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Structural Effects of Electrode Proximity in VacuumDeposited Organic Semiconductors Studied by Microfocused
X-Ray Scattering
Mathias K. Huss-Hansen,* Jakob Kjelstrup-Hansen,* and Matti Knaapila*

Organic semiconductors have seen widespread application in thin-ﬁlm devices,
such as organic ﬁeld-effect transistors (OFETs), whose performance is closely
linked to the molecular-level microstructure and crystalline orientation. In actual
OFETs, the microstructure varies signiﬁcantly based on the local environment,
for example, in the proximity of contact electrodes. This account highlights recent
examples where microfocused grazing-incidence wide-angle X-ray scattering
(μGIWAXS) maps structural information in between the OFET electrodes. Also
shown are results where μGIWAXS is used to study the microstructure of
naphthyl end-capped oligothiophenes across interdigitated electrode arrays in a
bottom-contact OFET identifying lateral proximity effects of the contact electrodes in terms of crystalline misorientation, crystallite size, and disorder. The
results together with those highlighted, classify essential structural parameters
on and in between the electrodes and demonstrate capabilities of microfocused
X-rays to map microstructures in actual devices. The ideas presented herein bring
us toward guidelines for understanding electrode proximity and device performance in molecular semiconductors. It is also believed that they are readily
expanded from OFETs to other devices and from small molecules to polymers
and other materials.
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1. Introduction

A great deal of interest has been placed on
studies of (opto-)electronic devices made
from organic semiconductors (OSCs),
including organic ﬁeld-effect transistors
(OFETs), organic LEDs (OLEDs), organic
photovoltaics, and diverse photosensors
among others.[1–4] The prospects of these
materials are many: low manufacturing
costs and large-scale processing, mechanical ﬂexibility for use in ﬂexible devices, and
tailoring of their optical and electronic
properties by facile chemical modiﬁcations.
Device performance is closely linked to
the morphology and microstructure of the
OSCs, and much attention has been devoted
to study this correlation. Important structural features include crystallinity, molecular orientation,[5] crystal grain size,[6] grain
boundaries,[7] and polymorphism and
surface-induced phases.[8] The primary focus
in the literature lies on reporting microstructure of devices as a whole. Yet, single
measurements over entire devices may not
be sufﬁcient to account for local structural inhomogeneities.
The thin-ﬁlm structure in OSCs is controlled by two competing forces: surface-molecule interactions and intermolecular
interactions, including weak Van der Waals forces. The former
is affected by the local surface chemistry, and variations in, for
example the surface energy can lead to disparities in the microstructure.[5,9] Such microstructural variations are commonly
studied across the substrateOSC interface and across interfaces
within multilayer devices (i.e., along the surface normal), but less
attention is placed on lateral proximity effects, for example, those
arising from patterned electrodes in bottom-contact devices. In
OFETs, these contact proximity effects become increasingly
important when the channel dimensions are minimized, since
the channel resistance generally decreases with channel length,
whereas the contact resistance remains unaffected.[10]
Grazing-incidence wide-angle X-ray scattering (GIWAXS), or
sometimes, grazing-incidence X-ray diffraction (GIXRD), is an
increasingly popular surface-sensitive technique for probing
the microstructure of thin ﬁlms. For a full discussion of
GIWAXS applications in organic thin ﬁlms, we direct the reader
to the large body of literature on the subject.[11–13] In the typical
grazing-incidence geometry, the incoming X-ray beam is
directed toward the sample surface at a shallow angle, which
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is carefully controlled by the sample tilt. The small incidence
angle (typically below 1 ) causes most of the X-rays to be reﬂected
off the sample surface or off the substrate surface, depending on
the critical angle of the given material. Assuming that the substrate is heavier than the OSC ﬁlm, its critical angle for X-rays is
also larger. If the incidence angle is kept below the critical angle
of the substrate and slightly above the critical angle of the material, the microstructure of the entire ﬁlm can be characterized in
one measurement. Alternatively, the structure can be proﬁled as
a function of sample depth by varying the incidence angle.[14]
Because most OSC thin ﬁlms are macroscopically isotropic
within the plane (sometimes called ﬁber textured), a single scattering pattern can give information on the in-plane structure
(along the Q xy momentum transfer axis) and the out-of-plane
structure (Q z ) simultaneously.
By combining GIWAXS with recent advances in microfocused
X-ray beams,[15–17] it is possible to map or proﬁle local inhomogeneities in OSC ﬁlms on device-relevant length scales.[18] With
this article, we present the reader with an overview of how microfocused GIWAXS (μGIWAXS) is used to study local microstructures in between and on top of metal electrodes in actual OFET
devices. First, we review two cases highlighting the ability of the
μGIWAXS technique to map single OSC channels between
two parallel electrodes and map the OSC on top of the contact
electrodes themselves. We subsequently move on to another
application, where we use μGIWAXS to map local microstructures in an OFET across an array of interdigitated electrodes.
The employed bottom-contact OFET is fabricated by vacuum
00
depositing a prototypical rigid OSC, 5,5 -bis(naphth-2-yl)0 0 00
2,2 :5 ,5 -terthiophene (NaT3), atop a Si/SiO2 substrate with
patterned Au electrodes. Our ﬁndings show that the crystalline
misorientation, crystal size, and lattice disorder depend on
the ﬁlm location in the channel or atop the contact electrodes,
which in turn can be discussed in view of mobility-limiting
proximity effects, including grain boundaries and disorder.
Finally, we give our perspective on how the technique can
beneﬁt the ﬁeld of organic electronics, polymer science, and
beyond.

