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Abstract 

Organic field-effect transistors (OFETs) are considered almost purely interfacial devices with 

charge current mainly confined in the first two semiconducting layers in contact with the 

dielectric with no active role of the film thickness exceeding 6-8 monolayers. By a combined 

electronic, morphological, structural and theoretical investigation we demonstrate that the 

charge mobility and source-drain current in 2,20-(2,20-bithiophene-5,50-diyl)bis(5-butyl-5H-

thieno[2,3-c]pyrrole-4,6)-dione (NT4N) organic transistors directly correlate with the out-of-

plane domain size and crystallite orientation in the vertical direction, well beyond the dielectric 

interfacial layers. Polycrystalline films with thickness as high as 75 nm (~ 30 monolayers) and 

3D molecular architecture provide the best electrical and optoelectronic OFET characteristics, 

highlighting that the molecular orientational order in the bulk of the film is the key-enabling 

factor for optimum device performance. X-ray scattering analysis and multiscale simulations 

reveal the functional correlation between the thickness-dependent molecular packing, electron 

mobility and vertical charge distribution. These results call for a broader view of the 

fundamental mechanisms that govern field-effect charge transport in OFETs beyond the 

interfacial 2D paradigm and demonstrate the unexpected role of the out-of-plane domain size 

and crystallite orientation in polycrystalline films to achieve optimum electronic and 

optoelectronic properties in organic transistors.  
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1. Introduction 

The Field-effect transistors became ubiquitous in practically all technologies impacting our 

lives, such as health diagnostics and therapeutics, production, earth and environment 

monitoring, space, transportation, energy, digital technologies, etc..[1–4] 

Organic field-effect transistors (OFETs) provide a platform that breaks through the limits of 

FET technology by enabling lightweight, flexible and transparent devices integrated in 

practically any substrate and system.[5] The heart of the OFET is the thin film of organic material 

that acts as the semiconductor layer in contact with the dielectric and charge injecting contacts. 

OFETs are considered almost purely interface devices, i.e., the few molecular layers at the 

organic/dielectric interface are considered to determine the nature and efficacy of charge 

transport in the transistor channel along a direction parallel to the substrate. Indeed, charge 

current has been reported to be mainly confined in the first two semiconducting layers in contact 

with the dielectric[6–8] and to saturate at a thickness of about 6 monolayers (ML).[9–12] It is 

generally assumed that laterally-extended layered film structures, instead of three-dimensional 

island-like granular structures, provide the ideal configuration to achieve high charge carrier 

mobility and current intensity.[13,14] For this reason, great effort has been spent in searching 

ways to fabricate high-quality layered thin films (or even monolayer molecular crystals[15–18]) 

and in correlating the morphology and structure of organic films to the carrier mobility. 

However, film texture, grain size, grain connectivity and molecular packing are highly complex 

features and strictly dependent on intermolecular interactions, deposition methodologies and 

conditions[19], which typically prevent the disclosure of the intrinsic properties of the used 

organic semiconductors and the straightforward correlation between solid-state structure and 

functional properties in thin films. In this perspective, the ultimate reference model for organic 

semiconductor systems to be used as active layer in OFET is the single crystal. Indeed, the 

absence of grain boundaries and defects, and the long-range periodic order reveal the intrinsic 

charge transport properties of organic semiconductors.[20] Within the purely interfacial view, 
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the electron traps present at the semiconductor–dielectric interface play a crucial role to 

decrease charge mobility and to hinder the intrinsic charge transport capabilities of the 

semiconductors. A breakthrough occurred when it was demonstrated that in OFETs trapping of 

electrons at the semiconductor–dielectric interface mainly occurs by hydroxyl groups, present 

in the form of silanols in the case of the commonly used SiO2 dielectric, and that hydroxyl-free 

gate dielectrics can yield n-channel FET conduction in most conjugated polymers.[21] 

Building on the assumption that OFETs are purely interfacial devices, recent trends aim at 

shrinking the active layer thickness to few molecular layers, or even monolayers, to achieve 

better charge transport properties. However, inferior mobilities are obtained for monolayer or 

ultrathin (a few layer in thickness) devices while comparable performance to bulk-film devices 

could be obtained when the film thickness reached a critical value.[15] Thus, many open 

questions remain to understand the detailed mechanisms of charge transport and the factors that 

determine the electrical properties of OFETs. For example it has not yet been clearly 

demonstrated that a transition from 2D to 3D growth modes in organic molecular systems, 

which is typically correlated to the increase of the thickness of the device active layer, is the 

origin of the limitation in charge carrier mobility, once all other factors, like charge injection 

contacts[22] and chemical traps[23] and impurities[24], are put under control. There is therefore the 

need to address the topic of charge transport in molecular thin film transistors by widening the 

investigations to other possible key-enabling factors (such as out-of-plane domain size and 

crystallite orientation) determining charge transport and the other optoelectronic properties of 

organic field-effect transistors. Indeed, one of the attractive features of the OFET platform is 

the possibility to integrate in a single device both the switching and amplification  properties 

and the light emission capability to generate light-emitting field-effect transistors (OLETs).[25] 

Ambipolar OLETs are truly multifunctional devices, whose characteristics strictly depend on 

the properties of the semiconducting thin film used as active layer of the transistor.[26] The field-

effect charge transport and the emissive radiative processes might be considered as cross-
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correlate (or even self-excluding) functional properties in polycrystalline films comprised by 

organic semiconductors, which eventually must be optimized within the same device region in 

OLET channels.[27–29] Therefore, a deep insight into the rules governing the relationship 

between structural and morphological semiconducting film properties and field-effect charge 

transport as the thin-film thickness is increased, is essential also to identify the molecular 

systems that are best suitable for OLETs. 

