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ABSTRACT: We study the growth of two n-type small-molecule organic
semiconductors from the perylene diimide family: N,N′-bis-(2-ethylhexyl)-
dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDIR-CN2) and N,N′-1H,1H-
perfluorobutyl-dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDIF-CN2)
whose chemical structures differ only in the imide substituents, branched
alkyl chains −C8H16 and linear fluoroalkyl chains −C4F7H2, respectively. Both
types of substituents introduce some degree of steric hindrance for
intermolecular interactions, affecting solid-state packing during thin film
formation, and thus induce specific structure-dependent optoelectronic
properties in thin films. The transition from an amorphous structure to
crystalline domains with strong intermolecular coupling was followed in situ
and in real time during growth. We investigated the structural and
morphological properties by X-ray diffraction and atomic force microscopy
as a function of the substrate temperature and chemical structure. We
examined the relationship between the structural properties and thin film optical signatures probed via differential reflectance
spectroscopy, ellipsometry, and temperature-dependent photoluminescence. A new crystalline PDIR-CN2 polymorph at high
temperatures emerges. In addition, we observed in PDIF-CN2 that the fluorinated chains contribute to crystallization inhibition
because of the higher overall steric hindrance compared to the alkyl chains.

■ INTRODUCTION

Organic semiconductors (OSCs) as active layers in organic
field-effect transistors (OFETs),1−3 organic photovoltaic
(OPV) devices,4−6 and light-emitting diodes7,8 provide not
only benefits such as high efficiency, low costs, processability,
and device flexibility but also uncountable possibilities for
tuning their optoelectronic properties in a controlled way. The
most obvious and the most frequently explored approach for
this is the modification of their chemical structure. We can
distinguish roughly two strategies of molecular modification:
(a) a direct change of the electronic properties of the
compound, for instance, by fluorination and (b) a change of
the geometry of the compound to modify the crystal packing,
which has an indirect impact on the film properties.
Fluorination is commonly applied to shift both ionization

energy (IE) and electron affinity (EA) to lower energies to
create efficient n-type semiconductors with low electron
injection barriers and high electron mobilities.8−13 Partial
fluorination generally improves thermal, air, and photo-
stabilities14−16 and can induce noncovalent bonding between
fluorinated and nonfluorinated parts and thus favor the
crystallization process.17−20 Furthermore, the molecular pack-

ing in the solid state is governed by a balance of interactions,
including a combination of quadrupolar stabilization, van der
Waals forces, and steric requirements.21,22 Chemical modifica-
tion by highly polar substituents or by spacer groups (e.g., side
chains) often leads to a change in the intermolecular coupling
in solids23−28 and in the adsorption behavior on substrates,29,30

which in turn determines the device performance.31−33 Also, for
thin film growth by organic molecular beam deposition
(OMBD), the preparation conditions such as the deposition
rate, substrate temperature, and base pressure are crucial34−36

and have a strong impact on the growth.
In this paper, we present a combined structural and optical

study of growth and phase behavior of thin films of perylene
diimide (PDI) derivatives representing a well-known family of
electron-accepting small molecule OSCs applied as active layers
in OFETs2,3,37,38 and OPVs.39−42 PDIs have demonstrated
outstanding chemical and thermal stabilities,43 processability,
electron-transport properties, high light absorption capability,
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and high fluorescence quantum yields,26,41 and they hold the
promise to surpass fullerenes once a proper functionality
control is achieved.4,39,44 PDIs consist of a PDI core,
responsible for a strong intermolecular π−π interaction driving
a cofacial stacking and thus a high tendency to self-assembly,
and side substitutions in an imide or bay position, easily
changeable by synthesis, which result in a variety of structures
and morphologies and consequently physical properties of thin
films and devices.40 The properties of PDIs containing linear
alkyl chain substituents in the imide position [such as N,N′-
bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide),
PDI8-CN2] have already been widely studied in the
literature.45−47 The linearly configured alkyl chains were
found to reveal a minimized steric hindrance and therefore
have no distorting impact on molecular packing.28

In the present work, we focus on two variations of PDI
compounds: N,N′-bis(2-ethylhexyl)-dicyanoperylene-3,4:9,10-
bis(dicarboxyimide) (PDIR-CN2) with branched alkyl side
chains and N,N′-1H,1H-perfluorobutyl-dicyanoperylene-
3,4:9,10-bis(dicarboxyimide) (PDIF-CN2) with linear fluori-
nated chains (Figure 1a). These compounds are among the
most interesting n-type small-molecule OSCs because of their
air stability and high field-effect electron mobilities with
reported values in thin films of 0.22 and 0.53 cm2/V·s,
respectively, exceeding 0.12 cm2/V·s measured for PDI8-
CN2.

