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This work presents the influence of temperatures above 300 K on the crystal structure and

morphology of pentacene thin films. The thermal expansion of the unit cell and the relative

amount of different phases are investigated via grazing incidence x-ray diffraction. Geometrical

considerations about the specific molecular packing of the thin-film phase explain the anisotropic

non-linear expansion. Furthermore, around 480 K, a phase transformation of the thin-film phase to

the bulk phase is observed. In contrast, only a weak influence of the temperature on the height

distribution of the thin-film phase crystallites is found. VC 2011 American Institute of Physics.

[doi:10.1063/1.3665188]

Pentacene is a material widely used in organic thin film

transistor research where thin films with thicknesses of some

tens of nanometers are relevant. Although there are several

polymorphic phases of pentacene1 typically only two of

them are observed in thin films: the thin-film phase and

Campbell phase.2–5 While the Campbell phase is a bulk equi-

librium structure, the thin-film phase is a surface induced,

metastable crystallographic phase, which is kinetically

favored during the growth process.6 On weakly interacting

substrates (e.g., silicon oxide), the crystallites of both phases

are commonly oriented with the (001) lattice plane parallel

to the substrate surface; i.e., the a and b unit cell vectors lie

in the substrate surface plane and the long molecular axis

(LMA) is nearly perpendicular onto the substrate surface.

Atomic force microscopy (AFM) experiments commonly

show terraced, dendritic islands with diameters of some

microns.7,8

Despite the large number of scientific publications on

pentacene thin films, there are only two studies showing

some influence of temperatures above 300 K.9,10 Moreover,

they are more focused on device performance than on crys-

tallographic properties. To fill this gap, we have thoroughly

investigated the crystallographic properties as well as the

morphology via specular and grazing incidence x-ray dif-

fraction experiments at temperatures ranging from 300 K up

to desorption of the film at around 500 K.

Pentacene thin films with a nominal thickness of 50 nm

have been physical vapor deposited onto thermally oxidized

silicon wafers at a base pressure of 1� 10�5 mbar; the sub-

strate was kept at room temperature. For the starting 5 nm, a

rate of 0.1 nm/min while for the remaining ones, a rate of

0.6 nm/min was used. AFM experiments were performed on

a commercial Dimension 3100 by Veeco with standard sili-

con tips in tapping mode at ambient conditions and reveal

the usually observed morphology. Grazing incidence and

specular x-ray diffraction experiments have been performed

at the ID10B beamline of the European Synchrotron Radia-

tion Facility. For a wavelength and goniometer independent

representation of the data, the components of the scattering

vector ~q in the surface reference frame11 are used as coordi-

nates. For temperature control and creation of a helium inert

atmosphere, a Domed Hot Stage 900 (Ref. 12) from Anton

Paar Ltd. was used. To account for the thermal expansion of

the heating stage, it was necessary to align the samples at

each temperature step.

In the measured reciprocal space maps (RSM), diffrac-

tion peaks of the thin-film phase and Campbell phase have

been observed. The positions of the Bragg peaks have been

used to calculate the unit cell parameters at different temper-

atures. For the thin-film phase, clear thermal shifts of the lat-

tice parameters are observed (depicted in Fig. 1). The

FIG. 1. Lattice constants of the pentacene thin-film phase as function of the

temperature obtained from three independent diffraction experiments (empty

symbols). The literature values at room temperature are given additionally

(filled symbols).

a)Author to whom correspondence should be addressed. Electronic

addresses: armin.moser@tugraz.at and roland.resel@tugraz.at.
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temperature dependence of the lattice constants a and b is

non-linear, in contrast to that of c. Furthermore, the expan-

sion of b (�0.12 Å) is approximately twice that of a

(�0.05 Å). This 2:1 ratio of the expansion was also found for

the Holmes phase1,13 under high pressure.14 This observation

is typical for the herringbone packing motive and explained

by geometrical considerations taking the van der Waals

shape of the molecules into account.14 Also, the non linearity

of the in-plane expansion is caused by the distinct packing of

the molecules. The molecules are nearly perpendicular onto

the (001) plane, and hence the projection of their van der

Waals shape to the (001) plane is elliptical. Upon heating,

librations of the rigid molecules around their LMA play an

important role.15 To avoid overlapping caused by the libra-

tions, the molecules have to shift (non linearly) into a and b

direction. In contrast, the lattice constant c is nearly parallel

to the LMA and the expansion is, therefore, dominated by

translations of the whole molecule. Hence, a more linear

expansion into this direction is observed. An influence of the

substrate is ruled out because the linear expansion coefficient
1

LðT0Þ
DL
DT

� �
of amorphous silicon oxide (�0.5� 10�6 K�1)16 is

two orders of magnitude smaller than the one observed for

pentacene (�1� 10�4 K�1). In contrast to the thin-film

phase, no reliable expansion curves could be obtained for the

Campbell phase as only five peaks have been observed.

While the unit cell expansion was determined from the

Bragg peak positions, their intensities were analyzed to

investigate quantitative changes of the observed phases dur-

ing temperature treatment. To perform this analysis, the

intensities in the RSM have been summed along the qz direc-

tion. From the resulting line scans (see Fig. 2), the total inte-

grated intensities per phase have been extracted and depicted

in Fig. 3. At room temperature, diffraction features from

both phases are present, however upon heating, the Campbell

phase intensity starts to decrease while the thin-film phase

intensity remains constant or even increases slightly.

