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Controlling the alignment and packing structure of organic molecules on solid substrate surfaces at molecule level is
essential to develop high-performance organic thin film (OTF) devices. Pentacene, which is a typical p-type semiconductor
material usually adopts lying-down geometry on metal substrates owning to 7—d coupling between pentacene and metal
substrates. However, in this study, we found that pentacene molecules can be adsorbed on an anneal-treated Cu (111)
surface with their long axis perpendicular to substrate surface. Highly ordered single-layer pentacene film with stand-up
molecular geometry was achieved on this substrate. It was found that the functionalization of Cu surface with C=0 groups
due to annealing treatment should be accounted for standing-up geometry of pentacene on Cu substrate. This observation
shed light on the tuning of the alignment and packing structure of organic molecules.

Keywords: ultra-thin film, molecular alignment, metal substrate, interfacial tuning

PACS: 68.37.—-d, 68.55.—a, 81.15.—z

1. Introduction

Organic thin film (OTF) devices such as organic light-
emit diodes (OLED), organic photovoltaic devices (OPV),
and organic field-effect transistors (OFET), have been exten-
sively noticed by science and industry field owning to their
merits such as good flexibility, rich of colors, and low cost
of fabrication.!'""!]' Among these conventional OTF devices,
OLED devices have begun to be industrialized, especially
OLED displays have entered the market. In contrast, the in-
dustrial applications have not yet been realized for OPV and
OFET devices. One of the factors that hinder the industrial
applications of those devices is the low transport mobility of
charge carriers or excitons within in OTF layers. It was well
proved that the charge transport mobility can be remarkably
increased by improving the crystallinity and modifying the
molecular packing structures of OTF layers.[!>!3] This has
motivated numerous studies on OTF growth on various sub-
strates such as metals, metal oxides, polymers, graphene, and
graphene-like two-dimensional (2D) materials. '4-2"]

Understanding and controlling the growth behavior of
OTF on metal substrates are particularly important because
OTF properties influence the charge transfer behavior be-
tween metal electrodes and OTF active layer. In general,
m-conjugated organic molecules prefer to lie flatly on the
metal substrate surface, especially on metal crystals such

DOI: 10.1088/1674-1056/ab8da2

as Cu, Ag, Au, efc.?'24 Pentacene, which has five fused
benzene rings usually, takes lying-down geometry on atom-
ically flat metal surfaces due to the m—d-like molecule—
substrate interaction. In addition, the lying-down geome-
tries were also observed for organic molecules on graphene
and other 2D material substrates.['’->>-28] In those cases,
the flatness of substrates and molecule—substrate electronic
coupling jointly lead to lying-down geometry of organic
molecules on these substrates. It is usually hard to make 7-
conjugated organic molecules to stand on the metal surfaces
or graphene. Imperfections like steps, defects, and even con-
taminations on the substrate surface were reported to induce

[29-311 However, those treatments are either

tilted geometries.
short of well-controlling or suffered from worse understand-
ing.

In this study, we investigated the molecular alignment of
pentacene on crystalline Cu substrates. We found that pen-
tacene molecules take standing-up geometry on the anneal-
treated copper substrate. In another words, the long-axis of
pentacene is perpendicular to Cu substrate surface, leading to
a thin film (TF) with molecular 7—7x stacking parallel to sub-
strate surface. This observation is in discrepancy with the well
reported lying-down geometry of organic molecules on metal
surfaces. This study may provide a facile approach toward
the tuning of the alignment and packing structure of organic
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molecules on substrate even beyond metals.

