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General Introduction 

1.1 A brief retrospective to organic and perovskite semiconductors 

Semiconductors as a class of materials are very familiar to us. This 

originates from the fact that semiconductor-based electronic and optoelectronic 

devices benefit both our daily life and promote the development of highly 

sophisticated science and technology.  

Traditional semiconductor based devices mainly use inorganic materials like 

silicon, germanium, gallium arsenide and gallium nitride, and so on. Though 

semiconductor technology has been extremely successful over the last decades, the 

materials used in the traditional technology lead to high production cost and 

environmental pollution. On the search for alternatives, organic semiconductors 

enter our field of vision. Comparing with inorganic semiconductors, organic 

semiconductors combine useful electronic properties of semiconductors with 

chemical versatility, easy processing, and mechanical flexibility of organic 

compounds. Based on the solubility in organic solvents, organic semiconductors 

can be solution-processed, which allows for the large-scale fabrication such as 

reel-to-reel coating or ink-jet printing. Through chemical synthesis or modification 

on a molecular level, we can control the energy bandgap, electron affinity and 

ionization potential, and structural aspects of organic semiconductors with relative 

ease, which enables the optimization of the stability, optical properties, charge 

separation, transport properties, and collection efficiency.  

In the last thirty years, the development of organic semiconductors has 

shown a series of significant discoveries and breakthroughs. As early as in the 

1960s, it was reported that electroluminescence could be obtained in single crystal 

anthracene sandwiched between two dissimilar electrodes [1, 2]. But because the 

single crystal has to be fabricated as thick as tens of micrometers to a few 

millimeters to avoid breakage and pinholes, it required driving voltages as high as 
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hundreds of volts for a sufficient charge injection, which limited the practical 

application. This problem was solved by Tang et al. in 1987 [3]. Instead of a single 

layer device structure, they adopted a double-layer device structure in which a 60-

nm thick microcrystalline Alq3 (Tris-(8-hydroxyquinoline) aluminum) was 

interfaced with a 75-nm thick amorphous diamine. Combining with a low work 

function Mg/Ag alloy being the cathode and ITO (Indium-tin-oxide) coated glass 

being the anode, the driving voltage was reduced to below 10 V, which made 

practical applications viable. The first device was prepared using vapor deposition 

of the small molecules. These devices, however, suffered from long-term stability 

problems due to recrystallization or other structural changes. Three years later, 

Burroughes et al. managed to use the pristine conjugated polymer poly(p-

phenylene vinylene) or PPV as the active layer which could be solution processed 

and showed long-term stability [4]. Another three years later, white light or multi-

color OLEDs (organic light emitting diodes) were realized by doping different 

fluorescent dyes into an active poly (N-vinylcarbazole) PVK layer, as reported by 

Kido et al. in 1994 [5]. Based on these, and other pioneering works, researchers 

constantly optimize OLED technology by synthesizing new molecules and 

optimizing device structures. These developments have strongly contributed to the 

commercialization of OLEDs, which nowadays are for instance found in 

smartphones such as the Galaxy S5 (Samsung, 2014).  

Accompanying the development of OLEDs, organic semiconductor based 

solar cells also showed a strong development over the past decades. The first 

organic solar cell with reasonable PCE (power conversion efficiency) was reported 

in 1986 by Tang et al [6]. In this cell, two small molecules, CuPc (phthalocyanine) 

and PV (perylene tetracarboxylic derivative), with different electron affinity and 

ionization potentials composed the active layer. Using a bi-layer heterojunction 

structure, Tang et al. discovered that the charge generation was weakly dependent 

on the bias voltage, so the fill factor (a key parameter for device performance) 

could be improved to 0.65, leading to a 0.95% PCE under simulated AM2 

illumination. Later it was found that photo induced electron transfer from the 

conjugated polymer MEH-PPV to C60 occurs on the sub-picosecond time scale, 

two orders of magnitude faster than the competing charge recombination [7]. This 

discovery showed that also conjugated polymers could be used for organic solar 

cells. However, the PCE was seriously limited in the bi-layer heterojunction 
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structure in which photo generated excitons recombine before they can reach the 

interface by diffusion [8]. In order to suppress this unwanted charge 

recombination, researchers began to replace the bi-layer heterojunction structure 

with an interpenetrating network of the donor and acceptor materials, dubbed bulk 

heterojunction structure. Bi-layer and bulk heterojunction structures are 

schematically presented in Figure 1-1. Ideally, the bulk heterojunction structure is 

a self-organized structure with nanoscale phase separation so that any position in 

the bulk is less than the diffusion length (~10 nm) away from an interface between 

the donor and acceptor materials. This strongly promotes efficient charge 

separation over charge recombination [9-11]. Based on this work, researchers 

continually improve the optical and electrical properties of organic 

semiconductors, and modified the device structure over the past decades. Up to 

now the PCE has reached up to 10 % [12-15].  

 

Figure 1-1 Schematic representations for bi-layer heterojunction structure (a), and bulk 

heterojunction structure (b). 

Making progress in practical applications needs a thorough understanding of 

the fundamental physics governing the functionality of organic semiconductor 

systems. Organic semiconductors differ from inorganic semiconductors in several 

aspects. The first difference is in the bonding strength. In inorganic 

semiconductors, the constituent elements are bonded together covalently or 

through coulomb forces, so excitations are delocalized, which leads to a high 

mobility. The electronic structure can be well understood in terms of a single 

particle band model. In organic semiconductors the constituent elements are kept 

together through weak van-der-Waals forces, and excitations are fairly localized. 

The mobility is then drastically lower than that in the organic counterparts, and 

charge transport is usually best described using a hopping model (one exception is 

organic crystals at low temperature[16]). The second difference is the dielectric 
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permittivity (εr). The dielectric permittivity is relatively small for organic 

semiconductors, between 2 to 4 [17]. With smaller dielectric permittivities, the 

dielectric screening is smaller and Coulomb interaction is larger for photo-

generated charges. This causes that excitons in organic semiconductors are 

typically Frenkel excitons and the Coulomb capture radius (rc) is larger [18]. The 

Coulomb capture radius is defined as the distance at which the binding energy of 

excitons equals with the thermal energy. It could be regarded as a measure for the 

recombination probability, smaller rc corresponding to higher recombination 

probability. To better understand these differences and the consequences on the 

working principles of organic semiconductor devices, it is necessary to investigate 

the fundamental optical and electrical properties of organic semiconductors. 

 

Figure 1-2 Perovskite crystal structure of CH3NH3PbI3.  

Although organic semiconductors have advantages over traditional 

inorganic semiconductors, as introduced above, their applications in the photo-

electronic field suffer from poor charge transport properties, mobilities as low as 

10-4 cm2/V s, and unbalanced transport [19-21]. Therefore, researchers have been 

looking for other semiconductors which can be solution-processed while also 

having more adequate charge transport properties. In 2009, a promising alternative 

was found in the organo-metallic halide perovskite semiconductors, of which a 

typical structure is shown in Figure 1-2 [22-24]. Three messages are implied in the 

name of this new kind of semiconductors. From the aspect of ingredients, it is a 

hybrid material comprising organic molecules, metals, and halides. From the 

crystal structure, it has perovskite crystal structure. More importantly, it has 

semiconducting properties. For simplicity, it will be called perovskite in the 

following sections of this thesis.  

Investigation on perovskite solar cells originates from the research on dye-
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sensitized solar cells. In 2009, Miyasaka et al. adopted nanocrystalline 

CH3NH3PbI3 and CH3NH3PbBr3 as visible light sensitizers in liquid electrolyte 

based dye-sensitized mesoscopic TiO2 solar cells, and obtained a PCE around 3% 

[22]. Two years later, Park et al. improved the PCE to 6.5% by optimizing the 

TiO2 surface and perovskite processing procedure [25]. However, the device 

suffers from the quick degradation caused by the liquid electrolyte.  

In order to solve the degradation problem, the liquid electrolyte was 

replaced with a solid state hole conductor 2,2´,7,7´-tetrakis-(N,N-di-p-

methoxyphenylamine) 9,9´-spirobifluorene (spiro-OMeTAD) in 2012, as reported 

by Park and Snaith research groups. With this replacement, the PCE was improved 

to around 10% [26, 27], and the stability could be extended to 500 hours at the 

ambient condition without encapsulation [26]. In the work reported by Snaith et al. 

they were also surprised to discover that meso-structured TiO2 could be replaced 

with meso-structured Al2O3 [27]. This first reveals that perovskites can transport 

both electrons and holes. More importantly, it brings about fundamental changes 

regarding the operational principle of perovskite-based solar cells. Since Al2O3 is a 

well-established insulator, the sensitization by perovskites does not take place any 

more, which implies that perovskite based meso-structured solar cells may have 

their own operational principles where meso-structured Al2O3 just functions as a 

scaffold [28]. The realization of solid state perovskite based solar cells triggered 

the photovoltaic field [29], and perovskite was selected as one of top 10 

breakthroughs by Science just one year later [30]. In the following four years, the 

power conversion efficiency has sky rocketed to 22.10 % [31]. In addition to the 

solar cell application, researchers also tried to explore other photo-electronic 

applications, including light emitting diodes [32, 33], lasers [34, 35], 

photodetectors [36] and X-ray detectors [37]. Despite the successes in 

demonstrating various photo-electronic applications, the intrinsic properties of 

perovskite semiconductors are still not very well understood. Taking CH3NH3PbI3 

films (a typical perovskite) for example, there are non-consistent reports on the 

bandgap [38-40], high-energy pump induced electronic transitions [24, 41], 

existence of excitons [42-44]; limited reports on the presence and role of trap and 

defect states [45, 46], and the thermal cooling of hot charges [44, 47]. Therefore, it 

is necessary to investigate the intrinsic properties of this promising kind of 

semiconductor in order to improve their photo-electronic applications to a higher 
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level,  

In this thesis, we experimentally investigate the transport and optical 

properties of some archetypical organic semiconductors and organometal halide 

perovskite semiconductors. A number of characterization methods are used. These 

methods can be generally classified into two kinds, electrical and spectroscopic 

methods, based on whether samples to be measured have electrical contacts or not. 

Spectroscopic methods can work on samples without electrical contacts, for 

example, steady state absorption, photoluminescence, photoluminescence 

excitation spectroscopies, as well as time resolved photoluminescence and 

transient absorption spectroscopy. The contact-free feature of spectroscopic 

methods makes it possible to more easily investigate intrinsic properties such as 

molecular conjugation, electron delocalization, intra-molecular energy/charge 

transfer, bandgap, charge carrier cooling, charge recombination mechanisms, and 

characteristic trap/defect states of microcrystalline films. These comprise the 

subject of chapter-5 and chapter-6. Electrical methods, by contrast, require 

samples with electrical contacts. This kind of method includes time of flight (TOF) 

and charge extraction by linearly increasing voltage (CELIV) measurements. The 

inclusion of electrical contacts makes the measurement results more relevant to the 

practical performance of photo-electronic devices. With electrical methods, we can 

investigate the trap/defect states in typical organic solar cells, band bending in the 

active layer, distribution of electrical potential and charge carriers, and reveal 

potential photo-electronic applications. These comprise the subject of chapter-3 

and chapter-4.  

1.2 Scope of the thesis 

Chapter 2 gives a general introduction to the main measurement methods 

used in this thesis, including TOF, CELIV, steady state spectroscopy and 

broadband ultrafast transient absorption (TA) spectroscopy. For each method, I 

will introduce its working principle and involved physical processes; give details 

on the data analysis, and a number of practical tips to perform the measurements 

more effectively.  

Chapter 3 is concerned with the adaptation of the CELIV method, making it 

to be charge selective, and its application to the archetypical organic blend of 

P3HT (poly (3-hexylthiophene)): PCBM (Phenyl C61-Butyric Acid Methyl ester). 
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The validity of this new method is confirmed based on the comparison to the well-

established TOF method that is able to discriminate electrons and holes. By 

applying this new method to P3HT: PCBM blends, double CELIV peak is 

observed, suggesting the presence of deep trap states. Furthermore, the excitation 

intensity dependent experiments suggest a difference in population probabilities of 

electrons and holes on shallow and deep trap states. Moreover, with the novel 

charge-selective CELIV method it also shows that the simultaneous extraction of 

holes and electrons is not a simple linear superposition of the two cases where they 

are extracted separately, indicating that a fraction of photo-excited charges 

populating shallow trap states can escape out of the device soon after the photo-

excitation. The main results obtained in this chapter have been published by 

Synthetic metals in 2015. 

Chapter 4 describes experiments which show that one can achieve ultra-long 

storage times of holes in NPB (N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-

biphenyl)-4,4’-diamine) films at room temperature. When a thin SiO2 insulating 

layer is inserted between NPB film and ITO electrode, the lifetime of photo-

generated holes can be as long as one hour that is four orders of magnitude higher 

than what reported previously. Numerical modeling suggests that the ‘band 

structure’ within the device is bended upwards, forming a hill-shaped potential 

structure in the device. This forces photo-generated electrons to drift towards the 

electrodes while holes are trapped in the center of the device. This causes the 

separation of holes from electrons in space, leading to a very low recombination 

rate, accordingly.  The results provide a new route to engineer the lifetime of 

charges by modulating the potential structure of the device. Moreover, devices 

based on this ultra-long lifetime behavior open up the possibility for new classes 

of plastic electronic devices such as ultra-low light level photodetectors. Results 

obtained from this chapter have been published by Advanced Materials Interfaces 

in 2015.  

Chapter 5 presents investigations on the conjugation length and optical 

properties of a series of donor-acceptor-donor oligomers in which carbazole and 

benzothiadiazole molecules behave as the donor and acceptor units respectively. 

From the absorption spectra, we find that benzothiadiazole and carbazole 

molecules are conjugated, yielding a new absorption band in a longer wavelength 

region, while carbazole molecules are non-conjugated when they are linked in the 
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3,6 positions. The photoluminescence measurement reveals a dual emission band 

for oligomers. In combination with the decay dynamics revealed by the time and 

spectrally resolved photoluminescence measurement, the dual emission band 

indicates that the conjugated benzothiadiazole-carbazole group and non-

conjugated carbazole units form two independent sets of electronic states in 

oligomers. Experimental results do not show evidence for intra-molecular energy 

or electron transfer occurring within the oligomers. Results obtained from this 

chapter are being prepared for a submission.  

Chapter 6 presents investigations on trap states, band gap renormalization 

effect (BGR) and ultra-fast charge carrier relaxation in microcrystalline 

CH3NH3PbI3 films using spectroscopic methods. In the steady state absorption 

spectra, we observe a long absorption tail and ascribe it to below-bandgap trap 

states. From the density dependent decay dynamics of the 750-nm photo-bleaching 

(PB) band we estimate an acceptor-type trap state density of ~1.41*1018 cm-3. The 

transient response of the 775-nm photo-induced absorption (PIA) band and the 

750-nm PB band exhibit a different density and excitation wavelength 

dependence, suggesting they have different origins. Based on the overlap of the 

peak position of the 775-nm PIA band with the abscissa intercept of the α2 

spectrum (α, the absorption coefficient) as well as simulation results, we ascribe 

the 775-nm PIA band to the hot charge carrier-induced BGR effect. Finally, a sub-

ps fast charge relaxation is quantitatively characterized from the decay dynamics 

of the 775-nm PIA band, the spectral evolution of the 750-nm PB and, and a 

concomitant decay-rise relationship between the long wavelength PIA band and 

the 750-nm PB band.  
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Introduction to measurement techniques 

Abstract 

This chapter gives a general introduction to the main measurement methods 

used in this thesis, including time of flight (TOF), charge extraction by linearly 

increasing voltage (CELIV), steady state spectroscopy and broadband ultrafast 

transient absorption spectroscopy. For each method, I will introduce its working 

principle, details on data analysis, and practical tips obtained from practical 

experience. 
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2.1 Time of flight (TOF) 

Since 1960s TOF (time of flight) has been used to measure the drift mobility 

of charges for organic materials [48, 49], and it is still being used now. Despite a 

simple operation, TOF can provide a relatively complete information on the 

transport properties of charges inside the bulk material. For example, it can 

discriminate electrons from holes, which is very useful for organic semiconductors 

since most of them have unbalanced transport properties [19-21]; it can study the 

dependence of mobility on the electric field and temperature, which helps to 

elucidate the transport model [50]; and it can clearly show the difference between 

dispersive or non-dispersive transport. In the non-dispersive case, the profile of the 

photo-generated charge package maintains unchanged during the process of drift, 

and the current transient shows a well-defined plateau; in the dispersive case, 

however, the profile gradually enlarges, and the current transient keeps decreasing 

during the process of drift [51]. 

2.1.1 Working principle 

Figure 2-1 shows the schematic diagrams of TOF measurements. Samples 

are sandwiched between two electrodes. A backward voltage is applied to provide 

a steady state electric field but avoid charge injection. Depending the sign of 

charges to be measured, different electrodes are illuminated by a laser pulse 

(typically nano-second short). Taking the TOF measurement of holes for an 

example, as shown in Figure 2-1 (b), the laser pulse illuminates through the Al 

electrode, and thus generate a thin charge sheet in the right side. Under the applied 

backward voltage, electrons are immediately swept through the Al electrode, and 

holes begin to drift towards the ITO electrode. The drifting process of the hole 

sheet then induces a current transient in the external circuit [52, 53], which 

provides the basis for TOF measurements.  
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Figure 2-1 (a) TOF measurements of electrons where a backward voltage is applied on 

the device and a laser pulse illuminates through the ITO electrode; (b) TOF 

measurements of holes where still a backward voltage is applied too, but the laser pluse 

illuminates through the Al electrode.  

Suppose the number of holes is N, then the amount of induced charges 

equals to [54],  

d

Nex
Q 

 
Equation 2-1 

where Q represents the amount of induced charges; 

e, the elementary electric charge; 

x, the displacement distance of the hole sheet from the illuminant electrode; 

d, thickness of the film.  

Under the approximation that the spatial profile remains unchanged 

throughout the drift process, the hole sheet undergoes an uniform linear motion 

until it reaches the counter electrode of ITO. The drift velocity of the hole sheet 

equals to the product of the mobility of holes (μ) and the applied electric field (E). 

Then the displacement distance can be expressed further as follows.   
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Ettx )(  Equation 2-2 

Combining Equation 2-1and Equation 2-2 gives the time dependent induced 

charge and current in the external circuit,  

,)( t
d

ENe
tQ




 
Equation 2-3 

and 

.
)(

d

ENe

dt

tdQ
I




 
Equation 2-4 

From these two equations we can see that the mobility of holes can be 

evaluated from either the induced charge or the current, and they correspond to the 

integrated and differential TOF modes, respectively.  

2.1.2 Integrated and differential TOF modes 

The induced charges and current can be measured in two different TOF 

modes, integrated and differential TOF modes, respectively. They have the same 

electrical connection, as shown in Figure 2-1. The difference comes from the 

product of the load resistance (R) and the geometrical capacitance (C) of the 

device. In the integrated TOF mode, a large load resistance is chosen so that the 

RC product is substantially larger than the transit time (ttr), RC >> ttr. On the 

contrary, in the differential TOF mode, a small load resistance is chosen so that the 

RC product is much smaller than the transit time, RC<< ttr. From the working 

principle of RC-oscillating circuit, it is known that the integrated TOF mode 

measures the electric charge and the differential TOF mode measures the electric 

current. 

Figure 2-2 schematically shows the TOF results measured with integrated 

and differential TOF modes (actual measurement results are shown below in 

Figure 2-3and Figure 2-4). The integrated TOF signal includes two parts with a 

kink in between. The first part is an oblique line with constant slope, and this 

corresponds to the drifting process of the hole sheet as described by Equation 2-3. 

The second part is a plateau, and it corresponds to the total electric charge stored 

in the two electrodes. The occurrence of the plateau means that the hole sheet has 

reached the counter electrode, and represents the transit time (ttr). The differential 
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TOF mode is mainly comprised of a plateau. This corresponds to the drifting 

process of the hole sheet and the expression is shown in Equation 2-4. After the 

hole sheet reaches the counter electrode, the drift comes to a halt, then the induced 

current drops to zero. Therefore, the kink also represents the transit time (ttr). The 

brief current spike in the beginning is due to the swift sweeping out of electrons. 

The duration of this brief current spike is determined by the response time of the 

RC differential circuit itself, and it imposes limitation on the measurement 

condition, as discussed below on the criterions of differential TOF mode.  

 

Figure 2-2 (left) Schematically showing the TOF signal measured with the integrated 

mode; (right) TOF signal measured with the differential TOF mode. 

Finally, the mobility can be calculated as follows using from the 

characteristic transit time (ttr), applied voltage (V) and film thickness (d), 

,trEtd 
and, 

d

V
E   

so, trVt

d 2



 

Equation 2-5. 

The choice of these two modes largely depends on the film thickness and 

the geometrical capacitance of the device to be measured. The advantage of 

integrated TOF mode is that it can be used for thin films. This is because that for 

the differential TOF mode, the RC product should be 10 times smaller than the 

transit time. Thin films have a larger capacitance, so the load resistance is limited 

to be very small, and this reduces the signal/noise ratio and makes the kink too 

obscure to be determined. Figure 2-3 shows the results measured with integrated 

TOF mode on NPB ((N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-

diamine)) films. The film is as thin as 560 nm, and the transit time still can be 
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identified. For the present material of NPB, the differential TOF mode only can be 

used for film with thickness larger than 2 μm. 

 

Figure 2-3 Integrated TOF signals from a 560-nm NPB film. 

On the other hand, the differential TOF can provide more information 

concerning the drift process. Apart from measuring the mobility, it also can 

determine whether the charge drift is dispersive or non-dispersive. Figure 2-4 

shows the results measured with differential TOF mode on a 2.3 μm-thick NPB 

film. For holes, we can see a typical plateau current which is characteristic for the 

non-dispersive transport. However, the current transient keeps decreasing for 

electrons, which is characteristic for the dispersive transport. 

 

Figure 2-4 Differential TOF signals from a 2.3μm NPB film.  

Actually the advantage from integrated TOF mode on thin films can be 

replaced by other mobility measurement methods, like SCLC, CELIV and FET. 

However the ability to directly observe the dispersive or non-dispersive 

characteristics of the drift of charges is exclusive to differential TOF mode. 

Therefore in most of the cases, differential TOF mode is used. 
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2.1.3 Criteria of differential TOF mode 

Based on the working principle of TOF that a moving charge inside an 

insulator induces a charge in the external circuit, and the fact that the differential 

TOF mode works in a RC differential circuit that requires a small RC product, we 

can deduce the following criteria accordingly.  

(1)  Surface photo-generation. This aims to make the charge sheet has a 

long drift distance so as for a distinct transit time in the current 

trace. In practice, the thickness of the photo-generated layer is 10 

times smaller than that of the whole sample. In order to fulfil this 

criterion, the excitation wavelength should be chosen in such a way 

in which the absorption coefficient of the sample is reasonably 

large, usually ranging from 106-107 m-1. If the sample does not have 

such a high absorption coefficient, one alternative way is to 

introduce a thin charge generation layer between the contact and the 

film with sufficiently large absorption coefficient. The charge 

generation layer should have an absorption which does not overlap 

with that of the material to be measured, so as to limit the photo 

generated charges just within the thin charge generation layer [55].  

(2)  No charge injection from the electrode into the material. This is 

because that the current measured in TOF arises from the drifting 

charges inside the material. Any charge injection will lead to a 

current that can override the induced current. In practice, electrodes 

are required to have different work functions, and a backward 

voltage is applied.  

(3) Transparent and uniform electrode for illumination. This is because 

the transit time is more easily be observed only when photo-

generated charges have a well-defined profile, and only a 

transparent and uniform electrode can meet this requirement. In 

practice, transparent ITO electrode or other metal electrodes as thin 

as 30 nm are usually used.  

(4)  Small load resistance. This is because that the instrument response 

of the differential TOF mode is dictated by the RC product. The 

differential TOF signal begins with a current spike that arises from 

the extracted charges before the charge drift, as discussed above. A 
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large load resistance will extend the duration of this current spike, 

and may cover the transit time. In practice, the RC product should 

be ten times smaller than the transit time.  

