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ABSTRACT

S C A N N I N G P R O B E ANALYSIS O F P O L Y D I A C E T Y L E N E N A N O W I R E S A N D
POLY(3-HEXYLTHIOPHENE) T H I N FILMS

by

Rajiv Giridharagopal
In molecular and organic electronic systems, the electrode material has considerable
influence on the performance of the resulting device. The advent of scanning tunneling
microscopy (STM) and its various spectroscopic extensions has allowed for exploration of
the polymer-electrode interface with atomic-scale resolution. Here I present the use of STM
to analyze such systems. Specifically, STM and microwave-frequency alternating current
STM (ACSTM) of conducting polymers on different substrates can shed new light on how
the electrode material electronically affects the adhered polymer structure.
The polymers used in this work are polydiacetylene nanowires and poly(3hexylthiophene) (P3HT) monolayer, bilayer, and thin films. For both polymers, we can use
the convolution of electronic and topographic information inherent in STM topography
images to extrapolate information about the electronic structure. It is also possible to acquire
information about the work function, the density of states (DOS), relative energy level
positions, and the differential capacitance via spectroscopic measurements. In particular,
capacitance imaging requires a novel technique known as ACSTM that can be used to probe
relative carrier concentration.
This thesis presents analyses of P D A and P3HT on graphite and molybdenum
disulfide. For P 3 H T thin films, gold and platinum substrates are also studied. The results
indicate a strong substrate-dependent charge transfer that is further illuminated through
ACSTM and other spectroscopic investigations. In this work, preliminary investigations of
photovoltaic P3HT:fullerene films are also discussed.
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Figure 1.1. A few examples of conducting polymers. Adapted from Conwell.6
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Figure 1.2. (A) General band alignment diagram for metal-organic semiconductor junctions.
(B) Vacuum-level alignment and (C) Fermi-level pinning. A is the interfacial dipole.
Image (A) from Hwang and Kahn. 13 Image (B) and (C) from Crispin, et al.14
5
Figure 1.3. Plot from Tengstedt, et al15 showing the variation of work function of a
polymer+metal film versus the work function of the bare metal. For vacuum level
alignment, the work function changes with changing substrates (S= /). For Fermi level
pinning, the work function remains constant (S=0)
6
Figure 1.4. Schematic representations of (a) poly(3-hexylthiophene) and (b) polydiacetylene.
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Figure 1.5. (A) H O P G and (B) MoS 2 crystal structures. (A) taken from Kelly and Halas.
taken from Guo, et al.37
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(B)
12

Figure 2.1. Schematic depiction of scanning tunneling spectroscopy. The voltage modulation
(blue) induces a modulation in the current that is then reflective of the density of states.
19
Figure 2.2. Schematic depiction of dl/spectroscopy.
A small voltage modulation (red) is
supplied by the lock-in amplifier to the tip z-piezo, causing a corresponding modulation
in the tunneling current. This signal is detected point-by-point in the lock-in amplifier
and results in a simultaneous dl/d^ map
20
Figure 2.3. Image from Alvarado, et al53 depicting the %-V method. The following text is
taken from that reference, as it is a very accurate and succinct description, "(a) At small
negative tip bias, electrons from the Fermi level E F of the STM tip can only access
vacant states above EF of the substrate. Under these conditions, the STM tip penetrates
the polymer layer and images the underlying substrate, (b) As the tip bias is made more
negative, electrons can eventually tunnel into vacant states in the polymer, and the tip
images the polymer surface instead."
