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ABSTRACT  

Disentangling the details of the vertical distribution of the small semiconductor molecules 

blended with polystyrene (PS) and the contacts properties are issues of fundamental value for 

designing strategies to optimize small molecule/polymer blend organic transistors. These 

questions are addressed here for ultra-thin blends of 2,7-dioctyl[1]benzothieno[3,2-

b][1]benzothiophene (C8-BTBT) and PS processed by a solution-shearing technique using three 

different blend composition ratios. We show that friction force microscopy (FFM) allows the 

determination of the lateral and vertical distribution of the two materials at the nanoscale. Our 

results demonstrate a three layer stratification of the blend: a film of C8-BTBT of few molecular 

layers with crystalline order sandwiched between a PS-rich layer at the bottom (a few nm thick) 

acting as passivating dielectric layer and a PS-rich skin layer on the top (~1nm) conferring 

stability to the devices. Kelvin probe force microscopy (KPFM) measurements performed in 

operating organic field-effect transistors (OFETs) reveal that the devices are strongly contact 

limited and suggest contact doping as route for device optimization. By excluding the effect of 

the contacts, field-effect mobility values in the channel as high as 10 cm
2
V

-1
s

-1
 are obtained. Our 

findings, obtained via a combination of FFM and KPFM, provide a satisfactory explanation of 

the different electrical performance of the OFETs as a function of the blend composition ratio 

and by doping the contacts. 
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INTRODUCTION 
 

Organic field-effect transistors (OFETs) have been widely studied because of  their potential in 

a wide range of applications such as printable and flexible electronics. Organic semiconductors 

(OSCs) are especially interesting owing to their compatibility with solution-based coating 

techniques, which promise low-cost manufacturing by high-throughput continuous roll-to-roll 

printing methods on flexible substrates.
1
 Over the past years intensive research efforts from both 

academia and industry have been performed for achieving superior performance of OFETs 

processed with solution-based coating techniques. As organic semiconducting polymers are 

generally less crystalline than small molecules and, as a result, tend to exhibit lower carrier 

mobility,
2
 many efforts have been devoted to develop soluble small conjugated molecules. 

However, the processing of small molecules from solution encounters coating problems related 

with dewetting and lack of control over the nucleation and growth of the molecular crystallites.
3,4

 

Therefore, obtaining highly reproducible and uniform crystalline films by solution-coating is 

challenging for many molecular systems and, as a consequence, large performance disparity 

among devices is obtained even on the same substrate type.
4,5

 One of the advances in the 

solution-manufacturing process is raised from the idea of blending small conjugated 

semiconductor molecules with an amorphous insulating polymer to benefit from the advantages 

of both types of materials: uniform film-forming properties from the polymer component and 

high carrier mobility from the small molecule component.
1,3,6–9

 This strategy has led to an overall 

rise in charge carrier mobility accompanied by an improvement of devices processability, 

reproducibility and stability.
1,8,10,11
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A key to understand the superior performance of OFETs fabricated with blended films seems 

to be the vertical phase separation of the two material components, previously confirmed by ex 

situ measurements, such as transmission electron microscopy (TEM),
12,13

 secondary ion mass 

spectrometry
14

 and neutron scattering
15 

or variable angle spectroscopic ellipsometry.
15

 Thus, 

discerning the structural details of the vertical stratification of the blends and the way it changes 

as a function of different processing parameters is an issue of fundamental importance.  