(5) Low excitation intensity. This is because that the mobility equation 

(Equation 2-5) assumes a constant electric field produced only by 

the applied voltage. If the excitation intensity is too large, the 

charge density will be so high that the electric screening could 

considerably disturb the externally applied field.  

2.1.4 The occurrence of a cusp in the differential TOF mode 

When the differential TOF mode is used on materials with non-dispersive 

charge drift characteristics, one cusp is often observed, as schematically shown in 

Figure 2-5. It could be caused by the a too large load resistance or a too large 

applied voltage. 

 

Figure 2-5 The occurrence of a cust in the differential TOF mode. 

If the load resistance is too large, then the real electric circuit falls in 

between the ideal integrated and differential TOF mods. This will lead to a cusp.  

Figure 2-6 shows the experimental results where the cusp increases considerably 

when a load resistance increases from 300 Ω  to 1000 Ω.  
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Figure 2-6 The occurrence of a cusp with a larger load resistance.  

In addition to a large load resistance, a large applied field also can lead to a 

cusp, as shown in Figure 2-7. A cusp appears when the applied voltage increases to 

50 V, and becomes larger when the voltage further increases to 60 V. This is 

because the voltage enhances the dissociation efficiency of excitons into free 

charges, increasing the density of charges to a higher level. Then the electrical 

screening begins to disturb the applied electric field and affect the profile of the 

charge packet. Figure 2-8 schematically show the profile of charges gradually 

extends along with the drift process. The charge packet has a narrow profile in the 

beginning point denoted with X1. Due to the electric screening, the force on 

charges located in each side of the packet is larger than the force on charges 

located in the center. Along with the charge packet drifting forward, the profile 

enlarges, reducing the charge density as well the electric screening. Therefore the 

charge packet drifts gradually faster. From the previous discussion on the working 

principle of TOF, it is known that a gradually increasing drift velocity causes a 

gradually increasing induced current, forming a cusp finally. 
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Figure 2-7 The occurrence of a cust with increasing voltage.  

 

 

Figure 2-8 The gradual extension of the profile of charge carriers during the transit 

process.  

2.1.5  Summary of TOF measurements 

In this section, we discuss the TOF method (both integrated and differential 

modes), including its working principle, and mathematical derivation of the 

formulas for the induced charge and current, how the mobility is calculated, the 

criteria on differential TOF modes, and what causes the occurrence of a cusp in the 

differential TOF mode. TOF is able to provide relatively complete information on 

the charge drift inside a material, discriminating the mobility of charges with 

different polarities, measuring the mobility-field dependence, and specifically 

determine the dispersive from non-dispersive transport. These features enable the 

TOF method plays a unique role in the study of charge drift. However, its 

application is limited for organic photo-electronic materials because it cannot be 

used on films as thin as the real active layer in a device. Therefore, it has to be 
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used together with other methods, like CELIV (charge extraction by linearly 

increasing voltage).  

2.2 The charge extraction by linearly increasing voltage (CELIV) 

For organic electronic devices, the properties of the active layer are usually 

thickness dependent. Along with the change in the thickness, the morphology, 

crystallinity, trap distribution, energy band structure and mobility change, 

accordingly. Therefore, in order to make the mobility measurement result more 

relevant to the performance of the practical device, it requires that the sample 

should have the same thickness as the active layer of the practical device. Due to 

the large absorption cross section and poor transport properties, the thickness of 

the active layer of organic electronic devices is usually less than 300 nm. This 

makes TOF methods less suited to determine the transport properties and we 

should turn to other alternative methods.  

An excellent alternative is found in the CELIV method, first proposed as a 

variant of the TOF method and applied to inorganic semiconductors in 1977 [56].  

Petravichyus et al. noted that the kink in the TOF signal of thin CdSe samples was 

too obscure to be identified. With the CELIV method, they managed to measure 

the mobility in CdSe [56]. Then, also in 1977, Moore applied this method on 

amorphous Si (silicon) films and measured the mobility [57]. More recently, in 

2000, Juska et al. adapt the CELIV on thin microcrystalline Si films [58]. Until 

then, the capability of CELIV has been proven in different inorganic 

semiconductors. In that same year, the Nobel prize in chemistry was awarded to 

Alan J. Heeger, Alan G. MacDiarmid, Hideki Shirakawa for the discovery and 

development of conductive polymers, and organic electronics began to attract 

more scientific attention. Then in 2000, Juska transferred the application of 

CELIV method to π-conjugated polymers [59] for measurements of transport 

properties. Soon after that, CELIV began to be extensively used on various kinds 

of organic electronic materials [60-64], and provides complementary information 

for TOF methods in a sense that CELIV more suited for thin films and TOF for 

thick films.  

2.2.1 Working principle and mobility equation 

The schematic diagram of the CELIV experiment, as shown in Figure 2-9 
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looks very similar to the schematic diagram of TOF introduced above. It is also an 

RC circuit containing an active film sandwiched between two electrodes, a laser 

pulse to excite the sample, and an oscilloscope to monitor the current in the 

external circuit. However, the working principle of CELIV is completely different 

from that of TOF from the following aspects. 

(1) The shape of applied voltage is different. For CELIV, a ramp voltage 

is applied. As for TOF, however, it is a DC voltage or sometimes 

square-shaped voltage.  

(2) The origin of current is different. For CELIV, the current arises from 

the charge extraction from the sample through both electrodes. As for 

TOF, however, the current arises from the charge sheet drifting inside 

the sample.  

(3) The spatial distribution of charges is different. For CELIV, the spatial 

distribution of photo-generated charges is more close to uniform 

throughout the whole bulk. As for TOF, however, photo-generated 

charges are located in one side. 

 

Figure 2-9 The electric diagram of CELIV.  

To explain the working principle and mobility equation, we shall take the 

extraction of electrons (Figure 2-10) as an example. The involved fundamental 

knowledge includes the Gauss’s law, the Kirchhoff’s law, the continuity equation, 

the general expression of current and the model proposed by Juska et al [58]. This 

model consists of the following key points, and our derivation is in reference to 

what Juska et al. did [58].  

(1) Uniform charge distribution: after the photo excitation, photo-

generated charges distribute uniformly inside the sample, as shown in 
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Figure 2-9. 

(2) A well-defined boundary for the depletion region: following the 

charge extraction, a depletion region forms, and it has a well-defined 

boundary, as marked by the red dotted line in Figure 2-10. 

(3) No recombination: assume neither traps nor recombination 

throughout the process of charge extraction.  

(4) The conductivity of the sample is very low. 

 

Figure 2-10 The schematic diagram of the  electron extraction in the CELIV 

measurement. Electrons are extracted through the right-side electrode, forming a 

depletion region with a charge density of n in the left side. The boundary of the 

depletion region is marked with a red dotted line. l represents the extraction length, and 

d represents the width of the sample. The dashed square is the chosen Gaussian surface 

to figure out the relationship between the electric field and the extraction length. 

From the Gauss’s law, Q(x)=e n x S=ε0 ε S[E(0,t)-E(x,t)], where e represents 

the elementary charge, S the cross section, ε0 the vacuum permittivity, ε the 

relative permittivity, E(0,t) and E(d,t) the electric filed at the left and right edge, 

we can obtain the electric filed distribution within the sample, as presented in 

Equation 2-6. From the equation, we can see that the electric field linearly 

increases in the depletion region [0< x< l(t)], and then keeps constant in the region 

where charges are not extracted yet [l(t)< x<d], 
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Equation 2-6. 

Integration of the electric filed through x gives the total potential drop over 

the device, and this potential drop should equal to the applied extraction voltage 
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[V(t)=A t] shown in Figure 2-11. Therefore, we have the following equation, 
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Equation 2-7. 

Combining Equation 2-6and Equation 2-7, we can relate the pre-set 

extraction voltage (At) to the electric field at the left and right edge of the sample 

(E(d,t) and E(0,t)), the extraction length l(t), 
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Equation 2-8. 

E(d,t), E(0,t)),and l(t) are not independent physical quantities with each 

other, instead interdependent on each other. Choosing the Gaussian surface to 

enclose the whole sample, as shown with a dashed square in Figure 2-10, we can 

obtain the first equation between E(d,t), E(0,t)),and l(t),  
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Equation 2-9. 

The second equation can be obtained from the continuity equation, 
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Equation 2-10, 

where j(x,t) represents the current transient at the position of x inside the sample, 

G and R the generation and recombination rates respectively. G is zero after the 

photo excitation, and R is also assumed to be zero based on the Juska model, then 

we reduce the continuity equation to, 
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Equation 2-11. 

As a result of the uniform charge distribution, there is no diffusion current, and 

thus the transient current is just contributed by the drift current, j(d,t)=μ e n E(d,t) 

where μ represents the mobility of electrons. Integrating the Equation 2-11 over 

the whole sample, we can obtain the second equation between E(d,t), E(0,t)),and 

l(t), 
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Equation 2-12. 

Up to this point, the relationship between E(d,t), E(0,t)),and l(t) are revealed 
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by Equation 2-9 and Equation 2-12. Based on these two equations, we can reduce 

Equation 2-8 to,  
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Equation 2-13 

where σ = n e μ represents the conductivity of the sample. Under the low 

conductivity assumption, the second term could be neglected, and then we obtain 

the expression for the extraction length represented with l(t)), 
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Equation 2-14. 

However, the extraction length is not a measurable quantity in CELIV 

experiments. To relate the extraction length to the current transient, we will use the 

general expression of current and the Kirchhoff’s law. 

The general expression of current in the charge extraction process can be 

expressed as, 
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Equation 2-15, 

where the first and second component represent the drift current and the 

displacement current, respectively. From Kirchhoff’s current law, we know that 

the current should be independent of spatial coordinate of x. Then by averaging the 

current over x, we can obtain the current transient equation,  
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Equation 2-16. 

Substituting Equation 2-20 into Equation 2-16, and neglecting high-order terms, 

we can obtain the reduced expression for the current transient (Equation 2-17), and 

the schematic current transient is shown in Figure 2-11. 
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Equation 2-17. 

 

 

Figure 2-11 Schematically showing the current transient which corresponds to the 

extraction voltage with a constant slope of A. The current transient consists of a plateau, 

j0=Aε0ε/d, and a Gaussian shaped bump. The mobility can be calculated from the the 

maximum current time (tmax) of the bump. 

From the figure, we can see that current transient consists of a Gaussian 

shaped bump and a plateau. The plateau corresponds to the geometric capacitive 

current, j0 = Aε0ε/d, and by calculating the maximum current time (tmax) of the 

Gaussian shaped bump we can finally obtain the mobility expression, shown as 

follows, 

A
dt

dt

tdj

tt 3

2
,0

)(
max

max


  

so, we have,  

2

max

2

3

2

At

d


 

Equation 2-18. 

This equation dictates that with a known film thickness d and pre-set 

extraction voltage with a fixed slope A, the mobility μ can be directly calculated 
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from the maximum current time tmax. 

2.2.2 Three kinds of CELIV signal 

The CELIV signal arising from the charge extraction can be classified into 

three types, as shown in Figure 2-12. The Dark-CELIV signal arises from the 

extraction of equilibrium charges, and is measured without application of laser 

pulses. The CELIV signal under photo-excitation, however, arises from both the 

equilibrium and photo-generated charges, and is measured under the application of 

laser pulses. Finally as for the Photo-CELIV signal, it is obtained by subtracting 

the dark-CELIV signal from the CELIV signal under photo-excitation, and only 

arises from photo-excited charges. It should be noted that the definition of the 

photo-CELIV signal here is different from the one used by other researchers which 

refer to the CELIV under photo-excitation as the photo-CELIV.  

 

Figure 2-12 Schematically shows three kinds of CELIV signals. 

2.2.3 Home-built CELIV setup 

Figure 2-13 shows the schematic diagram of our home-built CELIV setup, 

and Table 2-1 lists the main units. The CELIV extraction voltage is outputted form 

a function generator (Stanford Research System DS345) which is triggered by the 

synchronization pulse of the pulsed laser (Continuum Minilite TM Nd:YAG) after 

a controllable delay time set by the delay generator (Stanford Research System 

DG645). To monitor the stability of the pulsed laser, the laser pulse illuminates on 

a photocell. The whole setup is monitored by a four-channel oscilloscope, one 

channel acquiring CELIV signal and other three channels monitoring delay 

generator, function generator and the photocell. 
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Figure 2-13 Schematically showing the home-built CELIV setup. 

The pulsed laser can provide four output wavelengths of 1064 nm, 532 nm, 

355 nm and 266 nm. The availability of these four wavelengths are just enough to 

excite most organic semiconductors. The pulse energy is in the milli-Joule range, 

and the repetition rate could be adjusted between 1 to 15 Hz. The delay generator 

can be externally triggered by the pulsed laser, and outputs a +5VDC TTL signal 

with the delay time to be controlled in a broad time window, from pico-seconds to 

15 minutes. The function generator can provide a ramp voltage with a peak to peak 

amplitude of 10 V. The function generator used here also provides the capability of 

remote control through either RS532 or GPIB interface, so the output voltage then 

can be easily programmed by computers.  
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Table 2-1 Specific models used in CELIV setup. 

Pulsed Laser Continuum Minilite TM Nd:YAG;  

Delay Generator Stanford Research System DG645; 

Function Generator Stanford Research System DS345; 

Oscilloscope Tektronix MSO 4054 

2.2.4 Measurement tips 

During the practical measurements, we sum up a number of tips. 

Tip 1, two consecutive ramp pulses (shown below) are used instead of one. 

The first pulse aims for the measurement of CELIV signals. The second one, 

however, is to sweep out any possibly remained charges and make the sample 

recover to the equilibrium state. Practically, we found that there are still charges 

left in the device after the main extraction produced by the voltage ramp, and they 

would disturb the subsequent CELIV signals. The use of one more voltage pulse 

can solve this problem. If there are charges left after the first voltage pulse, the 

second voltage pulse will effectively sweep them out; if there are not, the second 

voltage pulse will generate a square current indicating no charges remained 

anymore. 

 

Figure 2-14 Two successive linearly increasing voltage pulses. 

Tip 2, an appropriate choice of offset voltage. The offset voltage is the 

parameter that influences the CELIV signal most. It distorts the CELIV so 

seriously that the extracted mobility value may deviate by one order of magnitude 

or even completely cause the CELIV signal unmeasurable. The offset voltage aims 

for the compensation of the built-in potential, keeping a uniform profile of charges 

and inhibiting the escape of charges before the arrival of extraction voltage. Figure 

2-15 shows a practical example where the offset voltage deviates just 0.2 V from 

the optimal choice. Generally, the offset voltage is chosen to be equal to the 
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difference in the work functions of the two electrodes. 

 

Figure 2-15 The distortion of the CELIV signal when the offset voltage deviates just 0.2 

V. 

Tip 3, obtaining a delay time as long as several hours which is way beyond 

the limit of delay generators. Usually, the delay generator only can provide the 

longest delay time of 15 minutes, and this is not capable for measurement of the 

lifetime as long as hours. To surpass this limitation, we discover an artificial 

trigger way. Every time when the BNC cable plugs in or out the delay generator, 

the setup is triggered. With this tip, the delay time can be as longer as needed.  

Tip 4, pay attention on the environmentally accumulated charges. It is very 

hard to avoid unintentional doping during the sample preparation for organic 

materials, which could be from humidity or oxygen in the case of spin coating and 

the co-evaporation. All of these unintentional doping facilitates the accumulation 

of charges. Figure 2-16 experimentally shows how serious this accumulation could 

be. The active layer of the sample used here is a NPB film that has a bandgap of 

3.0 eV, so the charge density is expected to be very low under the ambient 

conditions. However, exposing to the ambient condition, the charges gradually 

accumulate and finally reach as high as 1021-1022 m-3 in one hour. 
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Figure 2-16 Environmentally accumulated charges. 

2.2.5 Summary of the CELIV method 

In this section, we introduced the CELIV method, the working principle, the 

deduction of the mobility equation, three kinds of CELIV signals, how the setup is 

home built, and measurement tips. To summarize, the CELIV method has these 

features: 

(1) It can measure samples as thin as the active layer used in real 

devices, making the method and the obtained results more relevant to 

the evaluation, study, and optimization of device performance 

characteristics.  

(2) It can measure both the charge mobility (with small adaptations even 

for holes and electrons separately as we will see later) and the 

recombination dynamics simultaneously. This is an exclusive 

advantage of the CELIV method over other transport tests.  
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2.3 Steady state spectroscopy  

In this thesis, I use three kinds of steady state spectroscopies (absorption, 

photoluminescence and photoluminescence excitation) to investigate the optical 

properties of donor-acceptor-donor type oligomer molecules in Chapter 5 and 

microcrystalline perovskite films in Chapter 6. By applying the absorption spectra 

on individual molecules, we can determine the LUMO (lowest unoccupied 

molecular orbital) -HOMO (highest occupied molecular orbital) energy separation, 

and thus evaluate the conjugation length within oligomer molecules [65]. When 

applying the absorption spectra on solids, we can determine the fundamental 

bandgap, probe the existence of excitons, and investigate below-bandgap 

trap/defect states [66, 67]. From the photoluminescence spectra, we can study the 

basic light emission capability [67, 68], and also investigate the interfacial charge 

transfer processes which effectively quench the light emission [24, 69]. As for the 

photoluminescence excitation spectra, it helps to trace the origin of the light 

emission [67].  

Figure 2-17 schematically shows the layout of a double-channel absorption 

spectroscopy (in reference to Lambda 1050 UV/VIA/NIR spectrometer from 

Perkin Elmer). Light beam coming from the light source, provided by one 

Deuterium lamp (175 nm to 320 nm) and one Tungsten Halogen lamp (300 nm to 

3300 nm), is first splitted by a 50/50 beam splitter into two beams with equal 

intensity. One beam transmits directly into the spectrometer through the reference 

channel, and its intensity is denoted with I0. Taking into account of the refection 

loss occurring in the front interface of the sample, the effective intensity of the 

light which penetrating into the sample equals to I0*(1-R) where R represents the 

reflectivity. The other beam transmits through the sample before entering the 

spectrometer, yielding the transmitted intensity Il. Finally, the optical density, 

denoted with OD, is then calculated using the following equation. It should be 

noted that this equation tells how OD is actually measured. The real definition of 

OD does not include the reflection related term of (1-R).  
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Figure 2-17 Schematic diagram of a double-channel absorption spectrometer. The inset 

shows the intensity decay of the light inside the sample following the empirical Beer-

Lambert law.  
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  Equation 2-19 

Photoluminescence (PL) and photoluminescence excitation (PLE) 

measurements can be performed on the same setup as shown in Figure 2-18 (in 

reference to LS 55 fluorescence spectrometer from Perkin Elmer). The excitation 

light coming from a Xenon lamp (200 nm to 900 nm) is dispersed by a 

monochromater, and then illuminates on samples. Following the illumination, the 

sample begins to emit photons with a range of wavelength in various directions. A 

fraction of these emitted photons pass through a long-pass filter, and is dispersed 

by another monochromater before entering the detector. Although being performed 

in the same setup, the PL and PLE spectroscopies work in two different ways. The 

PL measurement operates at a fixed excitation wavelength, and scans the 

intensities of the emission at a range of wavelengths. The PLE measurement, 

however, operates at a fixed emission wavelength, and scans how its intensities 

changes at a range of excitation wavelengths.  
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Figure 2-18 The Schematic diagram of fluorescence and photoluminescence excitation 

spectroscopies.  

2.3.1 Spectra of individual molecules and molecular materials 

Analysis introduced in this section can apply to individual molecules and 

molecular materials. Molecules in solution can be regarded as individual 

molecules when the concentration is as dilute as 10-5 mol/L. Molecular materials, 

although in a solid state, are bonded together through weak van der Waals forces, 

so the optical properties do not vary greatly comparing with individual molecules. 

As a result, in these two cases wave functions are localized in individual 

molecules. In addition, the spectral range of the steady state spectra is usually from 

ultraviolet (less than 370 nm) to near infrared (around 10 μm) [70]. In this range, 

the transition involves electronic and vibrational states simultaneously, and thus 

the transition is called vibronic transitions [67]. 

The analysis of the steady state spectra is usually performed in the nuclear-

coordinate diagram of Figure 2-19 (a) and Jablonski diagram of Figure 2-19 (b). 

Following the photo-excitation, the nuclear separation becomes larger in the 

excited state. This is reflected in the nuclear-coordinate diagrams in which the 

minimum energy position shifts to a larger coordinate. The Energy separation 

between vibrational levels basically keeps unchanged in the ground and excited 

electronic states, which is resulted from the fact that vibronic transitions do not 

greatly change the nuclear geometry. This causes the mirror-image rule that the 

vibrational structure is similar between the absorption and photoluminescence 

spectra [68]. The energy separation of electronic states is larger than that of 

vibrational levels. The former is usually larger than 0.5 eV, and the latter in the 

range of 0.1 eV [67]. So the spectral position is mainly determined by the 
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electronic states, like the energy separation between the ground electronic state 

(S0) and the first excited electronic state (S*
1), but the spectral structure represents 

vibrational levels in each electronic state. The energy separation of vibration levels 

is larger than the thermal energy of 25 meV, so electrons populate the lowest 

vibration level in the ground electronic state. Therefore, absorption transitions start 

from the lowest vibrational level of the ground electronic state to various 

vibrational levels of the excited electronic state. It follows that the spectral 

structure of the absorption spectra can reflect the energy separation of vibrational 

energy levels in the excited electronic state. Electrons excited to higher various 

vibrational levels undergo a non-radiative thermal relaxation to the lowest 

vibration level. This relaxation occurs on a time scale of 10-12 s. When the excited 

electronic state is a singlet state, the lifetime is in the order of 10-9 s that is 

significantly longer than the time scale of the thermal relaxation. Therefore, light 

emission starts from the lowest vibrational energy level of the excited electronic 

state and ends in various vibrational energy levels of the ground electronic state. It 

follows that the spectral structure of photoluminescence spectra reflects the energy 

separation of vibrational energy levels in the ground electronic state. The vibronic 

transition intensity can be depicted by the Franck-Condon factor. Qualitatively 

speaking, the greater the overlap of wave functions, the greater that particular 

vibronic transition [65]. 
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Figure 2-19 (a) The nuclear-coordinate, and (b) Jablonski diagrams showing the 

involved vibronic transitions in photo absorption and emission. S0, S*
1 represent ground 

and excited electronic states, 0, 1, 2 for different vibrational states, solid lines for 

absorption and emission transitions, dotted lines for thermal relaxations. Usual time 

scales for various processes are presented in the Jablonski diagram.  

Based on the preceding description, we can account for two general features 

concerning the absorption and photoluminescence spectra, the Stokes shift and the 

Kasha’s rule [68]. The Stokes shift rule states that the photoluminescence typically 

occurs at lower energies or longer wavelengths relative to the absorption [68]. The 

Kasha’s rule states that the same photoluminescence spectrum is observed for 

various excitation wavelength [68]. These two general features can be observed in 

a typical example of dilute Rhodamine-6G benzene solution, as shown in Figure 

2-20.  
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Figure 2-20 Experimental demonstration of Stokes shift and Kasha’s rule based on 

Rhodamine-6G molecule. 

The Stokes shift is caused by the energy loss in the process of non-radiative 

thermal relaxation. As presented in Figure 2-19, in the case of absorption, the 

minimum energy corresponds to the vibronic transition of S0 (0)  S*
1 (0); in the 

case of emission, however, the minimum energy corresponds to the vibronic 

transition of S*
1 (0) S0 (2). Apparently, the latter is lower. The Kasha’s rule is a 

result of the fact that the thermal relaxation is significantly faster than the radiative 

decay. Therefore, the emission always starts from the lowest vibrational level of 

the excited electronic state, although electrons may be excited to higher energy 

levels by the excitation light.  

2.3.2 Spectra of solids 

Analysis introduced in this section applies to solids in which constituent 

atoms/molecules are bonded together via strong bonds, like covalent or ionic 

bonds. As a result, wave functions are more delocalized in the whole bulk (for 

ideal crystals) or in a specific domain (for amorphous solids or microcrystalline 

crystals). Therefore, individual states merge into energy bands, and the analysis of 

the spectra should be performed in the framework of energy band model.  

