Open Access Article. Published on 04 October 2022. Downloaded on 6/25/2026 8:04:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 24562

Received 28th July 2022,
Accepted 27th September 2022

DOI: 10.1039/d2cp03467k

rsc.li/pccp

Introduction

Temperature-induced polymorphism of a
benzothiophene derivative: reversibility and
impact on the thin film morphology

Shunya Yan,® Alba Cazorla, (2@ Adara Babuji,® Eduardo Solano, (2° Christian Ruzié,®
Yves H. Geerts,“® Carmen Ocal {2 *® and Esther Barrena (2 *@

The identification of polymorphs in organic semiconductors allows for establishing structure-property
relationships and gaining understanding of microscopic charge transport physics. Thin films of 2,7-
bis(octyloxy)[1]benzothieno[3,2-b]-benzothiophene (CgO-BTBT-OCg) exhibit a substrate-induced phase
(SIP) that differs from the bulk structure, with important implications for the electrical performance in
organic field effect transistors (OFETs). Here we combine grazing incidence wide-angle X-ray scattering
(GIWAXS) and atomic force microscopy (AFM) to study how temperature affects the morphology and
structure of CgO-BTBT-OCj; films grown by physical vapor deposition on SiO,. We report a structural
transition for CgO—-BTBT-OCjg films, from the SIP encountered at room temperature (RT) to a high
temperature phase (HTP) when the films are annealed at a temperature T > 90 °C. In this HTP structure,
the molecules are packed with a tilt angle (~39° respect to the surface normal) and an enlarged in-plane
unit cell. Although the structural transition is reversible on cooling at RT, AFM reveals that molecular layers
at the SiO, interface can remain with the HTP structure, buried under the film ordered in the SIP. For
annealing temperatures close to 150 °C, dewetting occurs leading to a more complex morphological and
structural scenario upon cooling, with coexistence of different molecular tilts. Because the molecular
packing at the interface has direct impact in the charge carrier mobility of OFETs, identifying the different
polymorphs of a material in the thin film form and determining their stability at the interfaces are key fac-
tors for device optimization.

The charge carrier mobility, which is one of the main perfor-
mance metrics for OFETS, relies on structural details at different

Organic semiconductor (OSC) thin films based on n-conjugated
molecules are of enormous interest as active components for
electronic devices. The field has seen radical improvements in
the last decades with an increasing number of products in the
marketplace such as the organic light-emitting diode (OLED)
display technology.” The development of organic field effect
transistors (OFETs) has not been as fast as for OLEDs and
although OFETs have become a commercially viable technology,
many issues related to fundamental research still remain elusive.**
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length scales that are not yet fully understood and satisfactorily
controllable.’”® The crystalline structure adopted by small con-
jugated molecules is hold by weak intermolecular van der Waals
interactions, which confer to the OSC materials a high degree of
polymorphism. The identification of new or specific polymorphs
allows for establishing structure-property relationships and gain-
ing an understanding of microscopic charge transport physics.
In addition, polymorphism can represent an added value as it
provides access via growth conditions to metastable phases,
otherwise inaccessible under equilibrium conditions.’ In particular,
the solid-surface on which a thin film grows, can give rise to
surface-induced polymorphism.*® Hence, for thin films of some
molecular materials it is observed that the substrate stabilizes a
molecular packing that is different from the bulk structure. The
so-called thin-film phase of pentacene is the best-known example
of surface-induced phase (SIP).">** Because the degree of crystal-
line order and morphology of on-surface developed structures
are influenced by both, kinetic and thermodynamic factors, the
optimization of thin film OFETs requires exploring different
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growth parameters, including substrate temperature during
growth. As the molecular packing crucially determines the
properties of a material, polymorphism can have a direct
impact on the functional properties and time stability of
devices."