2. Highlighted Applications of μGIWAXS
We ﬁrst highlight two pioneering articles where μGIWAXS has
been used to probe the difference in microstructure between
electrode and channel in OFETs. In the ﬁrst study, Li et al.[18]
used μGIWAXS to map the local microstructure of organic
OSC ﬁlms in bottom-contact OFETs. Speciﬁcally, they fabricated
ﬁlms of ﬂuorinated 5,11-bis(triethylsilylethynyl) anthradithiophene (diF-TES-ADT) by spin casting a 2% wt. moleculechlorobenzene solution on top of Si/SiO2 substrates with
patterned Au electrodes. Prior to spin casting, the bottom Au
contacts were treated with pentaﬂuorobenzene thiol (PFBT).
The authors chose two different sets of spin-casting parameters
to obtain ﬁlms with either larger (type 1) or smaller (type 2) grain
extensions from the Au contacts. Devices with varying channel
lengths were then investigated by μGIWAXS using an X-ray
beam focused to 10 μm in the transverse direction, enabling
device mapping with similar spatial resolution.
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Figure 1 shows the mapped microstructure across devices of
sample type 2 (a and b) and sample type 1 (c and d) with channel
lengths of 80 μm (a and c) and 20 μm (b and d), respectively. For
each device, the structural parameters are shown along with a
schematic map and a polarized optical micrograph of the device.
The μGIWAXS patterns (Figure 1 in the paper by Li et al.[18])
revealed two distinct diF-TES-ADT ﬁlm textures: <001> texture
with the molecules oriented edge-on on the substrate and <111>
texture with the molecules oriented face-on with respect to the
substrate. The integrated scattering intensities of these phases
are plotted together with the integrated intensities of the Au contacts, allowing for easy identiﬁcation of channel and contact
areas. The mapping reveals that the <111> texture only appears
in the channel of the type 2 device with a channel length of
80 μm. In both type 1 devices, and in the type 2 device with
shorter channel length, the edge-on <001> phase is able to
bridge the channel gap. In addition to mapping the phase composition, the authors also use the μGIWAXS results to obtain
information about local misorientation and grain size.
Figure 1 shows, moreover, that while the out-of-plane grain size
and misorientation of the <001>-textured crystallites remain
unchanged across the smaller channels, there is a signiﬁcant
change toward the center of the 80 μm channels in both
type 1 and 2 devices.
From the μGIWAXS results shown in Figure 1, the authors
are able to elucidate the drop-off in mobility obtained in type
2 devices when the channel length exceeds 50 μm (mobility data
shown in Figure 3 of ref. [18]), which can be attributed to the
onset of formation of <111>-textured crystallites. These ﬁndings
were not necessarily possible with direct imaging methods,
which are not speciﬁc probes for crystals. For example, the polarized optical micrograph in Figure 1b would suggest that the crystallites formed at the Au contact might not bridge the channel.
However, the μGIWAXS data ﬁnd the structure to be uniform
throughout the length of the channel.
In another study, Lamport et al.[19] likewise used μGIWAXS to
study the local microstructure of diF-TES-ADT on Au contacts
treated with PFBT. They prepared devices by varying the deposition rate for the bottom Au contacts between 0.5 and 3 Å s1. The
μGIWAXS results revealed no discernible differences in the
microstructure of the ﬁlm deposited on top of the electrodes
in the two cases. These ﬁndings support the proposition that
the reported increase in mobility obtained from using a slower
contact deposition rate does not stem from a change in the thinﬁlm microstructure. Rather, it is an effect intrinsic to the structure of the electrode.

