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Real-time X-ray scattering studies on temperature dependence

of perfluoropentacene thin film growth
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We report on real-time scattering investigations of growth of thin films of Perfluoropentacene
(PFP) and its dependence on the substrate temperature, ranging between —120°C and 60 °C. All
films were grown up to 50 nm on silicon oxide. We find that along with the known thin-film phase,
there is also a coexisting molecular arrangement with a unit cell twice the size with respect to the
long axis. Furthermore, we observe that even at temperatures as low as —20 °C PFP shows a high
degree of crystallinity in the out-of-plane direction. The growth of PFP is characterized by a
two-stage process, where the molecular lattice experiences a much stronger in-plane relaxation in
the thickness regime 0-19 nm compared to the thickness regime 19-50 nm, which can be probed
only by in situ real-time scattering measurements. © 20/3 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816320]

I. INTRODUCTION

In recent years, significant effort has been made to
investigate structural and optical properties of organic mate-
rials with potential for device applications."? In this context,
perfluoropentacene (PFP, Cy,Fy4) is a promising n-type or-
ganic semiconductor.®”’ Relative to its hydrogenated coun-
terpart pentacene (PEN, C22H14),8 PFP may serve as an
electron acceptor.”'® In particular, shifting the HOMO/
LUMO energy levels via fluorination may provide an effi-
cient way to tailor electronic properties, such as the electron
injection barrier.!* ™" In the developing field of organic elec-
tronics, this offers interesting possibilities to combine such
p- and n-type semiconductors either in heteroplanar'®!® or
mixed®*?! structural configurations. However, while PEN
has been thoroughly studied,”???® reports on the structure of
PEP are still scarce.”*

The investigation of structure and morphology of PFP is
of prime importance, since the electronic and steric compati-
bility with PEN offers interesting perspectives. Real-time
X-ray studies have been proven to be an extremely powerful,
non-invasive technique to study the growth of inorganic and
organic materials,®* in particular when utilizing new detector
technologies combined with high brilliance synchrotron radi-
ation. For devices based on thin films, the degree of crystal-
linity significantly influences the charge carrier mobility of
organic semiconductors.>®> To optimize this for possible
device aplications, it is important to be able to tune the crys-
tallinity of PFP, which is strongly connected to diffusion
processes during growth, by changing the substrate tempera-
ture. In this work, we investigate the effect of the substrate
temperature on the structure of PFP films prepared by organic
molecular beam deposition (OMBD). Generally, OMBD is a
non-equilibrium and dynamic process. Molecules may reor-
ganize even after impinging on the sample surface and tran-
sient structures may arise.>*® This dynamic nature already
implies the need for time-resolved studies to obtain a full
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understanding of how different growth parameters influence
the thin-film properties, structurally as well as optically or
electronically.?’~>%-3940

One of the crucial parameters controlling the growth dy-
namics, which may also lead to polymorphism, is the sub-
strate temperature.*' > The scope of this work is to follow
the structural evolution of PFP thin films at different sub-
strate temperatures, by using X-ray scattering techniques in a
wide angle regime and in real-time (i.e., with a sub-mono-
layer resolution) during growth. The results are comple-
mented by atomic force microscopy (AFM) studies.

We observe a so far unreported coexistence of a phase
with a molecular arrangement in a unit cell twice the size
with respect to the long axis together with the known thin-
film phase. We also observe that PFP is highly crystalline
and grows as a 2D-powder even at a growth temperature as
low as —20°C. Employing in situ real-time scattering meas-
urements we establish that the growth of PFP is character-
ized by a two-step process. In thickness regime I (0-19 nm)
the molecular lattice experiences a much stronger in-plane
relaxation compared to regime II (19-50 nm).

