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Acronyms

BGD Bässler's Gaussian disorder.

CELIV Carrier Extraction by Linearly Increasing Voltage.

MSE Mean squared error.

MTR multiple-trap & release.

OFET organic �eld-e�ect transistor.

OPA optical parametric ampli�er.

OTFT organic thin-�lm transistor.

PC polycarbonate.

PEPC poly-N-epoxypropyl-carbazole.

PS polystyrene.

PT polythiophene.

PVB polyvinyl butyral.

TOF Time of Flight.

VASE Variable Angle Spectroscopic Ellipsometry.

VRH variable range hopping.

XRD X-ray Di�raction.
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1 Introduction

As is well understood in the �eld of organic electronics and optoelectronics, disorder in or-

ganic semiconductor materials signi�cantly a�ects charge carrier dynamics. Structural and

energetic disorder, often manifested through traps and impurities, complicates charge trans-

port and recombination processes by reducing carrier mobility and promoting trap-assisted

recombination. Consequently, charge transport parameters in organic semiconductors are

typically much lower than those observed in inorganic materials. Despite these limitations,

organic electronics and optoelectronics continue to attract strong interest and maintain an

important market presence, particularly in applications where conventional silicon-based

technologies lack �exibility and mechanical adaptability.

Signi�cant focus is directed to the highest charge mobility o�ering small-molecule single-

crystal semiconductors, however, growing uniform crystals and precisely positioning them

for devices is challenging. As a result, organic electronics rely mainly on solution-processing

techniques to form highly crystalline thin �lms with controlled size and orientation [1].

While polymers process well into uniform �lms, small-molecule semiconductors are di�cult

to solution-coat due to their low viscosity and poor wetting. A successful strategy is blending

them with an insulating binder polymer, which acts as a thickening and wetting agent �

producing uniform �lms without signi�cantly reducing the excellent intrinsic charge mobility

of the small molecules [1].

This work investigates hole and electron transport, as well as recombination processes, in

blend layers containing a well-known organic molecule trans-stilbene and a polymer material.

Since single-crystal trans-stilbene exhibits exceptional charge transport properties, blending

it with a polymer, together with controlled phase separation, represents a promising approach

for the fabrication of organic electronic devices. In addition, morphology control within such

blend systems may provide a pathway for suppressing charge carrier recombination while

preserving e�cient transport properties. However, quantitative investigation is necessary to

ensure that the blend-processing approach does not signi�cantly compromise the intrinsic

transport characteristics of stilbene.
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2 Theory and Literature Review

2.1 Charge Carrier Transport in Organic Materials

Charge carrier transport in organic and inorganic semiconductor materials is governed by

di�erent mechanisms and thus is described using separate scienti�c theories. The classical

band-like transport theory is expected for highly ordered or disorder-free systems, which

mainly consist of single crystalline inorganic semiconductor materials. In contrast, charge

carrier transport in majority of organic semiconductor materials, which usually contains

energetic and structural disorder, can be described by well known multiple-trap & release

(MTR), variable range hopping (VRH) and Bässler's Gaussian disorder (BGD) models [2].

Figure 1. Schematic representation of transport mechanisms for (a) band-like transport, (b)
multiple-trap & release (MTR) model, (c) variable range hopping (VRH) model and (d) Bässler's
Gaussian disorder (BGD) model. Adapted from [2].

The numerous amount of charge transport models for organic semiconductor materials

(just a few mentioned above) is a direct consequence of a vast amount of available said ma-

terials. These models usually are speci�c to a large group of material and are well supported

by evidence in di�erent experiments on temperature dependence of carrier mobility [2].

Before exploring any one of the mentioned models in depth, or perhaps skipping this

part entirely, the simplest way to explain charge transport in the presence of disorder is to

start from the fact that disorder generally localizes the band states found in highly ordered

materials [3]. In weakly disordered 3D materials only the states at the band edge are truly
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localized. Increasing the degree of disorder progressively localizes the states; at the limit of

strong disorder, all states within the band become localized. Transport then operates in the

hopping regime with charges jumping between interacting molecules [3]. Refer to Figure 1c

and Figure 1d for the schematic depiction of hopping transport.

Upon describing the hopping transport regime and its origins in organic semiconduc-

tor materials, it becomes necessary to discuss the primary quantity characterizing charge

transport�carrier mobility [3].

Under applied electric �eld, and thus the induced drift of carriers within, e.g, an organic

layer, the mobility de�nition becomes the ratio between the velocity, v, of the charges and

the amplitude of the applied electric �eld, E [3]:

µ =
v

E
. (1)

Drift induces a displacement of the average position of a charge, and thus is the e�ect

that dominates (over di�usion, which is seen as a local displacement of a charge around an

average position) the migration of the charges across an organic layer in the devices [3].

Naturally it is then a point of interest to determine the mobility dependence on electric

�eld in organic materials, which is also di�erent from the case of single crystal inorganic

materials.

The electric-�eld dependence of mobility in single crystalline materials is typically ob-

served only in high purity crystals and the increase in electric �eld tends to reduce mobility.

Conversely, organic or disordered materials in majority of cases show the opposite depen-

dence�increase in mobility values with increasing electric �eld. This dependence is typically

seen in high electric �elds�in the range of 104�106 V/cm, and obeys Poole-Frenkel behavior

[3]:

µ(E) = µ0 exp(γ
√
E) (2)

where µ0 is the zero-�eld mobility, and γ is the temperature dependent �eld activation

parameter.

To further the discussion of carrier mobility, it is essential to consider the typical values

found in di�erent organic material categories to establish a baseline for comparison. How-

ever, before proceeding, it is necessary to brie�y mention that the characterization of p-type

or n-type organic semiconductors in literature usually does not re�ect the intrinsic ability

of the material to transport holes or electrons, but rather indicates how easily these carriers

can be injected into the material from traditional electrodes [3]. Therefore, in many organic

semiconductors, the electron and hole mobility values are expected to be comparable. Nev-

ertheless, and in the context of ease of carrier injection, materials are usually referred to as

hole (electron) transporters when their ionization energy (electron a�nity) closely matches
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the Fermi level of the electrode material [3].

Now, when talking about carrier mobility values, in best cases, crystalline organic semi-

conductors (i.e, pentacene) can reach the 0.1�20 cm2V−1s−1 value range, while mobility

values for amorphous in structure materials usually drop below the 0.1 cm2V−1s−1 [3]. In

addition, some π-conjugated polymers can approach the relatively high mobility values, like

in the case of polythiophene (PT) derivatives, reaching 0.6 cm2V−1s−1. On the opposite

side, in completely disordered polymer �lms charge carrier mobility values can be as low as

10−6�10−3 cm2V−1s−1 [3].

The subsequent chapter (Chapter 2.2) discusses in detail a speci�c case of crystalline

small molecule combination with polymer materials for achieving uniform organic layers

(�lms), and, in addition, brie�y touches upon key properties related to charge carrier trans-

port, which are not mentioned in this chapter.

