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Abstract

Structural properties of tetracene thin films grown by vacuum sublimation on a flexible Mylar# substrate have been investigated by means of

synchrotron X-ray diffraction. The films are polycrystalline and are made up of crystalline domains oriented with the (0 0 l) planes almost parallel

to the substrate and completely misoriented around the surface normal. Two crystallographic phases (a and b thin film phases) have been identified.

They differ for the dh k l interplanar spacing, both larger than that of the bulk. As a comparison, results from tetracene films grown on SiO2 have

been reported to investigate the different charge transport properties of films grown on Mylar and on SiO2 substrates.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Organic thin films are of interest as active layers in

electronic and optoelectronic devices such as field-effect

transistors (FETs) [1–4], light-emitting diodes (LEDs) [5,6]

and photovoltaic cells [7]. The interest for organic (opto-)

electronics stems from the possibility to develop low cost, large

area and flexible devices [8]. Organic light-emitting (field

effect) transistors (OLETs) are a new class of organic

optoelectronic devices that integrate the transistor function

with the light emission [9]. Recently OLETs based on tetracene

films deposited on flexible Mylar# foils, acting at the same

time as dielectric and substrate, have been reported [10]. The

optoelectronic properties of devices on Mylar are similar to

those observed on the commonly employed dielectric SiO2

[11]. As an example, drain-source current and light emission

present the same correlation as a function of the drain and the

gate polarizations. However, the use of the different dielectrics

determines relevant differences in the performance of the

devices. For instance for devices on Mylar the hole FET

mobility is more than one order of magnitude lower than for

devices on SiO2 and, unlike the case of SiO2, no significant

dependence of the mobility on the deposition flux has been

observed [12].

The investigation of the effect of the dielectric on the

structure and the morphology of the active layer is mandatory to

understand the physics of the device and to improve its

performance. It has been demonstrated that, in organic films-

based FETs, charge transport occurs within a thin layer close to

the organic/dielectric interface [13].

Charge transport in organic semiconductors requires

adequate overlap of the p orbitals on adjacent molecules that

is provided by a good packing of the molecules [14]. This

shows how crucial it is the role played by the structural

characteristics of the active material in establishing charge

transport properties [15,16].

In this work, we have performed a structural investigation of

tetracene thin films deposited on Mylar and results have been

compared with those obtained for tetracene films on SiO2. We

propose an explanation for the different charge transport

properties in field-effect transistor configuration of tetracene

thin films grown on Mylar and on SiO2.
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2. Experimental

Tetracene films were deposited by vacuum sublimation on

900 nm thick Mylar foil (DuPont) adapted on Al frame [17].

The root mean square (rms) roughness of Mylar foil, measured

by Atomic Force Microscopy was about 1 nm. The procedure to

fix the foil to the support ensured a good flatness of the

substrates, which is crucial for the structural features of the final

films. With the aim of comparison, films were also deposited

onto SiO2 substrates, with a rms roughness of 0.2 nm. The

experimental set up for film deposition has been detailed

elsewhere [12]. Tetracene powder from Tokyo Chemical

Industries was used as material source. Films with a nominal

thickness of 50 nm were grown at deposition fluxes (F) of 0.01

and 0.5 nm/s.

X-ray diffraction measurements were performed at the

XRD1 beamline of ELETTRA synchrotron facility (Trieste,

Italy). A double crystal silicon monochromator was used to

select the energy of 8.05 keV from the white emission spectrum

of the wiggler source. The beam cross-section at the sample was

limited by slits to 0.1 mm both in the horizontal and vertical

directions.

Diffraction patterns in grazing incidence (GI) reflection

and transmission geometries were recorded. In the former

case, the monochromatic beam impinged on the sample with

an incidence angle ai � 18. At this angle, the beam path in the

film is strongly enhanced and its footprint on the surface

(0.1 mm � 6 mm) is fully included in the film. In the

transmission geometry, the incoming beam was perpendicular

to the backside of the surface sample. In both cases, a 2D CCD

detector of 165 mm diameter was placed normal to the incident

beam direction and 130 mm from the sample. The detector

collected a wide range of scattering angles (up to 308 in our

geometry), and simultaneously allowed the identification of the

crystalline phases and the determination of the crystallite

texturing.

3. Results and discussion

A 2D diffraction image was recorded in transmission mode

from a glass capillary filled with tetracene powder (Fig. 1a) and

was used as the reference standard for the diffraction of the thin

films. Fig. 1b shows the 1D diffraction pattern (intensity

integrated along the Debye rings versus scattering angle)

extracted from the diffraction image. It was properly indexed by

means of Powdercell software [18] using the crystallographic

parameters and atom coordinates reported by Holmes et al. [19]

for triclinic tetracene (space group P1̄). The tetracene unit cell

contains two planar molecules. The molecular planes are tilted

with respect to one another in a herringbone structure and their

long axes are parallel to each other and tilted by 228 from the

normal to the (ab), or (0 0 1), plane.