Recently, the small-molecule 2,20-(2,20-bithiophene-5,50-diyl)bis(5-butyl-5H-thieno[2,3-

c]pyrrole-4,6)-dione, namely NT4N (Figure 1a), has been synthetized and processed in thin 

film.[30] This material shows ambipolar charge transport and electroluminescence properties 

when used in OLET device structures,[31] close crystal packing, and function-specific 

polymorphism properties.[32] Such unique features can be likely ascribed to the thienoimide 

end-groups that impart to NT4N a structural rigidity and typical packing motif of acenes 

(favorable to charge transport), but also allow thienyls interring rotation as in α-α linked 

oligothiophenes.[33] NT4N single crystal shows π-π stacking packing mode - instead of the 

herringbone motif typical of oligothiophenes - with the molecules of adjacent π-π stacks 

engaged in supramolecular 1D network based on the intermolecular C―H•••O―H 

interaction.[34] 

Interestingly, vacuum-sublimed films show the same crystalline packing modality observed in 

single-crystal[30] together with ambipolar charge transport, high electron mobility and 

electroluminescence in OLETs. The concomitant occurrence of standard layer-by-layer growth 

at low film-thickness and the 3D growth modality with preserved crystalline structure in films 

of increasing thickness, makes this molecule an excellent model for addressing the question of 

whether the molecular field-effect transistors are intrinsically purely interfacial devices, or a 

more complex view beyond 2D must be considered to thoroughly rationalize charge transport 

and light emission in OFETs.  
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Here we report on the functional correlation between the field-effect charge transport and the 

out-of-plane domain size and crystallite orientational order and vertical charge-carrier 

distribution in OFETs based on NT4N thin films with thickness varying from 1 to 100 nm. By 

combining nanoscale optical and surface sensitive scattering probes such as Grazing incidence 

small- and wide- angle X-ray scattering (GISAXS and GIWAXS) and Atomic Force 

Microscopy (AFM) we identify the unexpected correlation between the device figures of merit 

(i.e. charge carrier mobility and source-drain current) and the conservation of a high degree of 

molecular alignment along the direction normal to the substrate. We discover that the major 

driving force in maximizing field-effect charge transport in organic multifunctional transistors 

is the molecular alignment and crystalline order across the film thickness. The cross-correlation 

of extensive structural analysis by means of X-ray scattering and two-step multiscale 

simulations provides a deep insight into the thickness-dependent molecular packing and vertical 

charge distribution that enables electron mobility of the order of 1 cm2/Vs. 

 

2. Results and Discussion 

We collected the optoelectronic response of ambipolar NT4N-based OLETs in bottom-

gate/top-contact (BG/TC) configuration by systematically varying the nominal thickness () of 

the organic active layer in the range 1-100 nm. Figure 1 shows a scheme of the device 

architecture used in this work, the NT4N molecular structure and the crystal packing motif 

expected in vacuum-sublimed thin films.[32] 
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Figure 1. Chemical structure of NT4N organic semiconductor (a), schematic representation of 

the BG/TC OLET architecture (b) and molecular packing of NT4N in the crystalline β phase 

expected in polycrystalline thin films (c). 

 

A summary of the major optoelectronic parameters of devices with varying thickness of the 

active layer is reported in Table 1. All reported values are averaged on a large number of devices 

(> 100 OLETs) to improve the statistics and the reliability of the analysis. 

 

Table 1. Optoelectronic properties of NT4N-based BG/TC OLETs with different active layer 

thickness. In order to improve measurement’s reliability, all parameters were averaged on a 

statistically significant number of devices. Charge carrier mobility and threshold voltage are 

indicated as µe, Vth
n, and µh, Vth

p in case of n-type polarization and of p-type polarization, 

respectively. The ratio between electron and hole mobility is also reported. Both µ and Vth were 

evaluated in the saturation regime by collecting the locus characteristics (i.e., VGS and VDS 

simultaneously varying with VGS = VDS – where VGS is the gate-source voltage and VDS is the 

drain-source voltage).  All the values for maximum drain-source current (IDS
max) and for emitted 

optical power (EL) were collected on OLETs applying VGS = 100V and VDS = 100V. 
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Thickness  Charge Mobility Threshold Voltage IDS
max EL@100V 

Θ (nm) µe (cm2/Vs) µp (cm2/Vs) µe /µp Vth
n (V) Vth

p (V) (mA) (nW) 

10 8.6 x 10-3 - - 64.2 - 1.0 x 10-2 - 

15 3.1 x 10-2 8.3 x 10-5 3.7 x 102 51.9 -68.6 7.0 x 10-2 - 

30 8.4 x 10-2 2.5 x 10-4 3.4 x 102 49.1 -68.8 1.2 x 10-1 - 

50 5.1 x 10-1 1.7 x 10-3 3 x 102 49.8 -67.4 9.7 x 10-1 1.7 

62 7.4 x 10-1 1.4 x 10-3 5.3 x 102 44.0 -66.5 1.3 4.1 

75 7.5 x 10-1 1.2 x 10-3 6.3 x 102 41.0 -67.6 1.4 5.2 

100 5.3 x 10-1 1.0 x 10-3 5.3 x 102 29.7 -65.6 1.4 6.2 

 

The mobility () and threshold voltage (Vth) for both electrons and holes were extracted for all 

the devices at varying active-layer thickness by using the locus-characteristics in order to 

separate unambiguously the ambipolar and saturation-unipolar regimes. 

