation 

Organic-inorganic perovskite materials have attracted huge academic attention in 

optoelectronics because of their outstanding properties, as well as high light absorption, 

long carrier diffusion length, high photoluminescence quantum efficiencies and unusual 

defect phenomenon.23-33 This hybrid perovskite is able to conduct pairs of electrons and 

holes.24 What is more, the long-lasting free charges shaped at intervals one ps of 

photoexcitation build perovskite a significantly efficient PL emission.27 In spite of 

promising potential in optoelectronics applications, the short life span prevents 

perovskite from commercial applications.12, 34-36 Organic-inorganic perovskites are 

specially sensitive to moisture.10  An outsized range of efforts are targeted to boost the 

air-stability of perovskite.29, 37-41 So as to extend the stability of PV devices and  LED, 

perovskite films were protected by coating upper layers.29, 38 Atomic layer deposition 

(ALD) and magnetron sputtering were used to fabricate these functional layer.29, 38 
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However, these strategies involve with complicated method and high economic cost.29, 

38 Ethylene vinyl acetate (EVA) was additionally accustomed to sealed the perovskite-

based devices from exposure to humidity.16 Though EVA package prevent the moisture 

from perovskite, the curing temperature (140 °C) of EVA packaging process and acetic 

acid produced by EVA are reactive to perovskite.31, 38, 42-43 EVA package additionally 

will increase the thickness of perovskite devices limit perovskite devices from wearable 

devices.38, 41-43 

Compared with the mentioned barrier materials, graphene exhibits other wonderful 

properties, including ultra-thin thickness, good light transmittance, high air-stability, 

nice charge carrier mobility and wonderful electrical conductivity.17-19, 21-22, 44-50 

Additionally, the remarkable impermeability of graphene separates H2O molecules 

from passing through.17, 51 Former researches showed that graphene effectively 

improved Raman of R6G molecules, prevented the silver film from degradation, and 

considerably reduced the photocorrosion of CdS films.17, 44 Together with the good 

transmittance of 1 layer graphene, graphene still shows advantages with perovskite 

solar cell requiring high light absorption.21, 46-47 Additionally, graphene are extensively 

applied as transparent electrode and electron-transporting functional layer.20-21 In semi-

transparent perovskite PV devices, high conductivity and superior optical transmittance 

create it ideal for transparent electrode.21 In addition, graphene is able to conduct photo-

excited charge pairs from perovskite layer.18-19 Graphene-assisted perovskite 

photoelectronic devices reduce the recombination of the electron–hole pairs excited by 

light. Graphene also help to show broad spectral photo-responsivity.18-19  
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There are many graphene transfer strategies, such as dry- and wet-transfer methods, 

are developed for various applications, including transparent electrode and ultra-thin 

transisitors.52 The dry-transfer technique needs good interfaces between the transferred 

graphene and surface of substrate. At the same time, the substrates typically need 

hydrophilic treatment, including oxygen plasma and UV-Ozone treatment.53 Perovskite 

material can hardly stand up with similar hydrophilic treatments. Additionally, previous 

work performs try-transfer technique needed adhesive layer, PEDOT:PSS in this case, 

between graphene/perovskite interface for stable connection.21 Meantime, transferred  

graphene was supported by polymer film, such as PMMA and PDMS.21, 54 Therefore, 

it is tough to adopt dry-transfer technique to transfer complete and bare graphene 

nanosheets onto perovskite film. Compared with dry-transfer method, technique has 

deserves of easy operation step.21, 55 However, wet-transfer method is performed with 

the assistance by deionized (DI) water, which is harmful for MAPbI3. 

In this work, we illustrate a technique to enhance the air-stability of MAPbI3 

perovskite by coating graphene onto the surfaces of perovskite films. We illustrated a 

special transfer method without the traditional intermediate water to meet the poor 

humidity stability of MAPbI3. In this case, uncoated and 3LG-coated perovskite films 

shows  similar morphologies. The similar roughness of graphene exhibits nice adhesion 

between the interface of graphene and perovskite. This work promote a brand new 

technique to directly coated graphene onto perovskite surfaces while improve air-

stability of MAPbI3 perovskite interface by taking advantages the good impermeability 

of graphene.  
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3.2.2.  Experiment 

 
Figure 3.9 Schematic illustration of the anhydrous graphene transfer method. Perovskite films 

were prepared on FTO glass. The graphene was fabricated by CVD method on copper foil, and 

then transferred to water by PMMA layer. The copper foil of graphene substrate was removed 

by APS solution. PMMA/graphene samples were transferred on perovskite film in MAI IPA 

solution. Heated chlorobenzene was used to removed PMMA layer. 

