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Strain-driven formation of rubrene crystalline films on Bi(001)
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We report the formation of rubrene crystalline films on Bi(001) substrate starting from the very first layer. With
coverage increasing, rubrene shows a structural evolution from self-assembled monolayer to a composite phase,
which consists of rubrene crystalline domains and self-assembled domain walls. In particular, Kurdjunov-Sachs
(KS) rotational epitaxy has been found in rubrene crystalline domains, which reveal large compressive strains.
Further deposition of rubrene leads to a layer-by-layer growth of crystalline films up to the fourth layer. The
driving force for rubrene crystallinity in the monolayer regime has been attributed to the anisotropic strains
generated in KS rotation epitaxy.
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I. INTRODUCTION

The organic semiconductor has significant applications in
microelectronic devices such as organic light emitting diodes
(OLEDs) and organic field effect transistors (OFETs).1–5 Since
charge transports depend strongly on the lateral ordering
and crystallinity degree at the molecule-substrate interface,
it is necessary to fabricate organic crystalline films starting
from the first monolayer. However, as most organic molecules
exhibit shape anisotropy and additional degrees of freedom, the
molecular orientation and conformation may change during
growth, introducing additional sources of disorder.

Rubrene (C42H28), comprised of a tetracene backbone and
four phenyl side groups, has been recently identified as a
promising material due to the efficient luminescence and
high charge-carrier mobility. OFETs made of rubrene single
crystals reveal a very high carrier mobility (∼15 cm2/Vs).6,7

Nevertheless, it is difficult to produce rubrene-based OFETs
with satisfactory electronic properties, due to the inablility
to grow rubrene epitaxial films by organic molecular-beam
deposition (OMBD). Käfer et al. studied the fundamen-
tal mechanism that limits the epitaxy growth of rubrene.8

They demonstrated that the tetracene backbones of rubrene
molecules remains twisted upon deposition of the first few
monolayers, whereas it becomes planar at higher coverage.
As a consequence, the first monolayers of rubrene are
disordered, hindering further formation of crystalline films.
Density function theory (DFT) calculations reveal that the free
rubrene molecule has a twisted (∼42◦) tetracene backbone,
leading to an axial chirality as shown in Fig. 1(a), while the
rubrene crystals adopt a planar tetracene backbone without any
chirality.9

Recently there has been tremendous effort in growing
rubrene crystalline thin films on various substrates. Nev-
ertheless, a lot of self-assembled monolayer (SAM) or
supramolecular structures have been obtained on noble-metal
substrates like Au,10–14 Cu,9,15,16 and Ag.17 For thick rubrene
films, amorphous or polycrystalline rubrene films formed upon
deposition onto muscovite,18 SiO2 without19 or with buffer
layers.20,21 Multilayer rubrene islands with a rectangular lattice
distinct from the a-b plane of rubrene crystal have been

found on Au(111).22 In particular, thick rubrene films with
crystalline orientation have been obtained by special solution
processing23 or by hot wall deposition on Au(111).24 Atomic
force microscopy (AFM) measurements indicated a step height
close to the d spacing of the a-b plane in rubrene crystals.
However, it is not clear about the in-plane structure as well as
the crystallinity degree near molecule-substrate interface. Thus
growth of rubrene crystalline films on appropriate substrates
starting from the first monolayer remains still a big challenge.

It was reported recently that pentacene, another bench-
mark molecule, grown on the semimetallic Bi(001) substrate
forms the epitaxial crystalline films with pentacene molecule
standing up, even in the first monolayer.25,26 The upright
orientation of the pentacene molecule is attributed to the small
density of states near the Fermi level, which leads to the
reduction of molecule-substrate interaction.27 In this paper,
we demonstrate the formation of rubrene crystalline films
on Bi(001) starting from the molecule-substrate interface. A
composite phase consisting of rubrene crystalline domains
and self-assembled domain walls has been observed in the
first monolayer. Afterwards, the layer-by-layer growth of
rubrene crystalline films has been found to persist up to the
fourth monolayer. The crystallinity of rubrene molecules in
the monolayer regime has been attributed to the large strains
resulting from Kurdjunov-Sachs (KS) rotation epitaxy.28,29

