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ABSTRACT 

Here we study the effect of side chain length and type on the microstructure and 

organic field-effect transistor (OFET) performance of solution-processed naphthalene diimide 

(NDI) thin films. Linear side chains with four (C4), five (C5), six (C6), eight (C8) and twelve 

(C12) carbon atoms are studied along with a branched ethyl hexyl (EH) side chain. 

Interestingly, mobilities of up to ~ 0.2 cm2/Vs are achieved for short (C4) and long (C12) side 

chains with linear chains of intermediate length and the branched side chain producing lower 

mobilities. The observed mobility trends are explained in terms of the competing influence of 

changes in crystal packing and changes in thin film morphology with changes in side chain 

length. Shorter side chains produce changes in the lateral stacking of NDI units which 

promote higher mobility while longer side chains produce solution-processed thin films with 

higher film quality evidenced by larger domain sizes and lower orientational disorder. Side 

chain length is also found to strongly modulate the molecular orientation of the NDI core, 

with high edge-on orientations observed for long chains, and tilted orientations for short 

chains. Thin film microstructure is investigated using a range of techniques including atomic 

force microscopy, grazing incidence wide-angle X-ray scattering and near-edge X-ray 

absorption fine-structure spectroscopy. 
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1. Introduction 

Organic semiconductors continue to attract interest for application in a wide-range of 

technologies. Organic light emitting diode (OLED) displays based on sublimed organic 

semiconductors have been widely commercialised, with other technologies based on organic 

field effect transistors (OFETs) and organic solar cells at varying stages of 

commercialisation. OFETs in particular have the potential to lead to new commercial 

products based on attractive properties such as mechanical flexibility, novel form factors, 

sensitivity to analytes, and potential low cost of manufacture [1]. These properties make 

OFETs appealing for application in devices such as flexible displays, sensors, and radio 

frequency identification (RFID) [2-4]. Organic semiconductors can be broadly categorised 

into two main classes: conjugated polymers and so-called small molecules, although 

macromolecular dendrimers combine properties of both classes [5]. Conjugated polymers are 

generally processed from solution, while small molecules can either be deposited via solution 

processing or by vapour deposition. Flexible side chains are typically required to enable 

solution processability, since the active semiconducting component of organic 

semiconductors are planar aromatic units which have a strong tendency to aggregate via -

stacking. As well as enabling solution processability, these flexible side chains strongly affect 

molecular packing, with “side-chain engineering” an important strategy to optimise the 

performance of solution-processed organic semiconductors [6]. Many different types of side 

chains can be employed, including alkylated, conjugated, ionic and fluoroalkylated side 

chains [7]. Other properties of the side chain including the geometry (e.g. branched vs. 

linear), the bulkiness and attachment density can also be important [8, 9]. Alkyl side chains 

have been the most widely employed class of side chain. Within the class of alkyl side chains, 

linear, branched and cyclic alkyl chains have been utilised, with properties such as alkyl side 

chain length and side chain branching position found to be key parameters [10]. While side-
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chain engineering has been widely employed for conjugated polymers [11, 12], there have 

been fewer side-chain engineering studies on solution processed small molecules [13, 14]. 

Compared to conjugated polymers, small molecules show a higher degree of molecular order 

making them attractive for being able to directly associate changes in side chain properties 

with thin film microstructure and charge transport. 

 

Figure 1. Chemical structures of the NDI derivatives used in this study. 

 The naphthalene diimide (NDI) moiety is an important building block used for the 

realisation of high mobility n-type materials, both small molecule and polymeric [15]. Being 

the smallest of the rylene diimides, it possess a relatively deep lowest unoccupied molecular 

orbital (LUMO) due to the strong electron withdrawing properties of the imide groups. 

