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Analysis of organic solar cells films through scanning probe microscopies 

by MSc. Irving Caballero Quintana 

Abstract 
 

In this Ph. D. dissertation Scanning Probe Microscopies (SPM) are used for the analysis of 

semiconducting organic compounds widely used in organic solar cells (OSCs). Scanning 

Tunneling Microscopy (STM) images of PEDOT:PSS film show an ellipsoidal shape of 

PEDOT surrounded by PSS with 4 nm size. Meanwhile, P3HT films form well-defined 

crystalline domains with an average interchain distance around 1.41 nm and a chain length 

~41 nm. PTB7 chains show a worm-like pattern with a distance of ~2 nm between backbone 

chains and a chain length of ~90 nm. Besides, by using STM and Scanning Tunneling 

Spectroscopy (STS), morphology evolution process and energetic level alignment of the low 

molecular weight molecule DRCN5T and DRCN5T:[70]PCBM blend are analyzed after 

applying thermal annealing at different temperatures. These films exhibit a worm-like pattern 

without thermal annealing (amorphous shape); however, after applying thermal annealing at 

120°C, the small molecule film domains crystallize. Furthermore, energy band diagrams of 

the semiconductor bulk heterojunction (blended film) at the donor-acceptor interface are 

determined by STS. Here is also reported the possible application of carbo-benzenes 

derivatives as Self-Assembled Hole Transport Monolayer (SA-HTM) to replace the most 

common p-type contact, PEDOT:PSS. STM images of PBDB-T shows chain-to-chain 

distance of 950 pm. Meanwhile, STM images of PBDB-T:ITIC blend suggest why PBDB-T 

domains could facilitate charge dissociation, further, a strong inter-chain π-π interaction of 

the ITIC molecules could form the electron transport pathways. Moreover, when correlating 

Electrostatic Force Microscopy and photoconductive Atomic Force Microscopy, the blend 

morphology and its electrical/electronic properties are determined; the ideal domain size of 

PBDB-T:ITIC for maximizing the generated photocurrent is 15-35 nm. Therefore, 

morphology and energy characteristics can be correlated with the OSC performance. The 

power conversion efficiencies for OSCs based on P3HT was 3.4%, for PTB7 = 8.3%, 

DRCN5T = 9.0% and for PBDB-T:ITIC = 9.2%.  
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Chapter 1  

Introduction 

Millions of years ago through natural processes, substances with a high energy content 

(hydrocarbons) were formed, which are used in most energy sources on the planet. These 

hydrocarbon-based energy sources are non-renewable and emit carbon dioxide (CO2) into 

the environment [1]. Due to the greenhouse effect caused by CO2 emissions and to the great 

demand for energy due to the large population of the world, renewable energies have become 

of great interest. In Mexico, there is great potential to generate clean energy due to the wide 

variety of ecosystems. For example, the north of Mexico has high levels of insolation [2]. 

 

Solar energy in Mexico represented only 2.16% of total electricity generation in 2018. 

However, geographic points such as the states of Sonora, Baja California, Chihuahua and 

Durango receives a large amount of radiation with an exposure to annual solar radiation of 

2,400 kilowatts per square meter [3], for this reason, solar energy has gained great interest. 

In 2018, Mexico reached a generation of photovoltaic energy using silicone solar panels of 

1,204.54 Gigawatts (GWh) (497 GWh more than in 2017) and a growth in installed capacity 

of 40,499.01 GWh [4], see Figure 1.1. Nevertheless, conventional crystalline silicon solar 

cells whose power conversion efficiency (PCE) is 25%, are not environmental friendly in 

terms of their production [5], making them expensive because silicon production is energy 

demanding [6]. For this reason, organic solar cells (OSCs) are widely regarded as promising 

sources of clean energy because they can be produced from abundant materials through low-

cost, high-performance solution-processed manufacturing, as well as being manufactured on 

a large scale by roll-to-roll processes. [7].  
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Figure 1.1. Generation with Renewable Energies (GWh) by the middle of year 2018, based 

on [4]. 

 

1.1 Organic Solar Cells 

At the present time, Bulk‐heterojunction (BHJ) organic solar cells (OSCs), whose active film 

is frequently composed of a mixture of a semiconducting compound as an electron donor and 

a fullerene/non-fullerene derivative as an electron acceptor, have gained an important role in 

renewable energy due to its advantages over other solar cells technologies; some of them are 

its low-cost, flexibility, lightweight, low environmental impact, easy fabrication, and 

semitransparency [8, 9] with remarkable PCE of 17.3% [10] under tandem configuration and 

a PCE over 18% [11] in single-junction cells. However, several factors must be solved for 

manufacture at large-scale; among them the stability and scalability [12]. Advantages and 

disadvantages are summarized in Figure 1.2 [8-10]. 
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Figure 1.2. OSCs advantages (green color) and disadvantages (red color), schematic 

representation based on references [8-10]. 

1.1.1 Organic Solar Cells and Their Characteristics 

For the manufacture of OSCs, thin films of organic semiconductor materials with thicknesses 

of less than 100 nm (mostly) are used; which convert solar energy into electrical energy [13]. 

The direct architecture of an organic photovoltaic (PV) device, consists of transparent 

substrate (optical glass) coated with a transparent conductive material (ITO is the most 

widely used), a hole transport layer (HTL) (usually PEDOT:PSS), an active layer, an electron 

transport layer (ETL) and a metallic thin layer as cathode [14] as shown in Figure 1.3.  

 

 
 

Figure 1.3. A schematic diagram for a typical organic solar cell under a direct 

configuration, based on reference [14]. 

 

The HTL is essential in BHJ devices because facilitates the transport of holes to the anode, 

in addition to blocking electrons to prevent recombination [14]. As commented above, the 

active layer is composed of a mixture of a semiconducting compound (polymer/small 

OSCs advantage and disadvantages

Low
cost

Flexibility Lightweight Low environmental 
impact

Scalability Stability
Easy

Fabrication
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molecule) as an electron donor and a fullerene/non-fullerene derivative as an electron 

acceptor. The ETL commonly act as a hole-blocking layer, allowing the transport of electrons 

to the cathode. Without the HTL and ETL, the active layer is in contact with the anode and 

the cathode, respectively, as a result the holes and electrons are transported towards the same 

electrode, leading to charge recombination, which causes a decrease in the efficiency of 

charge collection and in the device performance [14]. The top layer of the OSCs is the 

cathode, which is a metal with a proper work function to collect the electrons [9, 14]. 

 

1.2 Scanning probe microscopy (SPM) 

The scanning probe microscope (SPM) is based on the use of a probe, which can be 

positioned in some specific area of the material to be analyzed with atomic precision [15], 

and is widely used to characterize the OSCs.  In 1981, Gerd Binning and Heinrich Rohrer 

developed the scanning tunnel microscope (STM) to obtain images of surfaces at the atomic 

level, earning the Nobel Prize in physics in 1986 for their invention. To obtain atomic images 

using STM, a sharp metal tip approaches a few Angstroms to a conductive a conductive 

substrate (atomically flat) and by applying a voltage between them, a tunnel current is 

produced between the tip and the substrate, see Figure 1.4. The resulting image is a function 

of the tunneling current measured as the metallic tip scans the surface [16]. 

 

 

Figure 1.4. Schematic of a corresponding STM model operating at current constant mode; 

based on reference [17]. 
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Since STM can only image conducting or semiconducting surfaces, in 1986 Binning et. 

al.,[18] developed the first Atomic Force Microscope (AFM) allowing obtaining nano-scale 

images of insulating materials. According to Binning et. al.[18], the AFM is a combination 

of the principles of the STM and a profilometer, as shown in Figure 1.5.  Besides, different 

AFM modes have been developed where different interaction forces between the probe and 

the sample are measured, thus, several properties of the materials can be characterized. In 

this context, electrical modes of AFM can characterize a wide range of electrical properties, 

just for mention some of them are the electrostatic forces, work function and photocurrent.  

 

 
 

Figure 1.5. Example of an AFM model based on reference [19] . 

 

This thesis work was devoted to the investigation of some key aspects at nanoscale of thin 

films used in OSC devices, which can potentially allow deeper basic understating and 

improvement of their PV performance through SPM techniques. 
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Chapter 2 

Theoretical Framework 

 

2.1 Working principle of organic solar cells 

As mention above, the typical architecture of an OSC comprises a transparent substrate 

coated with a transparent conductive oxide, a HTL, an active layer, an ETL and a metallic 

thin layer as cathode. In OSCs devices, the conversion of light into electrical energy begins 

when the device is illuminated and charges are generated, then are transported and finally, 

are collected by the electrodes [20, 21]. 

 

The BHJ active layer allows to collect light and it serves to guarantees charge separation 

[21]. First, when the light is absorbed by the photoactive compounds, electrons are excited 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) [22]. Then a coulombic bound electron-hole pair (exciton) is created –only 

if the photon energy is greater than the band gap of organic semiconductors–[22]. 

Subsequently, the exiton needs to diffuse to the donor-acceptor interface. Thereafter, it will 

then be separated into free charge carriers (electrons and holes) at the donor-acceptor, in 

which, the electron is transferred to the acceptor and while the hole remains in the donor. 

Then, the electron and the hole moves through the donor-acceptor phase to the ETL and HTL, 

respectively. Finally, electrons are collected by the cathode, meanwhile holes are collected 

in the anode. A schematic diagram of the energy levels of a typical OSC system is shown in 

Figure 2.1.  

 

In organic materials, the exciton diffusion length is in the range of 5-20 nm [23]. Therefore, 

if the domain sizes of the blend are larger than 20 nm, then there is a higher probability of 

exciton recombination [24]. The LUMO levels of donor and acceptor materials generate the 

driving forces necessary to transfer the electron from the donor phase to the acceptor phase 

in a time of < 1 ns (exiton lifetime) [25]. Consequently, the domains formed by the donor 
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and acceptor must have a size similar to the exciton diffusion length. Also, the domains need 

to be interpreted to avoid the recombination of charge. 

 

 

 

Figure 2.1. Energy level diagram of a OSC system, based on reference [22]. 

 

2.2 Organic solar cell performance 

The power conversion efficiency (PCE) of the device can be estimated through the J-V curve 

under illumination. To illuminate the cells, a solar simulator is used under a standard 

spectrum called Air Mass 1.5 (AM1.5), which corresponds to the sun angle with the zenith 

of 48.2° and an irradiance of 100 mW/cm2 [26]. Under this illumination condition, the 

photovoltaic performance of the device is evaluated by measuring the current versus voltage 

[27]. Since the magnitude of the output current is affected by the area of the cell, current 

density (J) is used instead of current. Once the J-V curve is measured, the photovoltaic 

parameters such as short circuit current (JSC) and open circuit voltage (VOC) are obtained 

from the intersects of the vertical and horizontal axes, respectively. It is worth to mentioning 

that the VOC can be theoretically calculated as the difference between the donor HOMO and 

the acceptor LUMO [27]. Figure 2.2 shows a J-V curve, indicating the photovoltaic 

parameters. 
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Figure 2.2. J-V curve of an organic solar cell, the main parameters are shown. 

 

The fill factor (FF) is the rectangle area illustrated in yellow from Figure 2.2 and can be 

calculate from Equation 1: 

𝐹𝐹 =
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝑉𝑂𝐶∗𝐽𝑆𝐶
                                                            (1) 

where Jmax is the current density for maximum power, Vmax is the voltage for maximum 

power, VOC is the open circuit voltage and JSC is the short circuit current. The FF is ideally 

as close as possible to 1. 

The PCE is representative of the overall performance of the cell under the AM 1.5 standard 

conditions, and it can be defined as the power density deliver at the operating point. The PCE 

value is given by Equation 2: 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝐽𝑆𝐶∗𝑉𝑂𝐶∗𝐹𝐹

𝑃𝑖𝑛
                                                        (2) 

2.3 Parameters that affect the OSCs performance 

Many parameters and processes are involved in the OSCs performance, for example the 

device architecture, active layer morphology and roughness, components miscibility, 

thicknesses of thin films, film absorptions, charge carrier mobilities, energy levels of the 

compounds used in the different layers, thermal treatments, etc. The donor-acceptor (D-A) 

blend is an important parameter in the active layer, due to the exciton diffusion length[23]. 
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The domains should be adjusted somehow in order that there exists an efficient charge 

separation at the D-A interface, avoiding charge recombination due to Coulomb attraction. 

The thickness of the photoactive film impacts in the PCE, since a thin active layer reduce the 

charge collection efficiency, meanwhile, a thick layer will cause a charge recombination due 

to the weakening of the electric field leading to a reduction in the FF[28]. Besides, a low 

charge carrier mobility leads to an ineffective charge extraction, thus, to a recombination 

dynamic[29]. Meanwhile, the energy levels between the organic layers and the electrodes 

must have an adequate alignment for the transfer of charges. If the work function between 

the transport layers and the electrodes is very large, the contact resistance increases, reducing 

the charge extraction and imposing a barrier for the charge injection[30]. Then, all these 

mentioned parameters (and others) must be taking into account simultaneously when 

developing OSCs, there is a compromise between each other, if one fails, the overall 

performance will be affected, in other words, if just one or some is/are optimized, it does not 

necessarily mean the performance optimization of devices. In this context, just some 

parameters that affect the PV performance can be measured through SPM techniques. 

2.4 Scanning Tunneling Microscopy (STM) 

The basis of STM consists in the quantum tunneling principle. When a conductive tip is 

brought to a close distance from a conductive sample (several angstroms Å), a tunneling 

current flows through the separation between the two conductors by applying a bias voltage 

(V). Resulting in a contour map of the surface based on the measured tunneling current. 

