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ABSTRACT In this letter, we show the feasibility to use scanning tunneling microscopy (STM) as a stand-

alone technique in analyzing the structure of organic thin films grown on polycrystalline metal surfaces. At room

temperature, by effectively suppressing the molecule —substrate interaction, pentacene resumes the typical quasi

layer-by-layer growth with the “thin-film phase” structure due to intermolecule interaction, while substrate

roughness does not play an important role. By elevating the substrate to 320 K, two different polycrystalline

phases, that is, the “thin-film phase” and the “single-crystal phase” intermixed grow and form terraced and

lamellar structures, respectively. Using STM distance —voltage spectroscopy, the energy level alignment of the

underlying organic/metal interfaces can also be acquired.
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hin film growth of organic molecules
T on metal substrates is a critical step

for fabricating molecular electronic
devices, such as organic light-emitting di-
does (OLEDs) and organic thin-film transis-
tors (OTFTs). Because of competing param-
eters such as intermolecule interaction,
molecule—substrate interaction, substrate
temperature and roughness, and deposi-
tion rate, molecules can pack in different
crystallographic configurations with similar
lattice energy, that is, packing polymor-
phism."” Consequently, organic thin films
may have different microcrystalline phases
mixed together®? or change its polymorphs
as thickness increases.*® One straightfor-
ward way to distinguish different poly-
morphs would be using characterization
techniques with molecular/atomic resolu-
tion, such as scanning tunneling micros-
copy (STM).

However, despite its great success in
studying inorganic thin film growth, STM is
generally thought not suitable for studying
organic thin films above the first few mono-
layers. One major concern is the high sur-
face roughness of organic thin films due to
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dominant Stranski—Krastanov or quasi
layer-by-layer growth.” STM study of or-
ganic thin film is also impeded by the poor
conductivity of organic thin films and by tip
contamination when weakly bound mol-
ecules in organic thin film are picked up by
the STM tip during image acquisition. Thus,
only few STM studies on organic thin film
growth have been reported.®

In this study, we analyze the thin film
structure of pentacene (Pn) grown on
slightly oxidized polycrystalline O,—Au sur-
faces using STM as a main characterization
technique. By suppressing the interfacial
molecule—substrate interaction using slight
surface oxidation, intermolecule interaction
dominates the thin film growth and Pn
grows in a quasi layer-by-layer fashion with
the “thin-film phase” structure, despite the
fact that the substrates have rather rough
surfaces. Packing polymorphism can be ob-
served when the substrate temperature is
elevated from room temperature to 320 K.
At this temperature, terraced and lamellar
structures, corresponding to the “thin-film
phase” and the “single-crystal phase” re-
spectively, are intermixed and grow with
slightly different lattice parameters. Besides
the surface morphology, we have used
STM distance-voltage spectroscopy to de-
termine the energy level alignment at the
underlying Pn/O,—Au interface, which is
ohmic with a hole injection barrier that is
<0.3 eV. The experimental results have
been repeated on three different batches
of samples.

RESULTS AND DISCUSSION
We first study Pn growth on room
temperature (RT) O,—Au surfaces. To
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keep the O,—Au substrates at 293 K (moni-
tored by a thermal couple), the sample holder,
equipped with an independent cryogenic
loop isolated from the main vacuum cham-
ber, was cooled by continuous RT N, gas flow-
ing during organic deposition. Under such
conditions, Pn thin films show the typical
faceted-terrace structures, as shown in Figure
1a. From the line section crossing single do-
mains (Figure 1b), molecular steps of ~1.5
nm are determined. Combining the faceted-
terrace structures® and the molecular step
height,®'° we can conclude that Pn molecules
stand up on the surface and form the thin-
film phase structures (Figure 1c), which is fur-
ther confirmed by near edge X-ray absorp-
tion spectroscopy (NEXAFS) with an average
molecular tilt angle of 77 * 5° (see Support-
ing Information). The formation of the thin-
film phase structures is closely related to the
fractal growth of Pn molecules on inert sur-
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Figure 1. (@) STM image of Pn thin film on RT O,—Au substrate, showing the domi-
nant faceted-terrace structures. More than 10 monolayers can be resolved in this im-
age. Scanning parameters: 300 X 300 nm?; Vip = 3V, It = 15pA. (b) Line section
crossing one single domain showing 1.5 nm molecular steps and sliding disloca-
tions. (c) Unit cell of the single-crystal phase and thin-film phase. The single-crystal
phase has a triclinic lattice structure witha =7.93 A, b = 6.14 A, c = 16.03 A, a =
101.9° B = 112.6° and y = 85.8°.7 For the thin-film phase, a, b, and c are changed to

