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We demonstrate the application of scanning transmission X-ray microscopy (STXM) to image the
angular distribution of grains in organic semiconductor thin film devices on the example of pentacene
field-effect transistors. The in-plane orientation of the molecules in the channel region and under-
neath the top conducting electrodes was derived from polarization dependent STXM investigations.
The method allows the determination of the actual grain size and the correlation of the electronic
transport and structural properties on the nanometer length scale.

Introduction

Organic field-effect transistors (OFETs) are attracting
attention due to their potential application in cheap,
flexible, and large-area electronic devices. Field-effect
mobilities of up to 5 cm?/(V s) have been reported for
pentacene.' 3 The structural quality of organic semicon-
ductors was shown to be the key parameter for achieving
high field-effect mobility values.* For example, a mobility
of 35 cm?/(V s) was reported for a pentacene single crystal
at room temperature.’ Polycrystalline films are composed
of grains and grain boundaries. Hopping type transport is
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limited in such films due to significant charge-carrier
trapping at the grain boundaries.’”'® Detailed structural
information about pentacene-based thin films can be
obtained by X-ray diffraction.'* Pentacene consists of
five aromatic linearly fused rings with two molecules per
unit cell. In thin films, the neighboring molecules form a
herringbone pattern enclosing a herringbone angle of
53°.' The long axes of the molecules are oriented in
parallel relative to the substrate normal (0°),"*'> and
are more tilted toward the substrate plane (6°) for thicker
films (20 nm).'*"*° The growth of pentacene on silicon
was successfully imaged by photoemission electron mi-
croscopy (PEEM);?! however, the orientation of mole-
cules within discrete grains was not clearly evident.
Additional information about the grain morphology
and orientation of ultrathin (2 nm) crystalline organic
films can be obtained by transverse shear microscopy.>>
This technique can only be applied to visualize the
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Figure 1. (a) Schematic of the pentacene-based OFET raster scanned by X-rays. The X-ray beam comes from an EPU and is focused through a zone plate
and an order sorting aperture (OSA). The atomic force microscopy (AFM) image on the right side shows the topography of pentacene. (b) Ips vs Vps
characteristic of the prepared pentacene OFET. The measurements were carried out in ambient atmosphere (1 h after the device was exposed to an ambient

environment).

microstructure in smooth, elastically compliant, and
anisotropic crystalline films.

In this work, scanning transmission X-ray microscopy
(STXM) will be introduced as a complementary method
to obtain orientational information about the molecules
in bulk structures, which is of importance for organic solar
cells and field-effect transistors. In STXM, the X-ray
beam coming from an elliptically polarized undulator
(EPU) beamline is focused by a zone plate to provide a
lateral resolution of 30 nm.?**>* The sample is then raster
scanned relative to the X-ray beam while the transmitted
photon flux is detected. The imaging method is becoming
increasingly popular owing to the following advantages:
the relatively low radiation damage, the compositional
information that is provided by near-edge X-ray absorp-
tion fine-structure spectroscopy (NEXAFS),?% the ability
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to image buried layers underneath several tens of nano-
meter thin films,>” and its sensitivity to the molecular
orientation due to the linear dichroism effect.'***~%" The
usefulness of the technique for studying the morphology
and composition of organic photovoltaic devices has been
shown in the literature.”® 3® Moreover, an EPU can pro-
duce X-rays of any linear and circular polarization at
variable wavelengths. The polarization angle of the linearly
polarized X-rays will be varied for studying the in-plane
orientation of pentacene molecules within the grains of an
OFET. A SiN, membrane (100 nm thick) was used as
the substrate for our STXM investigations as it has a low
X-ray absorption cross section. At the same time, the
membrane was used as the gate dielectric layer in our
pentacene-based OFETs. A schematic of such an OFET
is shown in Figure 1a.