Il. EXPERIMENTAL

The substrates were cleaned using an ultrasonic bath
with acetone, iso-propanol, and ultra-pure water. Purified
PFP (> 99 %) was purchased from Kanto Denka Kogyo Co.
and deposited on commercial silicon wafers with a native ox-
ide layer (SiO,). PFP films were grown via OMBD in a port-
able UHV-chamber (base pressure <8 x 10~ millibars).*®
The growth rate was approximately 3 A/min and verified by
a water-cooled quartz crystal micro-balance. The substrate
temperature was changed in a wide range from —120°C to
60°C. A beryllium window allows entry and exit of X-rays,
which facilitates following the growth in real time. Using
synchrotron radiation, reciprocal space maps (RSMs) in the
grazing incidence diffraction (GID) regime and post-growth
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scans were measured either with a point detector or with a
Pilatus-II detector, in situ at the ID10B end station
(A =1.0754A) at the European Synchrotron Radiation
Facility in Grenoble. Ex situ samples were characterized in
our in-house laboratory via AFM, X-ray reflectivity (XRR)
and rocking-scans. AFM images were measured in tapping
mode with a JPK Nanowizard II instrument and post proc-
essed with the free software package Gwyddion.*” XRR and
rocking-scans were measured with a GE XRD3003 diffrac-
tometer (CuKy; ).

lll. RESULTS AND DISCUSSION

In post-growth AFM studies, we observed that changing
the substrate temperature results in very different film mor-
phologies, see Fig. 1 showing AFM images of 50nm PFP
grown at 60 °C and —20 °C, respectively. At a substrate tem-
perature of 60 °C PFP forms long needle-like crystallites sev-
eral micrometers in length. The Root Mean Square (RMS)-
roughness is ~7 nm, i.e., relatively smooth compared to the
final nominal film thickness of 50nm. The corresponding
height-distribution of the crystallites is shown in the inset of
Fig. 1(a). The distribution has a sharp maximum at a height
of z~28nm and has a Full Width at Half Maximum
(FWHM) of A, ~ 15nm. Similar morphologies have been
reported in previous studies,”>*"*® where PFP was grown ei-
ther at high temperatures or close to room temperature. In
contrast, for the growth at —20°C (Fig. 1(b)) the thin film is
formed by small mounds with heights up to 500nm and
diameters up to 500 nm. (Note that a smaller scan area is
shown, which does not display artifacts caused by the film
morphology.) The film is very jagged and a precise quantifi-
cation of the film surface parameters is beyond the capabil-
ities of the employed AFM. Hence, the AFM images already
suggest a better ordering of PFP molecules in films grown at
high temperatures.

The out-of-plane film structure can be characterized
by XRR. Figure 2(a) shows XRR-scans of two 50 nm PFP
ex situ samples, which were grown at substrate temperatures
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FIG. 1. AFM images of 50 nm PFP grown at a substrate temperature of (a)
60°C and (b) —20°C. The images cover a scan area of 20 x 20 um> and
20 x 5um?, respectively. The inset shows the corresponding height-
distributions at 60 °C.
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FIG. 2. (a) XRR-scans of PFP grown at 60°C (red), —20°C (blue), and
—120°C (black). Additionally, rocking scans were performed on the (100)-
Bragg reflections. (b) GID-scans of PFP grown at 60°C (red), —20°C
(blue), and —120°C (black). XRR- and GID-scans are vertically shifted for
clarity in (a) and (b). The molecular packing of PFP is shown as an inset in
perpendicular (a) and parallel (b) direction to the sample surface. (100) and
(012) scattering planes are indicated with dashed lines.

of 60°C (red) and —20 °C (blue), respectively. For both tem-
peratures, Bragg reflections (400) up to the 2nd order can be
observed. The indexing throughout the manuscript is chosen
in compliance with Ref. 23, which means that the long
molecular axis is assigned to axis a (see bottom left inset of
Fig. 2(a)). Note that at a substrate temperature of —120°C
no Bragg reflections are found. For 60 °C well pronounced
Kiessig- and Laue oscillations are observed. From the re-
spective periodicities the total and the coherent film thick-
ness are estimated to be D,,, = 566 + 36 A and D,,;, = 402
+ 18 A. The out-of-plane lattice spacing is derived from the
second Bragg peak including a refractive correction for the
PFP-layer. The lattice parameter a = 15.52 + 0.02 A, agrees
well with that of the PFP single crystal phase, reported by
Sakamoto et al.** For growth temperatures of —20°C
Kiessig- and Laue-oscillations are rapidly damped due to the
higher roughness of the film. The out-of-plane lattice param-
eter is @ = 15.70 £ 0.02 A, i.e., we observe a change in the
lattice parameter by Aa ~ 0.2A compared to 60°C. This
increase of the lattice parameter upon decreasing the sub-
strate temperature obviously implies a slight rearrangement
of the molecular packing.