3. Results
Here we present the results of μGIWAXS used to map an NaT3
OFET across multiple electrodes. Figure 2a,b shows the chemical
structure of NaT3 and its preferential orientation atop OFET surfaces. The molecules adopt edge-on orientation, where the bc
plane is aligned parallel to the substrate and the molecular long
axis is pointed out of plane at a small angle. Individual crystallites
are randomly oriented in plane, resulting in a mosaic structure of
the ﬁlm (ﬁber texture). This texture is easily identiﬁed by the lack
of change in the scattering pattern when rotating the sample
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Figure 1. Microstructural mapping of solution-cast diF-TES-ADT devices of a,b) type 2 and c,d) type 1 with channel lengths of a,c) 80 μm and b,d) 20 μm,
respectively. Each panel shows a schematic map of the device, a polarized optical micrograph of the ﬁlm, the integrated intensity map of the diffraction
peaks associated with Au, <001> and <111> diF-TES-ADT textures, and the out-of-plane lamellar crystal size and angular FWHM obtained from the 001
Bragg reﬂection of <001>-textured crystals. Reproduced with permission.[18] Copyright 2012, Wiley-VCH Verlag GmbH & Co.

about its surface normal. In addition to the random in-plane orientation, the crystallites also exhibit some degree of misorientation with respect to the surface normal. This orientation
distribution can be visualized by the distribution cone of the
a* axis shown in Figure 2b. Figure 2c,d shows the μGIWAXS
setup and the OFET conﬁguration. The small transverse footprint of the beam allows us to probe areas of the OFET with
a resolution of 30 μm, whereas the extended longitudinal footprint due to the (very shallow) grazing angle ensures that the
thin-ﬁlm volume is statistically signiﬁcant. By carefully aligning
the X-ray beam parallel to the interdigitated electrodes, we are
able to obtain spatial information from the OFET device, where
the channel and electrode areas can by identiﬁed and treated separately. Our bottom-contact OFET design has 30 μm-wide
Adv. Eng. Mater. 2021, 2100082
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interdigitated electrodes with 470 μm channel length (distance
between source and drain electrode), allowing us to resolve individual electrodes with the used microbeam.
Figure 3a,b shows typical μGIWAXS patterns corresponding
to channel and electrode areas of the OFET device, respectively.
The insets show optical micrographs of the OFET device with a
crosshair to indicate the approximate position of the X-ray microbeam. From the μGIWAXS images, it is apparent that the overall
thin-ﬁlm texture is the same in both areas, with the molecules
adopting the previously described edge-on orientation. On the
electrode, two faint diffraction rings are visible arising from
the Au (111) and (200) planes. These diffraction signals can
be used as markers to indicate the position of the microbeam
in the data. The scattering pattern can be indexed with a

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.aem-journal.com

(a)

S
S

S
NaT3

(b)
a

a*

b

c

(c)
qz

q
qxy

(d)

Au

NaT3
SiO2
Si

Au

Figure 2. a) Chemical structure of NaT3. b) Illustration of the packing
structure in the NaT3 thin ﬁlm. The red cone represents the orientation
distribution of the ﬁber-textured crystallites. c) Schematic of the μGIWAXS
geometry and the bottom-contact OFET. d) Schematic side view of the
same device.