Successful demonstration of OFETs based on small molecule/polymer blends have been 

reported for Cn-BTBT alkylated derivatives of benzothieno, one of the most promising small 

semiconducting molecules because of their proven high hole mobility.
12,16–19

 It has been reported 

that blending polystyrene (PS) with 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-

BTBT) enhances the device to device reproducibility, as well as improves the already remarkable 

stability of single component C8-BTBT films.
1
 Moreover, lines of evidences of the vertical 

phase separation of both components, with PS segregated to the dielectric/semiconductor 

interface have been provided by cross-sectional TEM.
12

  A bottom PS layer (in which a small 

percentage of C8-BTBT cannot be excluded) is believed to ensure a low density of traps at the 

semiconductor/dielectric interface.
1,8

 Nevertheless, the detailed structure of the films at the 

nanometer scale has not been fully determined yet. This important question is addressed here for 

blends processed by a solution-shearing technique
8
 for three C8-BTBT: PS ratios (1:2, 1:1 and 

4:1 in weight). We show that lateral force imaging, also known as friction force microscopy 

(FFM) is a powerful tool to distinguish between C8-BTBT and PS regions thanks to the different 

frictional behaviors of these two materials. This fact allows obtaining a complete nanoscale 

characterization of the vertical distribution and crystalline quality of the blend components. The 
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resulting structure of the films correlates with the different macroscopic electrical performances 

of the OFETs obtained for the three blend ratios. 

 To understand the factors currently limiting transport in the most optimized devices, Kelvin 

probe force microscopy (KPFM) measurements in operating OFETs have been performed. We 

show that the devices are strongly limited by the contacts and that the incorporation of a doping 

interlayer of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) offers a route for 

contact optimization. By excluding the contacts resistance we obtain a field-effect mobility in the 

channel as high as 10 cm
2
V

-1
s

-1
. 

EXPERIMENTAL SECTION 
 

Blend films were deposited by the bar-assisted meniscus shearing (BAMS) technique
1
 (Figure 

1b) in ambient conditions as described elsewhere.
1,8

 The materials, C8-BTBT and PS (with 

molecular weight Mw = 10000 g·mol
−1

), were purchased from Sigma-Aldrich and used without 

further purification. Blend solutions of C8-BTBT and PS in chlorobenzene 2 wt% were prepared 

at different weight ratios: 1:2, 1:1 and 4:1. The Mw of the PS was selected following the 

previously published optimized conditions
1
 and results in solutions with a good viscosity to be 

processed into homogenous films. The bottom gate substrates were Si/SiO2 (200 nm SiO2) from 

Si-Mat, and they were cleaned with high purity acetone and isopropanol and then dried under a 

nitrogen flux. The electrodes consisted of 7 nm of MoO3 and 35 nm of gold deposited by metal 

evaporation through a shadow mask (channel lengths from L=30-100 µm and channel width of 

W=4 mm) in the configuration shown in Figure 1c.  

Electrical measurements were performed in ambient conditions using an Agilent B1500A 

semiconductor device analyser connected to the samples with a Karl Süss probe station. The 

field-effect mobility in the saturation regime was extracted using the relationship: 
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μ =
2𝐿

𝑊𝐶𝑖
× (

𝜕√𝐼𝑆𝐷,𝑠𝑎𝑡

𝜕𝑉𝑆𝐺
)
2

  (1) 

where Ci is the insulator capacitance per unit area, and W and L are the width and length of the 

channel, respectively. Atomic force microscopy (AFM) measurements were carried out at room 

temperature using a commercial head and control unit from Nanotec Electrónica S.L. All data 

were analysed with the WSxM freeware.
20

 The contact mode FFM
21,22

 study was carried out 

using Si tips mounted in soft (k  0.01-0.1 Nm
-1

) cantilevers from Veeco. Unless otherwise 

indicated, the load was always kept as low as possible (close to the pull off force) during FFM 

scanning. In KPFM the electrostatic force is nullified at each surface point and provides a map of 

local contact potential difference (CPD) values. We used the frequency modulation mode (FM-

KPFM), in which the tip is excited by an ac voltage (~ 0.5 V) at a frequency (~ 0.7 kHz) while a 

feedback loop adjusts the dc bias needed to nullify the frequency shift (f) of the cantilever 

mechanical oscillation, which is proportional to the electrostatic force gradient.
23

 In our set-up, 

the voltage is applied to the tip, so that the higher the local CPD the lower the local effective 

work function.
24

 The CPD maps are obtained simultaneously with the topography in a single 

pass. For the FM-KPFM measurements, CrPt coated Si tips in cantilevers with nominal k = 3 

Nm
-1

 from BudgetSensors were used. The error in the estimated channel mobility was obtained 

by error propagation from equation (2) taking into account the uncertainty in the determination 

of CPD.  