II. EXPERIMENT

The experiments were performed in an ultrahigh vac-
uum low-temperature scanning tunnel microscope (STM)
(Unisoku) with the base pressure ∼1.2 × 10−10 mbar. Bi(001)
thin film was prepared by depositing 20-monolayer (ML) Bi
on Si(111)-7 × 7 at room temperature (RT) with subsequent
annealing at ∼120 ◦C. Rubrene molecules (Aldrich, purity
99%) were grown at RT from a quartz Knudsen cell heated
to ∼200 ◦C. The typical growth rate was about 0.03 ML per
minute. Throughout this paper we define rubrene coverage
in terms of crystalline monolayer (ML) corresponding to
the a-b plane in rubrene crystals. In order to establish the
adsorption model of the rubrene molecule, spin-polarized DFT
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FIG. 1. (Color online) (a) Schematic structure of the free rubrene
molecule. (b) Side view of the optimized adsorption model of rubrene
on Bi(001). The atoms within the top two layers of Bi substrate
are labeled by different colors. (c) Top view of the calculated total
electron density for the optimized rubrene molecule. (d) STM image
of singular rubrene molecule adsorbed on Bi(001), 3 nm × 3 nm,
2.0 V.

geometric optimization with the generalized gradient approx-
imation (GGA) has been performed. The gradient corrected
Perdew-Wang 91 exchange-correlation functional and double-
numerical polarized basis were employed.30 Figure 1(b) shows
the side view of the optimized geometry of a rubrene molecule
adsorbed on the Bi(001) surface, where the long axis of the
tetracene backbone exhibits a 29.8◦ angle with respect to the
substrate plane, and the closest molecule-substrate distance
is 2.5 Å. Figure 1(c) is the top view of the calculated total
electronic density of the rubrene molecule. It is consistent with
the experimental STM image displayed in Fig. 1(d), where the
rubrene molecule reveals five protrusions.

III. EXPERIMENTAL RESULTS

When deposited on Bi(001), rubrene molecules are initially
self-assembled into monolayer islands, which prefer to stick to
the step edges of the Bi substrate; Fig. 2(a). On the complete
layer of rubrene SAM, a moiré pattern characterized by a
4 × 3 supercell has been observed; Fig. 2(b). The lattice
constants of rubrene SAM are c1 = 14.6 ± 0.2 Å, c2 = 16.6 ±
0.2 Å, θ = 68.0 ± 0.5◦, and c1 is parallel to a principal axis of
Bi(001). The packing density is calculated to be ∼0.89 nm−2.
Based on the moiré pattern and the lattice constant of the
Bi(001) surface (a1 = a2 = 4.54 Å),31 the SAM lattice vectors
can be expressed as

(
c1

c2

)
=

(
13/4 0

−2/3 4

) (
a1

a2

)
. (1)

FIG. 2. (Color online) STM images for the self-assembled mono-
layer (SAM) of rubrene formed on Bi(001). (a) A self-assembled
rubrene island sticking to the step edges of substrate, 135 nm ×
135 nm, 2.0 V. Inset is atomic-resolution STM image of Bi(001)
surface. (b) The SAM of rubrene formed at ∼0.4 ML, with a moiré
pattern characterized by 4 × 3 supercell, 20 nm × 20 nm, 2.5 V.
(c) High-resolution STM image acquired on the rubrene SAM,
10 nm × 10 nm, 3.5 V. (d) Schematic diagram for the point-on-line
coincidence orientation of rubrene SAM on Bi(001).

The presence of two integers in the single column of
the transformation matrix reveals a point-on-line coincident
relation between rubrene SAM and Bi(001).32 From the high-
resolution STM image in Fig. 2(c), we noticed that each unit
cell includes two inequivalent molecules: one manifests three
protrusions similar to the molecular image in supramolecular
structures,10 the other exhibits five protrusion lobes, similar to
the molecular image in Fig. 1(d). Thus we speculate that each
molecule in rubrene SAM adopts an essentially lying-down
orientation on Bi(001). Figure 2(d) is the schematic diagram
for the structural model of rubrene SAM, where all the
molecular lattice points reside on the substrate lattice lines
along the a2 axis (point on line).