monoclinic unit cell as shown by lines corresponding to crystal
planes with same k and l Miller indices in Figure 2a. Figure 3c,d
shows normalized line traces of the 100 and h02 reﬂections after
background subtraction with corresponding ﬁts from the position shown in Figure 3a,b.
Figure 4 shows the microstructure of an OFET with a 30 nm
NaT3 thin ﬁlm. For this device, the integrated intensity of the Au
111 reﬂection and the NaT3 100 reﬂection is plotted together
with the angular full width half maximum (FWHM) of the
NaT3 100 reﬂection and the in-plane crystal grain size. The intensity of the Au 111 reﬂection allows us to distinguish the data from
the electrode area to that of the channel area. We point out that
the measurement step size being smaller than the actual footprint of the X-ray beam (10 μm vs 31 μm) leads to the edges
of the electrodes appearing blurred in the Au 111 intensity
map, which might give the impression that the electrode sidewalls are slanted rather than vertical.
Placing our attention on the NaT3 100 reﬂection intensity, we
ﬁnd that it decreases in an approximately linear fashion as the
beam is scanned across the device. This is a consequence of
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the electrode layout, where the electrodes are oriented at a 45
angle with respect to the substrate edge (see Figure 2c).
Therefore, as the beam moves toward the corner of the interdigitated electrodes, the effective width of the illuminated ﬁlm
decreases, decreasing the total scattering volume. At the same
time, we observe an even further decrease in the NaT3 100 reﬂection intensity on top of the electrodes. This trend is mirrored in
the intensity of the h11 Bragg reﬂection (not shown). Similarly,
the NaT3 crystallites exhibit a signiﬁcant broadening of the angular 100 FWHM on top of the electrodes, indicating an increase
out-of-plane misorientation of the crystallites. This broadening is
directly observed in the normalized line traces of the 100 reﬂection in Figure 3c. A broadening of the reﬂection tail is also
observed for higher-order h00 reﬂections (Figure 3a,b).
Finally, we map the in-plane crystalline grain size by applying
the Scherrer equation to the qxy peak proﬁle of the h02 reﬂection.
To account for the change in effective sample width, the geometric smearing of the Bragg peak was modeled and subtracted
before grain size analysis. Nevertheless, the grain size obtained
in this manner can be thought of only as a lower limit of the true
grain size. We ﬁnd that the in-plane grain size is slightly lower on
top of the electrodes compared with that in the channel. This is
also reﬂected in the line traces in Figure 3d.
All these ﬁndings together point toward an overall improved
microstructure in the channel, possibly due to lower surface
roughness in the channel or a better lattice match between
NaT3 and the channel oxide.
Further analysis of the NaT3 crystallites in the out-of-plane
direction is possible due to the multiple orders of reﬂections visible in the scattering pattern. Figure 5 shows the out-of-plane
FWHM of the h00 reﬂections with h ¼ 24 after desmearing
of the geometric broadening due to the effective sample width.
Irrespective of the measurement point, it is apparent that the
FWHM increases with diffraction order. The sample-related peak
broadening includes broadening from the ﬁnite crystallite size
and strain broadening related to crystal imperfection. These
two broadening contributions are deconvoluted by applying
WilliamsonHall (WH) analysis to the data. The WH analysis plots the diffraction peak width (β ¼ β cos θ=λ) as a function
of the diffraction vector (d ¼ 2 sin θ=λ). The intercept of the
slope then relates to ﬁnite size broadening, whereas the magnitude of the slope relates to strain broadening.[20,21] Figure 6
shows the WH plots for the out-of-plane h00 reﬂections
(h ¼ 24) measured in the channel and on top of the electrode.
Each value is given as an average of all points in the respective
areas. The h ¼ 1 diffraction is omitted from the WH analysis, as
it proved difﬁcult to isolate the out-of-plane peak proﬁle from the
diffuse surface scattering. The WH plots show nonzero slopes,
indicating that the observed peak broadening is not only due to
the crystallites size, but also due to lattice imperfections and preferential microstrain in the ﬁlm. The crystallite size broadening is
similar in the two cases, corresponding to an average out-of-plane
crystallite size of 28.5 nm on top of the electrodes and 30.5 nm in
the channel. Both values are in good agreement with the nominal
ﬁlm thickness of 30 nm. Furthermore, the ﬁlm in the channel
exhibits a steeper slope of the WH plot, indicating an increased
ﬁlm strain in the channel compared with the ﬁlm on top of the
electrode.
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Figure 3. a,b) μGIWAXS patterns at two key locations (channel and electrode) of the device. The insets show optical micrographs of the corresponding
beam positions. Dashed line in (a) indicates scattering from planes with same k and l Miller indices. The circled area in (b) indicates the scattering from
the Au electrode. c,d) Normalized line traces of 100 and h02 peaks after background subtraction with corresponding peak ﬁts.

