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Abstract

A molecular superlattice consisting of alternate yels of

N,N’-dioctyl-3,4,9,10-perylenedicarboximide (PTCg) and quaterrylene was

prepared by using an ultra-slow deposition techaigeilm growth under equilibrium

conditions with precise optimization of the substratemperature enabled the

layer-by-layer stacking of hetero-molecules atragte-layer level. The morphology

of the films and the orientation of the molecules aach layer were analyzed by

atomic force microscopy (AFM) and an x-ray reflecti(XRR) technique.

Keywords: oganic semiconductor, superlattice, x-raffectometry, ultra-slow deposition

PACS: 61.05.cm, 68.35.bm, 68.35.68.60.Dv, 68.65.Cd
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The main purpose of this study is to establish ree fprocess for growing a
molecular superlattice, where hetero-molecular tayare deposited alternately in
monolayer level. Organic thin-film devices have eptly been used in commercial
applications, such as organic field-effect trarsist organic light emitting diodes and
organic solar cell§. In addition to these conventional devices, orgadgvices based
on new concepts have been reported, e.g., spictioje deviceé, magnetoresistance
devices® and thyristors. These unique characteristics require delicate @earents
of multiple molecules. A typical example can bersé® a strongly correlated system
of organic materials. Non-linear conduction anddaperconductivity are induced by a
charge transfer between molecules that are aligmedlow-dimensional superlattice
®. In this respect, a molecular superlattice hasgpetential for providing innovative
functionalities. This makes it essential to estsiblia fine process for growing a
molecular superlattice at a monolayer level.

In this work, we studied the growth and structucdiaracterization of a
molecular superlattice of PTCDIg&nd quaterrylene. The molecules, which function
respectively as n-type and p-type organic semicotwhs, were deposited alternately
by an ultra-slow deposition process called the Wwatt technique. This technique is
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described in detail elsewhe?®. An advantage of our technique is that the molacul
layers are grown under near thermal equilibrium ditons, and so, in contrast to
previous studies, precise thin film growth is pdésiat a monolayer level*®. As a
result, p-n junctions can be formed on a single eanolar scale and charge transfer
between adjacent molecules can be expected.

Molecular superlattices were fabricated on Si stdies with thermally oxidized
surface layers (Si§) in a high vacuum (~1BPa). The deposition rates were less than
0.03 molecular layers (MLs) per minute. AFM imagé&dl SPI1-4000, dynamic force
mode) and XRR spectra (Bruker-AXS, D8 Discover, ICu: A=0.154nm)** *® were
obtained from various films grown at different striase temperatures with a view to
optimizing the growth conditions and examining therphology, thickness and
molecular orientation. By using XRR fitting, theykr densities were estimated to be
in the 1.3— 1.5 g/cfrange, which is comparable to the values repoitegrevious
studies'” 18

First, we verified the growth of the first PTCDIgGnonolayer on the Si©
surface. The molecular structure is shown in Fip)1Figure 1(b) shows the XRR
spectrum of the PTCDI-£monolayer grown at an optimized substrate tempeeabf
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140°C 8. The measurement was carried out immediately afier deposition. The
thickness was estimated to be 2.7 nm (£0.1 nm) fthenfitting curve, indicating that
the long axis of the molecule (2.97 nm) was orientertically to the surface normal
with a small tilting angl& *" ' A schematic illustration is shown in the insetFig.
1(b). Figure 1(c) is an AFM image of PTCDkG0.6 ML), which clearly shows
two-dimensional growth with flat terraces. The swod profile of the AFM images (a
typical profile is shown in the inset) revealedtthiae terraces had an average height
of 2.2 nm, which is smaller than that estimatedhwiRR, and involved a certain
fluctuation of about +0.2 nm. We found that thectrniess (height) had a tendency to
decrease with time. For example, the reductionhickness to approximately 1.8nm
(x0.2 nm) was confirmed by XRR and AFM 2 monthseafthe deposition (not shown
here). These results imply that the PTCDQJ48onolayer on the SiQis unstable and
the molecular orientation inclines gradually.

Next, we examined the surface morphologies, thiskneand molecular
orientation of quaterrylene/PTCDIsQlouble layers (see Fig. 2(a)). The AFM images
in Fig. 2(b)-(d) show the surface morphologiesiué quaterrylene layers deposited on
the underlying PTCDI-¢ monolayer. A clear dependence on the substrate
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temperature was observed. Quaterrylene layers tetm@row in a three-dimensional

manner below 158C. Meanwhile, the substrate temperature at A@roduced 2D

layers at the monolayer level. As a result, a vaadfined quaterrylene/PTCDILC

bilayer was formed.The surface profile shown in the inset proves thhe

quaterrylene molecules have an upright orientatien, the long axis of the molecule

(1.8 nm) is perpendicular to the Si®urface normal.

