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ABSTRACT: Structural disorder in molecular crystals is a fundamental limitation for
achieving high charge carrier mobilities. Quantifying and uncovering the mechanistic origins
of disorder are, however, extremely challenging. Here we use variable coherence
transmission electron microscopy to analyze disorder in tri-isopropyl silane pentacene
films, utilizing diffuse scattering that is present both as linear streaks and as a slowly varying,
isotropic background. The former is due to thermal vibration of the pentacene molecules
along their long axis, while the latter is due to static defects kinetically frozen during film
deposition. The thermal vibrational amplitude is ∼0.4 Å, while the static displacement
parameter in our simplified analysis is much larger (1.0 Å), because it represents the
cumulative scattering of all defect configurations that are frozen in the film. Thin film
fabrication therefore has an important effect on crystallinity; our technique can be readily
used to compare samples prepared under different conditions.

Crystallinity plays a crucial role in the charge carrier
mobility of polymer and small molecular organic thin

films.1,2 Long range order promotes electron delocalization and
band-like transport with high mobilities, while structural
disorder creates localized traps and a less efficient hopping
transport mechanism. Even in highly crystalline organic
molecular semiconductors, such as tri-isopropyl silane
(TIPS) pentacene or rubrene, there is evidence for dynamic
disorder, which arises from vibrations of the molecular
fragments about their mean lattice position.3,4 These vibrations
are thermally driven and can have amplitudes as large as 0.5 Å,3

due to the relatively weak intermolecular van der Waals forces.
This dramatically alters the orbital overlap between neighbor-
ing molecules and corresponding charge transfer integrals,5 so
that as a general rule, electrons become more localized and
hopping transport dominates. Changes in orbital overlap also
strongly impact the ability of molecular pairs to undergo
advanced photophysical processes such as singlet fission, for
which TIPS pentacene has emerged as an exemplary system.6

In addition to thermal motion, structural defects can also be
kinetically frozen into the thin film during processing. As an
example, solvents with higher boiling points promote better
crystallinity and therefore larger mobilities in spin-coated TIPS
pentacene thin film transistors.7 These kinetically limited
defects are described here as “static”, to distinguish them from
the “dynamic” structural disorder caused by thermal vibrations.
Characterizing disorder at the molecular level is a highly

complex and difficult challenge. Dynamic disorder gives rise to
diffuse streaking in electron diffraction patterns.3,4 The
electron diffraction pattern for a given molecular crystal

structure can be simulated using the multislice method,8 and
the intensity profile for the diffuse streak compared with
experiment to establish its accuracy and estimate disorder.
Multislice is however time-consuming for such large supercells,
especially because many configurations of the dynamic
disorder must be averaged to produce statistically representa-
tive results.9 An alternative method is fluctuation electron
microscopy (FEM), which is a technique used to quantify
medium range order in amorphous materials.10−12 FEM has
been applied to amorphous inorganic semiconductors10,13 and
bulk metallic glasses,14,15 although there are fewer examples of
quantifying disorder in crystalline materials.16 Diffuse scatter-
ing has also been extensively investigated in protein
crystallography, mainly using X-rays.17−19

Here we show that the “variable coherence” principle
underpinning FEM can also be used to directly quantify
structural disorder in TIPS pentacene without the need for
complex computer simulations. In “variable coherence”, the
coherence volume over which diffraction takes place is varied
by suitably adjusting the detection parameters for electron
scattering.20 For diffuse scattering to occur, the coherence
volume must be larger than the characteristic length scale of
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the structural disorder; smaller coherence volumes will
produce less diffuse intensity in the electron diffraction

pattern. Thus, changes in the diffuse scattered intensity with
the coherence volume can be used to extract structural