Figure 7a,b shows atomic force microscopy (AFM) micrographs of the surface morphology of the NaT3 thin ﬁlm at the
edge of an electrode and elsewhere in the channel itself. The ﬁlm
in the channel (left side of Figure 7a) lies lower than the ﬁlm on
top of the electrode by 30 nm, corresponding to the patterned
thickness of Au. The morphology appears qualitatively similar in
both areas of the ﬁlm, with the molecules forming 3D islands
with staggered terraces. This type of surface morphology is
typical for thin ﬁlms growing according to 3D-type growth
(VolmerWeber or StranskiKrastanov type growth).[22] The
root mean square (RMS) of the surfaces (shown in Figure 7a)
indicates that the ﬁlm roughness on top of the electrode is
slightly higher than that in the channel. However, in a different
area of the channel (Figure 7b), the RMS is even higher. The
average RMS in the channel and on the electrode is almost identical (3.0 nm vs 3.1 nm), indicating that the differences in microstructure observed by 1D μGIWAXS proﬁles are not readily
observed by considering the surface morphology alone.
Figure 7c shows the transfer curve of the working OFET
1=2
device. The slope of the I DS versus VG curve (not shown) in
the saturated regime yielded the ﬁeld-effect mobility of
μ ¼ 2.4  105 cm2 V s1 .
Adv. Eng. Mater. 2021, 2100082
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4. Discussion
Our results, and those presented by Li, Lamport,[18,19] and other
authors, clearly demonstrate local structural variations across
OFET devices. While NaT3 does not form different textures in
the channels like diF-TES-ADT, the microstructural heterogeneity
on the electrodes could still be a limiting factor in charge transport.
The pathways for charge transport in OSCs are determined by the
overlap of neighboring molecular orbitals, and their charge transport properties are typically highly anisotropic.[23] At the same time,
the charge transport is often limited by grain boundaries, which
introduce localized trap states in the material.[24,25] This suggests
that misorientation between neighboring grains can detrimentally
affect charge transport, as two crystalline domains meeting at a sufﬁciently large angle necessarily create a series of edge dislocations at
the boundary. Indeed, it has been shown that increased out-of-plane
misorientation in solution-processed 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN) leads to lower ﬁeld-effect mobilities
in OFETs.[26] Moreover, it has been suggested that the effect of
misorientation at grain boundaries on transport properties is less
signiﬁcant in materials with herringbone packing (such as NaT3)
than in slip-stacked materials.[7] This is due to the lower charge
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0.02

transport anisotropy of the herringbone motif (2D vs 1D).
Nevertheless, the relatively higher degree of out-of-plane crystallite misorientation found for NaT3 on top of the OFET electrodes
(Figure 4), as well as in the channels of the diF-TES-ADT OFETs
(Figure 2), could still be a potentially limiting factor in the charge
transport at the contact interface. The grain-boundary-limiting
effect on charge transport is indeed suggested by the mobility
results reported by Li et al.,[18] where the diF-TES-ADT devices
with large grains show the highest mobilities.
In contrast, grain boundaries are not the only limiting factor
for charge transport.[27] All crystals exhibit some degree of paracrystalline disorder, which induces variations in the crystalline
lattice and intermolecular distances. As a result, the transfer integrals between neighboring molecules are perturbed, and the
charge carriers are subjected to ﬂuctuations in the electronic
landscape.[28] While the paracrystalline disorder is typically low
for small-molecule OSCs,[28] our results indicate that the local
disorder is different in areas of the channel and electrodes.
For polymers, the paracrystalline disorder is typically much
higher[29] and therefore constitutes a much more transportlimiting effect in devices made from these materials.
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Figure 6. WilliamHall plots for NaT3 h00 reﬂections from the channel
and electrode areas. Each value is given as an average over individual
measurements. Solid lines are linear ﬁts to the data.