Fig. 2a and b shows the reflection images of tetracene films

deposited on Mylar at F = 0.01 and 0.5 nm/s. Each image is the

overlapping of the diffractions from the film and the substrate,

the scattering pattern of the latter being shown in Fig. 2c. The

diffraction images of tetracene films deposited in the same

conditions on SiO2, whose structural features have been already

reported in [20], are shown for comparison in Fig. 2d and e.

On both substrates tetracene films generate diffraction arcs and

spots, indicating that they are formed by crystallites with a

pronounced orientation. In the case of SiO2, the increase in the

deposition flux induces a strong increase in film texturing

whereas no evidence in texturing evolution is observed for

Mylar.

The fact that the 0 0 l reflections, unlike the h k l reflections,

are concentrated on the central region of the 2D detector means

that the crystalline domains are oriented with the (0 0 l) planes

almost parallel to the substrate. The domains are completely

misoriented around the surface normal (SN), as deduced by the

invariance of the diffraction images recorded after sample

rotation by any angle around its normal and by the symmetry of

the h k l reflections with respect to the SN axis. Indeed, for a

random distribution around the surface normal, each pair of the

S. Milita et al. / Applied Surface Science 252 (2006) 8022–8027 8023

Fig. 1. Diffraction images of tetracene powder (a) and its integrated intensity

over the Debye rings (b).
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lateral spots corresponds to the two symmetric orientations at

which the (h k l) planes are in the Bragg position. The azimuthal

angle d measured from the SN axis and the spots is a function of

the angle between the diffracting plane and the surface, its Bragg

angle and the incident angle of the X-ray beam [21].

The diffraction patterns of the tetracene powder and of the

films deposited at F = 0.5 nm/s on Mylar and SiO2 are compared

in Fig. 3. For clarity, the intensity integration was done

selectively over the central part of the 2D pattern diffracted from

the film. On both substrates tetracene films show two peaks for

each 0 0 l reflection, which are shifted towards low scattering

angles compared to those of the powder. This indicates the

presence of two thin film phases, called a and b thin film phases

in the following, which have dh k l interplanar spacing larger

than that of the bulk (d0 0 l,b > d0 0 l,a > d0 0 l,powder). The

d0 0 l distance goes from 1.213� 0.005 nm (powder) to

1.234 � 0.005 in the a phase and to 1.359 � 0.005 nm in the

b phase. In both a and b thin film phases, the long molecular axis

is nearly perpendicular to the substrate, as expected in the case of

isotropic and inert substrates, where intermolecular interactions

are stronger than substrate–molecule interactions [22].

The different lattice spacings of the two thin film phases

indicate a different orientation of the tetracene molecules: in the

more expanded b phase, the tilt angle of the molecular axis from

the normal to the surface is smaller than in the a phase [23]. Fig. 4

shows the 0 0 1 peaks of tetracene films grown at the two fluxes

on Mylar (a) and on SiO2 (b). At F = 0.01 nm/s, i.e. in conditions

close to the equilibrium, the a phase, which is thermodynami-

cally more stable, is strongly dominant in both films (essentially

the only one on SiO2). At higher F, a large amount of the less

stable b phase is observed on both substrates. This phase should

be induced by a too fast nucleation and growth to allow relaxation

to the more thermodynamically stable state.

In spite of the similarities between the structures of tetracene

films grown on the two substrates, remarkable differences have

been observed concerning the degree of crystallite misorienta-

tion and the atomic disorder of (h k l) planes.

The arc-shaped diffraction from the (0 0 l) planes indicates

that they haveanout-of-planemisorientation,mout, whosevalue is

given by the angular widths of the arcs. The quite different

azimuthal distributions of the (0 0 l) planes for the films on the

two substrates indicate different preferential orientations, as

reported for the a phase (which gives a diffracted signal more

intense than that fromtheb phase) inFig.5.OnMylar (Fig.5a) the

S. Milita et al. / Applied Surface Science 252 (2006) 8022–80278024

Fig. 2. Diffraction images recorded in grazing incidence (GI) reflection

geometry of tetracene films grown at F = 0.01 and 0.5 nm/s, respectively, on

Mylar (a and b) and on SiO2 (d and e). The image diffracted by the pristine

Mylar substrate is reported in (c). The surface normal (SN) axis is traced only in

(d) for clarity. Nominal thickness of the films: 50 nm.