Five representative E-k diagrams are presented in Error! Reference source 

not found.. The first two diagrams, (a) and (b), represent direct and indirect 

bandgaps respectively. The fundamental difference is that there is a mismatch 

between the conduction band minimum and the valence band maximum in the 

indirect bandgap. Diagrams of (c, d, e) represent three cases where there exist 

below-bandgap states. They will cause below bandgap absorptions.  
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Figure 2-21 Five representative E-k diagrams. (a) direct bandgap; (b) indirect bandgap; (c, 

d, e) represent belwo-bandgap states introduced by excitions, disorder and trap/defect 

states, respectively.  

The discrimination between direct and indirect bandgaps can be done by 

analyzing the frequency dependence of the absorption spectra in the vicinity of 

bandgap, expressed as follows [67]: 

for direct bandgap, 
2/1)()( EghhOD   ; 

for indirect bandgap, 
2)()( EpEghhOD   ; 

where h, the Planck constant; ν, the photon frequency; Ep, the phonon energy; ± 

sign depends on whether the phonon is absorbed or emitted. From these two 

equations, we can see that the frequency dependence of the optical density follows 

a square root behavior in the case of direct bandgap, but a square behavior in the 

case of indirect bandgap.  

In addition to the frequency dependence, direct and indirect bandgap also 

can be roughly discriminated from the absorption strength. In the case of direct 
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bandgap, electrons in the valence band can be directly excited to the conduction 

band, and the transition is represented by a vertical arrow. In the case of indirect 

bandgap, electrons have to be assisted by phonons, and the transition is 

represented with an oblique arrow. As a result, the absorption strength is usually in 

the range of 105 cm-1 in the case of direct bandgap, but in the range of 103 cm-1 in 

the case of indirect bandgap [67]. The difference can be easily observed.  

Diagrams of (a) and (b) correspond to ideal crystals in which there is no any 

defects and disorder. Correspondingly, there is no any states within the bandgap. 

This results in an absorption threshold in the absorption spectra. When photo 

energy is lower than this threshold, the absorption is zero; but once the photo 

energy is above this threshold, the absorption increases abruptly. Therefore, the 

bandgap can be determined from the absorption threshold. Diagram of (c) depicts 

the case where excitons exist. Excitons are formed due to the Coulomb attraction 

between excited electrons and holes. They can improve the absorption, and 

introduce discrete energy levels below the conduction band. In the absorption 

spectra, these discrete levels will form sharp absorption peaks in the low energy 

side [67].  

Diagram of (d) corresponds to amorphous or microcrystalline solids. The 

presence of disorder produces below-bandgap states near the fundamental band 

edge, and one of these examples is the well-known Urbach tail [66]. Diagram of 

(e) represents the case where there are trap/defect states within the bandgap. These 

states may be formed by doping, degradation, and the ending of periodicity at the 

interface [67, 71]. Correspondingly, there will be below bandgap absorption 

observed in the absorption spectra.  
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2.4 Transient absorption spectroscopy 

With transient absorption spectroscopy, we can investigate ultrafast physical 

processes, such as the thermal relaxation of hot charges [44, 47], charge 

recombination [24, 42], inter band charge transfer [24] and interfacial charge 

transfer [27]. Investigation of these processes helps to elucidate underlying 

operation principles of photo-electronic devices. For example, the thermal 

relaxation of hot charges and radiative recombination are often two causes of 

energy loss in solar cells; efficient interfacial charge transfer is prerequisite for 

solar cells; a longer lifetime of excited states implies a potential application of 

lasers.  

2.4.1 Working principle 

Generally, the working principle of the transient absorption spectroscopy 

can be understood from two aspects. First, it is a kind of difference absorption 

spectra [ΔOD(λ,τ)] that is measured in the transient absorption spectroscopy 

(Figure 2-22); second, with a variable delay time (τ) the transient absorption 

spectroscopy can trace ultrafast dynamic physical processes (Figure 2-23). 

Figure 2-22 shows how ΔOD(λ,τ) is measured. In the unexcited case, only 

the probe pulse transmits through the sample when electrons just occupy the 

valence band (VB), and thus we obtain the absorption spectrum of the sample in 

the unexcited state, denoted with OD(λ). In the excited case, the pump pulse 

excites the sample prior to the probe pulse, and thus the probe pulse transmits 

through the sample when part of electrons already occupies the conduction band 

(CB) and holes occupy the valence band. The delay time (τ) between the pump and 

probe pulses is adjustable, and can be accurately set up. Therefore, we obtain the 

absorption spectrum of the sample in the excited state at a specific delay time, 

denoted with OD*(λ, τ). Finally, subtracting OD(λ) from OD*(λ, τ), we can obtain 

a transient absorption spectrum at a specific delay time, ΔOD (λ, τ). 
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Figure 2-22 Schematically showing how a difference absorption spectrum is measured. 

In the unexcited case, only the probe pulse transmits through the sample when electrons 

just occupy the valence band (VB), and thus we obtain the absorption spectrum of the 

sample in the unexcited state, denoted with OD(λ). In the excited case, the pump pulse 

excites the sample prior to the probe pulse, and thus the probe pulse transmits through 

the sample when part of electrons already occupy the conduction band (CB) and holes 

occupy the valence band. The delay time (τ) between the pump and probe pulses is 

adjustable, and can be accurately set up. Therefore, we obtain the absorption spectrum 

of the sample in the excited state at a specific delay time, denoted with OD*(λ,τ). 

Finally, subtracting OD(λ) from OD*(λ,τ), we can obtain a transient absorption 

spectrum at a specific delay time, ΔOD(λ, τ). 

Take the charge population as an example, Figure 2-23 shows how its 

ultrafast dynamics is revealed by the transient absorption spectra. With increasing 

delay time (τ), the charge population changes, electrons in the CB or holes in the 

VB. The change is exemplified from the amount of charges and the position of 

occupied states in the momentum space. Accordingly, the transient absorption 

spectra ΔOD (λ, τ) changes, both the spectral shape and the intensity. Therefore, 

by analyzing the change of the transient absorption spectra with the delay time, we 

can elucidate the underlying dynamics for the charge population. 
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Figure 2-23 Schematically showing how the ultrafast dynamics of charges is revealed 

from the transient absorption spectra ΔOD(λ, τ). With increasing delay time (τ), the 

charge population changes, either electrons in the CB or holes in the VB. Accordingly, 

the transient absorption spectra changes ΔOD(λ, τ), both the spectral shape and the 

intensity. Therefore, by analyzing the transient absorption spectra, we can elucidate the 

underlying dynamics for the charge population. 

2.4.2 Layout of the setup 

Figure 2-24 schematically shows the layout of the transient absorption 

spectroscopy setup. Generally speaking, it composes two optical paths, one for the 

pump pulse and the other for the probe pulse. In the pump path, pulses are 

mechanically chopped, and then focused by a positive lens (L-2) to samples that 

are placed on a micro-stage. Just after the transmission through the sample, pump 

pulses are blocked by an iris so as to avoid their scattered lights entering the 

spectrometer. In the probe path, after passing through a delay stage near infrared 

(NIR) pulses are focused by a lens (L-1) onto a 4-mm thick sapphire crystal, 

generating super-continuum pulses (470 nm to 2000 nm). The remaining NIR 
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pulses are filtered out by a notch filter (denoted by NF) placed afterwards, and 

these generated super-continuum pulses are used as probe pulses. These probe 

pulses are then focused by a pair of parabolic mirror (PM-1, PM-2), and spatially 

overlapped with pump pulses on the sample. After transmitting through the 

sample, probe pulses are focused by another lens (L-3) on the spectrometer that 

acquire signals.  

 

Figure 2-24 Layout of a representative transient absorption spectroscopy setup (in 

reference to HARPIA  pump-probe spectrometer from Light Conversion). NIR, near 

infra-red; M, mirror; L (10 cm), positive lens with a focal length of 10 cm; PM, 

parabolic mirror; NF (1445 nm), notch filter with a central wavelength at 1445 nm.  

2.4.3 Optimization of the spatial overlap 

For transient absorption measurements, the spatial overlap between pump 

and probe pulses plays a crucial role. A complete procedure consists of, optimizing 

the transmission of probe pulses through a 50-μm wide pinhole, optimizing the 

transmission of pump pulses through the same 50-μm wide pinhole, placing in the 

sample chamber.  

Figure 2-25 shows the enlarged version of the probe path and involved 

optical elements. The first parabolic mirror (PM-1) can be adjusted in three 

directions; the second parabolic mirror (PM-2) can be adjusted in two directions; 

and the micro-stage where the 50-μm pinhole is placed can be adjusted in two 
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directions. To optimize the transmission of probe pulses through the 50-μm 

pinhole, I follow the following steps.  

(1) Remove the second parabolic mirror, and then tune the first 

parabolic mirror to obtain collimated probe pulses.  

(2) Place the second parabolic mirror in, and tune it to obtain a circular 

shape for probe pulses. In this step, also find an approximate 

location where the probe pulses focus, and then place in the 50-μm 

pinhole. Roughly tune the micro-stage until see the transmission of 

probe pulses through the pinhole.  

(3) The remaining work is the fine tuning of the first, second parabolic 

mirror, and the micro stage so as to realize the optimum 

transmission through the pinhole. In total, there are seven adjustable 

parameters, so it is very inefficient if we follow the one-by-one 

procedure. In practice, we found a highly efficient way, dubbed 

pair-by-pair. In this way, two parameters pair together, and then to 

be tuned together.  

a. PM-1 (x) with micro-stage (y); 

b. PM-1 (z) with PM-2 (z); 

c. PM-1 (y) with micro-stage (y). 

Taking the first pair for an example. First roughly tune PM-1 (x) 

just in one direction (this is very important, not two directions), and 

then tune micro-stage (y) in two directions. If the transmittance 

improves, keep tuning PM-1 (x) in the same direction to the end; 

otherwise, tuning PM-1 (x) in the opposite direction and keep in this 

direction to the end. In this process, micro-stage (y) always can be 

tuned in two directions.  

In practice, the transmittivity of probe and pump pulses through the 50-μm 

pinhole could be optimized as high as 70%.  
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Figure 2-25 Schematically shows how to optimize the transmission of probe pulses.  

Figure 2-26 shows the enlarged version of the pump path and involved 

optical elements. Comparing with the probe pulse, the optimization of the optical 

transmission of the pump pulse can be easily done by just tuning the lens and the 

mirror. It should be noted is that in this stage, we should not tune the micro-stage 

at all.  

 

Figure 2-26 Schematically shows how to optimize the transmission of pump pulses.  

Up to this point, the probe and pump pulses have spatially overlapped with 

each other, as shown in Figure 2-27, and we can move out the 50-μm pinhole and 

place in the sample. Then we should put the sample on the focal position by 

adjusting the micro-stage (x). It should be noted that in this stage, we should never 

tune any optical elements in the probe and pump paths.  
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Figure 2-27 Schematically shows the position of the sampole relative to the intersection 

point of probe and pump pulses. The intersection point is marked by the arrow.  

2.4.4 Evaluation of the spot size of probe and pump pulses 

In transient absorption measurements, it is needed to evaluate the spot size 

of the probe and pump pulses. This is because of two reasons. One is for the 

calculation of the initial density of excited states, for which the spot size of pump 

pulses should be known. The other is for the degree of accuracy for the 

measurement that the probe pulse should always be enclosed by the pump pulse, 

for which we should know the spot size for both pulses.  

In practice, the spot size of pulses can be approximately evaluated from the 

transmittance through a precision pinhole with radius r0 = 25 μm. Suppose the 

intensity spatial profile of pulses can be depicted by a Gaussian function in 

Equation 2-20 where w represents the beam waist,  
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Finally, the transmittance could be expressed as.  
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Equation 2-21 

Based on this equation, the beam waist of pulses can be calculated from a 

known radius (r0) of the pinhole and the measurable quantity of transmittivity (T).  

Usually used figures are listed in Table 2-2. A thumb of rules is that we 

choose the transmittance of 50-60% for the probe pulse and 20-30% for the pump 

pulse. The choice like this ensures that the pump pulse is about twice larger than 

the probe pulse, and also a reasonable signal/noise ratio.   

Table 2-2 Correspondence between the transmittance through a precision pinhole (r0 = 25 

μm) and the spot size of pulses. 

T (%) 86 63 49 39 33 28 25 

w / r0 1 2  3  4  5  6  7  

(π w2) / ( π r0
2) 1 2 3 4 5 6 7 

2.4.5 A representative charge population and the corresponding transient 

absorption spectra 

Figure 2-28 (a) schematically shows a representative charge occupation, 

where electrons populate the second highest conduction band (CB-2) and holes 

populate the first valance band (VB). The possible physical processes include, the 

electron transition from CB-2 to CB-3, the thermal cooling from CB-2 to CB-1, 

the interband recombination from CB-2 to VB, and the interfacial electron transfer. 

Corresponding to this representative charge occupation and various physical 

processes, the transient absorption spectrum is schematically shown in Figure 2-28 

(b). The negative signal located at E2 and E1 are called photo-bleaching (PB) 

signals. The PB signal is formed as a result of the hole occupation in VB and the 

electron occupation in CB-2, and both of them are called the state filling effect. 

The positive signal at E3-E2 is called photo-induced absorption (PIA) signal, and 

corresponds to the CB-2CB-3 transition.  
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Figure 2-28 (a) a representative charge population and various physical processes for 

electrons occupying the second conduction band (CB-2) where (1) represents the CB-

2CB-3 transition, (2) the CB-2 CB-1 thermal cooling, (3) the CB-2VB interband 

recombination, and (4) the interfacial electron transfer. (b) The characteristic transient 

absorption spectrum corresponding to the representative charge population. The negative 

signal located at E2 and E1 are called photo-bleaching (PB) signals, and formed as a result 

of the hole occupation in VB and the electron occupation in CB-2; the positive signal at 

E3-E2 is called photo-induced absorption (PIA) signal, and corresponds to the CB-2CB-

3 transition. 

After the origins of individual transient absorption signals are known, we 

can elucidate the underlying physical processes from the rise-in time and lifetime 

of individual signals. 

(1) The (E3-E2) PIA signal corresponds to the CB-2CB-3 electron transition, 

so the signal intensity is proportional to the electron population in CB-2, 

and thus its lifetime is related with more than one physical processes, such 

as the CB-2 CB-1 thermal cooling, the CB-2VB interband 

recombination, and the interfacial electron transfer. 

(2) The E2 PB signal is contributed by both the electron occupation in CB-2 

and hole occupation in VB, so the signal intensity is proportional to the 

total population, and thus its lifetime is also related with more than one 

physical processes, such as the CB-2CB-1 thermal cooling, the CB-

2VB interband recombination, and the interfacial electron transfer. 

(3) Different from the E2 PB signal, the E1 PB signal is contributed by the 

electron occupation in CB-1 and hole occupation in VB, so the signal 

intensity is proportional to the total population. Although the CB-2VB 
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interband recombination reduces the hole population in VB, the CB-

2CB-1 thermal cooling increases the electron population in CB-1. But 

the latter is usually quite faster than the former process, the E2 PB signal 

will first undergo a rise-in process and then decay. Therefore, its rise-in 

time reveals the CB-2CB-1 thermal cooling but lifetime reveals the CB-

2VB interband recombination.  

(4) The CB-2CB-1 thermal cooling can yield a concomitant decay-rise 

relationship between the (E3-E2) PIA signal and the E1 PB signal.  
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Measuring electron and hole mobilities in organic systems: 

using charge selective CELIV method 

Abstract: 

We report on the realization of charge selective CELIV (charge extraction 

by linearly increasing voltage) via the selective extraction of each charge carrier 

species in a SiO2 inserted MIS (metal-insulator-semiconductor) structure. The 

experiments are performed in a typical active layer of P3HT (poly (3-

hexylthiophene)): PCBM (Phenyl C61-Butyric Acid Methyl ester) with a 

composition ratio of 1:1. The presence of double CELIV peaks indicates the 

involvement of deep trap states in the charge transport process. Furthermore, the 

difference in excitation intensity dependence between photo-excited holes and 

electrons suggests a difference in population probabilities of electrons and holes 

for shallow and deep trap states. Charge selective CELIV experiments also show 

that the simultaneous extraction of holes and electrons is not a simple linear 

superposition of the cases where they are extracted separately, indicating that a 

fraction of photo-excited charges populating shallow trap states can escape from 

the device. 
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3.1 Introduction 

Organic semiconductors have shown their applications in many fields [62, 

72, 73] including organic light emitting diodes (OLEDs) [73], organic solar cells 

(OSCs) [62] and organic field effect transistors (OFETs) [72]. In all these 

applications the charge mobility plays a crucial role in device functionality. 

Commonly used methods to characterize the mobility of organic semiconductors 

include time of flight (ToF) [54, 74-76], field effect transistor (FET) [77-79] and 

space charge limited current (SCLC) [19, 80-82]. However, each method has its 

own drawbacks which limit its applications. For example, ToF requires a relatively 

thick film (thickness > 1 μm), thicker than what is usually used in actual devices 

[54, 61, 74]. The FET method studies the transport at the interface and yields no 

information on bulk transport. Finally, the SCLC method has a rigid requirement 

on the contact resistance between the active layer and the electrodes. 

The CELIV method provides another alternative manner to measure 

mobilities [56-59], and is applicable to practical devices directly. In the last 

decade, many insightful results have been obtained using the CELIV method. With 

this method, researchers can investigate the effect on mobilities due to the electric 

field, temperature and density; can simultaneously determine the lifetime and 

mobility, characterize the disorder degree [60-62, 83-86]. The method has also 

been used to demonstrate an exceptionally long charge storage time in small 

molecule based devices [87]. However, the CELIV method cannot specifically 

measure the mobility of holes and electrons. This limits its applicability in the 

study of organic materials that generally have imbalanced transport properties [74, 

82, 88].  

Among different solutions, the selective extraction of each charge carriers 

has proven to be a particularly effective way to surmount this limitation of the 

CELIV method [89, 90]. In 2009, Kumar measured the mobility of holes by using 

a small molecular material to block electron extraction [90]. In 2014, Armin 

measured the mobility of both the holes and electrons by using an inorganic 

insulation material that blocked either electron or hole extraction [89]. However, 

in the latter work, the charge carriers were electrically injected rather than 

optically generated. As such, they concentrated at the interface forming a charge 

reservoir, rather than distributing throughout the bulk of the active layer. As a 
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result, the charge carrier system studied by Armin is substantially different from 

those in a practical organic solar cell, where carriers are optically generated and 

mainly distributed inside the active layer[91].  

In this paper, we further demonstrate that the charge selective CELIV 

method can be realized via the selective extraction of each species of charge 

carriers. In addition, since the charge carriers are generated optically and 

distributed mainly inside the active layer, this method provides more relevant 

transport information for practical organic solar cells. We choose SiO2 as an 

effective blocking layer, and the bulk heterojunction (BHJ) of P3HT (poly (3-

hexylthiophene)): PCBM ((6,6)b-phenyl C61-butyric acid methyl ester) with a 

specific weight ratio of 1:1 as the active layer. The presence of double photo 

CELIV transients indicates the involvement of deep trap states during the charge 

transport process. Different features are observed in the excitation intensity 

varying measurements, which not only indicate that photo-excited holes and 

electrons behave differently as they fill their respective shallow and deep trap 

states, but also validate the charge selective CELIV method in terms of results 

obtained from ToF measurements. The charge selective CELIV measurements also 

reveal that the CELIV transient from simultaneous extraction of holes and 

electrons is not a linear superposition of the CELIV transients contributed by holes 

and electrons separately. This suggests that a fraction of photo-excited charges that 

populate shallow trap states can escape from the practical devices immediately 

after the photo excitation.   

3.2 Method and materials 

The upper panel of Figure 3-1 schematically shows a linearly increasing 

voltage and the corresponding CELIV transient. One complete CELIV transient is 

composed of one bump and one plateau components which are related to extracted 

charges and geometrial capacitance, respectively [58, 61]. In the lower panel, a 

schematic representation of three types of CELIV transients are shown. It should 

be noted that other groups usually refer to the current transient in inset (b) as the 

photo-CELIV signal, and this actually includes both equilibrium and photo-

generated charge carriers. In this paper, in order to specifically study the 

contribution from photo-generated charge carriers, we redefine photo-CELIV as 

explained in the caption of Figure 3-1.  
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Details of the CELIV set up are introduced previously in Chapter-2. For the 

present measurements, samples are irradiated through the ITO side by one 10-ns 

short, 532 nm laser flash, with the energy flux adjustable from 0.05 μJ cm-2 to 2 

mJ cm-2.  

 

Figure 3-1 (upper) The schematic extraction voltage (left) and CELIV transient (right); 

(bottom) Three kinds of schematic CELIV transient. (a) Dark-CELIV is measured 

without photo-excitation, and only equilibrium charges contribute to the bump; (b) Under 

photo-excitation both equilibrium and photo-excited charges are involved; (c) Photo-

CELIV is obtained by subtracting the small bump in dark-CELIV from the large bump in 

CELIV under photo-excitation while keeping the plateau unchanged, and hence the 

current transient only involves photo-excited charges. It should be noted that photo-

CELIV in this paper is defined differently from the definition in other papers where 

photo-CELIV refers to the transient shown in (b).  

Figure 3-2 shows the MIS structure used for the charge-selective CELIV 

measurements. The 70 nm-thick SiO2 insulator layer is obtained by spin-coating a 

home-made SiO2 sol-gel on ITO-coated glass; the 210 nm-thick P3HT: PCBM 

film was spin-coated from a P3HT: PCBM solution in chloroform with a weight 

ratio of 1:1; the 100 nm-thick Al electrode is thermally evaporated under a vacuum 

of 10-4 Pa. Both P3HT and PCBM were purchased from Rieke Metals and 

Luminescence Technology, and used without further treatments. For the purpose of 

comparison, a control device without the SiO2 insulator layer was also fabricated. 

All samples do not undergo thermal annealing treatment. This causes a low degree 

of crystallinity in the blend film [82]. Samples are also kept under ambient 

conditions for three hours, which allowed oxygen exposure to degrade the 

thiophene rings through the oxidation [92]. Consequently, all samples have an 
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imbalanced transport property in which electrons would have higher mobilities 

than holes [82]. The choice of an imbalanced system is helpful for the verification 

of the charge selective CELIV method as the CELIV transients are then expected 

to be different for holes and electrons. 

 

Figure 3-2 Schematically explain the working principle of the charge selective CELIV 

in the case of holes based on the MIS structure. Holes and electrons are represented with 

open and solid circles. (stage 1) Holes and electrons start to drift upon the application of 

linearly increasing voltage. (stage 2) Holes are extracted through the Al electrode but 

electrons accumulate at the SiO2 interface. For the charge selective CELIV 

measurement of electrons, however, holes and electrons behave in the opposite way. 

Figure 3-2 also schematically presents the basic idea of the charge selective 

CELIV method by taking holes as an example. The linearly increasing voltage 

with an offset voltage (Uoffset) is applied to the ITO/SiO2 electrode of the MIS 

device, while the Al electrode is grounded. The chosen Uoffset exactly compensates 

for the build-in potential (Vbi) of the device, thereby nulling the internal electric 

field before the charge carrier extraction. The linearly increasing voltage exerts an 

extraction field on the medium, and yields the CELIV transient. A complete 

process for the CELIV transient is composed of two stages. In stage 1, holes (open 

circles) and electrons (solid circles) drift toward the Al and ITO/SiO2 electrodes, 

respectively. In stage 2, the drifting holes are extracted through the Al electrode 

but the drifting electrons are blocked by the insulating SiO2 layer blocks and 

accumulate there. In this entire process, the hole contribution dominates the 

CELIV transient, and the specific CELIV measurement of holes is expected. For a 

specific CELIV measurement of electrons, however, the linearly increasing 

voltage is applied to the Al electrode, and then holes and electrons just behave 
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exactly in an opposite way as in the case of holes.   