Solution processability is enabled by substituting solubilising side chains to the nitrogen 

atoms. Core functionalisation [16] and core expansion [17] enable further tuning of the NDI 

framework, while the co-polymerisation of NDI units with electron rich units has resulted in 

high performance n-type donor-acceptor copolymers [18]. A mobility of up to 8.6 cm2/Vs has 

been achieved for ribbon-shaped single crystals of a core-chlorinated derivative [16] while a 

mobility of 6 cm2/Vs has been achieved for a cyclohexyl-substituted NDI derivative 

processed via vacuum sublimation [19]. Lower mobilities are typically achieved for solution-

processed NDI derivatives. Although a mobility of up to 3.5 cm2/Vs has been achieved for 
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solution-processed core-expanded NDI derivatives [20], the mobilities achieved for solution-

processed NDI derivatives are generally less than 1 cm2/Vs [21], especially for NDI 

molecules without core functionalisation or core expansion [22, 23]. Although NDI 

molecules with a wide range of different side chains have been reported [22-31], there have 

been few systematic studies on how variations of the side chain length and type affect the 

microstructure and performance of solution processed layers. A recent theoretical study by 

Ma et al. has investigated the effect of alkyl side-chain length on molecular packing and 

carrier mobility [32]. Ma et al. calculated the charge transport mobility of NDI derivatives 

and predicted that it should decrease with increasing alkyl chain length due to displaced 

stacking along the short axis of the - stacked molecules [32]. This study suggested that 

short alkyl side chains should be beneficial for charge transport. Here we experimentally 

investigate how side chain length and type affects the microstructure and charge transport 

properties of solution processed NDI thin films. The set of molecules studied is shown in 

Figure 1, with side chain length spanning butyl (NDI-C4) to dodecyl (NDI-C12), largely 

coinciding with the set of molecules studied by Ma et al. [32] We also include in our study a 

derivative with branched ethylhexyl side chains to study the influence of branched vs. linear 

side chains. Thin film microstructure is characterised with atomic force microscopy (AFM), 

grazing incidence wide-angle X-ray scattering (GIWAXS) and near-edge X-ray absorption 

fine-structure (NEXAFS) spectroscopy. Together these techniques enable the morphology, 

thin film crystallinity and molecular orientation of solution processed thin films of these NDI 

derivatives to be characterised. OFET characteristics are also reported to enable comparison 

between thin film microstructure and charge transport. While Ma et al. calculated that 

mobility should decrease with increasing alkyl chain length, we find a more complicated 

relationship for charge transport in solution-process thin films. In general, longer side chains 

(NDI-C12) are found to produce higher quality thin films enabling mobilities of up to 0.2 
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cm2/Vs. Relatively high mobilities of  0.1 cm2/Vs can also be achieved with shorter chains 

(NDI-C4, NDI-C5), where the mobility is limited by microstructural imperfections. 

Interestingly the lowest mobilities were found for NDI-C6 and NDI-EH which is attributed to 

the presence of multiple polymorphs. A strong relationship is found between chain length and 

molecular orientation. The properties of spin-coated and blade-coated films are also 

compared. 

2. Materials and methods 

2.1 Synthesis 

 The chemical synthesis of the NDI materials used in this study, Figure 1, has been 

previously reported and can be found elsewhere [33, 34]. 

2.2 Transistor fabrication 

 Transistors were fabricated with a top-gate bottom-contact geometry. Gold electrodes 

were used for source and drain electrodes, patterned via photolithography onto silicon-oxide 

coated silicon wafers which were used as the substrate. Source-drain electrodes were 

patterned with an interdigitating pattern, with a channel length of L = 20 m and channel 

width of W = 10 mm. The thickness of the gold source-drain electrodes was 15 nm with an 

underlying 5 nm thick chromium adhesion layer. After solvent cleaning and oxygen plasma 

cleaning, the gold source-drain electrodes were coated with a very thin (< 5 nm) layer of 

ethoxylated polyethylenimine (PEIE) which was spin-coated from a 2-methoxymethanol 

solution (0.01 wt.%). Substrates were then placed on a hotplate at 110C to dry and crosslink 

the PEIE. The purpose of this PEIE layer is to facilitate electron injection, with PEIE altering 

the work function of gold from ~ 3.9 eV to 5.1 eV [35]. The active semiconducting layer was 

next deposited either by spin-coating or blade-coating. Chlorobenzene was used as the 

solvent, with a solution concentration of 10 mg/mL used. Spin-coating was performed using 

solutions heated to 80C and coating at 2000 rpm. Blade coating was performed using a 
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home-built blade coater based on a system described elsewhere [36]. For blade coating a 

solution temperature and substrate temperature of 100C was used, with a coating speed of 10 

mm/s employed. The semiconducting layer was then annealed under nitrogen at 60C for 45 

minutes prior to coating with the amorphous fluorinated dielectric CTYOP (500 nm thick). 