Alkylated BTBT derivatives (C,~BTBT-C,) exhibit a high
carrier mobility (3-20 ecm® V' s7),"*'° which has been related
to their tendency to grow on the SiO, surface forming well-ordered
layers of standing molecules with a herringbone (HB) arrange-
ment of the BTBT cores.”® The crystalline packing in the thin-film
state is similar to that in the bulk single crystals."®*"*> For 2,7-
dioctyloxy[1]benzothieno[3,2-b]benzothiophene (CgO-BTBT-OCg),
with an oxygen atom added between the BTBT and each alkyl
chain, important structural differences are found. The thermo-
dynamically stable crystalline phase (single-crystal structure) con-
sists of a triclinic structure with two molecules per unit cell
exhibiting a co-facial stacking in which adjacent molecules are
displaced respect to each other along the c-axis.*"**** In thin
films, however, the presence of a SIP structure has been reported,
which consists of a lamellar arrangement of the molecules with
herringbone packing of the BTBT cores within the lamellae.>*™°
The reported SIP for CgO-BTBT-OCg is isostructural with the
Cg-BTBT-Cg structure.™ A difference from the bulk phase, which
presents an inter-digitation of the alkyl chains, the (001) plane of
the SIP conforms to a flat substrate surface. The HB structure of
C3O-BTBT-0OCjg has been observed to form on surfaces for films
prepared from vapour deposition®® as well as from solution
processing."#**"*> A charge carrier mobility about 1 ecm® V' s "
has been reported for OFETs based on thin films presenting the
SIP phase." Although this mobility is lower than that reported for
Cg-BTBT-Cg OFETs, the investigation of the electrical properties
has been scarce and there is possible room for improvement via
processing or post-processing methods (e.g., solvent or thermal
annealing). Previous studies have reported that time or solvent
vapour annealing lead to a conversion towards the bulk
structure,* indicating that the SIP is metastable. The effect of
temperature as a parameter has not yet been explored.

In this work, we combine synchrotron Grazing-Incidence
Wide-Angle X-ray Scattering (GIWAXS) and Atomic Force Micro-
scopy (AFM) to characterize the films grown by physical vapour
deposition on the native oxide surface of p-doped Si wafers. We
investigate the effect of temperature, either by using different
substrate temperatures during the growth or by post-annealing
treatments of films deposited at room temperature (RT).

Experimental section

GIWAXS experiments were performed at the BL11-NCD-SWEET
beamline of the ALBA Synchrotron (Spain) using a photon
energy of hv = 12.4 keV. Different incident angles were used,
ranging between 0.09° and 0.15°, ensuring measurements with
surface sensitivity or full thin film penetration while minimiz-
ing the substrate contribution. A large-area 2D Rayonix LX 255-
HS detector, which consists of a pixel array of 2880 x 960 (V x H)
with a pixel size of 88.54 x 88.54 um? for the binning employed,
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was used to capture 2D images of the diffraction patterns. The
scattering vector (g) was calibrated using Cr,O; as a calibration
standard and pyFAI python library.>® To improve the signal-to-
noise ratio and to check beam damage, 50 images with an
exposure time of 0.02 s were acquired and summed up at each
temperature and for each incident angle. The conversion of the
data to the reciprocal space was performed by using a developed
python routine, obtaining the out-of-plane (OOP), ¢,, and in-plane
(IP), gy, components of the scattering vector corresponding to the
directions perpendicular and parallel to the surface, respectively.
Because of the grazing incidence geometry, a section cut obtained
along the vertical direction of the detector (so-called OOP section
cuts in the text) is not the real specular scan. 2D GIWAXS patterns
of annealed samples were collected in situ using the available
Linkam TMS600 heating stage adapted for grazing incidence
experiments to monitor the structural changes. Scattering patterns
were recorded under N, gas flow with a step-wise temperature
profile, which consisted of a fast heating ramp (150 °C min ")
and 5 minutes of annealing time before data collection. A set of
twin samples was annealed in a heating plate (5 minutes
annealing time in ambient conditions) and measured at room
temperature by AFM. In the extraction of the lattice parameters we
have considered the uncertainty given by the error propagation in
the equation, considering the uncertainty of the peak position,
i.e., the error of the Gaussian fit for each peak. In this way the
obtained uncertainty is <0.0008 A for b and <0.02 A for a.

