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We have synthesized, crystallized, and studied the structural and electric transport properties of organic
molecular crystals based on a rubrene derivative with t-butyl sidegroups at the 5,11 positions. Two crystalline
modifications are observed: one �A� distinct from that of rubrene with larger spacings between the naphtacene
backbones, the other �B� with an in-plane structure presumably very similar compared to rubrene. The electric
transport properties reflect the different structures: in the latter phase �B�, the in-plane hole mobility of
12 cm2/V s measured on single-crystal field-effect transistors is just as high as in rubrene crystals, while in the
A phase, no field effect could be measured. The high crystal quality, studied in detail for B, reflects itself in the
density of gap states: The deep-level trap density of as low as 1015 cm−3 eV−1 has been measured, and an
exponential band tail with a characteristic energy of 22 meV is observed. The bulk mobility perpendicular to
the molecular planes is estimated to be of the order of 10−3–10−1 cm2/V s.
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I. INTRODUCTION

Unsubstituted, linear acenes have been at the center of
organic molecular crystal research for the past decades due
to their model character for the study of electric and optical
properties,1 and due to the promise of pentacene thin films as
a high-performance organic thin film transistor material.2 Re-
cently, rubrene has joined this selection as several groups
have reported a charge mobility in field-effect devices near
or above 10 cm2/V s.3–7 Unlike pentacene, which is one of
the small molecules of choice for thin film applications, ru-
brene does not readily form crystalline ordered films, neither
by evaporation nor by solution-based deposition. Recently,
however, ordered rubrene films were produced using alterna-
tive methods: evaporation onto a pentacene film as substrate8

and by incorporation of rubrene into a polymer matrix.9

From a technological standpoint, it is desirable to synthesize
derivatives of rubrene that would easily form high-quality
thin films, with the promising electrical properties of un-
modified rubrene.

It is commonly assumed, and supported by calculations,
that an increased intermolecular �-orbital overlap increases
the bandwidth, and thus, the mobility.10 Therefore structures
with � stacking rather than the prevalent herringbone pack-
ing are expected to show higher mobilities.11 Accordingly,
several new materials have been chosen or designed. Suc-
cessful examples are the functionalized pentacene
derivatives,12 which show, as solution-deposited films, field-
effect mobilities as high as 1 cm2/V s.13 Also, rubrene ex-
hibits a slip-stack packing with efficient � overlap. Recently,
a direct correlation between structure and mobility has been
reported for various tetrathiafulvalene derivatives, crystalliz-
ing in three types of structures.14 In contrast, almost no effect
of �small� changes in the packing on the mobility has been
observed for various tetracene derivatives.15 By adding side-
groups to rubrene, leaving the � system of the naphthacene
backbone nearly unchanged but altering the molecular pack-
ing, our studies aim at a structure-mobility relationship for
rubrene and derivatives.

In the present work, we have synthesized a modification
of rubrene, grown single crystals, studied the crystal struc-
ture, and measured the electric properties. Of the two poly-
morphs grown, one �A� has a structure drastically different
from the packing of unsubstituted rubrene, with a strongly
twisted naphthacene backbone and enhanced spacing be-
tween them. No field effect is observed with crystals of poly-
morph A. On the other hand, polymorph B shows a field-
effect mobility as high as that of rubrene, indicating a similar
in-plane packing. Because the crystals of polymorph B grow
as very thin platelets only, the full structure is not deter-
mined, but the 00l reflections indicate a molecule packing
analogous to another high-mobility rubrene derivative. The
density of electronic states �DOS� in the band gap has been
measured using the method of temperature-dependent space-
charge limited current �TD-SCLC� spectroscopy. The crys-
tals �B� are of very high electric quality with trap densities as
low as �2�1015 cm−3 eV−1 at �0.2 eV from the mobility
edge, and a steep exponential rise associated with band tail
states on approaching the band edge.

II. EXPERIMENTAL SECTION

Single crystals of 5,11-bis-�4-tert-butyl-phenyl�-6,12-
diphenyl-naphthacene �bis-�5,11-para-t-butyl�rubrene, 5,11-
BTBR, C50H44, see Fig. 1�a�; synthesis according to Ref. 16�
have been grown by physical vapor transport17,18 at 260 °C,
using high purity argon as the transport gas. The crystals are
transparent orange colored platelets, typically 0.1–2 �m
thick. Only at slightly higher temperature �and with longer
growth time�, a few bulky crystals could be grown for full
structural characterization. As discussed below, these crystals
are of one of the two polymorphs, and their structure is ana-
lyzed in detail by x-ray diffraction.

