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Effect of crystalline domain size on the photophysical properties of thin organic molecular films
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We have studied two distinct morphologies of vacuum evaporated thin
N,N8-bis~phenethyl!-perylene-3,4:9,10-bis~dicarboximide! ~DPEP! films with high-intensity synchrotron ra-
diation. Layers deposited on glass or silicon dioxide substrates are shown to be highly oriented polycrystalline
films with the @001# crystal axis normal to the substrate surface, and a mosaicity less than 0.02°. Transverse
x-ray scans through the~002! reflection reveal diffuse scattering from that the lateral domain sizes of the films
can be measured. Fast evaporation of DPEP onto cooled substrates results in a bright red film that is found to
have a grain structure with a domain size of 250 Å. Slower evaporation onto heated substrate produces a film
of green color with a more than one order of magnitude larger domain size of 3300 Å. The domain sizes and
shapes extracted from the x-ray data agree well with separately recorded atomic force microscopy images of
the DPEP films. The obtained crystal structure and submicron domain size of the large-grain DPEP film
explain the recently reported extremely long exciton transfer lengths in polycrystalline DPEP films.
@S0163-1829~99!00145-9#
el
pe
th
n
e
ns
na

e

th
ic
dg
in
a

t
o-

c
o
e

.

of
an

on
e
e-
at-
ir
ar-
is
e

hich
low
-ray
tly
of

ly
ain
ce
nce
is a
nd
I. INTRODUCTION

The absorption spectrum of an organic solid is larg
determined by the interplay between the absorption pro
ties of a single molecule and the local environment of
molecule in the solid. The absorption process subseque
leads to the formation of a variety of different collectiv
excited states, such as Frenckel excitons and charge-tra
excitons,1,2 which are ultimately responsible for phenome
such as photocharge generation and charge transfer in
ganic molecular thin films. However, these steady-state
citons are delocalized within the entire crystal.3 Therefore,
the properties of excitons depend upon the structure of
crystal as a whole. A full understanding of the photophys
of an organic semiconductor requires a detailed knowle
of the crystalline structure of the material. This includes
formation about the crystalline phase, as well as the dom
size and the distribution of crystallite orientations.

N,N8-bis~phenethyl!-perylene-3,4:9,10-bis~dicarboximide!
~DPEP! is known to form a number of differen
polymorphs.4 They can be produced by varying film evap
ration conditions in order to produce different phases,5 or by
solvent treatment of an evaporated film in order to indu
crystallization.6,7 Both the absorption spectrum and the ph
tocharge generation efficiency of DPEP films have be
PRB 600163-1829/99/60~21!/14683~5!/$15.00
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shown to depend on the crystalline phase of the films8,9

Recently, a singlet exciton-transfer length of 2.5mm has
been reported for a polycrystalline DPEP film.10 This long
exciton-transfer length indicates that a significant degree
delocalization of the excitons in the molecular lattice c
occur.

In this paper, we report the results of a high-resoluti
synchrotron x-ray diffraction study of thin DPEP films. W
have studied films with two distinct microstructures, pr
pared through vacuum evaporation without solvent tre
ment. These films are identified primarily through the
starkly different absorption spectra, which give them a ch
acteristic color. The first type, which we call DPEP-I
bright red in color. It is produced by fast deposition of th
molecules onto cooled substrates. The second type, w
we call DPEP-II, has a green color, and is produced by s
deposition of the molecules onto heated substrates. The x
diffraction results suggests that DPEP-I is predominan
composed of amorphous material, although small grains
crystalline material are present. DPEP-II exhibits a striking
different structure. It can be described as a large-dom
polycrystalline material, highly oriented along the surfa
normal of the film. These results suggest that the differe
in the absorption spectra between the two types of films
result of a different molecular packing in amorphous a
14 683 ©1999 The American Physical Society
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crystalline materials. The large well-oriented domains
DPEP-II are consistent with an interpretation where stro
exciton-exciton coupling results in delocalization of the e
citon within a single crystallite. This explains the extreme
long-range charge and energy-transfer processes observ
Gregget al.10 The highly orientated crystallites in the film
are expected to further reduce scattering of excitons at g
boundaries for charge and energy transfer along the sur
normal.