Upon further increasing the rubrene coverage, it is found
that rubrene SAM transforms into a composite phase, which
corresponds to a collection of rubrene crystalline domains
separated by domain walls. Figure 3(a) shows the derivative of
the topographic STM image for the rubrene composite phase,
in order to enhance the appearance of surface features. It is
noticed that the domain walls exhibit zigzag patterns with
parallel alignments. From the close-up view in Fig. 3(b), we
noticed that the domain walls are aligned along either the
[1̄1̄2] or [12̄1] direction of Bi(001). From the high-resolution
STM image in Fig. 3(c), it is observed that the domain
walls have a hexagonal lattice (c = 15.5 ± 0.1 Å), which is
2
√

3 × 2
√

3 reconstructed with Bi(001). Within the crystalline
domains, a rectangular lattice with herringbone molecule
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FIG. 3. (Color online) Rubrene composite phase formed on Bi(001) at ∼0.7 ML. (a) Derivative of the topographic STM image for the
rubrene composite phase, 100 nm × 100 nm, 4.5 V. (b) STM image of rubrene composite phase shows clearly the alignments of domain walls,
25 nm × 25 nm, 2.5 V. (c) High-resolution STM image of the rubrene composite phase, 9 nm × 9 nm, 2.5 V. (d) Schematic illustration for the
structural model of rubrene composite structure. (e) and (f) show the Nishiyama-Wassermann (NW) and Kurdjumov-Sachs (KS) orientation
relationships between the quasi-bcc(110) lattice of crystalline rubrene and fcc(111) substrate, respectively.

packing has been identified. The lattice constants are a =
12.6 ± 0.1 Å, b = 7.3 ± 0.1 Å, very close to those of
the a-b plane in rubrene crystals [a0 = 14.4 Å, b0 = 7.2 Å
(Ref. 33)]. Thus this rubrene crystalline phase corresponds to
a strained a-b plane of rubrene crystal. The molecular packing
density is 2.2 nm−2, which is 2.5 times that of rubrene SAM.
By calculating the transformation matrix, we realized that
this crystalline phase is incommensurate with Bi(001). We
noticed that this crystalline phase exhibits a similar in-plane
structure as the thick crystalline films of rubrene obtained by
solution processing23 or hot wall deposition.24 However, their
crystallization methods are different. Our crystalline rubrene
phase was formed in the monolayer regime, while it is not clear
about the crystallinity degree near the molecule-substrate in-
terface for the thick crystalline films mentioned above. Here we
define the anisotropic strain as the fractional deviation of each
lattice constant from the bulk value, thus δa = (a−a0)/a0 =
−12.5%, δb = (b−b0)/b0 = 1.4%. It means that a large
compressive strain builds up in the rubrene crystalline phase.
Furthermore, this strain is highly anisotropic (δa >δb). In
addition, we noticed that one c-axis of the domain walls is
parallel to the a-axis of crystalline phase, while the a-axis
and b-axis of crystalline phase are parallel to the [1̄01]
and [12̄1] directions of Bi(001), respectively. The structural
model for the rubrene composite phase is shown in Fig. 3(d).
Interestingly, it is observed that the a and b axes constitute a
right-angle triangle with an angle of 30.1◦, which matches
precisely the hexagonal lattice of Bi(001). Thus we can
say the lattice alignment of the rubrene crystalline phase is

“locked in” by the hexagonal lattice of Bi(001) in spite of the
incommensurism.

In fact, a similar orientational relationship was found in the
bcc(110)/fcc(111) system.28,29,34 In Nishiyama-Wassermann
(NW) orientation, the b axis of bcc(110) is parallel to a
principal axis of the fcc(111) lattice; Fig. 3(e). If the rubrene
crystalline phase adopts this orientation, the lattice misfit
would be mNW = 19.8%, which is too large to be favored. In
the KS orientation, the fcc(111) lattice rotates an angle of 30◦
such that the a axis of bcc(110) is parallel to a principal axis of
fcc (111); Fig. 3(f). If the rubrene crystalline phase adopts KS
orientation, the lattice misfit will reduce significantly to mKS =
7.4%. Coincidently, we realized that the structural model of the
rubrene crystalline phase shown in Fig. 3(d) is consistent with
KS orientation. According to the analysis by Zangwill,29 in
KS rotational epitaxy, the incommensurate film achieves row
matching only in an average sense. Coherence is lost through a
complicated interplay of domain walls along one direction, and
nonuniform strains in the other. This prediction is in agreement
with our observation in the rubrene composite phase.