 

RESULTS 
 

Electrical Characteristics and Vertical Phase Separation. 
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Representative transfer curves of the three devices (with a 30 µm channel length) are shown in 

Figure 1d. The reproducibility of the devices was significant for the 4:1 ratio, with an average 

hole field-effect mobility of 0.3 cm
2
V

-1
s

-1
.
1
 The reproducibility of the devices was significant for 

this ratio, with over 90% devices showing a good performance. For the 1:1 ratio, the 

reproducibility dropped around 80%, and for 1:2 it reached 50%. The performance of the latter 

formulations also diminishes with respect to the 4:1 ratio up to 1 order of magnitude. 

 

Studying the OFET electrical properties as a function of the blend ratio is a good systematic 

procedure to analyze the vertical phase separation taking place in each film and thus understand 

its impact on the electrical properties of the devices. 

 

Figure 1. (a) Chemical structures of C8-BTBT and PS. (b) Schematic illustration of the BAMS 

technique. (c) Scheme of the geometry of the devices. (d) Representative transfer curves 

corresponding to the OFETs for  the 1:2, 1:1, and 4:1 i ratios of C8-BTBT:PS (VSD= 40V).  
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Although for the 1:2 device the optical images reflect significantly smaller crystal domains, the 

topographic AFM images show very similar features for the three investigated blend ratios (S1 in 

the Supporting Information), hampering the direct correlation between thin film morphology or 

crystallinity and electrical performance of the devices. Close inspection of the organic films 

topography inside the channel reveals a uniform and smooth surface consisting of large flat 

platforms or terraces with lateral sizes in the micrometer range. The height of each terrace is 3.1 

± 0.2 nm or multiples of it (S2 in Supporting Information) which is only slightly higher than the 

inter-planar distance of the reported C8-BTBT thin film structure consisting of a layered 

herringbone packing with the lamellar planes parallel to the surface. We note that this is the most 

favorable orientation for charge transport in OFETs.
19,25,26

  

 

 

Figure 2. (a) Topographic and (b) lateral force images obtained within the channel of the 1:2 

OFET. (L=30 µm) (c) Magnified molecular resolution image (5 nm x 5 nm) of C8-BTBT and top 

view model of the in-plane herringbone unit cell (a=0.59 nm, b=0.79 nm). Blue ellipsoids 

represent the methylene groups. (d) Topographic and (e) lateral force images obtained at the 

indicated area. (f) Profile along the black line traced in (d).  
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In the following, we focus on identifying the two different blend constituents, PS and C8-

BTBT, based on a frictional response and crystallinity analysis. The investigation of the local 

frictional properties by means of FFM has shown to be a valuable tool to reveal structural details 

of molecular films which are difficult to visualize with other techniques.
22,27–30

 Furthermore, on 

samples with a heterogeneous composition, the lateral force maps have been proven to be useful 

in identifying materials with a different chemical nature (such as graphene flakes
31,32

 or organic 

islands on a substrate 
33–35

) or to distinguish between two different chemical species in mixed 

self-assembled monolayers.
36

 We first analyze the 1:2 ratio for which a substantial contrast 

between some areas is observed in the lateral force signal, where a darker color corresponds to 

lower friction. Figure 2a shows a topographic image and the simultaneously recorded lateral 

force taken on the device channel. On the terraces exhibiting the highest friction (lightest color), 

molecular-resolved images are obtained (Figure 2b) with an in-plane lattice constant ( 0.6 ± 0.1 

nm) in agreement with the next neighbors distance of C8-BTBT molecules in the herringbone 