An aluminium gate electrode completed the device, evaporated through a shadow mask. 

2.3 Transistor characterisation 

 Transistor characterisation was carried out in a nitrogen-filled glove box. A Signatone 

H150 probe station was used to contact the devices, and electrical characterisation performed 

with a 2 channel source measure unit (Agilent B2900A). Processing of transistor data was 

performed with the assistance of custom scripts written in Igor Pro to determine the saturation 

mobility () and threshold voltage (Vth) from plots of the square root of the drain current (Id) 

vs. the gate voltage (Vg). In particular, according to the gradual channel approximation, under 

saturation conditions: 

𝐼𝑑 =  (
𝑊𝐶𝑖
2𝐿

) (𝑉𝑔 − 𝑉𝑡ℎ)
2
 

(1) 

where Ci is the areal capacitance. Hence  was calculated from the slope of Id
2 vs. Vg. 

2.4 Atomic force microscopy (AFM) 

Samples were prepared on PEIE treated Si/SiO2 wafers. AFM images were acquired 

using ScanAsyst mode using a Bruker Dimension Icon AFM at the Melbourne Centre for 

Nanofabrication (MCN) facility. AFM images were processed and analysed using Gwyddion 

data analysis software to acquire layer step heights of the NDI samples. 

2.5 Grazing-incidence wide-angle X-ray scattering 

GIWAXS measurements were performed at the SAXS/WAXS beamline of the 

Australian Synchrotron [37]. Samples were prepared on PEIE-treated Si/SiO2 wafers to 
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match transistor fabrication. Highly collimated 11 keV X-ray photons were aligned parallel to 

the substrates by varying sample height and polar angle while measuring the transmitted 

signal with a crystal analyser. 2D GIWAXS patterns were recorded on a Dectris Pilatus 1M 

detector with each 2D scattering pattern being the result of a total of 3 s of exposure. Three 1 

second exposures were taken at different lateral detector positions to fill in the gaps between 

modules in the detector, and combined in software. Angular steps of 0.01° were taken near 

the critical angle, in order to determine the angle of maximum scattered intensity. The sample 

to detector distance was measured using a silver behenate scattering standard. A modified 

version of the NIKA [38] small angle scattering analysis package was used to analyse the 

data, with peak fitting performed using least squares multipeak fitting within IgorPro. 

2.6 Near-edge x-ray absorption fine-structure spectroscopy 

 NEXAFS spectroscopy was performed at the Soft X-ray beamline at the Australian 

Synchrotron, ANSTO [39], using an X-ray beam with near perfect linear polarisation. Carbon 

K-edge spectra were measured from ~ 270 eV to 330 eV, with X-ray absorption recorded via 

the detection of energetic electrons emitted from the sample with a channeltron detector 

(partial electron yield mode). The incident X-ray flux was monitored with a gold mesh 

upstream from the sample, with carbon contamination on the mesh quantified via 

measurement of the direct beam intensity with a photodiode. Spectra were double normalised 

to the incident photon flux and processed using the QANT software package [40] 

implemented in Igor Pro. Molecular orientation was quantified by determination of the 

average tilt angle, , of the C 1s to * transition dipole moment (TDM) using the equation 

𝐼 ∝
1

3
[1 +

1

2
(3 cos2 𝜃 − 1)(3 cos2 − 1)] 

(2) 
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where I is the resonance intensity and  is the X-ray angle of incidence. Further details 

regarding data acquisition and data processing can be found elsewhere [41]. 

3. Results 

3.1 Atomic force microscopy 

 Six NDI derivatives were studied, five with linear side chains, and one with a 

branched, ethylhexyl side chain (NDI-EH). Linear side chains spanned from butyl (NDI-C4) 

to dodecyl (NDI-C12) in length, with pentyl (NDI-C5), hexyl (NDI-C6) and octyl (NDI-C8) 

in between. Figure 2 presents AFM images of spin-coated and blade coated films of the six 

different molecules. In general, the spin-coated films exhibit much rougher topographies. 