The shape, amplitude, and dynamics of the CELIV transients are mainly 

determined by the charge density, charge mobility, spatial charge distribution and 

charge extraction length of the device under study. When holes and electrons have 

the same density and extraction length, and a uniform distribution, then the 

difference of CELIV transients of holes and electrons will only reflect the different 

mobilities of holes and electrons. Both CELIV measurements of holes and 

electrons are performed on the same sample with the same excitation intensity, so 

that the densities of holes and electrons are equal with each other. The thickness of 

the active layer is 210 nm, close to the optical penetration length at the 532 nm 

illumination, thereby assuring photo-excitation of the entire volume of the film 

and yielding equal extraction lengths for holes and electrons. A uniform 

distribution of holes and electrons is realized by applying an offset voltage to 

balance the built-in potential, resulting in a zero internal electric field. As for the 

influence of the SiO2 layer, it will only decrease the voltage over the active layer, 

but will not distort the uniform distribution of charge carriers [93].  

3.3 Results and discussion 

Figure 3-3 shows the dark- and photo-CELIV transients of the holes and 

electrons. The CELIV transients from the control device are also included for 

comparison. The offset voltage (Uoff) is chosen to be 0.5 V for the hole-CELIV 

measurements and -0.5 V for the electron and control CELIV measurements, 

thereby compensating for the build-in voltage (Vbi) of 0.5 V evaluated from the 

difference in the work functions of Al (4.3 eV) and ITO (4.8 eV). Moreover, an 

offset voltage of this magnitude will not lead to a dark-injection current from the 

charge carrier reservoir at the SiO2/active layer interface [93]. The slope of linearly 

increasing voltage is fixed at 104 Vs-1. For the photo-CELIV measurements, the 

delay time (tdel) is chosen to be 10 μs, and the excitation intensity is 1.5 μJ cm-

2/pulse.  

Let us first compare the CELIV transients from the aspect of their overall 

shape. Each dark-CELIV transient has a similar shape, including one single 

CELIV peak, and these CELIV peaks are located at (165 μs, 0.025 mA), (115 μs, 

0.018 mA), and (95 μs, 0.043 mA) for the hole-, electron- and control cases, 

repectively. Each photo-CELIV transient also has a similar shape, however, we 
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observe a double CELIV peak. For the case of holes, these two peaks are located 

at (40 μs, 0.027 mA) and (170 μs, 0.021 mA), respectively; while for electrons, 

they are located at (23 μs, 0.020 mA) and (160 μs, 0.020 mA), respectively. The 

photo-CELIV transient from the control device also shows a double peak structure 

located at (25 μs, 0.025 mA) and (160 μs, 0.031 mA) respectively.  

 

Figure 3-3 (color online) (Left) dark-CELIV and (Right) photo-CELIV transients. Note 

that the non-zero current level in photo-CELIV transients does not represent an injection 

current, but is caused mathematically by the way via which the photo-CELIV transient 

is obtained (please refer to Figure 3-1. 

From the CELIV transients, we first estimate the mobilities. This is done 

based on the corrected expression proposed by Lorrmann et al [94]: 
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 In addition, as the insulating SiO2 layer is inserted in the device, its 

influence should also be taken into account by adding a correction factor of 

)1( sIIs dd   where εs and εI represent the permittivity of the active layer and 

insulating SiO2 layer, and dI and ds represent the thickness accordingly [93]. Table 

3-1 summarizes the calculated mobilities. These values are similar to each other. 

Therefore, the charge selective CELIV measurements do not show distinct 

differences between each other in terms of the curve shape as well as calculated 

mobilities up to now.  
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Table 3-1 Calculated mobilities (in cm2V-1s-1). Dark corresponds to the single CELIV peak 

observed in Dark-CELIV experiments, while Photo-1 (Photo-2) corresponds to the earlier 

(latter) peak of the double CELIV peak observed in photo-CELIV experiments. 

 Dark Photo-1 Photo-2 

Hole 8.5*10-7 1.4*10-5 8.4*10-7 

Electron 1.8*10-6 4.7*10-5 9.6*10-7 

The control 

device 
1.8*10-6 3.7*10-5 8.2*10-7 

In order to observe any difference in the CELIV signals as expected, we 

perform the excitation intensity varying measurements. The results are shown in 

Figure 3-4. The photo-CELIV transients of holes show an asymmetric increase 

where the first peak increases from 0.016 mA to 0.027 mA while the second 

increases from 0.014 mA to 0.020 mA, indicating a different dependence on the 

excitation intensity. The photo-CELIV transients of electrons, however, show a 

symmetric increase where the double transient peak increases equally from 0.012 

mA to 0.020 mA, indicating a similar dependence on the excitation intensity. As 

such, excitation dependent measurements do show that the photo-CELIV 

transients are different for holes and electrons, just as expected for the charge 

selective CELIV method.  

The origin of the double CELIV peak is still not completely understood. 

Usually, there are two possible causes, mobility imbalance [92, 95] and the 

superposition of deep trap states on shallow trap states [58, 96]. The former is 

proposed by Andersson in a report showing the emergence of a double CELIV 

peak when the weight ratio of PCBM is increased to as high as 85.7% [95]. 

Chellappan has shown a similar phenomenon when the sample is deliberately 

exposed to oxygen [92]. The second possible cause is suggested by Juska [58] and 

Mackenzie [96]. Mackenzie, in particular, compared these two possible origins 

based on numerical simulations, showing that the mobility imbalance alone does 

not produce a double CELIV peak even when it is as large as four orders of 

magnitude. As a result, the superposition of deep trap states on shallow trap states 

is more likely to be the real cause here, particularly in light of the fact that it also 
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explains the experimental results of Andersson and Chellappan.  

Returning back to this P3HT: PCBM blend, it has been clearly pointed out 

that oxygen exposure causes the formation of deep trap states gradually [97]. With 

regard to the weight ratio of PCBM composition, Baumann implies that some 

specific weight ratios of PCBM composition may cause charges to be trapped in 

deep trap states during the transport process, as proven by the presence of a double 

TOF transient [74]. Thus, based on the second explanation, Figure 3-4 (a) and (b) 

suggest that the first peak is derived from shallow trap states while the second 

peak from deep trap states. Also, the asymmetric increase means that photo-

excited holes are more likely to fill the shallow trap states, while the symmetric 

increase indicates that photo-excited electrons have equal probabilities to fill 

shallow and deep trap states.  

Baumann also observed that there is a single TOF transient for holes while a 

double ToF transient for electrons in a P3HT:PCBM blend when the weight ratio is 

exactly 1:1 [74]. These phenomena is then explained by the fact that most photo-

excited holes mainly populate shallow trap states, and they have a similar mobility 

leading to a single ToF transient; photo-excited electrons, however, have an equal 

probability of populating shallow and deep trap states, so they have two different 

mobilities leading to a double ToF transient. This explanation is consistent with 

our inferences from Figure 3-4 (a) and (b). It should be noted that TOF is a charge 

selective method for mobility determination, and therefore the consistency with 

our results is an another proof of the efficacy of the charge selective CELIV 

method.  

Figure 3-4 (c) shows the photo-CELIV transients measured on the control 

device where both holes and electrons are extracted simultaneously. The CELIV 

transient also consists of a double peak. However, with the varying excitation 

intensity, the second peak increases more significantly compared to the first. This 

indicates such a kind of situation in which the extraction transient when holes and 

electrons are extracted simultaneously is not a linear superposition of the cases 

where holes and electrons are extracted separately. The reason is discussed below 

in combination with Figure 3-5.  

The dependence of the mobility on the density of extracted charge carriers is 

shown in Figure 3-4 (d), which demonstrates that the mobility corresponding to 

the first peak of photo-excited holes has a stronger dependence on the density. 
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Based on the Gaussian disorder model (GDM) [98-100], this indicates that the 

hole-occupied states are more localized and the transport of holes suffers a larger 

energetic disorder. Figure 3-4 (d) also shows that the photo-CELIV transients 

measured on the control device only reveal the mobility of photo-excited electrons 

but conceal that of photo-excited holes. This demonstrates the advantage of the 

charge selective CELIV that is able to provide a relatively complete and specific 

information concerning the transport property of charge carriers. 

 

Figure 3-4 (color online) Photo-CELIV transients at varying excitation intensity for cases 

of hole (a), electron (b), and control (c). (d) shows the dependence of the mobility on the 

density of extracted charges. 

Reduced photo-CELIV transients are shown in Figure 3-5 (a) where the 

transient plateau contributed by the geometric capacitance is subtracted, and 

consequently only the contribution from photo-excited charge carriers is involved. 

By comparing the results for holes and electrons, it is clear that the first peak of 

the holes lags behind in time and has a larger amplitude than that of the electrons. 

In contrast, the second peak coincides for holes and electrons. The CELIV peak 

position is determined by the activation energy and the amplitude is related to the 
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amount of extracted charge. As discussed above, the first and second peaks are 

originated from shallow and deep trap states, respectively. Thus, the fact that the 

first hole peak lags behind in time means that the shallow trapped holes have a 

relatively large activation energy, and more photo-excited holes are trapped. The 

coincidence between the second hole and electron peaks demonstrates that the 

deep trapped holes and electrons have the same activation energy.  

 

Figure 3-5 (color online）Reduced photo-CELIV refers to the CELIV transients when 

the baseline is subtracted from the photo-CELIV transient in Figure 3-3 (b). (a) the 

reduced photo-CELIV transients for holes and electrons, respectively; (b) Comparison 

of the sum of reduced photo-CELIV transients of holes and electrons with the one from 

the control devices.  

Figure 3-5 (b) shows a plot of the linear superposition of the electron and 

hole charge-selective CELIV transients compared to the CELIV transient for a 

control device. The coincidence of the second peak between the two curves 

indicates that the linear superposition relationship holds for deep trapped charge 

carriers. However, the amplitude of the first peak from the control device is less 

than half of that from the superposition, showing that the linear superposition 

relationship does not hold for shallow trapped charge carriers. This means that for 

normal solar cells a considerable fraction of photo-excited charge carriers that 

populate shallow trap states can escape immediately after photo excitation.  

3.4 Conclusion 

In conclusion, the charge selective CELIV method is realized through the 

selective extraction of holes and electrons on a SiO2-inserted MIS structure. With 

this method, a double CELIV peak is observed in photo CELIV transients and 
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indicates the involvement of deep trap states in the transport process of charges. In 

the case of photo-excited holes, the amplitude of the double CELIV peak show 

different excitation intensity dependencies, indicating different probabilities to 

populate shallow and deep trap states. For photo-excited electrons, however, no 

significant difference in the amplitudes of the double CELIV peak is observed, 

indicating more equal probabilities to populate shallow and deep trap states. The 

work presented here demonstrated that charge selective CELIV provides a novel 

method to obtain charge carrier dependent transport information in practical 

organic semiconductor devices, which may find its use in many other 

semiconductor structures and devices.     
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Engineering ultra long charge carrier lifetimes in organic 

electronic devices at room temperature  

Abstract 

Herein, we report on the observation of a one-hour long charge carrier 

lifetime in a plastic electronic device at room temperature, this charge carrier 

lifetime figure is over four orders of magnitude longer than previously reported. 

We attribute this to electrons and holes being spatially separated shortly after 

photo generation by the potential gradient distribution set up within the device by 

doping. Numerical modeling 1  suggests that the band structure of the device 

resembles a potential hill, which forces photo-generated electrons to drift towards 

the contacts while trapping photo-generated holes in an electron poor region in the 

center of the device. Thus, we demonstrate that by carefully engineering the 

potential profile in organic semiconductor devices the carrier lifetime can be tuned 

over four orders of magnitude in time. Devices with ultra-long carrier lifetimes 

open up the possibility for new classes of plastic electronic devices such as ultra-

low light level photodetectors. 

  

                                                      
1 Numerical modelling and simulations in this chapter are performed by Prof. Roderick MacKenzie 

in University of Nottingham. 
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4.1 Introduction 

Plastic electronic devices fabricated from carbon-based molecules and 

polymers [101] have received considerable academic and industrial attention over 

the last decade [102]. They offer the promise of flexible and low cost broad area 

devices, which can be fabricated using high speed, low-temperature roll-to-roll 

production techniques [103]. Devices such as organic light emitting diodes 

(OLEDs) [104-106], organic photovoltaic (OPV) devices [105], organic field 

effect transistors (OEFTs) [107], and photodetectors [108-111] have been 

demonstrated. However, organic semiconductor materials are inherently more 

disordered than their inorganic counterparts [112], due to a lack of a regular 

crystalline lattice. Thus charge carrier recombination rates are generally higher, 

while mobilities are generally around three to four orders of magnitude lower 

[113]. This means that, although organic devices offer the potential for lower cost 

devices, performance is in general not as good as their inorganic counterparts. 

Recently there has been considerable attention focused on understanding the 

relationship between mobility [113], recombination [114] and the distribution of 

carrier transport states within organic semiconductors [115] with the objective of 

improving carrier lifetime/transport and thus device performance. Methods such as 

transient photo-voltage [116], photo charge extraction by linearly increasing 

voltage (photo-CELIV) [117] and impedance spectroscopy [118] have been 

applied to obtain mobility and recombination data. Charge carrier lifetimes in the 

range of 1ps-0.3s have been reported from devices fabricated from both solution 

processed polymers [119-122] and evaporated small molecules [123-127]. These 

measurements have in general been performed on working devices where the band 

edge of the metallic contacts (typically aluminum and ITO), has been aligned to 

the HOMO/LUMO level of the semiconductor to increase carrier injection and 

extraction efficiency.  However, the equilibrium Fermi level of the organic 

semiconductor is usually mid-way between the HOMO - LUMO level, and far 

from that of the ITO or Aluminum contact. This means for the system to reach the 

equilibrium, and for the quasi-Fermi levels of the metal and semiconductor to 

align, a significant number of both electrons and holes must be injected from the 

contacts into the bulk of the organic semiconductor, resulting in a large 

equilibrium background carrier population. The non-geminate recombination rate 
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(R) in organic semiconductors is known to be a strong function of both local 

electron (n(x)) and local hole carrier (p(x)) densities [120],

       xpxnpnxk=xR ,,  [128], where k is a constant of proportionality and x is 

the position. Thus if the local background charge density of either species could be 

reduced, so would the recombination rate. Furthermore, if photo-generated 

electrons could be quickly swept from hole rich regions, and photo-generated 

holes from electron rich regions, the spatial overlap of the photo-generated 

populations would be reduced and charge carrier lifetime would also be increased. 

In the following pages we demonstrate that by engineering the band 

structure in a plastic electronic device, hole carrier lifetimes longer than one hour 

can be achieved. We attribute this four order of magnitude increase in carrier 

lifetime to a hill shaped band structure which forces photo-generated electrons and 

holes to spatially separate shortly after generation, the reduction in spatial overlap 

between the electron and hole population reduces the recombination rate. The hill 

shaped band structure also generates a hole rich and electron poor region in the 

center of the device in which the hole recombination rate is low, this acts as a 

charge storage area. These results demonstrate that it is possible for organic 

semiconductors to have long charge carrier lifetimes, and opens up the possibility 

for new classes of ultra-low light level photodetectors and memory elements. 

4.2 Experiments 

SiO2 sol-gel is synthesized by mixing 1 mL Tetraethylorthosilicate (TEOS) 

with 10 mL ethanol, and 0.4 mL HCl (0.72 mol/L) in a drop-wise fashion. The 

solution is stirred for 2 h and kept for 24 h under the ambient condition. SiO2 layer 

with varying thicknesses from 70 to170 nm are prepared by spin-coating the SiO2 

sol-gel with a speed from 3500 to 800 rpm on ITO-coated glass substrates, 

followed with thermal annealing at 350 C for 30 min in a glove box. NPB film 

(70-335 nm) and Al (or Cu) electrode (30 nm) are thermally deposited 

consecutively with a deposition speed less than 1Å/s under a vacuum of 5x10-4 Pa. 

The longest lifetimes is achieved with 170 nm thick layer of SiO2 and a 100 nm 

thick layer of NPB. The effective surface area for the device is 5 mm2. PS layers 

(45-nm) on ITO-coated glass are prepared by spin-coating PS solution in toluene 

(12.5 mg/mL) with a speed of 3500 rpm, and PS layer (19, 36, and 62 nm) on SiO2 
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layer was prepared by spin-coating PS solution in toluene (3.1, 6.3, and 12.5 

mg/mL) with a speed of 7000 rpm, followed with thermal annealing at 90 C for 3 

h in a glove box. TEOS is purchased from J&K Scientific. NPB is from Jilin 

Optical and Electronic Materials Co. Ltd. PS is from Sigma Aldrich. All materials 

are used without further purification. The thickness is characterized with a Veeco 

DEKTAD 150 surface profilometer. 

Considering that SiO2 layers deposited from sol-gel are not as effective 

insulators as SiO2 layers deposited by evaporation, we test the insulating quality 

using the current-voltage measurements, results shown in Figure 4-1. It can be 

seen that when voltages of over 1 to 2 V are applied to the device, current can be 

seen to flow. This suggests that impurities have been left in the SiO2 from the 

fabrication process, and it can only provide 1-2 eV of electrical isolation. 

Therefore, in the model we approximate the SiO2/NPB interface with a 2 eV step. 

We should however highlight that because the mobility of the SiO2 layer is low, 

introducing a step (of any magnitude) in the band structure does not significantly 

influence the main conclusions drawn from the simulations. 

 

Figure 4-1 Conduction of current through defects in a layer of  SiO2, deposited from sol-

gel. 

The CELIV setup used here is a home-built one. A detailed introduction is 

given in chapter-2. The excitation wavelength is chosen to be 355 nm where the 

absorption coefficient could be as high as 107 m-1, as shown in Figure 4-2, which 

provides an efficient photo excitation. The pulse intensity is chosen to be 110 

μJ/cm2. 
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Figure 4-2 The optical absorption spectra of the NPB film as measured by UV-Vis. The 

red arrow indicates the wavelength used for excitation in the CELIV experiments. 

Figure 4-3 (a) depicts the device structure of Glass/ITO/170-nm SiO2/100-

nm NPB/30-nm Al. The ITO-coated glass has a contact resistance of 30 Ω/square. 

The SiO2 layer is spin-coated, just as introduced above. The NPB layer and Al 

electrode are thermally deposited. Charge is stored within the device by photo-

excitation through the transparent ITO contact using a 355 nm laser. The flat band 

structure of the device is depicted in Figure 4-3 (b) and the chemical structure of 

NPB is shown in Figure 4-3 (c). 

 

Figure 4-3 a) The Glass/ITO/170-nm SiO2/100-nm NPB/Al structure of the device, b) 

The flat-band energy diagram of the device. c) The chemical structure of NPB. Also 

visible in the figure are the 355 nm laser excitation used to store charge in the device, 

the voltage source used to extract charge from the device and the ammeter used to count 

the extracted charge. It should be noted that because the SiO2 layer is deposited from 

solution it is not a perfect insulator. 

To measure the charge stored within the device, a positive voltage ramp of 
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duration textract and magnitude Vmax is applied to the ITO contact. This voltage ramp 

is applied at a delay time tdelay, after the optical excitation ends. The timings of the 

voltage transients are shown in Figure 4-4 (a). 

 

Figure 4-4 a) A schematic diagram of the voltage transient applied to the device to extract 

the photogenerated charges, the voltage transient ramps from V0 to Vmax. The figure also 

shows the optical excitation applied at tdelay before the voltage transient begins. b) Two 

typical current transients from the device when it is photo excited (red line) and not 

photoexcited (black line); a time of tdelay=1 ms was used in this measurement. 

Two typical current transients measured form the system are shown in 

Figure 4-4 (b) (black and red lines) along with the corresponding voltage ramp 

applied to the device (blue line). The black line represents the current measured 

from the device when no laser excitation is applied, while the red line shows the 

current transient when the device is photo-excited 1 ms before the start of the 

voltage ramp. In both cases it can be seen that when the applied voltage starts 

increasing at time = 0, the current produced by the device rapidly increases 

reaching a plateau of 0.014 mA within 10s. This plateau of current corresponds 

to the geometric capacitive current being drawn out of the device from the 

contacts. Note that we estimate the charge density by dividing the measured 

charge from the device by the volume of the NPB active layer. In the dark (black 

line), the current remains stable until 400 s when the voltage ramp ends. For the 

case where the device is photo-excited (red line), a Gaussian shaped bump of 

charge appears on the transient starting at 50 s and ending by 200 s. It has a 

maximum height of 0.03 mA at 90 s. The area under this Gaussian bump of 

charge corresponds to the charge photo-generated within the device. It should also 

be noted that a positive bias is applied to the ITO contact, meaning that the 
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extracted current is completely due to holes. 

Figure 4-5 (a) plots current transients as a function of delay time between 

photoexcitation and extraction (tdelay). The black line represents photo-charges 

extracted from the device after 100 s, while the blue line represents photo-

charges extracted from the device after one hour. Figure 4-5 (b) plots the 

integrated photo-generated charges from Figure 4-5 (a) as a function of time, it can 

be seen that after 1 hour around 25% of the photo-generated charge still remains in 

the device, suggesting that electron-hole recombination rate is much slower than 

previously observed in organic electronic devices. 
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Figure 4-5 a) Charge extraction transients with varying delay times between 

photoexcitation and charge extraction (tdelay). b) Black squares: integrated photocharge 

extracted from the device as a function of tdelay corresponding to figure 3a. Note that it 

takes over an hour for the charge density to decay to 25% of its initial value. Red stars: 

Integrated charge extracted from the device when the SiO2 blocking layer is replaced 

with a polystyrene (PS) blocking layer. By changing the blocking layer the carrier 

lifetime is significantly reduced. c) Charge carrier lifetimes for a ITO/170-nm SiO2/x-

nm PS/100-nm NPB/Al device where the thickness of the PS layer is varied. d) The 

same long lifetime is observed for devices when SiO2 is repaced by another high 

permittivity material of poly (methyl methacrylate).  

Figure 4-5 (b) also plots the photo-generated charges extracted from a 

device when the SiO2 carrier blocking layer is replaced with a polystyrene (PS) 

blocking layer. It can be seen that this device has a much higher recombination 

rate than the device with the SiO2 blocking layer. Indeed, the charge density 

decreases by an order of magnitude over the first 100 ms. To investigate if the 

ultra-long charge carrier lifetimes in the SiO2 sample are due to an interface effect 

or a bulk effect, SiO2/PS/NPB devices are fabricated with a thin PS layer 

separating SiO2 insulation layer from the NPB bulk. When the PS layer is as thin 

as 19 nm, long charge carrier life times are still observed, however when the 
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thickness of the PS layer increases the lifetime of charge carriers decreases, as 

shown in Figure 4-5 (c). The ability to obtain long charge carrier lifetimes with a 

thin PS layer rules out interface trapping as the charge storage mechanism. Under 

these experimental conditions, SiO2 and PS are more or less identical in terms of 

their abilities to electrically insulate. However, one key difference between these 

two materials is that SiO2 has an electrical permittivity of 3.9, while PS has a 

much smaller electrical permittivity of around 2.5. This suggests that distribution 

of electrostatic potential within the bulk of the device is the key to determining 

long charge carrier lifetimes. To further support this assertion, we fabricated 

devices with an insulating layer consisting purely of Poly-(methyl methacrylate) 

(PMMA). PMMA has a relatively high permittivity of ~4.9, and so if the 

distribution of electrostatic potential within the bulk of the device is important, 

one would also expect to see long lived charge carrier lifetimes in this device. This 

is in fact the case, and we are able to extract charge tens of minutes after 

photoexcitation, as shown in Figure 4-5 (d). 

4.3 Discussion 

Previously carrier lifetimes in organic systems have been observed in the 

range of 1ps-0.3 s [117, 118, 121], thus observing carriers with a lifetime four 

orders of magnitude longer than previously reported is not expected. If the current 

transient obtained after photoexcitation in Figure 4-4(b) is examined (red line) it 

can be seen that until around 50 s after the voltage ramp has been applied still no 

photo-generated charge is extracted. Only once the applied voltage has reached the 

value of 1.68 V (at 50 s) can the photo-generated charges be accessed. The need 

for an applied bias of over one volt to extract photo-generated charges, suggests 

that there is an energetic barrier between where the charge is stored in the device 

and the extracting contact. 

The presence of an energetic barrier hindering charge extraction suggests 

the presence of a Schottky contact and associated band bending separating the 

stored photo-generated charge within the device from the extracting contact. 