By comparing all the values extracted from the optoelectronic characteristics, it is evident that 

the electron mobility (μe) is at least two-order-of-magnitude higher than the hole mobility (μh) 

regardless of the film thickness, as previously reported.[31] We observe that both electron and 

hole mobility values increase as the thickness of the transistor active layer increases reaching 

maximum values at a thickness higher than 50 nm. Indeed, the ratio between the n-type and p-

type mobility is almost invariant with the layer thickness (see column μe/μh in Table 1). 

Interestingly, both electron and hole mobilities increase of more than one order of magnitude 

passing from = 15 nm to = 50 nm. Noteworthy, with increasing the NT4N thickness Vth 

decreases in the case of electron conduction, while this variation is negligible for hole 

conduction. 
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In order to shed light on the mechanisms that promote the improvement of the device 

optoelectronic performance by increasing the active layer thicknesses, we firstly quantify the 

contact resistance (RC) at the Au electrodes/NT4N interface, and consequently the OLET 

channel resistance (RCh), as the NT4N layer thickness is increased (see Figure S2 in SI).[35] RCh 

values are hundred times higher than the corresponding RC values, regardless of the specific 

layer thickness, moreover, RC decreases with the increase of . This unexpected behavior is 

consistent with other findings showing the inverse proportionality between mobility and contact 

resistance,[36,37] thus reflecting the improvement of the semiconductor mobility. Consequently, 

the increase of current and charge mobility at higher NT4N thickness is not due to a more 

effective contact-formation between gold and NT4N, i.e. more efficient current injection and/or 

less contact resistance[38], but is directly ascribable to the improvement of the transport 

properties in the channel region.  

Since the electrode-semiconductor interface has a marginal impact on the electrical 

performance of the devices, we investigated the dependence of the active layer surface 

morphology as a function of the nominal organic film thickness (Θ) via AFM imaging and 

morphometry (see Figure 2). 
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Figure 2. Morphology of NT4N thin films on PMMA at various nominal deposition 

thickness (Θ) values. Panels a-f: representative AFM images taken on samples at increasing 

Θ values. Scale bars are 100 nm. AFM images on the left (a, d), centre (b, e) and right (c, f) 

columns correspond to 2D, mixed and 3D growing regimes, respectively. Panels g and h: 

dependence of the root-mean-square (rms) surface roughness parameter Sq versus Θ in the 

1≤ Θ ≤30 nm range (g) and the 1≤ Θ ≤75 nm range (h). Dashed lines are linear fits with R2 ≥ 

0.97. A dramatic transition can be detected at Θ = 30 nm (h), while a less pronounced regime 

change occurs at Θ = 5 nm (g). Electron mobility and Sq roughness vs film thickness (i): 

electron mobility in the saturation regime (left, red dots), and rms surface roughness (right, 

blue triangles) extracted from AFM imaging analysis, as a function of the thickness of the 

NT4N film. 

 

For Θ values ranging from 1 to 75 nm, NT4N growth is observed to follow three distinct 

regimes. At very low Θ values (1-5 nm, see Figure 2 panels a and d; 2nm, see Figure S4 in SI), 
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the deposition process largely follows a layer-by-layer (Frank-van der Merwe) regime with 

individual layers being almost fully completed prior to the formation of overlying ones. At 

higher Θ values (50-75 nm), NT4N is instead deposited following a 3D growth mode, which is 

responsible for the formation of elongated grains with heights reaching ~300% of the nominal 

thickness (see Figure 2 panels c and f). These grains cover 51% of the surface at Θ = 50 nm and 

have heights in the range of 30-60 nm, while at Θ = 75 nm they cover 92% of the surface and 

reach heights of ~100 nm. No image of samples at Θ = 100 nm are shown in Figure 2 since the 

completely 3D morphology of the resulting film did not allow to perform reliable AFM 

analysis. A transient regime of concurrent 2D and 3D growth can be observed at intermediate 

Θ values (between 15 and 30 nm, see Figure 2 panels b and e).  

The root mean square surface roughness parameter Sq is a convenient morphological descriptor 

that is widely used for the quantitative characterization of surface growth processes.[39,40] 

Plotting Sq against Θ enables to quantitatively discern the three growth regimes mentioned 

above (see Figure 2g and 2h): as expected, each growth mode corresponds to a specific linear 

slope on this graph. The observed Sq trend can be explained by a marginally non-ideal Stranski-

Krastanov model (i.e. preferential 2D and 3D growth modes occurring respectively below and 

above a critical thickness ΘC), as expected for well-known organic semiconductors (OSCs) used 

as active materials in FETs.[41,42] The deviation from ideality is represented by the fact that 

instead of a sharp transition between 2D and 3D growth modes occurring at ΘC, we observe 

two transitions at ΘC1 = 5 nm (Figure 2g) and ΘC2 = 30 nm (Figure 2h) covering a regime in 

which the two modes coexist. 

