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Abstract

Raman spectroscopy was used to characterize the structural order in thin organic films of 3,4,9,10-perylene tetra-
carboxylic dianhydride (PTCDA). Films of the same average thickness were grown by organic molecular beam de-
position on hydrogen-passivated p-type silicon (100) substrates at different growth temperatures between 230 and
470 K. The Raman spectra of all samples exhibit four external vibrational modes, that occur as a consequence of the
arrangement of the PTCDA molecules in a crystalline environment. The full width at half maximum of these phonon
lines decreases with increasing temperature of the substrate during deposition. A similar tendency is also observed for
the Raman-active internal molecular modes. In addition, with increasing deposition temperature the diffusely scattered
light background in the Raman spectra increases, as well as the photoluminescence background in the high frequency
range. We relate the observed spectral changes to an increase in the size of the crystalline domains within the films with
increasing deposition temperature, an effect that is macroscopically reflected by an enhanced degree of surface
roughness. The different quality of the crystalline PTCDA domains was also complementary revealed by X-ray dif-
fraction measurements. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thin films of organic semiconductors have al-
ready proved a great potential for optoelectronic
devices [1]. Progress has greatly benefited from
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controlled film deposition under clean ultra-high
vacuum (UHV) conditions: organic molecular
beam deposition (OMBD). Additional potential
for future applications lies in combining organic
and inorganic semiconductors for electronic de-
vices. Device performance will markedly be influ-
enced by the degree of structural order in the
organic films which to a large extent controls the
electronic properties (such as carrier mobilities) as
well as the optical ones. The structural order itself
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is expected to depend critically on the growth pa-
rameters, in particular on the substrate tempe-
rature.

The film formation properties of the archetype
organic molecule 3,4,9,10-perylene tetracarboxylic
dianhydride (PTCDA) on a variety of inorganic
substrates have already been studied by a number
of experimental and theoretical methods [1-4].
The most commonly used substrate materials have
been weakly interacting ones, such as metals (e.g.
Ag and Au), highly oriented pyrolytic graphite,
and insulators (NaCl, SiO,, Al,O3) [1], while in-
vestigations using the more reactive surfaces of
more common inorganic semiconductors such as
silicon and gallium arsenide have been scarce.

On clean GaAs(100) [5] or Si(100) [6] surfaces
a strong chemical interaction occurs between the
anhydride groups of the molecules at the interface
and the substrate, predominantly with the dan-
gling bonds and defects. This usually results in the
formation of small crystalline domains, in nearly
random azimuthal orientation. Improved struc-
tural order is observed when reactive semicon-
ductor substrate surfaces are passivated, e.g. by
reaction with chalcogen or hydrogen atoms in the
case of GaAs and Si substrates, respectively. The
passivation induces a reduction of chemically ac-
tive sites mainly by saturating dangling bonds [7].
Hence the work to be presented here concentrates
on the deposition of PTCDA on hydrogen termi-
nated Si(100), for the latter see [8]. Substrate
temperature is a further important parameter that
can control structural order. It was indeed already
observed by X-ray diffraction (XRD) that the crys-
tallite size drastically increased as temperature was
raised from 320 to 370 K [9] when PTCDA was
deposited on Si(1 00) wafers with natural oxide.

We have previously demonstrated that Raman
spectroscopy is a versatile tool to characterize
PTCDA films [10,11]. Raman spectra provide in-
formation on the internal vibrational modes of
PTCDA molecules as well as on external vibra-
tional modes (phonons). The latter were detected
for all films deposited on passivated semiconduc-
tor substrates at frequencies between 40 and 125
cm~'. These Raman active modes are of rota-
tional-vibrational (libronic) origin in the PTCDA
molecular crystal which has monoclinic symmetry

(space group Cih) with two molecules per unit cell
(for a detailed discussion see [12]).

The first Raman study of the influence of sub-
strate temperature on the growth process of
PTCDA films on hydrogen-passivated (H-passi-
vated) (100) oriented silicon surfaces to be re-
ported here, reveals marked changes in the
PTCDA phonon spectra. These changes can be
correlated with the degree of structural order using
additional XRD data.

