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Organic and organometallic materials are promising
candidates for molecular electronic devices. In addition
to the currently commercialized liquid crystal displays,
there are light-emitting diodes and other displays, transis-
tors, memories, and photoelectric devices on the hori-
zon.1~10 Interest in organic materials for these applications
arises from the huge number of structures available in this
class of compounds and the possibility of tuning electrical
and optical properties over a wide region by purposeful
design. Encouragement for these views comes from the
fact that conductivities in organic materials (crystals,
polymers) vary by over more than 20 orders of magnitude
(from TTF-TCNQ to Teflon) and that complex biological
systems utilize organics. Before such devices can be
realized, however, a better understanding of the structural
factors that control the electrical and optical properties
of organic solids is needed. These include studies of the
nature of charge carriers and the factors that control their
mobility. Especially important are the effects of traps
(crystal defects, grain boundaries, impurities) on the
electrical properties. The nature of contacts to the organic
devices and the factors that control charge transfer at the
metal contact/organic crystal interface are also of impor-
tance in device fabrication. In this Account we deal with
single-crystal thin films and their electric and spectro-
scopic properties and discuss their potential application
in memory devices for reversible, high-density optoelec-
tronic data storage.

In contrast to inorganic solids, molecules in organic
molecular crystals (OMCs) are generally widely spaced
apart and held together by rather weak van der Waals
forces (intermolecular energies ~tenths of an electron-
volt), which are at least an order of magnitude smaller
than the intramolecular bond energies (2—4 eV). Conse-
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quently, the inherent properties of the individual mol-
ecules are retained in the OMC to a large extent, e.g., as
shown by the strong similarity between the optical spectra
of OMCs and those of their constituent molecules.**~13
This characteristic of OMCs, sometimes considered as
oriented molecular gases, offers interesting opportunities
to explore their potential for molecular electronics, since
the unique properties of isolated molecules can be a useful
guide to macroscopic properties when the molecules are
arranged in the molecular crystal. For example, as dis-
cussed below, the orientational dependence of light
absorption, detectable only with difficulty for polymer-
supported solvent green 3 molecules, can be seen as
sharply different colors with the naked eye in the single
crystal.’* The weak and long-distance intermolecular
interactions cause only a slight perturbation in the
electronic orbitals of the individual molecules in most
OMCs, leading to a strong tendency for excitons and
charge carriers to be localized on individual mole-
cules1-13.1516 35 compared to the complete delocalization
in the bands of inorganic semiconductors with strongly
bound atomic or ionic lattices, like Si and GaAs. As a
result, charge carrier mobilities in OMCs are relatively low
(typically <1 cm? s—t V~1) at room temperature and the
carrier mean free path is essentially equal to the lattice
constant because of strong scattering.'2-13 Indeed most
OMCs are excellent electrical insulators, which makes
them very useful, as discussed below, as memory media
using charge trapping for data storage. The injected
charges in these crystals can be held in a small (~nanom-
eter scale) space for a long time. Moreover, many OMCs
have high optical absorption coefficients (o ~ 10%), and
their electrical properties can be modulated significantly
by irradiation over a rather wide spectral range, thus
offering good possibilities for optical and optoelectronic
devices.

To understand the electrical properties of OMCs, it is
important to be able to model the way in which charges,
electrons (e~) and holes (h*), move through the crystal.
Charge transport in OMCs cannot be predicted quanti-
tatively by current models. Band theory, which is well
established for treating conductivity in inorganic solids,
only describes motion of delocalized charges. In OMCs,
although the s-electrons are delocalized and mobile
within individual molecules, e.g., along conjugated chains
of carbon atoms, injected excess charge cannot move
easily from one molecule to another in the crystal, because
of poor overlap in the wave functions of neighboring
molecules. Thus, a hopping model is often employed, in
which the charge moves between molecules by surmount-
ing an energy barrier. This model accounts for many
features of charge transport in OMCs but is still far from
Complete.ll_13’15'16

An understanding of the properties of organic solids
benefits from the experimental use of thin, single-crystal
films rather than the polycrystalline or amorphous ma-
terials that often result from vacuum deposition or spin-
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is also difficult

Organic powder placed at the opening
in the dark

modulation of the single-crystal
insulative nature of most OMCs.

