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The open circuit voltage decay in the perovskite solar cells is quite fast during the first few 

hundreds of milliseconds. It can be noticed that the fast voltage decay is characteristic for 

the cells with all types of photoanode. When discussing the transient behavior of the PSC 

in order to extract information on the electronic processes in the solar cell, the polarization 

of the perovskite material needs to be taken into account. Thus, when discussing the time 

transients of the PSC it is necessary to consider both the decay of the non equilibrium 

careers and the polarization.
61

 During the OCVD measurement, after removing the 

electronic driving force (illumination), the recombination of the carriers is very fast in the 

order of magnitude of ms, while the polarization decays to the equilibrium position much 

slower. From Figure 29 it is evident that for all types of solar cells the decay in the first 

hundred ms is very fast. Unfortunately, due to the resolution of the measurement it is not 

possible to extract any information on the shape of the decay curve in the region which is 

responsible for the fast phenomena such as recombination of electrons and holes. In this 

sense it is not reliable to predict the effect of SWCNT loading in the photoanode on the 

electron dynamics at the TiO2/MAPI, TiO2/HCM interfaces. The longer time decay (0.3s < 

t < 100s), responsible for dielectric relaxation of the perovskite active layer, was not 

subjected to study and interpretation at this point. It should be noted that small 

discrepancies of the VOC values reported in Table 8 and Figure 29 for the corresponding 

cells could be a result of the previously reported in literature slow response of the 

perovskite solar cells in reaching study state conditions, hysteresis and light soaking 

behaviour
62,63

 which are not taken into account for the purpose of this investigation 

(experimental setup and conditions), since essentially they do not influence the results 

within the investigated time resolution.   

 

Figure 29. Open circuit voltage decay curves of PSC prepared with composite photoanode from a) 

35% perovskite solution; b) 40% perovskite solution. 

 

To conclude the influence of the SWCNT loading of the photoanode on the efficiency of 

the perovskite solar cells, several batches of cells were prepared and measured, and the 

results of their efficiency are presented in Figure 30.  

The low concentrations of SWCNT in the photoanodes are not leading to an improvement 

in the cell efficiency when in condition of good perovskite infiltration and without an 

overlayer i.e., 35% precursor solution. This is probably due to the fast transport properties 

of the perovskite for both type of carriers (transport is more efficient through the 

perovskite than via the SWCNT decorated titania). For solar cells with an overlayer and 

possibly worse infiltration i.e., 40%, a slight trend in efficiency improvement was observed 

for cells with lowest loadings of SWCNT in the photoanode.  
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Figure 30. PSC efficiency dependence on SWCNT loading of the composite photoanode for solar 

cells prepared from a) 35% perovskite solution; b) 40% perovskite solution. 

 

The addition of SWCNT in the mesoporous photoanode scaffold for the Cl-doped 

CH3NH3PbI3 perovskite solar cell does not make significant change in the solar cell 

parameters and overall efficiency. This is a result of fast charge transport inside the 

perovskite which is not influenced by the presence of nanotubes within the titania scaffold. 

In conditions of poorer infiltration of the perovskite, the effect of the transport within the 

titania layer is no more negligible inducing a slight increase of the efficiency for the cells 

with 0.04% SWCNT loaded photoanodes. At higher SWCNT concentrations electron-hole 

recombination is also occurring. 

 

3.3. Conclusion 

 

The influence of the SWCNT on the conductivity of SWCNT/TiO2 electrodes and the 

consequences on the photovoltaic efficiency and characteristics of three types of solar cells 

were investigated. The conductivity of the mesoporous composite photoanode was 

improved for SWCNT/TiO2 concentration larger than 0.04% by two orders of magnitude. 

Application of the composite photoanode in solar cell configuration resulted in an 

efficiency improvement within 0.04-0.15% SWCNT/TiO2 composite photoanodes with 

respect to the solar cell technology and preparation conditions.  

The improvement and optimization of the dye sensitized solar cell was achieved by 

employing both a compact TiO2 layer and a photoanode post-treatment. Even though the 

effect of the conductivity enhancement of the photoanode was not translated to the solar 

cell, a fine efficiency improvement of around 5% was recorded for the cells employing the 

0.07% SWCNT/TiO2 photoanode. Although reports on similar approaches for efficiency 

improvement in DSC by employing MWCNT/TiO2 composite photoanode show highest 

efficiency increments of 15-25% with respect to plain TiO2 photoanodes,
42,43

 the presented 

results correspond well with respect to studies on the impact of SWCNT type on the 

efficiency.
14,15

 The use of mixture of both metallic and semiconducting SWCNT in the 

present investigation reflects the opposite efficiency impact that both types of nanotubes 

have on the photovoltaic performance which results in a delicate efficiency augmentation 

for the DSC. 

For the solid state dye sensitized solar cell the efficiency improvement due to the superior 

conductivity of the 0.07% for SWCNT/TiO2 photoanode was accomplished, whereas, 
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introducing a post-treatment resulted in efficiency improvement, for cells employing 

0.15% SWCNT/TiO2 photoanode, of approximately 50% with respect to the cells with a 

bare TiO2 electrode.  

The efficiency improvement in the perovskite solar cell followed the trend of least 

influence of improved photoanode conductivity on solar cell parameters; however, for the 

40wt% perovskite solution and 0.04% SWCNT/TiO2 photoanode an efficiency 

improvement of around 5% was achieved.  

The obtained results indicate that the faster electron collection and transport in the 

photoelectrode, is weakened by the elevated recombination through possible SWCNT 

recombination centres. Introducing additional SWCNT decoration by photoanode post-

treatment confirms this hypothesis by shifting of the maximum efficiency vs. SWCNT 

concentration in solid state DSC. Additional issue that needs to be addressed is the 

lowering of the Fermi level of the photoanode by increasing the SWCNT concentration in 

the composite photoanode which was confirmed by the experimental results of the solar 

cell parameters. The electron transport and recombination in the perovskite solar cell has a 

relatively more complicated reaction dynamics due to the fast charge transfer though the 

perovskite material of both electrons and holes, as well as the intrinsic structural properties 

of the perovskite material which give rise to a variety of phenomena such as polarization 

and ion migration
64,65

, thus understanding the fine effect of SWCNT incorporation needs to 

be further investigated. 

An increase of efficiency was evidenced for all three solar cell technologies with respect to 

plain TiO2 photoanode reference cells, even though a breakthrough improvement was not 

recorded within the expected experimental parameters for solar cell preparation. These 

results are encouraging and further investigation should be concentrated in eliminating 

metallic SWCNT and working within a small window of SWCNT concentration (0-0.1% 

SWCNT/TiO2) for best optimization. 
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CHAPTER III:  

PEROVSKITE SOLAR CELLS 

 

 

1. Perovskite Active Layer Morphology Dependence on Solar Cell 

Architecture  

  

The family of perovskite solar cells contains several highly efficient solar cell architectures 

or concepts which are generally driven by fundamentally different charge transport 

mechanisms.
1,2

 A great deal of research has been focused on understanding the connection 

between the configuration of the solar cell with the morphology and structure of the 

perovskite material, with scaffold materials varying not only in their structural but in their 

dielectric/conductive properties as well.
3,4

 In order to optimize each of the perovskite solar 

cell architectures there have been a variety of publications regarding the perovskite active 

layer deposition and formation conditions and mechanism, and the charge transfer dynamic 

with respect to the device structure.
5–7

 It has been shown that the crystallization of the 

MAPI is strongly dependent on the mesoporous scaffold as well as the surface conditions 

(roughness, temperature, humidity) of the flat substrate. Since there are still unknowns 

regarding the charge transport in the MAPI, which will be discussed in the next chapter 

(from a certain viewpoint), significant data is also available on the identification of traps 

and defects in connection to the crystallinity, grain size and boundaries of the material.
8–11

 

In an attempt to further research the MAPI formation and surface coverage with respect to 

the morphology of the underlying layer (mesoporous scaffold or flat compact layer) laser 

scanning confocal microscopy (LSCM) and laser beam induced photocurrent (LBIC) have 

been performed. Both mapping techniques have been employed as powerful tools for 

correlation of the optical images obtained with the LSCM and the electrical response from 

the LBIC. The study of the morphological properties confronted by the photophysics of the 

perovskite material, under illumination in cell configuration (charge generation and 

extraction), by beam induced scanning techniques is a novel approach in the field of 

perovskite solar cells. Very few publications report on similar approaches for Pl and 

current mapping,
12–15

 not fully exploiting the potential of these techniques. The direct 

confrontation of the spatially resolved properties from both techniques (PL and ISC 

intensity) provides connection between sub-micrometric morphological features of the 

active layer and the local photovoltaic response of the device. Moreover, this type of 

measurements can provide important information on the existence and influence not only 

of defects, but of specific degradation channels monitored under controlled ambient 

condition.  

To obtain a full image of the active layer morphology confronted with the photocurrent 

generation, several types of cells were investigated:  

 Planar solar cell configuration with two different types of TiO2 compact layers 

(from now on referred as CL1 and CL2). Furthermore for the CL2, two types of 

solar cells were prepared with respect of the sintering temperature of the TiO2 (low 

temperature 150°C and high temperature 450°C). 

 TiO2 mesoporous solar cell with CL1  

 Al2O3 meso-superstructured solar cell with CL1.  
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1.1. Experimental - Device Preparation and Characterization 

 

All chemicals except for the ones stated otherwise, were acquired from Aldrich, Fluka and 

used without further purification. 

Device preparation. A detailed description of perovskite solar cell preparation employing 

a compact layer (CL1) and a TiO2 mesoporous scaffold is presented in Chapter II, Section 

3.1.2. All other PSC configurations were prepared following the same instruction for 

substrate cleaning and preparation. For the PSC employing CL2, the TiO2 compact layer 

was deposited by spin coating 0.2 M of TiO2 colloidal solution (see Chapter II, Section 

2.2.1.) which was subsequently annealed at 150 or 450°C for 1 hour. For the solar cells 

employing alumina mesoporous scaffold, on top of the TiO2 compact layer (CL1), aqueous 

solution of 235nm polystyrene beads and aluminium-sec-butoxide was drop-casted, which 

was subsequently burned at 450°C for 2 hours in air.
16

 The Al2O3 scaffold was obtained 

after the annealing process during which the polystyrene beads were removed and the 

scaffold material was formed.  

After the preparation of the photoanode, the cells were transferred in a controlled 

atmosphere, N2 filled glove box with approximately 25% relative humidity and the 

perovskite and HCM were deposited by spin coating. In particular for all PSC architectures 

40wt% (3:1 CH3NH3I to PbCl2) DMF solution of Cl-doped MAPI (referred only as MAPI) 

was used. The MAPI was deposited on top of the compact or mesoporous films by spin-

coating, and annealed on a hot plate at 95°C for 70 min. After perovskite formation spiro-

OMeTAD (MERCK) was used as HCM with a concentration of 100 mg/ml solution in 

chlorobenzene, doped by TBP and LiTFSI (170 mg/ml solution in acetonitrile), 1:9 µl/mg 

TBP:spiro-OMeTAD; 1:2 µl/mg LiTFSI:spiro-OMeTAD). The samples were left to dry 

overnight in dark, in ambient air. 120 nm silver top contacts were deposited by thermal 

evaporation using a shadow mask to obtain 4 (0.16 cm
2
) solar cells per substrate.  

LSCM was performed with Nikon TE2000 optical microscope connected with a Nikon 

EZ-1 confocal scanning head. The laser excitation wavelength was 488 nm. The laser was 

focused inside the device at a depth corresponding to the active layer and the 

corresponding confocal photoluminescence signal was collected in reflection mode, 

through the same optical path of the excitation light. Different dichroic mirrors were used 

to collect the luminescence from different spectral regions. By scanning the samples over a 

defined area, a two-dimensional map of the photoluminescence intensity was created. All 

devices were measured in air without encapsulation after preparation. After LSCM, the 

LBIC were performed. 

LBIC measurements were performed with the same experimental set-up, using a pulsed 

laser diode with 405 nm wavelength as light excitation source. At this wavelength the 

devices exhibit a light absorption sufficient to obtain a detectable photocurrent signal. The 

laser is focused on the sample through a 60x NA 0.70 air objective of the confocal 

microscope. The locally generated short-circuit photocurrent was acquired with a lock-in 

amplifier by modulating the excitation source between 5 and 15 kHz, while the device was 

kept in short circuit conditions. The PC maps were collected by scanning the laser beam 

onto the sample. The laser power was 15 µW, and the laser spot 0.7µm. 

SEM images were obtained using a Zeiss FEG-SEM LEO 1530 electron microscope at 

5.00 kV equipped with an energy dispersive X-ray spectrometer (EDX). 
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1.2. LSCM and LBIC Investigation 

 

With the laser scanning confocal microscopy it is possible to study selectively the 

morphology of the active layer in working devices. Upon illumination with the excitation 

light, the excited states are generated in the photoactive material. The photoluminescence 

is consecutively generated by radiative recombination of the excited states by emission of 

photons with energies around the band gap of the solar cell absorber material. If there is an 

electron transfer and charge generation processes in the perovskite material, the 

photoluminescence will be mostly quenched, however it should still possible to collect the 

residual photoluminescence arising from unquenched photoexcited states, resulting in  

rather low PL intensity.
17,18

 Since the LSCM is based on the absorption of the active 

material, it will essentially reflect only on the perovskite properties and not on processes 

involving the selective contacts. Thus, the obtained maps can be used for localization and 

qualitative as well as quantitative classification of local defects existing in the solar cell 

structure.
14

 While a detailed description of the technique and the experimental conditions 

are presents in the Appendix and the experimental part of this section several important 

points need to be noted. Exciting the cell with longer wavelength sources would generally 

produce higher photocurrent; nevertheless, by using monochromatic light excitation with a 

shorter wavelength images with a higher resolution can be obtained. Furthermore the 

absorption and the external quantum efficiency of the MAPI are quite high at 405 nm.
3
  

On the other hand the laser beam induced photocurrent (LBIC) allows investigation of the 

morphology the active layer through its charge generation, separation and transport 

efficiency. The local short circuit photocurrent arising from the photoexcited material is 

collected by the electrodes and a map of the photogenerated carrier collection as a function 

of the location of carrier generation is created. 