Field-effect transistor �FET� measurements and TD-SCLC
spectroscopy were used to gain insight to the electronic prop-
erties of this material. SCLC was measured perpendicular to
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the surface of the 5,11-BTBR platelets in a sandwich-type
sample layout �typical cross section �1.5�10−5 cm2�, with
bottom electrodes �Au/Cr� evaporated on a glass substrate
and a Au top electrode evaporated directly onto the crystal.
FETs were fabricated in a flip crystal technique,20 where
source and drain electrodes �Au� were deposited on the sur-
face of an oxidized Si wafer, and the crystal is carefully
placed on these contacts and sticks to the substrate due to
electrostatic adhesion. Beforehand, a monolayer of octade-
cyltrichlorosilane �OTS� was applied to the substrate to im-
prove the device performance.21 Typical device dimensions
were L=100 �m and W=200–800 �m. More details about
the measurement techniques are described elsewhere for
FETs5 and SCLC.22 To exclude environmental influence, all
electrical measurements were performed in a helium atmo-
sphere.

III. RESULTS AND DISCUSSION

A. Structure

Interestingly, two polymorphs, A and B, have been iden-
tified, which differ in their d spacing perpendicular to the
crystal platelets: 23.4 and 35.1 Å. In the following, the struc-
ture information of the two polymorphs are compared.

Details of the structure of polymorph A are published
elsewhere.24 Remarkably, the naphthacene backbone of the
molecules is significantly twisted in polymorph A, with a
twist angle of 43° between the two opposite C-C bonds at
both ends of the backbone �cf. Fig. 1�b��. Figure 2 shows the
molecular packing of 5,11-BTBR �A�. The molecules form a
layered structure, similar to linear acenes such as pentacene25

with the naphthacene backbone standing upright. It has a
higher symmetry �P21/a� compared to, e.g., tetracene and

pentacene �P1̄�, and four molecules are in the unit cell �Z

=4�. The naphthacene backbones are further apart, with in-
plane lattice constants of a=17.76 Å and b=9.024 Å, com-
pared with the in-plane axes of roughly 8�6 Å2 for the un-
substituted acenes. With these large in-plane spacings, the
in-plane arrangement differs from the classical herringbone
structure, resembling slip-stack structure type, albeit without
short-distance interactions, enabling � stacking �see Fig.
2�a��.

In contrast, the �unmodified� rubrene molecules have a
nearly perfectly planar naphthacene backbone, and the ar-
rangement of the molecules differs from the classical her-
ringbone structure: The long axis of the naphthacene back-
bone lies in the molecular planes, enabling � stacking in
direction of the a axis,26 as depicted in Fig. 2. �For crystal-
lographic data of rubrene, see Ref. 23.�

The material seems to exclusively grow as ultrathin plate-
lets, therefore the full structure of polymorph B could not be
solved so far. From measurements of the d spacing perpen-
dicular to the extended crystal surface, we can assume a
structure closely related to the one found for a constitutional
isomer, 5,12-BTBR.27–29 In the case of 5,12-BTBR, the in-
plane arrangement of the molecules is very similar to that of
rubrene, with even shorter distances between the naph-
thacene backbones �3.55 Å compared to 3.74 Å�. However,
the addition of the t-butyl groups increases the interlayer
spacing by 31%. Interestingly, it leaves the backbone almost
perfectly planar �see Fig. 2�.

In FET measurements, the current flows within the a ,b
plane, while in SCLC it flows perpendicular to the molecular
layers of 5,11-BTBR and rubrene, as indicated in Fig. 2.

B. Field-effect transistor measurements

A typical output characteristic for a 5,11-BTBR �B� FET
is shown in Fig. 3 upper panel�. The observed hysteresis is
very small, indicating that trapping and/or releasing effects
between two successive measurement sweeps over 20–30 s
are negligible. The turn-on voltage Von and threshold Vt are
below 8 and 5 V, respectively, in typical samples. The mo-
bilities were calculated using the standard metal-oxide-
semiconductor field-effect transistor equation for the drain
current in the saturation regime at an effective gate voltage
of −10 V. In all devices with OTS-treated oxide, the mobil-
ity exceeds 1 cm2/V s, and a maximum mobility of
12 cm2/V s was observed in the best sample. Temperature-
dependent measurements have been performed on a repre-
sentative device. The resulting values for the mobility are
shown in Fig. 3 lower panel�. We note a small decrease of �
�from 5.7 to �1.8 cm2/V s� when cooling from room tem-
perature to 160 K. Von and Vt also decrease from 8 to 5 V
and from 4 to 1.2 V, respectively. After warming up to room
temperature, the measured characteristics as well as the mo-
bility are within 10% of the original measurements. No
change of the performance is observed after storing the de-
vice in inert atmosphere for one month.