2. Experimental and calculation details
2.1. Treatment of copper foil

Copper foils were bought from Alfa Asser. Two different
purities of copper foils were used in the experiments, one with
higher purity (HPC, 99.9999%,) and the other with lower pu-
rity (LPC, 99.8%). The annealing treatments of copper foils
were performed on a home-made chemical vapor deposition
(CVD) system.3?! This instrument is equipped with a furnace
and a quartz tube. The background vacuum within the quartz
tube is ~ 0.01 Pa. The copper foils were simply cleaned by
cycles of rinsing in ethanol and DI water and then blow dried
with nitrogen. The copper foils were folded into rectangu-
lar pocket and then loaded into the quartz tube for annealing
treatments. Both foils were annealed according to the same
procedure as shown in Appendix A: Supplementary materials
(Fig. A1l). Briefly, the temperature of the furnace was heated
up to 1050 °C within 1 hour, and then keeping at this tempera-
ture for 6 hours. After that, the furnace was shut down and the
temperature of the tube was cooled to room temperatures (RT)
within 2 hours. It was found that Cu substates, especially the
LPC substrates were passivated with -COOH groups upon the
specific annealing treatment as being demonstrated by photo-
electron spectroscopic measurements which will be shown in
the latter section.

2.2. Deposition of pentacene

The annealed copper foils were cut into 1 cmx1 cm
pieces before being loaded into ultra-high vacuum (UHV)
chamber where pentacene in powder was deposited on to tar-
geted substrate by using thermal evaporation method. The de-
scription of the UHV chamber can be found in literature. 33!
Only the interior side of copper pocket was used for organic
deposition. The copper substrates were pre-annealed at 150 °C
in deposition chamber to remove possible air contaminations.
Purified pentacene was thermally deposited onto copper sub-
strates at a constant deposition rata of 0.5 nm/min. The sub-

strates were kept at RT during organic deposition process.

2.3. Characterizations

Morphologies of metal substrates and the organic films
were investigated using an atomic force microscopy (AFM)
(Bruker multimode 8) with a taping-mode. And the crystalline
structures of organic films were revealed by x-ray diffraction
(XRD) measurements which were conducted with a Philips
X’Pert XRD facility using Cu-K o emission. The alignments
of pentacene were measured by Raman spectroscopy (Horiba
HR evolution) equipped with a polarized 532-nm laser. A
Zeiss Sigma 300 field-emission scanning electron microscopy
(FE-SEM) was also used to characterize the surface properties

of the annealed copper substrates. The chemical nature of cop-
per substrates was characterized by using an Oxford energy
dispersive spectrometer (EDS) and a Specslab2 x-ray photo-
electron spectrometer.

3. Results and discussions

Figure 1(a) shows the AFM image of the anneal-treated
LPC substrate. A height profile of the substrate surface along
the line in the AFM image is shown in the bottom panel of
Fig. 1(a). The height variation is lower than 0.5 nm across
the measured region, indicating an atomically flat surface.
Figures 1(b) and 1(c) show the AFM images of LPC sam-
ples after deposition of pentacene films with overall cover-
age of 0.4 monolayer (ML) and 1.0 ML, respectively. At
sub-monolayer coverage, pentacene molecules prefer to nucle-
ate into discrete islands with unique thickness (see Fig. 1(b)).
The height profile shows that the height of pentacene island
is ~ 1.5 nm. This value is well agreed with the van-der
Waals dimension of pentacene,!**! i.e., along the long axis
of pentacene. This indicates that pentacene molecules adopt
standing-up geometry on the anneal-treated LPC substrate.
This observation seems to be unexpected since 7 conjugated
organic molecules usually lie flatly on metal surface due to
n—d-like molecule substrate interaction.!?*-23] The pentacene
islands grew larger as the coverage increased, and the neigh-
bored islands gradually joined into each other, forming a flat
film with one molecular thickness (see AFM image and height
profiles shown in Fig. 1(c)). We noted that although the sub-
strate surface was decorated by some defects, e.g., trenches
and protrusions, the imperfections seem to have negligible in-
fluence on the growth of pentacene. Figure 2(a) shows a de-
fect point (see the arrow marked region) on LPC substrate sur-
rounded by pentacene grain where the morphology is quite
close to the grains at defect-free regions. Figure 2(b) shows
the three-dimensional (3D) AFM image of pentacene islands
on anneal-treated LPC substrate. These islands have similar
height values, irrespective of the surface defects of Cu sub-
strate.