II. EXPERIMENT

The samples were made by vacuum evaporating~base
pressure 131029 torr! DPEP from a resistively heated T
source boat onto thermally oxidized Si~100! or indium tin
oxide~ITO!-covered glass substrates. The morphology of
film was controlled by varying the substrate temperature
the deposition rate. For the experiments described in
paper, we generated two film structures characterized
very different absorption spectra and film colors. The fi
with an absorption maximum at 500 nm~DPEP-I! was
evaporated at the substrate temperature of260 °C and with
an evaporation rate of 8 Å /s. The film with absorption maxi-
mum at 630 nm~DPEP-II! was evaporated at an elevate
substrate temperature of 110 °C with an evaporation rat
1 Å /s.

The absorption spectra~UV Spectrophotometer; Perki
Elmer! of the two films evaporated on glass substrates
shown in Fig. 1. It is clear from the figure that the fil
morphology has a pronounced effect on the absorption p
erties of DPEP films. The absorption spectrum of DPE
shows the vibrational levels ofS1 states that are both broad
ened and redshifted compared with the solution spectrum
DPEP.7 The broadening and the shift of the spectral pe
are attributed to the polarization effects present in the s
state.11 The polymorph of the DPEP-I film has previous
been described in the literature as an amorphous pha6,5

where molecules are more or less randomly oriented.
however, have a reason to suggest that the compositio
the DPEP-I film is small crystalline grains embedded

FIG. 1. Absorption spectra of DPEP-I film~dashed line! evapo-
rated onto a cooled glass substrate at260 °C with an evaporation
rate of 8 Å/s and DPEP-II film~solid line! evaporated onto a heate
glass substrate at 110°C with an evaporation rate of 1 Å /s. Both
films were 2500 Å thick.
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amorphous material, which will become evident from t
discussion of the x-ray-diffraction~XRD! results later in this
paper. The absorption spectrum of DPEP-II shows a furt
broadenedS1 band whose long wavelength part is redshifte
The spectrum compares well with similar spectra of solve
treated DPEP films,8 and polycrystalline films created di
rectly through vacuum evaporation5 reported in the literature
The extended states forming in the long wavelength reg
are attributed to intermolecular interactions found in mo
ordered DPEP-II films,7 which is also used to explain th
greater photocharge generation efficiency of these films.9

Atomic force microscopy~AFM! was performed on the
evaporated DPEP films in air using the Topometrix Explor
The effect of different evaporation conditions can clearly
seen in the AFM images in Fig. 2. The AFM image of th
DPEP-I film shows no regular pattern but randomly distr
uted valleys and hills. The root-mean-square roughn
~RMSR! is relatively low, ;8 nm. Conversely, the AFM
image of the DPEP-II film shows large needlelike crystallit
with domain sizes up to 150 nm3500 nm32500 nm. The
corresponding RMSR is much higher in this case,;35 nm.

The x-ray-diffraction experiment was carried out at the
station of Cornell High Energy Synchrotron Sour
~CHESS!. The sample was mounted at the center of a st
dard four-circle diffractometer. The incident x-ray ener
and flux were 10.2 keV and 331011 photons/s, respectively
provided by a pair of Si~111! monochromator crystals. Th
instrument resolution was determined at the~002! Bragg po-
sition, and was found to be 1.431024 Å21 in the qx ,
8.231022 Å21 in the qy , and 2.031021 Å21 in the qz
direction. The detector was a NaI scintilator.