Over the past several years we have been using a
technique for cell fabrication that results in the growth of

c)

(

thin single-crystal slices are needed for light penetration.
optical

Furthermore,
electrical properties is difficult to study with thick samples,

since light cannot penetrate across the sample. Accurate

electric characterization
crystal thin films (~1 um thick) between two pieces of

the absorption spectra in the UV—vis region, where very
large (several square millimeters) areas of organic single-
indium—tin oxide (ITO) coated glass that serve as trans-

sufficiently large to make electrical contact are almost
always too thick for optical characterization, e.g., obtaining

because of the highly

or in which
18,19 can be used,

but they often show some background interference gener-

ated by the substrate or through host

guest interactions.

polycrystalline films).

anisotropy, induced by

in which one or a few molecular

FIGURE 1. Schematic diagram of cell fabrication. (a) ITO removed on three sides. (b) Epoxy cement placed on the bare glass to adhere to

another ITO (or metal) substrate and the substrates firmly pressed together to desired separation.
and capillary-filled into the cell by heating to its melting point. (d) Cell cooled to room temperature and electrical contact to ITO made.

asymmetry in organic molecules and an important feature
of some OMCs, is not experimentally detectable with

samples where the molecules are randomly oriented (e.g.,

solutions, amorphous materials
Moreover, grain boundaries and structural defects in such

systems can distort or even dominate the charge-transport
processes, making it difficult to model transport in these
materials. On the other hand, single crystals grown

layers are attached to stretched polymerst”
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the material is dissolved in liquid crystals

coating. For example, optical
Partially aligned systems
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FIGURE 2. Chemical structure of ZnODEP (top) and schematic
diagram of the crystal structure of ZnODEP showing crystal defects
(bottom). Reprinted from ref 31. Copyright 1995 American Chemical
Society.

parent electric contacts (Figure 1).1420-22 With these,
many of the experimental difficulties with polycrystalline
films and thick single crystals are largely eliminated.
Optical and electrical characterizations can be carried out
simultaneously at the same spot of a given crystal orienta-
tion, and as discussed below, information about how
optical and electrical properties are affected by crystal
structure can be obtained. The effects of the orientation
of molecular columns, structural defects, and grain bound-
aries can be investigated for a number of OMCs.14.20.21
Of particular interest are OMCs that show a strong
orientational dependence on electrical conductivity, some-
times called one-dimensional molecular solids.23=30 An
example of such a solid is zinc octakis(d-decoxyethyl)-
porphyrin (ZnODEP) (Figure 2). Because of the effect of
the long hydrocarbon chains attached to the porphyrin
core, this material forms a discotic liquid crystal phase2324.31
in which the disk-shaped molecules are stacked regularly
to form ordered molecular columns, each of which can
be thought of as a molecular wire with higher conductivity
along the column due to the better intermolecular 7—x

CH, CH,

CH4 CH,CH ,

CH, CH,CH,
CHacHzo—ﬁ-CHZCHz CH,

Methylpyrroporphyrin XXI ethyl ester

FIGURE 3. Chemical structure of methypyrroporphyrin XXI ethyl
ester (top) and schematic diagram of porphyrin columnar structure
with crystal defects (bottom). The x—y plane is that of the ITO
substrate, and the z axis is perpendicular to this plane. Reprinted
from ref 20. Copyright 1996 American Chemical Society.

overlap than perpendicular to the columns.23:31 These
molecular columns remain fixed in the liquid crystal phase
while the long tails remain somewhat flexible.3! This phase
solidifies to form a well-defined single-crystal solid on
cooling. The nonpolar paraffin chains also serve as an
insulating layer around each column (i.e., a wire coating)
which spaces the columns apart and effectively hinders
electronic communication between adjacent wires. We
describe here several systems based on single-crystal thin
films and their properties and possible applications.

