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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,N’-bis(phenethyl-perylene-3,4:9,10-bidicarboximid¢ (DPEPB 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 th@02) 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 A. Slower evaporation onto heated substrate produces a film
of green color with a more than one order of magnitude larger domain size of 3300 A. 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.
[S0163-18209)00145-9

. INTRODUCTION shown to depend on the crystalline phase of the ffiths.
Recently, a singlet exciton-transfer length of Z& has

The absorption spectrum of an organic solid is largelybeen reported for a polycrystalline DPEP fitthThis long
determined by the interplay between the absorption propetexciton-transfer length indicates that a significant degree of
ties of a single molecule and the local environment of thedelocalization of the excitons in the molecular lattice can
molecule in the solid. The absorption process subsequentlyccur.
leads to the formation of a variety of different collective In this paper, we report the results of a high-resolution
excited states, such as Frenckel excitons and charge-trans®mchrotron x-ray diffraction study of thin DPEP films. We
excitonst? which are ultimately responsible for phenomenahave studied films with two distinct microstructures, pre-
such as photocharge generation and charge transfer in gpared through vacuum evaporation without solvent treat-
ganic molecular thin films. However, these steady-state exment. These films are identified primarily through their
citons are delocalized within the entire crystalherefore, starkly different absorption spectra, which give them a char-
the properties of excitons depend upon the structure of thacteristic color. The first type, which we call DPEP-I is
crystal as a whole. A full understanding of the photophysicsright red in color. It is produced by fast deposition of the
of an organic semiconductor requires a detailed knowledgenolecules onto cooled substrates. The second type, which
of the crystalline structure of the material. This includes in-we call DPEP-II, has a green color, and is produced by slow
formation about the crystalline phase, as well as the domaideposition of the molecules onto heated substrates. The x-ray
size and the distribution of crystallite orientations. diffraction results suggests that DPEP-I is predominantly

N,N’-bis(phenethy)-perylene-3,4:9,10-bidicarboximideé = composed of amorphous material, although small grains of
(DPEP is known to form a number of different crystalline material are present. DPEP-II exhibits a strikingly
polymorphs?! They can be produced by varying film evapo- different structure. It can be described as a large-domain
ration conditions in order to produce different phasesby  polycrystalline material, highly oriented along the surface
solvent treatment of an evaporated film in order to inducenormal of the film. These results suggest that the difference
crystallization®’ Both the absorption spectrum and the pho-in the absorption spectra between the two types of films is a
tocharge generation efficiency of DPEP films have beemesult of a different molecular packing in amorphous and

0163-1829/99/6(21)/146835)/$15.00 PRB 60 14 683 ©1999 The American Physical Society



14 684 MAKINEN, MELNYK, SCHOEMANN, HEADRICK, AND GAO PRB 60

1.5 T T T T T T T T T 25um

O.D. (ARB. UNITS)

Opm

~—.
L 1 1 1 1 L S regecpeepsT

350 400 450 500 550 600 650 700 750
WAVELENGTH (nm) 25um

FIG. 1. Absorption spectra of DPEP-I filtdashed lingevapo-
rated onto a cooled glass substrate-a&0 °C with an evaporation
rate of 8 A/s and DPEP-II filnfsolid line) evaporated onto a heated
glass substrate at 110°C with an evaporation rété 8 /s. Both
films were 2500 A thick. 1.25um