The in-plane film structure is explored by GID-scans
performed post-growth with a point detector for low and
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high temperatures. For —20°C and 60°C (see Fig. 2(b)),
the observed in-plane Bragg-reflections are close to the
reported thin-film structure.?” The absence of in-plane Bragg
reflections for —120°C is consistent with amorphous film
growth of PFP at very low temperatures. Comparing the in-
plane peak positions in Fig. 2(b) for 60°C and —20°C (see
dashed lines) we observe a peak-shift in the 012-direction.
Decreasing the temperature obviously leads to a shift of
A(012) = 0.016[&71, which corresponds to a lattice expan-
sion of Ay = 0.032 A in the 012-direction. Close to the (012)
and (013) Bragg reflections two peaks (marked by arrows) are
observed for 60 °C. We attribute these peaks to the projection
of the (112)- and (113)-Bragg reflections onto the ¢, plane.

A better understanding of growth mechanisms can be
obtained by taking advantage of the most recent detector
technology with high dynamic range, high signal-to-noise ra-
tio and faster acquisition and read-out times, which provides
unprecedented spatial and temporal resolution. /n situ RSMs
were taken during growth and post-growth in the GID-
regime. Post-growth RSM images are shown in Figs. 3(a)
and 3(b) for the substrate temperatures 60°C and —20°C.
Note that at —120°C (image not shown here) no diffraction
peaks are visible, similar to the XRR/GID-scans. At 60°C
well-defined crystal truncation rods (CTRs) are observed for
all diffraction orders hkl. In contrast, CTRs are broader and
more diffuse at —20°C. This suggests that at low tempera-
tures the projection of the coherent scattering volume onto
the sample surface is smaller. Furthermore, the absence of
diffraction rings for both temperatures indicates that PFP-
molecules grow in a 2D-powder structure on SiO,-substrates.
This is confirmed by rocking-scans, which are taken on the
first Bragg reflection (see top right inset in Fig. 2(a)). At both
temperatures a similar mosaicity is observed but with a
higher diffuse background at low temperatures. PFP exhibits
a high degree of crystallinity perpendicular to the sample
surface when it is grown on SiO, at elevated substrate tem-
peratures. This is evident from our measurements here and
also corroborates earlier studies.”” However, the fact that the
structure is also crystalline even at a temperature as low as
—20°C was not reported earlier and is established in this
study.

At 60°C, surprisingly, a series of weak (14/) diffraction
peaks is observed (Fig. 3(a)). Evaluating their positions
along the ¢,-rods (see Fig. 3(c) for the (712)- and (/02)-rod),

results in ¢, = 0.211 A_l, i.e., half the ¢.-value of the first
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order Bragg reflections. Therefore, we conclude that a coex-
isting phase with a unit cell two times larger along the a axis
than the dominating PEP thin-film phase>?’ (with two mole-
cules per unit cell) nucleates. This indicates that two mole-
cules are arranged along the @ axis of the unit cell, as was
also observed, e.g., for poly(p-phenyl)oligomers.* In con-
trast, at —20°C the (1/) diffraction peaks are weaker (see
also Fig. 3(c)). We speculate that the phase with the long
axis doubled is on the one hand energetically more favored
and its nucleation is on the other hand thermally activated.
Thus, it is not present at low temperatures. In addition, at
both substrate temperatures we observe a CTR next to the
(h13)-rod, which to our knowledge has not been reported
yet. Note that line scans of the (211) and (£13) CTR’s are
shown in Ref. 50.