There are differences in the morphology of the spin-coated films across the series of six 

molecules. NDI-C4 and NDI-C6 appear to exhibit platelet-like structures, with NDI-C6 in 

particular exhibiting a rather disordered stacking of platelets that are oriented at different 

angles to the substrate. NDI-C5 in contrast appears to exhibit a locally smoother topography 

but with larger structures and cracks. The reason for the different behaviour of NDI-C5 is not 

clear; the odd number of carbon atoms (as opposed to the even number of carbon atoms in the 

other samples studied) could influence the packing behaviour [42] and future studies 

including more odd-numbered chains could provide light on this possibility. NDI-EH shows a 

more nodular morphology with the presence of elliptical structures a micron or so is 

diameter. NDI-C8 and NDI-C12 appear to show a more uniform, ordered packing of 

molecules, with molecular terraces evidence in the AFM image of the spin-coated NDI-C12 

film. Ordered molecular terracing is clear in all of the blade-coated samples, indicating that 

the solution coating method used can have a significant influence of the resulting thin-film 

morphology. Similar uniform terraced morphologies have been observed by Ichikawa et al. 

for NDI-C11, NDI-C12 and NDI-C13 by melt annealing subsequent to spin-coating [22]. 

Here it is shown that such morphologies can be produced by blade coating without recourse 
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to melt annealing, which Ichikawa et al. found to be problematic for NDI derivatives with 

shorter side chains [22]. The quality and uniformity of the blade-coating layers improves with 

increasing alkyl chian length, with blade-coated NDI-C12 films exhibiting uniform terracing 

and large terraced domains. From the molecular terracing observed in the AFM images of the 

blade-coated samples it is possible to extract the molecular terrace height, which is 

summarised in Table 1. The measured molecular step height as a function of alkyl chain 

length is found to systematically increase from 1.15 nm for NDI-C4, to 1.33 nm for NDI-C5, 

1.47 nm for NDI-C6, 1.70 nm for NDI-EH, 2.18 nm for NDI-C8 and 2.83 nm for NDI-C12. 

Interestingly NDI-EH with branched ethylhexyl side chains exhibits a larger step height 

compared to NDI-C6 which has linear side chains of the same length, indicating that side 

chain branching leads to an expansion along the long axis of the molecule. 

Table 1. Summary of molecular step height values extracted from the AFM data, and 

molecular orientations extracted from NEXAFS spectroscopy. 

Material Step Height from AFM NEXAFS Tilt Angle,  

 (nm) Spin-coated Blade-coated 

NDI-C4 1.15 ± 0.05 52.2° ± 0.2° 52.5° ± 0.2° 

NDI-C5 1.33 ± 0.05 54.4° ± 0.3° 51.6° ± 0.3° 

NDI-C6 1.47 ± 0.05 57.8° ± 0.3° 64.1° ± 0.5° 

NDI-EH 1.70 ± 0.05 55.3° ± 0.4° 55.4° ± 0.4° 

NDI-C8 2.18 ± 0.05 77.7° ± 0.9° 77.5° ± 0.8° 

NDI-C12 2.83 ± 0.05 89.0° ± 1.0° 83.9° ± 0.9° 
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Figure 2. Surface topography of spin-coated (left) and blade-coated films. 

3.2 Grazing incidence wide-angle X-ray scattering 

 Figure 3 presents the two-dimensional grazing incidence wide-angle X-ray scattering 

(GIWAXS) images taken of spin-coated and blade-coated films. All films exhibit highly 

crystalline microstructures with a high degree of texture, albeit with varying degrees. Broadly 

comparing the spin-coated and blade-coated data, the GIWAXS patterns of the blade-coated 

samples show less ‘arcing’ of the peaks indicative of a higher degree of texture or lower 
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degree of mosaicity. In other words, the spin-coated samples show a large spread of the 

orientation of crystalline planes in the films; this is in agreement with the AFM data where 

the spin-coated samples in general are rougher and more angular in morphology. The 

diffraction patterns from the blade-coated samples appear weaker which is due to the thinner 

thickness of the blade-coated samples. Comparing samples with different side chain lengths, 

samples with shorter side chains exhibit a larger degree of mosaicity. Longer side chain 

samples exhibit very little arcing of peaks consistent with the flatter AFM morphologies of 

these samples.  

