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ne of the barriers to the further

development of organic and mo-

lecular electronics is the currently
incomplete understanding of charge trans-
fer at the polymer—electrode interface. For
example, the choice of electrode materials
is known to play a key role in the contact re-
sistance in organic field effect transistors.’?
Interfacial properties are increasingly
important in the realm of molecular
electronics.>* A related issue with molecu-
lar electronics is that of interconnects,
namely, the lack of a controllable, high con-
ductivity organic wire to connect various
switching elements. One such candidate
nanowire material is polydiacetylene. Poly-
diacetylene (PDA) is a semiconducting poly-
mer of the form (=C—C=C—C=),, that ex-
hibits increased conductivity when doped
with iodine.>™” As a molecular interconnect,
PDA nanowires offer an advantage over
other organic nanostructures in that they
can be controllably formed on the surface
of an ordered monolayer of diacetylene de-
rivative molecules. The molecules can be
polymerized to form PDA nanowires by ap-
plying a voltage pulse at certain locations
with the scanning tunneling microscopy tip,
as was first shown by Okawa and Aono.®®
PDA nanowires have been studied using
scanning tunneling microscopy (STM) at
solid—air,2'° solid—liquid,"" '3 and
solid—vacuum interfaces.'* In addition,
thin films of PDA have been used in techno-
logical applications such as monolayer or-
ganic field effect transistors'>~'” and photo-
voltaic devices.'® While the electronic
behavior of PDA nanowires on graphite
has been studied previously,'®?° atomic-
scale investigations have not addressed the
significant issue of substrate-dependent
PDA nanowire behavior.
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ABSTRACT Scanning tunneling microscopy (STM) has been used to study polydiacetylene (PDA) nanowires
and their electronic coupling with the surface. PDA nanowires exhibit intriguing substrate-dependent electronic
effects when probed at varying sample bias voltage conditions on different substrate electrode materials, in this
case, highly ordered pyrolytic graphite (HOPG) and molybdenum disulfide (MoS,). An analysis of nanowire heights
over a wide range of bias voltages shows strong polymer—substrate contact effects, the strength of which is
reflected in the asymmetry of the height—voltage data on each substrate. On HOPG, PDA nanowires exhibit a
decrease in height as the bias voltage magnitude is reduced, and the height is substantially greater at negative
voltages than at positive voltages. On MoS,, PDA nanowires appear with much higher contrast than on HOPG when
imaged at the same negative bias conditions. At positive bias voltages on MoS,, the nanowires are invisible in all
STMimages, yet the unpolymerized molecules can still be imaged. These effects are necessarily electronic in origin.
Surprisingly, only the polymer nanowires exhibit any bias-dependent change; the unpolymerized molecules are
imaged at all bias voltages on both substrates. Additionally, the substrate affects how the unpolymerized
molecules are ordered. In some areas, the molecules are arranged such that part of the monolayer is offset from
the correct threefold symmetry direction by a slight misfit angle. On HOPG, this misfit is approximately 6°, while on
MoS,, it is approximately 11°. Interactions with the substrate thus play a role both in electronic structure and in
molecular alignment.

KEYWORDS: polydiacetylene - organic nanowires -
microscopy - molybdenum disulfide - graphite

scanning tunneling

We report here our recent work using
scanning tunneling microscopy and spec-
troscopy to analyze PDA nanowires across
a range of sample bias voltages and on two
different substrate materials, highly or-
dered pyrolytic graphite (HOPG) and molyb-
denum disulfide (MoS,). MoS,, a semicon-
ducting transition metal dichalcogenide,
has a layered structure similar to that of
HOPG.?" Images of bare MoS, exhibit large,
flat terraces like those on HOPG, but MoS,
surfaces have a higher number of surface
defects. MoS, has a lattice constant of
031622 versus 0.246 nm?? for HOPG. In addi-
tion, MoS, has a greater work function (any-
where from 4.6%* to 4.9 eV?> depending on
the report) than HOPG (4.48%° to 4.6 eV?’).
Also, the fact that MoS, is a semiconductor
with a band gap reported between 1.2%°
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Figure 1. (a) Atomic resolution image of two ordered, unpolymer-
ized PCDA stripes on a HOPG surface (6.5 nm X 3.9 nm, —1.3V, 3.5
pA). The schematic overlay shows how the molecules are ordered on
the surface. The bright points in the center of each column are the di-
acetylene moieties, with the two triple-bonded regions appearing
as bright protrusions. (b) Height cross section along the path indi-
cated by the black line in image (a), divided to indicate the differ-
ent regions of the PCDA molecule: the alkyl chains (1), the diacet-
ylene moiety (ll), and the graphite substrate imaged in the gap be-
tween columns of molecules ().

and 1.4 eV?* makes it an interesting substrate elec-
trode material that may further elucidate various trans-
port properties of polydiacetylene. The two different
substrates thus provide a rich set of contrasting proper-
ties for investigating material-dependent effects in
PDA wires. Because of the nature of STM, the height of
the nanowire structures can be used to explore such
effects.

