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ABSTRACT

Based on surface charge states, the thermodynamics of pentacene molecules exhibit intriguing structural transitions with various temperatures.
On an SiO5, surface, the mean tilt angle decreases with increasing temperature, whereas three different structural regimes form on the Au surface.
To understand these contrasting temperature dependencies of molecular orientation on the two surfaces, a model wherein the tilt angle a has
two stable states is proposed in this study. Consequently, the pentacene crystals undergoes a phase transition at a relatively low temperature
of 350 K, thus indicating a hidden factor governing the morphology of molecular crystals, and providing insights into the thermal behavior of

physisorbed organic molecules.
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1. Introduction

Physically adsorbed organic films have attracted considerable at-
tention owing to their potential applications as inhibitor layers for
area-selective deposition (ASD) [1-5] and electronic devices [6,7]. In-
termolecular and molecule-substrate interactions are crucial in deter-
mining the degree of crystallinity of organic films, which is directly re-
lated to the area selectivity in ASD or charge mobility in electronic de-
vices [8,9]. However, because these phenomena are based on weak van
der Waals interactions, the crystallinity of molecular film formed on
the surface is affected by small external stimuli and sensitive changes.
Particularly, the surface charge density is a sensitive determinant of
the crystallinity of a molecular film, and its understanding is crucial
for improving the selectivity of area-selective film formation.

Pentacene is a model system for organic crystal films based on
van der Waals interactions. Depending on their substrate, pentacene
molecular films exhibit dramatic variations in their structural order-
ing. The charge-carrier mobility is directly dependent on the crys-
tallinity of the grown organic film, whose reported value is in the range
0f 0.1-58.0 cm?V~! 57! [10]. Studies on the structural ordering of pen-
tacene films under various COI’ldlthl‘lS have demonstrated that the ini-
tial arrangement of pentacene molecules on the surface acts as a nu-
cleation seed. [11-13]. On the crystal structure surface, the pentacene
molecule exhibits two orientations, i.e., standing-up or lying-down,
which are observed when the angle a between the longitudinal axis of
pentacene molecule and surface is greater than 70° or less than 10°,
respectively [3].

In the early stage of pentacene growth, the standing-up orientation
is important for obtaining highly ordered crystalline structures, owing
to the lower surface energy of (001) crystal plane compared with that
of the other planes [14,15]. Therefore, the growth directions of (122),

(011), and (121) planes can be varied to (001) [13].

On the substrate, pentacene molecules interact with surface elec-
trons and neighboring molecules with energies of E; and E,,,, re-
spectively.

At a given temperature during the early stage of crystallization, the
energy difference between E, i and E, . is crucial in determining the
orientation & of the pentacene molecules [3,12,16]. However, as the
substrate temperature increases, the variation in average orientation
(ar) is independent of the type of growth substrate [7,13,17].

In this study, the near-edge X-ray absorption fine structure (NEX-
AFS) spectroscopy was used to analyze the temperature dependence of
low-coverage pentacene molecules on silicon dioxide (SiO,) and gold
(Au) surfaces. To explain the observed variations in «, a thermody-
namic model was developed for the two orientations (standing-up and
lying-down) of pentacene. Using this model, the intermolecular inter-
actions were abruptly weakened and induced by a phase transition of
the pentacene crystal from solid to quasi-liquid at 350 K.

2. Experimental details

The sample preparation and spectroscopic measurements were per-
formed at the 4D NEXAFS beamline of the Pohang Accelerator Lab-
oratory. Si with a thermal oxide layer (100 nm) and polycrystalline Au
of dimensions 5 x 10 cm? were simultaneously mounted on a grounded
molybdenum holder, which was thermally linked to a resistive heater
wrapped in phosphor-boron-nitride. For degassing, the substrates were
annealed in an ultrahigh vacuum chamber (base pressure: 4 x 10710
Torr) at 670 K for 48 h. Prior to sample heating, surface contami-
nants were cleaned using ion sputtering for 10 min (Ar+, 3 KeV), and
the cleanliness of the substrate surfaces was confirmed by using X-ray
photoemission spectroscopy (XPS).
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Pentacene (Aldrich, purified by gradient sublimation) was ther-
mally evaporated onto the SiO, and Au surfaces at room temperature
(RT) and deposition rate of 0.05 As~!. The deposition rate and thick-
ness of the pentacene layer were monitored using a crystal-oscillator
thickness monitor (Inficon XTC). The temperature of the sample was
regulated within +0.1 K. The partial electron yield (PEY)-mode NEX-
AFS was measured by counting the carbon KLL Auger electrons.