 For each molecule we have attempted to index the unit cells. NDI-C4, NDI-C5, NDI-

C8 and NDI-C12 all can be indexed to a single triclinic unit cell, while NDI-C6 and NDI-EH 

exhibit more complicated scattering patterns attributed to the presence of at least two 

polymorphs. For all materials, the same crystal structures are observed for spin-coated vs. 

blade coated samples, although in the case of NDI-C6 and NDI-EH the second polymorph is 

less pronounced. Table 2 summaries the unit cell parameters, with the c-axis indexed as the 

longest axis corresponding to the side-chain stacking direction of the molecules. These NDI 

molecules tend to pack with a cofacial - stacking with layers of the conjugated core 

separated by layers of alkyl side chains [32]. The length of the c-axis is therefore related to 

the length of the alkyl side chains, see Figure 4, with good agreement between the values 

determined for the c-axis spacing and the molecular terrace heights measured by AFM. For 

example, the c-axis of NDI-C4 is 1.10 nm from the X-ray data compared to 1.15 nm from the 

AFM data, and the c-axis of NDI-C12 is 2.89 nm from the X-ray data compared to 2.83 nm 

from the AFM data. The fact that the c-axis is oriented along the Qz direction for all samples 

also indicates that the molecules are adopting an ‘edge-on’ orientation with respect to the 

substrate. 
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Figure 3. Two dimensional GIWAXS images of spin-coated (left) and blade-coated (right) 

films. 
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Table 2. Summary of the unit cell parameters determined from the 2D GIWAXS images. 

Material a (Å) b (Å) c (Å) α (°)  β (°) γ (°) Unit Cell 

Volume 

(Å3) 

NDI-C4 8.1 5.4 11.0 95.6 104.5 94.1 463 

NDI-C5 8.0 5.0 13.6 99.6 93.2 90.0 531 

NDI-C6a 8.3 5.7 14.4 90 96.5 96 673 

NDI-C6b 8.8 6.7 17.7 90.5 97 84 1030 

NDI-EHa 18.0 8.5 19.83 90.9 90.7 90.6 3010 

NDI-EHb 17.2 11.2 16.89 95.1 92.0 88.5 3244 

NDI-C8 6.6 4.5 22.6 88.7 92.2 105.2 693 

NDI-C12 6.5 4.5 28.9 95.4 91.9 105.8 875 
aPrimary polymorph. bSecondary polymorph. 

 

 

Figure 4. (a) Schematic showing a likely orientation of an NDI molecule within the unit cell. 

The case shown here is for NDI-C5 based on the single crystal structure published by Alvey 

et al. [43]. (b) Definition of dS and dL in terms of the displacement of neighbouring NDI 

molecules along the short and long axes respectively. 

 While the size of the c-axis shows a systematic increase in size with increasing chain 

length – consistent with the AFM data – the trends in the values of the a- and b- axes are 

more subtle. In general the length of both the a- and b-axes decrease going from NDI-C4 to 

NDI-C12, with the value of the a-axis decreasing from 8.1 Å for NDI-C4 to 6.5 Å for NDI-

C12, and the value of the b-axis decreasing from 5.4 Å for NDI-C4 to 4.5 Å for NDI-C12. 

These changes can be seen as reflecting changes in the molecular packing of the molecule 
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within the unit cell. A change in the value of the a-axis is more likely to reflect a change in 

displacement along the short axis of the molecule, dS, while a change in the value of the b-

axes is more likely to reflect a change in the - stacking distance, dP, and tilting of the 

molecule within the unit cell. (Changes in the value of the c-axis will also be influenced by 

changes in displacement along the long axis of the molecule, dL, however such changes will 

be small compared to the changes seen due to changes in side chain length.) Thus as the 

length of side chain increases from C4 to C12 the displacement of the NDI core along the 

short axis of the molecule decreases, while the separation of the molecules along the b-axis 

shortens. This decrease in the displacement along the short axis is consistent with the 

modelling of Ma et al. who calculated that the displacement along the short axis, dS, 

decreases from 3.8 Å for NDI-C4 to 2.8 Å for NDI-C12 [32]. Their calculations did not show 

much change in the perpendicular distances between planes of NDI monomers, dP, with this 

value remaining relatively constant at dP = 3.3 Å for all derivatives studied. The changes in 

the size of the b-axis are then likely to be due to changes in the molecular orientation of the 

molecules: changes in the tilting of the NDI core within the unit cell will produce changes in 

the value for b in the absence of a change in dP. Indeed systematic changes of the molecular 

orientation of the NDI core are confirmed by NEXAFS spectroscopy, see below. While there 

is an overall decrease of the size in the a-axis and b-axis from NDI-C4 to NDI-C12, this 

change is not systematic; these values remain similar (or even increase slightly) for NDI-C4 

to NDI-C6 before dropping significantly going for NDI-C6 to NDI-C8. Thus this trend would 

seem to indicate a more abrupt transition for side chain lengths greater than six carbon atoms. 