Depending of the bias voltage (V), the electrons can tunnel through the two conductors. That 

mean, with a positive V, the electrons tunnel from the occupied states of the tip into the empty 

states of the sample [31]. Meanwhile, with a negative V, the opposite occurs [31]. In constant 

current mode, as the STM tip scans the sample, it is expected to follow the surface height to 

0.1 Å or better, because the current varies exponentially with the vacuum gap distance [16, 

32]. Tersoff et al. [33], discussed that the tunneling current can be simplified to: 

 

𝐼𝑡 ∝ 𝑒−2𝑘𝑑                                                                         (3) 

 

Where d is the distance between tip and sample surface and 𝑘 is the decay rate. 
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As a result, there is an exponential dependence between the tunneling current and the 

distance, making the STM very sensitive. That means, if the distance between tip and sample 

surface, change 1 Å, the tunneling current would change one order of magnitude. Enabling 

the STM to image the surface with precision in the order of sub angstrom vertically and with 

atomic lateral resolution [34]. 

 

2.4.1 Scanning Tunneling Spectroscopy (STS) 

Besides to the topographical information provided by STM, additional information can be 

obtained on the electronic states and energy spectra from the differential conductance 

(𝑑𝐼/𝑑𝑉) [35], which is obtained by changing the bias voltage between the tip and the sample. 

This technique is known as scanning tunnel spectroscopy (STS), which gives us information 

about the density of states (DOS). Like STM, the dependence on the tunnel current with 

respect to DOS sample, offers the opportunity to test the electronic characteristics of surfaces 

with sub angstrom resolution [36].  In STS, the metallic tip remains at a constant distance 

from the sample while a bias voltage is applied, and the resulting tunneling current is 

measured  permitting the characterization of the electronic properties of the surface [36, 37]. 

The I-V curve measured by STS, it allows obtaining information on the electronic states of 

the sample, since the measured electrons are close to the Fermi energy either at the tip or in 

the sample (depending on the voltage polarization). In order to probe the electronic properties 

of the sample, it is necessary to derive the I-V curve, which is often called the differential 

conductance curve (𝑑𝐼/𝑑𝑉), also it can also be found as the normalized differential 

conductance curve: 
𝑑𝐼/𝑑𝑉

(𝐼/𝑉)⁄  or 𝑑𝑙𝑛𝐼
𝑑𝑙𝑛𝑉⁄ . The 𝑑𝐼/𝑑𝑉 curves are the result of 

transitions of the elastic tunnel process, which are reflected in the form of peaks. In this 

process there is no energy loss during the tunnel, in addition to the fact that the temperature 

usually has no inert effects on the measurements [37]. Regarding electronic states, in 

semiconductor organic materials, the HOMO and the LUMO levels play an important role 

since it defines the electronic bandgap [38]. As an example, Figure 2.3 shows a normalized 

differential conductance (𝑑𝐼/𝑑𝑉) curve in which the two distinct peaks that are observed can 

be attributed to the HOMO (-2.4 V) and LUMO (1.7 V) states, according to Repp et al. [39].  
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Figure 2.3. Differential conductance (𝑑𝐼/𝑑𝑉) spectroscopy at the center of a pentacene 

molecule on NaCl, taken from reference [39].  

2.4.2 Liquid/solid interface approach 

As mentioned above, through STM, structural and self-ordering properties of semiconductor 

monolayers (generally) adsorbed on flat metal surfaces can be investigated. In order to obtain 

STM images of organic semiconductors monolayers, the interactions between the molecule 

and the substrate must be balanced. In accordance with De Feyter et al. [40], the molecules 

could be immobilized if interaction between molecule-substrate is too strong, preventing self-

assembly. However, it can become impossible to take STM images, if the interaction is too 

weak between the molecule and the substrate, which lead to a high mobility of the molecules 

[40]. Therefore, an equilibrium between van der Waals intermolecular forces and molecule-

substrate interactions can lead to the self-assembly of molecules [41]. In this context, the 

liquid/solid interface approach offers a controlled environment to study self-assembly 

process under ambient conditions. In STM experiments under the liquid/solid interface 

approach, the STM tip is immersed into a molecular solution (non-conducting and non-

volatile organic liquids are used) onto an atomically flat metallic surface (see Figure 2.4) and 

provide certain advantages over ultra-high vacuum (UHV) measurements. For instance, 

expensive infrastructure it is not required, and investigation of polymers/molecules 

(monolayers) with relatively low thermal stability can be studied, providing information of 
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the self-assembly. Moreover, the solvent to form the liquid/solid interface can be adjusted to 

the properties of the molecule or to the substrate [40, 42]. This approach is cheaper of 

performing than that of the UHV (Ultra High Vacuum) STM/STS systems (however, with 

less quality/resolution). Likewise, the HOMO-LUMO levels taken with STS in liquid/solid 

interface can differ from values taken for example by cyclic voltammetry (CV), due to STS 

is sensitive to the properties of the solvent (even if the dielectric constant is very low) and/or 

the substrate [43]. 

 

Figure 2.4. Schematic representation of the STM liquid/solid interface approach based on 

reference [38]. 

 

 2.5 Atomic Force Microscopy (AFM) 

The working principle of Atomic Force Microscopy (AFM) is similar to STM.  However, the 

tip is fixed to a cantilever, which is brought closer to the surface to be measured. In a simple 

way, when the cantilever scans the surface of the sample, it is vertically deflected due to the 

topographic changes of the surface. By measuring these changes of the cantilever deflection, 

the morphological characteristics of the surface can be measured and are displayed in image 

form [44]. The separation between probe-sample (sample morphology) is controlled by a 

laser beam which hits the backside of the cantilever and is reflected towards a multi-segment 

photodiode. The photodiode detects the laser beam as the cantilever is deflected. Therefore, 

the vertical movement of the probe is a function of voltage changes in the photodiode as is 



13 
 

illustrated in Figure 1.5. The force applied to the cantilever for its deflection can be as small 

as 10−18 N, thus, the laser beam move through measurable distances (10−4 Å) [18]. 

 

Depending on the interaction force between the sample and the probe, the AFM operating 

modes can be classified as: contact, non-contact and tapping mode. In contact mode, as the 

surface is scanned, the cantilever experiences a repulsive force vertically due to the 

topography of the sample. (Figure 2.5). The vertical repulsive force of the cantilever is 

maintained by a feedback loop and is used to generate a topographic image through changes 

in the photodiode voltage. In non-contact AFM (NC-AFM), the cantilever vibrates near to 

the surface sample (generally in the order of a few Å) and the attractive Van der Waals forces 

(probe-sample) are detected. When the cantilever oscillates, the Van der Waals forces cause 

a change in amplitude, phase, or frequency. These changes are used to generate the 

topographic image. In tapping mode, as the probe scans the sample, the distance between 

them is modulated. As a result, the probe touches the surface only at the end of each 

modulation cycle (the probe touch the surface only for a short time), minimizing frictional 

forces (lateral probe-sample forces) and reducing damage on soft samples [45]. By using a 

feedback, the distance between the probe-sample is controlled by keeping either the 

amplitude or the phase of the probe constant. Therefore, topographic imaging depends on the 

type of interactions between the probe and the sample when it is scanned (Figure 2.5b). 
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Figure 2.5. Schematic representation of the AFM operating modes, based on reference [44]. 

2.5.1 Electrical techniques in Atomic Force Microscopy 

In addition to obtaining topography images, the AFM can also measure various properties of 

the samples, such as current, surface potentials, electrical forces, etc. To measure these 

properties, the AFM can operate in contact, non-contact or tapping depending of the physical 

variable to be measured by the cantilever. The measurement at the nanoscale using the AFM, 

has become increasingly important in OSCs research. [46].  

 

2.5.1.1 Conductive Atomic Force Microscopy (c-AFM) 

In 1993 Murrel et al. [47], developed the conductive atomic force microscopy (c-AFM). 

Nowadays, c-AFM is an essential tool to study at nano-scale, local electrical and electronic 

properties of photovoltaic devices [48]. A conductive probe is used to scan the sample in 

contact mode (mostly), see Figure 2.6. The conductive tip allows current flow to be measured 

locally using a preamplifier that is connected to the c-AFM tip [46], while the probe scans 

the surface. One of the c-AFM advantages is the measurement of vertical transport charges 

in the active layer, allowing local J-V curves to be obtained, in the same way that macro-scale 

PV parameters are obtained in OSCs [49]. From local J-V curves measured with c-AFM, it 

is possible to extract local hole mobilities by using a modified Mott-Gurney equation and 

fitting the J-V curves in the Space Charge Limited Current (SCLC) model. [49]. These c-
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AFM measurements yield current densities that are in the range of 2-3 orders of magnitude 

larger compared to macroscopically measured densities, mainly due to the difference in 

geometry between the OSCs top electrode and the c-AFM tip, thus, hole mobility can be 

calculated by Equation 4, defined by Reid et  al. [49]: 

 

𝐽 = 8.2휀𝑜휀𝑟𝜇
𝑉2

𝑇3 𝛿 (
𝑇

𝑑
)

1.6±0.1

                                                    (4) 

 

where J is the current density, which depends of the estimated diameter (d) of the tip-

substrate contact area. For Tip radius = 50 nm, diameter of the contact area is ~ 20 nm and 

tip-sample contact area is ~ 311 nm2. μ is the hole mobility, V is the applied voltage on the 

sample and T is the thickness of the film. Constant values are: εo is the vacuum permittivity, 

εr is the dielectric constant of the active layer (for organic semiconductors it was assumed εr 

= 3) and the value δ = 7.8 ± 1 is an empirical dimensionless parameter estimated from the 

geometric difference of the c-AFM tip and the flat electrodes . 

 

 

Figure 2.6. Schematic diagram of c-AFM, based on reference [48]. 

 

By extracting the hole mobility from an array of J-V curves, Button et al. [50] construct high-

resolution hole mobility maps of organic semiconductors by using a c-AFM. This new 

technique called, point-by-point current-voltage (PPIV) mapping [50], allows to quantify and 

map the hole mobility, simultaneously. Other variant of c-AFM is photoconductive AFM 

(pc-AFM). The pc-AFM is equipped with a light source and it is used to study photophysics 

at nanoscale using light intensity dependence measurements, providing operational 

information of the OSCs at nanoscale. 
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2.5.1.2 Electrostatic Force Microscopy (EFM) 

Electrostatic force microscopy (EFM) is an AFM-based electrostatic method that can detect 

the distribution of electric potential, charge and potential difference by measuring the 

electrostatic force between a probe and the sample [51]. EFM applies a voltage between the 

probe and the sample for the detection of electrostatic forces or force gradients in non-contact 

mode. In the EFM there is an exchange between the van der Waals and electrostatic forces, 

depending on the probe-sample distance. As a result, when the probe is close to the surface 

sample –region of van der Waals forces–, the topography can be measured. On the other 

hand, when the tip is lifted, electrostatic forces can be detected. This type of scan is called 

Two-Pass technique and the distribution of electric potential and charge can be mapping [52].  

 

2.5.1.3 Kelvin Probe Force Microscopy (KPFM) 

One tool to measure surface potential or work function is Kelvin probe force microscopy 

(KPFM). The work function in a solid is the minimum amount of energy for the electrons to 

pass from the Fermi level to somewhere in the vacuum. Since, the work function of the 

sample to be measured and the AFM tip are different –Fermi energy levels–, when the tip 

approaches to the sample surface, a contact potential difference (CPD) between the tip and 

the sample is measured. The CPD (VCPD) between can be defined as [53]: 

 

𝑉𝐶𝑃𝐷 =
𝜙𝑡𝑖𝑝−𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
                                                      (5) 

 

Where 𝜙𝑡𝑖𝑝 and 𝜙𝑡𝑖𝑝 are the work functions of the AFM tip and the sample, and e is the 

electronic charge. Therefore, KPFM can probes the potential and work function of surfaces. 
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Chapter 3 

Experimental Section 

3.1 Materials  

ITO/glass substrates with 10-15 Ω/square were acquired from Delta Technologies. Poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate or PEDOT:PSS (Clevios PH1000, weight 

ratio 1:2.5) was obtained from Heraeus-Clevios, Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl}) (PTB7), Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b0]87-dithiophene)-co-(1,3-di(5-thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[10,20-

c:4,5-c0]dithiophene-4,8 dione))] (PBDB-T) and 3,9-bis(2-methylene-(3-(1,1-

dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-d0]-

s-indaceno[1,2-b:5,6-b0]dithiophene) (ITIC) were purchased from 1-Material, 1-

Phenyloctane 98% (bp = 263 °C, η = 1.484, ε = 2.26 at 20.2 °C) from Sigma-Aldrich, 

PEDOT:PSS (P VP AI 4083, weight ratio 1:6) and poly[(9,9-bis(3’-(N,N-dimethy-

lamino)propyl)-2,7-fluorene)-alt-2,7-(9,9edioctylfluorene)] or PFN were purchased from 

Heraeus-Clevios and 1-Material Inc., respectively. 2,2'-[(3,3''',3'''',4'-tetraoctyl[2,2':5',2'':5'',

2''':5''',2''''-quinquethiophene]-5,5''''-diyl)bis[(Z)-methylidyne(3-ethyl-4-oxo-5,2-

thiazolidinediylidene)]]bis-propanedinitrile (DRCN5T) and [6,6]-Phenyl-C71-butyric acid 

methyl ester ([70]PCBM) were acquired from Ossila. Figure 3.1 shows the molecular 

structure of PEDOT:PSS, PTB7, PBDB-T, ITIC, P3HT, PFN, DRCN5T and [70]PCBM. All 

solvents were acquired from Sigma Aldrich and used as received. Synthesis of the electro 

donor P3HT was carried out by the “Grignard metathesis” method (GRIM) by M. E. Nicho 

group from CIICAp. P3HT properties are: Mn = 25,350 (g/mol), polydispersity = 1.49 and a 

regioregularity (RR) of 98.04%. 
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Figure 3.1. Chemical structures of the polymers and fullerene used in thesis. 