38,48,49 As one can expect from the high electronegativity
of fluorine, the main difference between the two compounds is
the energy level shift of PDIF-CN2 compared with that of
PDIR-CN2. The IE of PDIR-CN2 in thin films is 6.81 eV and
the EA is 3.93 eV. PDIF-CN2 in thin films has an increased IE
of 7.43 eV and an EA of 4.41 eV (Figure 1b). The transport gap
in thin films remains nearly identical (2.88 and 3.02 eV,
respectively) as well as the monomer optical gap (2.37 and 2.39
eV taken as the lowest peak of a vibronic progression of
absorption spectra measured in solution, see Figure 1c), which
contrasts with the case of full fluorination.50−52 According to
density functional theory (DFT) results obtained in several
independent studies for this class of OSCs, the highest
occupied and lowest unoccupied molecular orbitals of the
compounds are concentrated on the PDI core, and therefore,
substituents in the imide positions are expected to have only a
weak impact on their distribution.33,41,44 Hence, the strong
change of electronic properties is supposed to stem from the
environment in the solid state, that is, the collective anisotropy
of the quadrupole moment, while isolated molecules are less
affected.53

In contrast to sterically flat and small molecules [e.g.,
pentacene (PEN),54 diindenoperylene (DIP),55 sexithiophene
(6T),56 etc.], the bulky side chains of the studied compounds

hinder intermolecular packing. A real-time growth observation
by X-ray diffraction methods allows to follow a transition from
nearly uncoupled monomers to highly ordered bulk materials.
The thickness-dependent crystallization processes are com-
pared with real-time optical changes recorded by differential
reflectance spectroscopy (DRS).57 We explore the kinetic
growth factors by increasing the substrate temperature and the
role of different substituents by comparing growth and packing-
dependent coupling behavior of the compounds.

■ EXPERIMENTAL METHODS

Thin films of PDIR-CN2 and PDIF-CN2 (known as ActivInk
N1400 and N1100 purchased from Polyera, U.S.A.) were
grown by OMBD58 with a deposition rate of 0.2 nm/min and a
base pressure of 1 × 10−8 mbar (in a portable chamber for real-
time experiments)59 and 5 × 10−10 mbar (in a stationary
chamber for DRS and postgrowth measurements) on top of
native silicon oxide (for all experimental techniques), thermally
oxidized silicon (for ellipsometry), and backside-roughened
quartz glass (for DRS) kept at room temperature (RT) or
heated up to 110−160 °C during growth. The film thickness
varies from 20 to 30 nm.
X-ray reflectivity (XRR) profiles, grazing incidence X-ray

diffraction (GIXD) scans, and reciprocal space maps were
measured in situ as well as ex situ after the growth; GIXD was
also performed in real time during the growth. Measurements
were carried out partly at the European Synchrotron Radiation
Facility (ESRF, France) beamline ID10B and partly at the Swiss
Light Source (SLS, Switzerland) beamline X04SA.
The film morphology after growth was studied by atomic

force microscopy (AFM) using a JPK NanoWizard II setup
(JPK Instruments AG, Germany) in the tapping mode.
Optical properties were examined by DRS during growth for

real-time investigations and postgrowth by ellipsometry to
probe optical anisotropy60,61 and by temperature-dependent
PL. The DRS setup consists of a fiber-coupled USB2000+
spectrometer and a DH-2000 lamp (Ocean Optics, U.S.A.).
Variable angle spectroscopic ellipsometry was performed with a
Woollam M2000 ellipsometer (LOT-QuantumDesign GmbH,
Germany). PL spectra were measured with a LabRam HR 800
spectrometer (HORIBA Jobin Yvon, France) with a CCD-1024
× 256-OPEN-3S9 detector and a frequency-doubled Nd:YAG
laser (532 nm wavelength). Absorption and fluorescence
spectra in ClCH3 solution were recorded with a Varian Cary
UV/vis spectrophotometer (Varian, The Netherlands).

Figure 1. a) Chemical structure of PDIR-CN2 (C42N4O4H40, left) and PDIF-CN2 (C34N4O4F14H10, right); molecule length is 21.2 Å for PDIR-CN2
and 22.8 Å for PDIF-CN2; (b) the corresponding IE and EA in thin film; (c) normalized absorption (solid) and photoluminescence (PL) (dotted)
spectra in CHCl3 solution.
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■ RESULTS AND DISCUSSION

Structural Investigation by X-ray Diffraction. One of
the main characteristics of PDIs is a strong noncovalent
intermolecular interaction favoring one-dimensional (1D) self-
assembly in a face-to-face or slipped π−π stacking manner.
Numerous kinds of such aggregation motifs (up to liquid
crystals) have been widely studied for solution processes,62−64

however, the growth behavior during vacuum deposition still
remains to be clarified.
Figure 2 shows the reciprocal space maps (qxy is the

momentum transfer parallel to the sample surface, whereas qz is
perpendicular to the sample surface) measured postgrowth on
thin films of PDIR-CN2 (Figure 2a−c) and PDIF-CN2 (Figure
2d−h) grown by OMBD on silicon substrates at different
substrate temperatures during deposition.
PDIR-CN2 deposited at RT (Figure 2a) exhibits a diffraction

pattern similar to a spin-coated, annealed film reported by
Ferlauto et al.65 corresponding to molecules tilted on the
surface with a longitudinal displacement. The corresponding
unit cell is triclinic and contains one molecule. The same unit
cell is observed for films grown at substrate temperatures up to

120 °C. At this temperature, new weak features emerge in
addition to the present peaks (see GIXD in Figure S1,
Supporting Information). These weak features, which have not
been observed before, become more pronounced at higher
temperatures (Tsub = 130 °C, Figure 2b), and they are
presumably associated with the nucleation of a yet unreported
polymorph. The improved crystallinity at 130 °C gives the
opportunity to fit the unit cell parameters (see the white circles
marking simulated positions of Bragg reflections in Figure 2b
and the corresponding lattice parameters in Table 1). The
improvement of crystallinity with increasing temperature
followed by an enhancement of charge-transport characteristics
was reported for PDIR-CN2