2. Experimental

PTCDA films were grown on p-type (100)
oriented silicon substrates by OMBD. The organic
source material purchased from Lancaster was
purified twice by sublimation at 575 K under high
vacuum (107¢ Pa). To clean and passivate the
surface, substrates were wet-chemically treated
under atmospheric conditions. The first step of the
chemical treatment consists of a 2 min etching in
hydrofluoric acid (HF, 40%) to remove the silicon
oxide and the organic contaminants, and thereaf-
ter H-passivate the dangling bonds on the surface.
Secondly, rinsing in a buffered solution (HF +
NH,OH + NH4F, pH 8) reduces the density of
steps formed during the first processing stage [7].
The substrates were subsequently transferred into
a UHV growth chamber with a base pressure be-
low 2 x 1078 Pa. Low energy electron diffraction
(LEED) showed a sharp 1 x 1 diffraction pattern
of the H-passivated Si(100) surface. Additionally,
Auger electron spectroscopy (AES) revealed no
oxygen signal and a silicon to carbon peak inten-
sity ratio of ~37 corresponding to the absence
of oxygen on the surface and to less than 10% of
a monolayer of carbon contamination, respec-
tively.

To determine the influence of the substrate
temperature on crystalline growth, a series of
PTCDA samples of approximately the same film
thickness (~40 nm) was prepared at 230, 295, 360,
410 and 470 K. The substrate temperature was
derived from the experimentally determined Ra-
man shift of the Si phonon (2.2 cm™' per 100 K)
which is linear in the relevant temperature range.
The evaporation rate of PTCDA from the Knud-
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sen cell was kept constant in all experiments by
controlling the temperature to a value (550 K) that
ensured a deposition rate of 3 Amin~' at room
temperature (RT). Growth was interrupted when
the monitored Raman signals of PTCDA and Si
had the same intensity ratio as that obtained for a
40 nm thick PTCDA film grown at RT. The
thickness of the latter was obtained from an
atomic force microscopy calibration.

The UHV growth chamber is integrated into a
macro-Raman configuration, that allows to per-
form in situ measurements in a backscattering
geometry [13]. A lens of a focal length of 30 cm
focuses the laser light onto the sample to a spot of
about 300 pm in diameter. The scattered light is
collected by a Dilor XY triple monochromator
with a multi-channel charge coupled device de-
tector. The Raman spectra were excited with the
488 nm (2.54 eV) Ar* laser line. The spectral res-
olution of the equipment was determined from the
full width at half maximum (FWHM) of the laser
line as ~3.4 cm™'. The laser power at the entrance
of the UHV chamber was set to 20 mW, which
limited the intensity of the focus to well below the
damage threshold of PTCDA (at ~100 kW cm™?).
For recording a spectrum 60 accumulations of 60 s
each were used.

X-ray spectra were recorded ex situ using a
SEIFERT 3000 PTS diffractometer with CuKo
radiation (A = 1.5418 A). The measurements were
performed in a 6 — 20 scan mode in the range from
5° to 80°. Both Raman and XRD spectra were
recorded at RT.

3. Results

The PTCDA evaporation rate used in our ex-
periments leads to film deposition only when the
substrate temperature is below 470 K. The film
colour varied from bluish green for the sample
grown at 230 K to reddish brown for that at 410 K.
The film topography observed with an Olym-
pus Microscope (objective magnification 100) was
mirror-like for the films grown on substrates at RT
and below, but for elevated temperatures a gran-
ular structure occurred. A similar observation was

already reported by Fughigami et al. for films
deposited on gold (Au) substrates [14].

For films grown at 230, 295, 360 and 410 K
(Fig. 1) the changes in morphology correlate with
the differences we observe in the Raman spectra.
Four bands below 100 cm™' occur with all sam-
ples. These modes were recently attributed to ex-
ternal vibrational modes (phonons) of rotational
(libronic) character [12] of the monoclinic PTCDA
molecular crystal. Their frequency positions cor-
respond well to those experimentally determined
by Tenne et al. for PTCDA films deposited on
Si(1 11)-H:1 x 1 [12]. These modes are centred at
44, 65, 74 and 90 cm~! and their symmetry is de-
scribed by the A,, B,, A, and B, irreducible rep-
resentations, respectively, of the Cgh space group.
The inset in Fig. 1 reveals a sharpening of the
phonon bands with increasing growth tempera-
ture. This is more clearly seen after subtracting the
background (Fig. 2). As an example, in the case of
the mode at ~44 cm™!, which is most suited due to
the absence of overlapping features, the FWHM
has values of 12.5, 12, 10.2 and 8 cm™! (within an
accuracy of +0.4 cm™') for the samples grown at
230, 295, 360 and 410 K, respectively.