faces due to dominant intermolecule

7.58,5.91, and 15.4 A respectively, while v is nearly 90°.72

interactions.®'" In sharp contrast, when
substrate—molecule interaction dominates, such as
Pn on clean Au(111) surfaces'®'? and on air exposed
polycrystalline Au surfaces (air—Au),®> molecules
tend to lie down on the surface and form microcrys-
talline phases. The difference between O,—Au and
untreated Au surfaces comes from the slight surface
oxidation introduced by oxygen plasma treatment,
which effectively suppresses the metal—molecule in-
teraction. Such a treatment is as effective as cover-
ing the Au surfaces by self-assembled monolayers
(SAM), on which Pn thin films show identical surface
morphology as on O,—Au (C8-alkanethiol SAM cov-
ered Au(111) surfaces were used in this study).
Thus, using STM, we have proven that the O,-plasma
treatment of Au surfaces can effectively decouple the
molecule—substrate interaction and yield the typical
quasi-layer-by-layer growth of Pn with the thin-film
phase structure due to dominant intermolecule interac-
tion. However, compared to Pn growth on flat inert
surfaces such as SiO, and PEDOT/PSS,® the domain
size of Pn on O,—Au is much reduced, which is due
to the surface roughness of polycrystalline Au. One
possible explanation would be that rough surfaces
trap Pn molecules locally and increase nucleation
centers for thin film growth.®'" Similar surface
roughness induced decrease in Pn grain sizes has
also been observed on SAM-modified oxide sur-
faces, which is reviewed in ref 8. Another notice-
able effect of surface roughness on Pn thin film
growth is that it makes Pn molecules slide along
the c axis ([001]) while retaining the herringbone-
packing in the a—b plane. Such sliding dislocation
effect leads to a variation in the molecular step
heights, as shown in Figure 1b. The morphology of
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Pn thin films is also modulated by the underlying poly-
crystalline O,—Au surfaces, resulting in height varia-
tions on the terrace surfaces.

Besides the surface morphology, we have also used
STM to determine the energy level alignment of the un-
derlying Pn/O,—Au interfaces using the
distance—voltage (z—V) spectroscopy.'>'* As shown
in Figure 2a, most areas show localized hole injection
barriers lower than 0.3 eV, indicating nearly ohmic con-
tact has been achieved at Pn/O,—Au interfaces. After
determining the work function of O,—Au surfaces (4.7
eV, see Supporting Information) using ultraviolet spec-
troscopy (UPS), the energy diagram of Pn/O,—Au inter-
face is summarized in Figure 2b, which is compared
with the diagram of Pn/air—Au interface with a
Schottky-type contact of ~0.6 eV (Figure 2¢).> Note
that both Pn/O,—Au and Pn/air—Au interfaces roughly
follow the Schottky—Mott limit. The former is mainly
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Figure 2. (a) A typical z—V spectrum of Pn thin film on O,—Au substrate. Most
areas of Pn/O,—Au interfaces have hole injection barriers less than 0.3 eV. The
spectrum was obtained with a constant current set point of 10 pA. (b and c) En-
ergy level alignment at Pn/O,—Au and Pn/air—Au interfaces, respectively. For Pn/
O,—Au, dipole formation is negligible due to the effective suppression of
molecule—substrate interaction by surface oxidation. For Pn/air—Au, air expo-
sure modifies the work function of Au from 4.9 to 4.3 eV by surface dipole forma-
tion (A,). The subsequent evaporation of Pn produces very small dipole (A,).
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Figure 3. (a) STM image of Pn on 320 K O,—Au. The lamellar structure corresponds
to the single-crystal phase, while the faceted terraces on the right side have the thin-
film phase structure with 1.5 nm molecular steps. (b) 3D STM image of the lamellar
crystallites. Shading effect has been applied to visualize the details of three differ-
ent crystal facets, namely, facets |, II, and llI, respectively. (c) Line section of the “thin
film phase” terrace. Scanning parameters: 100 X 100 nm? Vy, = 2.8V, I; = 20pA.
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Figure 4. STM topography and the corresponding 2D-FFT images of facet | (I, and
1p), facet Il (1, and Il,), and facet Il (lll, and lllp). The inset in panel lll, shows the STM to-
pography of facet Il after 2D-FFT filtering. Scanning parameters: 10 X 10 nm? Vy,