For comparison, we show in Figs. 2(c) and 2(d) the 2D
and its corresponding 3D AFM images of pentacene film on
the anneal-treated HPC substrate. The nominal thickness of
pentacene is the same as the one shown in Fig. 2(a). On
HPC substrate, pentacene nucleated into individual islands
which are much smaller in size than that of pentacene on
LPC substrate grains, indicating dewetting nature of HPC sub-
strate. This result implies that the growth mode and even
the molecular orientation of pentacene on HPC substrate is
different to that of pentacene on LPC substrate. The polar-
ized Raman spectroscopy was used to identify the molecular
orientation of pentacene on Cu substrates. Figures 2(e) and
2(f) show the Raman spectra for a 1.0-nm thick pentacene
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film on the anneal-treated LPC and HPC substrates, respec-
tively. According to the literature, the features at 1533 cm !,
1501 cm™!, 1457 cm ™!, 1409 cm™!, 1371 em ™!, 1178 em ™!,
and 1158 cm™! can be assigned to the A fundamental band,
while the band at 1596 cm™' can be assigned to a Bsg
fundamental.®>] These Raman features originate from various
vibrational modes of the C—H and C—C bonds of pentacene.
It was previously demonstrated that the B3¢ bands have zero
Raman intensity when the long axis of pentacene is perpen-
dicular to the electric vector of the laser beam used in the
Raman measurements. On the contrary, A bands are unde-
tectable when the long axis of pentacene is parallel to the elec-
tric vector of laser. For the case of pentacene on LPC substrate,
Raman features of A, bands dominated the Raman spectrum.
This indicates that the long axis of pentacene is perpendicu-
lar to the electric vector of laser beam. Since the laser was

e
o

incident in normal direction of substrate, these features in-
dicate that the long axis of pentacene is perpendicular to Cu
substrate surface. This conclusion is in good consistent with
the above-mentioned AFM results. In contrast, E3g bands at
1596 cm~! was obviously observed for the case of pentacene
on HPC substrate, indicating that the molecular plane of pen-
tacene is parallel to HPC substrate. It was reported that ratio
of intensity of 1596 cm™! band to the intensity of 1533 cm™!
band (R = 1593 /11533) can be used to identify the lying geom-
etry of pentacene on Cu substrates.3®! The R value is as small
as 0.47 for the former case, while it is as large as 10.98 for the
later. This implies that the alignment geometry of pentacene
on LPC substrate is significantly different to that of the case of
pentacene on HPC substrate even though the substrates were
treated in the same way.
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Fig. 1. AFM images of bare LPC and pentacene films on LPC substrates: (a) bare LPC, (b) pentacene of 0.4 ML on LPC, (c¢) pentacene of 1.0 ML on LPC
substrate. The curves shown at the bottom of each panel are the height profiles taken from the regions marked with the solid lines shown in panels (a)—(c).
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Fig. 2. Film morphology and molecular orientation of pentacene on anneal-treated LPC and HPC substrates: 2D (a) and 3D (b) AFM images of pentacene
on LPC substrate; 2D (c) and 3D (d) AFM images of pentacene on HPC substrate; (¢) Raman spectrum of pentacene film on LPC and (f) HPC substrates.

The nominal thickness of pentacene film for all cases is 1.0 nm.
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Figure 3(a) shows the AFM image of a pentacene film of
50 nm thickness on LPC substrate. Cone-shaped grains with
typical size of 1 um were observed. Layer-by-layer molecular
stacking structure can be identified for each pentacene grain.
The islands became narrower as the thickness of pentacene
film increase, resulting in a large amount of edges and steps
shaping the morphology of pentacene grain borders. Based
on this morphology, Stranski—Krastanov growth mode can be
established for the case of pentacene on LPC substrate. The
corresponding x-ray diffraction (XRD) results are shown in
Fig. 3(b). Five reflex peaks are revealed at 5.7°, 11.4°, 17.1°,
22.8°, and 28.5°.