Schottky contacts and band bending in electronic devices are associated to regions 

of space charge, which in turn is associated with material doping. Although the 

NPB layer is not intentionally doped it has been frequently reported that 

contaminants, such as water, oxygen or non-pure materials can lead to 



Page 70 
 

 

unintentional and relatively high levels of background doping in organic devices 

[122, 124, 127]. The determination of possible dopant is discussed in subsection of 

4.3.1. 

From Figure 4-5 (c) we can see that by changing the material used in the 

blocking layer from SiO2 to polystyrene the charge carrier lifetime can be 

significantly reduced. The choice of electrical permittivity of insulating materials 

will dictate the exact potential distribution within the device, how much charge is 

injected into the device from the contacts to establish equilibrium conditions, 

where the charge resides within the device, and consequently the recombination 

rate.  

Further measurements are done by replacing the aluminum capping contact 

by a copper contact, as shown in Figure 4-6. It can be seen that when copper 

contacts are used the charge carriers still remain in the device a long time. 

However, the shape of the extracted transient becomes more spread out as a 

function of time. This suggests that the copper contact is changing the energetic 

profile within the device but not enough to reduce the recombination rate, and that 

the long-lived charge carriers are not an intrinsic property of the material but 

rather a function of the carrier distribution with in the device. 

 

Figure 4-6 When the Al contact is replaced by a copper contact it can be seen that the 

pulse spreads out more as a function of time. Long lifetimes are still observed with the 

Cu contact. 

Finally, it should also be noted that the current transients measured from this 

device upon the application of a voltage ramp are very different in nature to those 

observed from organic solar cells, which are fabricated not to have an energetic 

barrier between the contacts and where charge is generated. Thus in organic solar 

cells there is no delay between the application of the voltage transient and 
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extraction of photo-generated charge [96]. 

4.3.1 Determination of possible dopants in NPB 

In order to determine the source of the doping, we performed optical mass 

spectroscopy on as received NPB, the result is shown in Figure 4-7.  

 

Figure 4-7 Mass spectrum of NPB, the large peak at MW =588 represents NPB. Other 

smaller peaks at  368.86, 294.53, 216.77, and 189.86 can also be seen. 

The large peak dominating the spectrum at 588.54 m/z represents pure NPB. 

There are also smaller but significant peaks at 368.86, 294.53, 216.77 and 189.86. 

These peaks can be attributed to three bi-products formed during the synthesis of 

NPB which are depicted in Figure 4-8. 
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Figure 4-8 Possible impurities found in NPB. Individual molecular weight (MW) of 

each molecule is also shown. 

The peaks observed at 371.47 and at 189.25 in Figure 4-7 are very probably 

due to fragments of impurity C (see Figure 4-9 upper).  A further contribution to 

the 371.47 m/z peak, and the cause of the 216.77 m/z peak could be due to NPB 

breaking up in the mass spectrometer (see Figure 4-9 bottom). 

 

Figure 4-9 Two possible origins to the impurity B. (upper) Degradation of impurity C 

into two compounds with molecular weight of 371.47 m/z and 189.25 m/z. (bottom) 

Breaking up of pure NPB, which could also contribute to the peak at 371.47 m/z. 

For the peak located at 294.53, there are two possible origins, NPB (Figure 

4-10 upper) or impurity A ((Figure 4-10 bottom). The peak at 216.77 could have 

contributions from both NPB (Figure 4-11 upper) and impurity B (Figure 4-11 



Page 73 
 

 

bottom). Thus from the mass spectrum of our NPB sample we can say that 

impurity C is almost certainly present, while impurities B and C could also be 

present.  The source of the dopants is discussed below. 

 

Figure 4-10 Two possible origins to the peak peak at the molecular weight of 294.53 

m/z. 

 

Figure 4-11 Two possible causes for the peak at 216.77 m/z 

The formation of these bi-products can be traced back to the synthesis of 

NPB. NPB is synthesized by the arylation of 4,4-Diiodobiphenyl (1) with N-

Phenyl-1-naphthylamine (2), this is depicted in Figure 4-12 and described in 
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references [S1,S2]: 

 

Figure 4-12 The production of NPB from 4,4-Diiodobiphenyl (1) and N-Phenyl-1-

naphthylamin.  

The 4,4-Diiodobiphenyl for this reaction was produced by reacting biphenyl 

with Iodine in Nitrogen dioxide, see Figure 4-13 [S3]. 

 

Figure 4-13 The production of 4,4-Diiodobiphenyl (1) with the formation of 4-

iodobiphenyl (2)as a bi-product. 

This reaction produced a small amount of 4-iodobiphenyl (3 in Figure 4-13), 

which contaminated reactant 1 in Figure 4-12.  Impurity A was then formed 

through the reaction of 4-iodobiphenyl with N-Phenyl-1-naphthylamine, this is 

depicted in Figure 4-14. 

 

Figure 4-14 Formation of impurity A. 

The N-Phenyl-1-naphthylamine (reactant 2) in Figure 4-12 was synthesized 

as shown in Figure 4-15. 
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Figure 4-15 Formation of N-Phenyl-1-naphthylamine [S4]. 

Some naphthylamine (4 in Figure 4-15) remains unreacted, and can react to 

produce impurity B and C without the methoxy group. This is show in Figure 

4-16. 

 

Figure 4-16 The formation of impurity B and C without the methoxy group. 

4.4 Theory  

To better understand why the device can store charges for long periods of 

time with very little recombination, and why an applied bias of over one volt is 

required to extract the stored charge, we model the device using a time domain 

drift-diffusion model. To calculate the electrostatic potential distribution between 

the ITO contact (x=0) and the Al top contact (x=d), Poisson's equation is solved 

over the SiO2 layer and the NPB semiconductor, where Φ is the position 

dependent potential, ε0 is the permittivity of free space, q is the elementary charge, 

Nad is the density of dopant molecules, and nf/pf, nt/pt are the densities of free and 

trapped electrons/holes respectively. 

 adtftfr Nppn+nq=
dx

d

dx

d
 0  

Equation 4-1 Poisson’s equation. 

To account for drift and diffusion of charge carriers within the device, the 

bi-polar drift diffusion equations, shown in Equation 4-2, are solved over the same 
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region, where, Jn/Jp are the electron and hole current densities; ELUMO, EHOMO are 

the energy levels of the LUMO and HOMO respectively; and μe, μh are the electron 

and hole mobilities. Non-germinate recombination and carrier trapping are 

described using the Shockley-Read-Hall recombination model [129]. Exponential 

carrier trap states between the HOMO and LUMO mobility edges are assumed 

[130]. The transfer matrix method is used to calculate the photon distribution 

within the device. A full description of the device model can be found elsewhere 

[131, 132]. It should also be noted that we assume charge is generated within NPB 

in accordance to the process described in [133]. 

x

n
qD+

x

E
nqμ=J

f

n
LUMO

fen








 

x

p
qD

x

E
pqμ=J

f

p
HOMO

fhp









 

Equation 4-2 Bipolar drift diffusion equation for electrons (upper) and holes (holes).  

The SiO2/NPB sandwich structure is modeled, by using two layers of 

semiconducting material. The insulating SiO2 layer is assumed to be transparent 

and given a low mobility of 1x10-10 m2V-1s-1 to prevent conduction of charge. 

While the NPB layer is assumed to have an optical absorption coefficient of 1x107 

m-1 as measured using UV-Vis spectroscopy and a mobility of 1x10-6 m2V-1s-1, The 

interface between the sol-gel deposited SiO2 and NPB is assumed to have a 2 eV 

step based on the current-voltage curve shown in Figure 4-1. A full list of 

simulation parameters are shown in Table 4-1. 

Table 4-1 Simulation parameters used in the model. 

 
The main result presented in the paper is that if the material is doped, the 
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bands bend upwards creating a hole rich and electron poor region. Then because of 

the low electron concentration under the potential hill, holes live for a long time. 

This is a general result and is observed irrespective of the exact values of the 

simulation parameters chosen. Furthermore, it is important to note neither that the 

chosen model parameters correspond exactly to those in the real device nor that 

they are the only set of material parameters which could reproduce the 

experimental results. It should also be noted that Figure 4-17 (b) is a prediction not 

a fit, further giving validity to our model.  

Figure 4-17 (a) plots the simulated band structure within the device when 

the doping within the NPB layer is increased from 0 m-3 (red line), to a doping 

level of 7x1022 m-3. It can be seen that as the doping level is increased the bands 

bend upwards forming a potential hill. Figure 4-17 (b) plots the corresponding 

current transients as a function of doping level, the same colors have been used to 

denote doping density as in Figure 4-17 (a). It can be seen that as the level of 

doping increases, the Gaussian shape of photo-generated carriers being extracted 

from the device becomes wider and more delayed in time. When the doping 

reaches a level of 7x1022 m-3 the transients start to resemble those in Figure 4-4 

(b). 

 

Figure 4-17 (a) Band bending as a function of doping. As more doping is introduced the 

bands bend more. (b) The corresponding current transients. It can be seen as doping 

increases the transients start to resemble more those of the experimental transients. The 

same line colors to denote doping have been used in both figures. The dopants are 

considered p-type because charge is extracted on application of a positive voltage. 

A Mott-Schottky analysis at a frequency of 1kHz [134] on a ITO/335-nm 

NPB/Al structure confirms that the devices are doped at a density of 5.2x1022 m-3, 

as shown in Figure 4-18, which is quite close to the predicted value in the 
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simulation. 

 

Figure 4-18 Mott-Schotky plots of three ITO/335-nm NPB/Al devices. 

The proportion of photo-generated holes remained in the devices is plotted 

in Figure 4-19 as a function of time after photoexcitation. The solid red line 

corresponds to the case when the device is un-doped and hence there is no band 

bending (see the red line in Figure 4-17 (a)). As doping is increased it can be seen 

that it takes the carrier population longer to return to an equilibrium level after 

photo-excitation (solid green line). When a doping level of 7x1022 m-3 is used, no 

significant carrier recombination can be observed within the first 1000 μs. The 

dotted curves represent simulations where the energetic step between the SiO2 and 

NPB has been removed. This represents the case where the SiO2 contains defect 

states allowing some charge to seep into it. It can be seen that a 'good' insulating 

layer is beneficial for long carrier lifetimes, and high levels of doping are more 

important. 
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Figure 4-19 Photogenerated charge remaining in the device as a function of time. It can 

be seen that when the device is undoped (red line) almost all the photogenerated charge 

recombines quickly. As doping is increased (green line), carrier lifetime increases. When 

the doping level is further increased (blue line), no recombination can be observed 

within 1000s after photoexcitation. The dots represent the case where the energetic 

barrier between the SiO2 and NPB is removed allowing charges to penetrate the SiO2, as 

could happen due to the presence of defect states. 

The relationship between carrier lifetime and band bending can be 

understood by examining Figure 4-20, where the electronic transport processes 

occurring within the first few microseconds before and after photoexcitation have 

been depicted. Figure 4-20 (a) depicts the hill-shaped band structure as seen in 

Figure 4-17 (a) (red line) before photoexcitation. Figure 4-20 (b) plots the band 

structure of the device just after photoexcitation, photo-generated charge carriers 

are shown in green, as time progresses both electrons and holes attempt to 

minimize their energy. Thus the electrons drift down towards the contacts and 

become extracted. (This is confirmed by the observation of a negative current 

spike which immediately appears just upon the photoexcitation, as shown in 

Figure 4-21.) While the holes drift towards the center of the device and become 

trapped by the potential profile of the device and the SiO2 insulator layer. This 

process results in spatially separated electrons and holes. Because there is no 

spatial overlap between the electron and hole populations, charge carriers cannot 

recombine. Another important feature of Figure 4-20 (and Figure 4-17 a), is that 

the band structure is bent upwards. This places the equilibrium quasi-Fermi level 

(red dashed line in Figure 4-20) near the HOMO edge at the center of the device, 

meaning that the center of the device will be holes rich and electrons poor. A low 
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number of electrons in the center of the device will reduce the spatial overlap of 

the electron and hole populations and reduce the hole recombination. 

 

Figure 4-20 a) By introducing a small amount of doping into the device, the bands can 

be made to bend upwards. b) When the device is photoexcited charges are generated 

(green). c) As time progresses, due to the band bending, holes drift upwards in energy 

and get captured in the center of the device, whereas electrons move to the contact and 

become extracted. This produces spatial separation of electrons and holes and thus 

lowers the recombination rate. Another important feature of having upwardly bent bands 

is that in the center of the device where the photogenerated charge becomes trapped, the 

Fermi level is close to the HOMO, producing a hole rich-electron poor region, which 

will have a low hole recombination rate. 
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Figure 4-21 The negative current spike shown before the Photo-CELIV curve, which 

corresponds to the extraction of photo-generated electrons.  

Figure 4-22 (a) plots the simulated charge extraction process as the positive 

voltage ramp is applied to the left-hand side of the device. The top panel plots the 

HOMO band structure as a function of increasing applied bias. It can be seen that 

as the applied potential is increased the highest point of the HOMO is pulled 

down, eventually reducing to the same height as the right-hand extracting contact. 

Underneath the plot of the HOMO, the hole density as a function of position is 

plotted. It can be seen as the positive potential is applied to the device the photo-

generated charge packet moves from the left-hand side to the right, always trying 

to minimize its energy. At later times (not shown) the packet is fully extracted 

from the device. Figure 4-22 (b) summarizes the charge extraction process in 

pictorial form, the photo-generated charges can be seen being pushed from the left 

hand side of the device to the right.  
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Figure 4-22 a) The top plot shows the simulated HOMO level as a function of applied 

bias, while the bottom plot shows the simulated charge packet moving to the right as the 

bias voltage is increased. b) A diagram summarizing the charge being pushed out of the 

device as a function of applied voltage as depicted in the top panel. A short time after 

photoexcitation, holes sit in the center of the device. As a positive voltage is applied to 

the ITO contact, the charges move towards the extracting contact. 

Above, we suggested that the difference in lifetimes observed between the 

SiO2 device and the PS device could be due to the different permittivities of the 

layers (εSiO2 = 3.9 and εPS = 2.5). This observation can be better understood by 

simulating how the charge carrier lifetime changes as a function of the permittivity 

of carrier blocking layers, as shown in Figure 4-23 (a). It can be seen from the 

figure that the higher the relative permittivity, the longer the lifetime of the charge 
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carriers. This can be explained by examining Figure 4-23 (b) where the band 

structure at equilibrium is plotted as a function of the relative permittivity. The 

higher the relative permittivity of the insulating layer, the smaller the potential 

drop over the insulating layer and the further away the LUMO is from the 

equilibrium quasi-Fermi level. This means that for high permittivities, there will 

be few electrons and thus a low recombination rate in the region of the device 

where photo-generated charges are stored.  

 

Figure 4-23 (a) Charge carrier lifetime as a function of the permittivity of the the 

insulating layer. (b) The corresponding band structure. 

Figure 4-24 (a) plots the experimental current transients as a function of 

maximum applied voltage using a delay time of 10 s. It can be seen that the as 

the maximum voltage (Vmax) is increased, the peak in the current due to the photo-

excited charge shifts to the left and becomes narrower. The simulation of this 

process is depicted in Figure 4-24 (b). That the simulation can predict these 

experimental trends, suggesting that the model is a good approximation to the 

physical processes occurring within the device. 
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Figure 4-24 Experimental (a) and simulated (b) charge extraction transients as a 

function of Vmax.  If the experimental and simulated results are compared, it can be 

seen in both data sets, that as Vmax is increased the current peak shifts to the left and 

narrows. 

4.5  Practical applications based on the long life time charge carriers 

The ability of the structure to produce long-lived photo-generated charges 

opens up the possibility to use the device in a time-integrating mode, whereby a 

very low photon flux over long periods of time causes the gradual build-up of 

charges. The gradually accumulated charges can be extracted and collected by the 

electrodes, making the low light signal detectable. To demonstrate this practical 

application, a structure of ITO/170-nm SiO2/100-nm NPB/Al is constantly 

illuminated by 365-nm light from a low brightness source, and the exposure time 

ranges from 1s to 7000s. At the end of the measurement the voltage ramp was 

applied to the device to extract the charge. The experiment is performed at light 

fluxes of 1.6, 3.2, 4.8 and 6.4, μW cm-2. The results are plotted in Figure 4-25. It 

can be seen that, as expected, a gradual buildup of charge is observed over time. 

b

. 
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Figure 4-25 Charge build up in the device on exposure to a constant low light flux. In 

this mode the device is operating as an ultra low light level photodetector. 

Another potential use of ultra-long lived charge carriers could be in 

optically writable electronically readable memory elements. Charge could be 

stored in the device with a light pulse and the device's state measured or reset by 

applying the voltage ramp. In Figure 4-5 (b) we demonstrated that charge can be 

stored in this device for more than 1 hour, and this is further updated to 2 hours 

when another Al2O insulation layer with even higher permittivity is used [135].  

4.6 Conclusion 

We have demonstrated an organic electronic device in which we observe 

carriers with a lifetime of over one hour. Carriers with lifetimes at room 

temperature in disordered organic semiconductors exceeding 0.3 seconds have not 

been previously reported. Using a combination of experimentation and simulation, 

we attribute this long lifetime to band bending which drives electrons and holes 

apart, spatially separating them within the device shortly after photo-generation. 

The holes are then stored in a hole-rich electron-poor region of the device. We 

demonstrate that by carefully tuning the energetic landscape of the device carrier 

lifetimes can be significantly increased. This principle opens up the possibility of 

developing a new generation of plastic electronic ultra-low light level 

photodetectors and memory elements. 
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Conjugation and optical properties of donor-acceptor-donor 

type Carbazole-Benzothiadiazole-Carbazole Oligomers 

Abstract: 

In this section, we study the conjugation length and optical properties of a 

series of donor-acceptor-donor oligomers in which carbazole and benzothiadiazole 

molecules behave as the donor and acceptor units respectively. From the 

absorption spectra, we find that benzothiadiazole and carbazole molecules are 

conjugated, yielding a new absorption band in a longer wavelength region, while 

carbazole molecules are non-conjugated when they are linked in the 3,6 positions. 

The photoluminescence measurement reveals a dual emission band for oligomers. 

In combination with the decay dynamics revealed by the time and spectrally 

resolved photoluminescence measurement, the dual emission band indicates that 

the conjugated benzothiadiazole-carbazole group and non-conjugated carbazole 

units form two independent sets of electronic states in oligomers. Experimental 

results do not show evidence for intra-molecular energy or electron transfer 

occurring within the oligomers.  
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5.1 Introduction 

Since the discovery of conducting polymers in 1977 [136] and the following 

photovoltaic and light emission applications of organic molecules in 1980s [3, 6], 

conjugated organic molecules have gradually evolved into the hot research area  

today [137-141]. Here, the conjugation length plays an important role on the 

photoelectrical properties of these molecules themselves, and thus the practical 

performance of devices [142-144]. It has been found that in addition to combining 

monomers through π-conjugated bridges [67, 145], introducing donor-acceptor 

groups in the backbone of molecules [137-141] provides another effective way to 

modulate the conjugation length on a molecular level. For donor-acceptor 

molecules, the choice of various constituent units, side chains, and spatial 

configuration all may determine the conjugation length and thus the photo-

physical properties [139, 140].  

In this section, we shall investigate a series of donor-acceptor-donor type 

oligomers where carbazole and benzothiadiazole molecules are used as donor and 

acceptor units, respectively. These two monomers have been used widely to 

synthesize donor-acceptor type molecules [137-141, 146-148]. Meanwhile, the 

well-defined regioregularity of oligomers enables us to investigate how the 

conjugation and photoelectrical properties gradually evolve with the number of 

constituent units. By comparing the absorption spectra between the synthesized 

oligomers and individual monomers, we find that carbazole and benzothiadiazole 

molecules are well conjugated together, yielding a broad absorption band in the 

red spectral region, while carbazole molecules are non-conjugated when they are 

bridged in the 3,6 positions. The photoluminescence spectrum shows an unusual 

dual emission band. In combination with the decay dynamics determined by time 

and spectrally resolved photoluminescence measurement, the dual emission band 

indicates a presence of two independent sets of electronic states, contributed by the 

conjugated benzothiadiazole-carbazole group and non-conjugated carbazole units, 

respectively.  Experimental results do not provide evidence for intra-molecular 

energy or charge transfer occurring within oligomers.  

5.2 Methods 

For spectroscopic analysis, both steady-state and transient spectroscopies 
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are used. The former includes absorption, fluorescence and photoluminescence 

excitation spectroscopy, and are performed using Perkin-Elmer Lambda 900 and 

LS55 spectrometers. For transient spectroscopy, time and spectrally resolved 

fluorescence experiments are performed using a streak camera with a synchro-scan 

unit (Hamamatsu). The excitation source is a tunable (790-1100 nm) 76 MHz Ti: 

Sapphire laser (Mira 900, Coherent), which is pumped by a frequency-doubled 

Nd:YVO4 laser (Verdi, Coherent). In the experiments, the repetition frequency is 

reduced to 1.9 MHz using a pulse picker, so as to expand the time window for 

dynamic observation. The spectral resolution of the system is 0.6 nm, and the 

instrument response is 7 ps, measured from the scattered light of the excitation 

pulse. The concentration of the solution is as low as 10-5 mol/L to avoid possible 

reabsorption of the fluorescence. The used excitation pulse energy is 1 pJ, and no 

degradation is observed by comparing the absorption spectra before and after 

measurements.  

5.3 Results and discussion 

Figure 5-1 presents the molecular structures of monomers and a series of 

synthesized donor-acceptor-donor oligomers 2 , where carbazole (Cz) and 

benzothiadiazole (Bt) behave as the donor and acceptor units, respectively. The 

benzothiadiazole molecule is located in the center, and pairs of carbazole 

molecules are symmetrically attached in each side. Constituent units are combined 

through vinylene groups with the objective to extend the conjugation by 

suppressing the twisting and thus planarizing the backbone of oligomers [139]. 

The alkyl attached to carbazole is to improve the solubility. The number of pairs of 

carbazole molecules in BCBT, TCBT, and HCBT is one, two, and three pairs, 

respectively. 

 

                                                      
2 Chemical synthesis was done by Prof. Tian’s group in State Key Laboratory of Supramolecular 

Structure and Materials, Jilin University, China.  
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Figure 5-1 Chemical structures of monomers, and synthesized donor-acceptor-donor 

oligomers where  the carbazole units behave as the donor and the benzothiadiazole unit as 

the acceptor. 

Figure 5-2 (a) presents absorption spectra of monomers and oligomers in 

toluene with the concentration of 10-5 mol/L. From the figure, we can see that the 

absorption spectra of oligomers show a “camel-back” structure which is 

characteristic of donor-acceptor type molecules [139, 140]. The “camel-back” 

structure is composed of two well-separated and broad absorption bands, called 

blue and red bands, respectively. The blue band roughly covers the spectral region 

from 300 nm to 400 nm, and the red band covers from 400 nm to 600 nm. Both 

monomers of Bt and Cz show an absorption edge below 380 nm. Therefore, the 

presence of the red absorption band obviously indicates that the π-electrons 

delocalize over the Bt and Cz molecules, at least partially, and thus an effective 

extension of the conjugation as a result of the introduction of the carbazole-

benzothiadiazole group, as schematically presented by the red area in Figure 5-2 

(b). 

When we further compare absorption spectra between different oligomers, 
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we find that spectral positions hardly vary upon adding more Cz units. The 

delocalization degree apparently does not change for TCBT and HCBT as 

compared to BCBT. This indicates the conjugation length is not extended between 

carbazole units, even though they are also bridged by vinyl groups. The 

localization of electrons in individual carbazole units is schematically presented by 

the blue area in Figure 5-2 (b). Meanwhile, the spectra show the relative intensity 

of the blue absorption band goes up with the number of carbazole molecules when 

they are normalized to the red absorption band, suggesting that the blue band can 

be ascribed to non-conjugated carbazole units. This is consistent with the fact that 

the 334-nm vibronic structure of the carbazole monomer becomes quite obvious in 

the HCBT oligomer. 

As for the non-conjugation between individual carbazole units, there are the 

following two possible causes. The first reason is related with the linkage points. 