The Ar™ laser line used for excitation, 2.54 eV,
has an energy larger than the optical HOMO-
LUMO gap (2.21 eV), and hence provides fa-
vourable conditions for resonance enhancement
[15,16] of the Raman intensity. As the PTCDA
molecule belongs to the D,, symmetry point
group, symmetry considerations dictate that the
A, symmetric internal vibrational modes dominate
the spectra of isolated PTCDA molecules for the
excitation energy used [17]. Density functional
tight-binding calculations of the PTCDA molecu-
lar dynamics show that the lowest frequency in-
ternal mode (~233 cm~!) mainly contains a
contribution from the vibration of C-O bonds.
The most intensive Raman lines at about 1303 and
1380 cm™!' correspond to modes with dominant
C-H character. The mode at 1303 cm™! has a large
contribution of in-plane bending vibrations, while
for the 1380 cm~! mode the contribution of
stretching vibrations is increased and the fre-
quency of this mode is therefore higher. The two
strong peaks at 1570 and 1589 cm™! are assigned
to modes with a dominant contribution of C-C
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Fig. 1. Raman spectra of PTCDA films deposited on p-Si(1 00) substrates at the temperatures (a) 230 K, (b) 295 K, (c) 360 K and (d)

~! with increasing substrate temperature. The in-
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schematically presents the planar molecule PTCDA, C,,H3Og.

0.10 - r . .
FWHM
0.08
"0
; 0.06
e
%)
+ 360 K
(3]
= 0.04f102
2
‘D 295 K
c
o) 0.02F 12
£
230 K
0.00 125
50 75 100 125

Raman shift / cm”

Fig. 2. Raman spectra of external vibrations (phonons) of
PTCDA films obtained after the subtraction of a diffusely
scattered light background. Spectra were normalized for a
better comparison of the FWHM.

vibrations located at the perylene core. A weak
and broad feature due to C=0 vibrations appears
at about 1780 cm~!. The relative intensities of the
Raman lines caused by scattering at internal vib-
rational modes are similar for all the films pre-
sented here. Frequency positions agree well with
those of crystalline PTCDA [12].

FWHM of all the internal vibrational lines,
except for the one at 233 cm™! decreases with in-
creasing temperature. In the case of the most
prominent Raman mode at 1303 cm™! (Fig. 3(a)),
the FWHM for the samples grown at 230, 295, 360
and 410 K amounts to 11, 10.8, 10.1 and 8.8 cm™!
(£0.4 cm™!), respectively. Moreover, the shape of
this line becomes asymmetric with increasing
temperature, thus giving a hint for a double-peak
structure.

Returning to Fig. 1, one notices that the back-
ground below 150 cm™' and above 1600 cm™' in-
creases with the growth temperature. The
background in the low frequency range originates
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Fig. 3. (a) Normalized Raman spectra of the most prominent
internal mode at ~1303 cm~'. The solid, dotted, dashed and
dash-dotted curves in (b) correspond to the films grown at
230, 295, 360 and 410 K, respectively. (b) Multi-Lorentzian
fit for the normalized Raman spectrum of the sample deposited
at 410 K. A zoom of the region neighbouring the mode at
~1303 cm™! is presented in the inset.

from diffusely scattered light, while in the high
frequency range it presents a tail of the PTCDA
photoluminescence.

The results obtained in Raman spectroscopy are
closely correlated with the XRD spectra presented
in Fig. 4. The films grown at 360 K and below
show a diffraction peak around 20 =~ 27.62°. A
Gaussian fit reveals that the angle corresponding
to the diffraction maximum rises by 0.1° for the
sample grown at 410 K. The FWHM of this peak
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Fig. 4. XRD spectra of PTCDA films deposited on p-Si(100)
substrates at temperatures (a) 230 K, (b) 295 K, (c) 360 K and
(d) 410 K. The spectra were multiplied by the shown factors for
better comparison. The curves represent a Gaussian fit to the
experimental data (V, ¢, @, O).

decreases from 0.32° for the sample grown at
230 K to 0.19° (£0.02°) for the sample deposited at
410 K. The latter value approaches that of 0.17°,
obtained for a PTCDA crystal [12]. The multipli-
cation factors in Fig. 4 shows that the peak nar-
rowing effect is accompanied by a strong decrease
of peak intensity for the highest substrate tem-
perature.

4. Discussion
4.1. Raman spectroscopy

In Section 3 we have described the differences
observed in the Raman spectra for PTCDA films
deposited at various substrate temperatures. These
results will be related in this section to a structural
model.