Effect of Crystal Structure and Molecular
Column Orientation on Optical and
Optoelectronic Properties

Porphyrin. Methylpyrroporphyrin XXI ethyl ester is a
planar molecule that forms a columnar structure in the
crystal as shown in Figure 3. Examination of porphyrin
single-crystal thin films with visible light under magnifica-
tion between two crossed polarizers provided clear evi-
dence of the column orientation (Figure 4A).2° Single-
crystal domains with different orientation appear as
different colors. For example, the two adjacent crystal
domains shown on the right of Figure 4A(a) are barely
distinguishable, but appear as two completely different
colors under polarized light (Figure 4A(b,c)) due to bire-
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FIGURE 4. (A) Micrographs of methypyrroporphyrin XXI ethyl ester single crystals between two pieces of ITO-coated glass (~2 um thick;
area of view, 1 mm x 0.7 mm): (a) without polarizers, (b) between two crossed polarizers, and (c) after sample rotation from (b). The change
in color with sample rotation allows recognition of crystal domains with slightly different orientations. Reprinted from ref 20. Copyright 1996
American Chemical Society. (B) Micrographs of SG3 single crystals between two pieces of ITO-coated glass (~6 um thick; area of view, 1
mm x 0.67 mm) (a) without and (b) with polarizer. The direction of the polarized plane of light was rotated by (b) 140° clockwise from the
vertical position. (c) The color of a purple spot (unpolarized light) with the polarizer at (1) 60°, (2) 90°, and (3) 150°. Reprinted from ref 14.
Copyright 1997 American Chemical Society. (C) Micrograph of Sudan | single crystals between two pieces of ITO-coated glass (~5 um thick;
area of view, 470 um x 350 um). Reprinted from ref 21. Copyright 1997 American Chemical Society.

fringence effects.32:33 Moreover, the color in each crystal
domain changed with sample rotation between two
crossed polarizers (Figure 4A(c)). As illustrated in Figure
3, if the x—y plane is taken as the ITO surface, ¢ represents
the tilt angle of a porphyrin column relative to the z axis.
At a given ¢, molecular columns still have all possible
(360°) orientations within the x—y plane. These different
orientations are clearly distinguished with polarized light.
When the sample was rotated, each crystal domain
showed systematic changes in color, and the sequence of
color changes was reproduced in other crystal domains.
These domains, with apparently different orientations in
the x—y plane, have the same orientation relative to the z
axis, in which case each crystal domain shows the same
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sequence of colors upon rotation. Crystal domains show-
ing a different sequence of color change with sample
rotation have different orientations with respect to the z
axis. The red color seen in a portion of the grain boundary
in the center of Figure 4A did not change upon sample
rotation with fixed polarizers, indicating an amorphous
structure in this region, perhaps because it contains
impurities that accumulated at the boundary during
crystal growth.

The optoelectronic properties also strongly depend on
crystal orientation. For example, in ZnOEDP the conduc-
tivity was much higher along porphyrin molecular col-
umns than perpendicular to them because of better 7—x
overlap. If the x—y plane were parallel to the ITO surface
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1,4-di-p-toluidinoanthraquinone (SG3)

needle direction

FIGURE 5. Chemical structure of SG3 (top) and crystalline packing
structure of SG3 (bottom) viewed parallel to the b axis (the b axis
is perpendicular to the plane of the paper). Reprinted from ref 14.
Copyright 1997 American Chemical Society.

in Figure 3, then ¢ = 0° would represent the orientation
with the highest conductivity between the ITO surfaces,
while ¢ = 90° would yield the lowest conductivity.
Between these two extremes there are many possible
crystal orientations showing intermediate conductivity.
Indeed, the photocurrents generated within different
crystal domains (identified by polarized light microscopy)
varied dramatically, i.e., by up to about an order of
magnitude. When a light beam was scanned over a
number of adjacent domains with different crystal orien-
tation, the short-circuit photocurrent, ls, produced at
different spots within the same crystal domain was
essentially equal but showed sharp changes at the domain
boundaries. These experiments provide direct evidence
for the effect of the orientation of the molecular columns
on the optoelectric properties. The photocurrents pro-
duced from those crystal domains with the same ¢,
oriented differently only with respect to the x—y plane as
distinguished by microscopy with crossed polarizers, were
about the same, so the crystal orientation relative to the
z axis was the determining factor in photocurrent genera-
tion.