 

3.2 Thin films fabrication for STM/STS measurements  

PH1000 was filtered with a 0.45 μm PTFE filter and dispersed in ethanol (25 μl/ml) with 5% 

of DMSO as a morphology enhancer and, deposited on highly oriented pyrolytic graphite 

(HOPG) by drop casting method and, subsequently it was thermally annealed on a hot plate 

at 130 °C from 2 to 5 minutes to remove water. All solutions from now on, were sonicated 

for 15 to 30 minutes and deposited on HOPG surface by drop casting. P3HT was dissolved 

in chloroform (0.5 mg/ml) and PTB7 was dissolved in chlorobenzene (0.2 mg/ml); 

additionally, PTB7 was also dissolved in 1-phenyloctane with 3% of 1,8-diiodooctane (DIO) 

(0.1 mg/ml). DRCN5T and DRCN5T:[70]PCBM were dissolved in chloroform with a 

concentration about 0.3mg/ml. The solid thin films were thermally annealed on a hot plate at 

80 °C and 120 °C for 10 minutes. Self-assemby monolayers (SAMs) of carbo-benzene 

derivatives were dissolved 1-phenyloctane at a concentration of 0.1 mM. PBDB-T was 
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dissolved in 1-phenyloctane (0.1 mg/ml). ITIC was dissolved in n-hexadecane (0.1 mg/ml). 

For PBDB-T:ITIC blend a concentration about 0.3mg/ml was dissolved in n-hexadecane. For 

STM tips, electrochemically etched tungsten (W) and mechanically cut platinum iridium (Pt-

Ir) wires were used. HOPG substrate was mechanically exfoliated by using adhesive tape. In 

order to perform the liquid/solid interface, a droplet (~ 2 μl) of 1-phenyloctane was directly 

deposited between the tip and the sample surface.  

3.3 Equipment for STM/STS and AFM measurements 

Experiments were carried out under ambient conditions with the Nanosurf Easyscan 2 STM 

operating at constant current mode. The scan heads were calibrated with a set of atomically 

resolved HOPG images at room temperature. To decrease thermal drift, the atomic lattice of 

HOPG was scanned for approximately one hour to test the STM tip quality and one hour after 

being immersed in the molecular solution to form the liquid/solid interface in order to be 

thermally stabilized. Each STM image shows its tunneling parameters in the figure titles. 

Electrical modes of atomic force microscopy (EFM, KPFM and pc-AFM) measurements 

were carried out by a SmartSPM-1000 AFM from AIST-NT (current noise of 200 fA). EFM 

AND KPFM measurements were conducted in the two-pass (lift) mode. Platinum coated 

AFM tips (HQ:NSC15/PT from MikroMasch, PtSi-CONT/NCH and ATEC-CONTPt-SPL 

from nanosensors) were used. For pc-AFM illumination a 617 nm light source Fiber-Coupled 

LED from Mightex was used. Images were processed and analyzed with the Gwyddion open 

source software (v. 2.49); where mean plane subtraction, gaussian filter, autocorrelation 

function (ACF), fast Fourier transform (FFT) and measured distance were determined. On 

the other hand, EFM and pc-AFM images were treated by using grain-size distribution 

analysis. 

 

3.4 OSCs fabrication and testing  

ITO-coated glasses were cut to a dimension of 1.5 cm × 1.5 cm and then cleaned with a soap 

solution, distilled water, acetone, and isopropanol, in each case for 15 min in an ultrasonic 

bath and dried in an oven at 80°C [54, 55].  After the washing process, the ITO substrate was 

treatment by UV-Ozone for 5 min. For the HTL, a layer of PEDOT:PSS (P VP AI 4083)  
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with a thickness of ∼40 nm was spin-coated on top of ITO substrates and dried in an oven 

for 15 min at 80 °C. For the P3HT:[70]PCBM active layer, a solution (20 mg/ml, ratio 1:0.8 

wt %) was prepared with chlorobenzene as solvent. The solution for the active layer 

PTB7:[70]PCBM was prepared within a glovebox under N2 atmosphere by dissolving PTB7 

and [70]PCBM (ratio 1:1.5 wt %) by using a chlorobenzene with 3 % of diiodooctane (DIO) 

of volume. P3HT:[70]PCBM and PTB7:[70]PCBM active layers were coated on top of 

PEDOT:PSS layer by using the spin-coating technique [56]. Then, it were dried for 10 min 

at 80°C in a hot plate (under N2 atmosphere in the case of PTB7:[70]PCBM) [56]. 

DRCN5T:[70]PCBM active layers were spin-coated under N2 atmosphere in a glove box 

from chloroform solution (1:0.8 w/w, 18 mg/mL) [55]. After deposition, 

DRCN5T:[70]PCBM active layers were used with the following conditions: a) without 

further post-treatment (WO), b) thermally treated (TA) at 120 °C during 10 min on a hotplate 

under a controlled atmosphere of N2, c) Solvent vapor annealing (SVA) treated (the samples 

were placed in the middle part of a Petri dish containing 120 µL of chloroform for 60 s) and  

d) After applying thermal annealing (TA) at 120 °C, on a hot plate during 10 min, samples 

were cooled down to room temperature (all this procedure under a controlled N2 atmosphere) 

and then placed in a glass Petri dish (outside of the controlled N2 atmosphere) containing 120 

μL of chloroform, 60 s of solvent vapor annealing (SVA) treatment was provided.  Samples 

were then removed from the Petri dish and left on a plate at room temperature again for 10 

min for proper drying of the thin films (remember that chloroform rapidly evaporates because 

its ebullition point is just 61 °C, further, SVA treatment is mainly for the sample surface). 

The solution for the PBDB-T:ITIC active layer was prepared by dissolving PBDB-T and 

ITIC at 1:1 w/w, 20 mg/mL in anhydrous chlorobenzene/1,8-diiodooctane (99.5:0.5 v/v) 

within a glovebox under nitrogen atmosphere. The solution was stirred in a hot plate for about 

24 h at room temperature. Then, it was spin-coated, at 2500 rpm for 1 min (active layer 

thickness ~ 100 nm) inside the glovebox, onto the PEDOT:PSS layer. A thermal annealing 

of 160 °C for 10 minutes was provided, and then, active layer was soaked with ethanol for 2 

min and was spin-coated at 5000 rpm for 1 min. For the ETL, a thin film of PFN 

polyelectrolyte PFN film (∼5-10 nm) was spin-coated on top of the active layer for the 

corresponding samples at normal room conditions. Then, the active area was delimited to be 

constant (0.07 cm2) by a tape mask; only the for DRCN5T:[70]PCBM blend, the active area  
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was 0.04 cm2. Finally, Field’s metal (FM) pellets were melted at 90 °C and deposited by 

drop-casting on top of the active/PFN layer; in this procedure, the OSCs were kept heated on 

a hot plate at the same temperature[56]. After the top electrode deposition, samples were 

cooled down to room temperature. For device characterization a solar simulator Sciencetech 

SS150 (class AAA) was used, light intensity was calibrated to 100 mW/cm2 by using an Oriel 

reference cell. The J-V curves were recorded with a source-meter Keithley 2450 [54, 55, 57, 

58]. 
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Chapter 4 

Scanning Probe Microscopies on Bulk Heterojunction 

Organic Solar Cells Films 

Advanced scanning probe microscopies (SPM) techniques are powerful tools for analyzing 

self-assembly, charge distribution and charge transport in organic solar cells. In this chapter, 

results on OSCs analyses through SPM are presented. The scanning tunneling microscopy 

(STM) was used to provide nano-scale images for understanding the morphology of 

polymers/molecules on the surface of thin films with atomic resolution. The ability to 

visualize the arrangement of the individual polymers/molecules provided important insights 

into the structure/electric/electronic issues of the thin films. Electrical properties of the active 

layer were measured through Atomic Force Microscopy and its electrical modes. These 

combined studies provided insights into the relation between the molecular structure and the 

electrical conductivity. These experiments were a challenge for correlating and better 

understanding atomic scale properties with the emergent macroscopic photovoltaic behavior 

of OSCs. 

4.1 STM Study of Semiconducting Polymer Thin Films Used in OSCs 

When blending donor/acceptor compounds for fabricating thin solid films, a bicontinuous 

interpenetrating network is formed with nanoscale domains. Increasing the interfacial area 

between the donor and acceptor compounds, results in a more effective dissociation, transport 

and collection of the photo-generated excitons/charges. Therefore, the packing structure of 

the organic compounds is crucial for the morphology of the active layer and the other charge 

carrier films, making it necessary to understand the structure formation and involved 

processes. In OSCs, one of the most common electrode used in the devices is indium tin 

oxide (ITO), which is usually rendered flat by an organic HTL. However, the typical metallic 

substrates (atomically flat) used in STM are different from the ITO used in OSCs (roughness 

~ 2 nm). Although the substrates are different, STM substrates are a good approach to 

elucidate the properties of molecules and their intermolecular interactions [41].  
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After deposition by drop casting of a solution containing PEDOT:PSS (PH1000) polymer on 

the highly oriented pyrolytic graphite (HOPG) surface, nanoparticles were observed after 

several minutes through STM as it can be seen in Figure 4.1a,b, forming an oblate ellipsoid 

shape with size around 4 nm long and 2 nm wide. Furthermore, the nanoparticles film (see 

Figure 4.1b,c), shows also a separation distance of each core about 2 nm. Previous studies 

through different techniques[59-62] have demonstrated that the sequence of monomer units 

of PEDOT and PSS forms a poly-ion complex through electrostatic interactions in which 

well-conducting PEDOT particles are embedded in a PSS matrix. It indicates that 

hydrophobic PEDOT molecules aggregate to form physical interconnections between the 

PSS chains. 

 

 

 

 

 

 

 

 

Figure 4.1.a) STM image of PH1000 on HOPG substrate, measured under the STM 

liquid/solid interface; It = 720 pA, U = 120 mV. b) High resolution STM image of 

nanoparticles showing an ellipsoidal shape (the blue dashed arrow denotes the profile 

measurement), It = 650 pA, U = 130 mV. c) Profile height of the showed line (dashed 

arrow) in the topographic scanning: ~ 2 nm of distance between the nanoparticles cores. 

 

As has been reported[63, 64], conductivity of PH1000 film could be improved by simply 

mixing PH1000 solution with ethanol, which results in a conductivity increases from 250 

S/cm to 1362 S/cm[64]. This increase in conductivity favors establishing a tunneling current 

for the STM. To increase the conductivity, the morphology enhancer (ethanol with 5% of 

DMSO) improves the ionic interaction between PEDOT and PSS by forming hydrogen bonds 

between them. As a result, it leads to a better phase separation and a conformational change 

a) c) b) 
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of the PEDOT chains and, removing the PSS excess from the film surface reducing thickness 

film[64]. In Figure 4.2, the X-Ray Diffraction (XRD) pattern does not show well-defined 

Bragg peaks of PH1000 film (films were prepared by drop casting with a thickness of 200 

nm), leading rather to an amorphous curve, i.e., it does not show a well-defined crystalline 

structure. The above, it may be attributed to the PSS reduction, due to the conformational 

change of the PEDOT chains or/and possibly due to water traces that remains in the core of 

PEDOT:PSS[59]. It is worth to mention that the STM images described in our work are 

consistent with the previous computational study regarding the solid film morphology of the 

PH1000 by Takano et al.[59], in which a structural model was proposed on the basis of SAXS 

and WAXS measurements by using synchrotron radiation. This model indicates that PEDOT, 

surrounded by PSS, is organized from randomly oriented PEDOT under an ellipsoidal shape. 

In contrast, the shape of flattened balls, or pancake-like structures reported by Nardes et 

al.[60] for PEDOT:PSS (P VP AI 4083) is most likely due to the spin casting procedure they 

used, which causes a decrease in the thickness of the film due to the evaporation of water and 

a lengthened in the film morphology by the rotation of the deposit technique. The ordering 

of these nanoparticles (see Figure 4.1,b) may be attributed to the strong interfacial interaction 

between PEDOT and PSS and can be crucial for effective conductivity. 

 

Figure 4.2. XRD pattern of PH1000, P3HT and PTB7 layers (thicknesses: 200 nm, 200 nm 

and 250 nm respectively; by the drop cast technique).  ITO substrate was used as reference.  
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Figure 4.3 shows P3HT monolayers, prepared by drop casting from a dilute solution on 

HOPG surface, measured under the STM liquid/solid interface technique. The purification 

process of P3HT removes unreacted monomers, short chain oligomers and salt impurities 

leading to a well-defined crystalline ordering (sharp Bragg peaks determined by XRD in 

Figure 4.2)[65]. These STM images reveal that chain conformations and packing are similar 

to those previously reported, in UHV conditions with STM, with a chain average length in 

the range 13-26 nm[41, 66-68]. However, the average length of the polymer chain in this 

work: ~ 41 nm (images treated with the gwyddion software), is almost twice larger than the 

two previous commented P3HT[66, 68]. The size difference may have been due to the bigger 

molecular weight, also, perhaps due to the extraction of short chains in the purification 

process.  The smaller polydispersity (1.49) could also influence the chain conformation and 

packing[69, 70]. Table 1 summarizes the comparisons between some different P3HT 

compounds regarding distances of their polymer chains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) c) 

e) d) 
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Figure 4.3. STM images of P3HT films on HOPG, measured under the STM liquid/solid 

interface technique. a) Well-organized P3HT domains are interconnected by folded chains 

which may result into an orientation parallel to the substrate, It = 81.2 pA, U = 650 mV. b) 

STM atomic resolution: It = 80 pA, U = 690 m. c) High resolution STM image showing the 

average chain-to-chain distance, It = 80 pA, U = 450 mV. d) P3HT monolayer with the 

background removed using the gwyddion software (profile measurement (inset) from the 

dashed white arrow position), It = 74 pA, U = 951 mV. e) Histogram of the chain length (L) 

for P3HT. 