CsO-BTBT-OC; was synthesized as previously reported.>**
Before films growth, the silicon substrates (Si-Mat, Germany) were
cleaned by sonication in acetone and ethanol, for 10 minutes in
each solution, and degassed in vacuum (~10°-10"" mbar) for
15 minutes at 250 °C. The thin films of CgO-BTBT-OCg were grown
by physical vapour deposition in the same vacuum chamber, the
growth rate and film thickness were about 2-3 A min™* and 14 nm,
respectively, as monitored by a quartz crystal microbalance (QCM).
For post-growth annealing the samples were kept 5 minutes at the
desired temperature.

AFM measurements in contact and dynamic modes were
performed at RT using a commercial instrument (Cypher ES,
Oxford instruments). For contact mode, silicon nitride tips were
used (cantilevers with a nominal spring constant & = 0.02 or
0.03 N m™ " from Bruker) whereas for dynamic mode we used Cr/
Pt-coated silicon tips (cantilevers with a nominal spring constant
k=3 N m™ ", from BudgetSensors). AFM data we analyzed with
AR SPM Software from Oxford Instruments and WxSM
freeware®” from Nanotech Electronica.

Results
1. Structural analysis by GIWAXS

Thin films of CgO-BTBT-OC; (thickness ~14 nm) were deposited
by physical vapour deposition in vacuum on silicon wafers at RT.
The film structure was measured by GIWAXS during post-growth
stepwise annealing of the sample (see the Experimental section).
Fig. 1a displays 2D GIWAXS patterns acquired at different tempera-
tures (patterns for other temperatures are displayed in Fig. S1, ESIt).
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Section cuts along the OOP and IP directions are provided in Fig. 1b
and c, respectively.

The diffraction pattern measured at RT agrees with the
reported HB structure for the CgO-BTBT-OCg SIP, oriented
with the (001) plane parallel to the surface. The (001) crystalline
plane in the SIP forms a flat and compact surface formed by
densely packed alkyl chains that is stabilized by the flat surface.
In the 2D GIWAXS pattern of Fig. 1a, the scattering intensity
visible at g,, ~ 1.33 A™', 1.64 A" and 1.95 A™" have been
indexed as (—1—1I), (02]) and (—12I), respectively. Such pattern,
with the absence of scattering intensity for (10) or (020), is
indicative of an in-plane rectangular cell (y = 90°) with two
molecules per unit cell. The in-plane deduced unit cell (Table 1)
agrees with the previously reported,'® but with a slightly lower
value of the b-lattice parameter (<1%). The Bragg peak posi-
tion in the OOP direction (g = 0.204 A~*) has an associated
inter-planar spacing of d = 30.8 A in agreement with previous
reports, although the (001) Bragg peak appears at a slightly
larger g-position (Fig. S1 in ESIt). The average molecular tilt
respect to the surface normal, estimated from the molecular
length (L = 33.88 A) and the inter-planar distance results in 6 ~
24°, corresponding to the tilt of the alkyl chains in this structure.”*

At a temperature of 90 °C, a remarkable change in the
diffraction pattern points to the formation of a new poly-
morphic phase. Hereafter, this phase is referred to as the high
temperature phase (HTP). As it can be appreciated in Fig. 1b,
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Fig. 1 (a) 2D GIWAXS patterns of a CgO-BTBT-OCg thin-film (incidence

angle of 0.13°) acquired at the indicated temperatures. The horizontal line
appearing at g, ~ 0.24 A~is produced by the CCD camera blooming due
to the high intense signal of the (001) peak. Line cuts along the out-of-
plane (b) and in-plane (c) directions. Additional 2D GIWAXS patterns and
OOP cuts (larger g range) are provided in Fig. S1 (ESIt) for all employed
temperatures. The data acquired at RT after annealing the film at 160 °C in
(b) and (c) have been multiplied by a factor of 5 (grey lines).
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Table 1 Unit-cell parameters of the CgO-BTBT-OCjg film for the two

observed structures. The parameters of the HTP structure are obtained
from the GIWAXS acquired at 90 °C

C50-BTBT-OC; (SIP) C50-BTBT-OC; (HTP)