The average terrace height as measured via AFM quantitative morphometry for Θ values in the 

range of 1-30 nm thickness was measured to be 2.2 ± 0.3 nm. This value is consistent with 

previous studies demonstrating that deposited NT4N molecules arrange almost perpendicular 

to the substrate, assuming a π-stack packing resulting in a thickness of 2.46 nm for a NT4N 

monolayer (while the molecular length is 2.8 nm).[30] 
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In order to correlate the NT4N growth modality displayed by the morphological features of the 

active layer with the electrical characteristics of the OLETs, we compared Sq values with the 

charge carrier mobility as the NT4N layer thickness increases (see Figure 2i). Interestingly, a 

drastic enhancement of the mobility occurs in the thickness range between 30 and 50 nm where 

the fully 3D growth mode starts. 

The experimental electron mobility values reported in Table 1 were fitted by using equation 

1[6,9,43,44]: 

𝜇 ൎ 𝜇௦௔௧ൣ1 െ  𝑒ିሺ஀ ஀ೞೌ೟⁄ ሻം
൧ 

where sat and sat are the saturated charge carrier mobility and the film thickness at which the 

mobility saturates, respectively. The exponent γ denotes the degree of localization of the charge 

carriers into the electrical pathways.[43] In respect of prototypal linear conjugated compounds 

reported in literature,[6,44] the functional dependence of the NT4N FET mobility on the layer 

thickness is well described by equation 1, but the extracted values of sat and γ are out of the 

trends. Indeed, we determine a very high value of sat (52 nm) combined with high mobility 

(sat = 0.86 cm2/Vs) together with γ = 2.7 that indicates 3D percolation of charge carriers in the 

device.[6] 

The saturation of the charge mobility is reached at very high active layer thickness (i.e. 50 nm 

corresponding to around 20 layer) and is also correlated to a predominant 3D growth modality. 

In the layer thickness range higher than 30 nm, e increases with increasing Sq until it reaches 

a saturation value at 50 nm. This experimental finding is in contrast with the charge-carrier 

confinement in OSCs which is expected to be confined in the first 2-3 monolayers close to the 

interface with the dielectrics in highly-connected laterally-extended thin-films.[11,45] 

Moreover, we observe that also the collected drain-source current is strictly correlated to the 

active-layer thickness, showing an initial linear increase with the layer thickness up to 50 nm 

and then saturating at higher layer-thickness values as in the case of the charge mobility (see 
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Figure S3 in SI). Moreover, if we consider light formation processes within the active layer, 

electroluminescence is non-negligible only for semiconductor-layer thickness higher than 50 

nm and the optical power linearly increases with the increasing layer-thickness as in the case 

of source-drain current and charge mobility (see Figure S3 in SI). 

In order to shed light into the layer-dependent domain structure in OSC-layer with different 

thickness and to collect structural information at thicknesses higher than 50 nm, at which AFM 

measurements become increasingly less reliable, we implemented grazing incidence small- and 

wide-angle X-ray scattering (GISAXS and GIWAXS) as experimental techniques capable of 

detecting in-plane and out-of-plane domain size and crystallite orientation in thin-films. 

Particularly GIWAXS is well suited to study the internal structure and degree of order in films 

for OFET applications.[46] 

Upon deposition of the NT4N molecules, two clear diffraction spots aligned along the 

perpendicular direction (qz) appear in the GISAXS patterns, with position qz = 2.53 nm-1 and qz 

= 5.08 nm-1 (see Figure S6 in SI). The spacing for these two signals is 2.48 nm and 1.24 nm, 

which are very close to one time and half time the NT4N long molecular axis, respectively. 

These two signals can be identified as the 001 and 002 reflections of the NT4N structure.[30] As 

expected, the sharpness and the intensity of these two signals increase with increasing the 

amount of deposited material (see Figure S6c in SI). However, some interesting differences can 

be noticed depending on the thickness of the deposited films. The 001 and 002 reflections 

remain very broad until ≤ 5 nm, due to the fact that the crystalline structure is not largely 

extended along the direction perpendicular to the substrate. For ≥ 15 nm, the 001 and 002 

diffraction peaks appear much sharper, and the peak intensity and sharpness increase with the 

film thickness. The anisotropic nature of these reflections indicates that the crystallites grow 

preferentially with the molecular long axis oriented almost perpendicular to the substrate (see 

Figure 1c).  
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The GISAXS signal in the direction parallel to the film surface (qy) is correlated to the average 

distance between the growing NT4N islands by means of the Fourier transform.[47] In the case 

of low-thickness films, the inter-island distance can be estimated to be around 100 nm for  = 

2 nm and 190 nm for  = 5 nm, compatible with the characteristic length-scales observed above 

by AFM. The cross-correlation between indicators measured by topography and derived by 

structural analysis indicates that laterally-extended islands are comprised in a  single crystalline 

domain.[48] 

The preferential orientation of growth of the crystallites and the crystalline order in the films 

can be studied by GIWAXS. Several diffraction spots are observed for ≥ 15 nm thus 

indicating that NT4N crystallite growth with a high degree of internal order (see Figure S7 in 