38 as well as for PDI8-CN2,
3 a

related compound containing a linear alkyl chain. With further
increase of the substrate temperature (Tsub = 140 °C, Figure
2c), the RT-phase almost vanishes and only the new high-
temperature (HT)-phase dominates. Red crosses show the fit
(Figure 2c) of the HT-phase crystal structure, which results in a
monoclinic unit cell with a doubled volume (Table 1) and
therefore two molecules per unit cell. We note that the HT
polymorph cannot be induced by annealing the RT film (kept

Figure 2. Reciprocal space maps measured postgrowth: (a−c) PDIR-CN2 and (d−h) PDIF-CN2 grown at different Tsub. Calculated Bragg peak
positions (white circles, red crosses, and yellow starssee legend) are provided without the structure factor and taking the refractive index into
account.66 For figures (b,c,h), we provide the calculated Miller indices of the corresponding truncation rods on top. The diffraction rings at q = 0.7
Å−1 present in (a,c,d,h) and q = 1.52 Å−1 present in (d,g,h) are attributed to a Kapton window and a Be window, respectively, and the feature in the
upper right corner of (e) is assigned to Si(111).

Table 1. Unit Cell Parametersa

a, Å b, Å c, Å α, deg β, deg γ, deg V, Å3

PDIR-CN2 spin-coated
65 6.30 8.81 16.56 88.32 84.6 110.63 854.55

PDIR-CN2 thin film RT phase (measured at 130 °C) 6.44 8.99 16.59 87.52 86.21 112.55 882.66
PDIR-CN2 thin film HT phase 9.33 12.07 16.93 105.24 90 90 1839.49
PDIF-CN2 single crystal67 5.23 7.64 18.8 92.51 95.25 104.73 722.52
PDIF-CN2 Langmuir−Blodgett monolayer68 5.61 8.05 104.75
PDIF-CN2 thin film (measured at 160 °C) 5.53 7.52 20.4 87.12 101.45 106.31 797.99

aa and b are parallel to the substrate surface.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b00787
J. Phys. Chem. C 2018, 122, 8589−8601

8591

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00787/suppl_file/jp8b00787_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b00787


at 130 °C for 1 h, Figure S1, Supporting Information). This
observation suggests that more degrees of freedom for
intralayer diffusion are required for enabling the phase
transition.
In contrast to PDIR-CN2, the second compound PDIF-CN2

exhibits only a very weak crystallinity at RT.48 In Figure 2d, we
observe a weak scattering with an intensity maximum around
1.2 Å−1 in the out-of-plane direction, giving a hint to a weakly
ordered lying down preferred molecule orientation (see Figure
S2 for the full range q-map). With Tsub elevated up to 110 °C,
the diffraction feature is stronger with a maximum in the in-
plane direction (Figure 2e). On the basis of the known crystal
structure of PDIF-CN2 single crystal,67 the molecules adopt a
more standing-up orientation, that is, the tilt angle between the
molecular long axis and the substrate normal is small at higher
Tsub.
The Bragg peaks in the qz range below 0.8 Å−1, characteristic

of a uniaxially ordered polycrystalline thin film, occur at Tsub =
120 °C (Figure 2f). Bragg peaks at a higher qz appear at Tsub =
140 °C (Figure 2g). The reflections along the different qz
truncation rods are clearly defined at Tsub = 160 °C (Figure 2h),
the highest temperature at which PDIF-CN2 adsorbs on the
native SiOx surface under the applied experimental conditions.
The fitted unit cell parameters listed in Table 1 (the
corresponding best fit of the Bragg reflection positions is
shown in Figure 2h as yellow stars) differ slightly from the
reported single-crystal structure67 and the Langmuir−Blodgett
monolayer (ML).68 Both PDIF-CN2 and the RT-phase of
PDIR-CN2 exhibit an increase of the unit cell volume by ∼10%
in comparison with the reported structures, however, this might
be caused by thermal expansion due to measurements at a high
substrate temperature.
To investigate the stacking of the molecular layers in the out-

of-plane direction, we performed XRR scans. The data
presented in Figure 3 confirm the structural changes found
upon increasing Tsub, as described above. The PDIR-CN2 films

grown at a high Tsub reveal an enhanced crystallinity, which can
be seen through the increased (001) and (004) Bragg peak
intensity. The interlayer spacing dz evaluated from the film
grown at 140 °C (orange curve) does not deviate strongly from
the RT-phase (Table 2). This might point toward a variation of

the unit cell predominantly along the a- and b-axis. More
dramatic changes were observed for PDIF-CN2 following the
transition from the amorphous (RT) to the highly textured film
[160 °C, (003) and (004) Bragg reflections being the most
pronounced].
An interesting effect of strong suppression of some of the

