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High structural order in thin films of the organic semiconductor
diindenoperylene
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We report extraordinary structural order along the surface normal in thin films of the organic
semiconductor diindenoperylene~DIP! deposited on silicon–dioxide surfaces. Cross-sectional
transmission electron microscopy~TEM!, noncontact atomic force microscopy~NC–AFM!, as well
as specular and diffuse x-ray scattering measurements were performed to characterize thin films of
DIP. Individual monolayers of essentially upright-standing DIP molecules could be observed in the
TEM images indicative of high structural order. NC–AFM images showed large terraces with
monomolecular steps of'16.5 Å height. Specular DIP Bragg reflections up to high order with Laue
oscillations confirmed the high structural order. A semi-kinematic fit to the data allowed a precise
determination of the oscillatory DIP electron densityrel.,DIP(z). The mosaicity of the DIP thin films
was obtained to be smaller than 0.01°. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1508436#
t a
ics
th
up
el
d
fe

l p

g
ar
m
ic
rd
h
to

b
m

r-
er.

-
on

-
-

-
at-

-
00
re-
in

of
ith
ob-

ith
ral
red

d
lm

ive
m;
Presently, organic semiconductors are receiving grea
tention due to their potential for cost-effective electron
and optoelectronics and due to the possibility to tailor
desired properties by chemically changing functional gro
of a given molecule. Several devices including organic fi
effect transistors~OFETs!, organic light emitting diodes, an
organic solar cells have been demonstrated in the last
years. It has also been shown that the relevant physica
rameters~e.g., charge carrier mobility! depend crucially on
the structural order within the organic semiconductor.1–5 For
commercial applications, devices based on organic sin
crystals are not practical, rather, organic thin film devices
more likely to be used. Thus, it is necessary to find co
pounds which intrinsically exhibit the desired electron
properties and, at the same time, show high structural o
in thin films. In this letter we report extraordinarily hig
structural order in thin films of the organic semiconduc
diindeno(1,2,3,-cd,18,28,38-lm)perylene@C32H16 ~DIP!, Fig.
1~a!# on silicon–dioxide surfaces which, for example, can
used in OFETs as a gate insulator. Cross-sectional trans
sion electron microscopy~TEM!, noncontact atomic-force
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microscopy ~NC–AFM!, and x-ray scattering were pe
formed to highlight different aspects of the structural ord

DIP was purchased from Aldrich and purified by tem
perature gradient sublimation. All samples were prepared
oxidized ~4000 Å! Si~100! substrates. DIP layers with vary
ing thickness 70 Å<DDIP<1100 Å were grown at a sub
strate temperature ofT514565 °C and at a rate of 12
63 Å/min under UHV conditions (p<231029 mbar during
deposition!. NC–AFM measurements were performed im
mediately after deposition in an UHV analysis chamber
tached to the molecular beam epitaxy chamber (p'2
310211 mbar) without breaking the vacuum. TEM micro
graphs were taken by a JEOL FX4000 and a Philips CM2
microscope, at 400 and 200 kV, respectively. X-ray measu
ments were carried out at beamline ID10B at the ESRF
Grenoble, France, with a wavelength ofl51.563(2) Å.

Figure 1~b! shows a cross-sectional TEM micrograph
a typical DIP layer. The image displays a closed film w
homogeneous thickness, i.e., no island formation is
served. Remarkably, individual monolayers~ML ! of the es-
sentially upright standing DIP molecules~lattice constant
dDIP'16.5 Å) can clearly be distinguished as pairs w
dark-bright contrast. This implies a high degree of structu
order, otherwise the monolayer contrast would be smea
out.

In Fig. 2 the surface topology of a DIP film is displaye
as probed by NC–AFM. The image shows a closed DIP fi

r-
6 © 2002 American Institute of Physics
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with large planar terraces extended to several 100 nm w
are separated from each other by monomolecular step
'16.5 Å. These steps are particularly well seen at the l
hand side of the profile line, which follows the black sol

FIG. 1. ~a! The diindenoperylene molecule, C32H16 . ~b! Cross-sectional
TEM image of a DIP thin film (DDIP'390 Å). Each pair of horizontal
stripes with bright-dark contrast represents 1 ML of the essentially upri
standing DIP molecules (dDIP516.5 Å). The image was taken using a Ph
ips CM200 electron microscope at 200 keV. Notice that in this sample
DIP film has been overgrown with a Au cap~as a potential electrical contac
see also Ref. 6!. The dark features in the DIP layer at this interface are d
to interdiffused gold clusters in the DIP layer.

FIG. 2. AFM image of a thin DIP film (DDIP5396 Å). Large terraces
extended to several 100 nm are seen with monomolecular steps of'16.5 Å.
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line in Fig. 2. The surface roughness of this film iss528
63 Å which corresponds to less than 2 MLs of DIP.

In order to quantitatively determine the spatial coheren
of the crystalline order, high-resolution x-ray diffractio
measurements were performed. In the so-called ‘‘spec
diffraction mode’’ the momentum transfer is perpendicular
the surface normalz @i.e., q5(0,0,qz), see sketch in Figs
3~a! and 3~b!#, thus probing the electron density profile alon
the surface normal,rel(z).

Figure 3~a! displays a typical scan along the specular r
for a DIP thin film (DDIP5206 Å) prepared under the con
ditions described before. For all samples, Bragg reflecti
associated with the DIP film at least up to the seventh or
are visible from which a lattice constant ofdDIP516.60
60.05 Å is derived. The large number of Bragg reflectio
is evidence for high structural order in the DIP-films.