22
Figure 2.4. Sample %-V spectra, here taken at positive sample bias voltages. The plateau
closest to 0 V corresponds to the LUMO gap here. The first change in
slope
indicates the onset of the LUMO level (dashed line) A similar curve for negative
voltages is observed
22
Figure 2.5. Lumped RC model of the STM tip-sample junction. G is the series conductance
loss and C is the series capacitive loss, each representing different loss components of
the tunneling current in the junction. V(ac) is the voltage from the microwave radiation
that successfully couples into the junction; V(bias) is the applied sample bias voltage,
here shown as positive but can be either positive or negative
25
Figure 2.6. (A) ACSTM system-level schematic. Two frequencies offset by a small difference
Af are combined, amplified as necessary, and connected to the antenna via a microwave
coaxial cable. The loop antenna end is connected to the outer shield of the microwave
cable, which is connected to an isolated ground. The lock-in amplifier detects the

response of the current at the difference frequency Af and transmits the data to the
control electronics. The electronics plot the z-position and the lock-in outputs at each
point, thus producing a topography image as well as two spectroscopic images
corresponding to the dC/dV magnitude and phase, respectively. (B) Signal-level
schematic of ACSTM. The differential capacitance is measured by modulating the
current directly using an applied microwave field (green)
31
Figure 2.7. (A) Photograph of the linear translator/SMA flange where the microwave system
is connected. Here the coupler is shown, along with the translator arm. The microwave
coaxial cable is within the bellows on the flange and is not visible. (B) Video camera
image of the antenna encircling the STM tip during tunneling. In the R H K beetle STM
design the tip is brought down from the top and rotated along the sample holder ramps
until in position for tunneling. Photo (A) was adjusted in Photoshop CS4 to highlight
the translator arm
33
Figure 3.1. (a) Atomic resolution image of two ordered, unpolymerized PCDA stripes on a
H O P G surface (6.5 nm x 3.9 nm, -1.3 V, 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 diacetylene moieties, with the two triple-bonded regions appearing as
bright protrusions, (b) Height cross-section along the path indicated by the black line in
image (a), divided to indicate the different regions of the PCDA molecule: the alkyl
chains (I), the diacetylene moiety (II), and the graphite substrate imaged in the gap
between columns of molecules (III)
40
Figure 3.2. (a) LB film deposition. In this case, the film is deposited on a hydrophilic
substrate, (b) LS film deposition, where the molecules lie flat on the surface due to the
lower surface pressure during deposition. Adapted from Roberts. 94
41
Figure 3.3. Schematic showing polymerization of (a) PCDA into (b) P D A
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Figure 3.4. Examples of typical PCDA monolayers exhibiting misfit angles on (a) H O P G
and (b) MoS2. The PCDA monolayer on H O P G shows all three expected orientations,
but two different misfits as well. The monolayer shown on MoS 2 only exhibits one
direction and thus only a single misfit. The misfit directions are clarified by the red and
yellow lines on H O P G and the green lines on MoS2. The 2D FFT images are shown in
(c) and (d). In (c), all three directions are observed, and the misfit angles are also visible
as expected from the red and yellow lines corresponding to the same features in (a).
The misfit angle between each set of lines is approximately 6°. In (d), the misfit angle
on the MoS 2 is also evident. In this case, the misfit angle is approximately 11°. Imaging
conditions: (a) -1.0 V, 10 pA, 152 x 65 nm 2 (b) +1.3 V, 5 pA, 140 x 61 nm 2 . Images (a)
and (b) were derivative-filtered to improve clarity
44
Figure 3.5. Typical images of PDA wires on (a) H O P G and (b) MoS 2 , with the same color
scale. The false coloring in the image reflects a measured height range of 2 nm. Imaging
conditions: (a) -1.0 V, 10 pA, 112 x 112 nm 2 (b) -1.23 V, 5 pA, 203 x 203 nm 2
46
Figure 3.6. Images of P D A nanowires on (a) H O P G and (b) MoS2, along with averaged
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 direction perpendicular to
each nanowire) were averaged together to produce the resulting cross-sectional data, (c)
The nanowire heights on H O P G are 0.71, 0.71, and 0.72 nm from left to right, (d) The
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nanowire height on MoS 2 is 1.05 nm. Imaging conditions: (a) -1.0 V, 10 pA, 126 x 126
nm 2 and (b) -1.0 V, 5 pA, 147 x 147 nm 2
48
Figure 3.7. STM images of P D A nanowires on H O P G 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 2
50
Figure 3.8. STM images of P D A nanowires on MoS 2 acquired simultaneously line-by-line at
(a) -1.0 V and (b) +1.0 V. Although the PCDA monolayer is easily discernable in the
positive bias image, none of the nanowires appear. The bright points in (b) are surface
defects, which are smaller but evident in (a), and in fact in (b) some of the surface