The molecular packing of NDI-EH with branched side chains is clearly more complicated 

with more than one molecule per unit cell. Further insight into the effect of side-chain length 

on molecular packing could be achieved by crystallographic refinement calculations to 
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accurately determine the position of the molecules within the unit cell [44], however these 

calculations are rather specialised and beyond the scope of this work. 

3.3 Near-edge X-ray absorption fine-structure spectroscopy 

Complementary to GIWAXS, NEXAFS spectroscopy is able to probe the molecular 

orientation of organic molecules in thin films. NEXAFS spectroscopy is a synchrotron-based 

X-ray absorption spectroscopy technique which measures absorption corresponding to 

transitions from a core state to antibonding states. In carbon K-edge NEXAFS spectroscopy, 

as employed here, transitions from the carbon 1s orbital to antibonding * and * states are 

probed. The lowest energy features at around 284 eV to 286 eV are due to 1s  * 

transitions, with the resonance intensity for this transition related to the orientation of the 

transition dipole moment (TDM) relative to the electric field vector of the polarised X-ray 

beam. By measuring angle-resolved spectra, where the incident angle of the X-ray beam is 

changed relative to the substrate, the molecular orientation of the conjugated NDI core can be 

determined. Further details regarding the use of NEXFAS spectroscopy to study organic thin 

films can be found elsewhere [45]. Figure 5 presents the angle-resolved NEXAFS spectra of 

both spin-coated and blade-coated films. Examining the dichroism of the 1s  * transitions 

(highlighted by the insets) the highest dichroism is seen for NDI-C8 and NDI-C12, where the 

peak intensity of the * peaks for grazing incidence (20) are much lower than that for 

normal incidence (90). This observation is consistent with an edge-on orientation of the NDI 

core, with the 1s  * TDM oriented in the plane of the sample (the 1s  * is oriented 

perpendicular to the planar conjugated core). Using equation 2 average tilt angle values for 

the 1s  * TDM for NDI derivative have been calculated and are tabulated in Table 1. A tilt 

angle of 90 corresponds to a perfectly edge-on orientation of molecules with respect to the 

substrate whereas a tilt angle of 0 corresponds to a perfectly face-on (lying flat) orientation 
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of molecules. It is important to note that the tilt angle measured by NEXAFS is different to 

the orientation of the unit cell probe by GIWAXS. NEXAFS directly probes the tilting of the 

orientation of the NDI core, and since the NDI core can tilted within the unit cell a highly 

textured film with (00l) axis oriented perpendicular to the substrate can still exhibit a tilt 

angle of less than 90. Examining the NEXAFS data, a systematic increase in tilt angle for 

the linear series of molecules can be seen, with  increasing from ~ 52 for NDI-C4 to well 

over 80 for NDI-C12. Since the blade coated samples in general show a high degree of 

texture from GIWAXS measurements and molecular terracing from AFM measurements, the 

tilt angles measured for the blade coated films are representative of the preferential molecular 

orientation of the NDI core within the unit cell. The increase in tilt angle from ~ 52 for NDI-

C4 to ~ 85 for NDI-C12 is thus consistent with the decrease in the size of the b-axis 

measured by GIWAXS as the molecule stands more upright in the unit cell. Comparing the 

tilt angles derived from the spin-coated and blade-coated samples, in general similar average 

tilt angles are found in both cases. For NDI-C4 and NDI-C5 average tilt angles of  ~ 52 to 

55 are found which are close to the ‘magic angle’ of 54.7 which could either correspond to 

a preferential orientation of 54.7 or a random distribution of tilt angles. From the AFM 

images, the topography of the NDI-C4 and NDI-C5 films are rougher compared to the blade 

coated films, however this may not affect the average tilt angle since the values are close to 

the magic angle. For NDI-C6, a significantly lower tilt angle of  ~ 58 is measured 

compared to  ~ 64 for the blade-coated sample which is consistent with the rougher surface 

topography and tilted crystallites seen with AFM. For NDI-C8 and NDI-C12 relatively flat 

surface topographies are seen in the spin-coated AFM images helping to explain the similar 

tilt angle observed for spin-coated and blade-coated NDI-C8. For NDI-EH with branched 

side chains, tilt angles of ~ 55 are found for both spin-coated and blade-coated films. 
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Figure 5. NEXAFS spectroscopy of spin-coated (left) and blade-coated (right) films of the 

NDI derivatives studied.  
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3.4 Transistor data 

 Typical output and transfer curves for blade-coated OFETs are shown in Figure 6. 