Both DPEP-I and DPEP-II films evaporated on therma

FIG. 2. AFM scans of~a! DPEP-I and~b! DPEP-II films.
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oxidized Si~111! substrates have very clear first-order Bra
reflections in the~002! direction as seen in their diffractio
spectra shown in Fig. 3. Since this Bragg reflection indica
a momentum transfer normal to the surface, this implies
although the AFM images show a rather disordered surf
topology for the DPEP-I film, there is a significant amount
order in the vertical crystal direction of the film. Th
DPEP-II film shows additional Bragg reflections at high
angle values that are absent in the DPEP-I spectrum. Fur
the first-order peak of DPEP-I at 2u54.52° is shifted down
from the corresponding peak of DPEP-II at 2u54.77°.

III. ANALYSIS

The assignment of Bragg peaks of the DPEP-II film
different lattice directions was done by computing the str
ture factor of the known DPEP crystal structure12–14 and by
comparing the calculated peak positions with the obser
ones. The~002! and~004! reflections are within 0.02° of the
calculated 2u values, and the~214!, ~226!, and ~11-10! di-
rections fall within 0.06° of the calculated values. It is im
portant to note that all the observed Bragg reflections
more or less in@001# direction, which is an indication of a
highly oriented film. The first- and second-order peaks a
however, relatively broad, FWHM;0.2°, which is attrib-
uted to a distribution of lattice parameter values. The DP
films evaporated onto ITO-covered glass substrates sho
the same Bragg peak positions as the films on therm
oxidized Si substrates, and therefore this allows us to
clude any substrate-induced effects in the data.

Diffuse scattering intensities shown in Fig. 4 were me
sured by transverse scans near the first-order~002! Bragg
reflection of the DPEP-I and the DPEP-II films. Apart fro
the total intensities, the line shapes of the two spectra s
to have similar general features. Both the spectra hav
narrow central specular part and broader diffuse part
makes up the wing regions of the spectrum. The width of
specular part is instrument limited and it originates from
vertical order present in the films as mentioned earlier. T
important distinction between the spectra of the two films
the much broader diffuse scattering part of the DPEP-I fi

FIG. 3. XRD spectra of DPEP-I~bottom curve! and DPEP-II
films ~top curve!. The labels indicate the crystal directions of th
Bragg reflections in the DPEP-II film.
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The line shape of the transverse scan intensity can be tre
as a superposition of the specularI S and diffuseI D compo-
nents, i.e.,

I 5I S1I D , ~1!

where the specular component is described as a na
Gaussian function,I S(q)5A exp(2q2/2s2). The diffuse
scattering intensities of x-rays near Bragg peaks are kno
to contain information about the short-range correlation a
the structural order in a crystal lattice. In this case, the l
shape for the diffuse scattering is determined by the fin
size of the crystal domains in the lateral direction of t
DPEP films. If the finite-size sources are assumed to
mostly uncorrelated in the lateral directions the line sha
can be expressed as a convolution of the structure factor
the shape function of a single-crystal domain.15 Based on the
needle-shaped crystal domains revealed by the AFM im
of the DPEP-II film surface, we have approximated the cr
tal shape in the DPEP-II film with a rectangle of dimensio
a3b. We have further assumed the lateral direction of
crystal domain orientation~anglew in the inset of Fig. 4! to
be random. The line shape of the diffuse scattering inten
now becomes

I D~q!5a2b2E
2p/2

p/2

dw
sin2~paq sinw!

~paq sinw!2

cos2~pbq sinw!

~pbq cosw!2
,

~2!

where the integration is done numerically. For the DPE
films, a different kind of geometry needs to be consider
The AFM image of the DPEP-I film shows no regular crys
shape, and hence we have chosen to treat the DPEP-
mains as circular disks. The diffuse scattering is given in t
case by

FIG. 4. Diffuse scattering intensities for DPEP-I~circles! and
DPEP-II ~squares! films with fits to the line shapes~solid lines!
given in the text. The insets on the left show the two geometries
calculating the line shapes. The inset on the right shows a h
resolution transverse scan of the DPEP-II film. The best fit val
for the parameters area53300 Å, b5390 Å, d5250 Å. The
FWHM of the specular part is 0.0082 Å21 in the two lower-
resolution scans and 1.431024 Å21 in the high-resolution scan.
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I D~q!5d2FJ1~pdq!

pdq G2

, ~3!

whered is the diameter of the disk andJ1 is the first-order
Bessel function.