3. Results and discussion

The temperature-dependent desorption patterns of 100 nm pen-
tacene films grown on SiO, and Au were observed using optical mi-
croscopy. As the temperature increased, the inhomogeneous and ho-
mogenous desorption of pentacene film was observed on SiO, and Au
surfaces, respectively (Fig. 1). In the former case, the desorption was
initiated by the defect sites denoted by the red arrows in Fig. 1b, which
continued to evolve gradually around the defect centers [Figs. 1(c) and
1(d)]. Therefore, the intermolecular interaction energy (E,,) or co-
hesive energy of neighboring molecules in the film is greater than the
molecule-substrate interaction energy (E,,). Because the molecules
at the defect site are outside their normal positions, their binding en-
ergies with neighboring molecules is considerably weakened. In the
absence of pentacene, the molecules were desorbed on the substrate;
hence, the interaction energy E2 between the molecules at the de-
fect site can be described as E,,, < ER < E..,, [14,15]. If the thermal
energy falls within the range of EZ — E, ., desorption initiates from
the defect center owing to the unrestricted mobility of molecules at the
defective site, which are detached from the substrate and neighboring
molecules. Consequently, the desorption process exhibits inhomo-
geneity, similar to the observed behavior of pentacene on SiO5.

Compared with the SiO, surface, the Au surface contains a larger
number of crystal defects; hence, the pentacene molecules exhibit ho-
mogeneous desorption from the Au surface [13]. This can be attributed
to the interaction energies of pentacene molecules formed on Au, which
are in the order ER < E, . < E,,. Herein, desorption occurred
when the thermal energy of molecule was greater than its binding en-
ergy with the substrate, thus implying that thermal desorption can-
not discern the intermolecular interaction energy at the defective sites
[Figs. 1(e) and 1(f)].

570 K, 0 sec.

Figure 1. Optical images of inhomogeneous desorption of pentacene molecules
on Si0, surface. Pentacene thin film (100 A) on SiO, surface at: (a) room tem-
perature (RT), (b)-(d) after annealing at 570 K for (b) 0's, (c) 10 s (c), and (d) 20
s. Homogeneous desorption of pentacene molecules on Au surface. Pentacene
thin film (100 A) on Au at: (e) room temperature, and (f) 640 K after complete
desorption of molecules for 60 s.
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Figure 2. (a) NEXAFS spectra of a pentacene molecules (7 A) grown on an SiO, sur-
face at photon incident angles of 20° (red line) and 90¢ (blue line). The inset of (a)
shows experimental geometry of polarization-dependent NEXAFS spectroscopy
with photon incident angle 6; when the molecule has tilt angles « and B with
the surface. Enlarged NEXAFS spectrum in the 280-300 eV region of pentacene
on Si0, surface at: (b) RT and (c) 410 K. (d)—(f) NEXAFS spectra of pentacene (7
A) on the Au surface at: (d) RT, () 370 K, and (f) 420 K; here, the photon incident
angles are 20° (red line) and 90° (blue line).

To analyze the molecular orientation of sub-monolayer, a 7 A-thick
layer (approximately 0.5 molecular layers) of pentacene molecules was
simultaneously deposited on cleaned SiO, and Au. Furthermore, NEX-
AFS measurements were performed in vacuum [14,15].

The NEXAFS spectra of an as-prepared sample were recorded at
incident angles 6; of 20° (red) and 90° (blue) [Figs. 2(a) and 2(d)] [18,
19]. The overall line shape of the NEXAFS spectra of pentacene on
the substrates is similar to that of gas-phase pentacene, thus indicating
that pentacene molecules do not chemically bond with SiO, on the Au
surface [20]. In the Fig. 2(a), the peaks s} and 775 at 284.7 and 287 eV,
respectively, are attributed to the resonant electrons generated during
the relaxation process of excited electron from C s to s7* antibonding
orbital. Furthermore, the broad features above 290 eV originate from
o* resonances [16].

Because the s7* orbital is strongly localized perpendicular to the
plane of the carbon ring of pentacene molecule, the 77* resonance peak
strongly depends on the polarization of electric field. Therefore, the
angle-dependent NEXAFS spectra can be used to probe the orienta-
tion of pentacene molecules [Fig. 2(a)].