Transistor data for spin-coated OFETs are shown in the supplementary data. All OFETs show 

well-defined transistor characteristics with clean transfer characteristics enabling reliable 

determination of saturation mobility from the slope of the ID
½ vs. VG curves. OFET 

parameters extracted from the transfer characteristics are summarised in Table 3, including 

the saturation electron mobility, threshold voltage and I on/off ratio. In general high electron 

mobilities are achieved for blade-coated samples consistent with the more favourable 

morphology of these films. Mobilities of up to ~ 0.2 cm2/Vs are achieved for both NDI-C12 

and NDI-C4, with lower mobilities achieved for intermediate chain length. Looking at the 

trend with chain length, the mobility for blade-coated OFETs drops from 0.18 cm2/Vs for 

NDI-C4, to 0.1 cm2/Vs for NDI-C5, to 0.06 cm2/Vs for NDI-C6 before increasing again to 

0.12 cm2/Vs for NDI-C8 and to 0.19 cm2/Vs for NDI-C12. NDI-EH with branched side 

chains also shows a relatively low mobility of ~ 0.07 cm2/Vs. The lowest threshold voltages 

are observed for NDI-C8 and NDI-C12 which could be due to the favourable surface 

topography of these films which minimise charge trapping. 
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Figure 6. Output (a, c, e, g, i, k) and transfer (b, d, f, h, j, l) of blade-coated OFETs based on 

NDI-C4, (a, b), NDI-C5, (c, d), NDI-C6, (e, f), NDI-EH, (g, h), NDI-8H, (i, j), and NDI-C12, 

(k, l). 
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Table 3. Summary of the device parameters of spin-coated (SC) and blade-coated (BC) top 

gate bottom contact (TGBC) OFETs based on the six NDI derivatives studied. Values 

reported are average values from at least 8 transistors. 

Material  Electron mobility 

(cm2/Vs) 

Threshold 

Voltage (V)  

I on/off ratio 

NDI-C4 SC 0.070 ± 0.01 2.5 ± 1.0 104 

 BC 0.18 ± 0.03 7.7 ± 1.1 105 

NDI-C5 SC 0.10 ± 0.01 30 ± 3.0 104 

 BC 0.10 ± 0.02 22 ± 1.6 105 

NDI-C6 SC 0.014 ± 0.002 6.2 ± 0.8 104 

 BC 0.060 ± 0.002 11 ± 3.5 105 

NDI-ΕΗ SC 0.028 ± 0.003 20 ± 2.0 105 

 BC 0.068 ± 0.006 12 ± 4.0 104 

NDI-C8 SC 0.11 ± 0.01 -4.2 ± 1.0 106 

 BC 0.12 ± 0.02 -4.2 ± 0.7 105 

NDI-C12 SC 0.15 ± 0.01 -2.3 ± 0.9 106 

 BC 0.19 ± 0.02 -2.0 ± 1.0 105 

 

4. Discussion 

 The mobility of an OFET will be influenced by many factors including the thin film 

morphology, crystallinity, and crystal packing. All films examined here have shown a high 

degree of crystallinity evidenced by the well-defined 2D GIWAXS patterns, thus changes in 

morphology and crystal packing are likely to be most important in explaining the mobility 

trends. For a given crystal packing, uniform films with a high degree of texture and large 

grains should promote a high mobility, as is seen for the case of NDI-C8 and NDI-C12. Films 

which exhibit a high degree of mosaicity where crystallites exhibit a large spread in crystal 

orientations will reduce charge mobility and promote charge trapping. Changes in the side-

chain length and type lead to differences in molecular packing as seen by the changes in the 

size of the a-axis and b-axis of the unit cells. Changes in the lateral offset of the NDI core in 