 

Figure 4.3a,b appear to be fuzzy probably because a dynamic reactions between the sample 

and the STM tip, which cannot be measured by STM (poor time resolution) [71]. Figure 4.3b 

shows atomic resolution of P3HT where each bright protrusion represents a thiophene unit 

and Figure 4.3c shows the average chain-to-chain distance a of 1.41 nm. This chain-packing 

distance corresponds to full entangled hexyl side chains promoted by epitaxial effects on 

HOPG[41]. It has been reported that the conformation of the polymer backbone chain is 

oriented parallel to HOPG substrate[68], which promotes a plane-on chain arrangement that 

is interconnected; resulting in a crystalline structure that tends to form monodomains of 

around ~ 17 nm with a height of 244 pm as shown in Figure 4.3d (see also inset). The mean 

chain length is ~ 41 nm as shown in the histogram of Figure 4.3e. Three types of crystallinity 

issues have been identified for P3HT; in type I, the backbone chains are oriented in such a 

way that they avoid the entanglement of the alkyl chains. Type II: the side chains are tangled 

chains and in type III the hexyl side chains are tangled, oriented perpendicularly to the plane 

backbone chain [68]. From our STM images (Figure 4.3a,c and d) it can be seen the rigid 

segments of the conjugated backbone, which allows efficient packing and crystallization with 

extended conjugation, facilitating π-π-interactions and hence efficient charge transport.  
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Table 1. Interchain distances parameters for three different P3HT polymers, determined by 

STM analysis.  

Source 
Mn 

(g/mol) 
Polydispersity Regioregularity 

Average chain-

to-chain 

distance a 

Chain 

length 

(mean) 

Reference 

P3HT 

from 

Aldrich 

17,500 2.10 99% 
1.40 nm 

(Type I and II) 
26 nm [66] 

P3HT 

from 

Rieke 

16,000 1.90 98% 

1.51 nm 

(Type I, II and 

III) 

13 nm [68] 

P3HT, 

GRIM 

method 

25,350 1.49 98% 
1.41 nm 

(Type I and II) 
41 nm 

This 

work 

 

In order to better understand the impact of the P3HT monodomains previously analyzed 

through STM technique, pc-AFM measurements in fabricated OSCs based on this polymer 

were carried out. pc-AFM measurements provide insights of the OSCs nanoscale 

morphology and their local electrical properties simultaneously. Further, from local current 

density (J-V) curves measurements the hole mobility through the film can be extracted, 

mobility value is an important parameter for charge transport because high values are desired 

in order to improve the OSC performance[72-75]. These pc-AFM determinations provide 

additional and complementary information to the STM analysis regarding nanoscale 

morphology and its correlation with the local PV performance[75].  

 

Device architecture was ITO/PEDOT:PSS (P VP AI 4083)/P3HT:[70]PCBM/PFN with a 

thickness of ~ 40 nm for PEDOT:PSS, ~100 nm for the active layer (area = 0.07 cm2) and 

∼5-10 nm for PFN (used as EEL) and, as top electrode, an AFM tip with gold conductive 

coating was used. Figure 4.4 presents five consecutive pc-AFM current maps of the OSCs 

with a scanning size of 550 nm × 550 nm (at least 8 OSCs devices were measured, showing 

similar results), where different bias voltages were applied under illumination from a laser 

of 631 nm wavelength; the diffraction-limited laser spot is aligned with the AFM tip. Under 

these conditions, a higher light intensity than the typical from the AM1.5 condition, i.e., solar 
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spectrum at 100 mW/cm2, is achieved. As voltage begins to be applied, it will compensate 

the reverse photocurrent and eventually, the local open circuit-voltage (Voc) will be reached, 

reducing the local short circuit current density (Jsc) to zero.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4. pc-AFM measurements of OSC under the configuration 

ITO/PEDOT:PSS/P3HT:[70]PCBM/PFN/AFM gold-tip, current images at different bias 

voltages: a) 0 V, b) 0.05 V, c) 0.15 V, d) 0.25 V, e) 0.55 V. 

 

Local (non-scanned area) current density (J-V) curves are shown in Figure 4.5a. To eliminate 

the effects of local heterogeneities, these local J-V curves were averaged on a minimum of 

five different points of the sample in order to compare these data with those acquired from 

the macroscopic J-V plots from a solar simulator (see below). To extract the hole mobility 

value μ from the polymer film blend (active layer) it was used Equation (4). These pc-AFM 

measurements yield current densities that are 2 or 3 orders of magnitude larger than those 

determined from the macroscopic device measurements, mainly due to the difference in 

geometry between the OSC top electrode and the pc-AFM tip [49, 76]. By using a least 

squares regression to fit the space charge limited current (SCLC) to correct this magnitude 

difference, it yields a hole mobility of 9 × 10−5𝑐𝑚2𝑉−1𝑠−1, which is in good agreement 

b) a) c) 

e) d) 
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with the value μ reported in the literature for the blend P3HT:[70]PCBM: 4.6 ×

10−5𝑐𝑚2𝑉−1𝑠−1)[77]. 

 

 

 

 

 

 

 

Figure 4.5. a) J-V curves measured by using pc-AFM (red squares) and macroscopic data 

(from a solar simulator, blue circles) (semi-logarithmic scale), b) Typical macroscopic J-V 

curve (by using a solar simulator) of an OSC based on P3HT:[70]PCBM and by using FM 

as top electrode. Note that blue curves in a) and b) are the same data just in semi-

logarithmic and linear scales, respectively.  

 

Figure 4.5b shows the J-V plot (macroscopic PV measurements) under illumination (AM1.5 

condition) of OSC devices under the configuration: 

ITO/PEDOT:PSS/P3HT:[70]PCBM/PFN/FM. Deposited nonconventional top electrodes 

through a vacuum-free process based on metal alloys of low melting point, such as FM, have 

been previously reported by our group, achieving maximum values of PCE in the range of 

1.5-3% for OSC devices based on P3HT:[70]PCBM[78]. The PV parameters; VOC, JSC, FF 

and PCE, are extracted from this curve giving a Voc = 652 mV, Jsc = 8.5 mA/cm2, FF = 0.61 

and a PCE = 3.4% (a very acceptable value regarding previous reports: 3-4 %)[79].  

As mentioned, STM images showed well-ordered crystalline domains for P3HT monolayers, 

allowing intermolecular interactions between the domains of the polymer, which lets efficient 

charge transport pathways. The ideal domain size in OSC is on the order of the exciton 

a) b) 
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diffusion length (~10 nm)[80], therefore, the conformation and monodomain size of P3HT 

shown in Figure 4.3 (~17 nm) could be favorable for the PV performance. However, these 

facts may change due to intermixed regions in the blend, in which maybe the polymer chains 

are twisted by the presented fullerene (∼10-15 nm in size)[81, 82], causing different 

arrangements and conformations. Also, charge transfer is affected by the extended π-

conjugation along the backbone chain along with the mutual interaction with the fullerene in 

the active layer [83]. These J-V results could be influenced by the well-ordered conformation, 

maintaining quasi-crystalline and relatively small domain at the same time during the 

annealing process (OSC thermal annealing during their fabrication) reaching a favorable 

morphology, and therefore, an acceptable hole mobility value estimated through pc-AFM 

measurements as well as the good PV device performance achieving a PCE of 3.4 %.  

 

Regarding PTB7 polymer, as can be seen from Figure 4.6a,b and c, PTB7 nano-films 

(deposited by drop casting and measured under the STM liquid/solid interface approach), 

show a different behavior than that for P3HT layers: they do not form crystalline domains, it 

is rather an amorphous conformation as determined by XRD (see Figure 4.2, where films 

were prepared by drop casting with a thickness of 250 nm) and STM images (Figure 4.6) 

(film thickness < 1 nm). In Figure 4.6a each PTB7 chain is self-aggregated and the average 

distance between chains is in the range ∼2 to ~8 nm. A recent work from Fauvell et al.[84] 

through X-ray scattering measurements, reported that amorphous polymers create ordered 

domains through self-aggregation at scale lengths that are relevant to charge transport (≤ 10 

nm).  

 

  

 

 

 

 

a) b) c) 
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Figure 4.6. STM images determined under the liquid/solid interface approach: a) PTB7 

self-aggregation (film) by using chlorobenzene, tunneling condition: It = 201 pA and U = 

1.15 V. b) and c) Monolayers formed by PTB7 by using 1-phenyloctane with 3% of 1,8-

diiodooctane (DIO): It = 281 pA and U = 590 mV and It = 201 pA and U= 850 mV, 

respectively. In figure b), a random worm-like chain is delineated.  

 

It was previously reported that the low band gap semiconductor polymer PTB7 shows 

improved “π-face-on” orientations, which enhance planarity along the structure of the 

polymer[85, 86]. STM measurements were performed by using chlorobenzene with 3% of 

DIO (which is part of the usual fabrication procedure for the OSC s active film based on 

PTB7 polymer), however, the presence of 1-phenyloctane with DIO (3%) resulted in a better 

image quality (similar film ordering were observed by using both solvents). Typically, 1-

phenyloctane is used to study the self-assembly of organic compounds on graphite and DIO 

is used to either emulsify (prevent phase separation) or selectively solubilize (causing phase 

separation), thus, under the combination of both solvents, a phase separation occurs between 

aggregated and non-aggregated chains to form the monolayer[81]. 

 

STM image (Figure 4.6b,c) shows worm-like chains of PTB7 deposited on the surface of 

HOPG; the prolonged π system in the benzodithiophene of the PTB7 monomeric unit, 

permits the polymer to have a better π-π stacking with a shorter distance of ~ 2 nm between 

different polymer backbone chains (Figure 4.6c) and a chain length of ~ 90 nm (delineated 

in blue color, see Figure 4.6b). This short distance between chains, determined from STM 

images, could improve the charge transfer from the active layer to the OSC electrodes[84, 

85, 87]. The worm-like pattern of PTB7 polymer, suggests that domains in the OSCs devices 

could be interconnected by amorphous PTB7 chains, facilitating a more efficient 

intramolecular charge separation. Thus, the relatively high PCBM content (1.5 times, in 

weight, larger than PTB7 amount) ensures the necessary pathway for efficient charge 

collection in the OSC. To the best of our knowledge, no previous STM studies had been 

carried out for PTB7 thin solid films, for this reason, this current study may contribute to the 

understanding of the behavior and conformation PTB7 chains.  
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pc-AFM current maps for PTB7:[70]PCBM based OSCs are shown in Figure 4.7, which are 

remarkable different from those for OSCs based on P3HT:[70]PCBM; when the applied 

voltage increases, for PTB7 based films, larger regions of photocurrents are observed. As can 

be seen from Figure 4.7a to 4.7e, these larger generated photocurrent domains are probably 

due to a more efficient charge generation in the interface between PTB7 and PCBM 

compounds, there also could exist a better charge transport and collection at the electrodes. 

These facts directly influence the higher PCE value for PTB7 based OSCs (PCE = 8.3% 

(Figure 4.8b) and just 3.4% for P3HT based OSCs); also the different morphologies, sizes 

and conformation between the donor polymers can be reflected in the PV performance.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. pc-AFM measurements of OSCs under the configuration 

glass/ITO/PEDOT:PSS/PTB7:[70]PCBM/PFN/AFM gold-tip, current images at different 

bias voltages: a) 0 V, b) 0.2 V, c) 0.4 V, d) 0.6 V, e) 0.75 V. 

 

When the electrical charges are generated in the blend, it is expected that holes travel through 

the PTB7 chains, meanwhile, electrons travel through the [70]PCBM domains[88]. The 

a) b) c) 

d) e) 
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relatively high PCBM content in the blend can lead to an imbalanced electron-to-hole 

mobility ratio, making difficult to transport holes due to large domains[86]. Reported μ value 

through SCLC measurements of PTB7 yielded the value 5.9 × 10−4𝑐𝑚2𝑉−1𝑠−1  [89], for 

[70]PCBM is reported 1 × 10−3𝑐𝑚2𝑉−1𝑠−1 and for the blend (PTB7:[70]PCBM) is in the 

range of 3.2 × 10−4𝑐𝑚2𝑉−1𝑠−1 − 2 × 10−4𝑐𝑚2𝑉−1𝑠−1 [29]; from pc-AFM local J-V plot 

(Figure 4.8a) and by using Equation (5), a mobility μ value of 1.69 × 10−4𝑐𝑚2𝑉−1𝑠−1 for 

the PTB7:[70]PCBM blend is determined, which is in good agreement with that one reported 

in the literature. Figure 4.8b shows a typical J-V plot of OSCs devices under the AM1.5 

illumination condition[90, 91].  PV parameters are Jsc = 19.8 mA/cm2, Voc = 760 mV, FF = 

0.55, reaching a PCE of 8.3%. 

 

 

 

 

 

 

 

 

Figure 4.8. a) J-V curves measured by using pc-AFM (red squares) and macroscopic data 

(from a solar simulator, blue circles) (semi-logarithmic scale). b) A typical macroscopic J-

V plot for an OSC based on PTB7:[70]PCBM and by using FM as top electrode. 

