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Introduction
There has been an explosion of interest in organic electronics because of low-cost applications in devices such as field-effect transistors, flexible thin-
film transistors and light emitting diodes (see panel on right). Despite significant progress in the field, a fundamental understanding of the mechanism 
of charge transport in organic semiconductors is still lacking at this time. The recent development of field-effect transistors (FETs) using molecular 
crystals has provided a means to study the intrinsic electronic properties of organic semiconductors.  Rubrene (5,6,11,12-tetra-phenyl-tetracene; 
C42H28), in particular, has shown to be an excellent organic semiconductor with high charge carrier mobility in FET devices.  In order to elucidate the
role of surface structure in these materials, we have carried out a surface x-ray diffraction study of rubrene using the high-intensity micro-focused 
beam at 20-ID.
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5,6,11,12-tetra-phenyl-tetracene (C42H28)

Rubrene Single-Crystals

Typical Crystal Dimensions
Length: 0.5 – 2 mm 
Thickness:  0.1 – 0.3 mm

Horizontal Physical Vapor Transport
Laudise et al., J. Cryst. Growth 187, 449 (1998).

Temperature Gradient

0.25 mm

Orthorhombic Crystal Structure (Cmca)

•We measured a large set of crystal truncation rods from the free
surface of single-crystal rubrene.

• The Bragg rods are well-described by a surface roughness model, 
consistent with AFM imaging of the surface.

• There is no indication of inter-molecular relaxation of the unit cell at the 
surface.

• There is no indication of significant levels of endoperoxide residing at 
the surface.

•COBRA analysis of these data (in progress) may provide more 
detailed information about the structure at the crystal surface,
including thermal disorder.

“Rubrene”
5,6,11,12-tetra-phenyl-
tetracene (C42H28) 

• Sublimation purification during the growth process.
Heavy impurities have lower vapor pressure           Remain at source
Light impurities have higher vapor pressure            Condense near end of tube

• Crystals are subsequently re-crystallized in vacuum.
Reduced growth temperature and temperature gradient         Thicker crystals

Analysis and Results
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Sample #1
β = 0.5

Sample #2
β = 0.3

Layer 1 Layer 2

“odd layer” “even layer”

The total complex structure factor is given by 
the coherent sum of contributions from the 
bulk and surface structure factors.

The contribution from the surface is calculated 
by adding individual layers to the complex 
structure factor.

Only the carbon atoms are included in the unit 
cell structure factor.

Thermal disorder is included using the 
anisotropic Debye-Waller factors determined 
by bulk crystallographic studies.
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Close to the Bragg peaks, 
the scattering is insensitive 
to the surface structure and 

this region can be used to 
normalize the data.

Surface X-ray Diffraction: Bragg Rods

Surface Layer(s)

Bulk(aka “Crystal 
Truncation Rods”)

Diffraction from the 
2-D lattice at the 

surface gives rise to 
lines of intensity in 
reciprocal space, 

called Bragg rods.

Bragg rod
Bragg point
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The intensity along the Bragg rods is 
extremely sensitive to the atomic structure at 
the surface!

See: Robinson, PRB 33, 3830 (1986);
Acta Cryst. A 54, 772 (1998).

Calculations for Rubrene

Rubrene Field-Effect Transistors (FETs)

Charge Mobilities: µ ~ 5 – 30 cm2/Vs 
Podzorov et al.,  PRL 93, 86602 (2004).
Sundar et al., Science 303, 1644 (2004).
Zeis et al., Chem. Mater. 18, 244 (2006).

Crystal Growth & Structure:
Laudise et al., J. Cryst. Growth 187, 449 (1998).
Chapman et al., J. Cryst. Growth 290, 479 (2006).
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The physics of single-crystal organic FETS is largely determined by 
the structure at or near the surface of the crystal.  In the present 
study, we addressed the following fundamental questions:
– Is the crystal structure at the surface the same as within the bulk?
– What is the arrangement and conformation of rubrene molecules at 
and near the surface?
– Is there intercalation of oxygen at the surface?

AFM Imaging of Rubrene Crystals

a
c

b
c

Consistent with other published AFM measurements:
Single-Crystals: Menard et al., Adv. Mater. 16, 23 (2004).
Thin-Films: Haemori et al., Jpn. J. Appl. Phys. 44, 3740 (2005).

0.5 mm
5 µm x 5 µm 

[010]

[100]
• Step orientation is parallel to the a-axis.

• Layer growth steps typically ~ 0.1–5 µm apart

• Layer step height ~ 13.5 Å = ½ ● (c-axis)

Before mounting the 
crystal for surface x-
ray diffraction...

Motivations
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Chem. Mater. 18, 
244 (2006).

X-rays are more sensitive to the atomic structure at and near the 
crystal surface, and can probe below the surface.

Area Detector

10 µm Order Sorting 
Aperture Slit

(cleaved GaAs)

Bragg 
point (tail)

Bragg 
rod

Bragg rods are scanned by simply 
rotating the aligned crystal about 
the surface normal.

10 µm

The Experiment, 20-ID

Knife-edge scan across the focused beam:
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Linear Zone Plate
A linear Fresnel x-ray zone plate is used to focus 
the beam to 1 micron in the vertical direction, so 
that the beam only impinges on the crystal surface.

The grazing incidence geometry enhances the 
surface scattering contribution and reduces 
radiation damage to the sample.

Zone 
Plate

Order 
Sorting 

Aperture

Sample

• Single rod spectrum: ~ 1-2 hrs
• Sample lifetime: ~ 10-15 hrs

Surface Roughness 
Parameter (“β-model”)

The data rule out the presence of a 
single layer of endoperoxide at the 
surface.
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No evidence of 
surface relaxation.

Photo-oxidation Reaction

Ramamurthy et al., Chem. Rev. 87, 483 (1987).

CCD exposures were taken at 
0.1 r.l.u. increments along the 
Bragg rods.

Measurement Times:Incident Beam Size:  1.4 µm (V) x 200 µm (H)
Incident Intensity:  9 x 109 ph/sec
Incident Flux: 3 x 1015 ph/sec/cm2
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Scan of Zone Plate in the beam:

More than 10 Bragg rods were 
measured, from several 
different crystals.

Rubrene FETs exhibit exceptionally 
high charge carrier mobility, 
exceeding the performance of 
amorphous silicon.

AFM measurements show that the rubrene surface is atomically smooth, 
with layer growth steps having a random distribution of terrace widths.

...Applications and future fads

Conclusions

• The two samples show different degrees of surface roughness.

• Some rod features are not explained by this simple model.

Zone Plate, courtesy of B. Lai

Robinson, Phys. Rev. B 33, 3830 (1986).