2.2 Polymer and Small Molecule Blends

Organic semiconductors can be split into two categories: small molecules or oligomers (usu-

ally processed in vacuum) and polymers (often solution-processed) [3]. The semiconducting

property of these materials to transport charge is enabled by the conjugation along the back-

bone (i.e., molecular core), which results in charge delocalization and thus usually higher

carrier mobility values [4]. As it happens the most widely investigated organic semiconductor

materials (Figure 2) do show π-conjugation (conventionally is represented as alternating sin-

gle and multiple bonds in structural formula). In addition, signi�cant enhancement of charge

carrier mobility in organic conjugated materials can also be a result of π-π stacking, which is

an arrangement of di�erent molecules connected via van der Waals interactions, that allows

charge transport [4].

Figure 2. Chemical structures of some of the most studied organic molecular semiconductors [3].
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Continuing from the previous paragraph, it is apparent that both intramolecular elec-

tronic structure (π-conjugation) and intermolecular morphology (π-π stacking) plays an im-

portant role for organic materials in terms of charge carrier transport. When moving from

single-component materials to polymer-small molecule blends, the role of intermolecular or-

ganization becomes even more pronounced, as thin-�lm formation governs phase separation,

molecular packing, and transport pathways.

Small molecule single crystal semiconductors typically demonstrate the highest mobil-

ities (see Chapter 2.1), however, the device fabrication employing these materials faces

di�culties of growing uniform crystals and positioning them in a regular manner. Therefore,

fabrication of organic electronics is primarily focused on solution processing, such as inkjet

printing, spin-coating and so on, to achieve thin �lms with high crystallinity and controlled

crystal size and orientation [1]. Whilst solution processing of polymer semiconductors fre-

quently result in satisfactory thin �lms, there is signi�cantly more di�culty in preparing thin

uniform �lms by solution coating of small molecule semiconductors, due to the low viscosity

and poor wetting. A viable strategy to improve the solution processability of small molecule

materials is the incorporation of an insulating binder polymer as a thickening and wetting

agent. This approach has been found to produce blend �lms that do not hinder the intrin-

sic excellent charge mobility of small molecule semiconductors [1], and in some cases even

show signi�cantly better electrical properties for the blend semiconductors in devices such

as organic thin-�lm transistors (OTFTs), when compared with those of neat small molecules

[5].

It then becomes essential to identify the basis of outcomes mentioned above, and the

evidence points at the thin-�lm morphology altering factors (few already noted at the start

of the page) such as: complex crystallization mechanisms in solution, that may involve

initially formed amorphous aggregates, where solvent-solute interactions play a critical role

in development of order; the process of phase separation [6]; the miscibility of materials;

and the relative rate of aggregation [4]. These factors to some extent are shown in the

Figure 3, where blend morphology formation is depicted dependent on material miscibility,

thus ushering two types of phase separation pathways liquid-liquid (L-L) and solid-liquid

(S-L).

Finally, it is important to note that the presence, and type of phase separation (vertical or

lateral) does not automatically result in either improved or degraded electrical properties of

the device�di�erent blend morphologies (and thus di�erent degree of phase separation) can

be either bene�cial or detrimental depending on the speci�c type of device. For example, the

vertical phase separation (initiated by the interfacial energy that favors one component over

the other at the substrate-semiconductor or the semiconductor -air surfaces) is a necessary

condition for obtaining electrical properties of blend semiconductors that are as good as or

even better than those of neat small molecules when talking about OTFTs [5].
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Figure 3. Assembly pathway of polymer/small molecule blends. The initial mixed one-phase
solution containing the polymer and small molecule undergoes solid-liquid or liquid-liquid phase
separation depending on the miscibility of the materials. Following the phase separation is further
aggregation of the polymer and crystallization of the small molecule leading to the distinct phase-
separated blend morphologies largely determined by the phase separation and assembly processes.
Adapted from [4].

2.3 Stilbene

(E)-Stilbene or commonly know as trans-stilbene (hereafter referred to as stilbene) is a molec-

ular organic crystal constituted by aromatic hydrocarbon molecules, C14H12 (see Figure 4).

Stilbene generally is known for its excellent scintillating properties (i.e., light output) making

it one of the best organic scintillators�single crystal stilbene incorporation into radiation de-

tectors has proven that it is better suited for fast neutron spectroscopy and neutron-gamma

discrimination than any other organic scintillators [7].

Figure 4. Structural formula of trans-stilbene molecule.
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Usage of stilbene extends to organic electronics, as couple of studies report fabrication

of stilbene oligomer based photo-switchable organic �eld-e�ect transistor (OFET), where

photomechanical molecular switching e�ect is achieved through cis-trans photoisomerization

(inherent stilbene characteristic) of these oligomers [8, 9]. The potential of stilbene based

organic electronics, in principle, is easily noticeable as single crystalline stilbene shows rela-

tively good electrical properties. Single-crystalline stilbene, in early measurements reported

charge carrier mobilities of 2.2�2.4 cm2V−1s−1 for holes [10, 11] and 0.2 cm2V−1s−1 for elec-

trons [10]. As it happens these values fall near the highest measured mobility values of

any organic semiconductor material making stilbene a generally viable option for electronics

application. In addition, a fairly recent study measured the single crystal bulk conductivity

σ (1.0015 · 10−8 S/cm) and resistivity ρ (9.9849 · 107 Ω · cm) of stilbene [12]. The measured

bulk conductivity and resistivity, not surprisingly, fall into the typically observed value range

for organic semiconducting materials. Lastly, the same study measured the dielectric con-

stant ε of single crystal stilbene, indicating a value of 4041 [12].

Few words have to be said about the scope of stilbene fabrication process as this is

inseparably linked to device realization, which remains challenging even at small-scale. Sin-

gle-crystalline stilbene as a scintillator is traditionally produced using the Bridgman melt

technique, yielding crystals of 6-8 cm (see Figure 5 for reference and locations of crystallo-

graphic planes). Alternatively, solution-based growth has proven e�ective for larger scales,

reaching crystal sizes of 10 cm [7]. In terms of organic electronics, speci�cally OFETs, the

fabrication of stilbene semiconducting layer is realized using vacuum thermal evaporation

technique [8]. Furthermore, couple of microscopy and spectroscopy studies have shown fabri-

cation of uniform polystyrene (PS)/stilbene blend layers with micro-scale stilbene crystallites

using spin-coating technique [13, 14].

Figure 5. Grown single crystal of trans-stilbene (a) and the crystal habitus (b), showing monoclinic
crystal system. Both images indicate the location of crystallographic planes. Adapted from [15].
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3 Studied Samples and Experimental Methods

The following sections describe the preparation of samples containing a polymer/stilbene

blend layer. Additionally, several methods for characterizing these layers are brie�y pre-

sented. While this research focuses primarily on electrical characterization, structural and

optical analyses remain critical : they provide essential insight into layer properties and al-

low for the control of physical and morphological conditions necessary for reliable electrical

measurements.

3.1 Sample Structure and Fabrication

The architecture of the fabricated samples is illustrated in Figure 6. This structure follows

a relatively straightforward design, utilizing a glass substrate onto which a bottom aluminum

blocking electrode is deposited. Subsequently, an organic blend layer consisting of a polymer/

stilbene matrix is applied. The device is completed by the deposition of a top aluminum

blocking contact, resulting in a parallel-plate capacitor geometry. This speci�c con�guration

is highly suitable for both core electrical characterization techniques employed in this study:

Carrier Extraction by Linearly Increasing Voltage (CELIV) and Time of Flight (TOF).