defects hidden beneath the nanowires in (a) are imaged. Imaging conditions for both (a)
and (b): 8 pA, 146 x 98 nm 2
51
Figure 3.9. The height of PDA nanowires on H O P G (black) and MoS 2 (red) analyzed at
sample bias voltages from -1.3 to +1.3 V, indicating bias-dependence in the nanowire
height due to electronic effects. The error bars indicate the standard error in the mean
height value at each voltage. Nanowire heights were determined by averaging the height
cross-section of each wire, as was done in Figure 3.6. The increased error at positive
bias voltages is due to less stable imaging conditions in this regime. On H O P G , 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 bandgap and the
substrate-polymer charge transfer interaction effect, respectively. O n MoS2, the height
decreases more rapidly, and no nanowires were visible at voltages above -0.6 V. The
asymmetry in the height-voltage data on H O P G , and the extreme asymmetry in the
data on MoS2, reflect the substrate-dependent electronic effects when imaging the P D A
nanowires. Comparing the two indicates a definite role of the substrate in determining
P D A nanowire height
53
Figure 3.10. Illustrative energy band diagrams for P D A nanowires on (a) H O P G and (b)
MoS 2 at (i) 0 V, (ii) negative bias voltage, and (iii) increasing positive bias voltage. The
schematics in (ii) show the onset of conduction when E F in H O P G or the valence band
maximum in MoS 2 are equal to the PDA H O M O level. In (iii) conduction begins when
the E F level in the tip is equal to the P D A LUMO level for both substrates. Work
function values and the P D A H O M O - L U M O levels are shown approximately to scale
based on the values in the text. Arrows indicate possible mechanisms for conduction.57
Figure 3.11. STM images of samples in the sequencing of preparation, (A) Au
islands/clusters on H O P G (200 nm x 200 nm), (B) monolayer films of PCDA on
A u / H O P G (100 nm x 100 nm), and (C) P D A nanowires coexisted with PCDA
monomer films after polymerization (162 nm x 162 nm). Imaging conditions: (A) +0.7
V, 100 pA (B), (C) -1.0 V, 10 pA
63
Figure 3.12. Representative STM images of PDA nanowires on the A u - H O P G surface. (A)
P D A nanowire in contact with a Au island along with several P C D A domains. (B) P D A
nanowire crossing such a Au island. Here tip-induced motion caused the wire to wrap
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over itself. (C) Typical isolated P D A nanowire terminated between Au clusters. (D)
P D A nanowire crossing a Au cluster
64
Figure 3.14. STM topography (a) and local work function ( d l / d ( b ) images acquired
simultaneously. STM topography (c) and D O S (dl/dV)
(d) images acquired
simultaneously. The work function images show a localized increase at the Au contact,
whereas the effect in the D O S images is delocalized
68
Figure 3.1. (A) Structure of poly(3-hexylthiophene) (B) Examples of P3HT ordering on the
surface and the relative direction of both
71
Figure 4.1. (A) P3HT film exhibiting highly-ordered, 3-fold crystalline structure on the
H O P G surface, imaged in UHV. Inset: FFT image showing the 3-fold symmetry. (B)
Atomic-scale image of P3HT. The "bumps" are individual thiophenes. ( Q P3HT image
showing the chain wrapped into a second layer. The green circle indicates where the
P3HT transitions from the first to second layer, and the blue circle shows a hairpin turn
in the wrapped part of the chain. Imaging conditions: (A) -1.2 V, 3 pA. (B), (C) -1.2 V,
4 pA
75
Figure 4.2. Various images of P3HT films with evidence of second layer chains at different
length scales. (A) 158 x 158 nm 2 (B) 57 x 57 nm 2 (C) 29 x 29 am 2 . (D) P3HT film with
higher density of second layer segments. While the second layer is still relatively
disordered, elements of the first layer are visible underneath. The second layer is more
ordered than that in (A) through (C), possibly indicating efficient 31-31 stacking at higher
surface coverage. Imaging conditions: (A) -1.0 V, 7 pA, (B)-(D): -1.0 V, 10 pA
77
Figure 4.3. P 3 H T on H O P G deposited using a (A) 0.001% and (B) 0.00025% (by weight)
solution of P3HT in CHC13. The image in (A) shows several second-layer P3HT
segments. The image in (B) shows instead a number of areas where the polymer is
raised from the surface or possibly wraps over itself. Both images are at -1.0 V, 10 pA,
approximately 92 x 92 nm 2
78
Figure 4.4. Representative images of P3HT on (A) H O P G and (B) MoS 2 , with line profiles
taken along the black lines in each image. The P3HT spacing on MoS 3 is approximately
1.02 nm versus 0.84 nm for P3HT on H O P G . The change in P3HT periodicity is close
to the difference in lattice spacing on each substrate
79
Figure 4.5. (A) 300 K, b) 400 K and (C) 263 K P3HT/chlorobenzene solutions deposited on
heated H O P G . The top row shows a smaller length scale (scale bar is 12.4 nm) versus
the bottom row (scale bar is 28.2 nm). The concentration was 0.001% by weight in all
cases. All images taken at -1.0 V, 5 pA except the larger 300 K image (-0.4 V, 5 pA). ..82
Figure 4.6. Images of P3HT films using a 0.001% by weight solution of P3HT in toluene.