Figure 1. (a) Bright-field (BF) image of TIPS pentacene generated from a 4D STEM data set. The annotated box region on the right-hand side was
chosen for further data analysis (Figure 3). The summed diffraction pattern (b) over the specimen area is displayed on a logarithmic intensity scale
and shows diffuse streaking, indicated by arrows. (c) TIPS pentacene crystal structure viewed along the [210] direction. The unit cell boundaries
are superimposed. Arrows indicate the directions of damped vibrations, including along the π-stacking direction. Dark-field (DF) images generated
from a virtual aperture at positions 1−3 along the diffuse streak (Figure 1a) are shown in panels d−f, respectively. Note the change in intensity scale
between the figures. The scale bar for the BF and DF images is 500 nm.
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information and the length scale of the disorder itself. The
variable coherence method is demonstrated on experimental
TIPS pentacene data, collected in four-dimensional (4D)
scanning transmission electron microscopy (STEM) mode,
where a focused electron beam is rastered over the specimen
region of interest and a complete diffraction pattern acquired
at each scan position.21 4D STEM has had previous success
characterizing beam sensitive materials, such as mapping π-
stacking in conjugated polymers,22 as well as extracting the
radial distribution function of amorphous organic polymer−
small molecule blends.23 Strictly speaking, a 4D STEM setup is
not essential, because the same analysis can be performed
using selected area electron diffraction from a parallel electron
beam. However, 4D STEM does provide the benefit of
selecting specimen regions that are oriented away from strong
diffraction conditions, an important prerequisite for the
variable coherence method, which is based on kinematical
scattering.
TIPS pentacene thin films were deposited on a glass

substrate with a spin-coated PEDOT:PSS layer. The TIPS
pentacene was purchased from Ossila Ltd. and had a purity of
>99.9%, as stated by the manufacturer. It was dissolved in
chlorobenzene at a concentration of 20 mg/mL and stirred
overnight. The solution was then drop casted on top of the
PEDOT:PSS film, in a glovebox under a nitrogen atmosphere,
followed by postdeposition annealing at 100 °C for 5 min. For
the preparation of the TEM specimen, the glass substrate was
immersed in deionized water. After a few minutes, the
PEDOT:PSS layer dissolved and the TIPS pentacene film
floated to the surface. The film was then picked up with 250
mesh TEM copper grids.
4D STEM measurements were performed at the University

of Manchester, using a 200 kV Thermo Fisher Scientific Talos
field emission gun TEM instrument, equipped with a
MerlinEM direct electron detector. The STEM probe
semiconvergence angle was 0.6 mrad, and the first condenser
lens excitation was set to its highest value (i.e. “spot size” 9) to
improve electron beam coherence.24 The 4D STEM step size
was 20 nm, and the pixel dwell time was 250 ms. The average
number of electrons per scan position was 66, which gives a
fluence of ∼0.03 electrons/Å2 for a 5 nm diffraction-limited
probe diameter. These experimental conditions were found to
limit electron beam damage of TIPS pentacene; i.e. there was
no noticeable change in the electron diffraction pattern after a
4D STEM scan. The specimen thickness is 1.3−1.5 inelastic
mean free paths (∼150 nm), although the exact thickness of
the region analyzed is unknown. The film thickness was
estimated from an electron energy loss spectrum (EELS)25

acquired in a Gatan Tridiem imaging filter and a 200 kV, JEOL
2100F FEG TEM instrument at Durham University. See the
Supporting Information for the EELS spectrum.
Figure 1a shows a bright-field (BF) image of the TIPS

pentacene film generated by positioning a virtual aperture over
the unscattered beam in the 4D STEM data set. Bend contours
from a [001] zone axis are visible across the entire field of view,
indicating large, micrometer size crystalline grains. Note that
the anomalous contrast for the first two pixel columns on the
left-hand side is due to a STEM scan distortion. The diffraction
pattern for the entire sample region, obtained by summing
diffraction patterns at all STEM probe raster positions
unaffected by scan distortion, is shown in Figure 1b. A
logarithmic intensity scale is used to highlight weak features in
the diffraction pattern. Apart from Bragg diffraction spots due

to long range crystalline order, there is also an extensive diffuse
background that appears as a circular halo centered around the
unscattered beam. Superimposed on this background is further
diffuse scattering in the form of linear streaks. There are two
parallel sets of streaks, an inner streak indicated by arrows in
Figure 1b and a weaker outer one. The latter lies just outside
the circular diffuse background, which together with the
differences in shape, suggests that the disorder for the two
forms of diffuse scattering must have different origins.