Measurements of a planar perovskite solar cell with CL1 are presented in Figure 1. The 

two different LSCM images are obtained by using different filters for the 

photoluminescence collection. Namely, the first image is obtained by using a green 

channel (490-565nm), while the second is obtained by a red-IR channel (565-900nm). It 

has to be pointed out that the contrast of the PL maps is taken in arbitrary units to ensure 

better visualization of the features, thus the intensity of the signals cannot be directly 

correlated between the images, providing only a qualitative inspection. The PL intensity 

obtained with the green channel was practically negligible in intensity compared to the 

signal obtained with the red-IR channel and the brightness of the features is strongly 

enhanced with respect to the real emission. Since the 2D maps acquired with LSCM 

basically represent projection of the active layer morphology, the same distinctive features 

can be observed on both maps, though having opposite position of bright and dark spots. 

When comparing both PL maps in Figure 1 it is obvious that the photoluminescing species 

in the green appear to cover the entire surface area and the most intense signal is evident in 

the dark spots of the red-IR channel map. Intuitively it can be concluded that the dark spots 

in the map (Figure 1b) represent areas not covered by the perovskite, concluding that the 

signal in the map in Figure 1a is due to the weak broad PL band of the spiro-OMeTAD.  

Upon further investigation it can be concluded that the perovskite coverage of the CL1 is 

rather good, however several pinholes of few microns are present. In Figure 1c a partial  

LBIC image is reported, note that the quality of the image is low since very few bright 

spots can be observed, due to the fact that the devices were investigated in ambient 

conditions (60-65% relative humidity), degradation of the cell due to humidity is most 

probable although light-induced degradation cannot be excluded. However, since the LBIC 

and LSCM are not completely observing the same objects, laser scanning microscopy 

being confocal is collecting the luminescence only from a limited area independently from 
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where the light propagation is, and on the other end the LIBC is collecting carriers 

photogenerated from all the sites where the light can be absorbed, more or less from the 

entire illuminated cone, thus the homogeneous signal could be due to the absorption from 

deeper layers. 

 

Figure 1. Investigation of planar PSC with CL1; a) PL map obtained with green channel (490-

565nm); b) PL map obtained with red-IR channel (565-900nm); c) LBIC measurement of the 

designated cell area reported in b).  

 

To obtain information on whether the differences in the compact layer can have impact on 

the crystallization of the MAPI and the surface coverage of the substrate, investigations 

were performed employing differently prepared compact layers CL2. Without changing the 

semiconducting material in order not to introduce new variables in the charge generation 

and transport investigation, the light beam techniques were used to study the morphology 

of solar cells prepared by annealing CL2 at both 150 and 450°C (Figure 2 and Figure 3). 

 

 

Figure 2. Investigation of planar PSC with CL2_150°C; a) PL map obtained with red-IR channel 

(565-900nm); b) LBIC measurement of the designated cell area reported in a). 

 

Surprisingly, it can be observed that the crystallization of the perovskite material depends 

on the annealing temperature of the compact layer. Namely, the features in the two PL map 

images corresponding to a cell with CL2_150 and CL2_450 present quite a different 

morphology. Although the surface coverage was not significantly different, several 

distinctive features can be observed. In the low temperature processed cell (CL2_150) the 

perovskite had a cracked and disordered structure having almost a porous character (Figure 

2a), whereas in the high temperature processed PSC (CL2_450) a more interconnected 

uniform structure was obtained. Additionally, in the CL2_450 (Figure 3a) the PL signal 

was more uniform in intensity indicating even charge generation and radiative 

recombination throughout the layer. By LBIC measurement (Figure 2b) information on the 
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efficient charge transport in the solar cell was observed. Although the contrast of the 

current map was not sufficiently clear, the dark and light areas are correlated to the same 

features of the PL map. The quality of the image could be connected to the roughness of 

the perovskite layer which might cause changes of the focus position throughout the scan. 

As evidenced from Figure 3b, the LBIC measurement provided an image with good quality 

(contrast and features corresponding to the PL map in Figure 3a), where bright features 

result from efficient charge transport and dark spots correspond to pinholes in the 

perovskite layer where probably non-radiative absorption is occurring, because of absence 

of MAPI. The relatively uniform intensity of the LBIC image supports the PL map in the 

interpretation of homogeneous charge generation throughout the MAPI.  

 

 

Figure 3. Investigation of planar PSC with CL2_450°C; a) PL map obtained with red-IR channel 

(565-900nm); b) LBIC measurement of the cell area reported in a). 

 

The mesoporous PSC employing a TiO2 photoanode was discussed with respect to 

photoanode optimization in the previous chapter. Further investigation into this type of 

PSC was conducted to investigate the difference of the perovskite layer morphology with 

respect to the planar PSC, since differences in crystallinity as well as crystalline size can 

have implication on the light absorption properties and in turn device efficiency.
4
 In Figure 

4a and b, PL maps of the same cell but in different positions are presented. It can be 

observed that the distinctive features of the perovskite layer are relatively smaller in 

comparison with the solar cells where the perovskite layer is in a planar configuration and 

not incorporated in a scaffold. It is obvious that the interconnection between the perovskite 

(bright spots) and the TiO2 (dark spots) is quite good indicating a thin overlayer. An SEM 

image of the TiO2 mesoporous scaffold is presented in Figure 4d to indicate the 

morphology of the underlayer. In Figure 4b a rather large dark spot is observed, this is a 

result of non-uniformity or a grain within the TiO2 mesoporous layer where no perovskite 

is evident. The LIBC image similar to the one in Figure 1c does not reproduce the surface 

morphology of the perovskite very well. Considering that the intrinsic humidity of a 

mesoporous layer prepared in ambient conditions, even after annealing, could be quite 

relevant for the degradation of the perovskite layer. Additionally, the intense light of the 

LBIC (even though the light exposure time is 0.1ms/point) is probably increasing the 

degradation rate of the non-encapsulated device.  
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Figure 4. Investigation of mesoporous PSC with CL1; a) and b) PL map obtained with red-IR 

channel (565-900nm); c) LBIC measurement of the designated cell area reported in b); d) SEM 

image of the mesoporous TiO2 scaffold. 

 

 

Figure 5. Investigation of meso-superstructured PSC with CL1; a) PL map obtained with red-IR 

channel (565-900nm); b) LBIC measurement of the cell area reported in a); c) SEM image of the 

Al2O3 scaffold. 

 

Figure 5 reports on the PL and photocurrent map images of the meso-superstructured PSC. 

This investigation is of great importance especially in comparison to the previous solar cell 

configurations since the charge transport within the cell is quite different. As described in 

Chapter I Section 7, the photogenerated electron in the perovskite will not be injected into 

the Al2O3 scaffold but will rather be transported throughout the perovskite till the charge 

selective compact TiO2 layer. 

The PL map in image in Figure 5a presents the perovskite layer within the dielectric 

alumina scaffold (Figure 5c). The coverage and the small distinguishable features are 

similar as discussed previously. Due to the dynamics of perovskite crystallization certain 

dark spots are also observed presumably as a result of lack of material; however, a large 

spot of very high intensity PL emission is also evident. When compared to the LBIC image 

all features are reproduced with respect to bright and dark spots except the large feature of 

increased PL (top left in Figure 5a). Considering that the increased PL signal results from 

unquenched states where the photogenerated carriers are not injected into the electron or 
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hole transport layers, the majority of these carriers will recombine, most of them 

radiatively which by comparison, due to the inefficient charge transport, in this position 

will not be reproduced by the LBIC image as the brightest spot, as evidenced form Figure 

5b. One of the reasons could be the lack of HCM, or an area of too compact insulation 

alumina. This indicates that certain local device functioning mechanisms such as increased 

charge-carrier recombination and local resistivity are affecting the current generation. In a 

solar cell configuration detecting defects of this type can provide important information of 

device functioning and optimization. 

 

1.3. Conclusion  

 

LSCM and LBIC are non-invasive techniques which allow visualization of the morphology 

of the active layer in complete working devices which helps us to correlate it with the 

photovoltaic parameters of the solar cell through the photocurrent map image and its 

distinctive features. The investigation of different device architectures was performed not 

only to observe the variation of the perovskite layer morphology and surface coverage, but 

to monitor the possible degradation of the devices under reported measurement conditions. 

 The devices employing a mesoporous scaffold are more prone to defects due to the un-

uniformity that arises from the deposition of the mesoporous film, single step solution 

deposition of MAPI and insufficient pore filling of the perovskite. The lack of photoactive 

material at certain points or high recombination due to possible pinholes inevitably 

diminishes the efficiency of the device reducing the FF and VOC. Furthermore it was 

observed that the uniformity and the crystallinity of the perovskite growth are greatly 

influenced by the morphology of the compact layer. The air exposure of non encapsulated 

cells during measurement show possible route towards degradation through residual 

humidity in the mesoporous material and possibly the compact layer, although the impact 

of the light intensity in combination with atmospheric conditions cannot be excluded. 

 

 

2. Low and High Temperature Processed Planar Perovskite Solar 

Cell  

 

In developing and optimizing any new solar cell technology apart from the improvement in 

efficiency, the stability and the cost-effectiveness of the device have to be taken into 

account. The LSCM and LBIC discussed in the previous section revealed that the planar 

PSC prepared by employing compact layer annealed at low and high temperature, even 

though the morphology and the surface coverage of the perovskite layer exhibits 

differences, could have better reproducibility, stability and slower degradation rate with 

respect to preparation and exposure to atmospheric conditions, than the mesoporous PSC. 

Additionally, investigating and evaluating the photovoltaic parameters of a low 

temperature (150°C) and high temperature (450°C) processed PSC with respect to certain 

aging conditions can in turn provide information on whether the PSC with reduced 

construction energy consumption can sufficiently measure up to its high temperature 

opponent with respect to efficiency and stability.  

There are only few reports in literature on low temperature processed perovskite solar cell, 

employing a solution processed TiO2 compact layer,
19,20

 however a direct confrontation of 

the possible differences, advantages or disadvantages due to the low temperature TiO2 
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annealing have not been directly reported or postulated. The differences between the low 

and high temperature processing of the compact layer can be disused from the point of 

view of charge transport properties and electronic structure of the compact layer, since the 

higher temperature annealing is promoting better sintering, and in turn, better connection 

between the nanoparticles which was discussed in the previous chapter. However, as 

evidenced from the precious section, when discussing MAPI the processing temperature of 

the compact TiO2 layer affects at least another parameter, the morphology of the 

perovskite. Considering this, further investigation was conducted in order to achieve high 

efficiency solution processed planar PSC employing standard materials 

(FTO/TiO2/MAPI/spiro-OMeTAD/Ag) and low-cost techniques such as spin-coating. 

Furthermore, differences in the PSC photovoltaic parameters are addressed not only 

regarding the annealing temperature of the TiO2 compact layer, but studies are focused on 

the perovskite material with respect to crystallization, doping and degradation, as well. 

 

2.1. Experimental 

 

All chemicals except for the ones stated otherwise, were acquired from Aldrich, Fluka and 

used without further purification. 

 

2.1.1. Device Preparation 

 

Substrate preparation (cleaning and etching) was performed as described in Chapter II 

Section 3.1.2. The low and high temperature processed compact TiO2 layers were prepared 

by spin coating 0.2 M of TiO2 nanoparticle colloidal solution (Chapter II Section 2.2.1.) 

which was subsequently annealed at 150 or 450°C for 1 hour. After the preparation of the 

photoanode, the samples were transferred in a controlled atmosphere, N2 filled glove box 

with approximately 20±3% relative humidity and 40wt% (3:1 CH3NH3I to PbCl2) DMF 

solution of Cl-doped MAPI (referred only as MAPI) was deposited by spin coating 

employing solvent engineering during the last 10s of the spin cycle by drop casting 

Toluene,
21

 after which the samples were annealed on a hot plate at 95°C for 70 min. Spiro-

OMeTAD (MERCK) was used as HCM with a concentration of 100 mg/ml solution in 

chlorobenzene, doped by TBP and LiTFSI (170 mg/ml solution in acetonitrile), 1:9 µl/mg 

TBP:spiro-OMeTAD; 1:2 µl/mg LiTFSI:spiro-OMeTAD). Where stated, a highly doped 

72.3 mg/ml of spiro-OMeTAD in chlorobenzene solution was used (1:2.6 µl/mg 

TBP:spiro-OMeTAD; 1:4.25 µl/mg LiTFSI (520 mg/ml solution in acetonitrile):spiro-

OMeTAD. The samples were left to dry overnight in dark, in dry box with O2. 120 nm 

silver top contacts were deposited by thermal evaporation using a shadow mask to obtain 4 

(0.16 cm
2
) solar cells per substrate.  

 

2.1.2. Device Characterization 

 

Current voltage measurements of the cells were performed with Keithley 236 source-

measure unit with a point delay of 300 ms both in forward and backward scanning 

direction under simulated AM1.5 illumination of 100 mW/cm
2
 from Abet Technologies 

Sun 2000 Solar Simulator. During measurement the cells were masked with a sample 

holder of a cell size aperture. The cells were tested inside a glove box in oxygen and 

moisture free environment. 
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LSCM was performed with Nikon TE2000 optical microscope connected with a Nikon 

EZ-1 confocal scanning head. The laser excitation wavelength was 488 nm. The laser was 

focused inside the device at a depth corresponding to the active layer and the 

corresponding confocal photoluminescence signal was collected in reflection mode, 

through the same optical path of the excitation light.  

 

2.2.  Effect of O2 Exposure on Solar Cell Parameters  

 

The optimization of the preparation procedure for the planar perovskite solar cell has been 

vastly reported throughout the literature in the last 3 years. From the thickness of the TiO2 

compact layer, to the thickness and annealing conditions of the MAPI, to the thickness and 

doping of the HCM,
22–25

 especially for the vastly used spiro-OMeTAD (since highest PSC 

efficiencies have been reported with this p-semiconductor, regardless of the PSC 

configuration). Nevertheless, one of the main points in the optimization procedure is the 

fine adjustment of the preparation procedure and atmospheric conditions when it comes to 

the MAPI. Namely, the high sensitivity on this perovskite on humidity, oxygen and 

temperature has hindered researchers to come to a consensus on the positive (efficiency 

improvement) vs. negative (degradation) effects of certain atmospheric elements.
26–30

 

The low and high temperature processed planar perovskite solar cells were prepared as 

described in the experimental section following a generally accepted procedure.
22

 The 

spin-coating speed and time, the annealing temperature and the different exposure steps 

(atmospheric) were established in the laboratory after a period of optimization.   