Bragg reflections is observed in both cases. To quantify how the
molecular arrangement influences the reflectivity scans, we
performed a fit of the reflectivity curves using GenX69 (see the
Supporting Information for more details). Because each
molecule consists of a PDI core and two side chains, each
ML in the model was divided into three sublayers, varying their
relative electron density, thickness, and roughness. The
resulting z-dependent electron density is shown in the inset
(Figure 3), and the corresponding parameters are presented in
Table 2. As seen from the fit, for PDIR-CN2 the difference in
the electron density between the core and the side chains is
pronounced and enhanced by a tilted molecule orientation,
whereas for the standing PDIF-CN2 molecules, the electron
density exhibits only weak modulations (see Figures S3−S7 and
ref 70). The smaller values of the inclination angle in PDIR-
CN2 films grown at HT are consistent with the presence of a
different crystal polymorph. As shown, ρe of the fluorinated
chain is higher (0.420 Å−3) than ρe of the alkyl chain (0.312
Å−3) and that of the PDI backbone (0.405 Å−3) because of the
higher atomic number of fluorine atoms.
In addition to information on the crystal structure, XRR is a

precise method to determine the thickness and roughness.
These parameters extracted from the width and depth of the
Kiessig oscillations (i.e., the interference oscillations at low qz)
are shown in Table 2. All PDIR-CN2 films exhibit a small
surface roughness (σ does not exceed 2 nm), and no strong
changes are observed upon the temperature increase. However,
the roughness of the PDIF-CN2 films change nonmonoto-
nously with the substrate temperature. It changes from a very
smooth film with (σ ≈ 2.0 nm) to a much rougher surface (σ ≈
6.0 nm), and then, with the further temperature increase, the

Figure 3. XRR profiles of PDIR-CN2 and PDIF-CN2 films grown at
different Tsub. The black curves show fits for films with the highest
crystallinity. The inset shows the electron density profiles obtained
from the XRR fit. Vertical offset for clarity.

Table 2. Out-of-Plane Thin-Film Characteristics Extracted
from XRR Profiles (See the Supporting Information)

d, nm
σXRR,
nm σAFM, nm dz, Å

average inclination
angle,a deg

PDIR-CN2
RT

21.6 1.5 1.0 16.75 44

PDIR-CN2
130 °C

24.3 1.6 1.1
(120 °C)

16.73 32

PDIR-CN2
140 °C

20.7 1.3 1.8 16.46 16

PDIF-CN2
RT

29.4 2.0 0.8

PDIF-CN2
140 °C

27.3 6.0 7.5 20.6

PDIF-CN2
160 °C

20.4 2.5 1.9 20.4

aHere, the inclination angle is the average angle between the long
molecular axis and the surface. The approximate values are assumed
using a single-molecule model (see the Supporting Information) and
given to illustrate the general temperature dependence.
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film becomes smooth again (σ ≈ 2.5 nm). For further
investigations of this behavior and other surface properties, we
refer to the discussion of the AFM images further below.
Optical Absorption Spectra. Optical properties of organic

materials are strongly influenced by the molecular environment.
The resulting spectroscopic signatures of thin films usually
deviate significantly from the monomer spectra in solution
because of intermolecular interactions.71−73 Two mechanisms
for such interactions may be considered: (1) the excited-state
resonance dipole−dipole interaction described for two ideal
cases of the so-called J- and H-aggregations by Kasha et al.,74

where different arrangements of strongly coupled, parallel,
translated transition dipole moments are responsible for either
a red-shifted or blue-shifted absorption due to exciton-state
splitting and (2) nonresonant interactions causing a “gas-to-
crystal” shift of energy levels because of changes of the
polarizability of the molecular environment. Taking into
account the optical anisotropy in materials that exhibit
crystalline order, it is very useful to consider the optical
features decoupled along different crystalline directions.75 For
this purpose, we applied variable angle spectroscopic
ellipsometry, which allows to probe optical anisotropy in thin
films.60,61

The in-plane (e2,xy) and out-of-plane (e2,z) components of the
dielectric function (i.e., parallel and perpendicular to the
substrate plane, respectively) of different PDIR-CN2 and PDIF-
CN2 thin films are shown in Figure 4 in comparison with the
absorption spectra in solution. The spectral shape of e2,xy of
PDIR-CN2 films does not deviate strongly from that of the
solution, although a significant red shift of about 200 meV is
present. According to the extension of Kasha’s theory, taking
exciton-vibrational coupling into account,76−78 an increase
(decrease) of the oscillator strength of the 0−0 vibronic band

compared to the 0−1 vibronic band along with the appearance
of a low (high)-energy transition are strong signatures of
enhanced J(H)-like coupling. An interesting observation is that
the magnitude of the lowest transition I0−0 (at 2.18 eV)
increases with Tsub as well as its ratio to the second vibronic
peak (at 2.32−2.40 eV): I0−0/I0−1 for the RT film is ∼1.3 and
increases up to ∼3.0 in the 140 °C film.
Also, a substructure of the vibronic peaks in the 140 °C film