Solvent Green 3. 1,4-Di-p-toluidinoanthraquinone (SG3)
is a molecule characterized by the planes of the two
phenyl groups out of the plane of the anthraquinone
skeleton. In the crystal, the phenyl groups produce steric
hindrance so that the SG3 molecules are slip-stacked to
form regular molecular columns (Figure 5). Under a
microscope, the ITO/SG3/ITO cells reveal a number of
needle-shaped crystals with different colors which change

under polarized light (Figure 4B). The parallel straight lines
shown on each domain are slip lines,420 which are useful
indicators of the crystal orientation. A domain showing
only straight lines (oriented in one direction) is a true
single-crystal domain with a fixed orientation; the color
of that domain changes upon sample rotation between
two crossed polarizers, and the color is always the same
at any position within that domain. The domain showing
ayellow color in Figure 4B(b) is such an example. In other
cases the slip lines are curved or bent to some extent at
some points as can be seen in the purple region in the
upper-left corner of Figure 4B(a) which shows a purple
color. In this corner, each different direction of the slip
lines represents a particular crystal orientation that is
clearly distinguishable with polarized light as different
colors (Figure 4B(b)).

The three basic colors corresponding to three nearly
orthogonal transition dipole moments in the crystal are
blue, yellow-green, and purple.’* The blue and yellow-
green colors are transitions along the long and short axes
of the anthraquinone skeleton, respectively, and the
purple color is an intermolecular interaction between
neighboring molecules. When a crystal needle is oriented
so that only one of the three dipole moments is nearly
parallel to the direction of the polarized light, the corre-
sponding color dominates, while the other two colors are
almost absent. Otherwise, a combination of the three basic
colors appears. Since there are many possible orientations
of the crystal needles, many different colors are observed
in the thin films depending on which of the basic colors
makes the largest contribution.* This can be confirmed
by inspection of individual SG3 single-crystal needles
grown from solution. In this case, the color of the crystals
changes upon needle rotation. Such controllable color
production might prove useful in optical applications.

The photocurrent also depends on crystal orientation.
The I was significantly larger in domains that showed a
purple color than in those of the other colors under
identical conditions, because light absorption in purple-
colored domains occurs by an intermolecular electron
transfer that is much more efficient in free charge carrier
generation. In the other colored domains, only intramo-
lecular electron transfer occurred initially upon irradiation
and more of the excited states decayed to the ground
states, leading to a lower photocurrent. As shown in Figure
6, the behavior of the I as a function of time was also
different in the crystal domains that produced the smallest
photocurrents. In addition to the large difference in I,
an initial negative transient spike was seen in curve b of
Figure 6, indicating a trapping/detrapping process.'*
When charge carriers hop along an unfavorable direction
in a crystal, the possibility of being trapped is higher.
These results suggest that the orientation of the purple
crystals is much better for charge carrier transport than
that of the other crystals. Indeed, the directions for
observing colors other than purple are perpendicular to
the molecular columns,’* and the hopping of charge
carriers between the columns is inherently slower than
hopping along a column.
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FIGURE 6. Short-circuit photocurrent, as a function of time,
generated in crystal domains that were (a) purple and (b) blue in
color. Of 16 separate domains sampled, the 5 smallest photocurrents
were generated from green-blue- or blue-colored domains. The /s
vs t curves for these 5 domains had the same shape as curve b
while the other 11 domains generated curves similar to curve a.
Reprinted from ref 14. Copyright 1997 American Chemical Society.

Effect of an Electric Field on the Crystal
Growth and Optoelectronic Propertiés

Sudan I. 1-(Phenylazo)-2-naphthol (Sudan 1) is a planar
molecule and forms molecular columns (Figure 7), leading
to a needle-shaped crystal (Figure 4C). The resistivities
perpendicular (pg) and parallel (o) to the needles are 1016
and 10 Q cm, respectively.?l Better 7—x overlap en-
hances the electron hopping along the molecular columns.