RESULTS AND DISCUSSION

The atomic resolution capability of STM allows for
unique information to be gleaned from a surface aside
from just topography. This is because STM images are
necessarily a convolution of electronic and topographic
structure due to the nature of electron tunneling.”® As
a result, features which appear taller in an STM image
may in fact appear so because of electronic effects.
Such is the case in Figure 1, where two parallel col-
umns of unpolymerized 10,12-pentacosadiynoic acid
(PCDA) molecules are shown with atomic resolution.
PCDA is a diacetylene derivative molecule that can be
subsequently polymerized to form PDA nanowires. The
PCDA ordering is shown schematically, for clarity. The
bright bumps in the center of each column are the di-
acetylene moieties in each PCDA molecule. The height
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cross section indicates that the typical height of a di-
acetylene moiety is approximately 0.12—0.17 nm. Al-
though there are four carbon molecules in diacetylene,
the STM images the two carbons in each triple bond in-
distinguishably, presumably due to the delocalization
of the electrons within the 1 orbitals. The diacetylene
moiety in each PCDA molecule is brighter than the
neighboring alkyl chains because of the enhanced elec-
tronic charge transfer in multiple carbon bond struc-
tures.”® While the STM image implies that the diacet-
ylene groups are topographically higher on the sur-
face, they are actually in the plane with the alkyl chains
in each molecule.®'%°

Before discussing the difference in nanowire im-
ages on the two substrates, it is instructive to look at
how the substrate influences the molecular ordering of
PCDA. The PCDA molecules self-order on the HOPG
and MoS, substrates and exhibit threefold symmetry
commensurate to that of the underlying material.”~""
This is probably due to an epitaxial arrangement of the
alkyl side chains on the surface, similar to that ob-
served for various other materials on both
substrates.>'? However, PCDA does not seem to self-
assemble on other surfaces of interest such as Au(111).
While typically the monolayers exhibit domains
wherein the molecules are only oriented in three pos-
sible directions, Figure 2a,b (on HOPG and MoS,, re-
spectively) shows that the monolayers can sometimes
exhibit a slight misfit angle from the preferred orienta-
tion. The colored arrows in these images emphasize the
observed misfit angles. To better clarify this effect, Fig-
ure 2¢,d shows the 2D fast Fourier transform (FFT) im-
ages of the two STM images. In Figure 2¢, two of the
three symmetry directions exhibit such an effect. The
misfit angle of PCDA on HOPG is approximately 6°, in
agreement with the misfit found for poly(3-
hexylthiophene) on HOPG,?*? while on MoS,, the misfit
angle is approximately 11°. Observations of such misfit
angles were not common, but among the samples with
misfits, the angles varied from 5 to 7° on HOPG and 11
to 13° on MoS,. The difference in misfit angles may be
partially due to the different lattice constants, given
that molecular ordering is influenced by both the lat-
tice constant and interactions with the substrate.>*

Regardless of the ordering differences, nanowires
can be formed on both substrates by irradiating the un-
polymerized PCDA molecules with ultraviolet light, pro-
ducing nanowires of different lengths on the surface.
Typical STM images of PDA nanowires on HOPG and
MoS, are shown in Figure 3, with both images mapped
to the same color scale. The unpolymerized PCDA mol-
ecules from Figure 1 appear as alternating stripes in the
background, while the PDA nanowires appear as bright
features on the surface with a much higher contrast
than the surrounding film. The PCDA monolayer ap-
pears the same on both substrates, though the mono-
layer on MoS, exhibits a number of regular MoS, sur-
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Figure 2. Examples of typical PCDA monolayers exhibiting
misfit angles on (a) HOPG and (b) MoS,. The PCDA mono-
layer on HOPG shows all three expected orientations, but
two different misfits, as well. The monolayer shown on MoS,
only exhibits one direction and thus only a single misfit.
The misfit directions are clarified by the red and yellow lines
on HOPG and the green lines on MoS,. The 2D FFT images
are shown in (c) and (d). In (c), all three directions are ob-
served, and the misfit angles are also visible as expected
from the red and yellow lines corresponding to the same fea-
tures in (a). The misfit angle between each set of lines is ap-
proximately 6°. In (d), the misfit angle on the MoS, is also evi-
dent. In this case, the misfit angle is approximately 11°.
Imaging conditions: (a) —1.0 V, 10 pA, 152 X 65 nm?; (b)
+1.3V, 5 pA, 140 x 61 nm? Images (a) and (b) were
derivative-filtered to improve clarity.