The evolution of the in-plane grain size is of significant
interest, because in previous studies it was observed that the
ordering behavior of organic materials can be very different
in the in-plane and the out-of-plane direction.”" For the real-
time data analysis, we have taken series of RSM-images in
situ at —20°C and 60 °C during the film growth with suffi-
cient time resolution, i.e., the time between two images cor-
responds to ~0.5 ML (mono-layer). Focusing on the in-
plane information we restrict ourself to the (012)-diffraction
peak, which is the strongest in-plane reflection with the best
signal-to-noise ratio. Using the stronger (112)-reflection
would also be possible, but in this case we would have a con-
siderably large ¢.-component, thus yielding a superposition
of in-plane and out-of-plane information. For the following
analysis, intensities are integrated within a region-of-interest
(ROI), which is defined around the (012)-Bragg reflection
(indicated by blue rectangles in Fig. 3).

Figure 4(a) shows the integral intensity plotted as a
function of the nominal film thickness. At 60 °C the intensity
increases linearly, which indicates the virtually ideal poly-
crystallinity of PFP grown at high substrate temperatures. In
contrast, at —20°C the intensity increases in a non-linear
fashion and starts to saturate at the film thickness of ~20nm.
Obviously, there are more crystal defects at low temperatures
leading to a decrease of the coherent scattering crystal size
parallel to the substrate plane. Additionally, at —20 °C there
may well exist an amorphous fraction of material, which
does not contribute to the coherent scattering, therefore,
resulting in a film thickness dependent loss of scattering
intensity.
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FIG. 3. (a) RSM of 50 nm PFP grown at a substrate temperature of 60 °C. (b) RSM of 50 nm PFP grown at a substrate temperature of —20 °C. Blue rectangles
mark the (012)-Bragg reflection, which is used for the real-time data analysis. (c) Diffuse intensity in the vicinity of the (402) and (712) CTRs. The intensities
are extracted from the post-growth RSMs and are integrated along ¢.,-direction. At 60 °C a diffraction peak is observed most evidently at (% 12), which nearly
disappears at —20 °C. Note that the intensities of the 60 °C and —20 °C line-scans as well as the RSMs were normalized to a common maximum.
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FIG. 4. (a) Integrated intensity of the (012)-Bragg reflection, plotted against
the nominal film thickness for 60 °C (red) and —20 °C (blue). (b) Position
of the (012) diffraction peak plotted against the nominal film thickness for
60 °C (red) and —20 °C (blue). Fitting of the peak position was not possible
at the initial stage of growth as the signal-to-noise ratio was too low. Black
lines indicate the tentative trend of the temporal evolution in regime II.

To gain real-time information on grain size and lattice
spacing we integrate intensities within the ROI along the ¢.-
direction to obtain a line scan with intensity as a function of
qy- For both temperatures such line-scans were fitted with a
double pseudo-Voigt profile, which was applied, to take the
influence of the (112)-diffraction peak at 60 °C into account.
From the fits the position of the peak as well as the FWHM
were obtained. The evolution of the peak position as a function
of nominal film thickness is shown in Fig. 4(b). At both tem-
peratures two regimes can be distinguished. The early stage of
the growth, labeled as regime I, corresponds to a nominal film
thickness of d ~ 0—19nm (i.e., d =~ 0-12 ML). At this stage,
the (012)-diffraction peak shifts rapidly in a non-linear fashion
towards smaller ¢g,,, which means that for thin films of PFP,
ie., up to d ~ 12ML, a significant relaxation of the lattice
occurs. Regime II characterizes thicker films of PFP
(d =~ 19-50nm). At both temperatures the change of the lat-
tice parameter is now linear and (as indicated by black lines in
Fig. 4(b)) much slower. Additionally, it is observed that at
60°C the peak shift is smaller than at —20 °C. This signifies
that for PFP grown at 60 °C a relevant relaxation of the lattice
takes place only until a critical film thickness of approximately
12 ML, in contrast to a substrate temperature of —20 °C. For
thicker high temperature PFP films no significant modification
of the lattice is expected. The final difference of the lattice pa-
rameter in 012-direction between both highlighted tempera-
tures is Ag,, = 0.011 A_l, which corresponds to a real space
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expansion of Ad = 0.022 A. Within the experimental resolu-
tion this agrees well with the temperature related shift of the
(012)-Bragg reflection observed in the post-growth GID-scans
(see Fig. 2(b)). The evolution of the coherent island size d in
the in-plane direction (see Fig. 5) is obtained via the Scherrer-
formula, i.e., 27/ Aq.y, where Aq,, was corrected for the reso-

lution function
Aq—\’)’ = \/ Aq%CD - Aqlzf’('