SI). Although the quality of the images is not sufficient to refine the structure with high 

accuracy, the comparison between experimental and simulated diffraction peak positions for 

the 50 and 75 nm thick films suggest that the NT4N molecules pack with a trigonal unit cell 

with parameters a = 0.51 nm, b = 0.55 nm, c = 2.4 nm,  = 90°,  = 93° and  =89°. These 

values are in good agreement with the unit cell parameters reported for the NT4N single crystal 

in their β-phase.[32] The orientation of the diffracted spots clearly suggests that the crystallites 

are collectively oriented with their 00l planes parallel to the substrate. Moreover, the 

orientational distribution of the NT4N crystallites can be quantified by cross-correlating 

GISAXS and GIWAXS measurements. While for thicknesses < 50 nm the 001 reflection has 

the characteristic shape of a well-defined diffraction spot, for ≥ 50 nm, this peak shows non-

negligible angular spreading and tends to resemble to an arc. This observation suggests 

qualitatively that for thicknesses ≥ 50 nm the uppermost molecules do not align efficiently 

with respect to the substrate. The intensity of the diffraction peaks scale with the amount of 

deposited material and with the degree of order. Interestingly, a clear correlation can be 

observed between the trend of charge-carrier mobility and the variation of the intensity of the 
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001 peak in the GISAXS/GIWAXS measurements (see Figure 3a). It is worth to note that  

50 nm is close to the extrapolated layer thickness at which the charge mobility values saturate 

(sat). 

 

 

Figure 3. a) Thickness dependence of the electron mobility in saturation regime (left y-axis, 

red dots) and of the intensity of the 001 reflection along qz (measured at αi = 0.45°, right y-axis, 

blue squared). Analysis of the NT4N crystals orientation. b) Schematic of the NT4N growth at 

different thickness as derived from the GISAXS/GIWAXS analysis. c) Pole figures extracted 

from the GISAXS patterns for the 001 reflection as a function of the film thickness. d) 

Integrated intensities for the contributions of the highly oriented structures Jor (open triangles) 

and the less aligned structures Jiso (squares). The total integrated intensity is also reported Jtot.  
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In order to quantify the orientation of the crystalline material as a function of the active layer 

thickness, a more quantitative analysis was performed. GISAXS and GIWAXS data can be used 

to assess the fraction of the deposited material that is structurally oriented by using the so-called 

pole figures.[49] It was demonstrated that approximated pole figures directly extracted from a 

single GISAXS (or GIWAXS) pattern acquired at a fixed incident angle (i) can be used 

effectively and reliably.[50] The approximated pole figures as a function of the polar angle and 

for samples of different thickness  are then extracted around the 001 reflection from the 

GISAXS spectra (Figure 3c). The integrated area of the pole figure profiles is proportional to 

the fraction of the collectively oriented crystallites. Initially, increasing the film thickness from 

2 to 30 nm, the approximated pole figures for the 001 peak only show a strong signal centered 

at around  = 0°. In addition, for thickness of 50 nm and higher (i.e. the layer thickness 

correlated with the prevailing 3D-growth modality), a second broader and less intense 

contribution to the pole figure profiles starts to appear in the range 20° << 80° (see the inset 

in Figure 3c). It can be inferred that the contribution at  = 0° is related only to highly oriented 

domains (i.e. crystallites with the c-axis aligned almost normal to the substrate surface), while 

the crystalline domains with a more isotropic orientation with respect to the qz direction 

contribute to the broader signal at higher polar angles. The pole figures can be further analyzed 

by fitting the total curve using two lorentzian curves, whose integrals allows us to calculate the 

integrated intensities for the two contributions Jor and Jiso, which provide a quantitative 

indication of aligned and more isotropically-oriented crystalline domains, respectively (see 

Figure 3d). Up to a thickness of 30 nm, the NT4N molecules proceeded in forming only 

crystallites highly aligned with the molecules in the so-called edge-on orientation and the long 

axis almost perpendicular to the substrate. Indeed, at this specific active-layer thickness a more-

than-one-order-of-magnitude increase in both the electron and hole mobility is observed. At 

higher thicknesses, crystallites with a more isotropic orientation are observed and a 
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considerable amount of molecules with orientation different than perpendicularly to the 

substrate is deposited. This structural information is correlated to the change in the active layer 

morphologies due to the transition from non-ideal Stranski-Krastanov to complete 3D growth 

modality for thicknesses larger than 30 nm as evidenced by AFM analysis discussed above. 

Thus, the X-ray scattering results here reported suggest that the saturation of the charge carrier 

mobility occurs when the molecular units start to arrange isotropically on top of the already 

deposited molecular layers instead of collectively maintain an edge-on molecular packing in 

the crystalline domains (see Figure 3a). 

To further support the conclusions based on electrical and structural experimental results, we 

implemented a two-step multiscale simulation (details in the Experimental section) in order to 

determine the expected charge mobility values in the NT4N thin-film system and secondly to 

estimate the electrical figures of merit (charge-carrier mobility, source-drain current and 

threshold voltage) once the thickness-varying NT4N films are introduced in a top-

contact/bottom-gate field-effect transistor platform. The approach that we implemented does 

not consider the thickness-varying morphology of the NT4N molecular system since we are 

interested to assess whether the out-of-plane orientational order in NT4N crystallites is the 

major driving force of the thickness-dependent saturation of charge transport. 