Crystal system Monoclinic Monoclinic
a (A) 6.02 7.05

b (A) 7.66 7.87

c(A) 31.08 29.2

a (%) 90 90

B () 97 63.9

7 () 90 90

the structural transition involves a shift of the (001) Bragg peak
to a larger g (g = 0.237 A’l), which leads to dyme ~ 26.5 A, a
considerably reduced inter-planar spacing. In the 2D GIWAXS
pattern still three rods are visible at g,, ~ 1.17 A", 1.58 A™*
and 1.81 A%, i.e., shifted respect to those for the SIP structure
(Fig. 1a and c). Note that the structural change is accompanied
by a marked variation in the intensity distribution along g,.
Although there are not enough independent Bragg diffraction
peaks to determine the six lattice constants (a, b, ¢, o, f and ) of
the crystallographic unit cell, the analysis can be simplified by
some reasonable assumptions. The absence of diffraction
features in the low g,, region (i.e., absence of (10I) and (01/))
allows us to presume that the symmetry of the unit cell is
preserved; therefore, the three rods can be indexed as (—1—11),
(02]) and (—12/). Under these assumptions, there are only four
parameters to be determined in the monoclinic unit cell: a, b, ¢
and f (the angle between ¢ and a). The lattice parameters a and
b can be directly extracted from the peak position of the (020)
and the g,, component of the (—1—1/) rod; ¢ and f are deduced
from the g, component of the (—1—10) reflection (g, = 0.44 A™%)
and the (001) Bragg position. Further details are presented in
the ESI.t The calculated lattice parameters are given in Table 1.
The in-plane unit cell changes from agp = 6.02 A and bgp = 7.66 A
in the SIP to awrp = 7.05 A and byrp = 7.87 A in the HTP.
The enlargement of the lattice parameter a and the reduction of
the angle f# are the most noticeable changes in the structural
transition. Overall, the changes observed by GIWAXS are con-
sistent with a scenario in which the molecules are tilted with
respect to the surface normal. Notably, the intensity of the (02
reflection remains in-plane while the scattering intensity in the
(—1—17) and (—12/) is enhanced out-of-plane, indicating that
the molecules are tilted towards the g-axis. Given that the BTBT
cores are the most electron-dense parts of the molecule, the
observed intensity enhancement along the (—11/) and (—12I)
rods can be interpreted as a sign of the tilt of the BTBT cores
(not uniquely the alkyl chains). The average molecular tilt from
the surface normal estimated from the molecular length and
dyrp is 0 ~ 38.5°, without taking into account any possible tilt
difference between core and alkyl chains.

We have used the GIDSimulator software*® to simulate the
diffraction pattern with the extracted parameters for the HTP,
obtaining the diffraction spots (Fig. 2a), which match with the
recorded scattering pattern. The temperature induced structural
transition from the SIP to the HTP is illustrated in Fig. 2b.

This journal is © the Owner Societies 2022
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Fig. 2 (a) 2D diffraction pattern measured at 90 °C and simulated pattern
(pink dots) for the HTP structure with the unit cell parameters given in
Table 1. (b) Sketch illustrating the main changes involved in the structural
transition from the SIP to the HTP structure with annealing temperature:
tilting of the molecules and expansion of the a-lattice parameter. (c) Inter-
planar spacing at different temperatures extracted from the (001) peak.
After annealing, the film was cooled down and measured at 25 °C (final);
the values appear with square symbols, the smaller size of one of them
indicates the lower intensity of the corresponding peak (see Fig S2 in ESIT).

The HTP remains visible for substrate temperatures above
90 °C. Nevertheless, the peaks show a visible reduction of the
intensity beyond 100 °C (see Fig. 1b and c), a fact that indicates
that some molecular desorption occurs induced by thermal
annealing. The absence of diffraction features at 160 °C (pink
lines) can be interpreted as the full desorption of the film and/
or as a change into a disordered state. Indeed, measurements
taken at RT, after cooling down the film, reveal the presence of
fairly faint structural features, confirming the desorption of
most of the film. The OOP intensity (grey line in Fig. 1b) shows
two dominant peaks at g, = 0.235 A~ and 0.258 A™* (see fitting
details in Fig. S2 in ESI{), corresponding to an interlayer
spacing of 26.7 A and 24.3 A, respectively. This observation is
interpreted as the coexistence of different tilt angles in the
remaining molecular film. Furthermore, the in-plane data (grey
line in Fig. 1c and Fig. S2, ESIt) shows a weak in-plane intensity
at 1.58 A™' that gives evidence of a molecular layer with
prevalence of the HTP structure. The values of the dyy; spacing
calculated at each temperature have been displayed in Fig. 2c.