The diffuse streaking in TIPS pentacene has been discussed
in detail previously3 and is caused by thermal vibrations of the
pentacene molecules along their long axis, which is nearly
parallel to [210]. To highlight this, Figure 1c shows a [210]
projection of the triclinic TIPS pentacene crystal. Out-of-plane
vibrations are suppressed by large force constants due to π-
stacking, and in-plane vibrations perpendicular to the
pentacene long axis are damped by enmeshing of the bulky
TIPS substituents.4 Therefore, the only degree of freedom is
along the pentacene long axis, i.e. in and out of the page in
Figure 1c. The correlated motion, which is active during the
room-temperature 4D STEM measurements, manifests as the
diffuse streaks in the electron diffraction pattern. In contrast,
the isotropic nature of the circular diffuse background suggests
that this scattering is due to more random disorder. We
reasonably propose that there is static disorder kinetically
frozen into the drop cast thin film as it dries. The finite time for
solidification means that some of the TIPS pentacene
molecules may deviate from their ideal lattice positions and
orientations. For a perfect crystal under parallel beam
illumination, the Bragg diffraction peaks would be δ-functions
with no intensity between them. Static disorder causes the
Bragg diffraction peaks and unscattered beam to broaden out,
with the long tails producing diffuse background intensity
between the Bragg “spots”. This is the origin of the circular
diffuse background.

Beyond qualitative identification, dynamic disorder and
associated linear molecular displacements can also be
quantified using variable coherence electron microscopy.
This involves generating a series of dark-field (DF) images
from virtual apertures positioned along the length of the diffuse
streak. Three representative DF images are shown in Figure
1d−f, corresponding to virtual aperture positions labeled 1−3
in Figure 1b. As the virtual aperture is shifted from the center
of the diffuse streak, the contrast of the bend contour and
mean intensity of the DF image decrease. This is due to a
shrinking coherence volume, which suppresses the ability to
form diffraction contrast features such as bend contours.20 DF
images acquired further along the diffuse streak are, therefore,
more incoherent.

A kinematical scattering theory for the DF image intensity
will now be presented, where individual molecules are modeled
as point scattering objects. Following Treacy and Gibson, the
direction of electron beam scattering by a molecule is reversed
by invoking the principle of reciprocity.20 This is illustrated
schematically in Figure 2a, which shows the wavevector k
(effectively the scattered beam in reverse) scattered by
molecule j along wavevector k′ that falls within the STEM
probe forming aperture. In the far field, the scattered wave
function is fm(Δk)exp(−2πiΔk·rj), where fm(Δk) is the
scattering factor for the molecule at position vector rj and
Δk = k′ − k is the scattering vector. The realspace image wave
function ψ(r) is obtained by an inverse Fourier transform:
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= ·fr k( ) ( )e
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(1)

The summation is over all molecules j within the illumination
volume. For the sake of simplicity, we assume an infinitesimally
small probe forming aperture, so that k′ is parallel to the optic
axis; consequently, there are no lens aberrations. This
condition is approximately satisfied in our measurements,
because the STEM probe semiconvergence angle is only 0.6
mrad. The real space image intensity I is the square modulus of
eq 1, i.e.
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= + ·I f Nk k r( ) 2 cos(2 )

i j
ijm
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where N is the number of molecules. The first term Nfm(Δk)2
is the incoherent intensity, while the summation is the
coherence volume and represents pairwise interference
between molecules i and j separated by rij = ri − rj. Due to
structural disorder, we assume interference is non-negligible
only for nearest-neighbor molecules. This is because the
cos(2πΔk·rij) term will be rapidly oscillating for molecular
pairs that are farther apart, i.e. large rij. Thermal vibration of
TIPS pentacene displaces the molecules along their long axis,
so that in the small displacement limit