While grain-boundaries attributed to high-angle misorientations are mostly visible in optical characterization techniques or
scanning probes (see the individual grains in the AFM image
in Figure 7 or in optical micrographs in Figure 1), it is much more
difﬁcult to discern low-angle grain boundaries with these techniques. Features in the optical micrographs/scanning probe maps
that appear as single grains are often polycrystalline and contain
many low-angle grain boundaries.[28] This is readily apparent
when comparing the grain boundaries observed for NaT3 by
AFM with the crystallite size obtained from the μGIWAXS
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Figure 7. AFM micrographs of a) the electrode edge and b) channel. The height RMS is indicated for the respective areas in the micrographs. Inset plots
the cross-sectional proﬁle marked by the red line in panel (a). c) Transfer curve of studied OFETs acquired with VD ¼ 30 V. Scale bars are 0.5 μm.

mapping or when comparing the grain sizes in the optical micrograph in Figure 1 with the corresponding μGIWAXS grain size.
This emphasizes the fact that one cannot always rely on optical
microscopy or scanning probes when characterizing the morphology of OSC devices. If the material under consideration contains
well-ordered crystals, whether within amorphous domains or
not, μGIWAXS combined with methods such as WH analysis,
or more detailed analyses such as the WarrenAverbach
method,[30,31] provide good insights into the crystalline “true”
grain size of the ﬁlm.
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5. Outlook
As contemporary X-ray optics now allows for well-collimated
beams at virtually every synchrotron source, we expect surface
maps or proﬁling, allowing for electrode proximity data and other
data, to become a standard for structural studies of organic electronics. Investigating the microstructure near the device contacts
is especially important in devices where the performance is in
some way limited by contact resistance, which is the case for
many high-performing OFETs.[10] The ideas presented in this
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article are not limited to small-molecule OSCs but can readily be
expanded to polymers and organicinorganic hybrid materials.
Thanks to the relative novelty of the μGIWAXS technique, these
ﬁelds will beneﬁt greatly from its widespread utilization, and
should be used vis-a-vis probe microscopies including AFM
and Kelvin probe microscopy. For polymer-based OSC devices,
the paracrystalline disorder is much higher than in smallmolecule OSC devices, and we propose to expand the quantitative analysis of local strain and paracrystalline disorder to these
materials. The same is true for probing amorphous domains
within crystals, dominant for polymer materials. As demonstrated here, μGIWAXS would be an obvious choice for resolving
these aspects. Another key use for μGIWAXS concern working
devices in operando, as very recently demonstrated by Grodd
et al.[32] We also see obvious beneﬁts from microfocused
grazing-incidence small-angle X-ray scattering (μGISAXS) for
probing nanoparticles and other larger structures incorporated
within the electrodes.[33] The availability of submicrobeam
experiments at certain beamlines allows for even higher spatial
resolutions, enabling detailed studies of samples, where gradient-type structures are present.[34] In such cases, extra attention
must be placed on possible radiation damage in the sample.
All in all, μGIWAXS makes it possible to map diverse structural
details, otherwise inaccessible by scanning probes or optical
microscopy, with high spatial resolution. The technique holds great
promise for linking structure and device performance, which is
crucial in the development of new organic electronics and beyond.

6. Experimental Section
OFET Fabrication and Characterization: NaT3 molecules used in this
study were synthesized following the Suzuki crosscoupling protocols
reported in the Ref. [35]. The ﬁeld-effect transistors used in this study were
fabricated using a highly n-doped Si substrate as the back-gate electrode
with a 200 nm-thick thermally grown SiO2 gate dielectric. A 1 cm2 array of
interdigitated source and drain electrodes was structured by photolithography and deposited by e-beam evaporation of Au (30 nm) atop Ti (3 nm).
All substrates were ultrasonically cleaned in acetone and isopropanol followed by rinsing with deionized water. A 30 nm-thick NaT3 ﬁlm was deposited on top of the substrate by vacuum sublimation (base pressure:
2  108 mbar and deposition rate: <0.1 Å min1). The device was electrically characterized using a custom-built characterization setup based on
a LabVIEW-controlled data acquisition card connected to voltage and current ampliﬁers, providing the input, and a probe station measuring the
output signal from the OFET. The gate voltage (VG) was swept with constant drainsource voltage V DS ¼ 30 V. The ﬁeld-effect mobility was
1=2
extracted from the slope of the IDS versus VG curve via
μ¼