In rubrene, the distance between the positions of the C
atoms of two backbones is as short as 3.75 Å �edge molecule
to middle one� and 3.85 Å �edge to edge molecule, zigzag
along a�. Taking the known structure of 5,12-BTBR as a

FIG. 1. Rubrene with sidegroups: 5,11-bis-�4-tert-butyl-phenyl�-
6,12-diphenyl-naphthacene, C50H44. The view along the long axis
of the naphthacene backbone reveals the large twist of 43° in its
polymorphic form A �nonconducting�. Structure drawings made
with Ortep-3 for Windows �Ref. 19�.
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model for the structure of 5,11-BTBR �B�, we can expect
in-plane backbone-backbone distances comparable to ru-
brene, i.e., 3.6–3.9 Å. As the relevant bandwidth in a crystal
is determined by the details of the highest occupied molecu-
lar orbital �HOMO� and lowest unoccupied molecular orbital
�LUMO� wave functions, a detailed electronic structure cal-
culation is needed to quantify small differences in band
structure associated with variations in packing geometry
�e.g., pentacene30,31�.

The shortest backbone-backbone distance in 5,11-BTBR
�A� is not shorter than 6.5 Å, which is commonly expected
to drastically reduce the �-�� overlap and thus the band-
width. Consequently, we are not able to measure any field-
effect mobility in 5,11-BTBR �A�. Norton and Houk32 have
calculated that the twist of acenes �anthracene-heptacene� ba-
sically does not change the HOMO-LUMO energies, i.e., the
energy gap is not affected. On the other hand, too large a
twist will affect the aromaticity of the molecules, increasing
the localization of charge on the molecule. Experimentally, a
twist of 144° has been observed in a pentacene derivative.33

C. Trap density-of-states measurements by temperature-
dependent space-charge limited current spectroscopy

In the previous section, the performance of 5,11-BTBR
�B� devices in terms of high field-effect mobilities has
been presented. Another important measure for the intrinsic
electronic quality is the density of in-gap �trap� states, since
electrical transport is known to be severely affected by
charge-carrier trapping even in the best organic crystals. To
quantify the DOS, we apply the method of TD-SCLC
spectroscopy22,34 to crystals of 5,11-BTBR �B�.

The DOS is reflected in the shape of the measured I-V
curves. Temperature-dependent measurements are needed �1�
as an appropriate method to assess the possible influence of
contacts at low voltages and �2� in order to associate a given
applied voltage with the corresponding distance of the quasi-
Fermi-level from the band mobility edge, which is done by
measuring the activation energy EA�V�. As the Fermi level is
moved toward the band edge with increasing voltage, EA has
to decrease monotonically with increasing voltage. Contact-

FIG. 2. Perspective views of the structures of 5,11-BTBR �polymorph A, left�, rubrene �Ref. 23� �center�, and 5,12-BTBR �similar to
5,11-BTBR B, right�. For clarity, only one layer of molecules with respect to the paper plane is shown. Note that, for the benefit of a more
straightforward comparison, the unit cell axes have been permuted for both rubrene derivatives in this paper compared to Refs. 24 and 27.
�a� View onto the a-b face: In rubrene and 5,12-BTBR �5,11-BTBR B�, � stacking between the molecules is established along a �short axis�,
whereas in 5,11-BTBR �A�, the spacing between the backbones is twice as wide in the equivalent direction of b. �b� View along a or b,
respectively, illustrates the molecular layers. In the single-crystal FETs, the current flows along the layers in the a-b direction �in-plane�,
while in the TD-SCLC measurements, the current flows in the direction of c or c�, respectively, i.e., perpendicular to a ,b.
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limited current is, thus, recognized as a deviation from this
monotonic dependence of EA upon V. Additionally, abrupt
changes in the density of states are recognized, since, e.g.,
discrete trap levels lead to a pinning of EA. Because of the
asymmetry of DOS�E� around EF, EA is corrected to ED
�dominant energy�, defined by the statistical shift.