(e.g., at 2.3 and 2.5 eV) shows up, giving a hint toward the
presence of a second component. The out-of-plane component
is much less intense, which is explained well by the highly tilted
molecular orientation with a transition dipole moment μ mostly
located in the xy-plane. Furthermore, the 0−0 out-of-plane
transition undergoes a splitting appearing at Tsub = 120 °C,
which becomes very pronounced at Tsub = 140 °C. This feature
is possibly a Davydov splitting, keeping in mind the HT-phase
with two molecules per unit cell as shown before. Both e2
spectra were fitted with Gaussians to confirm the presence of
two Davydov components in the optical transitions. The fit is
provided in Figure S9, Supporting Information. The temper-
ature-dependent spectral changes are also consistent with the
orientational changes toward more lying down molecules of the
HT-phase (Table 2). Because of the Davydov splitting being an
anisotropic effect sensitive to the intermolecular geometry72,75

and the transition dipole moment of PDI being oriented along
the long molecular axis, the decrease of the inclination angle in
PDIR-CN2 at 140 °C film results in an intensity increase of the
lowest transition (0−0), which belongs to the low energy
Davydov component oriented in the in-plane direction.
PDIF-CN2 thin films reveal a qualitatively different optical

behavior (Figure 4c,d). The RT film exhibits a small red shift of
only 40 meV compared to the solution spectrum and a similar
shape for both anisotropic components, with the I0−0/I0−1 ratio
close to unity (whereas in solution, the ratio is ∼1.5). The
similarity with the spectrum in solution can be explained by the
low crystallinity of the thin films, which leads to reduced
intermolecular interaction and therefore to an optical response
of the molecular aggregates similar to that of the single
molecule. Nevertheless, the distortion of the Poissonian
Franck−Condon vibronic progression determined in solution
(Figures 1 and 4) evidences that a weak coupling is still present.
As in the previous case of PDIR-CN2, the horizontal
component is also stronger here although the difference is
not as dramatic (only 2-fold instead of 4-fold). This is
consistent with the observation of a weak preferred in-plane
orientation in the almost disordered film (Figure 2d). When
growing at higher substrate temperatures, the absorption
spectrum undergoes significant changes. First, the horizontal
and vertical components swap their relative intensities as a
consequence of the orientational change when going from a
weakly ordered to a crystalline film where molecules stand
upright relative to the substrate surface. At 110 °C, a blue shift
of the absorption maximum for the out-of-plane direction
toward 2.6 eV is observed. Moreover, a pronounced red-shifted
transition around 2.2 eV similar to the one in PDIR-CN2
emerges in both the in-plane and out-of-plane directions as Tsub
is further increased. This coincides with the long-range crystal
structure formation in PDIF-CN2 thin films above 120 °C
(Figure 2e−g).

Real-Time Study: GIXD and DRS. Next, we will discuss
the structure formation and phase behavior at early growth
stages, for which we monitored the crystalline structure
evolution by GIXD scanning in situ and real time during film

Figure 4. Dielectric function of the in-plane (a,c) and out-of-plane
(b,d) components of thin films prepared at different Tsub in
comparison with the absorption spectra in solution. Top: PDIR-
CN2; bottom: PDIF-CN2.
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growth. The resulting film thickness dependences for both
compounds grown at room and high substrate temperatures are
plotted in Figure 5. The elevated temperatures of 130 and 140
°C were chosen to show the coexistence of both polymorphs in
PDIR-CN2 films and the crystalline phase in PDIF-CN2 films.
The observable q-range corresponds to a horizontal cut through
the q-maps in Figure 2 at qz close to zero.
The Bragg peaks in PDIR-CN2 of the RT crystal phase

appear after the first 4 nm at qxy of 0.76 and 1.06 Å−1 as the
strongest features (Figure 5a). Taking into consideration the
vertical lattice spacing dz of 16.8 Å, as deduced from XRR, this
thickness corresponds to the formation of the third ML. At Tsub
= 130 °C (Figure 5b), the structural features of both crystal
phases arises simultaneously after 3 nm, that is, earlier than in
the first casewhen the two first MLs are completed.
Disordered PDIF-CN2 at RT exhibits only a weak scattering
feature at qxy = 1.2 Å−1 (Figure 5c). In contrast to the relatively
fast nucleation process of PDIR-CN2, any signs of crystal-
lization in PDIF-CN2 at Tsub = 140 °C are not observed until a
thickness of about 8 nm is reached (Figure 5d) corresponding
to about 4 MLs, considering dz = 20.4 Å as deduced from XRR.
The diffraction peaks were fitted using Gaussian functions,

from which the in-plane coherent crystal grain size ls can be
derived.79 The evolution of ls and the integrated peak intensity
versus film thickness are shown in the Supporting Information
(Figure S8).
The two compounds examined in this study have a similar

chemical structure and exhibit almost identical absorption
spectra in solution. However, in the condensed state, their
optical responses vary dramatically not only from one
compound to another but also between different intermolecular
arrangements. To correlate the optical features with the

structural properties, we use DRS, which allows monitoring
the development of the in-plane component of the absorption
from the beginning of film formation with high time resolution
(Figure 5e−h).57,80−82
It is remarkable that in all presented cases, the spectral shape

of the first ML (approximately 1.5−2 nm) is almost identical to
the solution spectrum, that is, a noncoupling arrangement.
Here, only a small red shift induced by the environment
appears until the first ML is complete. Also a slight decrease of
e2,xy after this thickness is observed. A new low-lying transition
shows up at 2.2 eV in all crystalline films except for PDIF-CN2
at RT, where the shape of the in-plane dielectric function
remains unchanged because of the absence of long-range order
in the film. The new absorption band at 2.2 eV appears after the
first ML in PDIR-CN2 at 140 °C and grows earlier in
comparison with the RT film. Thickness intervals over which
the peak intensity increasesfrom 5 to 16 nm and from 2 to 8
nm for the RT and HT films, respectivelycoincide with the
saturation times of the crystal grain sizes for these cases. These
observations are in good agreement with the enhanced
crystallinity of the HT film and confirm the intermolecular
electronic coupling as a reason for such a behavior. This trend
is delayed in PDIF-CN2 (140 °C) as a consequence of the later
structural stabilization because the diffraction peaks are
observed at thicknesses above 8−10 nm. The comparison
between evolutions of the crystal phases and the lowest
electronic transition is provided in Figure S8, Supporting
Information.
To better illustrate the variation of the dielectric function

during the film growth, we implement an approach introduced
by Ghanbari et al.,83 who used an incremental change of the
DRS signal as a function of time. Here, we use the difference