For the present oligomers, carbazole molecules are bridged by vinyl groups in 3,6 

positions. Theoretical calculation on poly-carbazole molecules revealed that the π-

conjugation is just present for 2,7-linked structure, but absent for 3,6-linked 

structure [149]. The other cause may be due to the attached alkyl side chains. The 

presence of alkyl side chains may twist the molecular structure, decreasing the 

planarity of the backbone, and thus interrupt the extension of the conjugation 

length [139].  
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Figure 5-2 (a) Normalized absorption spectra of monomers and oligomers in toluene. The 

arrow indicates the vibronic peak in the absorption spectrum of the carbazole monomer. (b) 

schematically showing the conjugation length between constituent units, with red shading 

representing the extension of conjugation, and blue shading the electron localization.   

Fluorescence spectra are presented in Figure 5-3 (a). The oligomers show a 

dual-emission band which is composed of two well-separated emission bands 

located around 430 nm (called blue band) and 600 nm (red band). The observation 

of a dual-emission band is not common, and four possible causes are 

schematically depicted in Figure 5-3 (b). Scenario 1 explains the dual-emission 

from energy separation of vibrational levels, and could be easily ruled out since 

the energy separation of vibrational levels is usually less than 0.1 eV [67], quite 

less than 0.8 eV of the present case.  
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Figure 5-3 (a) fluorescence spectra of oligomers and monomers in toluene under 305-nm 

excitation. The inset is the enlarged version for the 430-nm emission band. (b) Four 

possible scenarios for the dual-emission band of oligomers. S, T represent singlet and 

triplet states, S0, S1, S2, T1 represent different electronic levels, and 0,1,2 represent 

different vibrational levels. In cenario 1, the dual-emission band is due to energy 

separation between vibrational levels; in scenario 2, it is due to energy separation 

between electronic states; in scenario 3, it is due to the fluorescence and 

phosphorescence; in scenario 4, it is due to two independent sets of electronic states.   

However, the validity of the other three scenarios cannot be easily judged, 

and thus time and spectrally resolved photoluminescence measurements are 

performed. Figure 5-4 and Figure 5-5 present the extracted early-time and long-

time decay kinetics of the blue and red emission bands under 305-nm excitation.   
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Figure 5-4 Early-time decay kinetics of 430-nm and 600-nm fluorescence under the 

305-nm excitation.  

 

 

Figure 5-5 Long-time decay kinetics of 430-nm and 600-nm fluorescence under the 305-

nm excitation. 

According to Scenario 2, the dual-emission band arises from different 

electronic levels. For this explanation to hold, the non-radiative thermal relaxation 

from S2 to S1 should be in a similar time scale as that of the interband radiative 

recombination from S2 to S0. From Figure 5-5, we can see that the lifetime of the 

blue emission is in a nano-second scale. Hence, the S2 -S1 thermal relaxation 

should also occur in this time scale, and this would lead to a nano-second rise-in 
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process for the red emission. However, the early-time dynamics in Figure 5-4 

shows that the red emission has an instantaneous instead of a nano-second rise-in 

process. Therefore, scenario 2 is ruled out.  

According to scenario 3, the dual-emission band could be formed by the co-

existence of fluorescence and phosphorescence [150]. This, however, is clearly 

also not the case. The red emission band, which would correspond to 

phosphorescence has an intensity comparable to the blue emission band, and 

moreover has a lifetime in the nanosecond range which is clearly not what one 

expects for triplet emission [68].  

In scenario 4 the dual-emission band is formed by fluorescence from two 

independent sets of electronic states within the oligomers. The main idea of 

scenario 4 is consistent with the twisted intramolecular charge transfer (TICT) 

model which was also used to account for the dual emission band [151]. In the 

framework of the TICT model, there exist two independent sets of states, one 

localized state and one charge transfer state, and each of them yields one 

fluorescence band. In combination with the preceding results drawn from the 

absorption spectra, we conclude that the red emission band arises from the 

conjugated benzothiadiazole-carbazole group and the blue emission band from 

non-conjugated carbazole units. This description is consistent with a comparison 

between the absorption and photoluminescence spectra of the HCBT oligomer 

(Figure 5-6). The relative positions of individual absorption and emission bands 

exemplify the typical Stokes shift. Similar conclusions as drawn here have been 

reported by Remero et al. who investigated the fluorescence of poly (N-butyl-3.6-

carbazolylene) polymers [152].  
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Figure 5-6 The comparison between absorption and photolumiscence spectra of the 

HCBT oligomer. 

Figure 5-7 presents the photoluminescence excitation (PLE) and absorption 

spectra of BCBT, TCBT, and HCBT. The PLE spectra are taken at the red 

emission of 600 nm, and also show two broad bands as the absorption spectra. The 

PLE spectra approximately follow the absorption spectra in the red spectral region. 

This is consistent with the preceding ascription that the red absorption and 

emission originate from the conjugated benzothiadiazole-carbazole group in 

oligomers. When adding more carbazole side groups, we see an increasing 

deviation between the PLE and absorption spectra in the blue spectral region. For 

BCBT, there is still a reasonable agreement between the PLE and absorption 

spectra. In contrast, TCBT and HCBT show marked differences between these in 

the blue region. The reason for this is that the additional carbazole groups behave 

more or less independently, and there is no energy transfer to the central 

conjugated benzothiadiazole-carbazole group. So these groups do add to the 

absorption in the blue, but not to the emission in the red which is detected in the 

PLE spectra. The relative reduction of the blue part of the PLE spectra is 

consistent with the number of added side groups.  
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Figure 5-7 The photoluminescence excitation and absorption spectra of oligomers.  

Figure 5-8 summarize the conjugation length in oligomers, as well as the 

correspondence of individual absorption and fluorescence to the conjugated 

benzothiadiazole-carbazole group and the non-conjugated carbazole units in 

oligomer.  
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Figure 5-8 the correspondence of individual absorption and fluorescence to the 

conjugated benzothiadiazole-carbazole group and the non-conjugated carbazole units in 

oligomer. 

It appears that the two independent sets of electronic states are really 

behaving independently. This was already evidenced by the relative reduction of 

the blue part of the PLE spectra upon adding more carbazole groups, and is further 

demonstrated by the absence of in-growth components in the time resolved 

fluorescence data. This means that there is no intra-molecular energy or charge 

transfer from the non-conjugated carbazole units (yield the blue emission) to the 

conjugated benzothiadiazole-carbazole group (yield the red emission). Otherwise, 

there would have been a concomitant decay and rise of the blue and red emission.  

observed.  

5.4 Conclusion 

We investigate the conjugation length and optical properties of a series of 

donor-acceptor-donor type oligomers where carbazole and benzothiadiazole 

molecules are used as donor and acceptor units, respectively. By comparing the 

absorption spectra between the synthesized oligomers and individual monomers, 

we find that carbazole and benzothiadiazole molecules are well conjugated 
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together, yielding a broad absorption band in red spectral region, while carbazole 

molecules are non-conjugated when they are bridged in the 3,6 positions. The 

photoluminescence spectrum shows an unusual dual emission band. In 

combination with the decay dynamics determined by time and spectrally resolved 

photoluminescence measurement, the dual emission band indicates a presence of 

two independent sets of electronic states, contributed by the conjugated 

benzothiadiazole-carbazole group and non-conjugated carbazole units, 

respectively. Experimental results do not provide evidence for intra-molecular 

energy or charge transfer occurring within the oligomers.  

  



Page 100 
 

 

 

  



Page 101 
 

 

   

Trap states, BGR and charge carrier relaxation in 

microcrystalline CH3NH3PbI3 films  

Abstract 

In this chapter, we investigate trap states, band gap renormalization effect 

(BGR) and ultra-fast charge carrier relaxation in microcrystalline CH3NH3PbI3 

films using spectroscopic methods. In the steady state absorption spectra, we 

observe a long absorption tail and ascribe it to below-band gap trap states. From 

the density dependent decay dynamics of the 750-nm photo-bleaching (PB) band 

we estimate an acceptor-type trap state density of ~1.41*1018 cm-3. The transient 

response of the 775-nm photo-induced absorption (PIA) band and the 750-nm PB 

band exhibit a different density and excitation wavelength dependence, suggesting 

they have different origins. Based on the overlap of the peak position of the 775-

nm PIA band with the abscissa intercept of the α2 spectrum (α, the absorption 

coefficient) as well as simulation results, we ascribe the 775-nm PIA band to the 

hot charge carrier-induced BGR effect. Finally, a sub-ps fast charge relaxation is 

quantitatively characterized from the decay dynamics of the 775-nm PIA band, the 

spectral evolution of the 750-nm PB and, and a concomitant decay-rise 

relationship between the long wavelength PIA band and the 750-nm PB band.  
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6.1 Introduction  

The early reports on the high-efficiency of organometal trihalide perovskite 

based solid-state solar cells in 2012 [26, 27] have sparked an intensive research 

effort to further improve their efficiency and to obtain a detailed insight into the 

physical mechanisms underlying the high efficiency. Nowadays, the highest power 

conversion efficiency demonstrated has passed 20% [31]. Meanwhile, the potential 

of these materials has expanded into various other optoelectronic applications, 

including light emitting diodes [32, 33], lasers [34, 35], photodetectors [36] and X-

ray detectors [37]. It seems that we are “cloning” what has been done on inorganic 

semiconductors to organometal trihalide perovskite semiconductors.  

The presence of trap states and the relaxation dynamics of charge carriers 

are two important aspects determining the functionality of semiconductors. Trap 

states are localized states with energy lower than the band gap, which apart from 

hampering transport provide additional electron-hole recombination channels. 

Trap states reduce the total amount of photo-generated charge carriers contributing 

to the transport [67, 71, 153, 154], and are also suggested to be a possible cause 

[155] for the anomalous hysteresis of perovskite based solar cells in which devices 

show different I-V curves for different scanning rates and directions [156]. The 

generally used perovskite materials have a band gap around 1.55 ~ 1.65 eV [26, 

27, 42, 43, 157, 158], so most charge carriers are promoted above the band edge 

under the solar radiation. The excess energy the charge carriers acquire in this 

manner is typically dissipated through an ultrafast relaxation process before the 

photo-generated charge carriers reach the electrodes, causing energy loss in the 

solar cells [159]. Moreover, the band gap renormalization (BGR) plays a crucial 

role on the understanding towards the transient absorption spectra [47], and the 

transient absorption spectroscopy has been used widely to explore fundamental 

physics in perovskite materials, like the hot hole cooling [24], the nature of excited 

states [41], the ultrafast charge carrier transfer [160] and recombination 

mechanisms [42]. 

Over recent years a variety of methods have been applied to study the trap 

states as well as the charge carrier relaxation in microcrystalline CH3NH3PbI3 

films. These methods include thermally stimulated current experiments [45], 

ultraviolet photoelectron spectroscopy [46], optical-pump−terahertz-probe 
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photoconductivity spectroscopy [161], time and spectrally resolved 

photoluminescence [153, 154], time-resolved microwave conductivity 

measurement [162], and transient absorption spectroscopy [44, 47]. Despite these 

efforts, however, the current understanding of the subject is still rather incomplete. 

In this chapter, we report on a number of spectroscopic experiments investigating 

trap states, the BGR and the charge carrier relaxation in microcrystalline 

CH3NH3PbI3 films. In the steady state absorption spectra, we observe a long 

absorption tail which we ascribe to below-band gap trap states. From the density 

varying decay dynamics of the 750-nm photo-bleaching (PB) band we estimate the 

acceptor-type trap state density to be ~1.4*1018 cm-3. The 775-nm photo-induced 

absorption (PIA) band and 750-nm PB (photo-bleaching) band exhibit different 

excitation wavelength and intensity dependence, suggesting they have different 

origins. Based on our results, we ascribe the 775-nm PIA band to the hot charge 

carrier-induced BGR effect. A sub-picosecond fast charge relaxation process is 

then quantitatively characterized from both the decay dynamics of the 775-nm PIA 

band, the spectral evolution of the 750-nm PB band, and a concomitant decay-rise 

relationship between the long wavelength PIA band and the 750-nm PB band.  

6.2 Results and discussion 

6.2.1 Steady state spectra 

The steady state absorption spectra are obtained using transmission and 

reflection spectra (presented in the supporting information), which reduces the 

error caused by reflection and thin film interference  [44, 163]. From Figure 6-1 

(a), we observe two peaks at 391 nm (3.17 eV) and 475 nm (2.61 eV), and a sharp 

decrease around 750 nm (1.65 eV). The corresponding transitions are basically 

consistent with the theoretically calculated electronic structure [164]. The 475-nm 

peak and the 750-nm sharp decrease have been reported and discussed extensively 

[26, 27, 42, 43, 157, 158]. The 391-nm peak has received less attention, since the 

majority of reports focuses on the absorption for wavelengths longer than 400 nm. 

Ding et al. reported a similar high-energy absorption band peaked at 360 nm [43, 

158], whereas Fujiwara et al. reported an electronic transition at 382 nm (3.24 eV) 

[165]. Both of these two results deviate from what we observed here, with an 

energy difference of 0.27 eV and 0.07 eV, respectively. Ding et al. noticed that the 
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absorption below 400 nm is sensitive to additives (CH3NH3Cl, NH4Cl) and 

thermal treatments in the preparation of CH3NH3PbI3 films [43, 158]. Most likely 

the spectral differences observed originate from the presence and concentration of 

impurities and additives, the degree of crystallinity, and/or variations in 

morphology of the CH3NH3PbI3 films used in the different experiments. 

 

Figure 6-1 (a) steady state absorption (α) spectra of microcrystalline CH3NH3PbI3 films. 

The inset shows a zoom in on the spectral range above 775 nm, and plotted in a semi-

log scale to show that it does not follow a single exponential behavior. The graph also 

shows the spectral positions of the pump pulses used in transient absorption 

measurements. (b) The squared absorption (α2) spectrum in the vicinity of the bandgap 

together with the fluorescence spectrum (excited by 400 nm) measured on the same 

film. The graph also shows the EQE spectrum measured on a CH3NH3PbI3 solar cell 

with a typical device structure of ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al. The shaded 

region highlights the overlap between fluorescence and the long absorption tail. Please 

note that the wavelength is plotted in a reciprocal scale.  

In the longer wavelength range, the absorption spectrum exhibits a steep 

decrease in the spectral range from 750 to 775 nm, as shown from the squared 

absorption (α2) spectrum in Figure 6-1 (b). We associate this decrease with the 

bandgap of semiconducting CH3NH3PbI3. Although the CH3NH3PbI3 films 

investigated here have a microcrystalline structure, demonstrated by XRD (X-Ray 

diffraction) and SEM (scanning electron microscope) experiments (included in the 

supporting information), we still assume that the density of states near the bandgap 

extrema have the same energy dependence as in the crystalline phase. This 

assumption is inspired by Tauc’s work on the optical properties of amorphous 

germanium which suggested that “the densities of states near the bandgap extrema 

have the same energy dependence as in crystalline Germanium” [166]. As for 

crystalline CH3NH3PbI3, it has been widely reported that its bandgap is direct, 
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either located at the R point (cubic symmetry) or Γ point (orthorhombic and 

tetrahedral symmetry) of the Brillouin zone [165]. This direct-bandgap feature 

causes that the joint density of states (JDOS) to follow a quadratic energy 

dependence, JDOS ∝ (E-Eg) 1/2, where E and Eg represent the photon energy and 

the bandgap, respectively [67]. Under the approximation that the transition 

probability is constant in the vicinity of the bandgap, the absorption coefficient 

follows the same quadratic dispersion relationship, α ∝ (E-Eg) 1/2. Using this 

relation, the bandgap is determined to be 1.60 eV (775 nm) from the abscissa 

intercept of the linear extrapolation of the α2 spectrum, as shown in Figure 6-1 (b). 

To the lower energy side of the bandgap, the absorption spectrum shows a 

long tail with an appreciable magnitude in the range of 103 cm-1. The origin of this 

long tail is not very well discussed in literature, though it is present in many of the 

published spectra, both for microcrystalline CH3NH3PbI3 and CH3NH3PbI3-xClx 

films [23, 27, 33, 43, 44, 154, 158, 167, 168]. It was once attributed to 

experimental artifacts caused by light scattering and interference [33]. However, 

this does not seem to be the case here. From Figure 6-1 (b) we can observe a broad 

overlap between the long absorption tail and the fluorescence band, as highlighted 

by the shaded region in Figure 6-1 (b) indicating that the below-bandgap 

absorption is due to electronic states rather than optical interference or scattering. 

Moreover, if interference or scattering were the origin there would be no transient 

absorption signal for pump wavelengths in the region of the long absorption tail, 

which is in contrast to the 800-nm pump transient absorption experiments 

discussed later. Both these observations show that there is an appreciable below-

bandgap absorption in our films. 

There are a variety of possible causes for below-bandgap absorption, 

including disorder, excitons, and impurity induced below-bandgap defect or trap 

states [67, 169]. The presence of disorder usually forms a general single 

exponential absorption tail in the below-bandgap region, and this tail is known as 

the Urbach tail [169, 170]. For microcrystalline CH3NH3PbI3, the Urbach tail has 

been investigated by Wolf et al. using Fourier transform photocurrent 

spectroscopy measurements [171]. However, from the inset of Figure 6-1 (a), we 

can see that the characteristic single exponential dispersion is absent here. 

Therefore, although there is disorder in the microcrystalline CH3NH3PbI3, it does 

not seem to play a dominating role in the below-bandgap absorption.  
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As for excitons, we do not think they play an important role either. 

Modelling excitons as hydrogen-like atoms, the binding energy can be depicted as 

where n represents a series of quantum numbers, μ the 

reduced mass, m0 the electron rest mass, εr the relative dielectric constant and RH 

the Rydberg constant [67]. For microcrystalline CH3NH3PbI3, the reduced mass is 

reported to be as low as 0.14 m0 [47], and the relative dielectric constant is as high 

as 60~70 [29, 172]. Thus the binding energy is in the range of 0.4 ~ 0.5 meV, 

which is small compared to the thermal energy of 25 meV at room temperature. 

Therefore, we tend to agree with the argument that excitonic effects can be 

neglected in microcrystalline CH3NH3PbI3 at room temperature [42, 172-174]. 

From the above we conclude that the most likely origin of the long 

absorption tail is the presence of below-bandgap trap states originating from the 

presence of impurities, surface states, and/or crystalline defects like dislocations 

and grain boundaries. The presence of trap states in microcrystalline CH3NH3PbI3 

films has been experimentally observed from ultraviolet photoemission 

spectroscopy [46]. Theoretical calculations also suggest that iodine vacancy and its 

complexes may yield deep trap states [175]. Moreover, it is well-known that 

dislocations and grain boundaries in semiconductors, inherent to microcrystalline 

structures, can form trap states [176, 177]. The long below-bandgap absorption tail 

observed in our experiments provides strong evidence for the existence of trap 

states in our microcrystalline CH3NH3PbI3 films. This is corroborated by our 

transient absorption experiments discussed later in this chapter. It should be noted 

that trap states are usually quite sensitive to the detailed micro-structure [169], 

leading to differences in the long absorption tail observed in different 

microcrystalline CH3NH3PbI3 films, even to the extent that it becomes 

unobservable. The EQE spectrum (external quantum efficiency) shown in Figure 

6-1 (b) shows a threshold at 805 nm (1.54 eV; 60 meV below the bandgap), 

indicating that some of the trap states in the vicinity of the bandgap have a shallow 

nature, i.e. trapped charge carriers in these states can be easily released by an 

electric field thereby contributing to the photocurrent of solar cells. 

To finish our discussion on the static spectra we finally turn to the 

fluorescence spectrum (see Figure 6-1 (b)), which peaks at 1.625 eV (763 nm), i.e. 

H

r

R
mn

En 



2

0

2

1







Page 107 
 

 

25 meV above bandgap. This is qualitatively consistent with the expectation for 

crystalline semiconductors with a direct bandgap [71], and thus suggests a good 

quality of the microcrystalline CH3NH3PbI3 film investigated here (also confirmed 

by the XRD results, see supporting information). The spectral width of the 

fluorescence band is rather broad, about 96 meV (from 742 nm to 787 nm) starting 

well above the bandgap and ending well below. This indicates that in addition to 

the band-to-band recombination of free charge carriers, both hot charge carriers 

(contributing to fluorescence above the bandgap) as well as trap states 

(contributing to fluorescence below the bandgap) contribute to the fluorescence 

[71], an observation which also turns out to be important for the interpretation of 

the transient absorption spectra discussed in the following sections.  

6.2.2 A general overview of the transient absorption spectra 

With the determined bandgap of 1.60 eV (775 nm) for microcrystalline 

CH3NH3PbI3 films, we choose the 400-nm pump (with the photon energy of 3.1 

eV) in the transient absorption measurements so that charge carriers are promoted 

way above the band gap. Two possible excitation scenarios are shown in Figure 

6-2. The first scenario produces hot charge carriers, and the subsequent charge 

relaxation occurs mainly through a phonon-assisted thermal cooling. The second 

scenario produces highly excited charge carriers, and the subsequent charge 

relaxation occurs through an inter-band charge transfer process. But we cannot 

experimentally discriminate these two different photo-generated charge carriers in 

the present measurement, so we shall be generally calling them together as hot 

charge carriers in the following sections. The presence of hot charge carriers is 

exemplified from a number of characteristic features in the transient absorption 

spectrum, as introduced below. By analyzing the decay dynamics and spectral 

evolution of these characteristic spectroscopic features, we are able to 

quantitatively determine the ultrafast charge relaxation from different aspects. 

Following the ultrafast charge relaxation, charge carriers populate states nearby 

the band edge, and the population is exemplified from a characteristic photo 

bleaching signal. By analyzing the decay dynamics of this signal, we are able to 

investigate the related charge carrier recombination mechanism, and then extract 

information of trap states. 
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Figure 6-2 Possible scenarios following the 400-nm pump. (1): the transition from VB 

to the fundamental CB; (2) from VB to higher CB. The first scenario produces hot 

charge carriers, and the subsequent relaxation occurs through an phonon-assisted 

thermal cooling process. The second scenario generates highly-excited charge carriers, 

and the subsequent relaxation occurs through an inter-band charge transfer process. In 

the present situation, we cannot distinguish these two scenarios, and thus just generally 

refer to the 400-nm excited species as hot charges.  

Figure 6-3 presents a general overview of the 400-nm pumped transient 

absorption spectra. In order to clarify processes with different dynamics, three 

specific time frames are shown. The first one, the rise-in time frame, is chosen to 

show the instantaneous response and in-growth components. From this frame, we 

observe a photo induced (PIA) band which peaks at 775nm, and a photo bleaching 

(PB) band which covers from 630 nm to 760 nm and peaks nearby 750 nm. In the 

following sections of this chapter, we will call these two bands the 775-nm PIA 

band and 750-nm PB band, respectively. 
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Figure 6-3 A general overview of the 400-nm pumped transient absorption spectra with 

the initial charge carrier density n0 = 8.47*1017 cm-3. Different filling colors are used to 

increase the contrast ratio between the PIA (with positive sign) and PB (with negative 

sign) signals. In the rise-in time frame, the inset shows the temporal profile of the pump-

probe cross correlation; in the fast dynamics time frame, the inset shows the zoom in of 

the PIA signal in the long wanvelength range of 840 - 990 nm; in the slow decay time 

frame, the inset shows a noramlized spectra of the 750-nm PB band. The spectral shape 

of this band remains unchanged in the time window of the experiment.The steady state 

absorption spectrum is placed on the bottom in order to show the relative positions of 

various transient absorption signal. 

The second and third time frames show our observations of fast and slow 

dynamics, respectively. In the fast dynamics frame, the TA signal undergoes 

various spectral changes. The 775-nm PIA band quickly decays to zero, and 

merges into the broad-750 PB band. As for the 750-nm PB band, the peak position 
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is red-shifted while the intensity increases (marked by the oblique arrow), and the 

high-energy region turns into a positive PIA signal (labeled with the vertical 

arrow). In the longer wavelength region, there is also an unstructured and weak 

PIA band, as shown by the inset. In the third slow decay time frame, the 750-nm 

PB band gradually decays to zero in a nano-second time scale while the spectral 

shape remains unchanged, as demonstrated from the normalized version in the 

inset. In the following sections, we shall investigate the origins of these transient 

absorption features, and then by analyzing the decay dynamics and spectral 

evolution, we can extract information about the influence of the BGR effect, the 

ultra-fast charge relaxation process and trap states.  