The peak intensity /.. depends on the molecular tilt angle («) and
photon incident angle 8 as I, = P/3[1+ (3 cos®> 8 —1)(3 cos? (s /2~
@))—1/2], where P is the polarization ratio of the incident photon and
B is the azimuthal rotation about the longitudinal axis of molecule
[Fig. 2(a)] [21]. The p-value of the used beamline was 0.8 [Fig. 2(a)].

To evaluate the average (a) values at each temperature, the NEX-
AFS spectra at 0; = 20, 45, 70, and 90° of photon incidence were ac-
quired. At RT, pentacene on SiO, surface exhibited strong angular
dichroism of the 77* peak at 287 eV [Fig. 2(b)]. Based on the relation-
ship 1, (0, a), {a) of pentacene molecule on SiO, surface at RT was
estimated to be 72°, which is close to the tilt angle of crystal phase on
SiO, in the stand-up orientation [16]. As the temperature increased
to above 410 K, the strong dichroic response nearly disappeared [Fig.
2(c)], thus implying that the initial molecular ordering vanishes. This
agrees with previous reports on the broadening of X-ray diffraction
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patterns of pentacene films grown at elevated temperatures [17,22].

Figures 2(d)-(f) show three different dichroic responses observed
on the Au surface. Compared with the pentacene molecule on Si sur-
face, the 7] transition peak located at 284.7 eV disappeared for the
Au surface [Fig. 2(d)]. This occurs because of the spatial distribution
of the s} orbital of pentacene, which predominantly surrounds the
outer carbon atoms of the molecule, thus leading to its direct inter-
action with the valence electrons of the surface Au atoms. As the 7}
orbital interacts with Au, the electron orbital of pentacene molecule
localizes, thereby exhibiting an electronic structure similar to that of
poly(p-phenylene) [23-25].

At RT, the intensity of 75 peak observed at ; = 20° was greater
than that at 6; = 90° [Fig. 2(d)], thus corresponding to average () 19
+ 2° for the angle induced by g and indicating the formation of an
adlayer. Pentacene molecules in the first monolayer lie flat (¢ = g =
0°) on the Au surface, whereas those in the adlayer are slightly rotated
(¢ = 0°and B = 20°) [13]. As the temperature of the substrate in-
creased, the tilt angle of the adlayer approached 45° [Fig. 2(e)], which
is confirmed by the previous NEXAFS results [13]. When the temper-
ature is increased to 420 K, the 7% peak at 6; = 20° is greater than the
intensity measured at 6; = 90°, indicating the decrement in molecular
tilt angel (estimated (@) = 89 + 3°) [Fig. 2(f)].

To describe the thermodynamic behavior of () pentacene molecules
on SiO, and Au surfaces, a model with the following two stable states
of @ was considered: standing-up (a = 74°) with E = E; and lying-
down (¢ = 0°) with £ = Ey, (Fig. 3) [12]. The energies of sur-
face molecules in these two geometries can be described as E; =
EO - Emm - El +kaT/2 and Ely = EO - Ems - E2 +kaT/2, re-
spectively, where E,, is the energy of molecule in the gas phase. For
molecules in the standing-up geometry, E,, and E are the interac-
tion energies with the neighboring molecules and surface atoms, re-
spectively; E s and E, are the interaction energies with the substrate
and two molecules in the lying-down orientation, respectively; f is the
degree of freedom of surface pentacene molecule; kp is the Boltzmann
constant; and T is the absolute temperature. Because E; and E, are
infinitesimally less than E,,, and E, ¢ [12,14,15], they are neglected.
In this model, the partition function can be written as follows.

,(E70+f,') Ems Emm
7 =¢ ‘T2 I:ekBT+ekBT:|.

1)
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Figure 3. Thermodynamic behavior of average tilt angles (a) for various values
of Epyg = Eqym- Emns — Emm < 0: pentacene molecules on SiO, surface; E,g — Epm >
0: pentacene molecules on Au surface. Illustration of possible intermolecular
interactions E,,, and molecule-substrate interaction E,,,.
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Figure 4. Tilt angles acquired from the polarization-dependent partial electron
yield (PEY)-NEXAFS spectra of a 7 A-thick pentacene layer on (a) Si0, (circles)
and (b) Au (squares) surfaces as a function of temperature; blue line: best fit
of calculated curves (a) of pentacene molecules on SiO, and Au surfaces with
parameters of ay = 74° and a,, = 0°, respectively. (c) AE values used to obtain
the best fitted curves represented by blue lines in (a) and (b).