crystalline materials. The large well-oriented domains of
DPEP-II are consistent with an interpretation where strong
exciton-exciton coupling results in delocalization of the ex-
citon within a single crystallite. This explains the extremely Opm
long-range charge and energy-transfer processes observed by
Gregget all° The highly orientated crystallites in the films
are expected to further reduce scattering of excitons at grain ~ FIG. 2. AFM scans ofa) DPEP-I and(b) DPEP-II films.
boundaries for charge and energy transfer along the surface
normal. amorphous material, which will become evident from the
discussion of the x-ray-diffractiofXRD) results later in this
paper. The absorption spectrum of DPEP-II shows a further
broadened,; band whose long wavelength part is redshifted.
The samples were made by vacuum evaporatinrgse The spectrum compares well with similar spectra of solvent-
pressure X 10 ° torr) DPEP from a resistively heated Ta treated DPEP film&,and polycrystalline films created di-
source boat onto thermally oxidized(800) or indium tin  rectly through vacuum evaporatioreported in the literature.
oxide (ITO)-covered glass substrates. The morphology of thelhe extended states forming in the long wavelength region
film was controlled by varying the substrate temperature anére attributed to intermolecular interactions found in more
the deposition rate. For the experiments described in thisrdered DPEP-II filmg, which is also used to explain the
paper, we generated two film structures characterized bgreater photocharge generation efficiency of these films.
very different absorption spectra and film colors. The film Atomic force microscopyAFM) was performed on the
with an absorption maximum at 500 nfDPEP-) was evaporated DPEP films in air using the Topometrix Explorer.
evaporated at the substrate temperature- 60 °C and with ~ The effect of different evaporation conditions can clearly be
an evaporation ratef@ A /s. The film with absorption maxi- seen in the AFM images in Fig. 2. The AFM image of the
mum at 630 nm(DPEP-I) was evaporated at an elevated DPEP-I film shows no regular pattern but randomly distrib-
substrate temperature of 110 °C with an evaporation rate afted valleys and hills. The root-mean-square roughness
1A7s. (RMSR) is relatively low, ~8 nm. Conversely, the AFM
The absorption spectréJV Spectrophotometer; Perkin image of the DPEP-II film shows large needlelike crystallites
Elmen of the two films evaporated on glass substrates ar&ith domain sizes up to 150 nme 500 nmx 2500 nm. The
shown in Fig. 1. It is clear from the figure that the film corresponding RMSR is much higher in this cas€5 nm.
morphology has a pronounced effect on the absorption prop- The x-ray-diffraction experiment was carried out at the F3
erties of DPEP films. The absorption spectrum of DPEP-Istation of Cornell High Energy Synchrotron Source
shows the vibrational levels &, states that are both broad- (CHESS. The sample was mounted at the center of a stan-
ened and redshifted compared with the solution spectrum afard four-circle diffractometer. The incident x-ray energy
DPEP! The broadening and the shift of the spectral peaksand flux were 10.2 keV and>310' photons/s, respectively,
are attributed to the polarization effects present in the soligorovided by a pair of $111) monochromator crystals. The
state!! The polymorph of the DPEP-I film has previously instrument resolution was determined at t882) Bragg po-
been described in the literature as an amorphous Phasesition, and was found to be 2410 % A~! in the g,
where molecules are more or less randomly oriented. We.2<x10°2 A~! in the gy, and 2.0<10°* A~* in the q,
however, have a reason to suggest that the composition dfirection. The detector was a Nal scintilator.
the DPEP-I film is small crystalline grains embedded in Both DPEP-I and DPEP-II films evaporated on thermally
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i FIG. 3. XRD spectra of I_DPI_EPﬂbottom curve gnd PPEP'” FIG. 4. Diffuse scattering intensities for DPERdircles and

films (top curve). The labels |nd|c§te the crystal directions of the DPEP-II (squares films with fits to the line shapeésolid lines

Bragg reflections in the DPEP-I film. given in the text. The insets on the left show the two geometries for
calculating the line shapes. The inset on the right shows a high-

oxidized S{111) substrates have very clear first-order Braggresolution transverse scan of the DPEP-II film. The best fit values

reflections in the(002) direction as seen in their diffraction for the parameters ara=3300 A, b=390 A, d=250 A. The

spectra shown in Fig. 3. Since this Bragg reflection indicate#WHM of the specular part is 0.0082 A in the two lower-

a momentum transfer normal to the surface, this implies thatesolution scans and 410" % A~ in the high-resolution scan.

although the AFM images show a rather disordered surface

topology for the DPEP-I film, there is a significant amount of The line shape of the transverse scan intensity can be treated

order in the vertical crystal direction of the film. The as a Superposition of the Specu|@rand diffuse|D compo-

DPEP-II film shows additional Bragg reflections at higherpents, i.e.,

angle values that are absent in the DPEP-I spectrum. Further,

the first-order peak of DPEP-I at¥2=4.52° is shifted down =t 1)

from the corresponding peak of DPEP-II a#24.77°. s b

where the specular component is described as a narrow
1. ANALYSIS Gaussian function,l 5(q)=Aexp(—g%/20?). The diffuse
scattering intensities of x-rays near Bragg peaks are known
The assignment of Bragg peaks of the DPEP-II film totg contain information about the short-range correlation and
different lattice directions was done by computing the structhe structural order in a crystal lattice. In this case, the line
ture factor of the known DPEP crystal structtfré*and by  shape for the diffuse scattering is determined by the finite-
comparing the calculated peak positions with the observedize of the crystal domains in the lateral direction of the
ones. The002) and(004) reflections are within 0.02° of the DPEP films. If the finite-size sources are assumed to be
calculated 2 values, and th€214), (226), and(11-10 di-  mostly uncorrelated in the lateral directions the line shape
rections fall within 0.06° of the calculated values. It is im- can be expressed as a convolution of the structure factor and
portant to note that all the observed Bragg reflections arghe shape function of a single-crystal dom&Based on the
more or less ir[001] direction, which is an indication of a needle-shaped crystal domains revealed by the AFM image
highly oriented film. The first- and second-order peaks areof the DPEP-II film surface, we have approximated the crys-
however, relatively broad, FWHM-0.2°, which is attrib-  tal shape in the DPEP-II film with a rectangle of dimensions
uted to a distribution of lattice parameter values. The DPER x b. We have further assumed the lateral direction of the
films evaporated onto ITO-covered glass substrates showeglystal domain orientatiofangle in the inset of Fig. #to