· = [ · + ] ·k kk r k r k rcos(2 ) cos 2 ( ) cos(2 ) cos(2 )ij o o

(3)

where ro is the equilibrium position vector between nearest-
neighbor molecular pairs, θ is the change in nearest-neighbor
spacing rij along the molecule long axis, and k∥ is the
component of Δk parallel to the diffuse streak, i.e.
perpendicular to the displacement in real space. Assuming a
Gaussian distribution of θ values with standard deviation σ, the
mean diffuse scattered intensity Idiff is given by26
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where N′ is the number of nearest-neighbor molecule pairs.
The logarithm of diffuse intensity Idiff varies linearly with k∥

2,
provided that the terms within the square brackets in eq 4 are
approximately constant. This will be discussed in more detail
below. The linear trend is due to the size of the coherence
volume along the molecule long axis, which is given by
exp(−2π2σ2k∥

2) in eq 4. Note that the coherence volume in
this instance is governed by an integration over molecular
displacements θ rather than an integration over the detector
plane. A similar effect has been observed with annular DF
imaging,20 where suppression of the coherence volume along
the electron optic axis is due to thermal vibration of the atoms.
The gradient of a plot of ln(Idiff) versus k∥

2 is −2π2σ2, which
yields the dynamic disorder parameter σ. Although the
dynamic disorder is time-dependent, the swift passage of the
STEM beam through a thin sample means that the molecules
are effectively stationary during electron scattering.9 Therefore,
σ must be interpreted as the standard deviation of the dynamic
disorder at a fixed point in time.

To test this model, a series of DF images were generated by
positioning a virtual aperture at different wavenumbers k∥
along the diffuse streak. A Friedel pair of 3 × 3 pixel virtual
apertures was used for improved statistics (Figure 2b; the pixel
size in reciprocal space is 0.03 Å−1). Furthermore, only
specimen regions that did not satisfy strong diffraction
conditions were analyzed, because Bragg diffraction is not
included in our kinematical model and can therefore result in
artifacts. For example, the DF images in Figure 1d−f have the
same bend contour contrast as the BF image (Figure 1a). This
is because the unscattered beam intensity is depleted at the
bend contour due to strong Bragg diffraction, so that the
intensity available for diffuse scattering along the streak
direction is lower. The annotated region on the right-hand
side of Figure 1a was selected for analysis, away from the bend
contour, and had a total of 990 scan positions. The mean DF
intensity for this specimen region was calculated, and its profile
as a function of k∥ is shown in Figure 3a. The peak maximum is
slightly shifted (by one data point) to positive k∥ values, which
is likely due to an error in estimating the true origin of the
diffuse streak.

Panels b and c of Figure 3 show graphs of ln(Idiff) versus k∥
2

generated from the left- and right-hand side portions of the
intensity profile in Figure 3a. The origin of k∥ has been
corrected to coincide with the peak of the mean DF intensity
(this, however, did not have a significant effect on the final
result). From eq 2, the DF signal contains an incoherent