On the other hand, it seems that the formation of the
crystalline rubrene layer in the first layer is surprising, since
DFT calculation revealed that the energy difference between
the twisted rubrene molecules in gas (or in thin films) and
the planar molecules in crystals is 205 meV.9 This means
that, in order to realize the crystallinity of rubrene molecules
in the monolayer regime, it requires an additional energy of
∼205 meV to stabilize the planarization of the twisted
backbone of the rubrene molecule. One may ask where
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FIG. 4. (Color online) Subsequent layer-by-layer growth of rubrene crystalline layers on top of the composite phase. (a) Line scan
corresponding to the blue line shown in (b). (b) STM image of a second layer rubrene island, 500 nm × 500 nm, 4.5 V. (c) STM image of the
continuous second layer of rubrene formed at ∼1.5 MLs, 500 nm × 500 nm, 4.5 V. (d) and (e) are the high-resolution STM images acquired
on the rubrene second layer with the bias of −4.0 V, and −2.0 V, respectively. The blue arrow is used to mark the direction of a principal axis
of Bi(001), 6 nm × 6 nm. (f) Tapping-mode AFM image of the rubrene films with ∼4-ML thickness, 14 μm × 14 μm.

does this energy come from? The building up of the large
compressive strain in the rubrene crystalline phase reminds us
that this additional energy comes from the elastic strain energy
generated in KS rotational epitaxy.

Upon further deposition of rubrene, layer-by-layer growth
of rubrene crystalline layers has been observed. Figure 4(b)
shows a second layer island of crystalline rubrene crossing
several terraces. From the line scan shown in Fig. 4(a), we
can distinguish the ∼1.3-nm step height associated with the d
spacing of the a-b plane in rubrene crystals (1.35 nm), as
well as the ∼0.4-nm step height of Bi(001) (the same as
the step height of the rubrene composite phase due to the
uniform covering). Figure 4(c) shows the morphology of the
continuous second layer formed at ∼1.6 MLs. It is found that
the morphology of the second rubrene layer is very smooth. In
order to verify the two-dimensional growth mode, we scanned
many places of the second rubrene layer. All of them exhibit the
same lattice structure with the same orientation. Furthermore,
we have also performed atomic force microscopy (AFM)
scanning (∼15 μm) on the different regions of the sample
surface. All the AFM images reveal smooth morphology of
the second rubrene layer; no three-dimensional rubrene island
and domain boundary have been found. Figures 4(d) and
4(e) show the bias-dependent STM images with submolecular
resolution acquired on the second rubrene layer, where the
top two phenyl side groups of the rubrene molecule can
be resolved. Compared with the crystalline rubrene in the
first layer, the lattice constant for the second rubrene layer
reveal some modification: a′ = 13.8 ± 0.1 Å, b′ = 7.1 ±
0.1 Å. The anisotropic strains are reduced to δ′

a = − 4.2%,

δ′
b = −1.4%. Most importantly, we noticed a “lattice rotation”

for the second rubrene layer: the a′ axis of the second
rubrene layer deviates the principal axis of Bi(001) for a
small angle (∼5◦). Thus we conclude that the lattice rotation
of the second rubrene layer leads to a significant relief of
strain. When the rubrene coverage is increased to 4 MLs,
we found a transition from two- to three-dimensional growth,
corresponding to the Stranski-Krastanov mode. However, due
to the poor conductivity of multilayer rubrene, STM scanning
becomes difficult even at very small tunneling current. In
order to avoid the imaging artifacts, we perform tapping mode
AFM measurements for 4 MLs of rubrene films; Fig. 4(f).
It is found that the morphology of the multilayer rubrene is
essentially smooth, except for some facet islands revealed by
the bright protrusions. For higher coverage of rubrene films,
AFM observation indicates that the film morphology becomes
very rough.

IV. CONCLUSION

To summarize, crystalline rubrene films formed on the
semimetallic Bi(001) substrate, even from the first monolayer.
A composite phase consisting of rubrene crystalline domains
and self-assembled domain walls appeared in the first rubrene
layer. Most importantly, KS rotational epitaxy has been found
in the rubrene crystalline domains. Further deposition of
rubrene leads to a layer-by-layer growth of rubrene crystalline
films up to the fourth layer. The driving force for rubrene
crystallinity in the monolayer regime can be attributed to the
large compressive strains resulting from KS rotational epitaxy.
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8D. Käfer, L. Ruppel, G. Witte, and C. Wöll, Phys. Rev. Lett. 95,
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