In the following, we address the reversibility of the structural
transition by AFM as well as the impact that the substrate
temperature during growth has on the morphology of the films.

2. Thin film morphology analysis by AFM

Fig. 3a shows the surface morphology of a CgO-BTBT-OC;g thin
film (14 nm nominal thickness) deposited on the SiO, substrate
at RT (25 °C). As it can be seen in the displayed images, the
surface exhibits a quite laterally homogeneous morphology.
The magnified image at the inset shows terraced islands with a
round shape on top of a continuous film. Taking into account
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the QCM nominal thickness, the continuous film is estimated
to be formed by four complete single molecular layers. A step
height of 3.2 + 0.1 nm is obtained (Fig. S3, ESIt), which is in
agreement with the reported interlayer distance of the SIP
structure.>® The consequences that post-growth annealing has
on the film morphology can be seen in Fig. 3 for 100 °C (b),
130 °C (c) and 150 °C (d). We note that all AFM images were
obtained after the sample was allowed to cool down at RT after
each annealing treatment.

Several important changes in the morphology are observed
for the sample post-annealed to 100 °C (Fig. 3b). On the one
hand, the number of levels exposed at the film surface is lower
than in the as-grown film. The height of the individual layers is
the same as in as-deposited films, indicating that the structural
transition observed by GIWAXS is reversible and that the HTP
transforms back to the SIP structure after cooling down. On the
other hand, the top-most layer consists of laterally extended

> J
At
<25

. S

Fig. 3 AFM topographic images of 14 nm (nominal) of CgO-BTBT-OCg
deposited on SiO; at RT (25 °C) (a) and after post-annealing during 5 min at
diverse temperatures: 100 °C (b), 130 °C (c) and 150 °C (d). The lateral size
of the large images is 30 pm x 30 pm and the dimensions of the image in
the inset in (a) is 210 nm x 210 nm. The cartoons are schematic
representations of the respective film morphology based on topographic
profiles analysis of the images. Yellow color is associated to SIP (upright
molecules) and green to tilted molecular layers. Note: all images were
taken at RT.
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islands that cover about 62% of the surface and shows small
voids of one single layer depth. These holes might be the
combined result of non-filled space after coalescence of the
lateral growing regions and molecular desorption. This sort of
flattening process is explained by an increased mobility of the
molecules on the surface and a reduction of the Ehrlich-
Schwoebel barrier when increasing the temperature.*® The
post-annealing treatment done has a smoothening effect on
the morphology. After annealing the film at 130 °C (Fig. 3c), a
further lateral enlargement of the terraces (with lateral sizes
surpassing tens of micrometres) is seen. Despite a large vertical
scale arising from newly created pitches reaching the substrate
(Fig. S4 in ESIYt), few topographic levels are seen. Interestingly,
the thickness of the film has decreased as determined by the
pitches depth, which confirms the initiation of molecular
desorption from the film. This observation is fully consistent
with the observed decrease of scattering intensity in the
GIWAXS pattern for annealing temperatures above x~100 °C.
The surface morphology dramatically changed upon a post-
annealing temperature of 150 °C (Fig. 3d). Large multi-layered
mounds with a circular shape (domes) appear on the surface
(labelled I), with a diameter of several micrometers and a
height of some tens of nanometers. These domes cover only
about 10% of the surface and are surrounded by a corona and a
considerably flat surrounding film (labelled II). Such morphology
is characteristic of a film dewetting process. The differences
among these two regions are illustrated in Fig. 4. A magnification
of the stepped side of one mound is shown in Fig. 4a. We first note
that the exposed terraces at this multi-layered region have step
heights varying between 2.6 and 2.9 nm, ie., lower than the
interlayer spacing of the SIP structure. This result is quantitatively
illustrated in Fig. 4b, where the height distribution of the image
recorded in region I is superimposed to a grid made out of vertical
dotted lines separated by 3.2 nm, the interlayer distance measured