face defects not seen on HOPG. The MoS, surface
defects appear brighter than the PCDA monolayer on
the surface. The defects are measured to be approxi-
mately 0.5 nm high relative to the PCDA monolayer,
which is more than that of the diacetylene moiety in the
PCDA monolayer on the surface. Interestingly, on MoS,,
the nanowires are substantially brighter than on HOPG
despite the nanowires having been formed and pre-
pared the same way on both substrates. Because the
nanowires are the same material on both substrates,
the difference in heights must be due to electronic
effects.

The nanowires in the STM images appear as bright
structures relative to the PCDA background because of
both electronic effects and the lifted-up conformation
of the PDA nanowire upon polymerization. The
lifted-up conformation was previously proposed based
on STM data.>'® More recently, Okawa et al. used
atomic force microscopy (AFM) on similarly prepared
samples on HOPG and determined the height of the
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Figure 3. Typical images of PDA wires on (a) HOPG and (b)
MoS,, with the same color scale. The false coloring in the

image reflects a measured height range of 2 nm. Imaging
conditions: (@) —1.0V, 10 pA, 112 X 112 nm? (b) —1.23 V,
5 pA, 203 X 203 nm?.

nanowires to be approximately 0.13 nm. They also per-
formed density functional calculations for comparison,
which yielded a height of 0.146 nm.?® This height is the
result of the subsequent conformational change after
polymerization. The heights reported here by STM are
substantially greater, which is to be expected given the
increased conductivity of the PDA backbone and the in-
fluence of electronic structure on height in STM im-
ages. For example, the nanowires on HOPG in Figure 3
are approximately 0.7 nm high, a difference of nearly
0.55 nm from the AFM data. The remainder of this pa-
per focuses on electronic contributions to the height,
particularly those specific to the substrate.

Another set of PDA nanowires on HOPG and MoS,
are shown in Figure 4 along with their height profiles.
The boxed regions indicate where height profile aver-
aging was performed. The height profiles along the axis
perpendicular to the nanowires in the boxed area were
averaged together, resulting in the height profiles
shown (see the Methods section for more informa-
tion). Figure 4 shows that the PDA heights differ sub-
stantially between the two substrates. The nanowire in
the MoS, image is measured to be 1.02 nm tall, whereas
the three nanowires in the HOPG image measure 0.71,
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Figure 4. Images of PDA nanowires on (a) HOPG and (b) MoS,, along with av-
eraged height cross sections in (c) and (d), respectively. The white boxes in the
STM images indicate the region where the height profiles (taken along the di-
rection perpendicular to each nanowire) were averaged together to produce
the resulting cross-sectional data. (c) The nanowire heights on HOPG are 0.71,
0.71, and 0.72 nm from left to right. (d) The nanowire height on MoS, is 1.05
nm. Imaging conditions: (a) —1.0 V, 10 pA, 126 X 126 nm?and (b) —1.0V, 5 pA,
147 X 147 nm?.

The PDA nanowire in the positive bias voltage
image exhibits much lower contrast than in the
negative bias voltage image. PDA nanowires ap-
pear with different heights depending on the state
being probed, similar to the effect observed for
napthalocyanine deposited on HOPG.>” The PCDA
monolayers do not exhibit any significant change
in height based on the bias voltage magnitude or
polarity. The gap between methyl ends of the
PCDA molecules (the center of the image in Fig-
ure 1a) is somewhat more prominent in the posi-
tive bias image, but this is not a consistent effect
and is tentatively attributed to the tip state here.
The polymer nanowires, not the unpolymerized
molecules, thus exhibit a unique effect even when
the bias voltage magnitude is the same, as is the
case in Figure 5. Numerous images acquired with
many different tips at other bias voltage magni-
tudes, multivolt or otherwise, have confirmed
these results.