phase formed on the thin-film phase.? We also
observe faceted terraces on the right part of the
image with molecular steps of ~1.5 nm (Figure
3¢), indicating that the single-crystal phase is
nucleated on the thin-film phase. For the lamel-
lar crystallites, three different crystal facets can be
distinguished, as shown in Figure 3b by areas |,
II, and Ill, respectively.

After zoom-in, facet | is identified as the [001]
direction with a unit cell of a = 5.9 = 0.2 A, b =

7.7 = 02 A, and y = 82 + 3° using the STM to-
pography image (Figure 4la) and the correspond-
ing 2D fast Fourier transform (2D-FFT) image (Fig-
ure 4lb). The acquired lattice parameters are
consistent with the structure of Pn single crys-
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due to the chemical modification of Au surface (the for-
mation of Au—O0 bonds), while the latter is caused by
air exposure.'>'®

We further study the effect of substrate tempera-
ture on Pn thin film growth on O,—Au. For these
samples, the O,—Au substrates are not cooled by RT
N, during organic evaporation, resulting in a substrate
temperature exceeding 45 °C during sample prepara-
tion. On SiO, surfaces, it is known that substrate tem-
peratures above RT will lead to a mixed growth of both
the thin-film phase and the single-crystal phase. Here,
we observe a similar Pn growth mechanism on O,—Au
at elevated temperature.

In Figure 3, we show an area with dominant lamel-
lar structure, a typical morphology of the single-crystal
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tal.” From the 2D-FFT image, the diffraction peaks
corresponding to the herringbone stacking in
the a—b plane, namely [0'/,0] and ['/,00], can
also be distinguished. Note that the low resolu-
tion of the STM images is due to air exposure dur-
ing sample transfer, but not related to the STM
condition or scanning parameters. It is also note-
worthy that the [001] plane of the lamellar crystallites
is not perpendicular to the substrate surface, which is
also observed on atomic flat SiO, surfaces. It cannot be
attributed to the roughness of the underlying polycrys-
talline substrates.

Because of the herringbone packing structure in
the a—b plane, Pn has a dentritic growth mode with
two faster growth directions, that is [100] and [100], and
four slow directions, that is, [110], [110], [110], and
[110]."7 Since the lamellar crystallites are elongated per-
pendicular to facet Il, we can index this plane as [100].
Using the angle between facet Il and Ill, 8 ~ 135° as in-
dicated in Figure 3b, we deduce the orientation of
facet Ill to be [110].

The [100] orientation of facet Il is con-
firmed by the STM topography and its 2D-
FFT image, as shown in Figure 4 as lla and Ilb,
respectively. From these two images, we de-
termine an inter-row spacing of b = 7.9 = 0.2
R, consistent with the [100] surface direction.
Surprisingly, we did not observe a similar row
structure on facet lll, which is expected for
the [110] surface with a wider inter-row spac-
ing than the [100] surface. Instead, a fine her-
ringbone structure is recorded, as shown in
Figure 4llla and Figure 4lllb. Using the STM
and 2D-FFT results, a unit cell of a = 5.8 = 0.2
AR b=75+01A andy =91 = 1°is de-
duced. This herringbone unit cell structure,
especially the perpendicular unit cell angle,
indicates that this is the [001] surface of the
thin-film phase structure. Such an unexpected
surface orientation of facet Il implies that
the thin-film phase can also nucleate and
grow on the single-crystal phase, leading to
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Figure 5. STM images of a different area with lamellar struc-
ture. The [110] surface shows a periodic row structure of 4.5
+ 0.2 A. The lamellar crystallites are surrounded by thin-
film phase terraces, characterized by ~1.5 nm molecular
steps. After zoom-in, the [001] surface orientation of the
facet terrace can be seen. Scanning parameters: Vip = 2.3
V, I, = 15pA.
a randomly mixed growth of the two crystalline
phases. Note that this rodlike herringbone packing
structure of the a—b plane is quite different from the
spherical shapes reported in the literature.’® The
above difference may be due to pick up of a Pn mol-
ecule by the STM tip during scanning, which will
generally enhance the STM resolution.'®