Thereafter, the averaged tilt angle of (a) can be obtained as

AE
1 7kEiT alye"’TT + ag
(@)= 7 ) ae T = ()
i efBT +1

where AE = E; — Eym. The curves were calculated for several se-
lected values of AE (Fig. 3). Herein, two molecular geometries oy =
74° and @}, = 0° were used for the two orientations of pentacene
molecules. At sufficiently low system temperature, i.e., kg7 < |AE], if
AE < 0 similar to pentacene on SiO, surface, () exhibits a standing-
up geometry. Contrastingly, if AE < 0 as on the Au surface, (o) ex-
hibits a lying-down geometry in the low energy regime (Fig. 3). When
the temperature of the system increases such that kzT > |AE|, (a) for
the two substrates approaches 37°, thus corresponding to (ay +a1y) /2.
Therefore, for sufficiently low or high temperature limits, the model
describes the thermal behavior of (@) on the insulating and metal sur-
faces, as observed using NEXAFS spectroscopy (Fig. 2) [13,17].

Detailed thermal behavior of (a) were acquired using the angular
dichroism of the NEXAFS spectra of pentacene molecules at 7 A on
the SiO, and Au surfaces [Figs. 4(a) and 4(b)].

The experimental results differed significantly from the smooth
transitions predicted by calculations (Fig. 3), thus indicating the ab-
sence of an unknown geometric state of & because the addition of new
states in the calculation does not cause the abrupt transition observed
in the experimental results. However, the abrupt variation in AE at a
specific temperature explains the experimental results well.

The best fit of the temperature behavior of («) for the two substrates
is indicated by the solid blue lines [Figs. 4(a) and 4(b)]. Notably, the
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AE values used for this process decreased sharply to zero at approxi-
mately 350 K. Because the AE value represents the energy difference
between the two possible geometries of pentacene molecules on each
substrate, the removed energy difference, i.e., AE = 0 eV, indicates
that molecular melting occurs near 350 K. Furthermore, AE of pen-
tacene molecules on the SiO, surface was =~ 1.2 eV, which commen-
surates with the previously reported value of 1.0 eV [12,14,15].

On the Au surface, excluding the contribution of 8 near RT, (a)
was estimated to be approximately 0° [Fig. 4(b)] [13]. As the temper-
ature increased, (a) increased until 380 K and sharply decreased to
approximately zero [Fig. 4(b)] owing to the desorption of pentacene
adlayer molecules, which is consistent with the findings of a previous
report [26]. Above 380 K, the carbon 1s intensity decreased, thus fa-
cilitating the desorption of molecule.

After the desorption of adlayer molecules, the NEXAFS spectrum
revealed the information regarding the direct binding of pentacene
molecules to the Au surface. The desorption of a molecule from the
adlayer exposes a flat-lying molecule in the Au monolayer with g =
0. The binding energy of a pentacene molecule bonded directly to the
Au surface is 1.82 eV, and such molecules exhibit no desorption in the
temperature range of this experiment [26]. Similar to the SiO, surface,
the fitted curve was derived by adjusting the value of AE [Figs. 4(b)
and 4(c)], thereby revealing information about the pentacene molecules
in the adlayer formed on Au substrate, which melted near 350 K.

4. Conclusions

This study investigated the thermal behaviors of pentacene molecules
on SiO, and Au surfaces using soft X-ray absorption spectroscopy.
The initial configuration of these molecules can be explained using two
main interactions: intermolecular and molecular-surface. Because the
SiO, and Au surfaces have significant variations in valence electron
densities, they exhibit opposite initial molecular arrangements. Fur-
thermore, a model with two energy states was proposed to adequately
describe the thermodynamic behavior of pentacene molecules on the
two surfaces by considering an additional phase transition. These re-
sults describe the morphologies of pentacene observed at various tem-
peratures. The energy difference AE between the two geometries of
pentacene molecules was removed at 350 K, thus implying the occur-
rence of a phase transition from solid to quasi-liquid. These findings
provide deeper insights into the initial molecular arrangement on sur-
faces and provide a strategy for growing high-quality molecular crys-
tals based on the surface charge states.
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