After the photovoltaic investigation (I-V measurement under 1 sun) most of the as prepared 

devices (immediately after the top contact deposition) experienced low efficiency. Both the 

low and the high temperature processed devices (denoted as CL_150 and CL_450) were 

exhibiting low VOC and FF, while the JSC was generally good. The inspection of the shape 

of the I-V plots and the photovoltaic parameters indicated significant contribution of 

unfavorable resistance which could be the predominant reason for the low efficiency. I-V 

plots of representative CL_150 and CL_450 solar cells are reported in Figure 6.  

Confronting the data published in literature one of the issues of the working mechanism 

could be the insufficient doping of the spiro-OMeTAD.
31

 During the preparation 

procedure, the solar cells were left overnight in a dry box with O2 to ensure the doping of 

the HCM. This step was replaced with doping in air since it is essentially oxygen which is 

influencing the doping of the spiro-OMeTAD
32

 and furthermore the humidity from the 

ambient air could degrade the perovskite layer by infiltrating within the cell. Nevertheless, 

to understand if further oxygen exposure could have any effect on the photovoltaic 

parameters, the PSC were left for another 16-20 hour (overnight in dark) in dry oxygen 

prior to remeasuring their I-V response. A schematic diagram of the ambient conditions of 

the solar cells preparation and characterization is presented in Figure 7.  
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Figure 6.  Current-voltage plots of as prepared (after top contact deposition) CL_150 and CL_450 

PSC. 

 

Figure 7. Schematic presentation of successive steps in PSC atmospheric exposure and 

measurement conditions. 

 

After the second step oxygen exposure the I-V response of the cells was remeasured; 

significant increase of efficiency was observed. All photovoltaic parameters increased, 

however the increase of VOC and FF was quite high (Figure 8). In order to confirm the 

observed effect, to understand the reproducibility of the efficiency improvement 

mechanism and to establish a quantitative analysis regarding the difference of the PSC 

parameters several batches of cells were prepared and investigated. The results are reported 

in Figure 9.  

 

Figure 8. Current-voltage plots of as prepared CL_150 and CL_450 PSC and second step O2 

exposed devices. Both measurements are performed on the same representative cell 
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As evident from the statistics in Figure 9, the as prepared CL_150 PSC had generally lower 

reproducibility of the JSC and VOC. Although the mean value of the JSC for the CL_450 was 

around 40% higher, the VOC mean value between the low and high temperature processed 

cells was almost the same, although some CL_150 devices exhibited high VOC up to 1.1V. 

The fill factor of all devices was quite low, especially for CL_150 around 30%, whereas 

for the CL_450 a widespread of values is observed, though statistically the CL_450 

devices had a better fill factor. Since the efficiency of both types of devices was generally 

low probably due to obstructed charge transport mechanisms, a valid interpretation of the 

photovoltaic parameters and differences between the low and the high processed device is 

difficult. On the other hand after the second step O2 exposure for both types of devices a 

smaller discrepancy in the photovoltaic parameters was observed within the respective 

group, especially evident for the JSC. Regarding the optimized devices (after step 2 O2 

exposure), both the JSC and the VOC show similar mean values, while the difference in 

efficiency is mimicking the difference in the fill factor between the low and the high 

temperature processed device.   

 

Figure 9. Box plots of solar cell parameters for CL_150 and CL_450 PSC before second step O2 

exposure (as prepared) and after O2 exposure; a) JSC; b) VOC; c) FF; d) η.  

 

The differences in the photovoltaic parameters of the PSC with respect to the processing 

temperature, depend not only on the difference of the electronic properties of the TiO2 but 

also on the properties of the MAPI. From the LSCM images reported in the previous 

section it was evident that the morphology of the MAPI was different with respect to the 

annealing temperature of the TiO2 layer. One of the reasons could be intrinsic residual 

humidity in the low temperature processed compact layer which could in turn change the 

thermodynamic landscape during the crystallization of the perovskite. Regarding the 

optimized device efficiency (after the second step O2 exposure) the CL_150 PSC are able 
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to compete with the high energy processed CL_450. Granted the reproducibility of the 

CL_450 is higher, however optimization of the deposition method for the compact layer 

could be achieved to further support this claim. Annealing an aqueous colloidal suspension 

of TiO2 nanoparticles at 150°C is sufficient to remove the suspending medium; however 

certain residual impurities such as hydrated compounds can remain present. This can affect 

the wettability of the perovskite solution on one side and the crystallization on the other.  

It should be noted that in all the current-voltage characterization of the PSC, both before 

and after the second step O2 exposure, a hysteresis of the I-V response was observed. 

Considering this observation, all the data presented in this chapter correspond to the 

forward scanning direction regarding the I-V measurement of the PSC. Since the nature of 

the hysteresis behavior is still under debate in the scientific community, the presentation of 

the backward scan is omitted in order not to overestimate the PSC efficiency. In Figure 10, 

the I-V response recorded in forward and backward scan direction of a representative cell 

from Figure 9 (CL_450) is reported. 

 

Figure 10. Hysteresis behavior of the I-V response of the PSC with respect to the scan direction. 

  

 

Figure 11. CL_150 and CL_450 perovskite solar cells; a) LSCM image of MAPI of as prepared 

CL_150 device before O2 exposure; b) LSCM image of MAPI of CL_150 device after O2 exposure; 

c) LSCM image of MAPI of as prepared CL_450 device before O2 exposure; d) LSCM image of 

MAPI of CL_450 device after O2 exposure; e) I-V plots before (as prepared) and after O2 exposure.  
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In Figure 11a-d LSCM images of MAPI layer from the CL_150 and CL_450 PSC are 

reported. The representative I-V curves of these devices are reported in Figure 11e. Indeed 

as evidenced, the surface coverage of the CL_150 is smaller than CL_450, thus any 

difference in the solar cell efficiency could be attributed to this.  

The interface between the TiO2 and the HCM could introduce increased recombination 

mechanisms which in turn can lower the FF. Even though further investigation is needed 

to clearly distinguish whether the conductivity of the low temperature processed TiO2 has 

any contribution to the lower value of the CL_150 PSC efficiency, the negligible 

difference between the JSC and VOC with respect to the CL_450 PSC indicate that the 

contribution to the charge transport of the possibly lower conductivity of the CL_150 is 

rather small, if any. 

The investigation reported in Figure 11 was performed using twin devices by acquiring the 

PL map on an as prepared encapsulated device, and subsequently the twin PSC was O2 

aged and encapsulated before measurement in order to eliminate any MAPI degradation 

during the transfer and measurement. 

Upon inspection of the PL maps it is evident that the morphology of the CL_150 and 

CL_450 is relatively different and the surface coverage of the CL_150 is smaller CL_450 

as already discussed. However, what can be noticed about the PL intensity of both as 

prepared devices is that it‟s quite low. Note that the contrast of the images was adjusted for 

better visualization and the direct comparison of the color intensity/PL intensity between 

the images/samples is not adequate. However, it can be observed that the difference in the 

intensity between the dark spots (no MAPI) and bright spots (MAPI) of the as prepared 

devices (Figure 11 a and c) is quite small especially for the CL_150 where practically no 

features of the MAPI can be distinguished. It is doubtful that this large PL quenching is 

due to highly efficient charge diffusion towards the electron/hole selective buffer layers, 

but rather due to trapping defects which are causing non-radiative charge recombination. 

  

There have been numerous reposts in literature on the instability of the MAPI with respect 

to humidity and oxygen exposure. At a certain point during the development and 

optimization of this new and young type of solar cell technology a general consensus was 

established on the negative aspects of the atmospheric conditions on material and device 

durability by material degradation and PbI2 formation by exposure to H2O. However, in the 

past year an increasing number of publications deal with the observation of positive effects 

of oxygen on both MAPI standalone films and devices. Furthermore, while it‟s accepted 

that high humidity atmosphere is degrading the MAPI, reposts surfaced on the positive 

impact of moisture (low relative humidity) on the PSC efficiency during annealing of the 

MAPI, as well as, in post-treatment conditions.
26,28,33

  

The initial investigation was focused on the differences of the photovoltaic parameters of 

the low and high temperature processed solar cells, however in parallel the effect of the 

prolonged oxygen exposure was studied both regarding the underlining cause and the 

difference with respect to the type of solar cell (CL_150 and CL_450). The initial step was 

to confirm that the O2 exposure was in fact responsible for the change in photovoltaic 

parameters, and not some other delayed structural or chemical mechanism not related to 

the oxygen exposure at all. After the preparation and the measurement of the solar cells, 

instead of second step O2 exposure (Figure 7), half of a batch of PSC were left in the glove 

box overnight. After remeasuring the I-V response, no improvement was observed, as 

oppose to the other half which was submitted to O2 exposure. Additionally, a batch of solar 

cells was prepared to investigate whether the increased efficiency of the solar cells was 

connected to the increase of the conductivity of the spiro-OMeTAD. CL_150 solar cells 

were prepared using a more chemically doped HCM (see Section 2.1.1) which were 
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additionally, according to device preparation procedure, submitted to the first step O2 

exposure prior to top contact deposition. Surprisingly, no difference in solar cell 

parameters was observed due to the increased doping, as a second step these devices were 

again exposed to O2 after which mainly the increase in VOC and FF was observed which 

resulted in increased efficiency. Considering that the increased doping level of the HCM 

did not show significant contribution the efficiency improvement both before and after the 

second step oxygen exposure, the effect of reduced series resistance and increased shunt 

should be a result either of TiO2, or MAPI modification. It is known that reducing oxygen 

vacancies in the TiO2 can have positive influence on electron transport, and oxygen 

exposure can, in a sense, passivate these vacancies, however, since the compact layers 

have been prepared in air, and furthermore the oxygen is affecting both CL_150 and 

CL_450 in same manner, most likely the transport mechanism modification due to O2 is 

connected to the MAPI. Considering the above, this step of oxygen exposure efficiency 

improvement could be regarded as a curing step in the solar cell preparation.  

This phenomenon of oxygen related species which under light exposure (during I-V 

measurement in this case) are deactivating trapping defects within the MAPI has already 

been observed and proposed by several groups.
34–36

 Furthermore, the passivation effect of 

the oxygen on the MAPI grain boundaries has recently been reported with regard to 

reducing shallow traps.
37

 Namely, it is proposed that the O passivation is modifying the 

grain boundaries of the MAPI at the interface with the spiro-OMeTAD, to a more p-type 

material, which in turn is facilitating the hole transport at this interface. Since grain 

boundaries are observed to be associated with PL quenching,
38

 the O passivation can 

indeed yield positive effect by reducing non-radiative recombination as well. These results 

explain the large increase of the VOC and the increase of the FF that have been observed 

during the solar cell investigation presented in this chapter.  

Regarding the effect of the O2 exposure on the efficiency of both CL_150 and CL_450 

planar PSC further investigation is currently underway. The results generally indicate that 

in the presence of defects within the MAPI and poor photovoltaic response a simple and 

effective curing effect can be accomplished. Although these hypothesis need to be 

confirmed, the clear connection between O2 positive impact on planar PSC efficiency is 

evident. 

 

2.3. Planar Perovskite Solar Cell Degradation 

 

A strait forward investigation on the degradation of low and high temperature processed 

planar PSC was performed by using LSCM. The measurements were performed in order to 

understand whether the residual intrinsic humidity of the CL_150 PSC could present a 

disadvantage, of an additional degradation channel in the solar cell. A schematic diagram 

of the preparation and measurement of the cells is presented in Figure 12. 

 

 

Figure 12. Schematic presentation of successive steps in PSC atmospheric exposure and 

measurement conditions. 
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LSCM images were recorded to understand if any distinct difference in the MAPI 

morphology or PL intensity can be observed after 72 hours in an N2 environment with 40% 

relative humidity and ambient light. In Figure 13, PL maps and I-V plots of non-aged and 

aged encapsulated twin devices are reported. The investigation was performed by 

measuring encapsulated devices after oxygen curing and then twin devices (identical to the 

PSC reported in Figure 11) were exposed to the aging process and encapsulated prior to 

measurement. This sequence of events was employed to avoid additional atmospheric 

contribution to degradation during transport and measurement.  

 

Figure 13. CL_150 and CL_450 perovskite solar cells; a) LSCM images of MAPI of O2 cured 

devices; b) LSCM images of MAPI after aging procedure; c) I-V plots before and after aging. 

 

The LSCM images show no significant change if morphology or PL intensity with respect 

to the distinctive features or grain boundaries. Even though these are initial degradation 

studies which need to be expended to longer aging time, different atmospheric conditions 

and larger device number, it is surprisingly encouraging to encounter that the low 

temperature processed device did not suffer from faster degradation. The efficiency of the 

investigated solar cell devices suffered a decline mainly as a result of a decrease in the FF. 

The degradation percentage was similar for both low and high temperature prepared 

devices indicating that the residual humidity in the compact layer does not significantly 

affect the perovskite material. 
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2.4. Conclusion 

 

Preparation and characterization of low and high temperature processed planar perovskite 

solar cell was performed to understand whether the low annealing temperature (150°C) of 

the TiO2 compact layer will grant comparable photovoltaic parameters, efficiency and 

stability with respect to the standard 450°C processed device. Oxygen exposure of the 

prepared devices increased the efficiency of all devices, for certain devices more than 

double, with the best performing cells having efficiency of more than 10%. This important 

O2 post-treatment effect has been observed by other groups in different steps and aspects of 

the perovskite or PSC preparation and investigation, and could in turn play important role 

in MAPI defect curing of underperforming devices. Although further investigation in 

optimization of the deposition and crystallization of the MAPI could prove to decrease the 

trap density in the material, the O2 curing can represent a “go to” mechanism in 

compensating differences in perovskite solar cell preparation conditions. Furthermore, it 

was established that even though the low temperature processed solar cells exhibited 

somewhat lower power conversion efficiency, due to most likely lower surface coverage of 

the MAPI of the TiO2 compact layer, it can essentially compete with its high temperature 

counterpart.  

Initial investigation of the degradation mechanism of both types planar PSC (CL_150 and 

CL_450) showed no increased number of degradation pathways due to the low processing 

temperature of the compact layer, thus optimizing the deposition kinetics or method of the 

MAPI for the CL_150 PSC could increase the surface coverage and increase the efficiency 

leveling the performance of the low and high processed device. The equality of 

photovoltaic parameters of planar perovskite solar cells processed at low and high 

temperatures, can single out the CL_150 PSC as not only the more cost-efficient device but 

more importantly extend the application of the PSC on different flexible substrates.   
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CHAPTER IV:  

VIBRATIONAL PROPERTIES OF METHYLAMMONIUM LEAD 

IODIDE 

 

 

1. Introduction 

 

The technology of perovskite solar cells based on the hybrid organic/inorganic perovskite 

absorber materials with the ABX3 structure (A=organic cation; B=Pb and X=Cl, Br, I; 

where the cation is embedded in a PbX6 octaherda) have been in the focus of the dye 

sensitized and organic photovoltaics research community for the past four years.
1,2

  

Due to the fascinating optical and electrical properties of this material, which were 

discussed previously, the optimization of the devices, their stability and low cost 

fabrication have fueled the need for a deeper understanding of the fundamental physics of 

the material.  