Figure 2. (a) Schematic depicting kinematical scattering of the
electron beam by a molecule according to the principle of reciprocity.
See the text for more details. (b) Schematic of the virtual apertures
used to calculate the mean dark-field (DF) intensity for the diffuse
streak (red lines). 000 represents the unscattered beam.
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background intensity component. Furthermore, the diffuse
streak is superimposed on a slowly varying static disorder
background intensity. Both of these contributions must be
subtracted from the mean DF intensity to obtain theintensity
Idiff arising only from dynamic disorder. The background was
taken to be the mean DF intensity at the largest k∥
wavenumbers, i.e. the extreme left and extreme right data
points in Figure 3a. The resulting graphs (Figure 3b,c) showed
a good linear fit across the entire range of k∥ values, with
standard deviation σ for dynamic disorder estimated to be 0.38
± 0.03 and 0.41 ± 0.05 Å, respectively. In comparison, a
smaller σ value of 0.13 Å is obtained by molecular dynamics
and multislice simulation of electron diffraction patterns.3 The
difference could be due to the limitations of each technique in
modeling dynamic disorder. For example, molecular dynamics
can simulate only a small number of molecules compared to
that of a real sample. On the other hand, our method does not
require any computer-generated molecular structures, but
relies on a highly simplified kinematical scattering model to
directly quantify disorder from experimental diffraction
patterns. Furthermore, some differences in σ values are to be
expected due to variations between samples used for the two
studies. Nevertheless, the agreement in the order of magnitude
for σ suggests that both methods can provide physically
meaningful results.

An important assumption in the analysis is treating the terms
within the square brackets in eq 4 as being constant. First
consider fm(Δk). The scattering vector magnitude for the
diffuse streak, measured with respect to the unscattered beam,
is between 0.6 and 1.2 Å−1. For carbon, the main constituent
element in TIPS pentacene, the atom scattering factor
decreases from 1.3 to 0.4 Å within this range. This is a
relatively large change in absolute terms but is less of an issue
when taking logarithms for a plot of ln(Idiff) versus k∥

2.
Similarly, the cos(2πΔk·ro) term in eq 4 is bounded between
−1 and 1. This explains the good linear fit observed in panels b
and c of Figure 3. For thicker specimens, plasmon scattering is
also highly likely, which could result in a “blurring” of the
diffraction intensities compared to pure elastic scattering.27

However, the characteristic scattering vector magnitude for the
(π+σ) plasmon in TIPS pentacene is only 2.2 × 10−3 Å−1 (see
the EELS spectrum in the Supporting Information) and is
considerably narrower than the width of diffuse scattering
(Figure 3a). Furthermore, the specimen thickness is between
1.3 and 1.5 inelastic mean free paths, indicating that multiple
plasmon scattering is also not significant. Therefore, plasmon
scattering can be ignored in the present analysis.

A scattering model for static disorder can also be developed
along similar lines. The diffuse scattering here is due to
imperfect molecular configurations “frozen” into the structure
during thin film fabrication. If the atoms in the molecule
vibrate independently, the resulting thermal diffuse scattered
intensity can overlap with the static diffuse intensity back-
ground. However, thermal vibrations in TIPS pentacene are
largely correlated,3,4 with the entire molecule dynamically
oscillating along its long axis direction. This is the linear diffuse
streaking analyzed previously and is separate from static
disorder. Because the static disorder diffuse scattering is
radially symmetric, it is desirable to select virtual apertures in
the shape of annular rings. This corresponds to hollow cone
illumination in Figure 2a.20 To determine the coherence
volume, the cos(2πΔk·rij) term in eq 2 must be integrated over
the full range of azimuthal angles ϕ in the diffraction plane, i.e.

Figure 3. (a) Mean dark-field (DF) intensity plotted as a function of
wavenumber k∥ along the diffuse streak. Plots of ln(Idiff) vs k∥

2 for the
left- and right-hand portions of the intensity profile are shown in
panels b and c, respectively. The equations for the best fit straight
lines in panels b and c are y = −2.9291x − 1.3645 and y = −3.3613x
− 1.5505, respectively.
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· = =kR J kRk rcos(2 ) d cos(2 cos ) d (2 )ij ij ij
0

2

0

2

0

(5)

where J0 is the zero-order Bessel function of the first kind and
Rij is the magnitude of rij in the plane of the specimen. In eq 5,
it is reasonably assumed that for high-energy electron
diffraction, Δk is predominantly perpendicular to the optic
axis. Note that the integration over azimuthal angle ϕ ignores
any variation in fm(Δk), although it will be shown below that
this has a negligible effect on the final analysis. The in-plane
coherence “volume” for hollow cone illumination is therefore a
Bessel function.20 Due to static disorder, Rij will change by a
small amount θ from the equilibrium in-plane nearest-neighbor
molecule spacing R0. The Bessel addition theorem gives26