Given that X-Ray analysis demonstrates that the NT4N molecules arrange (i) in an edge-on 

modality with respect to the substrate and (ii) with a structure comparable to the β phase of the 

NT4N single crystals,[32] the NT4N molecular system considered for the simulation is a stack 

of ab planes along the c direction obtained by suitably orienting the β crystalline form with 

respect to the dielectric/semiconductor interface (see Figure 1c). Modeling was carried out in 

the framework of the non-adiabatic hopping mechanism.[51] Then, the electric field is applied 

along the charge-transport direction, parallel to the plane between the organic semiconductor 

and the dielectric. 
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In this configuration, the calculated charge-carrier mobility is in good accordance with the 

experimental values reported in Table 1: the largest mobilities predicted by Kinetic Monte Carlo 

simulations, for electrons and holes were 0.80 cm2/Vs and 0.04 cm2/Vs, respectively (see Table 

S1 in SI). Although the experimental mobilities are measured in field-effect configuration and 

not by time-of-flight experiments, the electric field used for the simulations is applied along the 

direction equivalent to the organic semiconductor/dielectric interface in NT4N-based FET 

devices, thus the comparison between the dataset is consistent.  

In the case of bulk single crystal approach that we adopt, significant electronic couplings (see 

Figure S9 and Table S3 in SI) are computed only for charge pathways in the ab plane which is 

parallel to the dielectric surface, while negligible couplings are obtained in the direction 

perpendicular to the substrate. However, in thin-film systems the probability for charges to be 

transferred from one layer to a superimposed one is modulated by the transport rate across 

domain boundaries of the first layer and enhanced by the fact that the contact area between first 

and second layer is large compared to the longitudinal cross section.[41] 

To further understand the relationship between the source-drain current and the thickness of the 

active layer we applied 2D device-scale drift-diffusion simulations to understand the electrical 

behavior of the device. For this work we adapted the open-source model gpvdm[52,53] which 

solves the carrier continuity, transport, and Poisson’s equations to model current flow and 

electrostatic effects in the device. Charge carrier trapping was accounted for using a dynamic 

Shockley-Read-Hall (SRH) trapping/recombination model.  The simulations were performed 

for organic semiconductor layers ranging from 30 to 100 nm thick, which represent the critical 

experimental thickness. This approach allowed us to decouple and understand the various 

physical phenomena and their contribution to the saturation transfer characteristics of the 

devices as a function of active layer thickness. 

We found that the model was able to reproduce the relationship between experimental source-

drain current curves and capture the most relevant features of the saturation transfer 
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characteristics as a function of active layer thickness (see Figure S11 and Tables S6 and S7 in 

SI). The model reproduced quantitatively the onset of currents in the 20-30V gate bias regime, 

corresponding to the threshold values. The slight change in the slope of the logarithm of the 

current at about 50V gate bias in VGS = VDS curves is also correctly reproduced. In the range of 

thickness from 30 to 75 nm, the increase in the field-effect current by growing the thickness of 

the active layer can be related to the decrease in the concentration of charge carrier traps and 

interface dipoles (see Tables S6, S7 and Figure S13 in the SI) introduced in the simulations. 

The density of charge carrier trap states and interface dipoles are the phenomenological 

parameters associated with the intrinsic crystalline order and packing in the NT4N layer and at 

the interface with the dielectrics, respectively. We found that by keeping all electrical 

parameters constant and simply decreasing the density of trap states and the interface dipole as 

the active layer became thinner, the saturation transfer characteristics are reproduced as a 

function of thickness. This decrease may correlate with the increased size of 3D domains above 

the nominal thickness of 30 nm. 

The simulations also show that the increase in the field-effect current with the thickness of the 

active layer, in the range from 30 to 75 nm, is accompanied by a slight increase of the charge 

density in the direction normal to the dielectric layer and thus to the in-plane charge-transport 

direction (see Figure 4). Therefore, the enhancement of molecular packing in the active layer 

enables the development of regions for the transport of charge carriers that extend slightly 

toward the bulk of the organic semiconductor, contributing to the increase of the observed 

current. Moreover, for a thickness of the NT4N layer ranging from 75 to 100 nm, the simulated 

charge density is essentially unchanged, thus further supporting the experimental findings. 
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Figure 4. Charge density color map of NT4N-based OFET devices with thickness of the active 

layer of a) 30 nm; b) 75 nm; c) 100 nm. Only the 20 nm region in contact with the dielectric 

layer is shown. 

 

We stress that the occurrence of this effect is related to the peculiar features of the NT4N layer. 

As a comparison, experimental characterization and simulations was also carried out for a set 

of devices fabricated with a prototypical n-type semiconductor (N,N′-dioctyl-3,4,9,10-

perylenedicarboximide, PTCDI-C13) that presents similar HOMO and LUMO levels with 

respect to NT4N.[38] Calculations on models of PTCDI-C13 devices performed by applying the 

same physical models and parameters used for the simulation of NT4N devices and keeping a 

constant concentration of traps and interface dipoles produced an essentially constant current 

irrespective of the thickness of the active layer, in excellent agreement with the experiments 

(see Figure S12 and Tables S8 and S9 in the SI).  