 

To elucidate the impact of these amorphous chains of PTB7 (Figure 4.6b,c) in the BHJ 

morphology and its influence on the PV performance, OSCs based on PTB7:[70]PCBM 

blends were fabricated and their active films were analyzed by using AFM phase 

imaging[87]. The phase imaging through AFM is a powerful tool in surface characterization 

of materials. This AFM measurement mode can detect chemical variations in the surface, 

revealing more detailed surface properties than the typical morphological image. [87, 92].  

a) b) 
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For OSCs with the structure ITO/PEDOT:PSS (P VP AI 4083)/PTB7:[70]PCBM/PFN/FM, 

it is important to determine the specific active film morphologies and phase imaging to better 

clarify the measured PV performance[83, 87]. Among the large number of materials, P7B7 

and [70]PCBM have been widely used as active materials; for instance, Li et al.[93] reached 

a PCE greater than 9 % with the configuration: ITO/PEDOT:PSS/PTB7:[70]PCBM/LiF/Al 

and by the incorporation of formic acid in the active layer. Our group has reached a PCE 

greater than 8% in PTB7:[70]PCBM based OSCs, comprising the eutectic alloy FM (of low 

melting point) as top electrode (vacuum-free deposited)[90, 91, 94]. As shown in Figure 4.9a 

for some regions in between PTB7 and [70]PCBM, phase imaging reveals a mixed matrix 

for the active layer, which indicates polymer-rich and fullerene-rich domains. By using the 

simulation and optimization through a multiscale scheme proposed by Bottenfield et al.[95], 

PTB7:[70]PCBM layer was simulated by using a Monte Carlo Metropolis algorithm [95, 96]  

(Figure 4.9b) to compare it with measurements carried out through phase imaging (Figure 

4.9a). With this Metropolis algorithm, the morphology of the active layer is represented by a 

cubic array forming donor and acceptor clusters separately. Through the simulation, 

PTB7:[70]PCBM blend give us an idea of the domains distribution according to the thickness 

of the active layer (typically ~ 100 nm).  

 

 

 

 

 

 

 

 

Figure 4.9.  a) AFM phase image (scan size: 750 nm × 750 nm) of a thin film (~ 100 nm) 

based on the blend PTB7:[70]PCBM, b) Simulation of PTB7:[70]PCBM blend (size: 100 

nm × 100 nm × 100 nm) by using a Monte Carlo Metropolis algorithm[95, 96], 

 

PTB7 

[70]PCBM 

a) b) 
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The individual phases are required for efficient charge transport, meanwhile, the mixed phase 

are more efficient in creating excitons due to the proximity of the donor and acceptor as is 

shown in Figure 4.9a. However, due the complex inner structures in the blend, many of the 

carriers could be trapped[96]. 

4.1.1. Conclusions of section 4.1 

It was investigated through STM (high resolution), under the liquid/solid interface technique, 

the structure and ordering of common semiconductor polymers (monolayers): conductive 

PEDOT:PSS (PH1000), P3HT and PTB7 used on organic solar cells. In the case of PH1000, 

STM images showed a specific ordering of these nano-structures with oblate ellipsoid shapes. 

This nano-structural array might be attributed to an improvement in the ionic interaction 

between PEDOT and PSS, and a conformational change of the PEDOT chains due to the 

morphology enhancer, that could be crucial to achieve high conductivity values. P3HT 

(synthetized by GRIM method) readily crystallizes with an average conformation of ~ 17 

nm, forming quasi-ordered domains in length scales that facilitate the charge separation and 

extraction, yielding to an acceptable hole mobility value of 9 × 10−5𝑐𝑚2𝑉−1𝑠−1 estimated 

from pc-AFM measurements. For the PTB7 electro-donor polymer, a STM analysis, pc-AFM 

currents maps, blend PTB7:[70]PCBM AFM phase contrast determination, Monte Carlo 

Metropolis algorithm simulation as well as OSC s efficiency were carried out. The average 

distance between PTB7 self-aggregated chains is in the range of ∼ 2-8 nm and for non-

aggregated chains that showed a worm-like pattern in a monolayer film, the separation 

between backbone chains is ~ 2 nm and a chain length of ~ 90 nm. Therefore, PTB7 small 

domains must be interconnected by amorphous PTB7 chains, facilitating charge separation 

and dissociation; pc-AFM measurements determined a hole mobility value of  1.69 ×

10−4𝑐𝑚2𝑉−1𝑠−1. Morphology and conformation are two crucial issues for the PV device 

performance. OSCs based on P3HT and PTB7 showed very acceptable/competitive PCE 

values of 3.4% and 8.3%, respectively. In the future, the blend of polymer and fullerene 

should be analyzed through STM measurements to realize its electronic properties, 

morphology and conformation at the nano scale regime. 
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4.2 Interfacial Energetic Level Mapping and Nano-ordering of Small 

Molecule/Fullerene Organic Solar Cells by STM/STS 

 

As mention in the previous section, the blend of polymer and fullerene should be analyzed 

through STM measurements to realize its electronic properties, morphology and 

conformation at the nano scale regime.  In this section, it is analyzed the film morphology 

evolution at the nanoscale, the phase separation domains between donor and acceptor 

(DRCN5T:[70]PCBM as active layer) and the energetic band alignment at the donor-

acceptor interface through STM/STS, when thermal annealing is provided to the small 

molecule DRCN5T as well as to the blend DRCN5T:[70]PCBM. 

 

STM images and STS plots of reordered processed films, based on the small molecule 

DRCN5T, are displayed in Figure 4.10. The amorphous structure was firstly measured after 

deposition of a drop from diluted solution (30 µg/mL) on HOPG substrate (by drop casting 

technique) at room temperature (without thermal annealing (WO)), showing a worm-like 

pattern (Figure 4.10a). In Figure 4.10b and its inset, after depositing the solution, the HOPG 

substrate was heated up at 80 °C/10 min. As it can be seen, STM image reveals two different 

assembly structures formed by DRCN5T (differentiated by the white dotted line), referred to 

as structure I and structure II. Structure I shows a better ordering pattern (crystalline type, 

see also inset), meanwhile structure II remains as worm-like pattern (amorphous). DRCN5T 

films show a complete reordering (Figure 4.10c) with a thermal annealing of 120 °C. 
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 Figure 4.10. STM and STS of DRCN5T films analysis at different temperatures: (a) 

Without thermal annealing (WO), i.e. room temperature; tunneling conditions: It = 200 pA, 

U = 850 mV, (b) TA@80 °C, inset shows different reordering (structure I and structure II); 

tunneling conditions: It = 200 pA, U = 850 mV, c) TA@120 °C; tunneling conditions: It = 

200 pA, U = 950 mV, (d) Local density of states (LDOS) showing electronic band gap 

variations.  

 

This film reordering (structure I formation) can be attributed to the fact that small molecules 

can store kinetic energy (internal degrees of freedom) and when temperature increases, 

molecular translational and vibrations motions can take place[97]. Increased temperature 

causes that molecular surface vibrates producing overall spinning motions, and therefore, the 

reordering[97]. It is worth noting that in 2D self-assembly systems, the substrate influence is 

significant, emphasizing the intermolecular attractions and thus, generating a columnar 

b) a) 

c) d) 
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packing[98, 99]. Also note that structure I shows, in some extend, a brighter STM contrast 

(differentiated by the white dotted line; see also inset of Figure 4.10b) than that of structure 

II; as can be seen in the color bars, a brighter contrast denotes a higher conductance. 

Typically, molecules with higher co-planarity have a higher conductance than those with an 

edge-on one[98, 99]. Therefore, it can be deduced that structure I (see Figure 4.10c) has a 

face-on orientation.  

 

STM can visualize the nano-morphology conformation of DRCN5T films; further, the 

electronic properties and the local density of states (LDOS) at Fermi energy (EF) can be 

determined from STS measurements[100]. Figure 3.12d shows the average local density of 

states at the given TA (WO, 80 and 120 ºC). Typically, when a faster STS curve can be 

recorded, it is better to eliminate instabilities while running the spectroscopy 

experiments[100, 101]. To guarantee consistent measurements of the estimated band gaps, 

the averaged results were derived from at least 15 experimental curves to achieve the 

differential conductance curve, which is proportional to the LDOS[100-102]. LDOS spectra 

were measured with a set point current tunneling (It) of 200 pA and a bias voltage of 850 mV 

with a modulation time of 300 ms for a better comparison by using a grid lattice (consisting 

of a matrix of 16×16 pixels, I-V curves were taken at each pixel) with a scan size of 15×15 

nm (for TA = 80 °C, the scanning area correspond to the inset in Figure 4.10b). 

 

From LDOS spectra (Figure 4.10d) it can be determined a bandgap reduction (width of the 

curve) between WO curve (1.69 eV), TA = 80 °C (1.57 eV) and TA = 120 °C (1.52 eV), 

probably due to the DRCNT5 film reordering, which result in a better interaction between 

each single molecule[102-105]. For the case of TA at 80 °C, the LDOS spectrum is consistent 

with a weaker (than for the TA = 120 °C case: complete reordering) electron coupling due to 

the different intermixed conformation structures I and II, and, stronger than for the WO case 

(amorphous type)[106]. Kan et al.[107], reported an optical band gap estimated from the 

onset of the DRCN5T film absorption of 1.60 eV, meanwhile the electrochemical band gap 

determined by cyclic voltammetry (CV) measurements was 1.81 eV[107], both of them 

without thermal treatment.  
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The energetic values described in Figure 4.10d are only for the single DRCN5T molecule 

film at three different thermal annealing conditions. On the other hand, for the OSCs active 

film, the donor (D) compound is blended, under the bulk-heterojunction (BHJ) approach, 

with an acceptor (A); thus, Donor-Acceptor (D-A) nanoscale domains are formed. Figure 

4.11a shows a STM image for binary blend (DRCN5T:[70]PCBM) thin film (deposited at 

room temperature). It shows a [70]PCBM-rich domain with a size of ~15 nm, however, it 

can also be observed the worm-like pattern of the small molecule DRCN5T film (for 

reference see Figure 4.10a). In Figure 4.11b, after applying a TA@120 °C, the blended film 

is reordered (see also Figure 4.10c). The good miscibility between D-A exhibit a smooth and 

uniform morphology after applying TA@120 ºC. Tskipuri et al.[108] studied the structure 

evolution in monolayers of PCBM via ultra-high vacuum scanning tunneling microscopy 

(UHV-STM), in which, molecular organization was monitored from disordered structures 

(aggregated clusters with a size of 10-25 nm, which is consistent with those of [70]PCBM 

observed in Figure 4.11a to ordered arrangements driven by thermal annealing (from 20 °C 

to 250 °C) (in Figure 4.11b is no longer possible to detect [70]PCBM clusters at TA = 120 

°C). Here is not showed any STM image at TA@80°C since it was difficult to achieve stable 

images due to the combined presence of structures I and II (amorphous and crystalline 

shapes) of both the molecule DRCN5T and [70]PCBM at the same time. The blue dashed 

arrows on the STM images (Figure 4.11a,b) indicate the location along where the tunneling 

spectra were recorded in the donor/acceptor interface contact by using a linear path (point to 

point). 
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Figure 4.11. STM and STS of DRCN5T:[70]PCBM blend films, (a) Without thermal 

annealing (WO); tunneling conditions: It = 200 pA, U = 950 mV, (b) TA@120 °C; 

tunneling conditions: It = 200 pA, U = 950 mV, (c) Average LDOS measurements across 

the DRCN5T:[70]PCBM film domains, (d) Energetic band alignment across the 

DRCN5T:[70]PCBM domains. 

 

Previous studies[109, 110] reported that domains in the nanoscale could be identified because 

of the energy-level-mapping nature of the STS technique, allowing the possibility of drawing 

appropriate energy band diagrams. Furthermore, Cochrane et al[111]. studied the electronic 

b) 

a) c) 

d) 
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density and energy level alignment of donor-acceptor interface with UHV STM/STS 

(samples held at ~4.4 K), which is essential since the difference between the LUMO level of 

the acceptor and the HOMO level of the donor defines the maximum Voc, or also if is 

possible, the transport of holes and electrons to their respective electrodes. [111]. Generally, 

pure domains are formed between the donor and the acceptor, separated by a mixture of these 

compounds at the nanoscale level, which is called D-A interface[110, 112].  

 

Figure 4.11c shows the energetic difference across D-A interface with respect to TA 

conditions. In STS measurements, the zero sample bias indicates the Fermi level of the 

system [109]. A displacement to the left of the LDOS spectra indicates a n-type behavior, 

which implies that electrons are conducted in this region, meanwhile a displacement to the 

right indicates a p-type region, where the holes are conducting, with the specific HOMO and 

LUMO levels located at negative bias voltage and positive bias voltage, respectively [98, 99, 

109]. By using a cross-sectional scanning tunneling microscope (XSTM) in UHV, Shih et 

al.[109]  reported a Eg = 2.3 eV for PCBM (TA = 150 °C) with HOMO and LUMO levels 

located at -1.6 V and 0.7 V, respectively; from Figure 4.10c), the HOMO level is located at 

-1.65 V and the LUMO level at 0.76 V for PCBM (TA = 120 °C) leading to an average Eg = 

2.1 eV, which is consistent with the literature reports[109, 113]. Average energy levels from 

Figure 4.11c) are plotted in Figure 4.11d. Energy level of the D-A interface tends to be 

different in comparison to pure phases due to the electronic density differences of the 

mixture[112], promoting charge recombination or effectively leading to a good transport of 

the photogenerated and separated charges from the interface to the pure domains. 

 

Energy levels of the DRCN5T and [70]PCBM domains (Figure 4.11d) show a larger band 

gap for WO (1.64 eV for DRCN5T and 2.43 eV for [70]PCBM) in comparison with those of 

the domains on films TA treated (1.44 eV for DRCN5T and 2.1 eV for [70]PCBM). Note 

that in the case of the thin BHJ films without any post-treatment (Figure 4.11d, WO = open 

red circles) the energetic level LUMO from the DRCN5T to the D-A interface decreases 

(green arrow), and when it goes from D-A interface to the [70]PCBM acceptor, LUMO level 

of the D-A interface is smaller than the LUMO of [70]PCBM (open red circles), see inside 

of the dashed green ellipse. This difference between the energy levels of the D-A interface 
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and [70]PCBM domains, could contribute to charge recombination and thus, reflected in a 

lower PCE value because the decreased charge collection at the electrodes. In contrast, the 

energy levels of the D-A interface with TA = 120 ºC (open blue diamonds), show a better 

energy match, which could facilitate the charge transfer between D-A and be manifested as 

an improvement in the charge extraction[112, 113]  and, in an enhanced PV device 

performance. 