Figure 6. Schematic representation of the sample architecture utilized for the electrical charac-
terization of polymer/stilbene blend layers. (a) Side-view illustrating the vertical layer sequence;
(b) Top-view showing the electrode con�guration. Total substrate dimensions are 2.5 × 2.0 cm.
Adapted from [16]

.

The sample fabrication process begins with a cleaning procedure, where the glass sub-

strate is submerged in a series of solvents and treated in an ultrasonic cleaner. Following

this, a bottom aluminum contact is deposited via vacuum thermal evaporation. To ensure

optimal surface quality, plasma sputtering is subsequently employed for additional debris

removal and wetting enhancement. Immediately thereafter, a solution containing stilbene

(96% purity, Sigma-Aldrich) and a polymer, dissolved in chloroform, is spin-coated onto

the prepared substrate. Once the blend layer has formed, the top aluminum contacts are

deposited using the same vacuum thermal evaporation technique; in this step, however, the

electrodes are patterned using a shadow mask to de�ne the �nal geometry.
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The prepared samples feature a blend polymer/stilbene layer where ratio of the said

materials are adjusted. The B series samples utilize a polyvinyl butyral (PVB) polymer as a

blend material, while the P series samples use poly-N-epoxypropyl-carbazole (PEPC). The

summary of investigated samples together with spin-coating parameters is presented in a

table below.

Table 1. Summary of the sample con�gurations investigated in this study. Note that only a couple
of the listed samples yielded viable data for electrical characterization (see Chapter 4 for a detailed
analysis).

Name
Stilbene conc.

in solution, mg/mL
Polymer conc.

in solution, mg/mL
Material
ratio

Blend layer
thickness, µm

Spin-coating
parameters

B1 40

40

1:1 1.61

3000 rpm
750 rpm/s

210 s

B2 80 2:1 3.28

B3 120 3:1 4.63

B4 160 4:1 6.20

P1 40 1:1 1.62

P2 80 2:1 2.24

P3 120 3:1 0.15

P4 160 4:1 0.05

The above table denotes organic layer thickness calculated from standard CELIV. For the

P series samples, layer thickness inconsistency can be observed, particularly in P3 and P4

samples (highlighted in red). For this reason, layer thickness is also derived from VASE �t

results, and a value of 1.1 µm is accepted for all P series samples. For additional information,

refer to Chapter 4.3.

3.2 Utilized Polymers

Initially, three polymers were evaluated in attempts to achieve an acceptable morphology

of the polymer/stilbene blend layer. Polymers PVB and PEPC rapidly demonstrated the

desired structural characteristics, therefore the entire fabrication process was subsequently

focused exclusively on these two polymers, and the remaining polymer material (polycar-

bonate (PC)) was no longer considered as potential blend component.

That being said, completely ruling out PC as a polymer blend component may be pre-

mature, as polarized light microscopy images of PC/stilbene layer showed decent local crys-

tallinity (see Figure 33 in Appendix 1). Numerous technological parameters (such as

solvent choice, concentration, processing conditions, etc.) can still be modi�ed or entirely

re-optimized, potentially leading � now or in the future � to equivalent or even superior

morphological and material properties.

All three investigated polymers are shown in the Figure 7 for completeness
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Figure 7. Structural formulas of PEPC (taken from [17]), PVB (taken from [18]) and PC.

3.2.1 Poly-N-epoxypropyl-carbazole (PEPC)

PEPC is a polymer characterized by side carbazolyl groups attached to the main chain.

Structurally, it is considered an atactic, amorphous material that shows no evidence of crys-

tallinity, which contributes to its excellent solubility in common organic solvents like tetrahy-

drofuran and chloroform. PEPC is a well-known organic photoconductor and therefore is

extensively used in applications such as electrophotographic micro�lming, the manufacture

of multicolour slides, and the photothermoplastic recording of information. Regarding its

optical properties, PEPC exhibits strong absorption in the near UV spectral region, where

it shows photosensitivity up to 345 nm [19�21].

3.2.2 Polyvinyl Butyral (PVB)

Built from three distinct building blocks, the chemical structure of PVB consists of: polyvinyl

alcohol (x, 18�23%); polyvinyl acetate (y, less than 1%); and polyvinyl butyral (z, approxi-

mately 81%). Typically, the PVB polymer is used in applications requiring strong chemical

bonding, optical transparency, and excellent surface adhesion. Furthermore, PVB serves as

a blender/binder material [18].

13



3.3 Structural Characterization

For identifying the polymer/stilbene blend layer crystallinity (particularly crystallite size)

and dominant crystallographic planes, structural characterization methods : polarized light

microscopy and XRD, were used. The imaging and measurements of samples were performed

prior to the top electrode deposition. The utilized techniques are brie�y described in the

following sections.

3.3.1 Polarized Light Microscopy

Polarized light microscopy examines the molecular order within heterogeneous systems by

probing the local anisotropy of a crystal's optical properties, namely birefringence, which

is the anisotropy of the refractive index. In a conventional setup, crossed polarizers (ori-

ented at 90° relative to one another) block light transmission unless the light interacts with

a birefringent crystal that modi�es its polarization state. By comparison, a parallel con-

�guration permits the entire intensity of polarized light to pass through. Together, these

con�gurations provide quantitative information about how a specimen shifts the phase of

light, making them especially useful for identifying crystal domains and mapping molecular

orientations [22].

To identify the crystal domains present within the polymer/stilbene blend layer, an

OLYMPUS BX41 optical microscope equipped with polarizers was used. The results are

presented in Chapter 4.1.

3.3.2 X-ray Di�raction

X-ray Di�raction (XRD) relies on the ability of crystalline materials to di�ract X-rays in a

characteristic way that is governed by their periodic atomic arrangement. The technique is

based on Bragg's Law (nλ = 2dhkl sin θ), which states that constructive interference takes

place when X-rays hit crystallographic planes at speci�c angles (θ) determined by the lat-

tice spacing (d) and the X-ray wavelength (λ). By analyzing the intensity and positions

of the di�racted peaks, it becomes possible to determine the orientation of particular lat-

tice planes�identi�ed by Miller indices (hkl)�and to characterize the material's internal

structure and phase composition [23].

The di�raction peaks of the polymer/stilbene blend layers were analyzed using a Rigaku

X-ray di�ractometer. The predominant crystallographic planes were identi�ed using the

SmartLab Studio analysis software database, and the obtained results are presented in

Chapter 4.1.
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3.4 Optical Characterization

Optical techniques such as absorption spectroscopy and Variable Angle Spectroscopic El-

lipsometry (VASE) play an essential role in meeting the requirements of electrical char-

acterization methods and in enabling reliable determination of the electrical properties of

polymer/stilbene blend layers. Similarly to the structural characterization procedures, the

optical measurements were carried out before deposition of the top electrodes onto the sam-

ples. The operating principles of the optical characterization techniques are discussed in the

following sections.

3.4.1 Absorption Spectroscopy

From the Lambert's law of absorption, which states that the intensity of light decreases

exponentially over the distance d of an absorptive medium:

I = I0e
−αd (3)

a quantity of absorbance A, can be expressed as:

A = ln
I0
I

= −αd (4)

which is essentially a Beer-Lambert law for transmittance when scattering is minimal.