Figure 6 shows a set of images on MoS,, again
acquired using the same multivolt imaging
method. Unlike the case with HOPG, the nano-
wires here are the same apparent height as, and
thus are indistinguishable from, the surrounding
PCDA layer at positive sample bias voltages. The
PCDA layer is clearly visible at both polarities. Sur-

0.71, and 0.72 nm tall. The heights are measured as
the difference between the average peak nanowire
height in the box and the average height of the sur-
rounding PCDA monolayer. Similar height values were
found on many other HOPG and MoS, samples, with an
overall average PDA height of 0.65 nm on HOPG and
1.00 nm on MoS, at —1.0 V.

To further evaluate the electronic effects on STM-
measured heights, we changed the applied voltage po-
larity during imaging. When imaging conditions are
set to negative and positive sample bias voltages, STM
images reflect occupied and unoccupied electron
states, respectively. In other words, the system images
hole carriers at negative sample bias voltages and elec-
tron carriers at positive voltages. Thus, for the same sys-
tem, it is possible to see striking differences depend-
ing on the voltage polarity that can also provide
spectroscopic information.3® This is shown in Figure 5
for nanowires on HOPG. The images in Figure 5 were
simultaneously acquired at —1.0 and +1.0 V. Each
individual line was scanned first at one voltage, then
the bias was changed and the same line was acquired
at the second voltage; the voltage alternates in this way
through all 512 lines in the image. This technique,
sometimes called “multi-volt imaging,” allows for
direct comparison of different imaging conditions by
negating thermal drift and other perturbations such as
nanowire desorption'*'* that can occur with sequential
imaging.
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prisingly, at positive voltages, a structure resem-
bling the PCDA layer in terms of height and spatial pe-
riodicity is visible where the PDA nanowires should be.
It should be stressed that the nanowires are still on the
surface during the positive bias scan, yet none of the
PDA electronic states are probed by the tunneling elec-
trons. Again, this has also been confirmed on many dif-
ferent samples with images acquired both using multi-
volt imaging and by numerous sequential scans of the
same area at both positive and negative bias voltages.

6.5A

Figure 5. STM images of PDA nanowires on HOPG acquired
simultaneously at (a) —1.0 V and (b) +1.0 V, both with the
same color scale [0.0 to 6.5 A]. Each line was acquired at both
voltages during the scan. The nanowires are clearly visible
in the +1 V scan, as is the PCDA monolayer. The nanowires
are less bright at +1 V relative to the background, indicating
a change in electronic properties with respect to voltage
bias polarity. Imaging conditions for both (a) and (b): 10 pA,
108 X 51 nm?,

0 3.25
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The bright points in the positive bias image are due to
surface defects; a close comparison with the negative
bias image reveals the defects at the same locations,
though they are far smaller and less prominent at nega-
tive sample bias voltages. In fact, the defects hidden be-
neath nanowires in the negative image are visible in
the positive image, indicating that the STM is tunnel-
ing directly through the nanowires in the positive volt-
age case. Positive bias voltages up to +1.5 V did not re-
veal any nanowires on MoS..

Voltage-dependent imaging provides a simple
method for extracting spectroscopic structure from
the specific surface features of interest.>® For example,
changing the bias voltage while scanning semiconduc-
tors has been known to produce different images, even
without changing the polarity of the bias voltage.>® Nu-
merous images of PDA nanowires on both HOPG and
MoS, were thus acquired at many different bias volt-
ages, and the average nanowire heights were mea-
sured. In a number of cases, the gap resistance was kept
constant in order to prevent the tip from piercing the
film. Because of the different tunneling conditions for
various samples and experiments, a range of height val-
ues was found at different bias voltages.

The general trend across a range of bias voltages is
evident in Figure 7, which plots the measured nano-
wire heights at different bias voltages. The heights were
measured on numerous nanowires from different
samples at each bias voltage using the averaging
method described briefly above and in detail in the
Methods section below. Each data point is an average
of the average height values at each voltage. In total,
this plot represents the heights measured on approxi-
mately 230 different PDA nanowires from 22 different
samples. The error bars indicate the standard error in
the mean nanowire height value and are a result of at
least three factors: the difference in image clarity be-
tween negative and positive bias images, the different
tips used, and the various current setpoints used for dif-
ferent samples at each bias voltage that affect the tip
position. Different setpoints were sometimes used, for
example, to maintain the same approximate tip height
at different bias voltages. In all cases, only straight
nanowires surrounded by a highly ordered PCDA
monolayer were considered, in which case these were
probably “blue phase” PDA nanowires.>®