Intensity/arb. units

5 10 15 20 25 30 35
20/(%)

Fig. 3. Morphology and structure of pentacene film of thick layer on LPC

and HPC substrates: AFM images of pentacene on LPC (a) and HPC (b)

substrates show XRD results of pentacene films on LPC (c) and HPC (d)

substrates. The scale bar in both of the AFM images is 1 um for both pan-
els (a) and (b). The nominal thickness of pentacene is 50 nm for both cases.

According to literature, all of these reflex peaks are orig-
inating from (001) lattice plane.*’~*!! For the XRD measure-
ments, we used Cu anode with wavelength of 1.5405 A. Based
on diffraction function, the interlayer distance of pentacene
film on LPC substrate was evaluated to be 15.5 A. This value
is good consistent with the measured step height of single-
molecule-thick pentacene island shown in Fig. 1. This indi-
cates that the standing-up geometry of pentacene is succeeded
in thick layer, leading to a 7—7x stacking of pentacene parallel
to substrate surface. In contrast, the grain size of pentacene on
HPC is much smaller than that of pentacene on LPC substrate.
The XRD result show a weak peak at 20 = 24°, which corre-
spond to the interlayer distance of 3.79 A, indicating a lying
down geometry of pentacene with a molecular plane parallel
to the substrate surface. Thereby, a perpendicular 7—7 stack-
ing mode, i.e., the molecular 7—x direction normal to the sub-
strate surface can be established for the case of pentacene film
on HPC substrate. This geometry corresponds to the island-

like domains, which begin to show up when pentacene is de-
posited onto the anneal-treated HPC substrate. This observa-
tion agrees well with the aforementioned AFM and Raman re-
sults. Base on the morphology of pentacene at initial deposi-
tion and thin film regime, a Volmer—Weber growth mode can
be established for pentacene film on HPC substrate.

Height/nm
|
e @
=Ry
Height/nm
|
o o
oo o
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Distance/pm Distance/pm
(c) u (111) (d) Cu (111)

Intensity/arb. units

20 30 40 50 60 70
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Fig. 4. Surface morphology and crystalline structure of the anneal-treated
LPC and HPC substrates: AFM images of LPC (a) and HPC (b) substrates,
respectively. The height profiles at the bottom panel show the height varia-
tion of the corresponding substrate surface. The height profiles were mea-
sured at the regions marked by the dotted lines in corresponding AFM im-
ages. XRD results show the crystallinity of the LPC (c) and HPC substrates
(d). Only reflex peaks form (111) plane was obviously revealed for both
cases.

Intensity/arb. units

To discovery the reasons account for the discrepancy in
alignment geometry of pentacene on the anneal-treated LPC
and HPC substrates, we investigate the physical and chem-
ical natures of the substrates by using AFM and PES mea-
surements. Figure 4 shows the surface morphology and crys-
talline property of the anneal-treated LPC and HPC substrates.
AFM images shown in Figs. 4(a) and 4(b) reveals similar mor-
phologies for both copper substrates. The height profiles along
directions indicated by the dotted lines in the corresponding
AFM images reveal height variation of ~ 0.3 nm. This value
is close to the layer separation of Cu (111) substrate,!*?! in-
dicating an atomically smooth nature for both substrates. Al-
though some defects such as trenches and protrusions are ob-
served on both substrate surfaces, these defects barely affected
the orientations of pentacene. In fact, pentacene islands can
grow across these defects without changing the island thick-
ness and nucleation behaviors (see the arrowed marked re-
gions in Fig. 1(a)). In addition to the surface roughness, the
crystalline structures of both copper substrate are almost the
same either. Figures 4(c) and 4(d) show the XRD results of
the anneal-treated LPC and HPC substrates, respectively. Both
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substrates have single-crystalline nature of (111) phase as ex-
pected. This indicates that the physical properties of LPC sub-
strate is almost identical to that of HPC substrate. These obser-
vations rule out the possibility to induce standing-up geometry
of pentacene due to the imperfections of substrate surface such
as roughness and defects.