Here, Aq%CD is the FWHM, which is obtained by fitting the
(012)-peak in the RSMs and Ag? is the FWHM of the reso-
lution function. At —20°C the in-plane coherent island size
evolves very fast during the deposition of the first 5nm.
Subsequently, the island size increases linearly until a final
size of d; = 24 nm is reached. Since the experimental resolu-
tion limits the determination of the in-plane-island size to
d,; ~ 25nm, we were not able to follow the evolution at the
high substrate temperature. However, by analyzing the 60 °C
post-growth GID-scan the final island size is determined to
be d; ~ 44 nm. Therefore, we conclude that for high temper-
ature PFP growth, islands evolve in-plane in 012-direction
rapidly, i.e., within a few ML, to a size beyond 25 nm.
Combining these results, we suggest a temperature de-
pendent structure of PFP thin films as proposed in Fig. 6. At
low temperatures the surface diffusion of molecules is lim-
ited. This leads to the formation of dislocations in the lattice
resulting in smaller crystallites. As the film grows the lattice
experiences a strong relaxation, i.e., structural re-arrangement
of molecules until a critical thickness of approximately 12
ML is reached. Subsequent ML rearranges in a much more
facile way. Crystallites are defined by grain boundaries,
which, on the one hand decrease the coherent scattering vol-
ume, and on the other hand increase the contribution of dif-
fuse scattering. Therefore, the final film is composed of
relatively small crystallites exhibiting a low crystalline order
in the in-plane direction. At elevated substrate temperatures
the diffusion is stronger. Therefore, less dislocations are
incorporated in the lattice resulting in larger crystallites. The
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FIG. 5. Evolution of the in-plane coherent island size in 012-direction as a
function of nominal film thickness for —20 °C.
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-20°C

60°C

FIG. 6. Suggested growth of PFP-crystallites at —20 °C (left) and 60 °C
(right). The scattering volume is indicated by a dashed red line. Due to smaller
crystallite sizes at —20 °C we expect a larger amount of domain boundaries
(green lines) lying within the coherently scattering volume. The possible
occurrence of an amorphous fraction of material is not shown in the sketch.

direction, i.e., better long-range order compared to low tem-
peratures. The relaxation of the lattice is much weaker and
beyond a critical thickness molecules barely re-arrange.

IV. SUMMARY AND CONCLUSION

This study gives an account of the temperature dependent
structure and morphology of PFP thin films with thicknesses
up to 50nm prepared by OMBD on SiO,-substrates. At
growth temperatures of 60°C lying needle-like crystallites,
several microns in length, are formed composed of smaller
grains with an average size of 44 nm. Interestingly and so far
unreported, a crystal phase containing four molecules per unit
cell is observed. In contrast, at growth temperatures of
—20°C thin films are composed of mounds of diameter and
height ~500 nm. The final grain size is reduced to 22 nm. At
growth temperatures of —120°C we observe a fully amor-
phous film growth. A compression of the lattice parameters in
the in-plane direction (Ad/d(012) = 0.91%) and their dilata-
tion in the out-of-plane direction (Aa/a(h00) = 1.29%) is
observed between growth temperatures of —20 °C and 60 °C.

Real-time in situ studies provide evidence for different
kinetics of grain formation for low and high temperatures. In
particular, we suggest a growth model where the crystallinity
in the in-plane direction is affected by the substrate tempera-
ture, whereas in the out-of-plane direction it does not depend
significantly on the temperature.

Since the crystalline order is strongly connected to elec-
tronic transport properties, tuning the substrate temperature
together with the film thickness may therefore be considered
as a promising method to tailor the structure in device
applications.
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