Between 380 K and 450 K, no intensity from the Campbell

phase is observed, but above 450 K, it reappears and reaches

a maximum intensity at around 480 K. Above this tempera-

ture, finally both phases start to desorb and reach zero inten-

sity around 500 K. Contrary, in the specular diffraction data

(Fig. 4), the peak of the Campbell phase is only observed up

to 360 K and the recurrence at 480 K cannot be recognized.

At low temperatures, these observations show the van-

ishing of the Campbell phase while around 480 K, a transfor-

mation from the thin-film phase to the Campbell phase is

observed. When comparing the specular and in-plane data

around 480 K, it becomes obvious that the reformed Camp-

bell phase crystallites have only a small vertical scattering

volume but laterally a large one. In perfect agreement with

our findings, the AFM images of Ji et al.9 show thin elon-

gated islands crystallizing on top of the film.

To gain more details about the phase changes and the

morphology of the thin films, the specular diffraction data

have been further analyzed. For this purpose, the height of

each island is expressed in terms of the number of crystallo-

graphic layers Ni. Then, the diffraction peak from one phase

is described by a weighted sum of the interference functions

from individual islands of specific height (Eq. (1)). The

weights are determined by the island height distribution which

has been chosen Gaussian in the present case (Eq. (2)).17

Furthermore to account for the two crystallographic phases,

their diffraction is calculated separately and then added. To

perform global optimization, the described model was

implemented in the software package GenX.18

I ¼
XNmax

Ni¼Nmin

wNi
� sin2ðNi=2 � qd001Þ

sin2ð1=2 � qd001Þ
; (1)

wNi
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2pÞDN2
p exp �ðNi � NÞ2

DN2

 !
: (2)

FIG. 2. Diffraction patterns at different temperatures as function of the scat-

tering vector component parallel to the substrate surface (qp). The patterns

were obtained by integrating Bragg peak series observed in a reciprocal

space map along qz ranging from 0 to 1.0 Å�1. The observed peaks can be

assigned to the thin-film phase (indicated above) and the Campbell phase

(indicated below).

FIG. 3. Sum of Bragg peak intensities for the thin-film (TF) and for the

Campbell (CA) phase which have been extracted from the in-plane scatter-

ing patterns. The data for two independent samples are presented.

FIG. 4. Specular diffraction around the 002 Bragg peak of the thin-film

phase (qz� 0.81 Å�1) and of the Campbell phase (qz� 0.87 Å�1) at different

temperatures. The symbols indicate the experimental data while the lines

correspond to fits using the model defined in Eqs. (1) and (2).
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For the thin-film phase, this analysis revealed, within the ex-

perimental precision, a constant mean island height (N� 38)

and standard deviation (DN� 7). The thickness of the Camp-

bell phase was found to be N� 26 with DN� 5 at room tem-

perature and to decrease to N� 22 at 330 K and 360 K. A

sketch of the height distribution at 360 K is shown in Fig. 5.

Please note that in the RSM, the lateral width of the diffrac-

tion peaks is dominated by the resolution function of the ap-

paratus and hence no lateral crystal size can be determined.

Therefore, the lateral widths for the above sketch have been

chosen to resemble the island size typically observed in

AFM images. It is also noted that below 420 K, no broaden-

ing of the peaks due to temperature is observed.19

The morphological information obtained proofs that af-

ter the deposition process, the thin-film phase crystallites are

larger than the Campbell phase crystallites. Therefore, it is

suggested that upon heating—in analogy to Ostwald ripen-

ing—the thin-film phase crystallites grow on the expense of

the Campbell phase. This is confirmed by the slight increase

of the thin-film phase intensity in Fig. 3. In contrast around

480 K, it is supposed that the metastable thin-film phase

transforms into the more stable Campbell phase. In view of

the used model, the constant height distribution hints that

during the phase transition, some of the thin-film phase crys-

tallites transform completely into the Campbell phase. This

behavior is similar to powders or single crystals where

around 470 K, a phase transition from the Holmes phase to

the Campbell phase was found.20

In summary, we have found that the thermal expansion

of the thin-film phase is independent from the substrate and

its non-linearity caused by the distinct packing of the mole-

cules. Between 300 K and 400 K, the initially observed

Campbell phase vanishes while at higher temperatures, a

phase transition from the metastable thin-film phase to the

more stable Campbell phase was found. The morphological

information obtained indicates that some crystallites change

their crystal structure completely while the largest part of the

crystallites stays unchanged. These findings encourage mo-

lecular dynamics calculations21,22 to further study the details

of the phase transformation from the thin-film to the Camp-

bell phase around 480 K.
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FIG. 5. (Color online) Sketch of the Gaussian height distribution of the penta-

cene crystallites at 360 K. The filled islands show the thin-film phase while

the empty ones correspond to the Campbell phase. The mean island heights

(N) are indicated by a horizontal colored and white line. The standard devia-

tion (6r) areas are shaded. The parameters have been obtained from the cor-

responding fit of the specular data shown in Fig. 4.
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