(a) (b) ss00
234 nm 1000
2
]
@ 500
0nm
(c)
6.6nm
onm

Fig. 4 AFM topographic images taken in region | (a) and region Il (c) of the
CgO-BTBT-0OCg film, at RT after being post-annealed at 150 °C (magnifed
regions of Fig. 3d). (b) Height distribution of the image in (a), the vertical
dotted lines every 3.2 nm serve as a reference to show that the diverse step
heights deviate from the interlayer distance measured for the SIP structure.
(d) Line profile corresponding to the blue segment in (c).
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for the RT film. This observation agrees with the GIWAXS data
(Fig. 2c), confirming the coexistence of diverse tilted configura-
tions after cooling the annealed CgO-BTBT-OC; films. There is no
clear correlation between the molecular tilt and the terrace level.

As it can be seen in the corresponding magnification (Fig. 4c),
region II is fairly flat, consisting of two film surface levels. The
uncovered substrate is visible only through a few pinholes or
voids (see white arrows in the figure), which allow us determin-
ing the layer thickness by topographic profile analysis (Fig. 4d).
The molecular layer with the lowest height has a measured
thickness that ranges between 2.3 and 2.8 nm, depending
on the surface location. The highest level is ~3.2 nm thick, as
corresponds to that expected for the SIP structure. On the basis
of the GIWAXS results, we suggest that these regions correspond
to one single molecular layer at the film/SiO, interface, that
remains in the HTP structure when cooling from high temperature
to RT, due to an incomplete transition from the HTP to the SIP.
Since the SIP phase is denser than the HTP, voids are formed
within the layer (white arrows). Moreover, the thinner molecular
layer is easily removed due to the sweeping action of the tip
while scanning in contact mode, likely indicating a defective
packing (Fig. S5 in ESIt).

The impact that the morphological changes have on the
surface roughness of the film has been analyzed in terms of the
root mean square (RMS) calculated for large scale AFM topo-
graphic images (900 pm?) at the different post-annealing tem-
peratures. The data depicted in Fig. 5a show that the roughness
of the as-grown films (RMS = 3 nm) considerably decreases by
more than 50% after post-annealing at 100 °C. For subsequent
temperature treatments, a relatively low increase of RMS is
seen, in accordance with the similar number of exposed levels
(Fig. 3b—d). For the post-annealed samples at 150 °C, two values
were estimated that correspond to areas including or excluding
the tall round mounds (pink and blue symbols, respectively).
A plot of the interlayer spacing (layer thickness) measured by
AFM after post-annealing at different temperatures is presented
in Fig. 5b. From the AFM results, we conclude that the HTP
structure reverses to the SIP after cooling the films to RT if the
annealing temperature is kept lower than that of the dewetting
transition (~150 °C).

(@ (b) 4
3.5

e % ° ° ° 3 °
= 37 o

H g °

» &

25

g2 ° N g
° o 2
! 15

25 100 130 150 25 100 130 150

Temperature (°C) Temperature (°C)
Fig. 5 (a) Root mean squared (RMS) surface roughness for the as-grown

sample at 25 °C and for post-annealed films at the indicated temperatures
(all measured at RT). The pink symbol corresponds to an area including the
multilayer mound of region | of the sample post-annealed at 150 °C.
(b) Height of single molecular layers obtained from AFM topographical
images after post-annealing at different temperatures (the estimated error
is £0.1 nm).
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Fig. 6 AFM topographic images obtained at RT for CgO-BTBT-OCg films
with a nominal thickness of 14 nm grown at 25 °C (a), 85 °C (b) and 130 °C
(c). (d) Lateral force image corresponding to (c). (e) Height distribution of
the area enclosed within the dashed blue square in (c). Blue lines in (e) are
the Gauss fits of the histogram. (f) Schematic cross section sketch of the
film along the light blue segment indicated in (c).