 

Although previous reports[114, 115] have analyzed the morphological control of the bulk 

heterojunction by using different post-processing strategies (TA, SVA and TA + SVA) and 

techniques (AFM, TEM, GIWAXS) of DRCN5T:[70]PCBM blend, to the best of our 

knowledge, no previous studies have been carried out in order to directly observe the 

morphology evolution process of DRCN5T molecule and DRCN5T:[70]PCBM blend, as 

well as the energetic level alignment at the D-A interface upon different annealing treatments.  

 

In Figure 4.12 are presented the J-V plots of OSCs based on DRCN5T:[70]PCBM. Fabricated 

devices with untreated (WO) active layers show a PCE of 4.14% with Jsc = 10.9 mA/cm2, Voc 

= 0.97 V and FF = 0.39, while a great improvement in the photovoltaic performance is clearly 

observed once thermal annealing at 120 ºC was given: PCE = 6.72%, Jsc = 12.19 mA/cm2, 

Voc = 0.95 V and FF = 0.58. For just SVA treatment, PCE was 5.64% with Jsc = 12.6 mA/cm2, 

Voc = 0.93 V and FF = 0.48. The best PV performance of the fabricated devices under TA + 

SVA combination was PCE = 9.02% with Jsc = 17.05 mA/cm2, Voc = 0.93 V and FF = 0.57, 

which is consistent with previous literature[107, 114, 115]. Kan et al.[107] reported an 

excellent thermal stability up to 360 ºC of DRCN5T molecule under N2 atmosphere and an 

optimized TA@120 ºC/10 min + SVA for DRCN5T:[70]PCBM active layer with a PCE = 

10.1%[107]. The improvement in PCE is due to the increase of both Jsc and FF that 

corresponds with a better generation, separation and collection processes of free charges 

(holes and electrons) toward their respective electrodes. On the other hand, it can be observed 

an impressive enhancement of Jsc value by combining both thermal (120 ºC) and SVA (from 

chloroform), which lead to an improved PCE = 9.02%.  
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Figure 4.12. J-V characteristics of the fabricated OSCs without any treatment and with 

TA@120 ºC, SVA with chloroform vapor and TA+SVA combination.  

 

The efficiency improvement under TA + SVA combination is mainly due to the higher 

current output (FF also increases particularly under the TA treatment): It could be attributed 

to two facts: due to an increased absorption of photons inside the photoactive layer when TA 

is provided (see Fig. 4.11b), which could improve the charge collection. Likewise, when 

implemented the SVA treatment, an optimized contact between the active layer and the ETL 

could lead to an enhancement in the parallel (shunt) resistance, limiting the electrical losses 

(Jsc leakage). Then, an overall better PV performance when the active layer is TA + SVA 

treated can be achieved. Therefore, the mentioned post-treatments induce better molecular 

interactions and an enhanced morphology, which leads to an improvement in the SM-OSC 

performance. Therefore, the mentioned post-treatments induce better morphological 

organization and corresponding local electronic properties to provide an impressive increase 

of the charge generation, transport/collection and thus, an enhanced device performance (up 

to 9.0 %) of the SM-OSCs. As previously stated, because the very thin films (c.a. 700 pm) 

fabricated for the STM/STS analysis are destroyed by applying the SVA treatment  ̶ due to 
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their thinness ̶ , DRCN5T and DRCN5T:[70]PCBM blend were analyzed only for TA at 

different temperatures (WO, 80, and 120 °C). Usually, in OSCs the active layer thickness is 

about 100 nm. For these thicker films, other techniques (such as SEM, X-ray, etc.) should be 

used to analyze their conformation and/or possible quasi-crystalline array. Table 2 shows 

comparisons of photovoltaic performance with previous literature (at different post-

treatments). 

 

Table 2. Comparison of the best PV parameters for DRCN5T:[70]PCBM BHJ based OSCs. 

Reference 
Thermal 

treatment 
Voc (V) Jsc (mA/cm2) FF PCEbest (PCEav)a (%) 

[107] TA + SVA 0.92 15.66 0.68 10.1 

[114, 115] 

WO 0.98 7.53 0.48 3.57 

TA 0.93 12.27 0.58 6.73 

SVA 0.95 12.58 0.55 6.64 

TA + SVA 0.93 14.45 0.66 8.33 

This work 

WO 0.97 10.9 0.39 4.14 (3.98) 

TA 0.95 12.19 0.58 6.72 (6.06) 

SVA 0.93 12.6 0.48 5.64 (5.61) 

TA + SVA 0.93 17.05 0.57 9.02 (8.63) 

a The average PCE value was achieved from at least 3 devices.  

 

 

As shown in Table 2, under the different TA treatments and SVA process, Voc value slightly 

decreases – (different for the Jsc value case and in less extend for the FF value), which may 

be within the experimental error. It is well known that the donor HOMO and acceptor LUMO 

difference correlates with Voc value, then, according to results discussed from Figure 4.10c 

that partially explain the Jsc enhancement (and in less extent also FF) a Voc variation should 

also be expected (actually, a Voc decrease); thus, further and deeper analysis should be 

carried out in this sense. However, Voc value depends on multiple factors. 
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Figure 4.13a shows the optical absorbance of DRCN5T thin films where, after two different 

thermal annealing processes (80 ºC and 120 ºC/10 min), a peak at 693 nm appears due to the 

π-stacking between DRCN5T molecules compared to the untreated thin films (WO). In the 

case of thin films treated at 120 ºC, the peak at 693 nm has a steeper slope than for the film 

treated at 80 ºC due to the well-ordered pattern (see Figure 4.10a-c). With respect to the active 

layer comprised of DRCN5T:[70]PCBM (Figure 4.11b), it is also observed similar variations 

for thin films without treatment (WO) and for TA@120 ºC; additionally, here is also showed 

the blended film absorption when SVA and TA(120 ºC) + SVA were provided. The 

absorbance for thin films treated at 120 ºC and 120 ºC + SVA is fairly the same. Probably, 

the effect of SVA is the improvement of molecular ordering mainly at the surface level rather 

than in the whole film bulk, facilitating a better interface contact with the electron transport 

layer (ETL)[115].  

 

 

Figure 4.13. Absorption spectra of (a) DRCN5T thin films, and (b) DRCN5T:[70]PCBM 

thin films under different TA (and SVA for the case of the blend) treatments.  

 

AFM height and phase images (Figure 4.14) (here, active layers were fabricated with a 

thickness about 120 nm); without thermal treatment show a flat surface with small root-mean-

square (RMS) surface roughness (Rq) of 0.85 nm. While the surface images of TA, SVA and 

TA + SVA films exhibit a roughness of 1 nm, 0.68 nm and 0.47 nm, respectively. From phase 

images, it can be observed that with TA + SVA there is a better distribution of domains, 

which could improve the overall PV performance[113]. AFM height and phase images were 
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acquired in dynamic force mode. Because surface is relatively smooth, phase contrast image 

color was changed to a spectral color map (right images), which provide better details about 

phase separation. Depending on the interaction between the cantilever oscillation and the 

excitation force with the materials present on the sample surface, a phase shift will occur. 

[87]. According to Jovanov et al.[87], the phase angle of the acceptor is higher than that of 

the donor with an intermediate phase angle for the intermixed domains. Therefore, the 

presence of the chemical constituents on the active film surface is indicated by a contrast (in 

degrees) in the phase images. This low surface roughness with a good phase separation 

between D-A compounds could improve the active layer/electrode interface contact and thus 

to benefit charge extraction, leading to a higher PCE[116, 117].  
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Figure 4.14. AFM images of DRCN5T:[70]PCBM BHJ layers (thickness about 120 nm) 

without any TA neither SVA treatments (WO), with TA, SVA and, under TA + SVA 

treatments. Standard color of AFM phase images were changed to a spectral color map for 

a better visualization. 

4.2.1 Conclusions of section 4.2 

In this section, through STM/STS (at the liquid/solid interface approach), thin film analysis 

and energetic band alignment of the DRCN5T:[70]PCBM domains, at different post-

treatments, suggests that without thermal annealing, there is not good alignment of energy 

levels due to a disordered arrangements between D-A constituents, which could contribute 

to charge recombination and to decrease the charge collection at the electrodes. On the other 

hand, a good phase separation between donor and acceptor driven by a thermal annealing, 

leads to an energy level match and provides a better charge-collecting pathways, which is 

necessary to improve the performance of SM-OSCs. Thermal annealing resulted in a better 

nanoscale ordering of the small molecule DRCN5T films and also for the 

DRCN5T:[70]PCBM blend. TA effectively improved the photovoltaic performance of 

DRCN5T:[70]PCBM based SM-OSCs. Furthermore, when combining TA and SVA, PV 

performance improved even more: the reached PCE value was of 9.02%. The better ordering 

and higher co-planarity (face-on orientation), after applying TA + SVA, provide a better 

electrical charge transport and collection. Also, the very low roughness and the good phase 

separation, help to reduce the charge recombination in the bulk heterojunction (BHJ), thus, 

improving the PCE value. The presented analyses could provide new insights for better 

understanding the fabrication and improved overall OSCs performance.  

 

4.3 Possible Applications of Carbo-mers as Self-Assembled Hole Transporting 

Monolayer (SA-HTM) in OSCs 

In the following section, properties of carbo-meric molecules were investigated in order to 

determine the possibility of being used in OSCs. STM was employed to investigated the 2D 

self-assembly of carbo-meric molecules. Meanwhile with electrical techniques based on 

AFM, electronic and electrical properties of the surface were investigated. 
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In 1995, Chauvin[118] introduced a carbo-meric molecules (often carbo-mer), which are 

defined by the insertion of n C2 units into each bond of given molecules. Chauvin proposed 

that the carbo-merization process can apply to any subset of symmetry-related bonds in the 

molecule: the six peripheral C-H bonds and/or the six C-C bonds of the ring, i.e., the twelve 

bonds of benzene[119]. Carbo-mers differ from their templates in size but not in symmetry 

when C2 units are inserted. Figure 4.15 shows the carbo-benzene compounds studied in this 

section (synthesized by Rémi Chauvin's group from the chemical coordination laboratory, 

LCC, Toulouse, France). 

 

 

 

 

 

 

 

 

 

Figure 4.15. Chemical structures of the used materials in section 4.3. 

 

Figures 4.16a-e show the self-assembled monolayers (SAMs) of a carbo-benzene family. The 

molecular 2D-packing of a carbo-benzene family were investigated on a highly oriented 

pyrolytic graphite (HOPG) surface. STM images show ordered monolayers along two 

horizontal (in-plane) orientations. The vertical orientation is however found variable, the 

molecular mean planes being more or less tilted on the HOPG surface, leant molecules of 

carbo-mers partially overlapping one another. The horizontal molecules are however 

observed, the extended aromatic core of the carbo-benzene stacking face-to-face with the 

substrate and suggest that the molecular alignment is oriented by the alkyl chains groups. 

MC19 
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The Autocorrelation Function (ACF) (from Gwyddion software) of Figures 4.16f-j reveals 

the lattice vectors of the self-assembly and the separation distance between neighboring 

molecules (Figures 4.16a-e).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. Self-assembled monolayers (SAMs) of a) CB425 (It =140 pA, U = 1.05 V), b) 

ZCW28 (It =200 pA, U = -0.85 V), c) MC11 (It =100 pA, U = 0.95 V), d) VM604 (It =160 

pA, U = 0.90 V, e) MC19 (It =120 pA, U = 0.80 V, Lattice parameters using 

Autocorrelation Function (ACF) of f) CB425, g) ZCW28, h) MC11, i) VM604, j) MC19. 
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The characteristic data and the corresponding lattice parameters are summarized in Table 3. 

Table 3. Lattice parameters of the self-assembled monolayers (SAMs). 

Carbo-mer a (nm) b (nm) α (°) 

CB425 1.32 1.41 97.3 

ZCW28 1.33 1.62 89.4 

MC11 1.23 1.50 77 

VM604 1.41 1.37 89 

MC19 1.24 1.77 96 

 

Self-assembled packing pattern of Figures 4.16f-j is common due to the limited space of 

aromatics decorated with alkanes functional groups [120]. Furthermore, π-π interactions 

induce face-to-face stacking between the carbo-benzene cores and the alkyl chains [120]. 

 

STM topography (Figure 4.17a) reveal extended layers (clusters) of self-assembled carbo-

mer molecules with an average height of ~157 pm thickness (Figure 4.17a), which indicates 

a planar array on HOPG. The 2D close-packed linear structures (Figure 4.17a) might result 

from van der Waals interactions between molecular units at the 1-phenyloctane/HOPG 

interface[121]. Due to interactions between the STM tip and carbo-mer molecules, which are 

comparable to the molecule-substrate interaction strength[122], the zones with the highest 

density of states (DOS) are observable in Figure 4.17c (bright regions); because the carbo-

benzene ring it is electron-rich, here it is highlighted thus, making it difficult to observe the 

alkyl chains, which is electron-poor as compared to the extended aromatic core. 
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Figure 4.17. a) Large-area STM image of carbo-mer film self-assembled (It =140 pA, U = 

1.05 V), b) cluster thickness (average ~157 pm), c) Atomic resolution STM image showing 

the carbo-benzene ring (It =140 pA, U = 1.05 V) (processed by using the Gwyddion free 

software). 