By probing the amount of light before and after the sample and plotting the absorbance

A (or αd) against wavelength, an absorption spectrum of the material in interest can be

acquired.

UV-NIR white light �ber spectrometer from Avantes was used to measure polymer/

stilbene blend layer optical absorption spectra. The results are presented in Chapter 4.2.

3.4.2 Variable Angle Spectroscopic Ellipsometry

VASE is a non-invasive optical technique, dedicated for characterizing surfaces, interfaces,

and thin-�lms. The analysis of the change in the polarization state of light upon re�ection

or transmission through a sample, enables identi�cation of essential parameters, such as,

thin-�lm thickness d and optical constants n, k from the ellipsometry measurement. The

method extracts information from every layer that interacts with the incoming light beam.

The term �ellipsometry� originates from the tendency of polarized light to become elliptical

after being re�ected [24].
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Figure 8. Polarized light interaction with a material. Here, p polarization refers to light polarized
parallel to the plane of incidence, while s polarization refers to light polarized perpendicular to it.
Taken from [24].

The essential parameters, ∆ and Ψ, which are measured in ellipsometry, depend on

wavelength and angle of incident, and are expressed as [24]:

tanψ =
|Rp|
|Rs|

(5)

∆ = δp − δs (6)

Ψ represents the angle whose tangent gives the ratio of amplitude attenuation (or magni-

�cation) upon re�ection for p and s polarizations, while ∆ represents the di�erence between

the phase shifts experienced upon re�ection by p and s polarizations [24].

The relation between ∆ and Ψ parameters is expressed through a complex quantity ρ,

which is the complex ratio of the total re�ection coe�cients [24]:

ρ = tan(ψ)ei∆ =
R̃p

R̃s

(7)

Alpha-SE ellipsometer from J.A. Woollam was used for VASE measurements of the poly-

mer/stilbene blend layers, while optical modeling was carried out via CompleteEASE analysis

software. Results are presented in Chapter 4.3.
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3.5 Electrical Characterization

Charge carrier transport and recombination processes in polymer blend layers containing

stilbene were investigated using two widely established electrical characterization methods :

photo-CELIV and TOF. Detailed descriptions of these techniques are provided in the sub-

sequent subchapters.

3.5.1 Carrier Extraction by Linearly Increasing Voltage

Carrier Extraction by Linearly Increasing Voltage method has many implementations, which

suit di�erent materials and di�erent sample geometries. In this study two types of the said

method are used: regular CELIV and photo-CELIV.

The regular CELIV is a method used to evaluate drift mobility and bulk conductivity in

disordered solids. The principle of CELIV is to apply an increasing voltage pulse to a sample

with blocking contact and examine the current transient [25]. Similarly, the same principle

applies to photo-CELIV, however, here extraction of photogenerated carriers is examined

[26]. Typical transients of both methods are depicted in Figure 9.

Figure 9. Schematic illustration of applied voltage U to the sample and corresponding current
transient j in regular CELIV (a) (adapted from [25]) and in photo-CELIV (b) (adapted from [26])
method. j(0) is the initial current, ∆j - extraction current of charge carriers, Qex - extracted charge,
and Q - charge on the electrodes.

In CELIV from the initial voltage step U0 (scope output � not recalculated to j(0)),

organic thin-�lm thickness d can be calculated using [27] (valid when RC is small):

d =
εε0SAR

U0

(8)

where S is overlapping contact area, A is voltage slope and R - load resistance.
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As is evident, from both methods, when the extraction is present, charge carrier mobility

can be estimated using the tmax value, and the mobility expression is:

µ =
2d2

3A(tmax)2
. (9)

However, when employing the photo-CELIV method and establishing a surface photo-

generation condition (αd≫ 1) the mobility expression changes to:

µ =
2d2

A(tmax)2
. (10)

Both Equation 9 and Equation 10 are valid when the photogenerated charge is small

compared to the charge accumulated in the contacts.

Another key idea and the main advantage of photo-CELIV is that by varying the delay

time tdelay between light and voltage pulses, the relaxation of the mobility and the density

of charge carriers after photoexcitation could be determined [26].

In the case of analyzing the relaxation of the photogenerated charge carrier density, it is

possible to estimate the charge carrier lifetime τ and identify the dominant recombination

mechanism in investigated material [28]. To do this, the density of photogenerated charge

carriers is �rst determined by integrating the area under the photocurrent transient and

subtracting the capacitive contribution. The resulting charge carrier density values are then

plotted as a function of delay time [28].

In some cases, the photocurrent transients measured in photo-CELIV show only partial

extraction of charge carriers. When this happens, it is not possible to reliably determine

how the charge carrier density relaxes over time. However, if the partial extraction is very

close to full extraction (i.e. the transient is nearly ideal), and the main reason preventing

complete extraction is the long-lasting tail of the photocurrent transient, and a generally

low photoresponse of the material, then there exists a method that still allows a reasonable

estimation of the charge carrier density relaxation [16].

The method is based on three key steps:

1. Measuring the main (majority) extracted charge � this corresponds to nearly full ex-

traction of the photogenerated carriers. It is obtained by applying the short-duration

CELIV voltage pulse (with pulse length tp) at a certain delay time after photoexcitation

[16].

2. Separately determining the constant �tail� charge � this is the small remaining charge

that is extracted very slowly. It is quanti�ed by signi�cantly increasing the CELIV

pulse duration tp until the transient clearly shows full extraction (no more signi�cant

tail remains) [16].

18



3. Combining both values � by using the main extracted charge together with the constant

tail charge, and then systematically varying the delay time tdelay between photoexci-

tation and the voltage pulse, it becomes possible to reliably evaluate how the charge

carrier density relaxes over time [16].

In essence, the approach corrects for the incomplete/short-pulse extraction by accounting

for the persistent slow tail, allowing charge carrier density relaxation to be estimated even

when perfect full extraction is not achieved with normal short tp pulses (in low photoresponse

materials) [16].

A few important points should be highlighted. Firstly, since extending the duration of

the CELIV pulse allows to probe the �tail� charge, one might ask � why not simply use

a much longer CELIV pulse to achieve a complete extraction of all charge? The reason is

that signi�cantly increasing the CELIV pulse duration usually reduces the amplitude and

changes the shape of the photocurrent transient corresponding to the initial (fast) extraction

phase. In materials with low photoresponse, this e�ect becomes particularly problematic:

it noticeably increases the error (mainly electrical noise induced) when determining the

extracted charge, especially when the delay time (tdelay) is varied [16].

Secondly, when determining the main extracted charge as a function of the delay time

(tdelay), the photocurrent transients recorded for di�erent tdelay values must converge to

the same �nal level. This convergence ensures that the shape and magnitude of the slow

�tail� part of the photocurrent remain consistent across all delay times � which, in turn,

guarantees that the integrated �tail� charge is constant and independent of tdelay [16].

The experimental setup used to perform CELIV and photo-CELIV measurements of

polymer/stilbene blend samples is illustrated in Figure 10 and features only a voltage signal

generator and an oscilloscope, and a picosecond YAG:Nd laser in the case of photo-CELIV.