2L
WC i



1=2 2

∂IDS
∂V G

(1)

where C i ¼ 17.3 nF cm2 is the geometrical capacitance of the dielectric
and W and L the width and length (distance between source and drain
electrodes) of the channel, respectively. For the used test device, the
W/L ratio was 134.39 μm=0.47 μm ¼ 285.94.
μGIWAXS: μGIWAXS experiments were conducted at the P03
Micro- and Nanofocus X-ray Scattering (MiNaXS) beamline of PETRA
III, DESY. The X-ray beam with an energy of 12.9 keV was focused to a
spot size of 31 μm  26 μm (horizontal FWHM  vertical FWHM) at
the sample. The grazing incidence angle of 0.14 was optimized against
the scattering data and fell between the critical angles of NaT3 (0.11 ) and
SiO2 (0.15 ), ensuring that only 30 nm of the ﬁlm was probed. For
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reference, the critical angle of gold is 0.34 at the given wavelength.
The resulting footprint of the beam spanned the full width of the device
in the longitudinal direction and 31 μm in the transverse direction.
μGIWAXS images were recorded with a LAMBDA 10M detector
(Spectrum) with a pixel size of 55 μm placed 159 mm downstream from
the sample. The X-ray beam was carefully aligned to be parallel with the
OFET electrodes by an alternating two-step process. First, the sample was
scanned along the transverse direction of the beam to ﬁnd the position
with the maximal signal from the electrode. Then the sample was rotated
about its surface normal, again maximizing the electrode signal. This process was then repeated until a satisfactory alignment was achieved. To
avoid radiation-induced damage in the thin ﬁlm by the X-ray beam, the
sample alignment was conducted on a separate electrode from the ones
measured. The μGIWAXS data were collected by scanning the beam across
multiple electrodes in steps of 10 μm and with 3 s exposure time per
measurement.
The μGIWAXS data were analyzed using DPDAK.[36] The integrated ﬁlm
and electrode intensities were extracted from linecuts of the Au 111 and
NaT3 100 reﬂections, respectively. The baseline of the 100 reﬂection was
established by taking the average of diffuse scattering just above and just
below the reﬂection, whereas the baselines of all other reﬂection were
established by ﬁtting with a linear function. To obtain information on
the orientation distribution of the thin-ﬁlm crystallites, the angular
FWHM was extracted by ﬁtting a pseudo-Voigt function to the angular
100 intensity proﬁle sans baseline. Detailed analysis of the grain-size
was conducted using the h02 reﬂection for the in-plane dimension and
the 200, 300, and 400 reﬂections for out-of-plane dimension. The peaks
were ﬁrst ﬁtted by Gaussian functions along qxy and qz, respectively, and
the extracted peak width was subsequently corrected following the ideas
presented in the study by Smilgies.[37] To account for the geometric broadening of the peak shapes due the longitudinal beam footprint on the sample, the effective sample width was modeled as a linear function of the
transverse position of the beam on the sample. The geometric smearing
was then calculated from the effective sample width using the equation
Δqgeo ¼

 
4π
2θ w tanð2θÞ
cos
λ
2
2L

(2)

where λ is the X-ray wavelength, 2θ is the scattering angle, w is the effective
sample width, and L is the distance from sample to detector. The “true”
broadening of the Bragg peak (i.e., corrected for the instrumental contribution) was then obtained using the relation
Δqhkl ¼ ðΔq2exp  Δq2res Þ1=2

(3)

where Δqexp denotes the experimentally determined broadening and Δqres
the broadening due to the instrumental resolution. Contributions to the
instrumental broadening from the divergence of the X-ray beam and from
the energy bandwidth were small and thus neglected, that is
Δqres ¼ Δqgeo . The in-plane grain size was then calculated according to
the Scherrer equation, Dhkl ¼ 2πK=Δqhkl , where Dhkl is average grain size
and K is the Scherrer constant, taken to be 0.9 in our case. The out-of-plane
broadening of the h00 reﬂections was analyzed using the WH
method.[20] The sample-related broadening of the Bragg peaks includes
broadening due to ﬁnite crystal size and broadening due to strain. The
WH method assumes that the crystal size broadening and the strain
broadening have difference dependences on the Bragg angle θ, namely,
βsize ¼ Kλ=D cos θ (from the Scherrer formula) and βstrain ¼ 4ϵ tan θ. By
rearranging, we obtain the expression
β ¼ K=D þ 2ϵd

(4)

where β ¼ β cos θ=λ is the peak broadening in reciprocal space units and
d ¼ 2 sin θ=λ is the diffraction vector. The WH analysis plots β against
d , and thus the size broadening and the strain broadening can be
obtained from the intersect and the slope of the plot, respectively.
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AFM: AFM was conducted using a Dimension 3100 instrument (Veeco)
operated in tapping mode and the images were analyzed using
Gwyddion.[38]
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