6.2.3 Origin of the 775-nm PIA band: hot charge-induced BGR effect 

From the spectra in Figure 6-3, we have seen two distinct spectral peaks: 

750-nm PB and 775-nm PIA. These two spectral features are common for 

microcrystalline CH3NH3PbI3 films and our results are consistent with previous 

reports [47, 173]. The origin of the 750-nm PB band has been well-established, 

and it is ascribed to the state filling of charge carriers nearby the band edge. This 

argument is based on two observations. First of all the peak position of the 750-nm 

PB band overlaps with the absorption band in the steady state absorption spectra 

[24], which is also observed in our measurements as shown from the vertical 

dashed line in Figure 6-3. The second indication for this is that the spectral shift of 

the 750-nm PB band with charge carrier densities can be well depicted using the 

Burstein-Moss state filling model [42, 47]. This is also observed in our 

measurements, and a detailed introduction is given in the supporting information. 

Different from the 750-nm PB band, the origin of the 775-nm PIA band is only 

discussed in a few works [47, 173, 178] , and still remain obscure. 

In order to elucidate the origin of the 775-nm PIA band, we investigate its 

dependence on both the excitation wavelength and the charge carrier density in 

comparison to that of the well-studied 750-nm PB band. Two different pump 

wavelengths, 400 nm (with the photon energy of 3.1 eV) and 800 nm (with the 

photon energy of 1.55 eV), are used in order to investigate the excitation 

wavelength dependence. In both cases the initial charge carrier density n0 is almost 

identical (8.47 *1017 cm-3 in case of 400 nm and 7.33*1017 cm-3 in case of 800 nm). 

The most pronounced difference in these two cases is the appearance of the 775-
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nm PIA band when 400nm excitation is used. This can be seen in the Figure 6-4 

(a, b)  where the transient absorption spectra at different times after the excitation 

are shown. In reference to the determined bandgap of 1.60 eV, the 400-nm and 

800-nm pumps correspond to the above and below bandgap excitations, 

respectively. Therefore, the appearance of the 775-nm PIA peak only with the 

above band gap excitation implies that this band is related to hot charge carriers. In 

order to pinpoint the exact origin of the 775-nm PIA, charge carrier density 

dependent measurements were carried out. The charge carrier density in this case 

is varied in two orders of magnitude: from 1.41*1017 to 2.82*1019 cm-3. From the 

results shown in Figure 6-4 (c), we can see that with increasing charge carrier 

densities, the peak position of the 750-nm PB band is blue-shifted, as suggested by 

the Burstein-Moss state filling model [42, 47]. However, the peak position of the 

775-nm PIA does not exhibit any observable charge carrier density dependence. 

This indicates that it does not originate from the state filling effect. By comparing 

with the α2 spectrum, we notice that the density independent peak of the 775-nm 

PIA band overlaps quite well with the linear extrapolation of the α2 spectrum. 

Previously, we have ascribed this extrapolation to the fundamental bandgap of 

microcrystalline CH3NH3PbI3. Therefore, the overlap suggests that the 775-nm 

PIA band should be further ascribed to the hot charge-induced BGR effect [179, 

180], as demonstrated from the following numerical simulation results. 



Page 112 
 

 

 

Figure 6-4 (a, b) Excitation wavelength dependent transient absorption spectra. The 775-

nm PIA is only observed in the above band gap excitation of 400-nm pumped 

measurements, but absent in the below band gap excitation of 800-nm pumped 

measurements. (c) Charge density dependent transient absorption spectra. The black 

solid lines are guides to show the overlap of the peak of the 775-nm PIA band with the 

linear extrapolation of the α2 spectrum. 

The BGR effect can reduce the band gap in the excited state, as 

schematically shown in Figure 6-5 (a) [179, 180]. The simulated results in Figure 

6-5 (b) demonstrate how the BGR effect modulates the transient absorption 

spectrum. In the simulation, the steady state band gap is set to be 1.60 eV (Eg = 

1.60 eV), and JDOS is assumed to follow a quadratic dispersion (JDOS ∝ (E-Eg) 

1/2) [67]. Steady state and excited state JDOS represent the JDOS before and after 

the excitation. The distribution of filled states is obtained by multiplying the 

excited state JDOS with a typical Fermi-Dirac occupation function [71]. In the 

end, the transient absorption spectrum is obtained by doing the following 

subtraction of (‘excited state JDOS’ – ‘filled states’ – ‘steady state JDOS’). 

Simulation parameters are listed in the Table 6-1. From the JDOS simulation 

results in Figure 6-5 (b), we can see that due to the BGR effect create additional 
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states. These additional states yield a PIA band nearby the band edge. More 

interestingly is the peak position of this PIA band, it locates at the pre-set band gap 

value (indicated by the vertical dashed line). This is consistent with the 

experimental observation that the peak of the 775-nm PIA band overlaps well with 

the linear extrapolation of the α2 spectrum. 

 

Figure 6-5 (a) Schematically showing the band gap shift (ΔEg) due to the BGR effect. 

For the demonstration, we just take the shift in the conduction band as an example. (b) 

Simulation results on the JDOS, and the transient absorption spectrum. Black line: 

steady state JDOS. Red line: excited state JDOS when the band gap is shifted but no 

state is fiiled by charge carriers. Dark yellow shaded region: distribution of filled states. 

Olive line: transient absorption spectrum which is obtained from (‘excited state JDOS’ – 

‘filled states’ – ‘steady state JDOS’). In the simulation, the band gap Eg = 1.60 eV, and 

the band gap shift (Δ Eg = - 0.05 eV). By assuming JDOS follows a quadratic 

dispersion, the steady state JDOS  ∝ (E-1.60) ½, and the excited state JDOS ∝ (E-1.60-

0.05) ½. The distribution of filled sates is obtained by multiplying the excited state JDOS 

with a Fermi-Dirac function with the chemical potential EF = 1.53 eV and carrier 

temperature T = 3000 K. It can be seen that the band gap reduction produces additional 

states by comparing the steady and excited state JDOS, and thus forms a PIA band 

nearby the band gap.  

In order to ensure that the consistence is not a special case, different 

simulation parameters (listed in Table 6-1) are tested. The simulation results, 

presented in Figure 6-6, clearly show that as long as the BGR effect occurs, there 

is always a PIA band near the band edge and its peak position is located at the 

bandgap. Therefore, the consistence between the simulation and experimental 

results is of general applicability, and we conclude that the 775-nm PIA is caused 

by the hot charge-induced BGR effect. 



Page 114 
 

 

 

Figure 6-6 (a,b,c) Simulated transient absorption spectrum with different parameters of 

band gap shift scale, chemical potential, and carrier temperature, as listed in Table 6-1. 

(d) A summary of simulated transient absorption spectra from (a, b, c), showing that the 

spectra share a common feature with the peak located at the band gap.  

Table 6-1 Simulation paramers. 

 Band gap shift (eV) 
Chemical potential 

(eV) 

carrier temperature 

(K) 

(a) -0.05 1.53 3000 

(b) -0.04 1.54 2000 

(c) -0.03 1.56 2500 

We notice that the 775-nm PIA band is not observed in some published 

results where similar measurement condition were used [44, 181]. But in our 

measurements, it is always observed for different batches of microcrystalline 

CH3NH3PbI3 films. The 775-nm PIA band was once attributed to the excitonic 

effect [173]. But the absence of the 775-nm PIA band in the 800-nm pumped 

transient absorption spectrum is against this explanation, since 800-nm pump is 
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more likely to generate excitons. 

6.2.4 Quantitative characterization of the charge relaxation from different 

aspects 

Investigation on the charge relaxation can help us to characterize the carrier-

phonon interactions in semiconductors [44, 182], and energy loss mechanisms in 

solar cells. As for microcrystalline CH3NH3PbI3 films, there are only very limited 

publications in which the charge relaxation was characterized from the 

concomitant decay-rise behavior between the 480-nm PB and the 750-nm PB 

bands [24], or evaluated from the carrier temperature by fitting the high-energy tail 

with a Maxwell-Boltzmann function [44, 47]. However, these analyses were 

performed only from a certain aspect. In this section, we shall quantitatively 

characterize the charge relaxation from more than one aspect.  

Before we begin to do the quantitative characterization, we first need to 

reveal the underlying inter-relationship between the dynamic changes in the 

transient absorption spectrum and the charge relaxation process. Figure 6-7 shows 

the schematic diagrams and simulation results on the JDOS, the distribution of 

charge carrier population, and the transient absorption spectrum in the early and 

late stages of charge relaxation. Two different scenarios are considered here. The 

unrecovered band gap scenario (shown in Figure 6-7 (b)) represents that the band 

gap does not recover back to the one as the steady state counterpart. The recovered 

band gap scenario (shown in Figure 6-7 (c)), however, represents the situation 

where the band gap completely recovers back as the steady state counterpart. The 

charge relaxation process follows the suggested picture by Beard and Deschler 

[44, 47]. In the early stage of charge relaxation (Figure 6-7 (a)), charge carriers 

have a higher temperature. This causes them to have a higher probability to 

populate high-energy states, and the distribution of filled states is more flat. The 

amount of charge carriers is taken as constant throughout the charge relaxation 

process considering the fact that the charge relaxation is usually way faster than 

the charge carrier recombination. Consequently in the late stage of charge 

relaxation (either Figure 6-7 (b) or (c)), the charge carrier temperature decreases 

while the chemical potential (EF) is rising to a higher level. This causes that charge 

carriers have a higher probability to populate low-energy states, and the 

distribution of filled states is more located nearby the band edge [44, 47]. 



Page 116 
 

 

Accordingly, the simulated results reveal that in these two scenarios the transient 

absorption spectrum will undergo slightly different changes. As for the scenario of 

unrecovered band gap, the transient absorption spectrum shall reveal these four 

dynamic changes: first, the hot charge induced PIA band shall exhibit dynamic 

decay; second, the PB band shall experience spectral evolution and becomes 

narrow; third, the peak of the PB band is red-shifted; forth, the high-energy PB tail 

turns into PIA signal. As for the scenario of recovered band gap, the transient 

absorption spectrum shares the first three changes, but lacks the fourth. 

Experimental results, as shall be discussed soon, seemingly supports the first 

scenario with unrecovered band gap at first view, and finally prove that the second 

scenario holds in which the band gap recovers back as the equilibrium counterpart. 
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Figure 6-7 Schematically depicting the changes in the distribution of charge carrier 

population and the transient absorption spectrum along with the charge relaxation under 

two possible scenarios, one with unrecovered band gap (shown in b), the other with 

recovered band gap (shown in c). Violet dashed line: the Fermi-Dirac occupation 

function.Throughout the charge relaxation process, the amount of charge carriers is 

taken as constant since the charge relaxation is way faster than the recombination. Then 

along with the charge relaxation, the carrier temperature decreases while the chemical 

potential EF rising up, and more charge carriers populate the states nearby the band 

edge. Figure (b) reveals that in the case of unrecovered band gap, the transient 

absorption spectrum undergoes the following charnges: first, the PIA band nearby the 

band gap dissapears; second, the PB band becomes narrow; third, the peak of the PB 

band is red-shifted; forth, the high-energy PB tail (marked with a dashed square) turns 

into PIA signals. Figure (c) shows that in the case of recovered band gap, the transient 

absorption spectrum does not undergo the forth change.  

Transient absorption spectra in the first pico-second are shown in Figure 

6-8. The results show that the high-energy tail of the 750-nm PB band turns into 

PIA signals in a sub-ps time scale, seemingly supporting the first scenario that the 

shifted band gap does not recovers back to its equilibrium counterpart. However, if 

this scenario were established, it would mean that the BGR would occur as long as 

there are excited charge carriers and accordingly the 775-nm PIA band would 
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demonstrate density dependence, which is contradictory to the experimental 

results already discussed above in Figure 6-4 (c). Moreover, both our own results 

(Figure 6-4) and Deschler’s publication [47] have shown that the hot charge-

induced PIA band as well as the BGR disappears when the charge carriers are not 

located way above the band edge, supporting the second scenario that the shifted 

band gap recovers back to its equilibrium counterpart along with the charge carrier 

relaxation. Therefore, there must be other reasons to explain the fact that the high-

energy tail of the 750-nm PB band turn into PIA signals in a sub-ps time scale.   

 

Figure 6-8 Experimental results showing that the high-energy tail of the 750-nm PB 

band turns into PIA signals in a sub-ps time scale.  

Actually, this indeed can be explained by recalling the fundamental 

mechanisms concerning the transient absorption signal. The first one is that the 

transient absorption signal may be a result of the joint action by PB and PIA 

signals, as schematically depicted in Figure 6-9 (a, b). To make the depiction more 

relevant to the practical measurements, the wavelength is specifically selected at 

650 nm. Experimental results in Figure 6-8 have shown that at this wavelength the 

transient absorption signal changes from PB to PIA. On the other hand, we recall 

another fundamental mechanism that the magnitude of the transient absorption 

signal is proportional to the involved population of charge carriers. Based on these 

two mechanisms, we can see that in the early stage of the charge carrier relaxation 

the PB signal dominates over the PIA signal and jointly create a negative PB 

signal. Then along with the charge relaxation more charge carriers populate the 

states nearby the band edge, so the weight ratio of the PIA signal increases and 

begin to dominate over the PB signal, jointly yielding a positive PIA signal. This 

explains the sign conversion for the high-energy tail of the 750-nm PB band. One 
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argument following this explanation is that the PIA signals in the high energy 

region will have the same decay dynamics as that of the PB signal in the low 

energy region. This is consistent with what we observed from the measurement 

results in Figure 6-9 (c).  

 

Figure 6-9 (a,b) Taking a specific wavelength at 650 nm to schematically show that the 

transient absorption signal is jointly contributed by both PIA and PB signals. The right 

brace denotes the involved population of charge carriers, and the wiggly arrow 

represents the charge relaxation process. As a result of the charge relaxation, the charge 

population nearby the band edge increases, and this improves the weight ratio of the PIA 

signal accordingly. (c) Experimental results showing that after the charge carrier 

relaxation PIA signals at higher energy region have the same decay dynamis as that of 

the PB signal at lower energy region.   

 The simulation results in Figure 6-5 also suggest that the low-energy edge 

of the 775-nm PIA band dictates the band gap shift (ΔΕg). This enables the 

evaluation of the shift scale by calculating the energy separation from the low-

energy edge to the peak of the 775-nm PIA band, shown in Figure 6-10 (a). As the 

time increases, the low-energy edge gradually shifts towards the peak, indicating 
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the recovery of the band gap. The extracted recovery dynamics in Figure 6-10 (b) 

shows that the recovery is complete in a sub-ps time scale. 

 

Figure 6-10 (a) The band gap shift (ΔΕg) is determined from the separation of the peak 

to the low-energy edge. Black and blue arrows denote the low-energy edges at 30 fs and 

470 fs, respectively. The low-energy edge shifts towards the peak of the 775-nm PIA 

band, indicating the recovery of the band gap shift scale. (b) Extracted recovery 

dynamics of the band gap shift. 

The revealed inter-relationship in Figure 6-7 enables us to investigate the 

charge relaxation from a number of aspects. To begin with, we quantitatively 

determine the time scale of charge relaxation from the first aspect, i.e., the decay 

dynamics of the 775-nm PIA band. Experimental results are shown in Figure 6-11. 

The results show that the 775-nm PIA band quickly decays to zero at 0.65 ps, and 

then turns into PB signals. In combination with the schematic depiction of the 

charge relaxation process and simulation results just discussed above, the decay of 

the 775-nm PIA band corresponds to the ongoing charge relaxation, and thus the 

time scale of charge relaxation is determined to be 0.65 ps. The phenomena that 

the 775-nm PIA band turns into PB signals illustrates that all additional states 

generated by the BGR effect have been populated by cooling charge carriers, so 

the state filling effect begins to dominate and thus yields negative PB signals.  
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Figure 6-11 Decay dynamics of the 775-nm PIA band.  

We then quantitatively determine the time scale of charge relaxation from 

the second aspect, i.e., the spectral evolution of the 750-nm PB band. The 

normalized spectra in Figure 6-12 (a) show that the 750-nm PB band becomes 

narrow with time, just as suggested by the simulation results. We use the FWHM 

(full width at half maximum) as a measure to the spectral width of the 750-nm PB 

band, and then plot its dynamic change with delay time in Figure 6-12 (b). The 

results clearly show that the FWHM reduces quickly in early times before reaches 

a constant level. In combination with the schematic depiction of the charge 

relaxation and simulation results discussed in Figure 6-7, the reduction in the 

FWHM represents the ongoing charge relaxation process, and the constant level 

indicates the end. Consequently, the time scale of the charge relaxation is 

determined to be 0.65 ps when the charge carrier density is lower than 1.41*1018 

cm-3. This result is exactly the same as the one determined from the decay 

dynamics of the 775-nm PIA band in Figure 6-11. When the charge carrier density 

is on a higher level, the time scale increases up to 1.5 ps for the higher density of 

2.82*1019 cm-3. This is not consistent with the decay dynamics of the 775-nm PIA 

band, and more experiments are required to understand this inconsistency. 
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Figure 6-12 (a) Determination of the FWHM of the 750-nm PB band. (b) Reduction of 

the FWHM of the 750-nm PB band against the delay time. 

From the experimental results, we also find that the charge relaxation of hot 

charge carriers can be characterized from one more aspect that is hidden from the 

simulation results in Figure 6-7, i.e., the concomitant decay-rise relationship as 

shall be introduced below. Figure 6-13 (a) shows the zoom in of the 400-nm 

pumped transient absorption spectrum in the long spectral region. From this 

figure, we can observe a long wavelength (λ > 850 nm) PIA band with a positive 

frequency dependence. Because the BGR effect only produces PIA band with 

negative frequency dependence (PIA ~ (E)-1/2) as long as the steady state 

absorption spectrum has positive frequency dependence [44]. Therefore, we 

attribute this long wavelength PIA band to the electron transition to higher bands, 

as schematically shown in Figure 6-13 (b). Comparing the decay dynamics of this 

long wavelength PIA band with the rise-in dynamics of the 750-nm PB and, as 

shown in Figure 6-13 (c, d), we can see that they form a concomitant decay-rise 

relationship in which the decay of the long wavelength PIA equals the rise-in of 

the 750-nm PB. This is another sign of charge relaxation of hot charge carriers 

[24], as schematically explained in Figure 6-13 (b). Accompanying the charge 

relaxation, hot electrons populate states nearby the band edge (please refer to 

Figure 6-7 (b) or (c)), forming the CB3-CB1 electron transition. This causes the 

concomitant decay-rise relationship between the electron population in CB3 and 

that in CB1. In combination with the specific origins of the long wavelength PIA 

and the 750-nm PB, the underlying changes of the electron population in CB3 and 

CB1 shall be exemplified by the decay and rise-in dynamics of the long 

wavelength PIA and 750-nm PB, respectively. Therefore, the concomitant decay-
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rise relationship represents nothing but the charge relaxation of hot charge carriers. 

Then, from Figure 6-13 (c, d) we can quantitatively determine the time scale of 

charge relaxation to be 0.65 ps for charge carrier density less than 1.41*1018 cm-3. 

This result is exactly equal with what we determined before from the decay 

dynamics of the 775-nm PIA band and the spectral evolution of the 750-nm PB 

band. When the charge carrier density is above the level of 1.41*1018 cm-3, the 

time scale of charge relaxation become longer, and reaches to 1.5 ps for the 

highest charge carrier density of 2.82*1019 cm-3. This is consistent with the 

spectral evolution of the 750-nm PB band, but inconsistent with the decay 

dynamics of the 775-nm PIA band. More experiments are needed to understand 

this inconsistence. Up to now, we have shown that the charge relaxation of hot 

charge carriers can be characterized from three aspects in total. 

 

Figure 6-13 (a) Long wavelength (λ > 850 nm) PIA band with positive energy dependence. 

(b) Schematically showing the 400-nm induced electron transition, the origins of the long 

wavelength (λ > 850 nm) PIA band and the 750-nm PB band, and the CB3-CB1 electron 

transition accompanying the charge relaxation. (c,d) The concomitant decay-rise 
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relationship between the long wavelength PIA band and the 750-nm PB band at varying 

charge carrier densities. 

It should be noted that we could not uniquely determine whether electrons 

or holes are involved when we are talking about hot charge carriers. This is 

because that based on reported electronic structures of CH3NH3PbI3 there are two 

different scenarios regarding the 400-nm induced transition [24, 41]. The 

electronic structure proposed by Sum et al. suggests that the 400-nm pump would 

generate both hot electrons and holes [24], but the other proposed by Kamat et al. 

suggests that it would generate hot electrons only [41]. As for Figure 6-13 (b), we 

just temporarily take hot electrons as an example. Then, in reference to the steady 

state absorption spectra where the 400-nm pump is situated in the third absorption 

band, the 400-nm pump induces the VB-CB3 electron transition.  

6.2.5 Trap-assisted recombination and determination of the density of trap 

states 

Following the sub-ps fast charge relaxation, charge carriers populate states 

nearby the bandgap, and the recombination occurs through various decay 

channels, such as interband recombination and trap-assisted recombination. 

Before, we have ascribed the 750-nm PB band to the state filling of charge carriers 

nearby the bandgap, so its decay dynamics represents the recombination 

mechanism of charge carriers nearby the band edge.  

Figure 6-14 (a) presents a representative dynamics of the 750-nm PB band. 

From the figure, we can see that the rise-in process is completely ended after 3.0 

ps. Therefore, for the study of the charge carrier recombination, we just focus the 

decay kinetics after 3.0 ps. The decay dynamics at different charge carrier 

densities are presented in Figure 6-14 (b). A significant feature exhibited from the 

figure is the presence of a dividing line in the charge carrier density. When the 

charge carrier density is less than 1.41*1018 cm-3 the decay dynamics shows a 

charge carrier density independent behavior and follows a single exponential 

function, which is characteristic of the first-order recombination [44, 161]. When 

the charge carrier density is above the level of 1.41*1018 cm-3, however, the decay 

dynamics shows charge carrier density dependence and does not follow the single 

exponential function any more, indicating the existence of high-order 

recombination.  
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As per the definition, the first order recombination involves only one 

“particle” [161], so it may correspond to two cases. One case is the geminate 

recombination that usually occurs for excitons. The other case is the trap-assisted 

recombination that can occur for either conduction band electrons or valence band 

holes. Since the existence of excitons has been excluded in the previous section, 

we ascribe the first-order recombination to the trap-assisted recombination when 

the charge carrier density is below the level of 1.41*1018 cm-3. Different from the 

first order recombination, high order recombination involves more than one 

“particle” [161], and it may correspond to the band-to-band recombination of free 

electrons and hole or the Auger recombination.  

The density dependent decay dynamics of the 750-nm PB band can be 

understood from the diagram shown in Figure 6-14 (c) that schematically shows 

possible mechanisms for the 400-nm induced transition and the following 

recombination of charge carriers nearby the bandgap. In the diagram, we assume 

the microcrystalline CH3NH3PbI3 is an intrinsic semiconductor, so the equilibrium 

chemical potential (EF) is in the middle of the bandgap.  

The previous steady state absorption spectra already reveal the existence of 

trap states, but we cannot determine whether they are donor-type or acceptor-type. 

Then in reference to the reported ultraviolet photoemission measurement results 

[46], we just take into account acceptor-type traps (EA) with the density in the level 

of nA. So, with the EF in the middle of the bandgap, acceptor-type traps are 

occupied by electrons in the equilibrium state. When the initial charge carrier 

density (n0) of the 400-nm pump is less than nA, only electrons populated in the 

trap states are excited into CB3 (labeled with 1), but no holes are generated in the 

valence band. Therefore, charge carriers nearby the band edge only can undergo 

the first-order trap-assisted recombination (labeled with 3). However, when n0 

reaches nA, in addition to excite electrons from trap states, the 400-nm pump also 

can excite electrons from the valence band to CB3 (labeled with 2), producing 

holes in the valence band. Therefore, charge carriers nearby the band edge can 

undergo the high order recombination, such as the band-to-band recombination 

between free electrons and free hole (labeled with 4), or Auger recombination 

(labeled with 5). Based on this discussion, we conclude that the dividing line of 

1.41*1018 cm-3 represents nothing but the density of acceptor trap states in 

microcrystalline CH3NH3PbI3 films.  
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Figure 6-14 (a) A representative decay dynamics of the 750-nm PB. (b) The decay 

dynamics of the 750-nm PB at varying charge carrier densities where SE represents 

single exponential fitting. (c) Schematically showing the 400-nm induced transition 

(denoted with T) and the following recombination of charge carriers nearby the bandgap 

(denoted with R). EF denotes the equilibrium chemical potential, and EA denotes the 

energy levels of acceptor-type traps. (1) represents the excitation of electrons from 

acceptor type traps; (2) represents the interband excitation of electrons; (3) represent the 

trap-assisted recombination, (4) the band-to-band recombination of free charge carriers, 

and (5) the Auger recombination.  