Using LEED, AES and total current spectros-
copy we have recently observed that PTCDA
forms islands on H-passivated Si(11 1) substrates
[18] when deposited at RT. Assuming the same
growth mode for PTCDA on Si(1 0 0), the presence
of the PTCDA phonon bands in the Raman
spectra reveal the crystalline structure of domains
within the films. Interestingly, the increase of
growth temperature is accompanied by a decrease
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of the FWHM of the phonon modes. To our
knowledge, such an effect was not yet experimen-
tally observed for molecular systems. Also, theo-
retical work applicable to this case is still lacking.
We propose that the correlation between the
FWHM of phonon bands and the structural order
is similar to that observed in the case of inorganic
semiconductor systems, such as gallium arsenide
[21], carbon films [22] or germanium films [23].
There, the decrease in the FWHM of the optical
phonon bands is related to the structural im-
provements induced by the growth or annealing
temperature, i.e. to the development of the larger
and more perfect single crystalline domains at the
expense of the amorphous and polycrystalline
contributions.

A small size of crystalline domains may affect
both the phonon lifetime and the quasi-momen-
tum conservation in the scattering process, and
thus result in a broadening of the Raman phonon
bands. However, a more quantitative evaluation
of the FWHM would require a more detailed
knowledge of phonon lifetime and dispersion
curves in molecular crystals. In addition, the band
broadening mechanism may also stem from the
coexistence of crystalline domains consisting of a-
and B-phase PTCDA.

Considering the internal modes, the mechanism
that leads to the observed asymmetric narrowing
provides further insight in the molecular crystal
structure. We will concentrate our discussion on
the mode at ~1303 cm~! shown in Fig. 3(a). It may
seem, at the first glance, that the total decrease in
the FWHM seen in Fig. 3(a) can be caused by an
increased size of crystalline domains. However, the
asymmetric shape that becomes more pronounced
with increasing temperature is most likely to
originate from a multi-component structure. A
multi-Lorentzian fitting procedure, performed in
the range between 1185 and 1500 cm~! (Fig. 3(b)),
reveals that the feature at ~1303 cm™' actually
consists of two lines centred at 1302.9 and
1306.7 cm™! (0.2 cm™"). The fit also shows that
the FWHM of the lower frequency component
decreases from 7.9 to 6 cm™! while the FWHM of
the higher frequency component slightly increases
from 5.4 to 6.2 cm~! with increasing substrate
temperature from 230 to 410 K. The splitting value

in the frequency positions of the doublet compo-
nents amounts to 3.8 cm~! for the PTCDA films
and is larger than the value of the Davydov split-
ting (see below) of 1.7 cm™! experimentally deter-
mined for a a-PTCDA crystal [12]. Raman data
for the B-PTCDA crystals are not reported up to
date.

One has to take into account that the crystalline
environment causes a shift of each A, internal
mode of the isolated PTCDA molecule. This static
field effect is stronger in the case of the a-PTCDA
phase, where the molecules are more closely
packed than in B-phase [1,24]. Hence, the vibra-
tional frequency of internal modes should be lower
in the case of molecules embedded in a-PTCDA
than in B-PTCDA crystals. Additionally, a dy-
namic effect (Davydov splitting) appears as a
consequence of the presence of two molecules in
the monoclinic unit cell. Due to the in-phase and
out-of-phase coupling of vibrations between the
two molecules in a unit cell, each internal molec-
ular vibration mode splits into a doublet [12]. The
larger FWHM and frequency splitting between the
two components resolved for films relative to those
obtained for a single phase crystal points to an
overlapping of static and dynamic effects caused
by a coexistence of both a- and B-PTCDA phases
in the films. The decrease in intensity of the higher
frequency component, i.e. the 1306.7 cm~' com-
ponent with increasing temperature, is then consis-
tent with an increase in the content of a-PTCDA
at the expense of B-PTCDA phase. Such a behav-
iour is also supported by the tendency observed for
the FWHM of the individual components.

It should be mentioned that another mechanism
for the modification of the Raman line shapes may
occur, namely the rearrangement of the PTCDA
molecules plane with respect to the substrate plane
for samples grown at elevated temperatures. In
order to clarify the influence of such an effect
further investigations using polarized analysis of
Raman scattering on samples grown in a larger
range of substrate temperatures and with various
evaporation rates would be required.