With this in mind it is important to understand which kinds of interactions are ruling the 

transport of the charge carriers in the organo-lead halide perovskites. Charge lifetime, 

separation and transport remarkable timescale questions the essence of these properties 

which lie in the unique structure and dynamics of the perovskite octahedral framework and 

the bulky organic cation. 

The vibrational response of these systems can provide very useful information on the 

interaction of the organic and inorganic counterparts of the perovskite material. This 

interaction in turn gives rise to phonon-phonon, electron-phonon, spin-phonon interaction 

which may prove to lie in the basics of the remarkable intrinsic properties of the organic 

lead halide perovskites. Furthermore, recent publications suggest that charge transport in 

the perovskite systems has polaronic nature,
3,4

 thus obtaining a more insightful knowledge 

on the phonon interactions is essential. 

Extensive theoretical calculations have been reported on the interaction and relationship of 

the cation and octahedra,
5–8

 however there is little experimental data on the vibrational 

properties of the perovskite. Experimental data on the full vibrational spectra of MAPI are 

relatively few with publications reporting certain spectral intervals of the IR spectra.
7,9–11

 

Additionally, there have also been several published Raman studies taking into account 

resonant Raman data up to 500 cm
-1

.
 12–15

 

In order to provide a full vibrational study of Cl-doped MAPI (from here on addressed 

only as MAPI), the infrared and Raman spectrum in the frequency range 30-3400 cm
-1

 in 

the temperature interval form 80-360K, covering all three crystal phases was recorded. The 

study and the investigation of the dynamics behind both, high and low temperature phase 

transitions were performed. Investigation in to all three phases of the MAPI and the nature 

and mechanism of the phase transition should provide important insight in to the 

constraints of the cation, and the distortion of the inorganic frame. This in turn can answer 

serious questions about the charge separation and transfer properties of the material. 

Hydrogen bonding (H-bond), which has already been proposed by several research groups 

as an imperative to ferroelectric response and spontaneous polarization,
16,17

 can 

undoubtedly have a crucial influence to device operation. Recently, the effect of 

temperature on the photovoltaic parameters,
18

 as well as charge carrier dynamics
19

 have 
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been performed with the intention of understanding the change in device operation with 

temperature.  

The deeper insight into the vibrational fingerprint of the MA cation, such as mapping the 

timescale of the motion and potential barriers of the oscillators involved in the cation 

rotation, as well as probing the infrared and Raman spectroscopy response throughout the 

phase transitions from cubic to tetragonal to orthorhombic, can provide essential 

information on the charge interaction and transport through the material. When coupled 

with powerful computational tools the experimental results from phonon interactions and 

cation dynamics can facilitate the methodology of manipulation of basic structural 

components of the perovskite materials such as cation and metal exchange to serve towards 

further optimization of the PSC technology.  

The situation of the cation interacting with the inorganic framework complicates the 

description of the vibrational characteristics of the system, giving rise to series of 

overlapping bands, resonance effects, and anharmonicity and phonon interactions. Since 

orientational disorder, static or dynamic or both, must be present in the crystal as a 

consequence of the non-coincidence of the crystallographic site and the molecular cation 

symmetries,
20

 investigating the temperature dependence of the frequency of vibrational 

modes provides insight on the nature and the mechanism behind the phase transition. 

Moreover, photoinduced IR absorption measurements can identify the existence of 

polarons and further contribute to the understanding of the charge transport properties. The 

obtained novel results present fundamental step forward, towards a full overview of the 

liberating and limiting factors of charge transport in this perovskite material. 

 

1.1. Material Structure 

  

The research interest in the perovskite solar cell, since the first publication, has produced 

many research lines in order to both quantitatively and qualitatively account for the high 

efficiency of these types of cells. Exploring the tunability of the band gap of the 

CH3NH3PbI3 (MAPI), publications on Cl and Br doped CH3NH3PbI3 solar cells, as well as 

pure CH3NH3PbBr3 (MAPB) followed soon after.
21,22

 Namely, the band gap of the 

CH3NH3PbI3 has been experimentally reported to be in the range 1.5-1.6 eV, Cl doped 

CH3NH3PbI3 has a similar band gap around 1.55, and the Cl or I doped CH3NH3PbBr3 

band gap can be fine-tuned in the range 1.55-2.30 eV depending on dopant atomic 

concentration.
23

 

Since the material structure in general represents a combination of both organic and 

inorganic parts and properties, the optical and electrical characteristics of this material are 

undoubtedly connected to its structure. The first structural and spectroscopic instigation of 

this specific group of organic inorganic perovskite materials was reported several decades 

ago.
24,25

 The methylammonium lead iodide crystal structure was determined to have 3 

structural phases;
25

 high temperature cubic phase TC1=327.4K with a Pm3m symmetry, 

room temperature tetragonal with I4/mcm symmetry which transitions to low temperature 

orthorhombic phase at TC2=162.2K with Pna21 symmetry. Models of the structure of the 3 

crystal phases of MAPI are presented in Figure 1. The symmetry of the cation however 

does not correspond to the summitry of the inorganic framework and it is classified with 

the symmetry group C3v of an isolated cation. Due to this natural complexity of the 

CH3NH3PbI3 molecule which does not possess a center of symmetry, all of the normal 

modes will be both IR and Raman active. 
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Figure 1. Model of crystal structure of the CH3NH3PbI3 in the different crystal phases: a) cubic; b) 

tetragonal; c) orthorhombic.
26

 

 

 

2. Experimental-Materials and Methods 

 

All chemicals except for the ones stated otherwise, were acquired from Aldrich, Fluka and 

used without further purification. 

 

2.1. Material Preparation 

 

The Cl doped CH3NH3PbI3 perovskite material has been prepared from solution according 

to published procedure.
27

 Methylammonium iodide CH3NH3I was prepared by mixing 24 

ml of methylamine solution (33 wt% in absolute ethanol) with 100 ml of ethanol and 10 ml 

of 57% HI acid. The solution was stirred for 2 hours, then transferred into a rotary 

evaporator and kept at 70°C until a crystalline powder formed. The crystalline powder was 

washed and recrystallized from ethanol and the formed methylammonium iodide was dried 

in a furnace at 60°C for 16 hours. The CH3NH3I and PbCl2 were dissolved in a 3:1 molar 

ratio in N,N-dimethylformamide (DMF) to form a 40 wt% Cl-doped CH3NH3PbI3 

perovskite precursor solution. 

 

2.2. Material Characterization 

 

Optical absorption. The MAPI solution was deposited by spin coating on clean glass 

slides (washed by subsequent ultrasonic baths of water, acetone and isopropanol and 

treated with O2 plasma) and annealed at 95°C in a nitrogen filled glove box with relative 

humidity of 20±3% for 70 min. PMMA coating (Allresist 671.05) was deposited on top by 

spin coating before transferring the sample for measurement. Absorption measurements 

were performed with JASCO V-550 UV-Vis spectrometer with PMMA-coated glass slides 

as a reference.  
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X-Ray detraction (XRD) measurement. Sample preparation was identical to the 

previously described sample preparation without the deposition of PMMA. After 

preparation the sample was immediately transferred for measurement. The crystal structure 

was characterized by performing off-specular scans with the incident angle fixed to 0.8°. 

Measurements were carried out by using a SmartLab-Rigaku diffractometer, equipped with 

a rotating anode (Cu Kα λ = 1.54180 Å) followed by a parabolic mirror, to collimate the 

incident beam, and a series of variable slits (placed before and after the sample position). 

Far-infrared (Far-IR) absorption. The MAPI solution was deposited by spin coating on 

a 0.5mm thick non-doped Si substrate which was previously cleaned in subsequent 

ultrasonic baths of water, acetone and isopropanol and treated with O2 plasma prior to 

deposition. The perovskite film was burned at 95°C in a nitrogen filled glove box with 

relative humidity of 20±3% for 2 hours. PMMA coating (Allresist 671.05) was deposited 

on top by spin coating before transferring the sample for measurement. Far-IR absorption 

spectra were obtained by using a Bruker 113v FT-IR interferometer equipped with Hg 

lamp, DTGS detector with scan velocity 0.1 kHz, 2 cm
-1

 resolution averaging over 256 

scan. In order to optimize the quality of the spectra in the Far-IR spectral range we have 

investigated (25-450cm
-1

), at each temperature, four spectra were collected by using four 

distinct mylar beamsplitters (50 μm, 12 μm, 6 μm and 3.5 μm). A clean Si substrate was 

used as a reference, since PMMA has no vibrational response in this frequency region. 

Temperature dependent measurements were performed mounting the sample on the cold 

finger (with a 6 mm aperture hole) of a flow cryostat with HDPE windows with the MAPI 

in direct contact with the copper cold finger. The temperature was monitored by ITC4 

Oxford temperature controller. 

Mid-infrared (Mid-IR) absorption. Samples for the mid IR absorption measurement 

were prepared in the same way as described in the Far-IR sample preparation section sans 

the deposition of the PMMA. The measurement was performed with Bruker Vertex 70 

interferometer using a DLaTGS detector and a KBr beamsplitter. The sample was placed 

with a direct contact on the cold finger (with a 5 mm aperture hole) of a flow cryostat with 

KBr windows. Clean substrate was used as a reference prior to sample measurement. The 

recorded spectral region was 400-4000 cm
-1

 with a scan velocity of 10 kHz and spectral 

resolution of 4 cm
-1

. The temperature was monitored by ITC4 Oxford temperature 

controller. The baseline removal and band fitting (mixed Lorentzian-Gaussian function) of 

the collected spectra was performed by Opus 7.2. 

Fourier transform Raman (FT Raman) measurements. MAPI solution was drop casted 

on clean glass substrates and annealed at 95°C in a nitrogen filled glove box with relative 

humidity of 20±3% for 20 hours to ensure compete perovskite formation and solvent 

evaporation. The material was scratched and placed in a custom made brass sample holder 

by tightly filling a cylindrical hole of 1x1 mm (height x diameter). The sample holder was 

mounted in a flow cryostat in direct contact with the copper cold finger. The temperature 

was controlled by ITC4 Oxford temperature controller. Measurement was performed with 

Bruker RFT 100 exciting with a 1064 nm Nd/YAG diode pumped c.w. laser. The size of 

the laser spot on the sample was 1 mm in diameter. The spectra were collected in 

backscattered geometry with a liquid nitrogen cooled Ge diode detector; 5mm aperture and 

a quartz beamsplitter were used. The scan velocity was 5 kHz, resolution 4 cm
-1

 and the 

laser power was kept at 25 mW. To ensure good signal to noise ratio more than 4000 scans 

were collected for each temperature. The band fitting (mixed Lorentzian-Gaussian 

function) was performed by Opus 6.2 

Photoluminescence (PL) measurement. The sample preparation is identical to the sample 

preparation for the absorption measurement described previously in this section. 

Continuous wave PL measurement was performed by Micro-Raman Renishaw 1000 



83 
 

system with λex=488 nm. Laser power density of 430 mW/cm
2
 was attenuated with a filter 

to prevent thermal degradation of the sample.  

Photoinduced Absorption (PIA). The sample preparation for the PIA measurement was 

identical to the sample preparation for the Far-IR. The measurement was performed by 

Bruker 113v FT-IR interferometer in vacuum, equipped with Hg lamp and DTGS detector. 

.Photoexcitation was achieved with c.w. Ar+ multiline laser with power density of 40 

mW/cm
2
 (for further details on the experiment and theoretical background please refer to 

the Appendix section). Temperature dependent measurements were performed mounting 

the sample on the cold finger (with a 6 mm aperture hole) of a flow cryostat with HDPE 

windows with the MAPI in direct contact with the copper cold finger. The temperature was 

monitored by ITC4 Oxford temperature controller. 

 

 

3. Results and Discussion 

 

Reports on the diversity on solar cell parameters with respect to cell configuration, as well 

as the material preparation and crystalline size,
13

 have indicated that the electronic 

properties of the MAPI are strongly influenced by specific experimental conditions during 

the formation of the perovskite. In order to corroborate the study of the vibrational 

properties of the material, the investigation was supported not only by device preparation 

and characterization as described in Chapter II and III, but furthermore, absorption, PL and 

XRD measurements at room temperature. The results presented in Figure 2 and Figure 3 

correspond very well to published results of the proper material structure.
13,28

 

 

 

 

Figure 2. PL and optical absorption of a MAPI film. 

 

Furthermore, it is important to note that all the investigation is conducted on a solution 

processed material as prepared for solar cell application, which is important since the 

polycrystalline perovskite material used in optoelectronic devices can be subjected to 

defects and impurities
29

 and effects due to grain size and boundaries which can affect the 

charge generation and transport.
30
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Figure 3. X-ray diffraction pattern of the MAPI structure.  

 

3.1. Temperature Dependent Infrared Spectra 

 

IR spectra were collected from MAPI films deposited on Si substrates (refer to Section 2.1 

and 2.2. for details). The IR spectra for all three phases of the MAPI are reported in Figure 

4. The data is consistent with  published experimental work regarding the mid IR region of 

both orthorhombic
11

 and the tetragonal phase.
31

 The assignment of the vibrational modes 

was made on the bases of previous published and recent (unpublished) computational 

results.
7,12,32

 According to previous work on methylammonium halides
33,34

 the internal 

modes of the MA cations are found at high frequencies, whereas at lower frequency only 

the torsional motion of the MA cation can be observed above 400 cm
-1

 for all MAX 

crystals (X=Cl, Br, I). For the perovskite MAPI, the full vibrational assignment of both 

external and internal cation modes and lattice vibrations can be divided in four spectral 

regions: 

 1. Below 450 cm
-1

: inorganic + librations + MA torsion 

 2. Between 800-1200 cm
-1

: internal MA motion (bending modes + CN stretching) 

 3. Between 1200-1700 cm
-1

: internal MA motion (bending modes) 

 4. Above 2700 cm
-1

: internal MA motion (CH and NH stretching) 

 

The Far-IR spectra of the MAPI are reported in Figure 4a. The vibrational spectra in the 

low frequency region are due to the motion of the inorganic cage and the MA cation 

libration motion. The latter are simply ―roto-translations‖ within the inorganic cage, 

around an axis and/or along a certain direction within the inorganic framework reference 

system. These vibrational modes are not purely associated only to the inorganic or to the 

MA librations but instead are of mixed nature. 
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Figure 4.  Infrared spectra of MAPI: a) from 25-450cm
-1 

(spectra are stacked for better viewing); 

b) from 850-3275cm
-1

(296K and 340K spectra are scaled with respect to the spectra at 80K by 3 

times for better viewing). 