Because the tunneling current is related to the den-
sity of states (DOS) at a particular bias voltage, the
height of the tip is related to the integrated DOS of
both the tip and substrate up to that energy. The
height—voltage measurements here, particularly in the
case of single samples where the same gap height is
maintained at each voltage, provide substantial (if indi-
rect) spectroscopic information about the system. The
plotted height values are related to the electronic struc-
ture at the interface and also contain information about
gap narrowing in the PDA nanowires as well as the in-
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Figure 6. STM images of PDA nanowires on MoS, acquired
simultaneously line-by-line at (a) —1.0 V and (b) +1.0 V. Al-
though the PCDA monolayer is easily discernible in the posi-
tive bias image, none of the nanowires appear. The bright
points in (b) are surface defects, which are smaller but evi-
dent in (a), and in fact in (b) some of the surface defects hid-
den beneath the nanowires in (a) are imaged. Imaging con-
ditions for both (a) and (b): 8 pA, 146 X 98 nm?2.

fluence of substrate effects such as doping, charging,
and electron screening. The data in Figure 7 can thus
also provide a qualitative understanding of the Fermi
level position within the PDA. In addition, the height
values might help to explain the gap narrowing ob-
served via dI/dV spectra of PDA nanowires on
HOPG.'®%°

The height—voltage measurements described here
are also different from z—V spectroscopy measure-
ments reported elsewhere.**™** In a z—V experiment,
the feedback loop is kept closed while the bias voltage
is swept. This method has the effect of moving the tip
into the polymer at lower bias voltages with the pur-
pose of determining the so-called “single particle gap”
in the system. A z—V measurement does not provide
any information on whether a structure’s height actu-
ally changes with respect to bias voltage because the
tip height, rather than the nanostructure height, is mea-
sured. Particularly at lower bias voltages, the current in
our experiments was often changed to keep the tip at
approximately the same height above the nanowire,
thus allowing for determination of the nanowire height
without direct contact with the tip. This is not the case
in z—V experiments. On PDA nanowires, piercing the
polymer causes irreparable damage, such as inducing
desorption,"'*'* making accurate determination of
the single-particle gap impossible.

Four features in the height data in Figure 7 stand
out: a decrease in nanowire height as the bias voltage
magnitude-dependent approaches 0 V, evidence of im-
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Figure 7. The height of PDA nanowires on HOPG (black) and MoS,
(red) analyzed at sample bias voltages from —1.3 to +1.3 V, indicat-
ing bias dependence in the nanowire height due to electronic ef-
fects. The error bars indicate the standard error in the mean height
value at each voltage. Nanowire heights were determined by averag-
ing the height cross section of each wire, as was done in Figure 4.
The increased error at positive bias voltages is due to less stable im-
aging conditions in this regime. On HOPG, the height decreases as
the voltage magnitude approaches 0 V, and the height is much
greater at negative bias voltages than at equivalent positive bias
voltages. These two trends indicate the decreasing density of states
due to the finite band gap and the substrate—polymer charge trans-
fer interaction effect, respectively. On MoS,, the height decreases
more rapidly, and no nanowires were visible at voltages above —0.6
V. The asymmetry in the height—voltage data on HOPG and the ex-
treme asymmetry in the data on MoS, reflect the substrate-
dependent electronic effects when imaging the PDA nanowires.
Comparing the two indicates a definite role of the substrate in deter-
mining PDA nanowire height.

aging within the band gap of PDA, an asymmetrical
height—voltage profile on HOPG and MoS,, and the
lack of nanowires at substrate bias voltages greater
than —0.6 V on MoS,. Bulk PDA has a reported gap be-
tween the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of
2.34* to0 2.5 eV,” while PDA nanowires on HOPG have
a reported gap as small as 0.5 eV.%° In Figure 7, nano-
wires are clearly visible on HOPG at bias voltages within
the band gap. The asymmetry on both HOPG and MoS,
is due to the change in carriers and the band align-
ment in the system, particularly the location of the
Fermi level (E;) in the nanowire. For HOPG, the mea-
sured heights at positive bias voltages are far less than
those at negative bias voltages; for MoS,, the height
values drop rapidly between —0.8 and —0.6 V, with no
data points for any voltages beyond that at negative or
positive voltages. The nature of PDA nanowires in STM
images is thus peculiar and requires a discussion of a
large number of possible sources that contribute to
both trends evident in Figure 7, such as substrate-
induced doping, screening by the substrate, polymer
charging, polymer—electrode coupling issues, surface
dipole and work function-related issues, band banding
and rectification on MoS,, and the electronic structure
of PDA. Thus far, in the relevant literature, substrate-
dependent factors have been largely ignored, possibly
because reports of STM analysis of PDA nanowires have
only focused on HOPG substrates. An assessment of
the contribution of these factors to the data points in
Figure 7 follows.
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The decrease in measured heights as the bias volt-
age magnitude approaches 0 V is likely due to the en-
ergy gap present in the PDA nanowires.?%*4% As the
sample bias voltage magnitude is reduced, the level be-
ing probed approaches the edge of the HOMO—LUMO
gap. This results in limited tunneling probability, given
that the density of states (DOS) in the nanowire is lower
near the band gap. The decrease in heights occurs
even if the gap resistance is kept constant across the
different bias voltages (i.e., the current is reduced along
with the bias voltage).