Experimental Section

The membranes for the OFET were prepared at the Stanford
Nanofabrication Facility. The membrane surface was rinsed
with acetone and isopropyl alcohol and treated with UV ozone
for about 20 min. Octadecyltrichlorsilane (OTS) was used to
modify the surface of the membrane. To form the monolayer of
OTS, the cleaned membrane substrates were placed in a desic-
cator with a heated metal block (200 °C). Three to four drops of
neat OTS were placed onto the block, and the desiccator was put
under vacuum overnight. The substrates were washed with iso-
propyl alcohol and dried with a nitrogen gun prior to deposition
of pentacene. A 30 nm portion of pentacene was subsequently
deposited at 60 °C substrate temperature on top of the OTS-
treated membrane. A 20 nm thick aluminum film, covered with
5 nm of gold, was deposited on the backside of the membrane
functioning as the gate electrode.®” The source and drain electrodes
consist of 40 nm of gold and were deposited on top of the pentacene
layer using a shadow mask; the channel width was 1 mm, and
channel length was 45 um. Pentacene was purchased from Aldrich
Chemical Co. and was vacuum sublimed once.

STXM measurements were carried out at the elliptical polar-
izing undulator (EPU) beamline 11.0.2 at the Advanced Light
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Figure 2. X-ray absorption spectra of pentacene (30 nm). The inset shows
a STXM image of a region of a pentacene-based organic field-effect
transistor collected at a photon energy of 285.6 ¢V and 0° polarization.
The spectra were recorded for different grains (1, 2, and 3). The areas over
which the spectra were averaged are marked by circles. In each of them,
the molecules have different orientations leading to different intensities in
the NEXAFS spectra. The resonances between 283 and 287 eV corre-
spond to transitions of core electrons in carbon into unoccupied 77* states
of the spz—hybridized carbon atoms,*®*® between 287 and 291 eV into
C—H*/Rydberg states, and between 291 and 315 eV into o* states.*

Source (ALS) in Berkeley, California (USA). A photon energy
range of 280—320 eV was used for the investigations. The resolu-
tion of the zone plate was approximately 35 nm. STXM images
were taken at normal incidence. All measurements were per-
formed at room temperature in He atmosphere.

Each image was taken within 5—8 min which means that one
molecule is exposed by X-rays for less than 10 ms. Thus the
radiation damage is negligibly low and does not influence the
experimental results. This was also checked by taking NEXAFS
spectra before and after the measurements which did not show
any changes.

The electrical measurements on the organic devices were
performed under ambient conditions using a Keithley
4200SCS semiconductor parameter analyzer. The atomic force
microscope (AFM) images of pentacene thin films were col-
lected using a Digital Instruments MMAFM-2 scanning probe
microscope.

Results and Discussion

The typical drain source current (/ps) vs drain source
voltage (Vpg) characteristic of the OFET structure with a
30 nm pentacene active layer is shown in Figure 1b.
Derived from these measurements, the charge carrier
mobility is in the range of 0.1 cm?/(V s), similar to those
reported in the literature.’

The NEXAFS spectra of several single pentacene
grains are shown in Figure 2. Three different types of
resonances can be assigned to transitions of core electrons
in the carbon atoms: transitions into unoccupied 77* states
of the sp*hybridized carbon atoms between 283 and
287 eV,**¥ into C—H*/Rydberg states between 287
and 291 eV, and into o* states between 291 and 315 eV.*°

The pentacene molecules in each crystalline grain ex-
hibit highly defined in-plane angles which leads to pro-
nounced differences in the intensity of the 7* resonances
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for different grains. This effect was used for mapping the
orientation distribution of the pentacene grains in the
OFET devices in the channel region and underneath the
gold electrodes.

Figure 3 shows STXM images, recorded at 285.6 eV,
with the respective rotation angles of the electric field
vector E of the linearly polarized incoming X-rays. The
upper dark half of the images shows the pentacene grains
underneath the Au electrode. The lower brighter part of
the images shows the pentacene grains in the channel
region, i.e., without Au on top.