particular can have a large effect on charge transport mobility by modulating the transfer 

integral. This was indeed found to be the case by Ma et al. who calculated the charge transfer 
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integral for NDI-C4, NDI-C5, NDI-C6, NDI-C12 as well as NDI-C14 based on their 

calculated molecular packings [32]. For this series of molecules they calculated that the 

mobility should decrease with increasing linear chain length due to changes in the displaced 

stacking of the NDI molecules along the short axis of the molecular plane. That is, changes in 

dS (which are correlated with changes in the size of the b-axis measured here) were found to 

mediate significant changes in transfer integral and hence mobility. NDI-C4 was predicted to 

have the highest charge transport mobility based on its more favourable lateral displacement 

of NDI cores. However in our case we find that both NDI-C4 and NDI-C12 can exhibit 

similar charge transport mobilities. We attribute this observation to the competing influence 

of molecular packing and molecular order. Longer side chains have been found to promote 

films with superior morphology characterised by larger domain sizes and higher degree of 

orientational order. For shorter side chains the mobility decreases due to increasing structural 

disorder, but then increases due to the more favourable crystal packing of NDI-C4 and NDI-

C5 that facilitate a larger transfer integral. The difference in the mobility of spin-coated (0.07 

cm2/Vs) and blade-coated (0.18 cm2/Vs) films of NDI-C4 in particular is quite stark which 

can be attributed to high degree of orientational disorder in the spin-coated film, with the 

AFM image of spin-coated NDI-C4 containing crystallites that possess a high degree of 

orientational mismatch. A similar large difference between the mobility of spin-coated (0.014 

cm2/Vs) and blade-coated (0.060 cm2/Vs) NDI-C6 OFETs is also found with the spin-coated 

films of NDI-C6 exhibiting quite large orientational disorder compared to blade-coated films. 

For samples with similar orientation order in spin-coated and blade-coated films (judged by 

the uniformity of the AFM images and texture seen in the GIWAXS images) such as NDI-

C5, NDI-C8 and NDI-C12, similar mobilities for spin-coated and blade-coated OFETs are 

seen.  
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 Interestingly the branched ethyl-hexyl side chains produced some of the lowest 

mobilities for this series of molecules. Branched ethyl-hexyl side chains are commonly used 

for enabling solution processability of organic semiconductors, however these were not found 

to facilitate optimal film morphologies. This study suggests that longer, linear side chains 

should be favoured for producing uniform thin films from solution. Long chains also seem to 

promote a strong edge-on orientation of the NDI core within the unit cell. While such an 

edge-on orientation may not necessarily lead to improved charge transfer integrals, it is 

interesting to note that changing the side-chain length can be used to strongly modulate 

molecular orientation in solution-coated NDI films. Although not commented upon above, 

strong dichroism in the NEXAFS spectra was also observed in the 1s  * transitions of 

NDI-C8 and NDI-C12 indicating molecular ordering of the linear side chains as well as 

strong orientation of the NDI core. 

 

5. Conclusions 

We have studied the effect of side-chain length and type on the thin film 

microstructure and performance of OFETs based on solution-processed NDI molecules. 

Electron mobilities of ~ 0.2 cm2/Vs could be achieved for both short (NDI-C4) and long 

(NDI-C12) linear chains, with lower mobilities observed for intermediate chain lengths. We 

have interpreted the observed mobility trends in terms of the competing factors of film 

uniformity and crystal packing, with short side chains promoting a more favourable lateral 

stacking of NDI units within the unit cell and longer side chains promoting a more uniform 

thin film morphology. Good correlation was seen between thin film microstructure and OFET 

mobility, with films with higher degrees of texture, higher uniformity and larger grain sizes in 

general showing higher mobilities. Systematic increases in the molecular orientation of the 

NDI core were also seen with increasing side chain length. The use of a branched side chain 
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in the form of ethyl-hexyl side chain was found to produce lower mobilities and less ordered 

structures compared to C8 and C12 linear side chains.  
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Figure S1. Output (a, c, e, g, i, k) and transfer (b, d, f, h, j, l) of spin-coated OFETs based on 

NDI-C4, (a, b), NDI-C5, (c, d), NDI-C6, (e, f), NDI-EH, (g, h), NDI-8H, (i, j), and NDI-C12, 

(k, l). 

 