Figure 3~b! shows a zoom into the small-qz region of
Fig. 3~a!. The periodicity of interference fringes~‘‘Kiessig
fringes’’! for qz&0.25 Å21, Dqz,K , is associated with the
film thickness viaDDIP52p/Dqz,K . The almost undamped
oscillations ~‘‘Laue oscillations’’! around the Bragg reflec
tions @Figs. 3~a! and 3~b!# are evidence for a laterally homo
geneous coherent thickness, i.e., a well-defined numbe

t-

e

e

FIG. 3. ~a! Specular x-ray intensity of a DIP film withDDIP5206 Å. Bragg
reflections up to the seventh order are seen. Gray circles denote the da
black solid line is a fit to the data using the semi-kinematic scattering
malism of Eq.~1!. The inset shows a close-up intorel.(z) for approximately
2 MLs of DIP. The broken line denotes the experimentally determined m
electron density of the DIP film,rDIP

0 50.367 el/Å3. ~b! Zoom of the specu-
lar scan from the region of total external reflection across the first spec
DIP Bragg reflection. The inset displays a rocking scan across the DIP~001!
reflection which exhibits a FWHM as small as 0.0087°60.0003°.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ordered monolayers. Their periodicity,Dqz,L is associated
with the coherent thickness of the film viaDcoh

52p/Dqz,L .7,8 For all inspected films, Kiessig fringes an
Laue oscillations exhibit the same periodicity, which co
firms the TEM observation that the DIP films are coheren
ordered across their entire thickness (DDIP5Dcoh) quantita-
tively.

Within a semi-kinematic formalism the specularly sc
tered intensity reads8

I ~qz!5I 0G~qz!RF~qz!U 1

rel,`
E

2`

` drel~z!

dz
eiqzzdzU2

, ~1!

whereI 0 is a normalization constant,RF(qz) is the Fresnel-
reflectivity of the substrate,rel,` is the electron density of the
substrate,G(qz) is a correction term accounting for geo
metrical effects anddrel(z)/dz is the derivative of the elec
tron density of the sample with respect toz.

To model the electron density of the DIP in the thin film
rel,DIP(z), one can use the fact that each Bragg reflect
corresponds to one Fourier component in the electron d
sity. Thus, the DIP-electron density reads

rel,DIP~z!5r01 (
n51

M

An cosS n
2p

dDIP
z1fnD , ~2!

whereM is the number of observed Bragg reflections,An is
the Fourier amplitude associated with the intensity of thenth
DIP Bragg reflection,dDIP is the lattice constant of the DIP
net planes~associated with the position of the set of Bra
reflections!, and fn is the Fourier-phase of thenth Bragg
reflection which actually reduces top or 2p due to the
mirror-plane symmetry of the molecules in the present ca
Using Eq. ~1! with Eq. ~2! as parameterization of the DI
electron density allows a fit of the complete specular
with only few parameters~if the substrate-film and film-
vacuum interfaces are properly taken into account!. Based on
the large number of Bragg reflections, the shape of the os
latory DIP-electron density along the sample normal is
tained with high precision. Moreover, the electron density
obtained in absolute values since the fit includes the t
reflectivity edge and thus provides a normalization value

The inset of Fig. 3~a! shows a close-up ofrel(z) for
approximately 2 MLs of DIP as obtained by the fit. One c
see that the DIP electron density exhibits pronounced os
lations around a mean value ofrDIP

0 50.367 e/Å3 along 1
ML. The electron density in the DIP film along thez axis
exhibits a contrast between the highest and lowest va
rDIP

max/rDIP
min , of 1.79.

Rocking scans at a constant scattering angle of 2Q at the
position of Bragg reflections with varying angle of incidenc
a i , probe the angular distribution of the lattice planes, i
the mosaicity@full width at half maximum~FWHM! of the
rocking curve,Dv#. For all inspected DIP films we found
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mosaicities smaller than 0.014° which is unusually small
thin films of organic semiconductors and which was found
be in the order of the substrate curvature. The best value
as small asDv50.0087°60.0003° @for DDIP5206 Å, see
inset of Fig. 3~b!#. Recently, it has been demonstrated th
semiconductor transport properties in thin films such as
charge carrier mobility can depend strongly on the mosai
of the film.9,10 This is thought to be a consequence of t
electron transport mechanism in organic semiconduct
The mobility is limited by the slowest transport process in
given film which is a multiple-shallow trapping controlle
‘‘hopping transport’’ at grain boundaries as opposed to tr
free band-like transport in pure single crystalline gra
where thep orbitals of the molecules overlap efficiently.

In conclusion, we have shown in this letter that th
films of DIP deposited under suitable conditions~rate: 12
63 Å/min, substrate temperature:T514565 °C) on oxi-
dized silicon wafers exhibit an outstanding crystalline ord
along the surface normal with the DIP molecules essenti
standing upright and theirp orbitals overlapping parallel to
the sample surface. In addition, these films are cohere
ordered across their entire thickness. Because of these p
erties DIP is thought to be a prospective candidate for ap
cations in electronic devices where high charge carrier m
bility parallel to the substrate is desired~e.g., in OFETs!.
Moreover, the surface topology of DIP films shows lar
terraces~with lateral extensions up to several 100 nm! sepa-
rated by monomolecular steps. Thus, the surface is w
defined and ideally suited as a template for metal deposi
to study the interfacial morphology of metalorgan
heterostructures.6
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