Figure 10. Principal scheme of the CELIV experiment setup. The utilized YAG:Nd laser, in
addition to an internal harmonics generator, has a built-in optical parametric ampli�er (OPA),
which enables the selection of any emission wavelength present in the tuning curves. For photo-
CELIV 330 nm and 355 nm wavelengths were used. Adapted from [29].
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3.5.2 Time of Flight

Time of Flight is a technique based on measuring the carrier transit time ttr, which is the

time required for a sheet of charge carriers photo-generated by pulsed light irradiation at

the surface of an electrode to drift across the sample to the other electrode under an applied

electric �eld [30].

To realize a TOF measurement, several conditions have to be satis�ed. First, the applied

electric �eld must be uniform and the dielectric relaxation time τσ, which is de�ned as the

time for the photogenerated charge to relax back to the original state, should be larger

than the ttr. Second, the sample thickness should be signi�cantly larger than the absorption

depth, meaning that the light absorption must be at the surface (αd≫ 1). Finally, the RC

time constant should be much smaller than ttr � di�erential TOF regime [31].

Typical TOF transients are illustrated in Figure 11. The inset in Figure 11b shows a

standard practice of utilizing double logarithmic scale to easily determine the transit time

ttr in dispersive organic materials. The mobility is calculated by Equation 11.

Figure 11. Typical TOF transient photocurrents. (a) Non-dispersive, (b) dispersive. Adapted
from [30].

µ =
d2

V ttr
. (11)

Experimental setup used to perform TOF measurements on the polymer/stilbene blend

samples in this study utilizes the same equipment as in the photo-CELIV experiment, how-

ever, instead of the signal generator a DC power supply is used as a voltage source. The

�gure below shows a detailed TOF setup.
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Figure 12. Principal scheme of the TOF experiment setup. The utilized YAG:Nd laser, in addition
to an internal harmonics generator, has a built-in OPA, which enables the selection of any emission
wavelength present in the tuning curves. For TOF 330 nm wavelength was used. Adapted from
[29].
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4 Results and Discussion

Polymer and stilbene organic blend layers, utilizing PVB or PEPC as a polymer component,

were characterized using techniques described in the previous chapter. The thickness of

each fabricated sample (see Table 1) was evaluated using regular CELIV measurement and

Equation 8. Dielectric constant ε value of 3.5 was used in calculations.

4.1 Crystallinity of Organic Layers with Stilbene Crystallites

The polarized light microscopy images of organic layers with PVB polymer and stilbene

crystallites (B sample series) are presented in Figure 13, while images of organic layers

where polymer component is PEPC (P sample series) are presented in Figure 14. The

polarizers con�gurations � crossed and parallel � in images are represented with × and =

symbols accordingly. The stilbene and polymer ratio used during fabrication of the samples

is denoted in each row of the images.

Figure 13. Polarized light microscopy images of organic layers with PVB polymer and stilbene
crystallites.
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When observing stilbene crystallinity in organic layers of the B series samples, it is ev-

ident that with increasing amount of stilbene used in layer fabrication, greater crystallinity

(or higher abundance of crystal domains) of the layer is noticed. The images of B1 sample

suggest perhaps a sparse distribution of relatively small in size stilbene crystallites, or no

meaningful crystallinity at all. The B2 sample presents completely opposite layer morphol-

ogy, as the crystallinity of stilbene has signi�cantly increased. The B3 and B4 sample layers,

in addition to increased abundance of crystalline stilbene regions, begin to show (at a surface

level) crystal domains positioned at several di�erent directions. Furthermore, the latter two

samples in terms of blend layer morphology are very similar.

Even though higher stilbene and PVB ratio samples show favorable degree of stilbene

crystalline region abundance, the evaluation of crystallite sizes in these samples is infeasible

due to crystal boundary ambiguity.

Figure 14. Polarized light microscopy images of organic layers with PEPC polymer and stilbene
crystallites.
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Similar observations in terms of layer crystallinity can be stated for P series samples

presented in the �gure above. The P1 and P2 sample layer morphologies are highly com-

parable to the ones observed in B1 and B2 samples. However, key di�erences between used

polymers for layer formation are seen when comparing higher ratio samples. In P3 and P4

layers, contrary to B3 and B4, individual crystallites can be distinguished, and thus their

dimensions can be extracted : ∼ 400 × 200 µm for P3 and ∼ 600 × 300 µm for P4. From

this an important observation can be stated, that during P4 sample layer formation (and

with presence of higher amount of stilbene in solution), the growth of proportionally larger

crystallites was allowed. To add, both P3 and P4 samples show evenly dispersed crystallites

throughout the whole layer, thus establishing moderately high degree of crystallinity.

Moving onward, X-ray di�ractograms of B and P series blend layer samples are presented

in Figure 15 and Figure 16, respectively. To improve the visual comparison of similarities,

the plots are displayed with an applied o�set. Note that in several instances throughout

both sample series, visible XRD peaks were not assigned to any crystallographic plane, as

the analysis software determined the peaks did not originate from stilbene (likely originated

from contact material).
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Figure 15. X-ray di�ractograms of 1:1, 2:1, 3:1 and 4:1 stilbene and PVB ratio blend samples.

For B series samples, it becomes immediately evident, that the highest intensity XRD

peaks at 2θ angles 6.128◦, 12.139◦, 24.408◦ corresponding to crystallographic planes (001),

(002), (004) appear in samples with material ratio 2:1, 3:1 and 4:1, and are absent in the
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sample with material ratio 1:1, which in fact does not show any XRD peaks. Comparison

with the polarized light microscopy image of the same sample further con�rms that stilbene

crystallization is strongly suppressed in this case. Furthermore, the 1:1 ratio blend sample

exhibits a predominantly amorphous character, evidenced by the more pronounced hump at

around 2θ = 20− 25◦, which indicates the dominance of the polymer phase.

Very similar �ndings from X-ray di�ractograms of P series samples (compared to the B

series) can be stated : predominant (002) and (004) crystallographic planes for P3 and P4

samples, and polymer phase occurrence in P1 and P2 samples. Some di�erences, however,

can also be observed. Low stilbene/PEPC ratio samples (P1, P2) show the appearance of

di�raction peaks attributed to crystallographic planes (20-2), (110), and (111), indicating

that, in these samples, the formation of di�erently oriented crystals is preferred compared

to P3 and P4 samples. In all fairness, organic layers from both series show at least small

distribution of di�erently oriented crystals.
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Figure 16. X-ray di�ractograms of 1:1, 2:1, 3:1 and 4:1 stilbene and PEPC ratio blend samples.

The predominant stilbene di�raction peaks in organic layers of B and P series samples

(mainly B2�B4 and P3, P4) belong to the same family, are perfectly parallel, and share the

same crystallographic orientation. It is therefore reasonable to conclude that the stilbene

crystals are well aligned relative to the substrate.
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4.2 Absorption Spectra of Organic Layers with Stilbene Crystallites

The absorption spectra of organic layers containing PVB polymer and stilbene crystallites

are shown in Figure 17, whereas the spectra of organic layers based on PEPC polymer and

stilbene blends are presented in Figure 18.

The optical absorption spectra measured for the polymer/stilbene blend layers mainly

provide insight into the appropriate laser wavelength required for photogeneration of charge

carriers, as well as whether carrier generation takes place predominantly at the surface or in

the bulk of the material.

The absorption peaks obtained for the B and P series samples indicate that multi-

ple irradiation wavelengths are suitable for use in photo-CELIV and TOF measurements.