 

For imaging qualitative electrical properties of carbo-mers, thin films with a thickness of ~ 

10 nm were deposited on ITO substrate. Kelvin force microscopy (KFM) and Electrostatic 

force microscopy (EFM) are part of the SPM families which can visualize the distribution of 

local electrostatic potential, charge, contact potential difference (CPD), etc. [123]  Figures 

4.18a and d shows the surface topography for VM604 and VM750 carbo-mers films. AFM 

root mean square (RMS) roughness (Rq) analysis gives a Rq = 25 nm for VM604 and a Rq = 

14 nm for VM750. Phase image (Figure 4.18b) clearly show the non-uniformity of the 

VM604 film; small bright protrusions indicates an agglomeration of the VM604 carbo-mer, 

which increases the roughness of the film. On the other hand, topography (Figure 4.18d) and 

phase image (Figure 4.18e) present a “better” quality film showing VM750 flakes-type 

nanoclusters. 

 

 

 

 

 

a) b) c) 
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Figure 4.18. AFM measurements, a) and d) Topography of VM604 and VM750, 

respectively, b) and e) Phase contrast imaging, c) and f) Contact potential difference (CPD) 

using KFM. Solvent: Chloroform. 

 

From Figure 4.18c, potentials of ~ -200 mV most likely reflects the orientation of the dipoles 

of the top carbo-mers that begin to deviate from the plane[124],  ratifying the agglomeration 

of the VM604 carbo-mer. The surface potential of VM604 film is VCPD = -120 mV. VM750 

film exhibit strong surface potential (VCPD = -470 mV) possibly due to a better self-assembly 

with horizontal orientation of the VM750 planes, forming flakes-type nanoclusters. Scale bar 

from Figure 4.18f indicate that surface potential depend of the number of nanocluster stacked 

and its separation. CBD425 was impossible to measure due to low surface stability. This low 

surface stability may result from the poor surface adhesion between the CBD425 film and 

ITO substrate. A decrease in roughness can occur through the use of solvents with a high 

boiling point, because evaporation is slower leading to a slow rearrangement of the film 

[125]. Figure 4.19 shows thin films using chlorobenzene as solvent. Boling point of 

chloroform is 61.2 °C and for chlorobenzene is 131 °C. From Figures 4.19a, d and g, RMS 

a) b) c) 

d) e) f) 

Topography Phase CPD 

VM604 

VM750 

Topography Phase CPD 
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roughness analysis gives a Rq = 18 nm for VM604, Rq = 12 nm for VM750 and a Rq = 8 nm 

for CBD425, which represents a decrease in the roughness using chlorobenzene for the case 

of the VM604 and VM750 carbomers compared to chloroform as solvent. Since electric force 

microscopy (EFM) measures the distribution of the gradient of the electric field on the 

surface of the sample, causing a phase shift of the cantilever [126], the dark color from Figure 

4.19b, e and h, it is due to there is a higher concentration of carbomers. As it can be seen 

from Figures 4.19c, f and i, the potential distribution in the surface measured with KFM 

demonstrated that the reorganization energy in the films are much smaller using 

chlorobenzene than in chloroform may due to the decrease of the roughness. 
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Figure 4.19. AFM measurements, a), d) and g) Topography using contact mode AFM, 

respectively, b), e) and h) electric force measurements, c), f) and i) Contact potential 

difference (CPD) using KFM. Solvent: Chlorobenzene. 

 

 

In conductive AFM mode, by applying a voltage between the conductive tip and the sample, 

the resulting current is measured as the cantilever scans the surface. Providing a topography 

map and a current map. Figure 4.20 shows local I-V curves for the three analyzed carbo-

benzenes (each curve is the average of 4 measurements), which were acquired through 

conductive AFM (c-AFM). From these local I-V curves, hole mobility (µ) was extracted by 

using a modified space-charge limited photocurrent (SCLC) model that accounts for the 

AFM tip-sample geometry [49, 50]. The estimated hole mobility values are 15 ×

10−8𝑐𝑚2𝑉−1𝑠−1 for VM604, 3 × 10−6𝑐𝑚2𝑉−1𝑠−1 for VM750 and 87 × 10−8𝑐𝑚2𝑉−1𝑠−1 for 

CBD425. These values are lower than mobility of PEDOT:PSS, which is in the range of 

3 × 10−4 −  5 × 10−5 𝑐𝑚2𝑉−1𝑠−1 [48, 127, 128].  

 

 

 
 

 

 

Figure 4.20. Local I-V plots acquired by c-AFM. a) VM604, b) VM750, c) CBD425. 

 

Table 4 summarizes the morphology, electrical and electronic properties of the studied carbo-

benzenes. 
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Table 4. Morphology, electrical and electronic properties of carbo-benzenes using 

chlorobenzene as solvent ̶ for thin films about 10 nm in thickness ̶.  

Carbo-benzene 
Roughness 

(nm) 

Work function (∅) 

(KPFM) (eV) 

Hole mobility (µ) 

(c-AFM) (𝑐𝑚2𝑉−1𝑠−1)* 

VM604 18 5.60 15 × 10−8 

VM750 12 4.97 3 × 10−6  

CBD425 8 4.82 87 × 10−8 

*PEDOT:PSS mobility value range:  3 × 10−4 −  5 × 10−5 𝑐𝑚2𝑉−1𝑠−1 [127, 128] 

 

The formation of self-assembled monolayers (SAMs) of carbo-benzenes could offer the 

benefits of uniformly formed layers with minimized thickness (~ 160 pm). Figure 3.21 shows 

preliminary results of carbo-benzenes (VM604, VM750 and CBD425) as SA-HTM in OSCs. 

As can be seen from Figure 3.21 and Table 5, with these SA-HTM, OSCs shows lower 

efficiency than by using PEDOT:PSS, probably due that with a concentration of 0.1 mM in 

1-phenyloctane (Figure 4.17a), SAMs do not cover homogenously the ITO substrate having 

not a good ohmic contact with the active layer. For this reason, a better preparation of SAMs 

is still necessary to improve the efficiency in OSCs using these carbo-benzenes. An 

optimized concentration, an adequate solvent (or mix of solvents) and drying time could help 

to have a uniform monolayer in order to cover homogenously the ITO surface, which could 

lead to reach higher efficiencies. However, these J-V plots show the potential use of the 

analyzed carbo-benzenes as SAM for replacing PEDOT:PSS as HTL. The best PV 

performance was determined with VM750 SAM perhaps because of its higher mobility value 

(see Table 5) than that for VM604 and CBD425 thin films, nevertheless, an order of 

magnitude smaller than that for PEDOT:PSS. 

 



56 
 

 

Figure 4.21. J-V curve for PBDB-T:ITIC based OSCs devices using the FM alternative top 

electrode vacuum-free deposited.  

Table 5. PV parameters of OSCs. Best result (preliminary) by using SA-HTM is for 

VM750 molecule. 

Configuration: 

Glass/ITO/HTL/PBDB-T:ITIC/PFN/FM 

𝑉𝑂𝐶  (𝑉) 𝐽𝑠𝑐(𝑚𝐴/𝑐𝑚2) FF 
PCE 

(%) 

Without HTL 0.55 12.1 0.41 2.7 

VM604 0.44 9.0 0.33 1.3 

VM750 0.76 10.7 0.48 3.9 

CBD425 0.86 7.5 0.38 2.5 

PEDOT:PSS 0.77 14.2 0.50 5.5 
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Alternative HTL based in small molecular materials as SAMs have been used showing 

similar or better PCE than when using PEDOT:PSS [129-131]. As an example, Yalcin et al. 

[131] reported a PCE enhancement from 13 % (with PEDOT:PSS) to 17.3% by using a SAM 

molecule (MC-43) as HTL under the configuration of 

Glass/ITO/HTL/MAPI/[60]PCBM/Ag. On the other hand, Zhong et al. [22] reach a PCE of 

3.18% (with PEDOT:PSS) under the architecture ITO/HTL/CuI/P3HT:[60]PCBM/ZnO/Al 

and 3.20% with a SAM of 3-aminopropanoic acid. 

4.3.1. Conclusions of section 4.3 

In this section, carbo-benzenes derivatives were studied by SPM. STM images of VM604 

and CBD425 derivatives show an extended aromatic core (C18), which molecular alignment 

is oriented by the alkyl chains groups; no STM image was observed for VM750 molecule. 

Work function (∅) measured through Kelvin Probe Force Microscopy (KPFM) results in a ∅ 

= 5.60 eV for VM604 molecule and 4.97 eV for VM750 and for CBD425. Hole mobility (µ) 

values extracted from local I-V plots by using conductive Atomic Force Microscopy (c-

AFM) are 15 × 10−8𝑐𝑚2𝑉−1𝑠−1 for VM604, 3 × 10−6𝑐𝑚2𝑉−1𝑠−1 for VM750 and 

87 × 10−8𝑐𝑚2𝑉−1𝑠−1 for CBD425. Due to the high roughness (8-18 nm) and bad 

homogeneity of thin films based on carbo-benzenes derivatives, it may prevent the use for 

charge transport in organic photovoltaics applications. Nevertheless, due to the properties of 

these molecules, it could be used as an alternative hole transport layer (HTL) and ensure 

contact selectivity between the anode and the active layer. The best PCE with a HTL of 

PEDOT:PSS was 5.5%, whereas with the VM750 carbo-benzene derivative as SA-HTM was 

3.9%. Without a HTL, OSCs showed a PCE of 2.7%. As revealed by our work, these 

molecules can offer an alternative to the PEDOT:PSS with the aim of increasing the stability 

in OSCs. In this context, carbo-benzene derivatives need further optimization in order to 

obtain higher PCE. 
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4.4 OSCs Based on PBDB-T:ITIC: SPM Analysis  

In OSCs, the photovoltaic performance depends on several parameters involved in the 

conformation of the active layer such as molecular ordering, orientation, packaging and also 

charge transport [50]. Thus, nanoscale measurements are critical to control the blend 

morphology and optimize the OSCs performance. As mentioned above, STM has the 

capability to visualize the arrangement of the individual polymers/molecules. On the other 

hand, AFM is widely used to characterize the nanoscale morphology of the organic 

semiconductor layers [132]. Since classical AFM measurements only provides a perspective 

of the surface layers, electrical modes of AFM (such as conductive AFM (c-AFM), 

Electrostatic Force Microscopy (EFM), Kelvin probe Force Microscopy (KPFM), etc.) are 

being used to study and understand the influence of nanoscale morphology and its correlation 

with the efficiencies of OSC devices. [132]. In this section, STM, pc-AFM and EFM are 

performed to evaluate the PBDB-T:ITIC active layer and its individual components. 

 

In Figure 4.22 are shown the best current-density versus voltage (J-V) curves and achieved 

efficiency for our fabricated OSCs based on PBDB-T:ITIC (average PCE = 9.11 %). The 

corresponding PV parameters of the fabricated OSCs are shown in Table 6. PCE values for 

these OSCs, under direct configuration and with the use of the alternative FM top electrode 

vacuum-free deposited [54, 91], are comparable to OSCs based on PBDB-T previously 

reported in recent literature (usually by using Al as top electrode and high vacuum deposited): 

range 7-11 % [133-139].  
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Figure 4.22. Best J-V plots and average achieved efficiency for PBDB-T:ITIC based OSCs 

devices (4 devices) using the FM alternative top electrode vacuum-free deposited.  

 

Table 6. PV parameters of the fabricated devices. OSCs configuration: 

glass/ITO/PEDOT:PSS/PBDB-T:ITIC/PFN/FM. 

𝑉𝑜𝑐 (𝑉) 𝐽𝑠𝑐  (𝑚𝐴/𝑐𝑚2) 𝐹𝐹 𝑃𝐶𝐸 (%) 

0.87 18.53 0.56 9.02 

0.88 18.06 0.57 9.11 

0.87 18.42 0.57 9.12 

0.88 17.99 0.58 9.20 

 

Figure 4.23 shows PBDB-T and ITIC monolayers on HOPG surface, prepared by drop 

casting from a dilute solution using 1-phenyloctane as solvent, measured under the STM 

liquid/solid interface technique. Figure 4.23a) and b) show worm-like chains of PBDB-T, 

where the prolonged π system allows the polymer to form a better π-π stacking with an 

average chain-to-chain distance around ~950 pm (see blue arrow in Figure 4.23b). This 

average distance was determined from the autocorrelation function (ACF), which 

corresponds to lattice vectors that are related to the average shape. This short distance 

between chains could facilitate a more efficient intramolecular charge separation between 

different polymer backbone chains, and thus to improve the charge transfer from the active 

layer to the OSC electrodes [57].  
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Figure 4.23. Representative STM images of PBDB-T chains and ITIC molecule: a) Large-

area STM image of PBDB-T chains, It = 200 pA and U = 0.9 V, b) High-resolution STM 

image of PBDB-T chains, It = 120 pA and U = 1.15 V, c) STM image of ITIC molecule 

(when using n-hexadecane as solvent to fabricate the thin film), It = 230 pA and U = 1.35 

V, d) High-resolution STM image of ITIC molecule, It = 200 pA and U = 0.85 V. 

 

In the case of ITIC molecules, apparently there is no proper interaction with HOPG substrate 

to form stable regular arrangements for STM imaging (no self-assembly pattern was observed 

in 1-phenyloctane at any concentration) [140]. However, by using n-hexadecane as solvent, 

a linear pattern can be observed (Figure 4.23c-d) due to the solvent co-adsorption in which 

the small molecules are formed by intermolecular bonds [141], and thus inducing the self-

assembled monolayers at the liquid-solid interface. Therefore, the ITIC side chains forms 

a) b) 

c) d) 
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chain-like patterns with an average interchain distance of 1.56 nm (see blue arrow in Figure 

4.23d), which could be favorable for electron transport [142]. Since it was not possible to 

image ITIC with 1-phenyloctane, STM images of the PBDB-T:ITIC blend were acquired 

using n-hexadecane as solvent (Figure 4.24a-b). Note that for OSC fabrication, the active 

layer was obtained from anhydrous chlorobenzene solution with 5% of 1,8-dioodoctane, 

however, PBDB-T:ITIC blend has a better interaction with HOPG substrate by using n-

hexadecane as solvent for STM imaging. Figure 4.24 reveals linear (chain-like) patterns 

formed by the ITIC molecules and a different arrangement formed by the PBDB-T chains. 