 

The modes observed at the low frequency part of the spectra, associated in most part to the 

inorganic cage, are around 100 cm
-1

 but they have generally no IR activity. At the opposite, 

the modes of the inorganic cage dominate in the region around 60 cm
-1

 and lower 

frequencies. Thus, the inorganic cage contributes mostly to the IR activity in the very low 

frequency region (60 cm
-1

), while the signals from 70 cm
-1

 up to 150 cm
-1

 are mainly due 

to MA cation librations. The signals at 350 cm
-1

 of the IR spectrum are assigned to the 

vibrational torsional motion of the MA cation, which is the internal vibrational mode with 

the lowest frequency. This low frequency part of the spectra is difficult to resolve 

considering that both the lattice modes and the external modes of the MA are overlapping 

in the same region. This region in the vibrational spectra is very important since 

information on the interaction of the MA with the organic framework can be found here; 

however the interpretation of the data is relatively ambiguous considering the overlapping 

of the phonon density of states, thus the following assignment is made on the basis of 

computational and published Raman data.
7,12

 

Regarding the lowest part of the Far-IR spectra in the orthorhombic phase, the bands at 33; 

a shoulder at 47 and a band at 59 cm
-1

 are assigned to Pb-I bending and roto-vibrational 

motion of the cation. A variety of modes above 60 cm
-1

 have been theoretically predicted 

in this frequency region where one expects coupled vibrations of the inorganic cage and 

external modes of MA as well as pure cation external vibrations. The modes at 74 cm
-1

 and 

the one at 86 cm
-1

 mainly associated to Pb-I vibrations, the modes at 115 and 124cm
-1

 are 

roto-translational modes of the organic cation, the 151 cm
-1

 is roto-vibrational motion of 

the cation. The mode around 210 cm
-1

 has not been predicted by calculation, however it 

has been observed in the IR spectra of similar systems with MA cations,
35

 regardless, it 

cannot be excluded that this mode might appear due to local defects (impurities and or 

vacancies) or extended defects (grain boundaries) in the material. The broad band around 

360 cm
-1

 is cautiously assigned to the torsional vibration of the cation. The mid IR spectra 

of MA are reported in Figure 5. 
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Figure 5. Temperature dependent IR spectra (stacked) in the spectral region from a) 850-1000cm
-1

; 

b)1200-1650cm
-1

; c) 2650-3350cm
-1

.
 

 

In these energy regions only the internal mode vibrations of the MA are expected. The full 

assignment of the internal modes is reported in Table 1.  

 

Table 1. IR mode assignment of the internal vibrations of the MA in MAPI for all three structural 

phases.   

IR mode 
Orthorhombic 

80K 

Tetragonal  

RT 

Cubic 

340K 

 
(cm

-1
) (cm

-1
) (cm

-1
) 

out-of-phase twisting of the CH3 and NH3 group 906 909 909 

out-of-phase wagging of the CH3 and NH3 group 918 
 

 

CN stretching 967 961 959 

in-phase twisting of the CH3 and NH3 group 1253 1247 1246 

umbrella CH3 bending (symmetric scissoring) 1418 1421 1423 

asymmetric scissoring of the CH3 group 1451 1456 1457 

umbrella NH3 (symmetric scissoring) 1456 1468 1469 

asymmetric scissoring of the NH3 group 1550; 1585 1534; 1579 1532; 1579 

CH symmetric stretching 2957 2957 2959 

CH asymmetric stretching 3024; 3030 3022 3022 

NH symmetric stretching 3079; 3107 
 

 

NH asymmetric stretching 3124 3134 3136 

NH asymmetric stretching 3172 3178 3178 

 

It is clearly seen from Figure 4b that in addition to normal mode vibrations we see a 

variety of overtones and combinations, however since their frequency dependence is not 

investigated in light of offering more information to the internal vibration of the MA or the 

coupling with the inorganic framework, their assignment is deemed of less importance for 

the current study. The temperature dependent IR spectrum provides information on the 

change in molecular bonds and phase transition mechanism, granting insight into the 
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interaction between the cation and the framework. As evident form Figure 5 all modes 

undergo a clear shift and narrowing upon the TC2 phase transition, as well as, an increase in 

intensity with lowering of the temperature. Additionally, several modes experience a clear 

band splitting as a result of reduction of freedom of rotation and symmetry reduction when 

crossing from a higher symmetry phase such as the tetragonal to the orthorhombic.
36

 The 

experimental results place the phase transition TC2 around 150K. The lower temperature for 

the tetragonal to orthorhombic phase transition with respect to pure MAPI it‘s not unusual 

for the Cl-doped system.
30

 

A more detailed inspection of the vibrational frequency shifts of around 10 cm
-1

 and more 

for almost all internal vibrations of the MA, throughout the entire temperature range (80-

360K), indicate highly anharmonic crystal vibrations which is not unusual for similar 

organic-inorganic systems.
37,38

 These pronounced changes indicate that the approximation 

of a harmonic potential when describing the vibrational modes is insufficient.  

The second region of the IR spectra (Figure 5a) is clearly associated to the bending of the 

CNH and NCH bond angles. According to theoretical simulations
32

 any deviation from the 

symmetry, as due to defects, thermal motion (still present at 80 K) and anharmonic effects 

are expected to mix these coordinates.  

The band at 968 cm
-1

 is assigned to C-N stretching modes which softens with increasing 

temperature and undergoes a continuous shift and line broadening throughout the entire 

temperature range as presented in Figure 6c. 

In the IR spectrum, three main bands are observed in the orthorhombic phase at 906, 918 

and 967 cm
-1

. The first band is assigned to the twisting of the CH3 and NH3 groups which 

move ―out-of-phase‖ with respect to a hypothetical axis within the MA cation. The second 

band can be mainly assigned to wagging where the CH3 and the NH3 group move ―out-of-

phase‖. The detailed inspection of the temperature changes of the IR modes shows clear 

splitting of the ―wagging‖ and ―twisting‖ band. The splitting indicates changes in the 

hydrogen bonding which can restrict the motion of these groups and a certain 

differentiation and freezing of the vibrational motion at TC2 is observed. There is an abrupt 

line broadening of the out-of-phase twisting of the CH3 and NH3 mode above 150K 

confirming that there is a sharp change in the motion of CH3 and NH3 about the C-N axis 

which seems to be much less constrained in the tetragonal phase. The abrupt changes of the 

position of the twisting and wagging of the CH and NH modes confirms the first order 

phase transition from orthorhombic to tetragonal phase. These changes and line broadening 

can be associated with the prominent role of the organic cation on the phase transition. The 

temperature changes of the peak position and FWHM of MA internal modes are presented 

in Figure 6. 

The third frequency region is associated with the bending of the CNH and CHN bond 

angles. In the IR spectrum, four vibrational signals at 1253 cm
-1

, 1418 cm
-1

, 1451 cm
-1

, 

1585 cm
-1

 are found. The band at 1253 cm
-1

, corresponds to a twisting mode, where the 

CH3 and the NH3 groups twist ―in-phase‖ with respect to a hypothetical screw axis. The 

band at 1418 cm
-1

 is associated with the umbrella modes of the CH3 group or symmetric 

scissoring. The band at 1451 cm
-1

, has two components, because of its asymmetric shape, 

and it is associated to asymmetric scissoring modes of the CH3 group. The CH3 bending 

modes show hardening with the increase of temperature indicating changes in the CH bond 

strength, which increases upon heating. The mode at 1585 cm
-1

 is mainly due to NH3 

asymmetric scissoring modes. A noticeable anomaly of this mode (Figure 6d) is present in 

the tetragonal phase. The mode hardens and the linewidth is slightly decreasing, the same 

anomalous behavior is present in the Raman spectra and will be discussed latter.  
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Figure 6. IR peak position and FWHM of MA internal modes: a) MA out of phase twisting and 

wagging; b) C-N stretching; c) MA in phase twisting; d) CH3 sym. bending; e) CH3 asym. bending; 

f) NH3 sym. bending; d) NH3 asym. bending. 

 

Of great importance for the MAPI and its microscopic as well as macroscopic properties is 

the hydrogen bond. Hydrogen bonding (H-bond) has been reported for a variety or organic-
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inorganic perovskite materials
39,40

 and recent IR spectra have confirmed the presence of 

medium to strong H-bond in MAPbX3.
31

 The change in the vibrational signature of the NH 

modes is a clear evidence of the H-bond strength which increases with decreasing 

temperature, a marker of cation ordering. Both NH sym. and asym. bending modes show 

abrupt shifts at TC2 as evident from Figure 5b and Figure 6 f and g. The sym. NH3 bending 

mode shifts to lower frequencies for about 10 cm
-1

 indicating an increase of H-bond going 

from tetra to ortho. Similar behavior is observed for the asym. NH3 bending mode which 

splits as a result of symmetry change and freezing of oscillator motion. This mode softens 

with increase of temperature till TC2 after which continues to harden in the tetragonal to 

cubic transition. The hardening of the CH3 bending modes as well, shows that changes in 

the bond strengths affect the CH3 part of the MA and confirm the complexity of the 

interaction of the MA and the inorganic cage. The CH3 end of the MA is most likely less 

but not completely unaffected by interaction with the PbI6 in its vibrational motion.   

In the fourth region of the spectra presented in Figure 5c, three main bands can be 

observed, at 3079, 3124 and 3172 cm
-1

. The band at 3079 cm
-1

 is assigned to the NH 

symmetric stretching. The most intense band found experimentally at 3124 cm
-1

 can be 

assigned to asymmetric stretching. The sp
3
 C-H stretching modes are known to show 

energies in the 2800-3000 cm
-1

 spectral range so they can be tentatively assigned to the 

low intensity modes present at 2957 and 3030 cm
-1

, with the latter mode (asym. stretch) 

splitting in the orthorhombic phase. Thus, it seems that the IR spectrum in this frequency 

region is essentially associated to the NH stretching. The band found at 3172 cm
-1

 could be 

associated to NH stretching however in light of the large splitting between the components 

(~50 cm
-1

) its assignment appears unlikely. Since the intensity of this band is non 

negligible it is improbable that this mode is an overtone, and thus it can be tentatively 

assigned to the NH stretching of MA cations in some disordered material region.  

As a consequence of the hydrogen bonding the NH stretching region has been shown to 

lower in frequency in comparison to that of an isolated molecule. Indeed, the 

measurements identify two similarly intense broad bands in the tetragonal and cubic phase 

corresponding to the NH stretching vibrations. It is difficult to resolve single optical modes 

since these bands are most likely composed of several overlapping bands as evident from 

their asymmetric shape. However, decreasing the temperature ensures a line narrowing 

which enables the identification of three modes, which show a continuous shift towards 

lower frequency with decreasing temperature. The two main NH stretching bands also 

change their relative intensity. The mode splitting and changes of the NH stretching and 

rocking modes has already been reported in similar systems.
41,42

 The large vibrational 

shifts and line broadening for the NH modes going from ortho to tetra indicate MA 

interaction with the PbI6 octahedra. This demonstrates that just an intermediate strength of 

interaction is mainly responsible for the dynamics and phase transitions of order–disorder 

type. The pronounced changes in the MA twisting and wagging modes at transition 

indicate that the cation plays a major role in the phase transition which is accompanied by 

inorganic cage distortion.  

Regarding the phase from tetragonal to cubic (TC1) phase, there is no evidence of an abrupt 

change but rather both the lineshift and broadening appear to be continuous. This can be 

due to fact that a clear change to cubic phase is not observable in this material, as recently 

suggested.
43
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3.2. Temperature Dependent Raman Spectra 

 

The non resonant Raman spectrum of MAPI in the 45 to 3400 cm
-1 

range and in the 

temperature interval from 80K till 360K is reported in Figure 7 and Figure 8. The laser 

excitation of 1.16 eV, at which the material is transparent (well below the optical band gap 

of the MAPI of 1.6 eV), ensures that no degradation and/or PbI2 formation will occur, as 

proposed by Ledinsky et al.
44

  

 

Figure 7. MAPI Raman spectra: a) orthorhombic phase; b) tetragonal and cubic phase, the spectra 

are stacked and the intensities before and after spectral break are adjusted for better viewing. 

 

The measurement provided the temperature evolution of the vibrational modes of the 

MAPI. The normal modes of the MA are corresponding very well with the theoretical 

prediction
32

 and the band frequencies observed with the IR spectroscopy as reported in 

Table 2. 

 

Figure 8. Temperature dependent Raman spectra of MAPI in the frequency region: a) 45-170 cm
-1

; 

inset 190-350 cm
-1

; b) 880-990 cm
-1

; c) 1350-1650 cm
-1

; d) 2900-3250 cm
-1

. 
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Table 2. Raman mode assignment of the internal vibrations of the MA in MAPI for all three 

structural phases.   

Raman mode 
Orthorhombic 

80K 

Tetragonal  

RT 

Cubic  

360K 

 
(cm

-1
) (cm

-1
) (cm

-1
) 

out-of-phase wagging of the CH3 and NH3 group 915 910 910 

C-N stretching 967 960 958 

in-phase twisting of the CH3 and NH3 group 1255 1246 1245 

umbrella CH3 bending (symmetric scissoring) 1418 1421 1423 

umbrella NH3 (symmetric scissoring) 1456 1468 1469 

asymmetric scissoring of the NH3 group 
1542; 1585; 

1609 
1582 1583 

CH symmetric stretching 2956 2958 2959 

CH asymmetric stretching 3024; 3032 3029 3030 

NH symmetric stretching 3078 3108 3111 

NH asymmetric stretching 3122 3168 3171 

NH asymmetric stretching 3172   

 

The specific shifts of the internal modes of the MA with temperature follow the same trend 

as already described in the previous section on IR spectroscopy. The frequency shift and 

the line broadening of several well resolved modes are presented in Figure 9.  