Figure 5. (a−d) Real-time GIXD plots. The vertical axis corresponds to the normalized intensity. The intensity of PDIF-CN2 at RT in the absence of
strong peaks is scaled relatively to PDIF-CN2 at 140 °C. The Miller indices are shown for clarity only for the most pronounced peaks, but the
intensities may include contribution of multiple reflections (see Figure 2); green labels stand for the RT-phase and orange labels for the HT-phase of
PDIR-CN2. (e−h) Dielectric function spectra determined by fitting the DRS data recorded during growth.
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between the individual spectra of e2,xy obtained as a fit result
from raw DRS data [two-dimensional (2D) images of the Δe2,xy
in Figure 6a]. In a simplified view, three growth steps can be

distinguished in each case, as sketched in Figure 6b. At first, the
material absorbs randomly on the surface, and its absorption
resembles the monomer spectra of almost noninteracting
molecules. Then, after 0.5−1 ML, the deposited molecules start
to interact with the newly arriving molecules, which leads to
their reorientation to some extent.110 The reoriented layer
serves as a precursor for a crystalline phase or, in the case of
PDIF-CN2 at RT, a weakly ordered phase with molecules
tending to lie down. The evidence for transformation between
the different spectral components is a reduction of the
absorption (dark blue areas in Figure 6a) and the smooth red
shift in the case of crystalline samples (with the exception of
PDIF-CN2 at RT) in step II. Therefore, the contribution to the
resulting spectrum from the material of step I is no longer
observed, whereas all spectra in step III present a combination
of the reoriented and crystalline layers. The border between
steps II and III is consistent with the thickness, after which the
crystalline peaks are observed in real-time GIXD data.
The described phenomenon is in contrast to what we

observed for highly crystalline, vertically aligned materials on
SiOx substrates such as DIP, PEN, perfluoropentacene, or
PDI8-CN2, where optical changes caused by the crystalline
structure formation are observed within the first ML.47,82

PL. PL spectroscopy is a highly sensitive technique to probe
intermolecular interactions stemming from the arrangement in
solid-state organic films.46 In Figure 7 we compare temper-
ature-dependent PL spectroscopy to the in-plane absorption.
The films with a crystalline structure (i.e., PDIR-CN2 grown at
both RT and at 140 °C and PDIF-CN2 grown at 140 °C)
measured at a temperature of 20 °C (Figure 7a,b,d) reveal a

nearly mirror-symmetric first band (at 2.08, 2.15, and 2.05 eV,
respectively) caused by intermolecular coupling, as discussed
above. Along with this observation, Stokes shifts appear to be
smaller in the case of PDIR-CN2, that is, 90 and 26 meV versus
143 meV in PDIF-CN2. The efficiency of such radiative
transitions caused by the intermolecular coupling is very
sensitive to the degree of spatial separation such as a x-/y-
displacement or the tilt angle between molecules.74,84 This
might explain why in the cases of the highly ordered films, the
high-energy transitions are not distinguishable at low measure-
ment temperatures, when contributions from breathing and
shearing vibronic modes decay.85 Then, the radiative
recombination of the relaxed singlet excitons results in a
strong rise of the emission with a resolved vibronic progression
(a relaxed exciton) taking over below −100 °C. A similar
behavior of two competing temperature-dependent contribu-
tions was observed for the PL spectra of 6T films.86,87 Also, the
PDIF-CN2 (140 °C) emission spectra contain a low-energy
component at 1.78 eV visible while cooling down to −100 °C.
In ref 37, this component was assigned to the long-lived
excimer-like radiation, which often stands out as a characteristic
feature of a cofacial overlap in π−π-stacks.46
The singlet exciton emission band shape of the molecular

crystal lattice is not observed in the PDIR-CN2 and PDIF-CN2
films grown at RT (Figure 7a,c). In PDIR-CN2, a vibronically
structured emission emerges at low temperatures as well as in
HT-deposited films, however, the transitions are significantly
red-shifted, and the spectral shape does not reveal the singlet
exciton-like distributed vibronic peak intensities but a
maximum around 1.69 eV. A possible explanation could be
long-lived trap states.61 The PDIF-CN2 film shows a uniform
featureless red-shifted broad emission band over the whole

Figure 6. (a) Δe2,xy spectra based on the data set from Figure 5e−h
revealing incremental changes in absorption at early growth stages.
The gray arrows are a guide to the eye. (b) Sketch associating the
spectral and structural changes in the films.