the same Bragg peak positions as the films on thermallpe random. The line shape of the diffuse scattering intensity
oxidized Si substrates, and therefore this allows us to expow becomes

clude any substrate-induced effects in the data.
Diffuse scattering intensities shown in Fig. 4 were mea-

sured by transverse scans near the first-of06@) Bragg | (q)=a2bzfﬂ2 d‘Psinz(rraq sing) cos(mbgsing)
reflection of the DPEP-I and the DPEP-II films. Apart from ° — 2 (waqsing)?  (wbqcose)?
the total intensities, the line shapes of the two spectra seem 2

to have similar general features. Both the spectra have a

narrow central specular part and broader diffuse part thaihere the integration is done numerically. For the DPEP-I
makes up the wing regions of the spectrum. The width of thdilms, a different kind of geometry needs to be considered.
specular part is instrument limited and it originates from theThe AFM image of the DPEP-I film shows no regular crystal
vertical order present in the films as mentioned earlier. Theshape, and hence we have chosen to treat the DPEP-I do-
important distinction between the spectra of the two films ismains as circular disks. The diffuse scattering is given in this
the much broader diffuse scattering part of the DPEP-I filmcase by
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2 smaller domain size in DPEP-I films to influence the absorp-
: (3  tion properties.

The most obvious explanation for the different absorption
whered is the diameter of the disk anty is the first-order ~properties of the DPEP-I and the DPEP-II films is that the
Bessel function. former is an amorphous film and the latter is a crystalline

Apart from the amplitudes, the only parameters includedilm. As mentioned earlier, the amorphousness of the DPEP-I
in the expression&) and(3) are the dimensions of the crys- film is also suggested by the close resemblance between its
tals, i.e., parameters, b, andd. This provides a relatively absorption spectrum and the solution spectrum of the DPEP
simple model for analyzing the diffuse scattering in themolecule. However, if we assume DPEP-I to be mostly
DPEP films. Fitting the line-shape functions to the transverseamorphous we will have to explain the observed first-order
scan datdsee Fig. 4 gives the best-fit values of 3300 A and Bragg reflection of the DPEP-I film. The two orders of mag-
390 A for the DPEP-II domain dimensiomsandb, respec- nitude difference in the first-order peak intensities of the
tively, and 250 A for the DPEP-I domain dimensidnThe = DPEP-I and the DPEP-II Bragg reflection ddt®e Fig. 4
full width at half maximum(FWHM) of the specular partis seems to offer an explanation. If we take the ratio of the
0.0082 A" in both cases. The inset in Fig. 4 shows a high-integrated area under the peaks, we get an approximation for
resolution transverse scan of the DPEP-II film. The line-the square of the ratio of the amounts of crystalline material
shape fit is the same as for the lower-resolution scan of this the DPEP-I and the DPEP-II films. This ratio 4s0.02,
DPEP-II film except the FWHM of the specular part, which j.e., the amount of crystalline material in the DPEP-I film is
in this case is 1.4 10" * A~“. The extremely narrow specu- about 14% of the corresponding amount in the DPEP-II film.
lar part in the high-resolution scan indicates a low mosaicityin other words, the composition of the DPEP-I film is most
of the DPEP filmgless than 0.02°), and therefore eliminateslikely to be a mixture of small crystalline grains and amor-
the possible contribution from the film mosaicity to the dif- phous material. Therefore, DPEP molecules show a consid-
fuse parts of the transverse scans. erable degree of aggregation even in the least favorable
growth conditiongfast evaporation onto cooled substrates
This indicates the presence of a strong chemical potential
driving the aggregation process. In general, large semirigid