6.3 Conclusion 

In this chapter, we investigate the below-bandgap trap states, the BGR effect 

and the ultra-fast charge relaxation process in microcrystalline CH3NH3PbI3 films 

using spectroscopic methods. It should be noted that due to the experimental limit 

we cannot specifically discriminate hot and highly-excited charge carriers in the 

present situation, thus we just generally refer to the 400-nm excited species as hot 

charges. In the steady state absorption spectra, we observe a long absorption tail 

and ascribe it to below-band gap trap states. From the density varying decay 
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dynamics of the 750-nm photo-bleaching (PB) band we determine acceptor-type 

trap states on a level of 1.41*1018 cm-3. The 775-nm photo-induced absorption 

(PIA) band and 750-nm PB (photo-bleaching) band exhibit different responses on 

the charge carrier density and excitation wavelength, suggesting different origins 

of these bands. Based on the overlap of the peak position of the 775-nm PIA band 

with the abscissa intercept of the α2 spectrum (α, the absorption coefficient) and 

simulation results, we ascribe the 775-nm PIA band to the hot charge-induced 

bandgap renormalization effect. Finally, a sub-ps fast charge relaxation is 

quantitatively characterized from the decay dynamics of the 775-nm PIA band, the 

spectral evolution of the 750-nm PB and, and a concomitant decay-rise 

relationship between the long wavelength PIA band and the 750-nm PB band.  

6.4 Supporting information 3 

6.4.1 Microcrystalline CH3NH3PbI3 film preparation  

PbI2 (Alfa Aesar, ultra-dry, 99.999% metal basis) and MAI (synthesized by 

ourselves) are dissolved at a molar ratio 1:1 in DMF using a concentration of 250 

mg/mL. 18 mg/mL NH4Cl (99.995% supra-pure, Merck) is added to the solution 

as an additive which improves film formation. The solution is stirred at 50 ° for 

5h.  

ITO substrates are first Ozone treated and then covered by 40 nm 

PEDOT:PSS (Clevios 4083, Heraeus). Before spin coating the Perovskite solution 

on top, the samples are pre-heated to 50 °C. Spin coating is done at 3000rpm for 

30s inside a N2 glovebox under a Toluene rich atmosphere, afterwards the samples 

are put on a hotplate and annealed for 30 s at 110°C. Method is shortly described 

in the publication by Emara et al [183]. 

6.4.2 SEM measurements 

SEM measurements are done in a scanning electron microscope Zeiss Neon-

40 at 2kV electron acceleration energy using an in-lens detector shown here at two 

different magnifications (10.000 and 18.000 times). 

                                                      
3 Prof. Klaus Meerholz’s group in Institute for Physical Chemistry, University of Cologne, prepared 

the CH3NH3PbI3 samples, and performed the SEM, XRD, photovoltaic performance and EQE 

characterizations. 
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Figure 6-15 SEM images. 

6.4.3  XRD characterization 

XRD measurements are made at room temperature in air using an Empyrean 

diffractometer from PANalytical with a Cu Kα anode with a wavelength of 1.54 Å. 

The perovskite films are probed by a 2θ scan at a range of between 12° and 32° 

with a step size of 0.013°. Only the two main diffraction peaks are seen and no 

traces of impurity phases like PbI2. 

 

Figure 6-16 XRD graph. 

6.4.4  Photovoltaic performance 
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Figure 6-17 J-V curve of the ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al solar cell 

device. 

The photovoltaic performance is measured using a Solar Light CO. sun 

simulator with simulated AM 1.5 sun light and a Keithley 2425 source 

measurement unit in the voltage range of -0.5 to 1.5 V. The measurement result is 

close to what have been reported on CH3NH3PbI3 based solar cells with the same 

device structure [184, 185]. Therefore, CH3NH3PbI3 microcrystalline films 

investigated in this paper are representative. 

6.4.5  External quantum efficiency (EQE) measurement 

The EQE spectra are recorded via an Oriel Product Line by Newport with a 

300W ozone free xenon arc lamp and a Newport Cornerstone monochromator.  

 

Figure 6-18 EQE curve measured on the ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al solar 

cell device. 

6.4.6  Steady state absorption measurement 
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The steady state transmission/reflection spectra are measured on a 

UV/VIA/NIR spectrometer (Perkin Elmer, Lambda 1050), and the fluorescence 

spectra is measured on a fluorescence spectrometer (Perkin Elmer, LS 55). 

Measurements are done in the ambient condition.  

The transmission and reflection spectra are directly measured from the 

UV/VIA/NIR spectrometer. Based on them, the absorption spectra is evaluated 

using the following equation.  

 
Equation 6-1 

 

Figure 6-19 Transmission and reflection spectra of microcrystalline CH3NH3PbI3 films.  

6.4.7  Transient absorption spectroscopy 

The transient absorption measurements are based on the Pharos ultrafast 

laser (Yb:KGW, 1030nm, 150 kHz), TOPAS-HR and the Harpia spectrometer 

(Light Conversion). The Pharos laser is attached with a NOPA unit in the front 

head, and yields three outputs, 515 nm, 800 nm and 1445 nm. In the present 

measurements, the 800-nm output and its second harmonic generation through a 

BBO crystal (BBO-602H, type 1, Eksma Optics) are used as the pump beam. 

Before illuminating on the sample, the pump beam is modulated by a mechanical 

chopper (MC2000, ThorLabs). The 1445-nm output from the Pharos is sent into 

the Harpia spectrometer where it passes through a delay line (Physik Instrumente) 

which provides a 2.0 ns-long time range, and finally illuminates on a 4mm-thick 

Sapphire crystal to generate a broadband probe from 470 nm to 2000 nm. The 

probe beam and the pump beam finally converge on the sample. The spot sizes of 

R

T
Absorbace
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pump and probe beam are carefully adjusted, and evaluated from the transmittance 

through a 50-μm wide pinhole. For all of the transient absorption measurements, 

we keep the 25% transmittance for the pump bean and 63% for the probe beam, 

which ensures the spot size of the pump beam is 3.5 times larger comparing with 

that of the probe beam. Moreover, in order to avoid the influence caused by the 

polarization, the pump beam and the probe beam are cross-polarized. This is 

realized through the Berek compensator (Model 5540, Newport). The cross-

correlation between the pump and probe is measured on a 1-mm thick blank quartz 

substrate which is the same substrate used in the CH3NH3PbI3 samples. For the 

charge carrier density varying measurements, we start from the lowest pump 

power. Under each pump power, the transient absorption measurement is scanned 

at least twice, and we stop the measurement when we notice the sample 

degradation.   

6.4.8 Burstein-Moss state filling effect for the 750-nm PB band 

The density varying 750-nm PB bands are shown in Figure 6-20 (a). To 

ensure that the quasi equilibrium is reached, we chose transient absorption spectra 

with the delay time at 3.0 ps. With increasing excitation density, the 750-nm PB 

band is blue-shifted and broadening. This effect has been observed before, and can 

be explained through the Burstein-Moss state filling model. Under this model, the 

density dependent bandgap shift (ΔEg) follows a linear relationship with (n0)2/3. 

When the band-edge energy changes significantly, the bandgap shift can be 

measured from the broadening of the FWHM [4242]. The ΔEg-(n0)2/3 curve is 

plotted, and a linear relationship is observed, as shown in Figure 6-20 (b).  
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Figure 6-20 (a) Normalized PB bands at 3.0 ps with varying charge carrier densities. 

The FWHM of the PB band is determined for the evaluation of the bandgap shift; (b) 

The fulfillment of the Burstein-Moss state filling model to depict the excitation density 

dependent bandgaps hift.  

The Burstein-Moss state filling model can derived by only taking into 

account the variation of quasi Fermi levels with the charge carrier density, as 

schematically shown in Figure 6-21. When electrons completely fill in states 

starting from Ec until (Ec+ ΔEFe) nearby the bottom of the conduction band, the 

quasi Fermi level for electrons shifts upwards ΔEFe. Similarly, when holes 

completely fill in states starting from Ev until (Ev- ΔEFh) nearby the top of the 

valence band, the quasi Fermi level for holes shifts downwards ΔEFh.  

 

Figure 6-21 Schematically diagram of the Burstein-Moss band filling effect.  

The relationship between the density of electrons (n) and the shift in quasi 

Fermi level for electrons can be depicted as,  
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. Equation 6-2 

where N(E) represents the density of states and can be approximated as  

 
Equation 6-3 

where Mc is the number of equivalent minima in the conduction band and 

mde is the density of state effective mass for electrons. Substituting N(E) into the 

previous equation, we get  

 

Equation 6-4 

Transforming the previous equation, the ΔEFe ~ n relationship can be 

expressed as, 

. 
Equation 6-5 

In the case of photo excitation, the hole density equals with the electron 

density. Following the same strategy, the shift in quasi Fermi level for holes can be 

described as, 

 
Equation 6-6 

 where Mv is the number of equivalent maxima in the valence band and mdh 

is the density of state effective for holes.  

After the states nearby the band edge are populated, the threshold for the 

absorption transition goes up in terms of the Pauli exclusion principle. This causes 

the blue shift of the threshold for the absorption transition, and the shift equals to 

the sum of the variations in the quasi Fermi levels.   
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Equation 6-7 

where μ represents the reduced effective mass.  
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Summary 

The main objective of this thesis is to experimentally investigate the 

transport and optical properties of two relatively new kinds of semiconductors, 

organic semiconductors and organometal halide perovskite semiconductors. Both 

electrical and spectroscopic methods are used here. Electrical methods include 

time of flight (TOF) and charge extraction by linearly increasing voltage (CELIV) 

experiments. These methods can work on samples with electrical contacts, so that 

the measurement conditions may be chosen close to the operational situation of 

practical devices. The spectroscopic methods used in this thesis include three 

steady state spectroscopies (absorption, photoluminescence, and 

photoluminescence excitation spectroscopy) and two transient spectroscopies 

(time and spectrally resolved photoluminescence and femto-second broadband 

transient absorption experiments). These measurements work on samples without 

electrical contacts, which enables to study intrinsic properties. 

For the transport investigation, the traditional TOF method is first used. The 

TOF method can provide a clear and relatively complete picture about the charge 

transport in semiconductors with low mobilities. It can discriminate electron from 

hole transport, and shows a characteristic response for dispersive and non-

dispersive charge transport. However, this method suffers from limitations on the 

sample thickness. It only works for relatively thick samples since it requires that 

the charge transport time should be much longer than the resistance-capacity 

product. In order to overcome this limit, I build a CELIV setup. The CELIV 

method can work on sample as thin as the active layer of practical devices, and 

also simultaneously measure the charge transport and recombination. This enables 

us to obtain more relevant results to understand the operation principles of 

practical devices. However, just as the TOF method is limited by the sample 

thickness, the CELIV method is limited by another fact that it cannot easily 

discriminate electron from hole transport. We found that this limitation can be 

overcome by inserting a thin low permittivity insulating layer within the device, 

thereby adapting the CELIV approach to become charge-selective. The validity of 

the charge-selective CELIV is confirmed by comparing the measurement results 

with TOF measurement results on a blend of P3HT (poly (3-hexylthiophene)): 

PCBM (Phenyl C61-Butyric Acid Methyl ester). The development and use of 
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charge-selective CELIV is the subject of chapter 3, and the main results have been 

published in Synthetic Metals in 2015.  

During the charge mobility measurements on NPB (N,N’-Di(1-naphthyl)-

N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine) film using the charge selective 

CELIV method, we noticed that when an SiO2 insulation layer is inserted, the 

lifetime of photo-generated holes can be as long as one-hour. This result is four 

orders of magnitude longer than previously reported results on the lifetime of 

charges in organic semiconductors. In order to figure out the reason behind this 

unusual long lifetime of charge carriers, numerical modeling is used, and the 

simulation results suggest that the ‘band structure’ within the device is bended 

upwards, forming a hill-shaped potential structure in the device. This forces photo-

generated electrons to drift towards the electrodes while holes are trapped in the 

center of the device, causing the separation of holes from electrons in space, and 

thus leading to a very low recombination rate. These results provide a new route to 

engineer the lifetime of charges by modulating the potential structure of the 

device. Moreover, devices based on this ultra-long lifetime behavior open up the 

possibility for new classes of plastic electronic devices such as ultra-low light 

level photodetectors. The study of these phenomena are described in chapter 4, 

and have been published in Advanced Materials Interfaces in 2015. 

One very interesting aspect of organic semiconductors is that the materials 

can easily be modified on a molecular level. The modification towards the 

conjugation length is an important objective here, since it determines the 

delocalization degree of electrons and thus the photoelectrical properties. Chapter 

5 discusses the conjugation and optical properties of some typical donor-acceptor-

donor oligomers comprising carbazole and benzothiadiazole molecules. These two 

monomers are widely used in donor-acceptor type molecules, and the well-defined 

region-regularity of oligomers enables to investigate how the conjugation and 

photoelectrical properties gradually evolve with the number of constituent units. 

From the absorption spectra, it is found that benzothiadiazole and carbazole 

molecules are well conjugated, yielding a new absorption band in the long 

wavelength region, while carbazole molecules are non-conjugated when they are 

linked in the 3,6 positions. The photoluminescence measurements reveal a dual 

emission band for oligomers. In combination with the decay dynamics obtained 

from time and spectrally resolved photoluminescence measurements, the dual 
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emission band indicates that the conjugated benzothiadiazole-carbazole group and 

non-conjugated carbazole units form two independent sets of electronic states in 

oligomers. Experimental results do not show evidence for intra-molecular energy 

or electron transfer occurring within the oligomers.  

Finally, in chapter 6, the optical properties of microcrystalline CH3NH3PbI3 

films, a typical organo-metal halide perovskite semiconductor, are investigated 

using spectroscopic methods. The existence of below-bandgap trap/defect states is 

revealed by a long tail in the absorption spectra. By analyzing the charge density 

dependence of the decay dynamics of the 750-nm photo-bleaching (PB), the 

density of acceptor type trap/defect states are determined to be 1.4*1018 cm-3. 

From the transient absorption measurements, we also notice the 775-nm photo-

induced-absorption (PIA) band in addition to the relatively well-studied 750-nm 

PB band. By analyzing the dependence on the excitation wavelength and charge 

density, and comparing the peak position with the α2 spectrum (α, the absorption 

coefficient), the 775-nm PIA band is ascribed to the hot charge-induced bandgap 

renormalization effect. The thermal cooling of hot charges is then quantitatively 

characterized from the decay dynamics of the 775-nm PIA band, the spectral 

evolution of the 750-nm PB band, and the concomitant decay-rise relationship 

between the long wavelength PIA band and the 750-nm PB band.  

In addition to the scientific results introduced above, this thesis also 

includes some useful experimental details concerning the time of flight, charge 

extraction by linearly increasing voltage, and transient absorption measurements, 

as well as an introduction to data analysis. These are introduced in the 

experimental introduction of chapter 2.  

To summarize, this thesis focuses on the experimental investigation on the 

charge transport and optical properties in two novel semiconductors, organic and 

organometal halide perovskite semiconductors. A variety of characterization 

methods are used. The use of spectroscopic methods enables us to investigate the 

inherent properties of samples from a molecular level. The use of electrical 

methods, however, enables us to provide results more relevant to practical 

applications, and to explore novel practical functionalities.  
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Samenvatting 

Het hoofddoel van deze thesis is het experimenteel onderzoeken van 

transport en optische eigenschappen van twee nieuwe soorten halfgeleiders, te 

weten een organische halfgeleider en een organometaalhalide 

perovskiethalfgeleider. Zowel elektrische als spectroscopische methoden worden 

gebruikt. De elektrische methodes omvatten de Time-of-Flight (ToF) en Charge 

Extraction by Linearly Increasing Voltage (CELIV) methode. Deze methoden 

kunnen toegepast worden op materialen met elektrische contacten. De 

meetomstandigheden benaderen op deze manier het functioneren van een 

daadwerkelijke device. De spectroscopische methodes omvatten drie statische 

optische spectroscopieën, te weten absorptie, fotoluminescentie, en 

fotoluminescentie-na-excitatie. Tot de tijdsopgeloste technieken behoren  tijds- en 

spectraalopgeloste fotoluminescentie en femtoseconde ultrabreedband 

absorptiespectroscopie. Deze metingen zijn gedaan op de pure materialen, wat 

mogelijk maakt dat de intrinsieke materiaaleigenschappen worden bestudeerd.  

Voor de transportstudie werd de TOF-methode gebruikt. Met deze methode 

kan een duidelijk en relatief compleet beeld worden gevormd van het 

ladingstransport in halfgeleiders met een lage mobiliteit. Deze meting kan een 

onderscheid maken tussen het ladingstransport van elektronen en gaten. Daarnaast 

kan een onderscheid gemaakt worden tussen dispersief en niet-dispersief 

ladingstransport. Een nadeel is dat de methode alleen werkt voor een relatief dik 

materiaal, daar de ladingstransporttijd veel langer moet zijn dan het product van de 

weerstand en capaciteit. Om deze limitatie te overkomen hebben we een CELIV-

opstelling gebouwd. De CELIV-methode werkt op materialen zó dun als de 

actieve laag van praktisch toepasbare structuren, en meet gelijktijdig het 

ladingstransport en ladingsrecombinatie. Hierdoor verkrijgen we meer inzicht in 

de werking van praktisch toepasbare devicestructuren. Het nadeel van de CELIV-

methode daarentegen is dat er géén onderscheid kan worden gemaakt tussen 

elektronen en gaten. Dit is te overkomen door het toevoegen van een dunne 

isolerende laag van een materiaal met een lage permittiviteit. Hierdoor wordt de 

CELIV-methode ladingsafhankelijk. De werking van de ladingsafhankelijke 

CELIV-methode is geverifieerd door resultaten te vergelijken met ToF-metingen 

van een mix van P3HT (poly (3-hexylthiopheen)): PCBM (Phenyl C61-
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boterzuurmethylester). Dit is het onderwerp van hoofdstuk 3. Dit werk is deels 

gepubliceerd in het wetenschappelijk tijdschrift Synthetic Materials in 2015. 

In een CELIV ladingsmobiliteitsstudie van een NPB (N,N’-Di(1-naphthyl)-

N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine)-laag hebben we gevonden dat de 

levensduur van fotogegenereerde gaten zó lang kan zijn als een uur wanneer een 

SiO2 isolerende laag wordt toegevoegd. Deze levensduur is vier orders groter dan 

voorheen gerapporteerde resultaten op organische halfgeleiders. Numerieke 

modellen werden gebruik om de oorzaak van deze uitzonderlijk lange levensduur 

te doorgronden. De numerieke simulaties laten zien dat de bandstructuur van de 

device omhoog buigt, waardoor een heuvelvormig potentiaallandschap ontstaat. 

Hierdoor worden fotogegenereerde elektronen richting de elektrodes gestuwd, 

terwijl de gaten gevangen worden in het midden van de device. Dit resulteert in 

een ruimtelijke scheiding van elektronen en gaten in de devicestructuur, met een 

lage recombinatiefrequentie als resultaat. Toepassingen van deze lage 

recombinatieduur kunnen nieuwe vormen van plastic elektronica zijn, zoals 

bijvoorbeeld een fotodetector voor zeer lage lichtintensiteiten. Deze bevindingen 

zijn gepresenteerd in hoofdstuk 4 en zijn gepubliceerd van Advanced Materials 

Interfaces in 2015. 

Een welbekend feit is dat organische halfgeleiders aangepast kunnen 

worden op moleculair niveau. Een belangrijk doel hiervan is het controleren van 

de conjugatielengte, die bepalend is voor de delocalisatiegraad van elektronen. 

Hiermee worden ook de foto-elektrische eigenschappen bepaald. Hoofdstuk 5 

behandelt de conjugatie- en optische eigenschappen van een typische donor-

acceptor-donor oligomeer, bestaande uit carbazool- en benzothiadiazoolmoleculen. 

Deze twee monomeren worden vaak gebruikt in donor-acceptor-type moleculen. 

De goed gedefinieerde regio-regulariteit van oligomeren laat het toe om te 

onderzoeken hoe de conjugatie-eigenschappen en de foto-elektrische 

eigenschappen geleidelijk veranderen met het aantal monomeren. Uit een nieuwe 

absorptieband in het langegolfgebied in de absorptiespectra blijkt dat 

benzothiadiazoolmoleculen en carbazoolmoleculen goed geconjugeerd zijn. 

Carbazoolmoleculen zijn niet-geconjugeerd wanneer ze gekoppeld zijn in de 3,6-

posities. Fotoluminescentiemetingen laten een dubbel-emissiegebied zien voor de 

oligomeren. In combinatie met de vervaldynamica gemeten in tijds- en 

spectraalopgeloste fotoluminescentiemetingen van het dubbel-emissiegebied wordt 
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het duidelijk dat de benzothiadiazool-carbazoolgroep en niet-geconjugeerde 

carbazooleenheden twee onafhankelijke elektronische staten vormen in de 

oligomeren. De experimentele resultaten laten géén aanwijzing zien voor intra-

moleculaire energie- of elektronoverdracht in de oligomeren.  

Hoofdstuk 6 beschrijft een optische studie van microkristallijne 

CH3NH3PbI3 lagen. Dit materiaal is een prototype organometaalhalide 

perovskiethalfgeleider. Het bestaan van beneden-bandkloof val/defectniveaus 

wordt aangetoond middels een breed spectraal kenmerk in het absorptiespectrum. 

Middels het bepalen van de optisch geïnduceerde ladingsdichtheidsafhankelijke 

vervaldynamica van het 750nm fotonverblekingssignaal, is een val/defectdichtheid 

van 1.41*1018 cm-3 gevonden. In de tijdsopgeloste absorptiemetingen vinden we 

ook fotogeïnduceerde absorptie (FIA) bij een golflengte van 775nm. De invloed 

van excitatiegolflengte en ladingsdichtheid op de piekpositie van het α2 spectrum 

(waar α de absorptiecoëfficiënt is), staat toe het 775nm fotogeïnduceerde 

absorptieniveau toe te kennen aan het heteladingsgeïnduceerde 

bandkloofrenormalisatie-effect. Het thermisch afkoelen van hete lading is 

gekwantiseerd middels het tijdsverval van het 775nm FIA-signaal, de spectrale 

ontwikkeling van het 750nm niveau, de gelijktijdige verval-groeirelatie tussen het 

langegolflengte FIA-signaal en het 750nm fotonverblekingssignaal.  

Naast bovenstaande resultaten bevat de thesis de beschrijving van de 

gebruikte technieken, te weten de Time-of-Flight, ladingsextractie middels linear 

stijgende spanning (CELIV: charge extraction by linearly increasing voltage), en 

tijdopgeloste absorptiemetingen. Daarnaast bediscussieer ik de data-analyse. Dit is 

beschreven in hoofdstuk 2.  

Samenvattend beschouwt deze thesis experimentele studies naar 

ladingstransport en optische eigenschappen in twee nieuwe types halfgeleiders, te 

weten een organische halfgeleider en een organometaalhalide 

perovskiethalfgeleider. Verscheidene karakterisatiemethodes zijn gebruikt. De 

spectroscopische methodes zijn gebruikt om intrinsieke materiaaleigenschappen te 

bestuderen, ofwel de materiaaleigenschappen op moleculair niveau. Het gebruik 

van elektrische methodes daarentegen geven meer relevante meetresultaten voor 

praktische toepassingen van de materialen. 
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