 

    Figure 3.9 Figure 3.9 Schematic illustration of the anhydrous graphene transfer method. 

Perovskite films were prepared on FTO glass. The graphene was fabricated by CVD method 

on copper foil, and then transferred to water by PMMA layer. The copper foil of graphene 

substrate was removed by APS solution. PMMA/graphene samples were transferred on 

perovskite film in MAI IPA solution. Heated chlorobenzene was used to removed PMMA 

layer.schematically illustrates anhydrous graphene transfer process flow for graphene 

transferred onto MAPbI3 perovskite film. First, ultrasonic cleaning are applied to FTO 
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glass substrates by acetone, IPA and DI water for cleaning. The cleaned FTO glass 

substrates were dried with nitrogen flow and further cleaned by oxygen plasma 

treatment (10 min). MAPbI3 perovskite precursor was prepared by dissolving MAI and 

PbI2 were dissolved in anhydrous DMF  at the concentration of 40% (w.t.). Then we 

filtered MAPbI3 perovskite precursor to purified it. After that, we dropped 20 µL 

precursor was spin-coated onto the substrate and spin-coated at a rate of 2500 rpm for 

30 s. 20 µL anhydrous CBZ was sprayed on perovskite surface to achieve smooth 

surface after FTO glass spin-coated for 10 s. Eventually, FTO substrate was annealed 

at 100 °C for 10 min.  As shown in Figure 3.10, the anti-solvent method for smooth 

perovskite film is illustrated.  

 
Figure 3.10 Schematic illustration of anti-solvent technique for smooth surface of perovskite 
film. 

 

The monolayer graphene (1LG) fabricated on copper foil was purchased from 

Vigon Technologies Co., Ltd,. The PMMA layer was prepared by a two-step spin-

coating method. The PMMA precursor are dropped onto graphene surface. After that, 

the substrate was spin-coating at 500 rpm for 5s and then 2000 rpm for 30 s. The 

ammonium peroxydisulfate (APS) solution at the concentration of 1.0 M was applied 

for remove the copper substrate. The transferred bilayer graphene (2LG) and trilayer 



63 
 

graphene (3LG) were prepared by a layer-by-layer fabrication method. When 

transferring PMMA/graphene film onto perovskite film, perovskite films were first 

immersed in MAI IPA solution (5 mg/ml). PMMA/graphene were transferred by a piece 

of glass onto perovskite films in the same solution. A proper N2 gas flow is used onto 

PMMA/graphene to remove the residual IPA solution between graphene/perovskite 

surface. To enhance the adhesion, the samples were annealed on a hotplate at 65 °C for 

30 min. Finally, the heated (65 °C) CBZ was used to remove PMMA supporting layer 

for 10 h.  

Field emission scanning electron microscopy (SEM) (JEOL JSM-633F) and atomic 

force microscopy (AFM) (Bruker Nanoscope 8) was used to characterize the 

morphology of perovskite films. The absorbance spectra of different perovskite films 

were measured by the  UV-Vis spectrophotometer (UV-3600, Hitachi). Xenon lamp at 

500 nm was used to excite perovskite samples. And the PL emission was assessed by a 

spectrophotometer (Edinburgh FLSP920). The controlled humidity environment was 

maintained by a sealed black box. Wet air-laid paper was put inside the box to maintain 

the high humidity. The controlled humidity and the temperature are characterized by a 

hygrometer and the indoor air conditioner, respectively. 

3.2.3.  Result and discussion 

Traditionally, the graphene transfer method with PMMA supporting layer needs 

water because water is the intermediation for target substrate to pick up graphene 

floated.55-56 By water-mediated transfer method, PMMA/graphene samples are floating 
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at the surface of water and fully stretch by surface tension of water. PMMA supporting 

layer is finally dissolved in acetone eventually.17, 55-56 This technique can reduce the 

graphene cracks density of and tears during transferring effectively.56 However, water 

is harmful to perovskite.57 In order to avoid this issue, an anhydrous transfer method 

was demonstrated by anhydrous IPA and anhydrous CBZ. In addition, to improve the 

adhesion at graphene/perovskite interfaces, we use anti-solvent perovskite fabrication 

method to achieve smooth perovskite surface (Figure 3.11). Because CBZ is a poor 

solvent of MAPbI3 perovskite, the crystallization process of MAPbI3 was accelerated 

by dropping CBZ onto perovskite film during spin-coating process.58 When transferring 

graphene, 5 mg/ml MAI IPA solution was used as medium to help prevent MAPbI3 

perovskite from dissolving in IPA.59 Eventually, PMMA was dissolved in the anhydrous 

CBZ, which is also insolvable to MAPbI3 perovskite.  