Now, we turn our attention to the chemical properties of
the anneal-treated copper substrates. The ex-situ x-ray pho-
toemission spectroscopy (XPS) were collected to identify the
elements and their chemical states on copper surface. Cop-
per substrates were annealed at 120 °C for half an hour prior
The
XPS results of the anneal-treated Cu substrates were shown
in Fig. 5. For both LPC and HPC samples, Cuyp, Cis, and
Oy core-level features were revealed. The Cuy, spectrum re-

to XPS measurements to remove air contaminations.

veals two typical features of pure coppers which are 2p3/, at
binding energy (BE) of 932.7 eV and 2p; ), at BE of 952.6 eV,
respectively. No obvious discrepancy in Cuy, spectrum was
observed for LPC and HPC samples. However, the Cis and
Oy, spectra of LPC substrates are completely different from
that of HPC substrate (see Figs. 5(b)-5(c) and 5(e)-5(f). The
signal to noise ratio of both Ci5 and O is very high for LPC
sample, while it is very low for HPC sample. This discrep-
ancy indicates that the concentration of carbon and oxygen
on surface of LPC substrate is higher than that of HPC sub-
strate. It is known that impurities such as carbon and oxygen
are unavoidable in metals. However, it is reasonable to ex-
pect less concentration of the impurities for highly purified Cu
than for the low purified ones. In this sense, the XPS obser-
vations agreed well with the common general knowledge. For
LPC sample, the Cis spectrum revealed two components at
BE =285.0 eV and 289.1 eV, respectively. According to liter-
ature, these peaks correspond to sp? carbon (C=C) and COOH
components, respectively.[*3] The observation of sp> compo-

nent indicates that graphene-like units formed on surface of
LPC substrate after annealing-treatment. The formation of
graphene-like units is not surprising since the impurity carbon
may segregate from bulk to the surface of Cu substrate during
annealing process. In addition to graphene-like carbon units,
amorphous carbon which has been widely reported to be un-
avoidable in CVD process was also been observed. [**¢! Sim-
ilarly, both sp> C components were also observed in the case
of HPC. Nevertheless, the intensity of both sp?> C components
is much lower than that of the LPC case. The obvious differ-
ence between Cg spectrum of LPC and HPC substrates is that
no COOH component was observed for the case of HPC sub-
strate. The absence of COOH component in the case of HPC
substrate is expectable because of the high-quality nature of
HPC substrate. The observation of COOH component for the
case of LPC sample indicates that the surface of LPC substrate
was decorated by hydrocarbon materials having -COOH end
groups. In contrast, no such component was observed for Cg
spectrum of HPC sample. The existence of -COOH compo-
nent on LPC substrate was further demonstrated by the obser-
vation of C=0 peak at BE = 531.4 eV in the O spectrum
of LPC substrate. No such component was observed in O
spectrum of HPC substrate. We noted that XPS feature orig-
inating from partially oxidation state of Cu was also revealed
for both LPC and HPC samples. This feature may originate
from defected positions on Cu surface, for instance the regions
marked by arrow in Figs. 2 and 4. The energy dispersive x-ray
(EDX) spectra shown in Fig. A2 in Appendix A verify the oxi-
dation of Cu at these defected positions. Recalling the fact that
the packing structure and nucleation behavior of pentacene on
LPC substrate is completely different to that of pentacene on
HPC substrate. Based on these observations, we conclude that
the existence of COOH component should be account for the
standing-up geometry of pentacene on LPC substrate.
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Fig. 5. XPS results of the anneal-treated Cu_LP [(a)—(c)] and Cu_HP [(d)—(e)] substrates.
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The film growth scenario observed in this study par-
allels with the cases of pentacene on inert substrates such
as Si0,,3%1 A1,03,%7) highly oriented pyrolytic graphite, 3]
and self-assembled monolayer-modified metal substrate. *®! Tn
these cases, the intramolecular interaction between pentacene
dominates monolayer-substrate interaction which favors the
thermodynamically most stable (001) orientated film.[*?! In
our case, it is expected that the atomically smooth surface
of copper substrate was covered by a monolayer of —-COOH
groups after the specific anneal-treatment. This suspicious
was confirmed by the uniform film morphology of pentacene,
i.e., the 2D growth on LPC substrate. Otherwise, 3D grains
may existence with the 2D ones since the surface nature would
be nonuniform in a case of Cu substrate with partial -COOH
coverage. The existence of -COOH functional groups act as
decoupling layer which weakening the molecule-substrate in-
teraction between pentacene and Cu (111) surface. So, the
adsorption energy of pentacene on —-COOH modified Cu sub-
strate is expected to be much weaker than that of pentacene
on fresh Cu substrate. This rather weak adsorption energy en-
ables the standing-up/tilted geometry of pentacene at the in-
terface thus allows the formation of orderly packed pentacene
monolayer on the -COOH modified Cu substrate by suppress
any grain due the lattice mis-match between pentacene and