Consequently, the selected laser wavelength should correspond to the strongest observed

photoresponse.

Moreover, in organic layers of the B and P series samples with higher stilbene and

polymer ratios, the αd parameter is signi�cantly greater than 1, implying that charge carrier

generation is expected to occur predominantly near the �lm surface.

Lastly, from the αd product, thin-�lm thickness could be extracted, however, due to

signi�cant scattering losses ("absorption" increase in visible wavelength range) in polymer/

stilbene layers, the evaluated values would be deemed unreliable.

2 4 0 3 0 0 3 6 0 4 2 0 4 8 0 5 4 0 6 0 0 6 6 0 7 2 0 7 8 0 8 4 0 9 0 0 9 6 0 1 0 2 0 1 0 8 00

2

4

6

8

1 0

1 2

�
d, 

a.u

� ,  n m

 S t i l b e n e  +  P V B  1 : 1
 S t i l b e n e  +  P V B  2 : 1
 S t i l b e n e  +  P V B  3 : 1
 S t i l b e n e  +  P V B  4 : 1

Figure 17. Absorption spectra of investigated PVB/stilbene organic blend layers. Note that the
electrical noise in the UV area is left on purpose to show the additional e�ects of light scattering
by the samples. For clarity purposes noise-free spectra is displayed in the previous work [16].
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Figure 18. Absorption spectra of investigated PEPC/stilbene organic blend layers. An apparent
"disappearance of the absorption" for 3:1 and 4:1 stilbene and PEPC ratio samples can be attributed
to the layer morphology (see Figure 34 in Appendix 1), where signi�cant amount of transparent
polymer regions during the measurement contributed to transmittance.

4.3 Evaluation of PEPC/Stilbene Blend Layer Ellipsometry Data

Due to the signi�cant overlap of stilbene crystallites with both the bottom and top electrodes,

as well as their high abundance, the evaluation of P3 and P4 sample layer thicknesses using

standard CELIV measurements becomes unreliable. Good stilbene and contact arrangement

with the high abundance of crystallites, results in a much larger capacitive CELIV signal,

making the use of a dielectric constant ε = 3.5, which would correspond to much thin-

ner layers on the order of tens to hundreds of nanometers, inappropriate. Consequently, a

higher, stilbene-induced e�ective ε value should be considered when estimating layer thick-

ness. However, determining the appropriate ε value would require a dedicated study in itself.

Therefore, VASE becomes a key tool for estimating these layer thicknesses (provided that

the measurements yield su�ciently noise-free data), as the dielectric constant of stilbene at

optical frequencies [32] is comparable to typical ε values of organic polymers (3�3.5).

VASE was performed for all P series samples, however, only P1 sample yielded noise-

free data, which could be modeled for thickness only, omitting the modeling of n, k optical

constants. The ellipsometry data �t results are presented in Figure 19, and estimate P1

layer thickness equal to ∼ 1.1 µm.
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Given the low viscosity of the stilbene/PEPC solutions (as con�rmed by visual compari-

son) used for depositing the organic layers in the P series samples, and considering that the

majority of the applied solution is removed from the substrate during spin coating, it can

be concluded that the thicknesses of the P series samples are approximately the same.

A note should be made regarding the discrepancy between the ellipsometry-estimated

thickness of the P1 sample and the value obtained from CELIV, with the latter being ∼ 50%

larger. Both values are, however, expected to be correct; therefore, the mobility values

obtained for the P4 sample using the TOF technique are compared while accounting for

di�erent thickness assumptions. In addition, since the CELIV-calculated thicknesses from

P1 to P2 show increase, the thickness for the P4 sample is accordingly extrapolated, yielding

a value of ∼ 3.4 µm.

Figure 19. Report of ellipsometry data �t results for P1 sample. Low Mean squared error (MSE)
value and a near identical model �t data suggest good thickness estimation.
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4.4 Carrier Transport in PEPC/Stilbene Blend Layers

TOF measurements were carried out on organic layers containing PEPC and stilbene crys-

tallites (P sample series). However, among all investigated samples, only the P4 sample

exhibited a clearly observable transit time in the photocurrent transients. Moreover, it was

possible to measure both electron and hole transit times ttr in the organic blend layer. Hole

and electron photocurrent transients are displayed in Figure 20 and Figure 21, respec-

tively. Arrows in the graphs point to a transit time ttr value, and a double-logarithmic scale

is used to improve the accuracy of its determination. Charge carrier mobility values were

calculated using Equation 11 and are presented as a function of
√
E in a semi-logarithmic

plot (see Figure 22). As was mentioned, previously two distinct calculations were performed

in accordance to the layer thickness discrepancy.
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Figure 20. TOF hole photocurrent transients of P4 sample irradiated with 330 nm wavelength
laser pulses.
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Figure 21. TOF electron photocurrent transients of P4 sample irradiated with 330 nm wavelength
laser pulses.

From Figure 22, it is apparent that using the extrapolated CELIV sample thickness

would yield approximately an order of magnitude higher µh and µe values compared to the

values calculated with ellipsometry-estimated sample thickness, even though the thickness

values di�ered ∼ 3 times. Taking into the consideration : the mobility value discrepancy and

a low viscosity PEPC/stilbene solution condition used when forming the P4 sample layer,

the correct mobility values are accepted to be the ones calculated using the ellipsometry-

estimated sample thickness.

The µh and µe values, thus, fall into the range of 0.001�0.01 cm2V−1s−1. The di�erence

between µh and µe values (µe value is slightly higher) is slight and at higher electric �eld value

becomes negligible. When talking about the mobility-electric �eld dependence, the charge

carrier mobilities in P4 sample layer decrease with increasing �eld. The observed result is

the opposite of the typical behavior seen in organic materials � increase in applied electric

�eld increases the mobility (Poole-Frenkel law). Such a dependence of decreasing mobility

is typically observed at low electric �elds, which corresponds to the conditions of the P4

sample measurements, and can be explained by the Bässler's Gaussian disorder formalism

� at low electric �elds charge carriers tend to hop into deep trap states (energetically

favorable tail states) and as the electric �eld increases, the carriers are forced to hop along

the �eld direction, limiting their access to deeper low-energy states and con�ning transport

to higher-energy, less energetically favorable sites. In addition, a possibility of disperse TOF

transients, which increases the error in ttr evaluation, must not be forgotten.
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Figure 22. Hole and Electron mobility dependence on electric �eld in P4 sample.

When comparing hole and electron mobility in the organic layer containing PEPC and

stilbene crystallites with literature values reported for single crystals [10, 11], a reduction

of about three orders of magnitude for holes and two orders of magnitude for electrons is

observed. This clearly indicates hindered charge transport in such a blend-layer morphology.

Although structural and energetic disorder reduces the inherently high mobility of pure

stilbene in this con�guration, the resulting mobility is still relatively high in the context of

organic materials, and the observed morphology suggests promising potential for applications

in organic electronic devices.
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4.5 Carrier Transport and Recombination in PVB/Stilbene Blend

Layers

Photo-CELIV measurements were performed to organic blend layers containing PVB and

stilbene (B sample series). However, out of all investigated samples, only the B4 sample pro-

duced well-de�ned photocurrent transients that allowed reliable extraction of charge carrier

mobility and photogenerated charge values. Additionally, both hole and electron transport

were investigated, and the relaxation of charge carrier density and mobility was determined.