The images show the existence of pentacene grains with
sizes ranging from 100 nm to several micrometers similar
to what is shown in the AFM images in Figure la. The
grains are separated from each other by grain boundaries,
illustrated by the bright lines corresponding to a low
X-ray absorption intensity in Figure 3. The molecular
orientation in neighboring segments within a grain is the
same forming large areas of uniform molecular orienta-
tion. Two of such domains were marked in Figure 3
showing the dependence of the brightness, i.e., the
X-ray absorption cross section of differently oriented
grains on the rotation angle of the linearly polarized
X-rays. The upper grain reveals the highest X-ray absorp-
tion at 0° polarization whereas the lower one at 75°,
indicating different in-plane orientations of the molecules
within these certain domains.

From the polarization dependent measurements, the
azimuthal angle B(x,y) of the pentacene islands relative to
the in-plane X-ray polarization vector has been obtained.
The following approach was utilized for the fitting
procedure® of the absorbance A(x,y) of the sample:

A(x,y) = apt(1+ay cos*(B(x,y) — 6 — ap)
+ay cos*(B(x. ) +0 —ap)) ()

where «, represents the absorption of the pentacene film
with thickness 7, a;, the strength of the linear dichroism
effect, and o, the X-ray polarization angle. The local
angles toward the x axis for the two differently oriented
molecules in the unit cell are represented by 5(x,y) — 6 and
B(x.y) + O where 20 is approximately 53°.° The trans-
mitted intensity is therefore

] = Ioe_A(an’) (2)

with I, being the incident intensity. Notice that a; is
independent of the position x, y on the sample. We can
determine the topographic contrast agt from the images
with o, = 0°and a;, = 90° as

apt = (Ao + Aooe) /(2 +a1) (3)

where 4 = —In(//ly) for 0 and 90° polarization. After
substituting aof in eq 1 by the expression in eq 3, we fit
A(x,y) to the experimental data with a; being constant
and f(x,y) being variable for each pixel.

Figure 4a shows the pentacene molecules viewed from
the top of the film and explains schematically how the
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Figure 3. STXM images on a pentacene-based organic field-effect transistor collected at a photon energy of 285.6 eV. Each image has a size of 10 x 7.5 ,umz
and was recorded under different orientations oy, (0—90°) of the electric field vector of the incoming linearly polarized X-rays in normal direction to the
sample surface. The upper dark half of the images shows the pentacene grains underneath the Au electrode. The lower bright part of the images shows the
pentacene grains in the channel region, i.e., without Au on top. Two domains are marked illustrating the dependence of the X-ray absorption intensity on

the polarization angle.

(@)

Figure 4. (a) Schematic of the interaction of the electric field vector E with the electric transition dipole moments p; and p, of the 7* orbitals of pentacene.

Maximal absorption can be obtained when E, and the short unit cell axis

[Tt}

a

are parallel to each other (8 = 0). (b) Distribution of the molecular orientation

is given according to the color circle scheme where, green, blue, and red stand for f = 0°, 60°, and 120°, respectively. The dark contrast reflects the
topography, calculated from the STXM images in Figure 3. The black lines in the upper left image represent the C—C bond along the short axis of the

pentacene molecule.

molecular orientation of the aromatic system can be
derived from STXM measurements. The X-ray absorp-
tion A(x,y) reaches its maximum when the electronic
transition dipole moment p of the molecules is aligned
parallel to the electric field E of the incoming X-ray
(B = 0°and 180°). For § = 90° and 270°, the interaction
between E and p is minimal. The pentacene unit cell
contains two molecules with different p vectors p; and
p> that are rotated symmetrically by 06 from the short
unit cell axis (neglecting the slight vertical tilt'®~2° of the
molecules in the thin film phase; see Figure 4a). Conse-
quently, the direction of the maximum in the X-ray
absorption, to which both types of the molecules con-
tribute equally, will coincide with the short unit cell axis.
This effect was used for determining the orientation of the
pentacene molecules within the grains using eq 1.