[ + ] =
=

J k R J kR J k

J kR J k

2 ( ) (2 ) (2 )

(2 ) (2 )

m
0 0 m 0 m

0 0 0 (6)

The final step is because, for small θ values, the Bessel
functions are approximately zero unless m = 0. From eqs 2, 5,
and 6, the mean diffuse intensity Idiff for a Gaussian distribution
of static disorder (standard deviation σ) is given by26

= [ ] ×
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N f k J kR I k

k
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2
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exp( )

diff m
2
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1/2
m

2
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2 2 2

2 2 2

2

(7)

where I0 is the zero-order modified Bessel function of the first
kind. Figure 4a shows the mean DF intensity as a function of
Δk generated from virtual annular apertures of 3 pixels (0.09
Å−1) in width. The smallest Δk was limited to 0.27 Å−1 to
avoid overlap with any strong Bragg reflections. The mean DF
intensity was calculated from the same specimen region used
for analyzing dynamic disorder. In Figure 4b, the mean DF
intensity is divided by 2πΔk to normalize for the virtual
annular aperture size. The following function is then least-
squares fitted to the data points:

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ+A B

k
I C k C k( ) exp( )0

2 2

(8)

where the free parameter A represents the incoherent
background and the expression within the square brackets is
the normalized static disorder diffuse intensity (eq 7), with B
and C being fitting parameters. Strictly speaking, B is not a
constant, because it includes fm(Δk) and J0(2πΔkR0), although
as we shall see, any changes in these variables are suppressed
by the dominant exponential term (eq 7). Coefficient C is
equal to π2σ2 and yields the static disorder parameter. The data
points in Figure 4b are slightly higher than the best fit curve for
Δk values between 0.6 and 0.7 Å−1, which coincides with the
most intense part of the dynamic disorder diffuse streak.
Overall, however, the experimental data are well represented
by eq 8. The fitted value of σ for static disorder is 1.03 ± 0.03
Å and is significantly larger than the dynamic disorder. It is
reasonable for the static disorder to be larger than the dynamic
disorder, because intrinsic thermal motion of molecules will
“anneal” any defects of similar or smaller magnitude within a
relatively short time period. However, a molecular displace-
ment on the order of an angstrom would incur a significant
energy penalty and is therefore unexpected. The metastable

states created by static disorder can have a multitude of
molecular configurations, such as shifting and/or tilting of the
pentacene fragments and/or side chains. σ measures the
cumulative scattering from all such defects, which may explain
its physically unrealistically large value. The presence of large
amounts of background diffuse scattering (Figure 1b) does,
however, suggest that static disorder in TIPS pentacene cannot
be ignored. The results are also fully consistent with
experimental observations that processing conditions (and
thus the level of disorder) can directly influence the charge
carrier mobility.7

In summary, variable coherence transmission electron
microscopy is a promising technique for probing disorder in
crystalline molecular solids. In addition to TIPS pentacene,
dynamic disorder is present in many other organic materials,
such as rubrene,4 and is known to significantly alter the charge
transfer integrals. Static disorder can also be frozen into the
solid during processing and can arise from many different

Figure 4. (a) Mean dark-field (DF) intensity plotted as a function of
virtual annular aperture radius Δk. In panel b, the mean DF intensity
is normalized by dividing by 2πΔk. The dashed line is the best fit
curve to the data points using eq 8.
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defect configurations. A variable coherence method is
developed to quantify the dynamic and static disorder from
the diffuse scattering observed in electron diffraction patterns.
While the static disorder parameter in our model may not
resemble the molecular displacement due to an individual
defect configuration and must therefore be treated with
caution, we anticipate that this method could nevertheless be
used to compare disorder in thin films prepared under different
conditions, such as solvents with different boiling points,
postdeposition annealing, etc.
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