Before presenting obtained results from photo-CELIV measurements and discussing the

charge carrier transport and recombination, several important points must be stated about

the sample thickness validity. First and foremost, the solutions used for the fabrication

of PVB/stilbene blend layers exhibited high viscosity, and during spin coating, nearly the

entire volume of solution deposited onto the substrate remained on its surface. Consequently,

the thickness values estimated by standard CELIV measurements for the B series samples

are considered reliable. VASE measurements were additionally carried out in an attempt

to verify the CELIV-estimated thicknesses; however, the obtained ellipsometry data were

extremely noisy, or, in some cases, measurements could not be performed at all. Due to

the strong scattering nature of the samples, the detector was unable to register re�ected

polarized light from the sample surface.
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Figure 23. Photo-CELIV current transients of B4 sample. Transients show partial charge carrier
extraction. The sample was irradiated with 330 nm wavelength laser pulses. The view is zoomed
in.
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Figure 24. Photo-CELIV current transient of B4 sample. Transient shows full charge carrier
extraction. The sample was irradiated with 330 nm wavelength laser pulses. The view is zoomed
in.

Initially, the B4 sample was investigated by photo-CELIV using laser pulses with a wave-

length of 330 nm, and a novel CELIV approach was applied to determine hole carrier life-

times. Subsequently, the sample was measured using a di�erent excitation wavelength of

355 nm, which generated a stronger photoresponse, enabled complete charge extraction, and

allowed estimation of electron mobility and lifetime. The hole and electron mobility values

were calculated using Equation 10.

The hole photo-CELIV transients obtained during the �rst measurement are shown in

Figure 23. From the extracted tmax values, the hole mobility µh was calculated and found to

lie within the range of 0.01�0.1 cm2V−1s−1. The dependence of hole mobility on tdelay + tmax

is presented in Figure 25. An exponential decrease in hole mobility with increasing delay

time is observed, indicating the presence of a single characteristic carrier relaxation time

related to energetic relaxation within the disordered density of states rather than intrinsic

transport properties.

By combining the majority carrier charge obtained from Figure 23 with the tail charge

extracted from Figure 24, recalculating these values to hole density, and plotting the result

as a function of tdelay + tmax, the hole lifetime τh in the B4 sample can be determined. The

corresponding results are presented in Figure 26. The observed dependence indicates a

monomolecular recombination process, with the estimated hole lifetime being approximately

16 µs.
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Figure 25. Relaxation of hole mobility determined from photo-CELIV measurements of B4 sample.
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Figure 26. Relaxation of hole density determined from photo-CELIV measurements of B4 sample.
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Since the hole photo-CELIV measurements performed using a 355 nm excitation wave-

length exhibit complete charge extraction together with more pronounced photocurrent

peaks, the calculated µh and τh values are expected to provide a more accurate descrip-

tion of hole transport and recombination processes in the PVB/stilbene organic blend layer.

The corresponding hole photo-CELIV transients are presented in Figure 27. The calcu-

lated µh values, plotted as a function of tdelay + tmax, are shown in Figure 28, whereas the

relaxation behavior of hole density is presented in Figure 29.
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Figure 27. Photo-CELIV hole current transients of B4 sample irradiated with 355 nm wavelength
laser pulses. Transients show full charge carrier extraction. The view is zoomed in.

From Figure 28, the µh values are found to lie in the range of 0.02�0.07 cm2V−1s−1. The

mobility dependence on delay time shows trends similar to those presented in Figure 25.

The exponential decay of hole density (Figure 29) indicates a monomolecular recombination

mechanism and the τh value extracted from the plot is estimated to be approximately 25 µs.
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Figure 28. Relaxation of hole mobility determined from photo-CELIV measurements of B4 sample
irradiated with 355 nm wavelength laser pulses.
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Figure 29. Relaxation of hole density determined from photo-CELIV measurements of B4 sample
irradiated with 355 nm wavelength laser pulses.
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The electron photo-CELIV current transients are shown in Figure 30. It should be

noted that, despite the strongly pronounced photocurrent peaks, full charge extraction is

not clearly observed in the transients; therefore, only an order of magnitude estimate of the

electron lifetime can be determined.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � 0
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 t d e l a y  =  1 5 . 8 5 6  µs

Figure 30. Photo-CELIV electron current transients of B4 sample irradiated with 355 nm wave-
length laser pulses. Transients show nearly full charge carrier extraction. The view is zoomed in.

Calculated µe values are plotted as a function of delay time in Figure 31. The electron

mobility exhibits an exponential decrease with increasing delay time, consistent with general

energetic relaxation behavior. The µe values lie in the range of 0.01�0.05 cm2V−1s−1 and are

in good agreement with the measured µh values when compared at the same delay time.

From Figure 32, which shows the electron density as a function of tdelay + tmax, an

exponential �t indicates a monomolecular recombination mechanism and suggests a τe value

of 37 µs; however, it is more appropriate to state that the lifetime is on the order of tens of

microseconds. A di�erence in determined lifetime values for holes and electrons, here, could

be attributed to a di�erence in experimental conditions.
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Figure 31. Relaxation of electron mobility determined from photo-CELIV measurements of B4
sample irradiated with 355 nm wavelength laser pulses.
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Figure 32. Relaxation of electron density determined from photo-CELIV measurements of B4
sample irradiated with 355 nm wavelength laser pulses.
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To summarize the photo-CELIV results, the electron mobility µe and hole mobility µh

in the organic layer containing PVB and stilbene are very similar, with values on the order

of 10−2 cm2V−1s−1. This corresponds to a reduction of approximately two orders of magni-

tude for holes and one order of magnitude for electrons compared to single-crystal stilbene

mobility values reported in the literature [10, 11]. These �ndings directly indicate somewhat

hindered charge transport, arising from increased structural and energetic disorder within

the PVB/stilbene layer. Nevertheless, the obtained mobility values remain highly reasonable

in the context of organic semiconductors.

Regarding recombination, the observed behavior in the PVB/stilbene organic layer is

consistent with a monomolecular process (trap-assisted recombination), with carrier lifetimes

τe and τh on the order of tens of microseconds. In comparison with literature values for

single-crystal stilbene, where τ < 1 µs [11], the electron lifetime is increased by at least a

few orders of magnitude in the blend system, further indicating enhanced structural and

energetic disorder. In addition, for the PVB/stilbene organic layer, the average carrier drift

distance before recombination, µτE can be estimated to be approximately 400 µm (more

reliably on the order of hundreds of micrometers). This indicates the capability for long-range

charge transport and, consequently, the possibility of substantially increasing the thin-�lm

thickness without signi�cantly reducing charge collection e�ciency.

Lastly, a comparison of mobility values between stilbene organic layers containing either

PVB or PEPC as the polymer component can, in principle, be made, indicating that layers

based on PVB and stilbene exhibit somewhat higher charge carrier mobility values. However,

the morphologies formed with both polymers exhibit similar stilbene crystallization within

the blend layers and charge carrier transport in both cases occurs predominantly through

stilbene, indicating promising characteristics for integration into organic electronic devices.
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5 Conclusions

After the analysis of presented results in Chapter 4, the following conclusions on the hole

and electron charge transport and recombination in organic layers with stilbene crystallites

can be stated:

1. Phase separation was controlled by processing in such a manner that results in stilbene/

polymer organic layer morphologies, that allow charge carrier transport through the

crystallites or crystalline domains of stilbene.