The good quality of the low frequency region in the orthorhombic phase allows the 

identification of several modes which again correspond well to the IR modes presented in 

Figure 4a. The appearance of at least 7 new modes in the orthorhombic phase in the Raman 

spectra has already been observed for MAPbCl3 and it has been attributed to the break-

down of the symmetry and to the distortion of the PbCl6 octahedra.
37

 

At 80K in the orthorhombic phase we can clearly indentify several peaks. The band at 56 

cm
-1

 is due to PbI2 bending, this mode softens with temperature and after the phase 

transition it is no longer identifiable (Figure 9a), either because of reduced intensity or due 

to shift to lower frequencies which because of the experimental cutoff of the detector, is 

not possible to observe. The bands at 84 cm
-1

 and 97 cm
-1

 (Figure 9b) are most likely 

contributions from the Pb-I stretching coupled with MA librations. Bands at 112 cm
-1

 and 

142 cm
-1

 (Figure 9c) are associated with libration modes of MA. At the phase transition to 

the tetragonal phase, the latter three modes can still be resolved, however due to the large 

line broadening, determination of peak position and linewidth is more difficult. Several 

modes with lower intensity are observed from 200 to 350 cm
-1

. The mode around 210 cm
-1

 

is observed again in the Raman spectra, this mode softens and broadens with temperature 

approaching the phase transition to tetragonal and in the tetragonal phase it is no longer 

present, thus attributing its existence to impurities or PbI2 is less likely. Additional weak 

bands are observed in the region up to 350 cm
-1

. These signals can probably be identified 

as torsional modes of material domains with different degree of order as suggested in 

literature.
15
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Figure 9. Peak position and FWHM temperature dependence of Raman modes: a) Pb-I bending at 

56 cm
-1

; b) Pb-I stretching at 97 cm
-1

; c) MA libration at 142 cm
-1

; d) CH3 and NH3 out-of-phase 

wagging at 915 cm
-1

; e) C-N stretching at 967 cm
-1

; f) CH3 sym. bending at 1418 cm
-1

; g) NH3 sym. 

bending at 1456 cm
-1

; h) NH3 asym. bending at 1585 cm
-1

. 

 

It is noteworthy to mention that the experimental signal at 1304 cm
-1

 (Figure 7a) is not 

predicted by any vibrational mode, thus it is unreasonable to consider this peak as an 
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harmonic peak of the ―pristine‖ material, however it‘s possible that this band is a result of 

some surface modes or impurities. As in the IR spectrum, the bands below 2900 cm
-1

 are 

overtones, and a band at 3172 cm
-1

 is observed again, however this band broadens and 

disappears after the phase transition in the tetragonal phase making questionable the 

assumption of associating this band with a NH stretching of MA cations in some impurity 

material domains.  

Interestingly the CH stretching modes seem to show the least temperature dependence, 

especially the CH symmetric stretching mode which practically doesn‘t shift with 

temperature (Figure 8d). This indicates that these vibrations are particularly free and feel 

no restrictions regardless of the phase transition, and the CH symmetric stretching is 

affected by neither phonon interaction nor lattice expansion. 

From the temperature dependence of the Raman spectra it can be observed that there are no 

major changes in the spectra going from tetragonal to the cubic phase. All bands of the 

cation internal modes continuously broaden and decrease in intensity, especially the 

twisting and wagging modes. The only mode which maintains both the peak position and 

linewidth throughout both phase transitions is the sym. CH stretching mode. This means 

that the cubic phase is most likely an average of the tetragonal with different MA 

orientation. These results are indicative that the character of this phase transition is more 

displacive rather than first order, which has already been reported for MAPbBr3
45

 where 

the MA has disordered character and the octahedron is mainly unaffected by the cation 

motion.
20

 The Raman spectral data are also in accordance with XRD analysis showing that 

above 330K the MAPI adopts a pseudo-cubic rather than a cubic phase.
46

 

The good quality of the spectra and the reliable results of the Raman measurement enable 

the extraction of important information of the MA dynamics and the physical interactions 

of the phonons which are presented in the next sections. 

 

3.3. Cation Dynamics 

 

The strong anharmonic contribution to the vibrational modes can be explained through the 

change in the temperature which changes the population of the energy levels of the modes, 

and since the levels are not equidistant the average position of the atoms changes, meaning 

that this change in the lattice parameters is a direct consequence of the anharmonic 

potential.
47

 The self-diffusion mechanism is a fluctuation process in which the static or 

dynamic displacement of a molecule or of an atom associated with the orientational 

disorder or the diffuse thermal fluctuation, is characterized by jumping from one 

orientation to another, that is, a jump from one potential well to another. Since the 

orientational correlation time is the mean reorientational time of the atoms to jump from 

one potential well to another, the potential barrier can be extracted from the line 

broadening.
48,49

 However the clear presence of anharmonicity in the vibrational spectra of 

the MAPI no longer allows the consideration that the line broadening of the modes is due 

only to orientational relaxation, but also vibrational relaxation, meaning that the activation 

energy cannot be calculated using an Arrhenius plot.
48,49

 For phonon modes for which the 

condition of 122 c is satisfied (where ω is the harmonic frequency of the mode and c 

is the orientational correlation time), the linewidth can be approximated to account for the 

vibrational relaxation (anharmonic effects) and the reorientational relaxation: 

)exp(
kT

E
cbTa a          (1) 
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where a, b and c are constants related to broadening arising from structural and 

compositional defects, anharmonic contribution (approximated as a linear term) and the 

orientational mechanism, respectively; Γ is the linewidth, k is Boltzmann constant, Ea is 

the activation energy and T is the absolute temperature.  

Since the evidence of cation interaction with the inorganic framework through hydrogen 

bond was discussed in the previous sections, this interaction could be responsible for 

different potential barriers for the reorientation of different modes and different relaxation 

times with different halide ions.
25

 The strength of the H-bond and the extent of interaction 

with the inorganic cage can be evaluated, and the extraction of the activation energy for the 

reorientation of different internal modes, can give insight into the phase transition and the 

orientational dynamics of the cation. This detailed mapping of the reorientational 

mechanism in the MAPI can allow efficient material tailoring and manipulation on an 

atomic level to suit and impact desired device application and efficiency. 

However, close attention needs to be paid to the abrupt shifts of the phonon modes at the 

phase transition which clearly indicates that we have two different energy barriers and two 

different regimes of phonon interaction in different phases. For the purpose of this 

investigation only the orthorhombic and tetragonal phase were taken in consideration. The 

activation energy was extracted from the fit of the FWHM experimental data of the Raman 

modes presented in Figure 9. The fitted curves and parameters are presented in Figure 10 

and Table 3. 

The MA cation has two types of orientational disorder; one is the orientation of the C-N 

axis relative to the crystal axes and the other related to the rotation around the C-N axis. 

The value of the activation energy which the bending vibrational modes of the MA are 

probing can
 
prove insightful in the energetic limitations driving the cation motion. As 

evidenced from Table 3, the activation energies of the orientational movement for all 

vibrations are in the same order of magnitude. However, certain changes are seen between 

the height of the potential (barrier) between the orthorhombic and tetragonal phases. As 

evidenced (Table 3), the activation energy probed by the CH3 bending modes is lower in 

comparison with the NH3 bending modes indicating that the CH3-end of the cation is less 

hindered due to probably weaker interaction with the cage. 

These values are closely comparable to some previously observed values for rotation of the 

MA about the C-N axis.
9,20

 The NH3 umbrella vibration indicates that the orientation of the 

cation is most likely H-bond driven, the activation energy in the orthorhombic phase is 

similar to the more complex motions of twisting and wagging and close to values reported 

for the reorientation of the C-N axis itself.
7,50

 High value of the activation energy for the 

reorientation of the MA libration mode in the orthorhombic phase indicates that the roto-

translational motion is relatively restricted. The activation energies derived from the 

analysis of all vibrational modes are smaller in the tetragonal phase, thus we can conclude 

that in the high temperature phase the activation energy is significantly reduced and hence 

there is no indication of cation ordering. These values indicate weak H-bond in the 

tetragonal and a medium-strong in the orthorhombic phase. 
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Figure 10. Temperature dependence of the FWHM of Raman modes, full lines represent fit 

according to equation (1) for extraction of Ea of: a) MA libration at 142 cm
-1

; b) CH3 and NH3 out-

of-phase wagging at 915 cm
-1

; c) CH3 sym. bending at 1418 cm
-1

; d) NH3 sym. bending at 1456 cm
-

1; e) NH3 asym. bending at 1585 cm
-1

. 
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Table 3. Activation energy of MAPI vibrational modes 

Raman mode Ea (meV) a (cm
-1

) b (cm
-1

K
-1

) c 

Orthorhombic phase 

MA libration 142 cm
-1

 95.5 ± 10.5 11.30 0.056 9170 

CH3 and NH3out-of-phase wagging  81.8± 2.1 5.80 0.015 785 

umbrella CH3 bending (sym. scissoring) 59.6 ± 8.3 6.13 0.002 20.6 

umbrella NH3 100.2 ± 6.2 6.00 0.018 8332 

asym. scissoring of the NH3 group 93.5±10.6 4.48 0.035 6078 

Tetragonal phase 

CH3 and NH3out-of-phase wagging  42.0± 6.7 8.78 0.048 15.7 

umbrella CH3 bending (sym. scissoring) 59.6 ± 8.3 6.13 0.002 20.6 

umbrella NH3 72.8 ± 6.3 9.65 0.018 109.4 

asym. scissoring of the NH3 group anomalous 

 

From the values of the parameter b in Table 3, which indicates the anharmonic 

contribution to the mode line broadening, the MA wagging suffers larger contribution of 

anharmonicity with the increase of the temperature i.e. in the tetragonal phase. This result 

is not surprising considering that the Umklapp processes of phonon-phonon interaction 

increase with temperature. Furthermore, the high values of the parameter c associated with 

the orientational mechanism suggest that the orientational mechanism has a stronger 

contribution to the mode dynamics for the modes involving the NH motion. The activation 

energies for several modes were not extracted due to anomalous line broadening. The 

decrease of linewidth with increasing temperature is most evident in the asym. scissoring 

of the NH3 bending mode (Figure 6d and Figure 10e). Such anomalous behavior has been 

reported for other perovskite systems and the change in the phonon lifetime has been 

attributed to spin-phonon,
51

 electron-phonon and phonon-phonon interactions.
52

 However, 

we cannot exclude that the line fitting was prone to errors due to fact that the Raman signal 

most likely arises from contributions of several quasi degenerate modes and not of a single 

vibration mode. The relaxation time of the phonon modes from equation (2) agrees well 

with the times extracted from the IR modes in the same manner. 

 Tc
R






1

            (2) 

where c is the speed of light and Γ(T) is the temperature dependent FWHM of the phonon 

mode. These data are in good comparison to recent time resolved IR study,
53

 and are one 

order of magnitude shorter compared to recent neutron scattering study.
54

 The 

reorientational relaxation times in the low temperature phase are significantly longer in 

comparison to the tetragonal and cubic phase. Having in mind that the anharmonicity has a 

large contribution to the line broadening we can conclude that in the high temperature 

phases the reorientational relaxation is quite fast exceeding one order of magnitude 

difference from the orthorhombic phase.  
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3.4. Phonon-phonon Interaction 

 

To quantify the phonon-phonon interaction from the peak position dependence of the 

temperature, two terms have to be taken into consideration;
47,55

 an implicit frequency shift 

E which is determined by the thermal volume expansion; and an explicit contribution A 

which is determined by the thermal population of vibrational levels. 

AET  0)(            (3) 

 where ω0  is the harmonic frequency, and  
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where β is volume thermal expansion coefficient and  is mode dependent Gruneisen 

parameter. To quantitatively investigate the anharmonic contribution from the 3 and 4 

phonon processes to the vibrational modes, the approach of Klemens
55

 was considered. 

Namely, the Raman optical phonon decays in two acoustical phonons of opposite wave 

vectors q belonging to the same branch, if the calculation is restricted to the quadric term, 

the explicit contribution of the anharmonicity becomes: 
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where kb is Boltzmann constant, ћ the reduced Planck constant, ω0  is the harmonic 

frequency, T is the absolute temperature and the constants C and D represent the 

contribution of the 3 and 4 phonon processes, respectively.  

In most solids E < 0 i.e. lattice dilation results in mode softening. Given that accurate 

values for the mode dependent Gruneisen parameter and values for the expansion 

coefficient in the orthorhombic phase are not available from literature and cannot be 

calculated with the available experimental data, it‘s not possible to extract the percentage 

contribution of E or A to the anharmonicity of the modes, nor fit the data accurately. 

Never the less, from Figure 6 and Figure 9 it is evident that most internal modes are 

hardening with the increase in temperature indicating a significant anharmonic 

contribution. However, since the volume expansion does not influence the broadening of 

the linewidth, the anharmonicity contribution due to the phonon relaxation can be 

expressed through the temperature dependence of the FWHM of the phonon modes.  

To quantify the phonon-phonon interaction, equation (6) is used, in which for the 

vibrational mode line broadening the anharmonic contribution from three and four phonon 

relaxation processes is taken into consideration.  
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Equations (5) and (6) contain the same terms describing the contribution of the 3 and 4 

phonon processes. The temperature independent term Γ0 arises from phenomena such as: 

defects, isotopic mixture and or resolution of measurement, whereas, the constants A and B 

address the phonon interaction contributions equivalently to the C and D constants from 

equation (5). The anharmonicity constants extracted from the experimental data by fitting 

equation (6) are plotted in Figure 11 and are presented in Table 4. 

 

 

 

Figure 11. Temperature dependence of the FWHM of Raman modes, full lines represent fit 

according to equation (6) for extraction of the anharmonic contribution of: a) Pb-I stretching at 

97cm
-1

; b) MA libration at 142 cm
-1

; c) MA out-of-phase wagging at 915 cm
-1

; d) of C-N stretching 

at 967 cm
-1

.  

 

From Table 4 and Figure 11 it can be seen that the anharmonic behavior is dominated by 

the 3 phonon interactions while the contribution of the 4 phonon processes to the 

anharmonicity of the modes is generally small. Larger anharmonic contribution is seen in 

the wagging mode, while in general the internal modes have larger anharmonicity. The    

C-N stretching mode shows the same anharmonic contribution throughout all three phases. 

These results imply that the phonon-phonon interaction is much stronger for the MA 

modes with respect to PbI modes, and especially for the internal modes of the MA. Taking 
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into account the phonon energy behavior with increasing temperature, the shift to higher 

energies of many internal modes indicates an anomalous behavior, thus one cannot exclude 

anharmonic contribution due to other phonon coupling interactions. This assumption can 

be supported by the impossibility of the model to provide a quality fit of the libration mode 

at 142 cm
-1

 (Figure 11b). 