Doping effects are probably involved in the asym-
metry data. Because of the HOMO—LUMO gap in the
nanowires, PDA is a poor conductor and should be
more difficult to image using STM unless there is some
doping or charge transfer effect due to the substrate.
For example, the graphite substrate arguably supplies
holes to the nanowire.®?° Figure 7 supports the idea of
p-type doping given that hole transfer (at negative
bias voltages) is far more efficient than electron trans-
fer (at positive bias voltages). The result is a shift in E¢
closer to the HOMO level. If the PDA nanowires were
unaffected by the substrate, then the nanowires would
appear with the same height on both substrates.
Substrate-induced doping might thus also partially ex-
plain why the nanowires are taller on MoS, substrates.
The initial assumption given the increase of nanowire
height at negative substrate bias voltages is that the
MoS, substrate p-type dopes the nanowire more than
HOPG. This is consistent with the observation that natu-
rally occurring MoS, (as was used here) is typically
p-type doped. The difference in doping may be due to
the surface sulfur atoms on MoS,, which cleaves be-
tween adjacent sulfur planes. Figure 8 shows possible
energy band diagrams for PDA nanowires on HOPG
and MoS,, respectively, using the work function and
gap values noted earlier as well as a work function of
4.8 eV for the Pt:Rh tip.*” PDA is positioned based on an
ionization potential of 5.1 eV.*® The influence of the
PDA HOMO—LUMO gap on tunneling is evident
through each set of images. Doping moves E. closer to
the HOMO level, and there is thus a larger gap before
conduction can take place at positive sample biases (as-
suming LUMO and HOMO band conduction at positive
and negative biases, respectively). Because MoS, possi-
bly dopes the PDA backbone more than HOPG, E; is po-
sitioned closer to the HOMO level on MoS,. The smaller
the difference between E and the HOMO level, the
more asymmetric the resulting /—V curve and
height—voltage plot.

This asymmetry can also be described in terms of
charge transfer efficiency between the nanowire and
the substrate. If the nanowires interact more strongly
with MoS, than HOPG at negative bias voltages (that is,
if hole injection is highly efficient), then that would
cause the nanowire to appear taller on MoS, in nega-
tive voltage images. Similarly, if the nanowires exhibit
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Figure 8. lllustrative energy band diagrams for PDA nanow-
ires on (a) HOPG and (b) MoS, at (i) 0 V, (ii) negative bias volt-
age, and (iii) increasing positive bias voltage. The schemat-
ics in (ii) show the onset of conduction when E; in HOPG or
the valence band maximum in MoS, are equal to the PDA
HOMO level. In (iii), conduction begins when the E; level in
the tip is equal to the PDA LUMO level for both substrates.
Work function values and the PDA HOMO—LUMO levels are
shown approximately to scale based on the values in the
text. Arrows indicate possible mechanisms for conduction.

weak electron transfer, then the nanowires would ap-
pear shorter on HOPG; if the electron transfer is extra-
ordinarily weak, the nanowire may not appear at all.

Screening effects may additionally explain why the
HOMO—LUMO gap on these materials is much smaller
than the measured bulk value. For ordered monolayers
of poly(3-dodecylthiophene) (P3DDT) on HOPG, screen-
ing by the substrate was offered as the cause for nar-
rowing the gap from 1.48 to 0.93 eV.***° Screening oc-
curs due to the transient charge on the polymer during
the tunneling process. In the PDA system, the tunnel-
ing is in two steps: from the tip to the PDA nanowire
and from the PDA nanowire to the substrate (or vice
versa, depending on the voltage polarity). During tun-
neling, PDA can have a net charge due to the finite tun-
neling time required (either an extra electron in the
LUMO level or a hole in the HOMO level), which causes
an increased HOMO—LUMO gap in the polymer due to
the shift in the respective orbitals. This self-energy ef-
fect®® in the nanowire is then screened by the substrate
or tip, thus effectively reducing the PDA HOMO—LUMO
gap. The degree to which screening occurs is related
to the substrate. Metals, such as HOPG, probably screen
more strongly than semiconductors such as MoS,,”"
thus E; may be farther from the HOMO on HOPG than
on MoS,. Screening is also important for keeping the
molecular orbital levels fixed under an applied bias.>?
As MoS, probably screens the PDA internal charge less
than HOPG, the HOMO and LUMO levels may not be
constant over the bias range.