When a bias voltage was applied between the two ITO
electrodes during crystal growth of Sudan I, the resulting
crystal was featureless and no needle structure was visible.
The crystal needle axis, which was parallel to the ITO
surface in field-free cells, tilts to some extent with respect
to the ITO surface under an applied field, so that only the
ends, rather than the whole length, of the needle crystals
could be seen, similar to the electric field orientational
effects in nonlinear optical applications.1®34 Since, p <
po, any reorientation of the crystal needle with an electric
field reduces the cell resistivity. This was confirmed by
the measurement of the current in the dark and the
photocurrent as a function of bias voltage. In both cases,
the current vs voltage curves were straight lines, yielding
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FIGURE 7. Chemical structure of Sudan | (top) and unit cell packing
diagram for Cy5H3,N20 (bottom). The perpendicular distance between
sr-stacked molecules is shown. Reprinted from ref 21. Copyright 1997
American Chemical Society.

a measured conductance of a cell prepared with an electric
field 8—9 times higher than in those prepared without a
field. Moreover, the measured I, was increased about 14
times, indicating that the electric field-induced orientation
of the Sudan | crystal needle not only increased the
conductivity of the cell but also substantially improved
the interfacial charge separation. This effect may be of use
in the fabrication of organic optoelectronic devices.
ZnODEP. Cells of ITO/ZnODEP/ITO yielded short-
ciruit apparent quantum efficiencies, ® (electrons meas-
ured in external circuit/incident photons), of 0.5—0.7% for
photocurrent production. When a field of 2000 V/cm was
applied between the two ITO electrodes during melt
crystallization in the cell preparation, ® increased more
than 10 times,®> while no morphology difference was
observed between cells prepared with and without an
electric field. In this case, since the molecular stacks are
oriented perpendicular to the ITO surface, even without
an electric field, the observed effect cannot be ascribed
to crystal orientation. Rather the electric field effect is
attributed to charge displacement in the film. Impurity
ions could be displaced within the organic layer in the
presence of the applied bias and cause a buildup of an
internal electric field which would increase the probability
of light-induced charge separation and movement. Dipole
impurity molecules could also form an internal electric
field after poling. The direction of I was determined by
the polarity of the bias voltage applied to the ITO/
ZnODEP/ITO cell during preparation, suggesting the
existence of an internal electric field or internal polariza-
tion. Indeed, the observed effect is similar to those in
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FIGURE 8. Short-circuit photocurrent of an ITO/ZnODEP/ITO cell
as a function of time with a constant irradiation of 550 nm light after
the cell had been subjected to irradiation with a 550 nm light beam
under a bias of (@) —2 and (b) +2 V for 5 s followed by a rest period
of 10 s under short-circuit conditions in the dark. Reprinted from ref
9. Copyright 1997 American Chemical Society.

which an electric field is applied to polymers at high
temperature to generate electrets3® or to produce persist-
ent internal polarization.37-38 The apparent buildup of an
electric field by poling may be useful in the design of
optoelectric devices based on organic materials.

Charge Trapping and Detrapping for Data
Storage

Irradiation of ITO/ZnODEP/ITO cells under a bias (where
the sign indicates the potential applied to the irradiated
window with respect to the back contact) leads to a
photocurrent and trapping of charge.6=1° The I spike
seen under short-circuit irradiation with an ITO/ZnODEP/
ITO cell previously exposed to irradiation under a bias
represents detrapping of charge (Figure 8). The magnitude
and the direction of the I spike (i.e., anodic or cathodic)
is determined by the magnitude and the sign of the bias
voltage applied to the cells during the previous irradiation.
The evolution of the Iy spike from anodic to cathodic as
a function of bias is shown in Figure 9. The curves in
Figure 9 were obtained with the same sample under
identical discharge conditions after the cell had been
short-circuited for 10 s in the dark (to remove any residual
charge on the ITO surfaces). The anodic discharge current
spike decreases from curve a to curve b. A cathodic spike
begins to appear in curve ¢ and increases significantly in
curves d and e. In general, under the same irradiation, a
higher bias voltage during charging produced more stored
charge. An important distinction in comparing this cell
to a conventional capacitor is that irradiation is always
needed for both the charge and discharge processes in

off on off
0 a on
off on off
0 b on
——
<
g off on off
3 c
8 0 on
-
_g off  on off
o d