It is important to note that the approach of Klemens
55

 takes into account only normal 

phonon-phonon processes while the Umklapp processes are not considered. With the 

increase of temperature the number of phonons increases and with it the probability of 

inelastic scattering of the phonons increases as well, meaning that the number of decay 

channels could be much higher especially in the high temperature phase with the increase 

of Umklapp processes. The anharmonicity contribution with the increase of temperature 

could change resulting in a larger contribution of the anharmonic decay in the tetragonal 

and cubic phase compared to the orthorhombic than what has been extracted from the 

experimental data. This is an important physical phenomenon to take into account when 

arriving at conclusions of the thermal conductivity. In fact, the measured thermal 

conductivity shows that the MAPI is very thermally resistive in the tetragonal and cubic 

phases, while its conductivity starts to rise at the tetra to ortho transition and reaches a 

maximum well in the orthorhombic phase.
56

 The Umklapp phonon-phonon interaction is 

practically frozen at low temperature and is the main contributor for the resistivity at high 

temperatures (while the normal process interaction has negligible effect on the thermal 

conductivity), thus the measured thermal conductivity of the MAPI should decrease in the 

high temperature phases. Considering the increase in strength of the H-bonding in the 

orthorhombic, it is possible that the thermal conductivity increases also due to the 

formation or strengthening of H-bonds which has been reported for polymers.
57

  

 

Table 4. Anharmonicity constants for MAPI vibrational modes. 

Raman mode Orthorhombic phase Tetragonal phase 

 Γ0 (cm
-1

) A B Γ0 (cm
-1

) A B 

Pb-I stretch 97cm
-1

 11.3 0 0.01 11.3 0 0.01 

MA libration 142cm
-1

 11.6 0 0.01 - - - 

MA out-of-phase wagging 6.2 0.17 0.15 10.0 1.52 0.13 

C-N stretch 4.9 0.45 0.07 4.9 0.45 0.07 

 

In an attempt to provide viable explanation of the charge transport properties in the hybrid 

halide perovskites, the formation of large polarons has recently been discussed in as the 

main physical phenomenon governing the electron diffusion length, mobility, electron-hole 

recombination rate and their temperature dependence.
3
 Furthermore, attempts have been 

made to calculate the electron mobility from electron scattering of longitudinal optical 

(LO) phonons,
4
 however, the effective mass and electron-phonon coupling constant (α) of 

the large polaron present a rough estimation and are yet to be correctly estimated due to a 

lack of experimental data. In sight of the fact that the anharmonicity considerably increases 

α and the polaron effective mass, the anharmonic correction to the polaron binding energy 

could have significant contribution especially for LO phonon energy ћω ≤ 10 meV.
58

 

Having in mind that the LO phonon energies have been found in this energy region,
4
 the 

contribution of the anharmonic potential should be taken into account in future 

investigation and calculation of the charge transport phenomena in the MAPI. Thus the 

phonon-phonon interaction study and the experimental results on the anharmonic effects of 
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the phonon modes of MAPI should provide fundamental insight also toward a more 

complete charge transport model.  

 

3.5. Phase Transition Implication on Polarization 

 

Poglitch and Webber
25

 proposed that the ordered MA in the inorganic cage induces a 

acentric unit cell which could result in ferroelectric or antiferroelectric ordering. Insight 

into the polarizability of the perovskite has been proposed as an important issue for the 

deeper understanding of the stability of the molecular ordering with temperature and the 

ability of the molecules to change their alignment.
59

 Since there is no evidence of MA 

ordering in the tetragonal or cubic phase of the MAPI, any polarization assigned to the 

spontaneous orientation of certain material domains is negligible with respect to the bulk. 

However, in the orthorhombic phase there is an evidence of a continuous ordering of the 

MA with the increase of the H-bonding and several previous studies have found negligible 

polarization in the tetragonal phase of only few µC/cm
2
,
17,60,61

 whereas, ferroelectric 

polarization is expected in the orthorhombic phase through the MA ordering. Further 

analysis of the internal vibrational modes of the cation are made by employing the 

pseudospin-phonon coupling model which has been applied in investigating similar 

perovskite systems which go through a ferroelectric phase transition of the order–disorder 

type.
41,62

 The temperature dependence of the phonon frequency ωi before and after the 

ferroelectric transition TC follows two different tendencies:  

 

    TTbaTT Cii  2

,0

2          for              TTC 

  

   (7)

 
  aTT ii  2

,0

2 

 

   for

 

  TTC      (8) 

 

where TC=150K (tetra/ortho transition temperature), a and b are constants and β is a 

critical parameter close to 0.5 for a linear dependence on pseudospin coordinates, and 0.5–

1.0 for a quadratic dependence. The linear dependence is associated to interaction mainly 

via hydrogen bonding between MA cations and anionic sublattice. The second case with  β 

> 0.5 relates to electrostatic interactions.
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Figure 12. Temperature dependence of pseudospin coordinates of a) MA wagging mode; b) CH3 

sym. bending mode; c) NH3 sym. bending mode. Full lines indicate results of fitting according to 

equation (7) in the orthorhombic phase and (8) in the tetragonal phase. 

 

The temperature dependence of the square wavenumber for the MA wagging mode is 

reported in Figure 12a. It can be seen that for the NH3 bending mode (Figure 12c) the 

parameter β has a lower value with comparison to the CH3 bending mode (Figure 12b) and 

the MA wagging mode. It is possible that the ordering of the cation is more H-bond driven 

at the NH3-end of the MAPI. Considering that the average value for the critical parameter β 

is 0.68±0.08, the increase in H-bond strength is probably not the only contribution in the 

ordering of the MAPI which is consistent with the medium-strong H-bond. Further 

electrostatic interaction could be at play such as interaction between the dipoles of two 

neighboring MA enabled by iodine vacancies.
63

 Fitting the data across the tetragonal phase 

results in a straight line behavior in agreement with the model as presented in Figure 12. 

 

3.6. Photoinduced Infrared Absorption 

 

The evidence of strong anharmonicity and anomalous behavior of certain phonon modes 

with temperature and its implication to electron-phonon coupling was discussed in Section 

3.4. Further investigation into the existence of polarons was performed by measuring the 

steady state photoinduced infrared absorption (PIA) of the MAPI. The theoretical 

background and experimental setup for the PIA are described in the Appendix section. By 

photoinducing charges in the material and measuring the IR absorption spectra, the 

coupling of the free careers with the lattice can be measured.
64

 The photogeneration of 

electron-hole pairs could eventually distort the lattice around the photoinjected charges, 

which in turn might give rise to a modification of the electronic structure.
65

 This 

experimental method allows the detection of only long lived photoexcited species, with 

lifetime in the order of milliseconds.  
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Figure 13. PIA spectrum of MAPI at 295K (red line); Absorption spectrum of MAPI at 295K 

(black line)  

 

The bleaching of normal vibrations and appearance of new bands, which in general could 

be present in the Raman spectra (due to braking of symmetry, modification of the IR 

selection rules might surface), will arise due to the photogenerated polaronic distortion in 

the lattice as evidenced in many cuprate perovskites and BaBiO3.
65,66

 However, from the 

symmetry of the MAPI, it is well known and experimentally evidenced from Section 3.1. 

and 3.2. in this chapter, that all normal vibration are both IR and Raman active. 

Nevertheless, any appearance of new bands in the PIA spectra can be discussed in 

consideration of polaronic signature.  

The PIA measurements are not trivial to perform. The penetration depth of the photons in 

the visible and the IR is quite different, thus in order to make sure that the entire film is 

photoexcited it is essential to work with samples of relatively small thickness (less than 

300 µm). Furthermore the laser power needs to be sufficiently low in order not to heat up 

the sample or to photodegrade it. Considering these experimental constrictions the PIA 

spectra of MAPI was performed at RT and the measurement is presented in Figure 13.  

From Figure 13 it is evident that several characteristic features are present. An evident 

bleaching of at two modes accompanied with the appearance of at least 4 absorption peaks. 

As a result of the charge-lattice coupling, change in energy of IR active modes of the 

undistorted lattice due to the charge-lattice interaction will cause bleaching of the peaks 

(reduction of oscillator strength) corresponding to the bare phonon, and the appearance of  

peaks of the lattice vibration at the distorted site. The observation of bleaching in the PA 

spectrum can also be associated with a screening effect associated with the 

photogeneration of mobile carriers. The two bleached modes can been associated to the Pb-

I vibrations in the orthorhombic phase (Section 3.1). The band appearing at 45 cm
-1

 can be 

associated to a band reported at 47 cm
-1

 in the orthorhombic phase, while the bands at 67 

cm
-1

 and 76 cm
-1

 have not been assigned or observed neither in the IR or the Raman 

spectra, but it has been proposed from computational data that they lie in the lattice 

vibrational region.
11,32

 The modes at 123 and 140 cm
-1

 are very close to modes at 124 and 

142 cm
-1 

assigned to the MA librational modes in the orthorhombic. Thus, there are at least 

several photoinduced bands at room temperature that correspond to IR active vibrations of 

the orthorhombic phase, suggesting that the lattice deformation around the carriers is 
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similar to the low temperature phase. The observed modes are clear indication of presence 

of polaronic behavior.
67

  

A signal that could be interpreted as photodeformation was detected form the PIA 

measurement 170K. The spectra reported in Figure 14 do not correspond to the typical PIA 

representation, where the ratio of laser on vs. laser off spectra are reported showing the 

changes that occurs between two equilibrium conditions with and without photoinduced 

carriers (during the illumination the photogenerated carriers are constant and decay 

completely when laser is turned off). In this case, the spectra are obtained by comparing 

the spectra after different laser exposure time (in steps of 10 minutes of irradiation) with 

the one collected before illumination. Namely, as presented in Figure 14 several large 

bands appear to increase in intensity with exposure time, at 150, 200 and 230 cm
-1

 

indicating a phototransformation of a relatively large part of the investigated material. The 

phototransformation could be a result of an irreversible degradation of the sample due to 

heating effects, however, when the temperature of the sample was increased by 20K to 

190K, the phototransformation effect disappeared and the PIA spectral response returned 

to the initial form. This result is quite peculiar since the intensity of the photoinduced 

changes is around 20%. The observed photoinduced transformation can have great 

implication on the solar cell properties, thus further extended investigations are essential in 

yet another phenomenon of the MAPI. 

 

Figure 14. PIA spectra of MAPI with time at 170K (black line); PIA spectrum of MAPI at 190K 

(red line). 
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4. Conclusion 

  

Understanding the role of the cation motion and vibrational response of the MAPI can 

ensure essential knowledge of the connection between the structural optical and electronic 

properties. Although the advances in computational methods have extreme value for 

probing the physical peculiarities of this unique perovskite system, experimental data are 

indispensable in forming a full physical image. The IR and Raman spectra throughout the 3 

crystalline phases of the MAPI are recorded, and assignments of vibrational modes have 

been made in very good correlation with the simulations. The relaxation times of relevant 

cation modes should fulfill the understanding of the vibrational response of the material 

which could be linked with the material electronic properties and device physics. From 

both IR and Raman spectra vs. temperature there are evidences of medium to strong H-

bond only in the orthorhombic phase; H-bond is responsible for the increase of the 

spontaneous polarization and the possible onset of ferroelectricity in the ortho phase. The 

PIA measurements clearly indicate the presence of polarons in the tetragonal phase of 

MAPI as was observed in many other perovskite materials. The strong anharmonicity of 

most of the phonon modes and phonon-phonon interaction can strongly influence the 

characteristics and behavior of polarons. Polarons, as reported by Juarez-Perez et al.,
68

 are 

associated with a large dielectric constant that acts in screening Coulomb attraction and 

consequently reducing the recombination of photogenerated carriers. It is clear that 

investigating the vibrational spectroscopy response of the hybrid perovskite materials 

provides fundamental input to the physical interaction governing the charge transport and 

recombination. Furthermore, the intriguing results of MAPI phototransformation suggests 

that the complete understanding of the dynamical process and the device physics are still 

missing, thus providing a fruitful field for extended research. 
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CHAPTER V: 

GENERAL CONCLUSIONS AND FUTURE OUTLOOK 

 

 

The need to improve the solar cell technology is as ongoing as the energy consumption 

itself. The fundamental research in efficiency improvement of the photovoltaics is 

inseparably confronted by the idea of not only efficient but low-cost energy production. 

Even though the Sun is a free energy source, the industrialization and the advance of the 

solar cell technology rely on the manufacturing processes and components which utilize 

non renewable resources and materials. To this end, a continuing research has developed 

around the third generation photovoltaics in the past 20 years. 

Employing low-cost and earth abundant materials, the organic and hybrid organic-

inorganic solar cells have emerged as a low-cost and low-energy consumption production 

technology. However, despite the promising energy outlook this photovoltaic technology is 

still under fundamental material and device research in order to get closer, efficiency and 

stability wise, the authority of the crystalline silicon solar cells.  

The work presented in the thesis is focused on precisely this type of fundamental 

investigation of both device optimization and material studies; from the dye sensitized 

solar cell to the perovskite solar cells. The basic research outline can be divided in two 

main subjects, the dye sensitized solar cell optimization and the material investigation and 

optimization of perovskite solar cells.  

The first part of the research was focused on improving and optimizing the photoanode 

mesoporous TiO2 films by improving the electron transport through improving the 

electron-hole separation and reducing the recombination. Two efficient methods for 

photoanode optimization were proposed and implemented. The employment of a TiO2 

colloidal nanoparticle solution as a photoanode post-treatment was found to increase the 

power conversion efficiency of the solar cell for 10%, thus granting the possibility of 

utilization of this post-treatment method vs. the application of TiCl4. The obtained results 

of the photoanode and solar cell characterization indicate that the post-treatment is 

successfully reducing the electron recombination through shallow trap states, which in turn 

is beneficial for the electron transport through the TiO2.  

Further investigation of the mechanisms for electron transport enhancement through the 

mesoporous TiO2, lead to the construction of composite SWCNT/TiO2 photoanodes. The 

composite photoanodes were investigated with respect to the SWCNT loading and 

employed in three different solar cell architectures (dye sensitized, solid state dye 

sensitized, and perovskite solar cells). It was found that the conductivity of the 

photoanodes increased by two orders of magnitude, however specific mechanical and 

electronic properties prevent the translation of this conductivity enhancement to efficiency 

enhancement in a solar cell configuration. The possibility of the SWCNT to act as 

recombination centers, the Fermi level equilibration and the influence of the metallic 

nanotubes are all discussed as possible foes behind the observed relatively low efficiency 

improvement.  