The intermixed growth of the single-crystal phase
and the thin-film phase can also be seen in Figure
5. Using STM imaging on the [110] surface, the dif-
ferent crystalline surfaces of the lamellar crystallite
have been marked accordingly. On the upper and
right sides of this single crystal, thin-film phase ter-
races are found with molecular steps of ~1.5 nm, as

shown in the inset 1 and 2 of Figure 5. STM on this
terrace area gives a unit cellof a = 5.8 + 0.2 A, b =
7.5+ 0.2 A, and y = 86 + 2°. The nonrectangular lat-
tice of the thin-film phase may be due to the poly-
morphism in Pn thin films or be caused by the tilted
scanning surface. Note that there are planar ad-
sorbed Pn molecules along the [001] direction on
the [110] surface of the lamellar crystallite. The di-
mensions of these molecules are ~15.5 A in length,
~9 A in width, and ~1 A in height.

Figure 6 shows another area dominated by the
lamellar structure. STM scanning on the [110] surface,
Figure 61, and Figure 6y, reveal a periodic row structure
of 4.53 * 0.2, in agreement with the unit cell of the
single-crystal phase takinga =59 = 02 A, b =77 +
0.2 A, and y = 82 * 3° (Figure 4l). Note that there is a
sudden switch-on of molecular resolution in Figure 61,
indicating the picking up of a Pn molecule by the STM
tip. We next moved the STM tip to an area including
both the [001] and [110] surface. The topography and
2D-FFT images on both surfaces agree very well with
the corresponding crystalline orientations, as shown in
Figure 6ll,, Figure 6ll,, and Figure 6ll..

CONCLUSIONS

We prove STM is a unique and versatile tool for
characterizing organic thin film growth. We show
that O, plasma treatment of Au substrates can effec-
tively decouple molecule—substrate interaction at
Pn/O,—Au interfaces. This effect allows Pn to grow
on rough, polycrystalline O,—Au surfaces in a quasi
layer-by-layer fashion with well-defined thin-film
phase structure and upright molecular orientation
as a result of dominant intermolecule interaction.
The surface plasma treatment also prevents the in-

Figure 6. STM topography and the corresponding 2D-FFT images of another lamellar-structure area. STM results on [110],

panels I, and I, reveal a periodic row structure of 4.53 + 0.2, agreeing well with the single-crystal unit cell parameters ob-
tained in Figure 4l. In panels Il,, ll,, and Il,, molecular packing details on the [001] and [110] surfaces were shown, respec-
tively. Panel Il is a schematic diagram of the [110] surface, as seen from the [001] axis. Scanning parameters: Vi, = 2.3V, I;

= 20pA.
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terfacial dipole formation, leading to an ohmic con-
tact at Pn/O,—Au interfaces, as determined by STM
distance—voltage spectroscopy. By elevating the

substrate from RT to 320 K, we show an intermixed

EXPERIMENTAL SECTION

The polycrystalline Au substrates were prepared by thermal
evaporation of Au (99.99% purity) onto fresh cleaved mica with
a background chamber pressure of 1078 mbar and a deposition
rate of 0.2—0.3 A/s. The resulting 60 nm Au thin films show the
typical granular surface morphology (see Supporting Informa-
tion). Before transfer to a separate organic evaporation cham-
ber (base pressure 10”7 mbar), the Au surfaces were treated by
50 W O, plasma for 120 s, which slightly oxidizes the Au sub-
strates by introducing Au—O bonds at the surfaces.?® Pn pow-
der (99% sublimation purity) was obtained from Tokyo Chemi-
cal Industry Co. Pn thin films equivalent to 10—15 monolayers
were thermally evaporated on the O,—Au substrates with a
deposition rate of 0.1 A/s. Before the shutter was open, the
source was annealed at around 120 °C for 1 h for outgassing
lower vapor pressure contaminants and to achieve a more uni-
form temperature. The thin film samples were then loaded into
a homemade high vacuum (1078 mbar) STM system using a RHK
scanning head for surface morphology and interfacial electronic
structure characterizations.
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