Apart from the amplitudes, the only parameters includ
in the expressions~2! and~3! are the dimensions of the crys
tals, i.e., parametersa, b, and d. This provides a relatively
simple model for analyzing the diffuse scattering in t
DPEP films. Fitting the line-shape functions to the transve
scan data~see Fig. 4! gives the best-fit values of 3300 Å an
390 Å for the DPEP-II domain dimensionsa andb, respec-
tively, and 250 Å for the DPEP-I domain dimensiond. The
full width at half maximum~FWHM! of the specular part is
0.0082 Å21 in both cases. The inset in Fig. 4 shows a hig
resolution transverse scan of the DPEP-II film. The lin
shape fit is the same as for the lower-resolution scan of
DPEP-II film except the FWHM of the specular part, whic
in this case is 1.431024 Å24. The extremely narrow specu
lar part in the high-resolution scan indicates a low mosaic
of the DPEP films~less than 0.02°), and therefore eliminat
the possible contribution from the film mosaicity to the d
fuse parts of the transverse scans.

IV. DISCUSSION

The line-shape functions seem to describe the data
given the simplicity of the model. The observed deviatio
between the fits and the data are attributed to the fact tha
the model, essentially a single-crystal domain size has b
used to replace a distribution of domain sizes found in
films. In fact, the expressions~2! and~3! could be convolved
with the size distribution of crystals in the film, and the r
sulting functions would probably better describe the diffu
part of the scattering. Since neither the exact size distribu
is known nor a reasonable estimate for it is available we w
treat the value of the crystal domain dimension found fr
the fit as the typical size of the crystal domain in the fil
The deduced lateral domain size, 390 Å33300 Å, for the
DPEP-II film compares reasonably well with the doma
observed in the AFM image of the film in Fig. 2~b!, therefore
supporting the results of the line-shape analysis.

The clearest distinctions between the DPEP-I and
DPEP-II films are the different absorption spectra of t
films and the lateral domain sizes the latter of which are n
confirmed by both the diffuse scattering of the x rays in
films and the AFM images of the film surfaces. An intere
ing question is whether the domain sizes are in any w
related to the absorption properties, i.e., whether there
any size-induced effects. Detailed fluorescence studies
quantum-well structures of 3,4,9,10-perylenetetracarbox
dianhydride~PTCDA! and 3,4,7,8-naphtalenetetracarboxy
dianhydride~NTCDA!, which both have an analogous m
lecular and crystal structure to DPEP, have shown that
quantum confinement effects are considerable only for w
widths less than 100 Å.16,17 The model calculations com
bined with electroabsorption results on PTCDA films ha
determined the charge-transfer~CT! exciton radius to be
10–12 Å long.1 The DPEP-I domain size, 250 Å in diamete
is more than twice the limit for the quantum confineme
observed for PTCDA and therefore we do not expect
d
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smaller domain size in DPEP-I films to influence the abso
tion properties.

The most obvious explanation for the different absorpt
properties of the DPEP-I and the DPEP-II films is that t
former is an amorphous film and the latter is a crystall
film. As mentioned earlier, the amorphousness of the DPE
film is also suggested by the close resemblance betwee
absorption spectrum and the solution spectrum of the DP
molecule. However, if we assume DPEP-I to be mos
amorphous we will have to explain the observed first-or
Bragg reflection of the DPEP-I film. The two orders of ma
nitude difference in the first-order peak intensities of t
DPEP-I and the DPEP-II Bragg reflection data~see Fig. 4!
seems to offer an explanation. If we take the ratio of t
integrated area under the peaks, we get an approximation
the square of the ratio of the amounts of crystalline mate
in the DPEP-I and the DPEP-II films. This ratio is;0.02,
i.e., the amount of crystalline material in the DPEP-I film
about 14% of the corresponding amount in the DPEP-II fil
In other words, the composition of the DPEP-I film is mo
likely to be a mixture of small crystalline grains and amo
phous material. Therefore, DPEP molecules show a con
erable degree of aggregation even in the least favora
growth conditions~fast evaporation onto cooled substrate!.
This indicates the presence of a strong chemical poten
driving the aggregation process. In general, large semir
molecules have a tendency to form crystals, in which
molecules are often arranged in stacked pairs.18