Time

FIGURE 9. Photocurrent of an ITO/ZnODEP/ITO cell as a function
of irradiation (550 nm) time under short-circuit conditions after
irradiation of the cell with a 550 nm light under a bias of (a) —0.2,
(b) —0.05, (c) +0.2, (d) +0.4, and (e) +1.2V for 5 s and a rest period
of 10 s in the dark under short-circuit conditions. On and off indicate
the irradiation is turned on and off. Reprinted from ref 9. Copyright
1997 American Chemical Society.

ITO/ZNODEP/ITO cells. This clearly indicates that charges
are stored within the photoconductive insulator of the
ZnODEP layer rather than on the two ITO surfaces, and
therefore, no discharge occurs under short-circuit condi-
tions in the dark. Trapping of charge probably occurs at
crystal defects, grain boundaries, and chemical impurities
within the ZnODEP layer.® The cell can store charge for a
long time and be subjected to trapping and detrapping
over 1.5 billion times without deterioration.® Moreover,
trapping or detrapping could be carried out with a single
10 ns laser pulse (Figure 10) and the individual trapping
sites could be as small as 40 nm in diameter,® corre-
sponding to a density of ~8 x 10%°/cm?, making the
system interesting for high-density information storage in
the form of charge.

The material also appears adaptable to Si technology
as demonstrated with the hybrid ITO/porphyrin/SiO,/Si
structure.® With the addition of a thin insulator layer of
SiO,, thinner storage films could be used with essentially
total elimination of the steady-state photocurrents. By the
application of an electric field, charges stored only at the
outermost interfaces in the dark can accumulate at the
SiO, surfaces under irradiation (Figure 11). Thus, a
thousand times more charge could be stored with light
(as compared with dark charge) as shown in Figure 12.
This device can be considered as a light-controlled
capacitor (Figure 13). This hybrid organic/Si structure has
great advantages over conventional devices such as non-
volatile semiconductor memories, for example, a floating
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FIGURE 10. Readout voltage as a function of time. The data were
stored by a single 10 ns laser pulse irradiation under potentials of
(@ —10 and (b) +1.0 V. Reprinted from ref 9. Copyright 1997
American Chemical Society.
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ITo ZnOOEP Siog Si

FIGURE 11. Schematic diagram of the operational principles for
charge storage in a photoconductive medium (A) in the dark and
(B) with irradiation. Reprinted with permission from ref 8. Copyright
1996 The Electrochemical Society.

%’L

-

light

0.2 pA for dark
0.5 pA for light Qignt . 4057
1 ms for dark Quarc
100 ms for light

FIGURE 12. Charge and discharge characteristics of the cell with
and without irradiation. A continuous square-wave potential (—0.4
to +04 V) was applied. Reprinted with permission from ref 8.
Copyright 1996 The Electrochemical Society.

gate device (metal/SisN,/SiO,/Si), where charges are
forced by a high-voltage pulse to penetrate through the
SiO, layer (i.e., avalanche injection) and are stored in the
Si3Ny film for writing and can be removed with another
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FIGURE 13. Response of the ITO/ZnOOEP/SiO2/Si cell to irradiation
as a function of time. A continuous sine-wave potential (—0.5 to
+0.5 V) was applied. Reprinted with permission from ref 8. Copyright
1996 The Electrochemical Society.

pulse of opposite sign for erasing.3® Such devices suffer
inherently from high-voltage-induced degradation of the
insulator layer which severely limits the number of write/
erase cycles.#? This problem does not exist in 1ITO/dye/
SiO,/Si cells where photoinduced charge and discharge
occur under a low bias and no tunneling current through
the insulator layer is required in its operation.8

Characterization with an STM Tip

The characterization of thin OMC films by a scanning
tunneling microscopic (STM) arrangement is also useful.
The characteristics of large-area ITO/dye/ITO sandwich
cells, especially for thin films less than 1 um thick,
obtained by measurements between the ITO contacts can
be critically dependent on a single impurity site, dust
particle, or structural defect, leading to an isolated electric
short. This makes the fabrication of useful thin-film cells
challenging. This characterization problem can be over-
come by replacing one ITO contact with an STM tip that
addresses only a tiny area of the film. This configuration
also allows the tip to be moved to sample many different
sites on the same thin film. Moreover, the uniformity of
film thickness is of less concern with this approach, since
the tip can penetrate into the film to get thickness-
dependent characteristics, as shown in Figure 14.