0 15 nm 0

Cu substate. It is well known that the delicate balance be-
tween intramolecular interaction and molecule-substate inter-
action directs the formation of film with uniform morphol-
ogy and crystalline structure. Thus, the growth mode will
be varied provided the surface nature of substrate is nonuni-
form. For instance, Volmer—Weber (VW) growth rather than
Frank—van der Merwe (FM) mode will appear if Cu surface
was only partially covered by -COOH functional groups. Fig-
ure 6 shows the AFM image of pentacene film on a specific
LPC substrate which was post annealed at 750 °C for defer-
ent duration time in UHV chamber under H, partial pressure
of 1.5 x 1073 Pa. By conducting the post annealing proce-
dure, the coverage of -COOH groups on LPC substrate was
supposed to be decreased due to either thermal desorption or
chemical reduction. This leads to the nonuniformity of chem-
ical nature of LPC substrate. As was shown in Fig. 6, the
growth behavior of pentacene film gradually changed from
FM mode to a VW-dominated mode as the annealing dura-
tion time increases. This phenomenon further supports our
conclusion that -COOH groups on substrate are responsible
for the standing-up geometry. Nevertheless, further study is
still needed to quantify the relation between growth scenario of
pentacene film and the coverage of —-COOH function groups.

,(b)‘ S t=10min

>
~

v

30 nm 0 70 nm

Fig. 6. AFM images of pentacene on post-anneal treated LPC substrates. The annealing duration time (7) is 3 min (a), 10 min (b), and 25 min (c).
The nominated thickness of pentacene is 3 nm for all cases shown in this figure. The deposition condition of pentacene is the same as shown in

other figures.

4. Conclusions

The molecular orientations of pentacene on Cu substrates
were investigated by using AFM, Raman, SEM, and XPS mea-
surements. It was found that pentacene adopts lying-down
geometry on the anneal-treated highly purified Cu substrate.
In contrast, pentacene molecules adopt standing-up geometry
on the low purity Cu even though the annealing treatment is
the same as that of the highly purified Cu substrate. A single
molecular layer of pentacene film was achieved on the anneal-
treated low purity Cu substrate. AFM and XPS investigations
reveal that the surface of low purity Cu substrate was dressed

with functional groups ended with —-COOH functional group.

Nevertheless, no such functional group was observed for the
case of highly purified Cu substrate. This finding establishes
the role of -COOH groups to induce the standing-up geometry
of pentacene on metal substrate. In addition, this observation
also sheds light on tuning of the molecular orientation of small
conjugated organic molecules on other smooth and conductive
substrate such as graphene.

Appendix A: Supporting information

The additional information for schematic procedure of
annealing treatment, SEM, and EDX results of annealed Cu
substrates are shown in Figs. Al and A2.
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Fig. Al. Schematic program for the anneal-treatment of copper foil. Pre-
vious study had demonstrated that the anneal-treatment induced the re-
crystalline of copper foil 1.15]

Fig. A2. SEM image and EDX results of the anneal-treated copper foil of
low purity. The EDX spectra were collected from the positions marked by
the white square. Oxygen on copper surface was clearly revealed at the de-
fected regions which appears as white spots in SEM image.
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