packing within the plane (a=0.59 nm, b=0.78 nm),
19

 evidencing the high crystalline quality of the 

C8-BTBT layer. Moreover, information about the phase separation is gained from the lateral 

force signal that allows relating the friction contrast with the material composition, that is, high 

friction for crystalline C8-BTBT and low friction for PS areas, respectively. As a matter of fact, 

molecular order is not observed on those terraces with low-friction as expected from the 

amorphous structure of PS. Interestingly, by consecutive scanning of these regions (or slightly 

increasing the imaging load) an extremely thin layer is peeled off by the swept action of the tip, 

leaving uncovered a surface exhibiting the friction contrast of C8-BTBT where molecular 

resolved images are obtained. This key observation permits firmly establishing the existence of 

an ultrathin skin layer of PS which covers large areas of the crystalline C8-BTBT. As can be 
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observed in the profile of Figure 2f, the thickness of the skin layer varies between 0.5 and 2 nm 

(further details in Figure S3 in Supporting Information). In addition, correlating topography and 

friction is particularly helpful for determining the vertical structure of the system, as there are 

regions of the channel where the C8-BTBT film is not complete but leaves exposed areas at 

lower vertical level. This is illustrated in Figure 3. Note, in particular, that the frictional signal of 

the base level terrace (Figure 3a), is lower than that of the surrounding C8-BTBT film and 

similar to that of the PS skin layer on the topmost level. In fact, no molecular order is attained at 

these regions suggesting a similar composition of skin and bottom layers, as confirmed next.  

 



 11 

Figure 3. (a) Topography (left) and lateral force (right) images taken within the channel of a 1:2 

OFET and (b) same area after scratching the film. Inset: Schematic illustration of the scratching 

experiments. (c) Relief profile (red line) along the segment marked in (b) and (d) deduced 

structure of the films for the three C8-BTBT:PS ratios.  

To clarify whether the lowest level in Figure 3a corresponds to the substrate or to the presence 

of an underlying PS buffer layer, the film was locally scratched by scanning at a higher load ( > 1 

nN) till reaching the substrate (inset in Figure 3b). After this procedure, the same area was re-

imaged at the released load revealing that scratching had led to a square cavity exposing the bare 

substrate. The uncovered SiO2 serves as a reference to evaluate the thickness of the different 

layers as well as that of the overall film (Figure 3b). The height analysis confirms the existence 

of a layer of ~2-3 nm under the C8-BTBT film (profile in Figure 3c) identified by FFM as PS 

rich. We conclude that the films have a vertically phase separated structure consisting of a C8-

BTBT crystalline film sandwiched between two PS layers at the bottom and on the top. The 

interface between the different layers is very smooth and structurally well defined. The 

segregation of PS at both interfaces, with SiO2 and air, despite their dissimilar surface energy, 

suggests a phase separation driven by the crystallization of C8-BTBT rather than by surface 

energy minimization. The formation of a PS layer at the bottom has been suggested in the 

literature to serve as a nonpolar dielectric medium that assures low charge trapping between the 

dielectric and the OSC.
8,12,37

 However, as far as we know, the presence of a skin layer on the top 

of the OSC has not yet been experimentally proven for this system.  

 

Following the above described procedure we characterized the vertical distribution of PS and 

C8-BTBT with a nanometer precision for the samples prepared with diverse C8-BTBT:PS ratios 
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(1:2, 1:1 and 4:1). Although the films surface morphology has a similar appearance (see S1 in the 

Supporting Information) there are quantitative differences in the individual thickness of the 

three-layers of the structure, which are schematically summarized in Figure 3d. The total 

thickness determined for the 1:2, 1:1 and 4:1 ratios was ≈16, 13 and 25 nm, respectively.  

It is noteworthy that for the 4:1 ratio, with the thickest C8-BTBT layer, the extracted current and 

mobility are the highest, whereas for the blends with 1:2, where not even a complete C8-BTBT 

layer is formed, a poor performance and lack of reproducibility were obtained.  