Fig. 3. Diffraction spectra of tetracene powder and of 50 nm-thick tetracene

films deposited at F = 0.5 nm/s on Mylar and on SiO2. The intensity integration

was performed over the Debye rings in the central region of the 2D detector.
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diffracted signal is detected for a range of crystallite misorienta-

tion decreasing frommout = �208 to�168with increasing F from

0.01 to 0.5 nm/s. Moreover, at low F most of the crystallites have

mout = � 68, as evidenced by the presence of a double peak,

whereas at higher F this type of preferential orientation almost

disappears. On SiO2 (Fig. 5b), regardless of F, most of the (0 0 1)

planes lie preferentially parallel to the surface within mout = �48,
and a smaller amount of crystallites is characterized by =�128.
The other difference between tetracene films grown on the two

substrates seemsreasonably todealwith theatomicdisorder in the

(h k l) planes, as deduced by the following considerations. For

tetracene films on SiO2 (Fig. 2d and e), several h k l spots are

recorded whereas only three h k l among the more intense

reflections have been observed for films on Mylar (marked by

arrows in Fig. 2a). This could result from a strong attenuation of

their structure factors caused by static atomic disorder (Debye-

Waller factor) in the (h k l) lattice planes. Since these planes are

near normal to the surface, the atomic disorder in them should

lower the p–p orbital overlapping with a strong impact on the

charge transport properties in the films. These two structural

differences are helpful for the understanding of the different

charge transport properties of tetracene films on Mylar and on

SiO2. The misorientation has a detrimental effect on the

molecular packing that, leading to an extended electronic

delocalization, is required for good charge transport. The atomic

disorder decreases the p–p orbital overlapping thus leading to

poor charge transport properties. The lack of dependence of

the FET mobility on the deposition flux for devices on Mylar

can be explained by detrimental factors such as the

disappearence of the preferential orientation of the crystallites

and the atomic disorder balanced by beneficial ones such as the

increase of the texturing, the decrease of the misorientation

and the increase of the b thin film phase with the increase of

the flux. Further investigations are needed to establish the

correlation between charge transport and structural properties

for films on Mylar. The investigation would have to take into

account also morphological properties of the films since they

play a primary role in determining the transport properties of

the films [12].

Thanks to the low X-ray absorption of Mylar, we could

perform measurements also in transmission geometry. Fig. 6a

shows the image diffracted by the tetracene film grown at

F = 0.01 nm/s. It does not appreciably differ from that diffracted

by the film deposited at the higher flux (not reported here). The

nearly homogeneous intensity distribution along the Debye rings

of the film, overlapped to the much broader ones produced by

Mylar (Fig. 6b) confirms that the lattice planes responsible for

them are almost randomly oriented with respect to the surface

normal. In transmission geometry, the (h k l) planes of the

crystallites fulfill the Bragg condition only if they are tilted with

respect to the surface by m such that m = uh k l + 908 � fh k l,

where fh k l is the angle between the plane and the surface and

S. Milita et al. / Applied Surface Science 252 (2006) 8022–8027 8025

Fig. 4. 0 0 1 GI reflection profiles of 50 nm-thick tetracene films deposited at

F = 0.01 and 0.5 nm/s on Mylar (a) and on SiO2 (b). The intensity integration

was performed over the Debye rings in the central region of the 2D detector.

Fig. 5. Azimuth profiles along the 0 0 1 reflections for tetracene films grown at

F = 0.01 and 0.5 nm/s on Mylar (a) and on SiO2 (b).
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uh k l is the Bragg angle. In our case, only the h k l reflections with

m � 308 are observed (they are better visible in the integrated

pattern reported in Fig. 6c). This value indicates the upper limit of

the tetracene crystallite misalignment.

4. Conclusions

Tetracene films grown by vacuum sublimation on Mylar

substrates are formed by crystalline domains oriented with the

(0 0 l) planes almost parallel to the surface but completely

misoriented around the surface normal. Two polymorphs

constitute the films namely, a and b thin film phases, that

exhibit different (0 0 l) interplanar spacing corresponding to

different molecular orientations. The amount of the a thin film

phase, which has a structure closer to that of the bulk, decreases

with decreasing deposition flux. Compared to films grown on

SiO2, films on Mylar present a higher degree of crystallite

misorientation and a larger static atomic disorder in the (h k l)

lattice planes, which lead to a decrease in hole FET mobility for

tetracene films grown on Mylar as compared to films on SiO2.

In the future we will extend the investigation to different

organic active materials and substrates to contribute to the

understanding of general rules governing charge transport in

organic thin films.
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