(A) 73 x 73 nm 2 (B) 102 x 102 nm 2 (C) 38 x 38 nm 2 . AU images taken at -1 V, 5 pA
84
Figure 4.7. Bias-dependent images of P3HT. (A)-(C) P3HT images taken at increasing bias
voltage. As the bias increases, second layer segments become more prevalent. The fact
that some second layer segments can be imaged at -0.4 V but not others is indicative of
local variations in the hole injection barrier. (D), (E) P3HT polarity- dependent data at 1.0 V and +1.0 V, respectively. In the unoccupied states image (+1.0 V), multiple areas
of the film are not imaged while there are a few topographically high features without
any corresponding occupied states features. The generally smaller area of P3HT films at
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+1.0 V is indicative of the high electron injection barrier and its spatial dependence, as
some of the film can still imaged but not all. All images taken at 5 pA
88
Figure 4.8. Bias-dependent data of P3HT on H O P G , with evidence of bare H O P G , first
layer P3HT, and some second layer P3HT. Images (A)-(H) are taken from a set of 15
images. The bias voltages are (A) -1.5 V (B) -1.3 V (C) -1.1 V (D) -0.9 V (E) -0.7 V (F) 0.5 V (G) -0.3 V (H) -0.1 V, all at 5 pA. As the bias is reduced, the second layer can no
longer be imaged. Also, the height of the P3HT decreases in both layers as the voltage
changes. The plot at the bottom reflects this result. The -1.5 V for the 2nd layer follows
the larger pattern of the 2nd layer height increasing more rapidly than the first layer
height as bias voltage increases in magnitude
89
Figure 4.9 Bias-dependent images of P 3 H T deposited from 0.00025% solution, taken from
the same image set as Figure 4.3(b). As the voltage is changed, areas of the chain
wrapped into the second layer are pushed away by the tip. This indicates that energetic
differences between second and first layer have much to do with surface contact, as
even intrachain segments have different H O M O levels
90
Figure 4.10. Work-function images taken on the same general area at various sample bias
voltages, as indicated. The work function images are all shown at the same relative
scale, with the actual work function value calculated out. Aside from the biasdependent topography, the work function does not seem to change significantly
between layers. The work function does seem to decrease with applied bias. Because
this is in ambient conditions, the exact work function numbers should be regarded with
some hesitancy. All images at 5 pA, taken at the same scale (46 x 46 nm2)
92
Figure 4.11. Correlated (A) Topography and relative (B) dl/and
(C) dl/dV images. (A)
taken from the same set as Figure 4.2(C). Image (B) shows some spatial variation in the
work function, whereas image (C) implies that the D O S over the same area is relatively
constant
93
Figure 4.12. Bias-dependent images, the 3C/5V signal increases to a peak around -0.75 V,
then decreases, as expected in a p-type material. The behavior at -1.5 V is possibly
reflective of a small P3HT layer over the H O P G or contamination that causes an
erroneously high value for H O P G versus P3HT
94
Figure 4.13. (A) Topography and (B) ACSTM of P3HT focusing on subsurface analysis. The
ACSTM image shows that both layers exhibit similar 5C/5V contrast, implying that the
carrier concentration does not change drastically between layers
94
Figure 5.1. (A) Photo showing the dosing valve attached to the U H V chamber. (B) Switching
circuit schematic
100
Figure 5.2. P 3 H T deposited on H O P G and MoS2. (A) Single dose on H O P G (thinner film).