Remarkably, the PS bottom layer and skin layer have the same thickness for all compositional 

ratios. Conversely, it is noticeable that, compared to the other ratios, in the case of the 1:2 blend, 

the C8-BTBT layer is the thinnest and consists of an incomplete C8-BTBT film, with a 

heterogeneous distribution of heights that leaves uncovered some areas of the bottom PS layer.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

For the other samples, the hole transporting layer consists of two complete C8-BTBT layers for 

the 1:1 ratio and three complete layers for the 4:1 ratio. Hence, we conclude that the ratio 

between the blend components affects the number of complete C8-BTBT crystalline layers 

formed, but it does not alter the thickness of both the bottom and top PS layers.  

 

Role of PS in Films Stability  
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Figure 4. Topographic images of (a) freshly prepared C8-BTBT film (without PS), (b) same 

sample 4 months later, (c) freshly prepared C8-BTBT:PS film (4:1) and (d) same sample 14 

months later.  

 To understand the role of the PS layers in possible aging, two types of samples were 

investigated by AFM as a function of time: the above described C8-BTBT:PS blend (4:1) and 

control samples processed under similar conditions but containing only C8-BTBT. Comparison 

of the very same samples (Figure 4), just as prepared (fresh) and after several months reveals 

that, in particular, the single component C8-BTBT films suffer from a strong dewetting with 

time. The initial 30 nm thick and laterally continuous films (Figure 4a) evolves to 90 nm high 

islands that leave uncovered large substrate regions (Figure 4b). Remarkably, for the C8-

BTBT:PS blend, morphologically and structurally aging is negligible and the films present 

basically the same appearance at the nanoscale after more than one year from preparation (Figure 

4c and 4d). It has already been reported that the hydrophobicity of the underlying PS buffer layer 

leads to an enhancement of the stability and reduces the trap density at the OSC-dielectric 

interface.
8,12,37

 The present study suggests that the formation of both, top and bottom PS layers,  
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act as an encapsulation film for C8-BTBT impeding the dewetting of the C8-BTBT layers upon 

time. 

 

KPFM under operation 

Our results highlight that the C8-BTBT:PS blends have the basic ingredients to attain a high 

electrical performance: a crystalline film of C8-BTBT, favorably oriented for in-plane hole 

transport, sitting on top of a PS buffer layer acting as the passivating dielectric and encapsulated 

by an ultra-thin PS layer conferring stability to the devices. The measured C8-BTBT thickness 

for each device correlates with their different electrical performance (Figure 1d). To better 

understand the implications of the vertically phase-segregated structure on the device 

performance, we performed a KPFM nanoscale characterization of the OFETs under operation, 

as the CPD maps can shed light onto the charge transport and carrier injection.
38–41

  

 

 

 

Figure 5. (a) CPD values inside the channel for VSD = 0 upon applied VSG bias for 1:2 and 4:1 

OFETs and (b) schematic illustration of the formation or not of the charge accumulation channel 

upon VSG application for 4:1 (top) and 1:2 (bottom) devices, respectively. 
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The formation or not of the accumulation layer of the OFETs can be locally evaluated by 

measuring the CPD within the channel as a function of the applied gate voltage (VSG). To get 

information from the whole tri-layer structure (including the top and bottom PS layers), the 

measurements were performed at channel locations well away from any film void or topographic 

defect. The results are plotted in Figure 5a for OFETs with 1:2 and 4:1 blend ratios together with 

the schematics of the interpretation in terms of the formation or not of the charge accumulation 

channel. A completely different tendency is observed for each device. In device 1:2, the 

measured CPD coincides with VSG, implying that no charges are injected into the device to 

screen the applied gate bias and, consequently, the charge accumulation channel is not formed 

(bottom cartoon in Figure 5b). This fact is directly related to the lateral discontinuity of the 

transport layer, consisting of an incomplete C8-BTBT film for this ratio. Additionally, in these 

devices, largely defective film coverage is also found at the electrodes boundary, which suggests 

the degradation of this C8-BTBT film upon evaporation of the electrodes (see S4 in the 

Supporting Information). These inhomogeneities at the OSC-electrode contact hinder to some 

extent the injection of charges needed to form the transport channel, however, there must be 

conductive paths connecting source and drain electrodes and making the device to work at 

macroscopic level although with low ISD (see Figure 1d). 