To examine the total thickness of the quaterryl®i&€DI-Cg bilayer, the XRR

spectrum was measured as shown in Fig. 3(a). lulshbe noted that the total

thickness estimated with the XRR measurement wag 89 nm, which was less than

the sum for the two molecules (2.8 nm + 1.8 nm). §peculate that the reduction in

the total thickness can be attributed to the iniitgbof the PTCDI-G layer as already

mentioned. The orientation of the PTCD}-ayer changed during the quaterrylene

deposition presumably as a result of heating théstate. To confirm this

presumption, we investigated the effect of tempematon the PTCDI-g orientation

by thermally treating a PTCDI43ingle layer on Si@at 160°C for 3 hours after the

deposition. The XRR spectrum in Fig. 3 (b) revethiat the thickness was reduced to

1.2 nm. This result means that the thermal treatmansed the molecules to lie flat as
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shown in the inset. Based on these analyses, wecleded that the
quaterrylene/PTCDI-gbilayer consisted of a vertically orientated quatkene layer
(1.8 nm) on a prostrate PTCDIgQayer (1.2 nm), which yielded a total thickness of
3.0 nm.

Subsequent layers were deposited and the moleoulantations of each layer
were examined. The substrate temperatures wereng#d to 16°C for all the upper
layers (2nd-4th layers), in a similar way to thabwn in Fig. 2. AFM images were
obtained to confirm the surface flathess as shownhe right in Fig. 4(a). The XRR
spectra in Fig. 4(b) were measured from thus pregpaPTCDI-G/quaterrylene
multiple layers. The fitted pattern revealed thickhesses of the respective layers as
shown in Fig. 4(b). The quaterrylene layers (2nd 4th layers) were very stable with
a constant thickness of 1.7 nm, which is almost slaene as that of the upright
orientation. On the other hand, the thickness of #TCDI-G layer (3rd layer)
sandwiched between quaterrylenes exhibited a aertaariation: 2.3 nm for
as-deposited and 1.8 nm after th® layer deposition. This variation in thickness
resulted from the instability of the PTCDIzdayer and the thermal effect that
occurred during the deposition of the other layassdiscussed for the first PTCDEC
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layer. In the XRR spectra, we observed a disagreeietween the experimental data
and the fitted patterns of around 4 degrees. Téiacicounted for by the fact that the
diffraction peak from the (001) lattice plane of ®DI-Cg and quaterrylene layers

overlapped the reflection patterns. To illustratesteffect, the diffraction peak from

the (002) plane observed around 8 degrees is shiowre inset.

In summary, we produced a molecular superlatticgudterrylene/PTCDI-&
using a fine process, where we precisely optimittesl deposition conditions for 2D
layer growth. The morphologies and molecular oriions in each layer were
clarified by AFM and XRR. As a result, the moleculsuperlattice was found to
consist of inclined PTCDI-E£and upright quaterrylene layers. The moleculeshis
study function as n- and p-type semiconductorspeeﬁvel;}g’zo. Therefore, this
successful layer by layer growth of a molecularesigutice, which has offsets at the
HOMO-LUMO energy levels, opens up the possibiliycarrier transfer and carrier
confinement in a similar manner to that observedhwtonventional inorganic

semiconductors.
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Figure Captions

Figure 1 (a) Chemical structure of PTCD§-@olecule. (b) XRR spectrum of
PTCDI-Cs monolayer. The experimental result (red circlesi &itted line (blue line)
revealed a layer thickness of 2.8 nm. The molecaféntation is shown in the inset.
(c) 5 x 5pm? AFM image of 0.6 ML PTCDI-@ The surface profile shows the
PTCDI-Gg layer is 2.2 nm thick, suggesting the layer undesya gradual change in

orientation.

Figure 2 (a) Chemical structure of quaterrylene ecale. (b)-(d) 5 x 5um? AFM
images of quaterrylene layers grown on the PTCRnolayer at various substrate

temperatures. The optimum substrate temperaturgrmwing a 2D layer was 16'C.

Figure 3 (a) XRR spectrum of a PTCDEk/Guaterrylene double layer. The
experimental result (red circles) and fitted lirtug line) revealed a total thickness of
3.0 nm. (b) XRR spectrum of the PTCDE&onolayer after thermal treatment, which
indicates a change in molecular orientation (sag Ei(b)).
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Figure 4 (a) lllustration of PTCDI-gquaterrylene superlattice and AFM images of
respective layers. The flat surfaces of each layarfirm well-defined 2D growth. (b)
XRR spectra of PTCDI-gquaterrylene superlattice. The film constitutiondathe
thicknesses of each layer are shown in the illugira The disagreement between the
experimental results (red circles) and fitted lindgdue lines) around 4 degrees is
attributed to the diffraction peak from the (00&jtice plane. The peak from the (002)

plane observed around 8 degrees is shown in thet assa reference.
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