Although the PBDB-T:ITIC monolayer imaging with STM will differ from the BHJ approach 

(due to the different film thickness and conformation), it might help elucidate the bulk 

properties of the active molecules by probing their intermolecular interactions [41]. As can 

be seen from Figure 4.24, distinct domains are formed for the blend system presumably due 

to the large difference of molecular weights between PBDB-T and ITIC (Mw = 90 311 and 

1427.94 g/mol, respectively). As a result, the PBDB-T domains could facilitate charge 

separation and dissociation. On the other hand, the strong inter-chain π-π interaction would 

promote the ITIC molecules to self-organize forming ordered domains, that under the mutual 

interaction with the PBDB-T polymer, could influence the pathways formation for electron 

transport [143]. 

 

        

Figure 4.24. STM images of two different monolayers (film thickness ~ 900 pm) formed by 

PBDB-T:ITIC, a) It = 80 pA and U = 1.55 V, b) It = 70 pA and U = 1.55 V.  

ITIC 

PBDB-T 

a) b) 

ITIC 

PBDB-T 
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To further investigate the conformation impact of PBDB-T:ITIC blend on the OSCs 

photovoltaic performance, electrical modes of AFM were also used. Figure 4.25 shows 

electrostatic force (phase through EFM) and photocurrent AFM images of the blended film. 

During the scanning the topography (roughness ~ 3nm) did not images reveal information 

about the surface charge carrier density [144]. EFM images reveal information about the 

surface charge carrier density. In EFM mode, the oscillation of the cantilever is sensitive to 

long-range electrostatic force gradients. Hence, EFM measurements reflect the electric field 

gradient distribution above the sample surface, generating a map of the spatial distribution 

(domains) of surface charge carriers revealing high-order effect of field-induced polarization 

in the active layer, which is related to charge trapping sites [144, 145]. In Figure 4.25a (EFM 

phase image), the related charge trapping domains are observed in dark zones. On the other 

hand, the conductive map (Figure 4.25b), measured with pc-AFM, shows the zones where 

the photocurrent is generated (bright spots) obtained at Utip = 1 V (bias voltage applied to 

the tip) and under illumination (617 nm, at 7.2 mW with a 200 µm optical fiber).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25. Representative AFM images of a PBDB-T:ITIC blend obtained in a) EFM 

(phase) and b) photocurrent (1 V, 617 nm) modes. 

 

Due to the difference between EFM and pc-AFM operation modes and probes (non-contact 

and contact, respectively), it was not possible to conduct measurements in exactly the same 

Phase (EFM)  photocurrent (pc-AFM) a) b) 



63 
 

area to obtain overlapped images. Yet, a visual comparison of dark zones in Figure 4.25a, 

where no current is generated, with the domains of high density of charges traps (dark zones 

in Figure 4.25b) seems to indicate a correlation, which we can understand as preferred 

domains where electron-hole recombination occurs [144, 146]. Figure 4.26 displays the 

trapped charge and photocurrent histograms (16 images were analyzed), which were 

generated using grain-size distribution analysis as implemented in the gwyddion software. 

The domains size where the greatest amount of photocurrent is generated is in the range of 

15-35 nm, whereas the size of trapped charge domains, diminishing the photocurrent, falls 

between 120-170 nm. From these measurements, it is inferred that domains with size in the 

range 15-35 nm appear ideal in the PBDB-T:ITIC blend to achieve high efficiencies. This 

domain size in the PBDB-T:ITIC blend as well as the conformation of PBDB-T and ITIC, 

appear thus essential for efficient carrier photo-generation. Hence, a proper treatment of the 

active layer (thermal and/or solvent vapor annealing, alcohol solvents treatment, etc.) might 

allow obtaining more favorable small domain sizes to potentially enhance the device 

performance due to a reduced charge recombination and better carrier transport. 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. Histograms of trapped charges and photocurrent obtained from EFM and pc-

AFM images, respectively, using grain-size distribution analysis. 

 

Figure 4.27 shows zones (points A1 to A4) where local J-V curves (each curve is the average 

of 4 measurements) were acquired through pc-AFM. From these local J-V curves, hole 

mobility was extracted from the slope and the built-in potential from the y-intercept by using 
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a modified space-charge limited photocurrent (SCLC) model that accounts for the AFM tip-

sample geometry [49, 50], yielding an average hole mobility of 𝜇 = 15 × 10−4𝑐𝑚2𝑉−1𝑠−1 

for the PBDB-T:ITIC blend, which is in good agreement with the value reported in the 

literature: 𝜇 = 2 × 10−4𝑐𝑚2𝑉−1𝑠−1 [147].   

 

 

 

 

 

 

 

 

 

 

    

Figure 4.27. a) Photocurrent image of the PBDB-T:ITIC active layer and local areas where 

J-V curves were acquired (points A1 to A4), b) J-V curves in the SCLC region for points 

A1 to A4. 

Spatial variations of nanoscale photocurrent in the bulk material can be directly imaged 

under OSC illumination by pc-AFM. Figure 4.28 displays the photocurrent of the PBDB-

T:ITIC blend under different illumination conditions of the same area. Figure 4.28a shows 

the photocurrent generation in the PBDB-T:ITIC blend under illumination at 0 V. Figure 

4.28b shows the generated photocurrent by the device under ON/OFF light illumination 

cycle at 0 V. In the dark, only the electronics noise is observed. Upon applying a voltage of 

2 V (Figure 4.28c), under illumination (ON), the photocurrent increases (with respect to the 

OFF cycle), meanwhile without illumination (OFF) a non-negligible dark current is 

maintained due to the application of 2 V forward bias. The ON/OFF photo-response of the 

BHJ blend does not show significant variation in the photocurrent generation behavior upon 

five illumination cycles. This ON/OFF photo-response measured through pc-AFM could be 

useful to observe active layer quality and stability at the nanoscale regimen in OSCs –in 

complement to other techniques such as light beam induced current/voltage (LBIC/LBIV) 

measurements –. 

a) b) 
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Figure 4.28. Photocurrent generation in PBDB-T:ITIC blend obtained at Utip, a) Under 

illumination (0 V), ON/OFF photo-response of PBDB-T:ITIC based OSC device, c) 

ON/OFF illumination sequence (2 V).  

 

In order to further characterize the PBDB-T:ITIC blend, it is also analyzed its topography 

through phase contrast mode, likewise, Kelvin Probe Force Microscopy (KPFM) 

measurements were also carried out to examine additional details about the surface and 

possible potential changes due to the domain differences in the active layer. Figure 4.29a 

shows the topography of the blended film (RMS roughness ~ 3 nm). On the other hand, in 

Figure 4.29b is displayed the phase contrast measurement that reveal further surface details 

 ̶ at different resolution ̶  than the topography image (changes in composition of the active 

layer across the surface) [92, 148]. KPFM image (Figure 4.29c) shows the Contact Potential 

Difference (CPD) of PBDB-T:ITIC blend, which allows to observe the potential distribution 

of the surface due to the materials difference, resulting in a surface work function of 4.8 eV 

–calculated according to [149], which is in good agreement with the value reported in the 

literature of 4.7 eV [150]. It has been reported [151] that aggregates (dark zones from KPFM 

images) exhibit defective charge transport (mainly for holes), however, there is no obvious 

correlation with EFM to imaging charge trapping sites. Figure 4.29d shows the line profiles 

from Figures 4.29a-c (same scanned area, i.e., same zone of the active layer with the same 

AFM tip), where some qualitative profile behavior differences are observed [152]. Hence, 

a) b) c) 
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phase contrast and KPFM measurements can reveal additional nanoscales facts about the 

active layer surface.  

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.29. a) Topography of PBDB-T:ITIC blend, b) Phase contrast, c) Contact potential 

difference (CPD) measured with KPFM, d) cross section of topography, phase and potential 

along the dashed lines in the images.  

 

Table 7 shows the principal characteristics of the PBDB-T:ITIC blend measured by SPM in 

this work. A comparison with the available literature data (mainly through alternative 

techniques) is also shown, which highlight the interest in high resolution SPM investigation 

of OSC active layers under the BHJ approach. 

 

 

 

 

CPD (KPFM) c) d) 

a) b) Topography Phase contrast 
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 Table 7. Summary of the principal results obtained by SPM for the PBDB-T:ITIC blend 

and comparisons with the available literature. 

Scanning Probe 

Microscopy 
Parameter This work Literature 

pc-AFM Photocurrent domains size (nm) 15-35 
46 nm (AFM and 

WAXS) [153] 

EFM 
Charge trapping domains size 

(nm) 

120-170 

nm 
- 

pc-AFM 
Hole mobility (µ) of PBDB-

T:ITIC blend (𝑐𝑚2𝑉−1𝑠−1) 
15 × 10−4 

2.32 × 10−4 (Diode 

mobility 

measurements)[147] 

STM 
Interchain distance of PBDB-T 

(pm) 
950 

224 pm (2D 

GIWAXS) [154] 

STM Interchain distance of ITIC (nm) 1.56 - 

KPFM 
Surface work function of PBDB-

T:ITIC blend (eV) 
4.8 4.7 (KPFM) [150] 

 

4.4.1 Conclusions of section 4.4 

This section was devoted to the investigation of some key aspects of glass/ITO/HTL/PBDB-

T:ITIC/PFN/FM OSC devices, which can potentially allow deeper basic understating and 

improvement of their PV performance. STM measurements at the solid/liquid interface 

reveal a worm-like pattern in a monolayer film of PBDB-T with a chain-to-chain distance 

around ~950 pm. This short distance could facilitate a more efficient intramolecular charge 

separation. On the other hand, STM images of ITIC indicate that the side chains of the small 

molecule acceptor can modulate π-π interactions forming chain-like patterns with 1.56 nm 

interchain distance. From combined EFM and pc-AFM measurements, the domain size for 

which the greatest amount of photocurrent is generated in the PBDB-T:ITIC blend, can be 

established around 15-35 nm. These small domains make easier for charge carriers to be 

transported through the blend, yielding to an acceptable hole mobility value of 14.7 ×

10−4𝑐𝑚2𝑉−1𝑠−1 for PBDB-T:ITIC blend, estimated from pc-AFM measurements. On the 

other hand, domains in the range 120-170 nm work as charge traps and therefore, no 

photocurrent is generated. OSCs showed a best PCE of 9.2 %. Phase contrast and KPFM 

measurements revealed additional nanoscales facts about the surface and potential changes 

due to the domain differences in the active layer, respectively.   

 



68 
 

Chapter 5 

Conclusions  

In addition to the partial conclusions presented in sections 4.1, 4.2, 4.3 and 4.4, the general 

conclusions of this thesis are presented below. 

 

STM images of P3HT and PTB7 help us to elucidate the polymer conformation on the 

morphology of the BHJ blend. P3HT forms quasi-ordered domains with an average 

conformation of ~ 17 nm that facilitate the charge separation and extraction. For the PTB7 

electro-donor polymer, small domains must be interconnected by amorphous chains (chain 

length of ~ 90 nm), facilitating charge separation and dissociation. Moreover, hole mobilities 

were determined through pc-AFM measurements, yielding to a P3HT hole mobility of 

9 × 10−5𝑐𝑚2𝑉−1𝑠−1 and  1.69 × 10−4𝑐𝑚2𝑉−1𝑠−1 for PTB7. The polymer conformation 

and hole mobility are two crucial issues (among many others) for the PV device performance. 

 

Band energy diagrams constructed from STM/STS measurements, allows exploring 

simultaneously the quantitative link between the morphologies and their corresponding local 

electronic properties at different post-treatments for DRCN5T:[70]PCBM blend. Without 

thermal annealing, there is disordered arrangement between D-A constituents, which leads 

to a misalignment of energy levels, which could contribute to charge recombination and to 

decrease the charge collection at the electrodes. Meanwhile by applying a thermal annealing, 

good phase separation occurs, leading to an energy level match and providing a better charge-

collecting pathways, which is necessary to improve the performance of SM-OSCs. 

 

Due to the proper work function, hole mobility and self-assembly of carbo-mers derivatives, 

they can be used as an alternative hole transport layer (HTL) with the aim of increasing the 

stability in OSCs, and ensure contact selectivity between the anode and the active layer.  

 

Finally, EFM and pc-AFM measurements, allows to determine the ideal domain size in the 

active layer blend, and quantitatively correlate the photocurrent generation with the film 

morphologies, making it possible to analyze at the nanoscale regime various mechanisms 
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involved in the device operation (i.e. charge generation, transport and the final collection at 

the electrodes). 

 

In general, scanning probe microscopies could provide new insights that allow a deeper basic 

understanding of the OSC performance at the nanoscale regime, particularly, on the 

conformation of the active layer that directly affect electrical and electronic parameters and 

thus, the overall PV behavior. 
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Recommendations for future research 

Since the overall morphology is crucial for the performance of BHJ OSCs, advanced 

scanning probe techniques are used in order to obtain more information on how nanoscale 

morphology translates into the performance of OSCs. For this reason, it is important to 

continue the analysis at nanoscale to development strategies to improve the efficiency in 

OSCs. As well, individual molecules must be measured and investigated how their properties 

changed as individual molecules interact to form self-assembled monolayers. Besides, photo-

induced molecular dynamics need to be studied with a laser-STM. 
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