 

 

Figure 3.11 The surface of perovskite film shows (a) mirror effect. (b) The mirror effect 

indicates the perovskite surface is smooth. The scale bar is 1 cm.  

.  

Figure 3.12 (a) and (b) are the AFM images of uncoated and 3LG-coated perovskite 

films, respectively. The roughness (Ra) of uncoated MAPbI3 perovskite sample was 
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10.7, and 3LG-coated one was 11.5 nm. Both uncoated and coated perovskite surfaces 

are relatively smooth. The smooth surface of perovskite film also help to achieve a 

better adhesion at the interfaces. In addition, 3LG-coated perovskite film was as smooth 

as uncoated samples, which indicated the PMMA film was fully dissolved without 

residual. 

SEM images of the 3LG-coated perovskite film are shown in Figure 2(c), (d). As 

shown in Figure 3.12(c), the boundary of perovskite without/with graphene coated is 

shown in the top view SEM image. From the left side (graphene-coated), the surface of 

coated perovskite film is smooth with clear edge. The morphology of 3LG-coated 

perovskite film are clear observed and similar with uncoated perovskite film. It shows 

the PMMA is removed.61 For perovskite films without/with 3LG-coated, the grain sizes 

are similar, which indicates the transfer method not damage the perovskite film. As is 

shown in Figure 3.12(d), the cross-sectional view SEM image of the perovskite film 

with/without 3LG coated (from left to right side) shows the thickness of perovskite 

layer is about 300 nm. It is impossible to identify the boundary of the coated and 

uncoated perovskite area from the cross-sectional view SEM. It is because graphene 

coated on perovskite film are ultra-thin.61 As PMMA layer is not found in cross-

sectional view image, it confirms that PMMA layer is fully removed. During the 

graphene transfer method, perovskite film is immersed in anhydrous IPA and CBZ. The 

similar morphologies of perovskite film uncoated and coated indicate the graphene 

transfer process do not do damage to MAPbI3 perovskite film. 
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Figure 3.12 AFM images shows the roughness of (a) the uncoated perovskite film and (b) 3LG-

coated perovskite film. SEM images shows the morphologies of (c) the top view of the 

boundary at 3LG-coated and uncoated perovskite film and (d) the cross-section view of 3LG 

coated perovskite film.  

 

Figure 3.13 shows that the time-dependent degradation of 0/1/2/3LG-coated 

MAPbI3 perovskite films. The degradation process were conducted in a sealed black 

box with controlled humidity condition (95±3% RH) for 10 h. The common degradation 

of perovskite shows color changes that color changes from dark brown into yellow 

when fully degraded. The yellow color is usually concluded from PbI2.40 However, in 

our project, we find perovskite films degraded from brown into yellowish. The 

yellowish color is accepted as the hydrates of perovskites (MAPbI3·H2O) forming in 

the perovskite humidity degradation.62-63 In this way, the chemical step reactions of 

perovskite humidity degradation in this experiment are concluded as follow: 
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Equation 3.3 MAPbI3 + H2O(aq.)	⇌ MAPbI3·H2O(s)40-41, 64-65 

Equation 3.4 MAPbI3·H2O(s)	→	CH3NH2(g) + PbI2(s) + HI (g)+ H2O(g) 40-41, 64-65 

 

 

Figure 3.13 Digital images of uncoated and graphene coated perovskite film time-dependent 

degradation in 10 h. The humidity was  RH 95±3%, and the room temperature was 28 °C. 

 

    Under the controlled high humidity condition, H2O molecules are evenly 

distributing in a sealed box. This environment promotes the reversible reaction  

 

Equation 3.3 to forward direction, which means MAPbI3 react with H2O into 

MAPbI3·H2O. The reaction rate of  

Equation 3.4 is low as a result of the irreversible reaction in  

Equation 3.4 needs light illumination, while the perovskite films are sealed in a 
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dark box without light. The intermediate phase (MAPbI3·H2O) is generated, and 

MAPbI3·H2O is not fully decomposed into PbI2.65 Therefore, the color degrades from 

dark brown to yellowish. Although 3LG-coated perovskite film shows wonderful 

moisture resistance, slight color change was still observed. It is because pinholes in 

graphene provided channels for perovskite to react with H2O.17 As is shown in Figure 

3.13 , the perovskite films display less color change compared with more layers of 

graphene coated perovskite film after same time degradation. It can be concluded that 

the thicker graphene sheets show less pinholes. By a layer-by-layer method, some of 

pinholes in each layer of graphene are covered. However, the light transmittance 

decreases to 70.7% for 10-nm-thick graphene,66 while that of monolayer graphene is 

over 97% at visible range.47 So a balance need to be achieved between protecting effect 

and light transmittance.  