In order to gain insight into the role of temperature as a
growth parameter, we next analyze the morphology of thin
films grown at different substrate temperatures and measured
after cooling down to RT. Here the thickness of the films is found
to be similar for all the growth temperatures. We note that sample
cooling down inside the high vacuum chamber takes place with a
lower rate than in the post-annealing experiments. In Fig. 6, the
morphology obtained for thin films grown at 25 °C (a), 85 °C (b)
and 130 °C (c) can be compared. As expected, increasing the
substrate temperature during growth results in smoother films
with larger terraces. However, the most important observation is
the presence of step heights of only ~0.6 nm (white arrows in
Fig. 6¢). Conversely to higher steps also seen at the surface (black
arrows in the figure), the low-height steps do present a particu-
larity: their edges are smoother and show no contrast in the lateral
force image (Fig. 6d).

Further comparison between topography and lateral force
data are supplied in Fig. S6 (ESIt). It is worth noting that the
contour of topographical features, in particular steps edges, is
commonly distinguished in lateral force images as a result of
the cantilever twist during upwards or downwards crossing a
step due to topographical effects.*’ The fact that the low-height
steps are not apparent in the lateral force signal suggests that
they arise from a buried topographical feature. We propose that
the buried steps are due to the boundary SIP and HTP, both
present at the film/SiO, interface (Fig. 6f). Remarkably, the
upper layers exhibit the SIP structure (also illustrated in Fig. 6f).
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This result indicates that in spite of complete reversibility of the
polymorphic transition, the molecular interaction with the
substrate might stabilize the tilted phase at room temperature.

It is well established that polymorphism can have an important
impact on the charge transport. The transfer integral values, which
reflect the degree of electronic overlap between electronic levels
in neighbouring molecules, can be significantly affected by differ-
ences in the molecular packing. In this respect, a theoretical study
on strain-induced polymorphism in Cg-BTB-Cg has revealed how
the strained in-plane lattice modifies the electronic overlap between
neighboring molecules, affecting the bandwidth.>> We note that for
practical applications, a tilted arrangement of the BTBT cores in the
HTP is expected to result in reduced m-overlap and, herewith, in a
lower field-effect mobility in OFETs, a topic worthy of being
explored in future studies. The evaluation of the effects that the
cooling rate and different annealing protocols have on the structure
of Cg-O-BTBT-OCg thin films can help to gain a better under-
standing of the thermodynamic and kinetic factors affecting the
stability of each polymorph.

One of the implications of the present work is that, although
the film morphology and crystalline quality of the film can be
improved by selecting the adequate growth temperature, even a
small fraction of HTP at the interface would affect the device
performance. The determination of the exact temperature for
the polymorphic transition as well as the impact of the film
thickness remain as open questions to be addressed in future
studies.

Conclusions

By means of in situ GIWAXS measurements during thermal
annealing of CgO-BTBT-OC; thin films, we have observed a
structural transition from the surface inducted phase (SIP)
encountered at RT to a high temperature phase (HTP) for
T > 90 °C. In this HTP structure, the molecules are packed in
a tilted configuration (~39° from the surface normal) that also
causes a larger in-plane a lattice parameter. The AFM results
allow concluding that the structural transition is reversible,
i.e., HTP transforms back to the SIP after cooling down to RT,
if the post-annealing temperature is kept lower than 150 °C
(transition towards film dewetting). A more complex morpholo-
gical scenario occurs after annealing at temperatures close
to 150 °C, leading to the coexistence of different molecular
tilts at RT.

Improved film planarity is obtained if, instead of submitted
to relatively short post-annealing treatments, the films are
grown at the adequate substrate temperature. AFM data reveals
that, on cooling down the films, the HTP to SIP transition may
be not fully reversible at the organic/SiO, interface, where
molecular layers in the HTP remain buried under the film
ordered in the SIP.

The possible coexistence of SIP and HTP at that interface
(plausibly affected by both, the annealing protocol and the
cooling rate) can have a negative impact on the field-effect
mobility in OFETs and deserve a further investigation.
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