2. The combination of PVB or PEPC polymer with stilbene to form a polymer/small-

molecule blend introduces additional structural and energetic disorder, which only

slightly reduces the inherently high charge carrier mobility of pure stilbene, thereby

establishing a promising pathway for the use of such layers in organic electronic devices.

3. Incorporating stilbene into a PVB matrix extends hole and electron lifetimes to tens

of microseconds (compared to < 1 µs for electrons in pure stilbene), while maintaining

high charge transport properties in the context of organic materials, thereby estab-

lishing a pathway for suppressing recombination through morphology control without

signi�cantly hindering charge transport properties.
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Santrauka

Ri£ardas Milkevi£ius

KR	UVININKU� PERNA�A IR REKOMBINACIJA ORGANINIUOSE

SLUOKSNIUOSE SU STILBENO KRISTALITAIS

MAGISTRAT	UROS STUDIJU� BAIGIAMASIS DARBAS

�iame darbe tiriami kr	uvininku� perna²os ir rekombinacijos procesai organiniuose mi²riu-

ose sluoksniuose, sudarytuose i² maºamolekulinio puslaidininkio trans-stilbeno ir polimeriniu�

medºiagu� � PVB bei PEPC. Nors monokristaliniai organiniai puslaidininkiai pasiºymi itin

dideliu kr	uvininku� judriu, ju� praktinis pritaikymas yra sud
etingas d
el komplikuoto kristalu�

auginimo ir sud
etingo integravimo i� prietaisus. Tod
el organin
eje elektronikoje pla£iai taikomi

apdirbimo i² tirpalu� technologiniai metodai, leidºiantys formuoti kristalinius sluoksnius su

kontroliuojama morfologija. Tokiuose organiniuose sluoksniuose, polimerai pagerina sluoksniu�

formavim¡si ir leidºia i²laikyti palankias maºamolekuliniu� puslaidininkiu� kr	uvininku� per-

na²os savybes.

�iame tyrime faziu� atsiskyrimas stilbeno/polimero mi²iniuose buvo kontroliuojamas gamy-

bos metu taip, kad susidarytu� morfologijos, skatinan£ios kr	uvininku� perna²¡ per stilbeno

kristalitus arba kristalines sritis. Buvo pagaminti dvieju� tipu� organiniai sluoksniai, naudo-

jant PVB arba PEPC kaip polimerini� komponent¡. Abi sistemos, paruo²tos i² tirpalu�, kuri-

uose stilbeno ir polimero santykis buvo 4:1, pasiºym
ejo dideliu kristali²kumu. PVB/stilbeno

sluoksniuose susiformavo didel
es kristalin
es sritys be ai²kiai matomu� ribu� tarp kristalitu�, tuo

tarpu PEPC/stilbeno sluoksniai demonstravo platu� pasiskirstym¡ atskiru� kristalitu�, kuriu�

matmenys siekia maºdaug 600 × 300 µm. Rentgeno difrakcijos analiz
e parod
e, kad vyrau-

jan£ios stilbeno difrakcin
es smail
es, tiek sluoksniuose su PVB, tiek su PEPC, priklauso tai

pa£iai kristalogra�nei ²eimai ir yra tarpusavyje lygiagre£ios visame sluoksnyje, kas parodo

tvarking¡ kristalu� i²sid
estym¡ pad
eklo atºvilgiu.

PEPC/stilbeno sluoksniu� elektrinis charakterizavimas buvo atliktas naudojant TOFmetod¡.

Tiek skyliu�, tiek elektronu� judris nustatytas 10−3�10−2 cm2V−1s−1 intervale, o elektronu� ju-

dris buvo neºymiai didesnis nei skyliu�. Esant didesniems elektriniams laukams, skirtumas

tarp ²iu� ver£iu� tapo nereik²mingas. Palyginus su literat	uroje pateiktomis monokristalinio

stilbeno vert
emis, nustatytas maºdaug trimis eil
emis maºesnis skyliu� judris ir dviem eil
emis

maºesnis elektronu� judris, kas rodo apsunkint¡ perna²¡ d
el mi²raus sluoksnio morfologi-

jos sukeliamos strukt	urin
es ir energetin
es netvarkos. Nepaisant to, gautos judrio vert
es
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organiniu� puslaidininkiu� kontekste i²lieka santykinai didel
es, tod
el tokios morfologijos yra

perspektyvios organin
es elektronikos prietaisams.

PVB/stilbeno sluoksniu� elektrin
es savyb
es buvo tirtos taikant foto-CELIV metod¡. Nus-

tatyta, kad elektronu� ir skyliu� judriai yra labai pana²	us ir siekia apie 10−2 cm2V−1s−1. Ly-

ginant su monokristalinio stilbeno vert
emis, ²ie judriai yra sumaº
ej¦ maºdaug dviem eil
emis

skyl
ems ir viena eile elektronams, o tai taip pat rodo padid
ejusi¡ strukt	urin¦ ir energetin¦

netvark¡ mi²riame sluoksnyje. Nepaisant ²io sumaº
ejimo, kr	uvininku� perna²a i²lieka efektyvi

organiniu� puslaidininkiu� sistemu� kontekste.

Be kr	uvininku� perna²os, PVB/stilbeno sluoksniuose buvo tiriami ir rekombinacijos proce-

sai. Nustatyta, kad stebima rekombinacija atitinka gaudykliu� s¡lygot¡ rekombinacijos mech-

anizm¡, o elektronu� ir skyliu� gyvavimo trukm
es siekia de²imtis mikrosekundºiu�. Palyginus

su literat	uroje pateikiamomis gryno monokristalinio stilbeno vert
emis, kur kr	uvininku� gy-

vavimo trukm
e maºesn
e nei 1 µs (elektronams), mi²rioje sistemoje stebimos ºymiai ilgesn
es

gyvavimo trukm
es. Tai rodo, kad morfologijos kontroliavimas polimero/maºamolekulinio

puslaidininkio mi²iniuose gali efektyviai slopinti rekombinacij¡, kartu i²laikant santykinai

dideli� kr	uvininku� judri�.

Apibendrinant galima teigti, kad stilbeno integravimas i� PVB ir PEPC polimerines ma-

tricas sukelia papildom¡ strukt	urin¦ ir energetin¦ netvark¡, kuri tik i² dalies sumaºina itin

dideli� gryno stilbeno judri�, ta£iau leidºia i²laikyti palankias perna²os savybes organiniu�

puslaidininkiu� taikymams. Tuo pa£iu metu PVB/stilbeno sistemoje stebimos pailg
ejusios

kr	uvininku� gyvavimo trukm
es atskleidºia perspektyvu� rekombinacijos slopinimo b	ud¡, paremt¡

morfologijos valdymu. Gauti rezultatai parodo kontroliuojamos stilbeno/polimero mi²riu�

sluoksniu� morfologijos potencial¡ organin
es elektronikos prietaisuose.
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Appendix 1

Figure 33. Polarized light microscopy images of organic layer with PC polymer and stilbene
crystallites.

Figure 34. P3 and P4 sample photographs.
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