 
3. Conclusions 

In this work, we report a comprehensive study on the interplay between charge transport, 

molecular packing, crystalline orientation and growth modality in a multifunctional molecular 

system used as active layer in optoelectronic field-effect transistors. The functional correlation 
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between charge mobility and a set of relevant morphological and structural indicators, such as 

surface roughness and crystallite orientation, is observed in the device active layer as the 

thickness of the thin film is increased beyond the 2D limit. We evidenced two main factors 

playing a crucial role in the optoelectronic performance of devices: i) the evolution of the 

growth modality from 2D to prevailing 3D with saturated charge mobility of about 1 cm2/Vs at 

very high film thickness (~ 20 ML), and ii) the high orientational order of the crystallite domains 

along the direction normal to the substrate even in prevailing 3D architecture.  

Having discarded the contribution to charge-transport process from the injecting electrodes, we 

have reported clear evidence that the maximization of field-effect mobility and source-drain 

current in OFETs is not strictly related to preservation of multistack layer-by-layer growth. 

Indeed, while it is widely accepted, for example in the case of pentacene, that a 3D growth 

mode degrades charge transport,[44] here we have demonstrated for the first time that even a 3D 

grain-like morphology can enable high-performing field-effect devices, if the molecular 

orientational order in crystallites of the active layer is collectively maintained. Indeed, while 

pentacene shows a gradually in-plane tilt of the molecules with a thickness-driven phase 

transition,[54] NT4N maintains the same crystal packing (β phase) even at high thickness. The 

saturation of the measured field-effect charge mobility and source-drain current takes place 

when the molecular edge-on orientation is lost, and the crystallites tend to lay flat on the 

underlying film structure.  

The multiscale simulation of the ambipolar charge mobility of the NT4N system modelled 

according to the crystalline β phase with stacks of planes normal to the c axis, arranged parallel 

to the substrate and introduced as a thickness-varying active layer in a field-effect transistor 

configuration, provides a further confirmation of the proposed picture. In addition, a full-scale 

drift-diffusion phenomenological model has been used to gain insight into the thickness-

dependent vertical charge distribution, showing an increase of the charge density towards the 

bulk of the film as the film thickness increases.  
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Overall, these results demonstrate that it is necessary to go beyond the 2D paradigm to describe 

the fundamental mechanisms of field-effect charge transport in OFETs and show that the out-

of-plane domain size and crystallite orientation in polycrystalline films must be carefully 

considered to fully exploit the intrinsic properties of the semiconductors used as active layer in 

multifunctional organic field-effect transistors.  

 

4. Experimental Section 

 
Device fabrication and characterization 

NT4N powder was synthesized as described by Melucci et al.,[30] and repeated purification steps 

were carried out in order to guarantee a high level of purity. 

Bottom gate-top contact NT4N-based OLETs were fabricated by thermal sublimation onto 

glass/patterned-indium tin oxide (ITO, gate contact, 150 nm) / PMMA (dielectric, 450 nm) 

substrates. Before the deposition of PMMA, the substrates were cleaned by ultrasonic bath in 

acetone followed by 2-propanol and dried under nitrogen flow. Finally, top Au electrodes, were 

deposited by thermal evaporation using shadow mask. 

Optoelectronic characterization was performed inside a glove box, under controlled atmosphere 

of nitrogen, by using a manual probe station SüssMicroTech PM5 connected to a semiconductor 

device parameter analyzer (Agilent B1500A) endowed with a Hamamatsu silicon photodiode 

(sensitivity of 0.38 AW-1 at 600 nm) for collecting photons emitted through the device glass 

substrate. The field-effect mobility in the saturation regime was calculated using the equation 

IDS = (W/2L)Ci μ(VGS − Vth)2 , where Ci is the capacitance per unit area of the insulating layer 

and Vth is the threshold voltage extracted from the square root of the drain current (IDS
1/2) versus 

the source-gate voltage (VGS) characteristics. 

The contact resistance (RC) at the Au electrodes/NT4N interface and the OLET channel 

resistance (RCh) were quantified at different NT4N layer thickness. RCh represent the OLETs 
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field-effect conduction properties and, in strong accumulation condition, it can be calculated 

as: 

𝑅஼௛ ൌ ଵ

൫ௐ
௅ൗ ൯µ஼೔ሺ௏ಸೄି௏೟೓ሻ

 (4) 

RC describes the voltage drop at the injecting electrode and it was estimated using the Single-

Transistor-Method proposed by Torricelli et al.[35] and further refined by least squares 

regression. The values of RC and RCh are calculated for VGS = 100 V. 

 

AFM characterization 

Thin film morphology was investigated by Atomic Force Microscopy (AFM) imaging through 

a Smena NT-MDT microscope equipped with NSG10 cantilevers. Images were collected in 

tapping mode in air. Image processing and analysis were performed with Gwyddion v2.48.[55] 

 

X-Ray characterization 

Film-structure evolution was investigated by performing GISAXS and GIWAXS 

measurements at the beamline BM26B at the European Synchrotron Radiation Facility (ESRF), 

Grenoble (France).[56,57] 

The X-ray wavelength used for both GISAXS and GIWAXS was  = 1 Å. GISAXS 

measurements were carried out using a sample-to-detector distance of 2m. GISAXS patterns 

were acquired using a Pilatus1M detector with pixel size of 172 x 172 m. Scattering from the 

air background was removed and the pattern were all normalized for the incoming beam 

intensity and for the exposure time. A double beamstop configuration was used for the samples 

5-50 nm thick, while a rod like beamstop was used for the 100 nm sample. A shorted sample-

to-detector distance of 1.3 m was used for the 100 nm sample. Silver behenate was used as a 

standard to calibrate the GISAXS angular range. Images were acquired using two different 

incident angles 0.15° and 0.45°. GIWAXS measurements were carried out using a sample-to-
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detector distance of 125 mm. GIWAXS patterns were acquired using a Frelon2K CCD detector 

with pixel size of 98.3 m. Each pattern was corrected for the dark current, detector efficiency 

and beam polarization. 