 Conversely to the above description, devices based on the 4:1 blend show the expected 

behaviour for an operating OFET. In this case, the CPD in the channel does not change upon 

application of a gate bias, implying that charges are rapidly injected from the electrodes into the 

channel forming the accumulation layer that screens the gate bias (upper cartoon in Figure 5b). 
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It is, however, noteworthy that even for the optimal case of the 4:1 ratio, the hole field-effect 

mobility extracted from the transfer characteristics of the devices (0.3 cm
2
V

-1
s

-1
 in average

1
) is 

lower than those reported in the literature for C8-BTBT OFETs.
12

 One of the critical issues that 

can severely affect the OFET performance is the contact resistance between the metal electrodes 

and the semiconductor layer.
42

 Determination of contacts resistance is found to be crucial in 

characterization of transistors as it may obscure mobility extraction. In the case of C8-BTBT, a 

hole injection barrier exists because of the large mismatch between the highest occupied 

molecular orbital (HOMO) and the work function of the gold electrode that is commonly 

ameliorated by using self-assembled monolayers (SAMs),
43

 inserting a MoOx layer,
44

 doping the 

contacts
45,46

 or using a metallic organic charge-transfer complex.
47

 Figure 6a displays the 

representative CPD line profiles at two different VSD values (VSD= 0 V and VSD= 5 V) and 

using a VSG= 40 V for the OFET with a 4:1 ratio of the C8-BTBT:PS blend and in which a 

MoOx layer has been incorporated underneath the Au contact (Au/MoOx). As can be noticed 

from the CPD profile, microscopically the contact resistance (RC) manifests by a sudden voltage 

drop at the source (marked in yellow) from which it can be extracted.  
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Figure 6. CPD profiles for VSD = 0V and VSG = 40V (black) and VSD =  5V and VSG = 40V 

(grey) for C8-BTBT OFETs with  4:1 ratio using (a) Au/MoOx and (c) the Au/F4-TCNQ 

contacts (L=40 µm). (b) Top: Schematics and transfer characteristics in the saturation regime of 

the devices fabricated with Au/MoOx (in blue) and Au/F4-TCNQ (in red) contacts.   

The ohmic behavior of the contact in this device was confirmed by the linear dependence of 

the CPD drop as a function of the applied VSD, (Figure S5 in the Supporting Information). The 

extracted resistance at the source Au/MoOx contact is RC·W = 23.9kΩ·cm (OFET in the linear 

regime, VSD = 5V and VSG = 40V). The resistance in the channel estimated from the total 

resistance in the OFET is RCH·W = 0.74 kΩ·cm, which gives evidence of a large relative 

contribution of the contact resistance and suggests a considerably higher charge mobility in the 

film than the effective mobility extracted from the current-voltage characteristics, following 

equation (1). Proven that the devices operation is strongly limited by the contacts, we have used 

F4-TCNQ as an interlayer (Au/F4-TCNQ) to improve the injection properties by means of its 

strong acceptor character enabling contact doping. On average from 11 devices, the switch-on 

voltage is considerably smaller (VON = 5 V) whereas the effective mobility is significantly 

larger (1.5 cm
2
V

-1
s

-1
) for the OFETs with Au/F4-TCNQ contacts in relation to the reported 

Au/MoOx devices.
1

 In particular, from the transfer characteristic curves of Figure 6b the switch-

on voltage and mobility values obtained were VON = 13 V and µ = 0.45 cm
2
V

-1
s

-1
 for the device 

with Au/MoOx and VON = 2.1 V and µ = 0.94 cm
2
V

-1
s

-1
 for the device with Au/F4-TCNQ. 