The current-voltage characteristics measured at room tem-
perature for several samples of 5,11-BTBR �B� have in com-
mon a pronounced, steep increase of the current occurring at
relatively low voltage, indicating the trap-filling SCLC re-
gion. Additionally, a gradual transition to I�V2 is observed
for most samples. This is an evidence for a low overall trap
density. The observation of I�V2 dependence, however, does
not, by itself, indicate that the trap-free range has been
reached. A quantitative analysis of the DOS with energy
resolution �kT, for instance, by the means of TD-SCLC, is
therefore still needed. Due to thermomechanical stress dur-
ing temperature cycles in the course of the TD-SCLC mea-
surements, several crystals suffered from cracks, interrupting
the top electrode or directly affecting the measurement cross
sections. Two complete sets of data are discussed here
�sample 1, d=1.25 �m; sample 2, d=0.4 �m; A=1.5
�10−5 cm2 for both samples.�

The current-voltage characteristics for sample 1 for se-
lected temperatures are plotted in Fig. 4. The curve measured
at 300 K shows three distinct regions: �sub�Ohmic current at
low voltage, trap-filling SCLC, and apparently “trap-free”
SCLC at highest voltage. For low temperatures, only the trap
filling and the trap-free regions are observed because the
Ohmic current is too small to be measured with our measure-
ment setup. At low temperatures, the increase in current dur-
ing trap filling is very steep, with slopes of up to 18 in the
log�I�-log�V� plot.

Arrhenius plots of the temperature-dependent data reveal
thermally activated behavior for �0.2 V�U�5 V �sample
1� and for 0.34 V�U�3.3 V �sample 2�. At lower voltages,
both Arrhenius plots and sub-Ohmic I-V characteristics indi-
cate a current limitation by the contact. At highest voltage,
log�I� does not depend linearly on 1/T, as the quasi-Fermi-
level moves within �kT to the mobility edge. Thus extrac-
tion of EA is limited to this intermediate voltage range �cf.
Fig. 5 for sample 2�.

The extracted DOS for both samples is shown in Fig. 6. In
the range from 0.15 to 0.3 eV, the overall density of trap
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states is rather low, in the range of �1015 cm−3 eV−1. On
approaching the mobility edge �E=0�, tail-like states with a
characteristic energy of 22 meV �sample 2� and possibly the
onset of a band tail for sample 1 emerge. Too close to the
band, where ED becomes comparable to kT, the analysis pro-
cedure fails, leading to an unphysical rollover of the DOS
�open symbols in Fig. 6�. The DOS is as low as that in the
best rubrene samples, and the widths of the band tails are
very similar to the ones measured in rubrene.22 Worth men-
tioning is the fact that the DOS reported here is several or-
ders of magnitude lower than that for pentacene,35 which was
measured in a coplanar contact geometry which may empha-
size the higher trap densities near and/or at the surface of the
crystal.

A raw measure for the band mobility � in 5,11-BTBR �B�
perpendicular to the molecular layers �along the c axis� is
taken from extracted effective mobilities �eff, a purely nu-
merical construct defined as the mobility at the band edge

multiplied by the ratio of mobile to total injected charge.
Extrapolated to the band edge �ED=0�, �eff

�10−3–10−1 cm2/V s in 5,11-BTBR �B�. A comparison with
rubrene shows values in the same range for �eff�ED=0� per-
pendicular to the molecular layers,36 despite the enhanced
interlayer spacing in the derivative.

IV. CONCLUSIONS

Single crystals of a rubrene derivative have been grown,
and the semiconducting polymorph B has been electrically
characterized. The trap density in the energy gap is of the
order of 1015 cm−3 eV−1, low enough to reveal band-tail-like
states with a characteristic energy of 22 meV. This low DOS
and the occurrence of narrow band tails are characteristic of
high-quality organic crystals. Presumably having a similar
crystal structure and slip-stack in-plane arrangement of the
molecules compared to rubrene, 5,11-BTBR �B� has shown a
comparably high in-plane field-effect mobility of up to
12 cm2/V s. It fits into the present understanding of the re-
lation between structure and mobility, too, that the in-plane
mobility is too low to be measured in 5,11-BTBR �A� be-
cause the naphthacene backbones are twice as far apart from
each other as in rubrene, and � stacking of the backbones is
absent.

Several other modifications of rubrene are the subject of
ongoing research. In order to get a more complete under-
standing of the relationship between crystal structure and
charge transport, the full structure of 5,11-BTBR �B� and
additional derivates, and, based thereon, band structure cal-
culations are needed, since even small structural changes are
expected to result in notable differences in wave function
overlap.
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34 F. Schauer, S. Neŝpårek, and H. Valerián, J. Appl. Phys. 80, 880

�1996�.
35 D. V. Lang, X. Chi, T. Siegrist, A. M. Sergent, and A. P. Ramirez,

Phys. Rev. Lett. 93, 086802 �2004�.
36 C. Krellner, Diploma thesis, ETH Zurich/University of Dresden,

2004.

HAAS et al. PHYSICAL REVIEW B 76, 115203 �2007�

115203-6