Figure 7. Temperature-dependent PL spectra recorded between 20 °C
(red) and −180 °C (blue). Top: PDIR-CN2 grown at RT (a) and at
HT (b); bottom: PDIF-CN2 grown at RT (c) and at HT (d). The
black curves represent e2,xy from Figure 4 rescaled to the 20 °C curves.
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measured temperature range, which is typical for the excimer
emission observed for perylene derivatives.34,46,88,89 Although
the excimer-like emission is usually ascribed to H-dimeric
coupling in aggregates with an optimized face-to-face overlap,
this recombination path is surprisingly effective in the only
weakly ordered PDIF-CN2 grown at RT. Nevertheless, as
shown in numerous works on PDI dimers and trimers, the
introduction of spacer groups indeed reduces the coupling
strength, but does not fully suppress the excimer-like emission
up to a center-to-center distance between two PDI subunits of
7−8 Å.90−92

Morphology. When designing organic electronic devices,
special attention should be paid to the active layer morphology
because of a direct correlation between domain extension and
device electrical performance.6,32,35 The morphology of the
samples was probed by AFM. The images together with the
corresponding height distributions are shown in Figure 8.
PDIR-CN2 grown at RT exhibits a homogenous surface
consisting of small grains and a high island density. The height
variation around the average is ±2 nm, and the root-mean-
square roughness σrms is on average 1 nm. The morphology of
PDIR-CN2 thin films changes significantly when growing them
on a heated substrate. At Tsub = 120 °C, the grain shape
changes to elongated islands that exhibit distinct steps,
revealing an anisotropic 2D growth inherent to other PDIs
with alkyl chains.45,93 Wide flat terraces leading to a low
roughness appear at a higher substrate temperature of 140 °C,
which is in good agreement with the low roughness determined
by XRR. There are two explanations for the morphological
differences between PDIR-CN2 thin films grown at RT and at
140 °C: (a) the enhanced diffusion at high substrate

temperatures94 along with low Ehrlich−Schwöbel barriers
promoting a relatively uniform coverage95 and (b) the
temperature-dependent polymorphism. As shown above, the
HT thin film nucleates in a different crystal structure than the
low-temperature film, and hence, depending on the crystal
structure, different growth rates for lateral and vertical
crystallographic directions may appear.93,96 The step heights
between the plateaus derived from the height distribution are
1.5 ± 0.5 nm, which is roughly the lattice spacing of a PDIR-
CN2 unit cell, which leads to the conclusion that each of the
terraces consists of one layer of PDIR-CN2 molecules. We note
that a Stranski−Krastanov growth mode, that is, layer-plus-
islands, is typical for PDIs.35,46,93,97

The PDIF-CN2 film grown at RT is the smoothest thin film
of this series (σrms derived from the AFM images is below 1.0
nm). The missing crystalline ordering in PDIF-CN2 thin films
grown at RT may account for the low roughness. The
molecules spread evenly over the substrate without forming
clusters. The small grain morphology of PDIs was suggested to
be rich in inhomogeneities and structural defects.3 A similar
morphology is observed for PDIF-CN2 at 110 °C. A strong
trend to roughening can be seen when growing at 120 and 140
°C. Large 3D clusters with σrms of several nanometers form.
The deviations from the average height reach up to ±15 and 20
nm in each case. The crystallization at high Tsub presumably
drives the formation of larger clusters. The growth rate along
the crystallographic direction perpendicular to the substrate
surface has to be increased compared to the rate of PDIR-CN2.
It was shown how the introduction of substitutions with
different degrees of steric hindrance and introduction of
fluorine atoms increase both surface diffusion and step-edge

Figure 8. AFM images (5 × 5 μm) of different PDIR-CN2 films (a−c) and PDIF-CN2 (d−h) with the corresponding height distributions (i) PDIR-
CN2 and (j) PDIF-CN2. Length of the scale bar is 2 μm.
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diffusion barriers.98−100 However, going to the highest growth
temperature of 160 °C, the roughness decreases again because
of the formation of flatter domains, which is in good agreement
with the XRR data. At this growth temperature, the enhanced
diffusivity seems to efficiently balance the Ehrlich−Schwöbel
barrier at the step edges of the crystalline molecular layers.
Under these conditions, highly crystalline and smooth films can
be obtained.
To summarize, for both compounds, we can see a clear

transition in the nucleation behavior, which coincides with
changes in the crystal structure. We have shown that the
continuous morphology with a minimized number of grain
boundaries, the most beneficial situation for high charge
mobility,32,48,101 can be achieved via the substrate temperature
control.

■ DISCUSSION
As pointed out in the introduction, the electronic structure of
the perylene derivatives is considered to be not strongly
affected by substituents in the imide positions in their single-
molecule state. However, all parameters that are crucial for
device performance, that is, the charge-transport properties,
energy structure, photon absorption and emission, morpho-
logical organization, crystalline quality, and so forth are based
on the growth behavior, which strongly depends on interactions
of the monomer with the environment. The behavior of the
compounds considered here contrasts to compounds with
linear alkyl chains such as PTCDI-C8

93 and PDI8-CN2,
46 which

grow in nearly upright standing fashion starting from the first
ML on SiOx substrates. Despite the fact that partial fluorination
is often considered to introduce a strong noncovalent
stabilizing interaction,17,18,102,103 we note here that PDIF-CN2
generally reveals less tendency for crystallization than non-
fluorinated compounds, such as PDIR-CN2 and PDI8-CN2.
Although the branched and fluorinated side chains break the
molecule’s planarity in both cases,40 for the same deposition
conditions, PDIF-CN2 requires a higher thermal energy to
achieve the energetically favorable orientation in the lattice.
The same crystallization-obstructing effect was observed for
perfluorinated cobalt phthalocyanine F16CoPc