Here we used the conventional gracing incidence notation where the scattering vector 

components are defined as: 

𝑞௫ ൌ 2𝜋/𝜆ൣcos ሺ2𝜃௙ ሻcos൫𝛼௙൯ െ cos ሺ𝛼௜ሻ൧ 

𝑞௬ ൌ 2𝜋/𝜆ൣsin ሺ2𝜃௙ሻ cos൫𝛼௙൯൧ 

𝑞௭ ൌ 2𝜋/𝜆ൣsin൫𝛼௙൯ ൅ sin ሺ𝛼௜ሻ൧ 

where i, f  and 2f  are the incident, the exit angle in the vertical direction and the exit angle 

in the horizontal direction, respectively. x, y and z are the directions along, across horizontally 

and across vertically of the X-ray beam direction, respectively. Note that for the GISAXS 

experiments, the qx component along the X-ray direction can be neglected due to the small angle 

approximation. 

The conversion from pixels to exit angles and all the intensity cuts were performed using Matlab 

macros. 

According to the literature,[50] the integrated intensities for the oriented and the more isotropic 

structures were calculated as follows: 

𝐽௢௥ ൌ ׬ 𝐼௢௥ሺ𝜒ሻ𝑠𝑖𝑛𝜒𝑑𝜒୼ఞ  (2) 

𝐽௜௦௢ ൌ ׬ 𝐼ሺ𝜒ሻ𝑠𝑖𝑛𝜒𝑑𝜒
ଽ଴

଴ െ 𝐽௢௥  (3) 

The range of integration to obtain 𝐽௢௥ was 0° <Δ< 10°. 

 

Theoretical calculations 

Equilibrium structures of neutral and charged species were obtained from quantum chemical 

calculations performed at B3LYP/6-31G* level of theory. The nature of the stationary points 
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obtained by structure optimization was assessed by vibrational frequencies calculations at the 

optimized structure. Vibrational frequencies were also employed to estimate the vibrational 

contributions to the intramolecular reorganization energy through the calculations of Huang-

Rhys parameters.[58,59] All quantum-chemical calculations were performed using the 

Gaussian09 suite of programs.[60]  

The charge transport properties were investigated within the non-adiabatic hopping 

mechanism,[61] The electronic couplings Vij were computed at B3LYP/6-31G* level of theory, 

in the one-electron approximation and with the direct approach described elsewhere.[62] The 

energy levels and shape of frontier molecular orbitals are collected in Table S2 and Fig. S8 in 

SI. The gap between LUMO and LUMO+1 is ca 0.35 eV for NT4N and this points to a possible 

role of the LUMO+1 orbital beside the LUMO orbital for the n-type charge transport. For the 

above reason, beside the HOMO (p-type) and LUMO (n-type) we also included the LUMO+1 

orbital in the calculation of electronic couplings. 

The reorganization energy is composed of an intramolecular term λi and an “outer” contribution 

λo due to the interaction with the surrounding molecules in the crystal. λi was computed at 

B3LYP/6-31G* level of theory, either with the adiabatic potentials (AP) method (see Table S4 

in SI) or via calculations of Huang-Rhys (HR) parameters Sm.2,3 In the MLJ formulation of the 

rate constant, λi collects the contribution from quantum vibrational degrees of freedom and is 

expressed by a single effective vibrational mode of frequency ωeff and associated Huang-Rhys 

factor Seff. The effective frequency ωeff is determined as 𝜔௘௙௙ ൌ ∑ 𝜔௠𝑆௠ ∑ 𝑆௡௡⁄௠ . The HR 

factor Seff  is obtained from the relation 𝜆௜ ൌ ℏ𝜔௘௙௙𝑆௘௙௙. Because the low frequency vibrations 

can be described, to a good approximation, in classical terms, the contributions for frequencies 

below 150 cm-1 were not included in the evaluation of ωeff. Their contribution was included in 

the λclass term, summed with the outer sphere contribution λo assumed to be 0.01 eV according 

to recent studies.[63] The effective intra-molecular parameters, used to evaluate rate constants, 

are collected in Table S5 of SI. 
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Full-scale simulations of devices were performed by solving the drift-diffusion equations for 

majority charge carriers on a 2D discretized model of the system. All geometrical parameters 

were taken from the experimental configuration, apart from top electrode lengths, reduced to 5 

µm (see Figure S10 in SI). Materials parameters were determined by calibration calculations, 

fitting experimental saturation transfer characteristics. Currents at gate bias values below the 

threshold are generally ascribed to phenomena not directly related to field-effect transport (for 

example, trap-assisted charge transport, leakages, etc.) and are not considered in fitting our 

models. All parameters used in simulations are shown in Table S6-S9 in SI. Calculations were 

performed with the gpvdm software.[52,64] 
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