Differing degrees of coupling asymmetry
the tip—PDA—substrate system can also contribute to
the difference in heights on HOPG versus MoS,. Such
coupling concerns are related to work function issues

50,53,54 ;
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that affect the PDA height. The work function of a ma-
terial comprises both its bulk component and its surface
dipole. It is well-established that the tails of the elec-
tron states in the substrate due to its surface dipole can
allow for STM imaging of otherwise insulating mol-
ecules such as xenon,*® which is in part one of the rea-
sons that PDA can be imaged at biases less than the en-
ergy of the HOMO—LUMO gap. An organic adsorbate,
even if physisorbed as is the case here, has an effect on
the surface dipole.>® The tails of the electron states in
the metal that extend out into the polymer are “pushed
back” due to repulsion from the adsorbate electrons.>”
The end result is a reduction in the substrate work func-
tion, which accordingly shifts the PDA energy levels
downward relative to E; and increases the hole injec-
tion barrier at the interface. A decrease in the hole injec-
tion barrier would result in lower asymmetry in the
height—voltage curve in Figure 7. Clearly, this surface
dipole effect is related to the substrate material. This in-
creases the difference in asymmetry between the data
on HOPG and on MoS,. As noted above, the work func-
tion of the two substrates differs by approximately
0.25 eV. These values are based on bulk measurements,
however, and do not account for changes in the work
function due to the adsorbate and associated surface
dipole effects. Even if the surface dipole-induced reduc-
tion is minimal, the mere difference in work functions
between HOPG and MoS, would still cause a difference
in the hole injection barrier between the two sub-
strates and would thus help explain the difference in
height values. The hole injection efficiency on MoS,
would be higher than on HOPG because E; would nec-
essarily be closer to the HOMO level in PDA.>® This is
shown in Figure 8 by the different vacuum-level align-
ments due to the work function values of HOPG and
MosS,.

Lastly, the transparency of the nanowires at posi-
tive substrate bias voltages on MoS, must be ad-
dressed. One possibility is that the band alignment of
MoS, with that of PDA prevents the overlap of LUMO
states with that of the conduction band in MoS,. How-
ever, the states of MoS, must overlap to at least some
degree with those of the unpolymerized PCDA mol-
ecules given that the monolayer is evident at all bias
conditions. That a PCDA-like structure is evident at posi-
tive voltages where PDA nanowires should be is due
to the interaction between the polymer and the sub-
strate, so even if the system is tunneling through the
nanowires the local variation in barrier height is similar
to that of the PCDA layer.>®

The rectifying effect of MoS, may also limit tunnel-
ing at positive voltages, as was noted for copper phth-
alocyanine.® Being a semiconductor, MoS, will exhibit
an accumulation or depletion effect at the MoS,—PDA
interface depending on the applied bias, similar to that
exhibited by silicon at the poly(3-hexylthiophene)—
silicon interface.®’ Such an effect results in band bend-
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ing at the interface, as depicted in Figure 8. The result-
ing rectification effect limits tunneling, particularly at
low bias regimes, and is probably responsible for the
lack of PDA nanowire images beyond —0.6 V in Figure
7. Depending on how strong the band bending is, this
could also determine what means of conduction are
possible in the system. As mentioned above, highly in-
efficient electron transfer efficiency may also prevent
nanowire imaging at positive bias voltages.

The various factors described here can help explain
both the observed nanowire height asymmetry in Fig-
ure 7 as well as the difference in height on HOPG and
MoS,. A shift in the PDA nanowire Fermi level, which
contributes to /I—V and height—V asymmetry, can be
caused by substrate doping, screening, or surface di-
pole effects. The reduction in the HOMO—LUMO gap
from the bulk PDA value to that of PDA nanowires on
HOPG is probably due to charge screening effects, as
was found for P3DDT on HOPG. PDA nanowires on
HOPG can be imaged within the HOMO—LUMO gap
due to the tail of the electronic states from the sub-
strate overlapping the Fermi level even within the gap.