To deeply understand the air-stability of perovskite films protected by graphene, 

the absorbance of the degradation of uncoated/coated perovskite films in controlled 

humidity environment are we characterized. Figure 3.14(a), (b), (c), and (d) shows the 

absorbance degradation for 0/1/2/3LG coated samples, respectively. As the result of  

MAPbI3·H2O and PbI2 exhibit poorer absorbance than MAPbI3 perovskite in visible 

range,62 the absorbance decreasing when MAPbI3 degraded. At the beginning, all these 

four perovskite films show similar absorbance. The clear absorbance edges around 780 

nm correspond to the band gap of MAPbI3 at 1.55 eV.64. The perovskite films show 

shifted absorbance edge because the decomposition result consists of MAPbI3·H2O 

instead of pure PbI2 after 10 h degradation.  
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Figure 3.14 Time-dependent perovskite film degradation with different layers of graphene 

coated for 10 h. (a) 0, (b) 1, (c) 2 and (d) 3LG-coated, respectively. The controlled humidity is 

95±3% RH.  

 

The 500 nm absorbance shows the largest changes in the perovskite degradation 

process. Therefore, the  absorbance at 500 nm is selected to quantify MAPbI3 perovskite 

degradation. The degradation rate of uncoated/coated perovskite films is plotted with 

the function of time, as is shown in Figure 3.15. Uncoated and 1LG-coated perovskite 

exhibit similar degradation speed at the first 2 h. And they all fully degraded at 4 h. As 

the number of graphene layer coated on perovskite film increases, the samples display 

decreasing absorbance degradation speed. As a result, MAPbI3 perovskite with 3LG 

coated exhibits the best humidity stability. The graphene acts as an effective protecting 
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barrier for perovskite films, which can be applied in electronic devices in the future.21 

 

 

Figure 3.15 Normalized absorbance at 500 nm of 0/1/2/3LG-coated perovskite films. These 

MAPbI3 perovskite films degraded in controlled humidity for 10 h. 

 

    To understand the perovskite humidity degradation and the protective effect of 

graphene transferred, XRD and PL of uncoated and 3LG-coated perovskite films are 

characterized before and after degradation. Figure 5(a) and (b) are XRD spectra of 

uncoated/3LG-coated perovskite films. The time-dependent XRD spectra are 

characterized with a time interval of 2 h. 2-theta=14.1°corresponds to (110) facet of 

MAPbI3 perovskite in Figure 3.16(a) and (b).40 This diffraction peaks is the key feature 

in MAPbI3 XRD pattern. It needs to be mentioned that the peak at 2-theta=10.6 is 

usually concluded as the characteristic peak of MAPbI3·H2O.21, 40 As is shown in Figure 

3.13, this peak also confirms that the yellowish color shows the formation of 

MAPbI3·H2O. To understand the XRD pattern shifting, the degradation reaction of 
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perovskite is expressed as: 

 

Equation 3.5 MAPbI3(s) →	 PbI2(s) + MAI(aq.)41, 65 

 

 

 

Equation 3.5 displays the reaction of perovskite degradation is irreversible. PbI2 is 

the decomposition results. As is shown in Figure 3.16(b), weak XRD diffraction peak 

at 12.6° indicates the existence of PbI2 at the beginning.42 The PbI2 is generated from 

the graphene transfer process. In this way, MAPbI3 perovskite degraded with an 

emerging XRD peak intensity of PbI2 (001) during humidity degradation. To, The XRD 

peak intensity ratio of PbI2 (001) / MAPbI3 (110) is used to quantify the degradation of 

MAPbI3 perovskite films .67 
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Figure 3.16 The XRD spectra of (a)0LG and  (b)3LG coated perovskite films degraded at 

humidity of 80±5% RH for 10 h. The PL spectra of (c)0LG and (d)3LG coated perovskite films 

excited at 500 nm light degraded at humidity of 80±5% RH for 2 h. 