Figure 4b shows the topography of the pentacene film,
reconstructed from the X-ray absorption intensity, and
the molecular orientation, calculated from the STXM
images at the same location where the images in Figure 3
were captured. It illustrates the distribution of the mo-
lecular orientation with approximately 40 nm lateral
resolution. The green color implies that 8(x,y), the angle
between the electric field vector E and the short axis of the
pentacene unit cell, cf. Figure 4a, is close to zero, blue
stands for (x,y) = 60° etc., cf. the colored circle on the
left side in Figure 4b. In contrast to Figure 3, the bright-
ness in Figure 4 represents the film thickness. The darker
areas in Figure 4 refer to grain boundaries or voids in the
film. The grain orientation map shows that the molecular
orientation does not change between neighboring grain

segments partially consisting of lobes or overgrowths.
This leads to a long-range ordered domain structure in
agreement with TSM studies on ultrathin pentacene
films.*? Interestingly, the long-range order is preserved
in thicker films and the domain size is comparable to what
was reported for thin pentacene films.*

The meaning of p in terms of molecular orientation
within the grains is illustrated in the upper left schematic
of Figure 4b. From the image, the angle of adjacent grains
can be estimated and high and low angle grain boundaries
can be distinguished. Conventionally, a grain boundary is
low angle when the relative orientation of molecules in
adjacent grains is less than 15°; otherwise, it is referred to
as high angle.*! Accordingly, the charge transport be-
tween, e.g., yellow and light blue marked grains, should
be less efficient than between light blue and violet marked
grains.

The statistical distribution of the grain orientation in
the channel region of the pentacene field effect transistor
is shown in Figure 5a. The analysis was performed in a
10 x 10 um” large area. It can be seen that there is no
preferential orientation of the grains on the substrate
and the number of grains with a certain orientation is
almost the same for all the angles. This is expected since
the grains start to grow separately with a random orienta-
tion on the substrate during the vacuum deposition
process and no preferential orientation was forced in
the experiment. In general, the larger the scanned areas

(41) Flewitt, P. E. J.; Wild, R. K. Grain Boundaries: Their Microstruc-
ture and Chemistry; Wiley: New York, 2001.
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Figure 5. Histograms showing (a) the distribution of the different grain
orientations and (b) the ratio of high and low angle grain boundaries
(GB).

the smaller are the deviations in the ratio for the different
angles.

As outlined in the previous paragraph, the orientation
of the molecules in adjacent grains is of great importance
for the performance of transistor devices. The statistical
distribution in Figure 5b was calculated by determining
the molecular orientation in one grain and comparing this
with the angle of the molecules in all adjacent grains. This
procedure was repeated for all grains in a 10 x 10 zm?
large area. In average, for no more than 15% of the
adjacent grains, an angle of 15° or less was found between
the neighboring grains. This means that about 15% of the
grain boundaries are so-called low angle and 85% are
high angle grain boundaries. This is very similar to the
results in literature® obtained for very thin films where
about 10% were found to be low angle grain boundaries.

This angle is supposed to be dependent on parameters
like the substrate temperature and the properties of the
interface and will be investigated in more detail in future.

Chem. Mater., Vol. 22, No. 12, 2010 3697

Therefore, STXM can be used to probe the relation
between microstructure and electric transport in detail
when combined with scanning probe techniques which
measure the charge density distribution. STXM by itself
does not provide enough sensitivity to probe electronic
changes when applying a bias voltage (20 V) to our OFET
devices.

Summary

We have built up pentacene-based OFET devices on
SiN, membranes. We have shown that the in-plane
molecular orientation, which is of prime importance for
the performance of organic semiconductor devices, can
be derived from STXM measurements and that pentacene
consists of 100 nm to several um large grains consisting of
lobes and overgrowths in which the pentacene molecules
have a uniform orientation. Compared to TSM which can
be applied to ultrathin films®* the STXM is a bulk
sensitive technique and allows, in addition, studying the
orientation of molecules buried underneath metal films
and has less requirements regarding the surface quality.
In future, the structural information will be correlated
with electronic properties derived from other scanning
probe techniques.
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