We also want to note that the possibility of birefringenc
induced contributions in the absorption spectrum of
DPEP-I film is eliminated by the following two observation
First, The Bragg reflections in DPEP-I are absent in the ot
two crystal directions,@100# and@010#. In other words, if the
absorption spectrum of DPEP-I had contributions from
absorption along thea and b axis of crystallites we would
expect to see the corresponding Bragg reflections. Howe
this is not the case. Second, the absorption spectrum
dispersion of DPEP microcrystals in polystryrene is prac
cally identical to the absorption spectrum of DPEP-II12

Since the absorption spectrum of this molecular dispersio
in essence the spacial average of the various absorption
of a DPEP crystal, this observation, in fact, eliminates
possibility that the absorption spectrum of DPEP-I could b
superposition of absorptions along different crystal axis.

Model calculations have shown that a strong coupl
found between molecular excitons in the DPEP-II film
responsible for the spectral displacement and the splitting
the absorption band compared with the disordered phas
DPEP.7 The calculated values for the shifts agree reasona
well with the experimental ones, and it is found that most
the contribution to the redshift comes from the stacked p
of molecules. Interestingly, these calculations are based
dipole-dipole approximation for the coupling, where only t
interaction between the nearest neighbors needs to be
sidered. This implies that the absorption properties of
DPEP films are really determined by the relatively sho
range order in the molecular lattice. The significance
short-range interactions is a general property of molecu
crystals, and similar effects of exciton coupling have be
shown for naphtalene, anthrace, pentacene, and
perylene crystals.19
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A strong exciton coupling in the DPEP-II film will also
influence the charge- and energy-transfer properties of
molecular film. Namely, the rate of energy transfer in m
lecular solids is proportional to the matrix element of dipo
coupling between the excitons.3 This combined with the
large single-crystal domains of DPEP-II found in our expe
ments explain the recently reported long-range ener
transfer processes with length scales up to a few micr
(2.5 mm) in polycrystalline DPEP films.10 In these recent
studies, it has also been suggested that the energy-tra
~exciton-transfer! process may be enhanced by the deloc
ization of the exciton wave function within a single crysta
lite. If we use the CT exciton radius found for PTCD
~10–12 Å! in the studies mentioned earlier as an estimate
the size of an exciton in DPEP-II, we find that the excit
extends over three molecular sites in DPEP-II, where
distance between the stacked pairs is;4.7 Å. In the pres-
ence of large crystal domains, such an excitation will trans
through a single-crystal domain encountering fewer gr
boundaries and therefore a lower number of trap sites, wh
ensures the highly efficient transfer of the excitation.
he
-

-
y-
ns

sfer
l-

r

e

er
in
ch

V. CONCLUSION

The x-ray-diffraction study on two polymorphs of thi
DPEP films shows that the films generated through vacu
evaporation are highly oriented polycrystalline films wi
@001# axis normal to the surface. The domain size for t
coarse-grain DPEP-II film obtained from the line-sha
analysis of diffuse scattering is an order of magnitude lar
than the one found in the small-grain DPEP-I film, which
found to agree well with the AFM images of the DPEP fil
surfaces. The obtained crystal structure and submicron
main size of the DPEP-II film explain the previously o
served extremely long exciton-transfer length in polycryst
line DPEP films.
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