A typical current vs voltage plot from a Sudan | film,
shown in Figure 15, indicates a high dark resistivity and
good photoconductivity, desirable properties for electro-
optical memory. Indeed, charges could be trapped within
films upon irradiation under a proper bias and could be
later released by the irradiation of the sample, producing
a photodischarge current as shown in Figure 16. The Iy
spike was seen only with the very first irradiation and was
not observed with subsequent irradiation (Figure 16b)
unless the sample was recharged again after a steady state
was reached. Figure 17 shows a series of photodischarge
currents as a function of time from a Sudan I film which
was previously charged under a different bias with the
same level of irradiation. All of these charge/discharge
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FIGURE 14. Relationship between the thickness of the Sudan I film
and photocurrent under a bias of 5 V with tip positive. A sharp tip
was moved through the layer (total film thickness ~1 um) at a rate
of 5 nm/s. Reprinted from ref 10. Copyright 1998 American Chemical
Society.

6 pA for light
0.6 pA for dark

Light

FIGURE 15. Current—voltage characteristics of a Sudan I thin film
with a blunt tip contacting the film surface. Scan rate 0.2 V/s. The
inset shows schematically the experimental setup. Reprinted from
ref 10. Copyright 1998 American Chemical Society.
results were confirmed with large-area cells of ITO/Sudan
I/1TO, indicating that the charge trapping/detrapping
processes observed are independent of the physical size
of the contact electrode and depend on the intrinsic
properties of the Sudan | molecular crystal. Similar results
from the same types of measurements were found with
other dye molecules, including porphyrins, Disperse Red
I, and Methyl Red.?:10

The STM tip was also used to estimate the spatial
resolution of the charge trapping. As discussed in detail
previously,® the sample was initially charged at one point
and then the tip was moved to nearby sites to determine
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FIGURE 16. Short-circuit photocurrent as a function of time for
Sudan I thin films where the sample (a) was not charged previously
and (b) was previously photocharged under a bias of —10 V.
Reprinted from ref 10. Copyright 1998 American Chemical Society.
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FIGURE 17. Photodischarge current as a function of time with
Sudan | under short-circuit conditions. Charges were previously
stored under potentials of (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10 V.
Reprinted from ref 10. Copyright 1998 American Chemical Society.

Current (pA) o

FIGURE 18. Discharge current as a function of time and position.
Charges were stored under a bias of 10 V. Reprinted from ref 9.
Copyright 1997 American Chemical Society.

the spatial distribution of trapped charge and the critical
distance beyond which no discharge current was obtain-
able. This yields an estimate of the maximum size of an
individual memory element and thus the data storage
density under the given bias conditions.® Figure 18 shows
a plot of discharge current as a function of time and
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distance for three adjacent pixels within a ZnODEP film.
Each pixel (charge storage site) was totally independent
across a distance of less than 750 nm (for a 10 V bias).
Since the ZNODEP is a bundle of insulated molecular wires
(Figure 2), in principle an individual pixel could be as
small as a single molecular column.

Concluding Remarks

The weak intermolecular interactions in most OMCs offer
interesting opportunities in the designed assemblage of
tailored molecules into structures with desired properties.
In the rich and diverse world of organics, we feel that the
unique properties of individual molecules in the solid
phase can best be characterized with single-crystal thin
films. The larger intermolecular spacing may also allow
the OMCs to be intercalated or doped with guest mol-
ecules to manipulate further their optical and electronic
properties. An important direction is to investigate how
guest molecules (dopants) affect the host molecular
arrangement in the crystal and the optoelectronic proper-
ties.
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