Output characteristics are shown in Figure S6 in the Supporting Information.   

The increase in the effective mobility using F4-TCNQ in the contacts is due to a reduction of 

the contact resistance as we will show next by analyzing the CPD profiles (Figure 6c). With 

Au/F4-TCNQ contacts, as a consequence of the similar voltage drop in both source and drain 
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electrodes, the obtained resistances are very similar (RC·W=5.5 kΩ·cm and RC·W=2.1 kΩ·cm for 

drain and source contacts, respectively) and significantly lower by about one order of magnitude 

than those extracted for the Au/MoOx electrodes. The estimated channel resistance (RCH·W = 

0.88 Ω·cm) is comparable to that of the devices with Au/MoOx electrodes, in agreement with a 

channel free of dopants. The role of contact doping has been widely studied, with the overall 

injection improvement being attributed to a thinning of the depletion region (thus allowing 

tunneling injection) and to the reduction of traps density in the metal-semiconductor 

interface.
45,46,48,49

  

The effect of the contacts can be excluded to obtain the intrinsic field-effect mobility along the 

channel in the linear regime, considering VSD<< VSG-VTH:
50–52

 

𝜇𝑐ℎ = [
𝐼𝐷𝐿

𝑊𝐶𝑖
]

1

∆𝑉𝐶𝐻(𝑉𝑆𝐺−𝑉𝑇𝐻)
                (2) 

Where ΔVCH is the voltage drop along the channel, ΔVCH=VSDΔVSΔVD, with ΔVS and ΔVD 

the potential drops determined from the CPD profiles at the source and drain contacts, 

respectively.  For the Au/F4-TCNQ device the extracted channel mobility (i.e. excluding the 

influence of the contacts) is μch =10 ± 1 cm
2
 V

-1
s

-1
.
 
Such a high channel mobility has been 

reported for C8-BTBT single-crystal devices fabricated by the inkjet-printing method,
53

 

evidencing the high crystalline quality and the good connectivity between domain boundaries in 

the 4:1 ratio film prepared by BAMS.  

CONCLUSIONS 
 

By means of a microscopic characterization that combines tribologic (FFM) and electrostatic 

(KPFM) measurements we have deciphered the vertical structure of thin C8-BTBT:PS blend 

films with nanometer precision for three different C8-BTBT:PS ratios. We have also established 
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the correlation between the stratified structure and the local electronic response of the OFETs. 

The films consist of a C8-BTBT crystalline layer sandwiched between two PS layers, one at the 

bottom and an ultra-thin skin PS layer on the top. We have confirmed that these PS layers 

improve the OFET stability, as they impede the C8-BTBT films dewetting through time. The 

thickness of the C8-BTBT layer depends on the blend composition ratio. In particular, the 

thinnest and laterally incomplete film is found for the 1:2 blend and the thickest film formed by 

three complete molecular layers, for the 4:1 blend. The investigation of the electronic properties 

at the nanoscale by KPFM in operando OFETs reveals that the thickness and continuity of the 

C8-BTBT layer play a fundamental role in the transport channel formation and, herewith, in the 

overall performance of the devices. KPFM also demonstrates that contact resistance is the critical 

factor limiting the devices performance, which is significantly improved by doping the contacts 

with F4-TCNQ.  By excluding the contact resistance, a hole mobility in the channel as high as 

μch ~10cm
2
 V

-1
s

-1
 for the OFET with 4:1 ratio was obtained, giving evidence of the excellent 

transport properties of the film. The optimization of the contacts makes it feasible to reach hole 

mobility values in high throughput solution processed thin films close to those reported for 

single-crystal C8-BTBT-based devices.  
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