The crystalline domain structure of our films
gives rise to significant surface roughness within
the lateral spatial range of the laser beam focus
(~6 x10* um?). As a consequence, part of the laser
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light is diffusely elastically scattered and leads to
the background in the low wave number region of
the Raman spectra [19,20]. The increase of this
background with increasing substrate tempera-
tures indicates an increase in the degree of
roughness, corroborating the larger size of indi-
vidual crystals.

The improvement in crystallinity, i.e. larger size
of individual crystals, is also responsible for the
increased PL background occurring in the high
frequency range of the Raman spectra. A recent
study of Gao et al. shows that with increasing
substrate growth temperature the crystalline qual-
ity of a-naphtylphenylbiphenyl diamide films (800
A thick) significantly improves [25]. As a conse-
quence, the PL efficiency of NPB films increases
markedly. Photoluminescence measurements per-
formed on the PTCDA films revealed an increase
of about two orders of magnitude for the sample
grown at 410 K with respect to the one grown at
230 K [26].

4.2. X-ray diffraction analysis

The presence of the peak that corresponds to
the (102) lattice planes of the monoclinic system
[9,27] in the XRD spectra indicates the existence of
crystalline order in all PTCDA films. If one con-
siders the finite crystalline domain size as the
main line broadening mechanism, the decrease in
the FWHM of the diffraction peak described in the
results section reflects the increasing size of the
crystalline domains.

The variation of peak position with deposition
temperature, on the other hand reveals that crys-
talline domains of both the o- and B-phases exist
[27]. The value of 27.62° (£0.02°) for the diffrac-
tion angle of films prepared at 360 K and below
lies between the theoretical values for the B-phase
(27.44°) and the o-phase (27.83°), clearly sup-
porting the coexistence of these phases. The shift
of 0.1° for the sample grown at 410 K corroborates
the increase in a-phase content already deduced
from the Raman line-shape analysis. It should be
noticed that the coexistence of the two phases may
considerably add to the broadening of the dif-
fraction peak.

The high intensity of the (102) Bragg diffrac-
tion peak for the films grown at 230, 295 and 360 K
indicates that within the crystalline domains
PTCDA molecules are oriented with their plane
(which is approximately parallel to the (102) lat-
tice plane) parallel to the silicon surface. The de-
crease of peak intensity for the sample grown at
410 K may be attributed to a change in the mo-
lecular orientation relative to the substrate plane
in some domains. Mobus and Karl deposited films
at even higher temperatures, 520 K, using a higher
PTCDA evaporation rate [9]. For that substrate
temperature they observed that the peak corre-
sponding to the XRD by (102) planes vanishes
entirely, while a new one corresponding to (01 1)
planes occurs. This was related to a different
growth mechanism with the PTCDA molecular
plane approximately upright to the substrate.

5. Summary

PTCDA films with an average thickness of
40 nm were grown on H-passivated Si(100) by
OMBD at four different substrate temperatures:
235, 295, 360, 410 K. At higher temperatures no
PTCDA deposition was observed for the evapo-
ration rate of 3 Amin~' used.

Raman spectra of the films were recorded
in situ after the growth was completed. In the
spectra of all samples we observe the presence
of four external vibrational modes characteristic
of the PTCDA molecular crystal. The FWHM of
these phonon lines decreases with increasing sub-
strate temperature during deposition. This nar-
rowing mechanism is related, as in the case of the
inorganic systems, to an increase of the size of the
crystalline domains.

The asymmetric shape of internal vibrational
lines is predominantly induced by the presence of
o- and B-PTCDA phases in the films. It is also
possible that the decrease of FWHM for samples
grown at elevated substrate temperatures is af-
fected by an additional rearrangement of PTCDA
molecular planes with respect to the substrate
plane.

At macroscopic scale, the increase in the size of
the crystalline domains leads to a roughening of
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the films. This increases the diffusely scattered light
background in the low-frequency spectral range
for films grown at higher substrate temperature.
On the other hand, the formation of larger-size
crystallites causes an enhancement of the photo-
luminescence of PTCDA films, probably through a
reduction in nonradiative recombination centres
[25].

The XRD spectra of all the films studied dis-
played the Bragg reflection of the (102) plane of
the PTCDA monoclinic molecular crystal, proving
the crystalline structure of films. In good agree-
ment with the Raman results, the FWHM of the
(102) peak decreases with increasing substrate
temperature, which mainly reflects the increase in
the size of the crystalline domains. A close analysis
reveals that the o- and the B-PTCDA coexist
within all films. The observed shift towards slightly
higher diffraction angles with increasing deposition
temperature indicates the increase in the content of
the a-phase at the expense of that of the B-phase.
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