METHODS

Polydiacetylene nanowires were formed by polymerizing an
ordered monolayer film of 10,12-pentacosadiynoic acid (PCDA)
molecules.®® The PCDA molecules were deposited in two ways.
In the first process, PCDA was deposited on the substrates using
a Langmuir—Schaefer (LS) deposition technique®’ as reported
previously."*¢? Specifically, 10 uL of a 0.75 mg/mL solution of
PCDA dissolved in chloroform was deposited on a surface of ul-
trapure (~18 M(}) water. The PCDA monolayer films were trans-
ferred onto freshly cleaved HOPG and MoS, substrates®® using
a commercial trough apparatus.®* This method, while difficult,
results in a single layer of molecules.

In addition to LS deposition, ordered PCDA films were also
formed by heating the substrate in air to approximately 480 K
and then drop-casting 2 pL of a 0.75 mg/mL (2 mM) solution of
PCDA dissolved in chloroform onto the heated substrate. This
method allows for much faster, more reliable sample prepara-
tion as compared to that on LS films. Nanowires were formed by
irradiating the surface with 254 nm UV light®® in a UV-filtered en-
vironment. The UV lamp was held from 3 to 8 cm above each
sample, and the irradiation times varied from 1 to 10 min. This
created nanowires of varying lengths at random locations on the
surface. STM images of surfaces prepared by both methods re-
vealed no difference in terms of structure, ordering, or nanowire
height. It should be noted that deposition was attempted on sev-
eral other substrates, such as gold, iodine-on-gold, tantalum di-
sulfide, and aluminum, but STM scans of these samples did not
reveal any ordered films.

Images were acquired with cut platinum:rhodium (80:20)
tips using a home-built STM®® operated by commercial RHK elec-
tronics in ambient conditions. All images were acquired in the
constant current mode of operation, and the voltage bias in all
images was applied to the sample. Images were processed in
MATLAB to correct for piezo drift and were then converted to
TIFF images using Adobe Photoshop Elements. The images in
Figure 2 were processed using WSxM.®”

The nanowire heights were measured using a custom MAT-
LAB script. It should be noted that determining nanowire heights
on a periodic background such as the PCDA monolayer can, if
not done carefully, result in misleading data. This is because
measuring nanowire heights not only requires selecting a rea-
sonable upper bound but also requires a consistent baseline

Each of these issues is substrate-dependent and thus
may explain the difference in height values between
PDA nanowires on HOPG versus those on MoS,. Addi-
tionally, rectification by the MoS, substrate may help
explain why nanowires do not appear at positive
sample biases.

CONCLUSIONS

We have utilized scanning tunneling microscopy to
investigate the substrate-dependent behavior in poly-
diacetylene nanowires. Voltage-dependent averaged
height cross sections of the PDA nanowires show a
change in electronic behavior due to the substrate ma-
terial. The substrate used thus plays a critical role in
PDA nanowire devices such as interconnects in molec-
ular circuitry. The results presented here demonstrate
the first atomic-scale insight into this phenomenon on
polydiacetylene. Further analysis with complementary
surface techniques, particularly various scanning probe
spectroscopy methods, as well as on other layered sub-
strates will hopefully provide additional insights be-
yond the data presented here.

with limited manual input in order for the heights across differ-
ent nanowires to be compared with any confidence. The base-
line here is the average height of the surrounding PCDA mono-
layer. The method to select the baseline must be consistent for
each measurement; as noted in Figure 1, the height profile across
each stripe has a range of 0.2 nm. Specifically, a box was drawn
to include the nanowire of interest as well as the surrounding
PCDA monolayer. The height profiles along each line perpen-
dicular to the nanowire within the selected region were aver-
aged together, producing a mean height profile. The nanowire
height was then determined by subtracting the mean height of
the PCDA monolayer on each side of selected nanowire from the
peak nanowire height. Mean height measurements on numer-
ous nanowires were taken at each of the bias voltages shown in
Figure 7. The mean nanowire height measurements at each
bias were then averaged to produce each point on the plot.
The error bars are the standard error in the mean nanowire
height. This was used only for samples where an ordered mono-
layer was clearly visible and where the nanowires were linear;

in other words, care was taken to not include any possible “red-
phase” nanowires®? in the height measurements. As noted in the
main text, the plot includes data on approximately 230 differ-
ent PDA nanowires from 22 different samples. The images were
median filtered prior to measurement to eliminate the influence
of noise spikes on the height measurement.
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