104 and in the
more relevant family of diperfluorohexylthiophenes DFH-nTs,
rod-like molecules with −C6F13 chains, which crystallize upon
deposition at a substrate temperature of 120−200 °C into a
similar packing motif.12 One is tempted to conclude that this is
a general trend for compounds containing fluoroalkyl chains.
The reason for this might be in the bulkiness and the larger van
der Waals radius of fluorine atoms compared to hydrogen
limiting the fluoroalkyl chain’s flexibility.43,105 A reasonable
argument explaining the reduced contrast in the fitted electron
density profile perpendicular to the substrate plane (Figure 3,
inset) is that the high electron density of the fluorinated chains
can shield the PDI backbones inhibiting the π−π intermo-
lecular coupling. Interestingly, the structural transition to the
long-range order occurs sharply almost in a steplike manner
upon an increase of Tsub, which was observed by changes in the
structural, morphological, and optical properties. In this
context, one should bear in mind the difference between
fluoroalkyl substituents and (complete/partial) fluorination of a
molecular aromatic core when considering the fluorination
effects.
The increase of thermal energy (substrate temperature) gives

rise to structural changes in PDIR-CN2 thin films, leading to
the appearance of a HT-polymorph with two molecules per

unit cell. The RT-phase consists of molecules tilted toward a
substrate nested together in a 1D slipped π−π-stacking with an
offset along the long molecular axis (Figure 9a) due to shape

complementarity. This is a beneficial arrangement for J-like
coupling, although common PDI derivatives in the absence of
spatial crowding tend to create an ideal face-to-face
conformation in columnar stacks with the typical properties
of H-aggregation. Indeed, we observed a red-shifted 0−0
transition growing coherently with the crystal phase formation.
When the HT-phase appears in a film (starting from Tsub = 120
°C), the J-aggregation character enhances significantly: the
intensity of 0−0 grows not only in the absolute value but also
relative to the next 0−1 transition. The anisotropic Davydov
splitting observed in both the in-plane and out-of-plane
directions indicates twisting of the transition dipole moments
of two molecules contained in the unit cell, as illustrated in
Figure 9b, similar to that described by Austin et al.75 The
change from 1D elongated island growth of the RT-phase rich
film to the isotropic 2D flat terrace growth of the HT-phase
rich film observed with AFM could be caused by a change in
the crystal growth directions. A rotational offset configuration
was found to be the third and deepest minimum of the binding
energy in DFT calculations44 and is widespread in PDI
solution-processed supramolecular stacks27,44 but rather rare in
crystals.75,106 Structural polymorphism upon vacuum deposi-
tion was also described for the parent perylene molecule,34

however, for the related compound PDI8-CN2 with linear
chains, persistence of the same crystalline structure for a wide
temperature range was observed.107

The crystal phase of PDIF-CN2 is arranged in a different way.
Similar to many other perylene derivatives with chains in the
imide position, it grows in a standing upright manner (in
contrast with the disordered RT films where a majority of
molecules tend to lie down, Figure 9c) but with a more
complicated interlayer organization. Despite the contribution of
−C7F14 chains, the typical π−π intermolecular PDI core
interaction is still dominant, promoting a face-to-face
configuration. Yet, the parallel stacking involves longitudinal
and transverse offsets, that is, along both the long and short
molecular axes, creating a 2D brick-wall-like pattern (Figure
9d). Such a 2D π−π-stack packing motif has been suggested as
more favorable in terms of electronic coupling and charge
percolation pathways.33 For such complicated structures, the
ideal classical cases of J-/H-aggregation are not straightforward

Figure 9. Schematics representing molecular arrangement in (a)
PDIR-CN2 RT-phase, (b) PDIR-CN2 HT-phase, (c) amorphous
PDIF-CN2, and (d) PDIF-CN2 thin-film crystal phase.
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to apply because the optical spectra (absorption and emission)
contain characteristic features from both types. Similar cases
were observed earlier, where it has been concluded that both
kinds of couplings might be present at the same time. Their
strength would depend then on the spatial separation in the
corresponding directions.108 Also, the energies of low- and
high-energy vibronic bands can be pushed down and up by the
coupling of Frenkel excitons with intermolecular charge-
transfer states and Coulombic interaction, respec-
tively.71,72,75,109

■ CONCLUSIONS
In summary, we followed the growth process of two PDI
derivatives during vacuum deposition as a function of the
substrate temperature. At the first ML, we find almost identical
nonaggregating states without long-range order because of a
shielding effect of the side substituents, which is stronger in the
case of the fluorinated chains. This is followed by a
temperature-dependent transition to significantly different
crystalline molecular packing motifs influenced by the geometry
and chemical composition of the side chains. This results in
unique optical and structural properties, in sharp contrast to
both the amorphous and the monomer properties, which are
not affected by the chemical modification of the side
substituents, as predicted by the previous DFT studies. The
results are not only helpful for the future engineering of well-
performing organic n-type active layers with desirable character-
istics but also contribute to a fundamental understanding of
condensed-state properties of organic small-molecule semi-
conductor materials.
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