The line-shape functions seem to describe the data wetholecules have a tendency to form crystals, in which the
given the simplicity of the model. The observed deviationsmolecules are often arranged in stacked pHirs.
between the fits and the data are attributed to the fact that in We also want to note that the possibility of birefringence-
the model, essentially a single-crystal domain size has beenduced contributions in the absorption spectrum of the
used to replace a distribution of domain sizes found in theDPEP-I film is eliminated by the following two observations.
films. In fact, the expression(®) and(3) could be convolved First, The Bragg reflections in DPEP-I are absent in the other
with the size distribution of crystals in the film, and the re- two crystal directions,100] and[010]. In other words, if the
sulting functions would probably better describe the diffuseabsorption spectrum of DPEP-I had contributions from the
part of the scattering. Since neither the exact size distributioabsorption along th@ and b axis of crystallites we would
is known nor a reasonable estimate for it is available we willexpect to see the corresponding Bragg reflections. However,
treat the value of the crystal domain dimension found fromthis is not the case. Second, the absorption spectrum of a
the fit as the typical size of the crystal domain in the film. dispersion of DPEP microcrystals in polystryrene is practi-
The deduced lateral domain size, 390x8300 A, for the cally identical to the absorption spectrum of DPEPZI.
DPEP-II flm compares reasonably well with the domainsSince the absorption spectrum of this molecular dispersion is
observed in the AFM image of the film in Fig(®, therefore  in essence the spacial average of the various absorption axis
supporting the results of the line-shape analysis. of a DPEP crystal, this observation, in fact, eliminates the

The clearest distinctions between the DPEP-I and thgossibility that the absorption spectrum of DPEP-I could be a
DPEP-II fiims are the different absorption spectra of thesuperposition of absorptions along different crystal axis.
films and the lateral domain sizes the latter of which are now Model calculations have shown that a strong coupling
confirmed by both the diffuse scattering of the x rays in thefound between molecular excitons in the DPEP-II film is
films and the AFM images of the film surfaces. An interest-responsible for the spectral displacement and the splitting of
ing question is whether the domain sizes are in any wayhe absorption band compared with the disordered phase of
related to the absorption properties, i.e., whether there al@PEP’ The calculated values for the shifts agree reasonably
any size-induced effects. Detailed fluorescence studies owell with the experimental ones, and it is found that most of
quantum-well structures of 3,4,9,10-perylenetetracarboxyli¢he contribution to the redshift comes from the stacked pairs
dianhydride(PTCDA) and 3,4,7,8-naphtalenetetracarboxylic of molecules. Interestingly, these calculations are based on a
dianhydride(NTCDA), which both have an analogous mo- dipole-dipole approximation for the coupling, where only the
lecular and crystal structure to DPEP, have shown that thinteraction between the nearest neighbors needs to be con-
guantum confinement effects are considerable only for welsidered. This implies that the absorption properties of the
widths less than 100 A%'” The model calculations com- DPEP films are really determined by the relatively short-
bined with electroabsorption results on PTCDA films haverange order in the molecular lattice. The significance of
determined the charge-transfé€T) exciton radius to be short-range interactions is a general property of molecular
10-12 A long' The DPEP-I domain size, 250 A in diameter, crystals, and similar effects of exciton coupling have been
is more than twice the limit for the quantum confinementshown for naphtalene, anthrace, pentacene, and pure
observed for PTCDA and therefore we do not expect theperylene crystals?

Ji(mdq)
mwdq

|D(Q)=d2{

IV. DISCUSSION
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A strong exciton coupling in the DPEP-II film will also V. CONCLUSION
influence the charge- and energy-transfer properties of the
molecular film. Namely, the rate of energy transfer in mo-
Ieculgr solids is proportiona} to the.matrix ellement.of dipc"eevaporation are highly oriented polycrystalline films with
coupling between the e?<C|tor?IsTh|s combined with the  [001] axis normal to the surface. The domain size for the
large smgle-qystal domains of DPEP-II found in our exXperi-coarse-grain DPEP-II film obtained from the line-shape
ments explain the recently reported long-range energyanalysis of diffuse scattering is an order of magnitude larger
transfer processes with length scales up to a few micronghan the one found in the small-grain DPEP-I film, which is
(2.5 um) in polycrystalline DPEP fim&? In these recent found to agree well with the AFM images of the DPEP film
studies, it has also been suggested that the energy-transiirfaces. The obtained crystal structure and submicron do-
(exciton-transfer process may be enhanced by the delocalmain size of the DPEP-II film explain the previously ob-
ization of the exciton wave function within a single crystal- served extremely long exciton-transfer length in polycrystal-
lite. If we use the CT exciton radius found for PTCDA line DPEP films.

(10-12 A in the studies mentioned earlier as an estimate for
the size of an exciton in DPEP-II, we find that the exciton ACKNOWLEDGMENTS
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