 

During perovskite humidity degradation, the intensity ratio of PbI2 (001) / MAPbI3 

(110) increase for uncoated and coated perosvkite films (Figure 3.17).67 After degraded 

in controlled humidity for 4 h, the ratio of uncoated perovskite film increases from 0.02 

to 0.17. At the same time, the ratio of 3LG-coated samples increased from 0.03 to 0.09, 

whose speed is only 39.8% of that of uncoated samples. Moreover, it need to be 

mentioned that the XRD diffraction peak at 10.6° after 6 h degradation is attributed to 

the formation of MAPbI3·H2O.21, 40 The increasing intensity of the intermediate phase 

shows that MAPbI3 degraded. It indicates that 3LG-coated perovskite film is of better 
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humidity resistance compared with uncoated one. As a result, the coated 3LG 

effectively act as moisture protective barrier improving perovskite stability.17, 44  

 

 
Figure 3.17 Variation intensity ratio of PbI2 (001) / MAPbI3 (110) diffraction peak with time. 

 

As perovskite materials are also applied in some PL devices.23, 29-30 In order to 

further investigate the moisture resistance of perovskite with 3LG coated, the PL 

emission of uncoated and 3LG-coated MAPbI3 films are characterized before and after 

degradation.40, 68 While MAPbI3 perovskite shows strong PL emission peak at around 

780 nm,27 there is no PL emission peak for PbI2 and MAPbI3·H2O.40 Before degradation, 

uncoated perovskite film shows strong PL emission peak at around 778 nm.31 Similarly, 

the 3LG-coated MAPbI3 perovskite film shows PL emission peak at 777 nm. After 2 h 

degradation, uncoated perovskite shows no obvious emission peak, while 3LG-coated 

MAPbI3  perovskite film maintained 80.7% peak intensity. 
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CHAPTER 4  Summary and Outlook 

    In this thesis, we focus on the graphene mechanical property and impermeability. By 

a deep discussion of graphene mechanical property, a theoretical model of mechanically 

exfoliated graphene size distribution provides theoretical support of tape selection for 

different requirements of graphene nanosheets sizes. In addition, Weibull shape 

parameter (α), which is related to the defect concentration of the graphene crystal, is 

also an important parameter determining the size of graphene mechanically exfoliated. 

In addition, the impermeability of graphene is developed for protecting poor stability 

perovskite material, which shows remarkable properties for energy harvesting and light 

emission devices. The impermeability of graphene is also related to the defect 

concentration. The air-stability of perovskite film is greatly improved with graphene 

protection barrier. 

    The size of the mechanically exfoliated graphene flakes is determined by mechanical 

properties of both graphene and the peeling tape we use. Specifically speaking, if the 

adhesion energy of the tape increases, graphene attached on it will be more intensely 

stretched, resulting in the reduction of the size of the obtained graphene flakes. The 

probabilistic distribution of the flake length also becomes narrower. Similarly, the 

decreasing of the bending stiffness of the peeling tape will have the same effect. In 

addition, the property of the adhesive layer of the peeling tape also largely influence 

the size of the exfoliated graphene. Adhesive layer with smaller shear modulus and 

larger thickness could produce graphene flakes with larger size. The distribution of the 

size will also be wider, indicating greater chance of getting very large graphene flakes. 

On the other hand, the dispersity of the strength of the 2D material, which is 
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characterized by the Weibull shape parameter, also plays an important role in 

determining the size distribution. Larger Weibull shape parameter represents smaller 

variation of strength of the sample. This could lead to larger size for the exfoliated 2D 

material flakes. 

    In addition, we successfully demonstrate improved stability of perovskite protected 

by anhydrously transferred graphene. The transferred graphene acts as an ultrathin 

protective barrier for perovskite. Furthermore, the degradation level by using PbI2 (001) 

/MAPbI3 (110) peak intensity ratio are quantified. As a result, the peak intensity ratio 

of uncoated film is 2.8 times that of 3LG-coated after 8 h degradation. Meanwhile, the 

3LG-coated perovskite film maintains 80.7% PL emission after 2 h degradation, while 

the uncoated one shows no PL emission peak. Consequently, the anhydrous graphene 

transfer method exhibits potential to be applied in perovskite-based optoelectronic 

devices. Also, this graphene transfer method can be introduced  in transparent electrode 

for perovskite devices. The anhydrous transfer method can be further developed for 

other moisture sensitive materials.   
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