Nevertheless, a trend of enhancement of the short circuit current for solar cell employing 

composite photoanodes with low SWCNT loadings (around 0.1% SWCNT/TiO2) was 

confirmed for all solar cell types. The highest efficiency improvement was obtained for 

dye sensitized solar cells (both with liquid and solid electrolyte) when the composite 

electrodes were also submitted to the TiO2 colloidal nanoparticle solution post-treatment. 
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These two methods of photoanode improvement had the strongest effect on the efficiency 

increment for the solid state dye sensitized solar cell, whereas for the perovskite solar cell, 

a trend of the composite photoanode performance enhancement was evident only for cells 

with good perovskite coverage (overlayer formation due to huger concentration of 

perovskite solution). 

The evolution of the perovskite solar cells in recent years ignited the research interest in 

both the solar cell and the perovskite material itself. The investigation of different 

perovskite solar cell architectures is presented with the focus on the optimization and 

degradation of planar perovskite solar cells. The results of extensive optimization were 

presented, highlighting a mechanism of O2 curing involving the MAPI which inevitably 

leads to high solar cell efficiencies of more than 10%, with best cells around 12%. 

Furthermore, the investigation was parallely performed on solar cells employing a high and 

low temperature processed TiO2 compact layer. The initial results obtained show that the 

low temperature processing of the compact layer is constraining neither the efficiency, nor 

the stability of the solar cells. 

One of the main contributions for the optimization of the perovskite solar cells and its 

stability could very well prove to be the physical understanding of the fundamental kinetic 

and dynamic charge interactions and material properties. 

To be able to look deeper into the fundamental properties of the MAPI and answer the 

ongoing questions of superior electronic and charge transport properties, a full vibrational 

study of all the phases of the MAPI was performed. Detailed analysis of the anharmonic 

properties (with respect to phonon and charge interactions) was presented and analysis of 

the cation dynamic was obtained. A strong evidence of polaronic behavior was observed 

which could prove to be the answer to the above mentioned questions. The CH3NH3PbI3 

belongs to a group of hybrid organic-inorganic perovskite materials which opens a wide 

possibility of structure manipulation with the aim of tailoring the material properties. 

Exchanging the cation, as well as the metal or halide ion, results in the change of electronic 

properties which can be appropriately harvested, which means that the acquired results on 

the order-disorder dynamics of the MA cation, probing the strength of the H-bond which in 

turn implies interactions with the PbI6 framework and its distortion, is of fundamental 

importance. 

Considering the youth of the perovskite solar cell technology, the presented research lines 

are all under more extensive and ongoing research. Further insight into the mechanism 

behind the O2 curing effect can have great implication on the device optimization and its 

stability, additionally the equivalency of both low and high temperature processed 

perovskite solar cells can not only introduce wider implementation of the perovskite solar 

cell technology, but additionally reduce the production cost.  

Finally, the understanding of the underlining physical processed behind the charge 

generation and transport in the MAPI should prove essential for material modification and 

chemical tailoring to suit the appropriate devise structure and application. 
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APPENDIX 

 

 

1. Research Methods and Techniques 

 

The material and device preparation are presented in each chapter with regard to a concrete 

experiment. However, despite various experimental techniques for the study of both 

material and device properties, several techniques were applied and studied more 

extensively. The next section provides a more detailed description of the theoretical 

boarhound of the main research techniques employed for the solar cell and material 

investigation.  

 

1.1. Electrical Characterization of Solar Cells 

 

1.1.1. Current –Voltage Characterization 

 

The main characterization technique of any type of solar cell is the measurement of the 

current-voltage (I-V) curve. When the cell is connected to variable resistance, an 

ampermeter measures the current running through the circuit and a voltmeter measures the 

voltage at the contacts of the cell. A typical I-V curve is presented in Figure 1a. 

The short circuit current ISC is the current generated when the cell contacts are connected 

(short circuited), meaning that the potential difference between them is zero and the 

resistance in the cell zero. If a cell has high efficiency meaning that the series resistance 

and saturation current are negligible and the shunt resistance is high, then according to 

equation (4) in Chapter I: 

phSC II             (1) 

If we change the value of the resistance between zero and infinity the current and the 

voltage will change between the ISC and 0 and 0 and VOC, respectively. The power output 

of the solar cell which is defined as P = IV will take on values which will change with the 

change of the current and voltage. At a certain point the power will have a maximum value 

which will correspond to a certain maximum power point current Impp and maximum power 

point voltage Vmpp. As a result of this physical behavior an important solar cell parameter is 

defined: 

OCSC

mppmpp

VI

VI
FF            (2) 

This parameter is called fill factor FF and it’s a nondimensional unit which maximum 

value is 1 and it’s usually expressed in percent. The fill factor changes with the change in 

the series and shunt resistance. Niamey, a smaller series resistance and a higher shunt 

resistance result in higher FF. The increase in the fill factor results in a more “square” 

form of the I-V curve. The change in the form of the I-V curve with the change in series 

and shunt resistance is presented in Figure 1b and c.  
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Figure 1. a) Typical Current-Voltage (I-V) curve of a solar cell; b) Influence of the increasing the 

series resistance RS on the I-V characteristic and FF; c) Influence of the increasing the series 

resistance RSH on the I-V characteristic and FF. 

 

The solar cell efficiency of conversion of solar to electrical energy η, or also denoted in 

literature as power conversion efficiency (PCE), is defined as the relationship between the 

power output of the cell and the intensity of the incident light on the active surface of the 

solar cell: 

AE

Pm


            (3) 

where Pm is the maximum power output, A is the active (illuminated) area of the solar cell 

and E is the incident light. The efficiency of the solar cell depends on multiple factors and 

accounts for all the losses that occur within the solar cell due to reflection, recombination, 

series resistance ect.
1,2

 

When representing current-voltage plots of solar cells usually instead of the current, the 

current density is displayed, additionally since certain solar cell technologies such as the 

perovskite solar cells have a current-voltage response which is sensitive on the scan rate 

and direction; it is common practice to report on these values as well. The current voltage 

measurement is mainly performed under illumination; however the I-V response in dark 

conditions can also provide information on the series and shunt resistance of the solar cell. 

 

1.1.2. Open Circuit Voltage Decay 

 

Open circuit voltage decay (OCVD) is a large perturbation technique used in determination 

of electron lifetime in nanocrystalline dye sensitized solar cells. It is a steady state 

measurement that provides continuous reading of the electron lifetime as a function of the 

VOC. Upon illumination of a solar cell which is kept at open circuit, the free electron 

density in the photoanode is affected by electron injection into the conduction band of the 

titania and recombination of the photogenerated electrons with the electrolyte.
3,4

 When the 

illumination is interrupted the decay of the VOC is recorded. The OCVD technique is 

practically a dark measurement, meaning that the recombination with the dye in not 

registered. Additionally it is important to point out that OCVD measurement time frame in 

liquid DSC is quite long (>50 ms) so only information on the recombination of the 

electrons with the oxidized electrolyte is measured. Electron lifetime measured by OCVD 

considers not only the trapping/detrapping events in the semiconductor but also the 

different possibilities for interfacial charge transfer.  
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The electron density n of the nanocrystalline photoanode increases with photogeneration of 

electrons, and decreases by recombination at a rate U(n). The decay of the electron density 

is therefore defined as: 

)(nU
dt

dn
            (4) 

thus, the electron lifetime is: 

dt

dn

n
n

11  .            (5) 

Under stationary conditions the VOC can be written as:  











0

ln
n

n

q

kT
VOC           (6) 

From the previous two equations the electron lifetime is:  

1











dt

dV

e

Tk ocb
n           (7) 

where kb is the Boltzmann , T is the absolute temperature and e is the elementary electrical 

charge. Employing  equation (7) the electron lifetime can be directly extracted from the 

measurement of the decay of the VOC.
3
 

 

1.2. Vibrational Spectroscopy of Materials 

 

Raman and Infrared (IR) spectroscopy are vibrational spectroscopy techniques which 

investigate the vibrational, rotational and other low-frequency modes of a system. These 

well established techniques study the molecular structures of organic and inorganic 

materials. Depending on the nature of the vibration, which is determined by the symmetry 

of the molecule or crystal, vibrations may be active in the infrared and or in the Raman or 

silent. These techniques represent a powerful tool not only in determining the material 

structure but moreover, analyzing the vibrational modes evolution through their linewidth, 

position and intensity, by changing certain structural or environmental parameters, the IR 

and Raman spectroscopy can be used to extract various intrinsic information of the 

analyzed material.
5
 The vibrational response of the material can provide very useful data 

on the crystalline size; relaxation time of modes which in turn relies on rotational 

dynamics; and anharmonic contributions such as phonon-phonon, electron-phonon and 

spin-phonon interactions.  

 

1.2.1. Raman Spectroscopy 

 

When monochromatic light is falls on a molecule or a crystal, the incident photons get 

scattered, absorbed or transmitted. The most probable scattering process will be elastic 

scattering where the photon doesn’t change its energy and this is called Rayleigh 

scattering. However, only a small percent of scattered photons (usually 1 in 10
7
) will 

undergo inelastic scattering and the scattered light will be shifted in frequency from the 

incident light. This scattering process is called Raman scattering.  
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In quantum mechanical terms when a photon of energy hν0 gets absorbed by the material it 

excites the molecule to an virtual state (different from any stationary state) which after 

relaxation reemits a photon with the same energy and returns to the original (ground) state, 

thus Rayleigh scattering is observed. However, when photon absorption results in an 

excitation from ground (or first vibrational) state to a virtual state, and after a relaxation 

time of around 100 fs a photon is emitted with a different energy from the initial one, 

Raman scattering is observed. A schematic energy diagram of the scattering processes is 

represented in Figure 2.  

 

Figure 2. Schematic representation of vibrational and virtual energy levels and description of 

photon absorption and emission energies for IR and Raman scattering mechanisms. 

 

If excitation occurs from the ground state which at room temperature is heavily populated 

the relaxation process will return the molecule to the first vibrational state and the emitted 

photon will have energy h(ν-νm). These Raman lines are more intense due to the higher 

probability that system was initially in the ground state, and are called Stokes. However, 

since some molecules will initially be in the first vibrational state, after the absorption of 

the incident photon they will relax into ground state through the emission of a photon of 

energy h(ν+νm), these Raman lines are called anti-Stokes.
6
  

 

1.2.2. Infrared Spectroscopy 

 

The IR spectroscopy is based on the absorption of IR light. The interaction of infrared 

radiation with a vibrating molecule is possible only if, due to the interaction with the 

electromagnetic wave, the first derivative of the dipole moment with respect to normal 

vibrational coordinates is different from zero :  0












q

P
    (8) 

which results in an IR active mode.
5,6

 

When a photon of certain energy gets absorbed is excites the molecule from the ground to 

an excited vibrational state, where the frequency of the absorption bands is proportional to 

the difference between the vibrational ground and excited states νm=ν1-ν0 (see Figure 2). 
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1.2.3. Photoinduced Infrared Absorption (PIA) 

 

PIA represents a measurement of photoinduced changes in the infrared absorbance spectra. 

The continuous wave PIA can give information on reversible short time photogenerated 

phase transformations and strong electron-phonons interactions i.e.  polarons. The 

measurement principle is based on recording the transmission spectra with and without 

laser illumination of the sample using a stabilized Fourier transform infrared 

spectrometer.
7,8

 A scheme of the experimental setup is presented in Figure 3.  

 

Figure 3. Schematic of a PIA measurement setup.  

 

Experimentally a relatively low laser power density is used to avoid thermal effects and 

long spectral series of IR measurements with the laser ON/OFF are performed, in order to 

obtain high signal/noise ratio reducing possible drift of the experimental apparatus 

response. The measurement is carried out by acquiring the subsequent ON/OFF (laser 

illumination) absorption spectra (IOFF1(ω)-ION1(ω)-IOFF2(ω)-ION2(ω)-IOFF3(ω)-ION3(ω)-....). 

The PIA measurements are afterwards processed: 

 

IOFF(ω) = ∑ IOFFi(ω);  ION(ω) = ∑IONi(ω)      (9) 

 

And the photoinduced spectra are presented as a fractional variation of the transmittance 

due to photoinduction:  

 

-T(ω)/T(ω) = IOFF(ω)/ION(ω) – 1 (10) 

 

1.3. Light Induced Scanning Techniques 

 

Light induces scanning techniques are based on interaction of photons with the material 

forming signals such as photoluminescence and laser beam induced photocurrent. 

 

 



116 
 

1.3.1. Laser Scanning Confocal Microscopy 

 

Laser Scanning Confocal Microscopy (LSCM) allows the selective investigation of the 

morphology of the active layer in working devices. The spatially resolved 

photoluminescence (PL) rises from the photons emitted by radioactive recombination.
9
 In 

the LSCM, illumination and detection are confined to a single, diffraction-limited, point in 

the specimen, a small focal volume within, or on the surface of the material. Working in 

confocal configuration means the detected emission signal from the excited material is 

acquired through a pinhole, which is blocking all the out of focus light. The detected light 

represents a pixel in the digitally transformed image. Scanning across the sample, a map of 

the area (collection of pixels) can be constructed. The final resolution achieved by the 

instrument is governed by the wavelength of light, the objective lenses, and the properties 

of the specimen itself.
10

 A scheme of the light path in LSCM is presented in Figure 4. 

 

Figure 4. The light path in LSCM mesurement
10

 

 

1.3.2. Laser Beam Induced Photocurrent  

 

Laser Beam Induced Photocurrent (LBIC) enables us to analyze the morphology of the 

active layer through its charge generation, separation and transport efficiency, by the 

means of mapping the intensity of the photocurrent over the cell surface. A schematic of an 

LBIC measurement setup is presented in Figure 5. The obtained maps are used for 

localization and qualitative as well as quantitative classification of local defects existing in 

the solar cell structure. The measurement principle is based on point by-point scanning of a 

focused monochromatic light beam across the surface of the device under test, which is 

held under short-circuit conditions. Photon absorption of the incident light leads to 

generation of a photocurrent, which is then registered. This technique can reveal the 

electrical barriers within the working devices and real electrical defects within the active 

layer, which can be correlated with the parameters of the working device.
9,11

 The 

comparison between the LSCM and LBIC provides a relationship between the sub-

micrometric morphological features of the active layer and the local photovoltaic response 

of the device.  
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Figure 5. Schematic of a LBIC measurement setup
9
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