(B) Two doses on H O P G (thicker film). ( Q Single dose on MoS 2 (thinner film). (D)
Two doses on MoS 2 (thicker film). Imaging conditions, (A)-(C): -1.0 V, 10 pA. (D): -1.5
V, 15 pA
101
Figure 5.3. Representative ^ - K p l o t taken on P3HT on H O P G film. The H O M O , H O M O 1, LUMO, and LUMO+1 points are indicated. The green plot (-Vb) was adjusted so
that the minimum is at 0 nm, for the sake of clarity
104
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Figure 5.4. ^-Kdata on H O P G , based on 512 spectra. (A) Histograms of H O M O , H O M O 1, HOMO-2, LUMO, LUMO+1, L U M O + 2 levels along with the corresponding
Gaussian fits. (B) Histograms of H O M O - L U M O gap, H O M O - l : L U M O + l gap,
H O M O - 2 : L U M O + 2 gap values, and the Gaussian fit for each
105
Figure 5.5. ^ - F d a t a on MoS2. (A) Histograms of H O M O , H O M O - 1 , HOMO-2, LUMO,
LUMO+1, L U M O + 2 levels along with approximate Gaussian fits to the various peaks.
(B) Histograms of H O M O - L U M O gap and H O M O - l : L U M O + l gap values. The split
nature of the H O M O / L U M O levels is similar to the spatial variance found for PPP on
A u ( l l l ) by Alvarado, et al.56
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Figure 5.6. Topography (left) and 5C/5V (right) images on (A) H O P G , (B) MoS 2 , (C) Au,
and (D) Pt. The 8CI8\ images are corrected to be in units of p F / V , and the colorbars
for the topography images are in units of nm. All images are taken at -1.0 V, 10 pA.
The magnitude of 5C/SV decreases from (A) to (D), indicating an increase in carrier
concentration at -1.0 V from (A) to (D)
110
Figure 5.7. Comparative 5C/5V plot for P3HT films on H O P G (green), MoS 2 (red), Au
(black), and Pt (blue). The plots at the sides show the zoomed-in data, indicating the
voltage-dependent 8C/8V
response on each film. In the main plot, the lower the
3C/8V the higher the carrier concentration at that voltage across different samples.
Thus, the samples in order of increasing carrier concentration are H O P G , MoS2, Au,
and Pt. Error bars correspond the standard deviation of the spatially-averaged 8C/8Y
value
110
Figure 5.8. 8C/8V data on P3HT films deposited on H O P G and MoS 2 using one dose
("thin") or two doses ("thick"). As the thickness of the P3HT layer decreases
113
Figure 5.9. 8C/8V data for a dropcast P3HT film on H O P G , analyzed in UHV. (A) Plot of
the data from -2 V, 20 pA to +2 V, 20 pA. The data indicates a few peaks though the
general trend is to increase with bias magnitude. (B) Topography and (C) ACSTM
image showing the typical data used for determining this plot. The images were taken at
-0.8 V, 8 pA, 53 x 53 nm 2
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Figure 5.10. Topography (a), (c) and ACSTM 8C/8V (b), (d), and (c), (f) dl/dV (DOS)
images of P3HT films deposited on Au (a), (b), (c) and Pt (d), (e), (f). The
simultaneously acquired d C / o V images are shown at the same relative color scale. All
images were acquired at -1.0 V sample bias, 10 pA tunneling current, and are 473 nm x
473 nm. The scalebars on all images are 94.6 nm. The color bars are in units of nm for
the topography images and p F / V for the ACSTM images. The dl/dV image color bar
is in a.u and thus merely shows low and high density of states. Compared to the SC/dV
images, there is no immediate correlation between high D O S regions and the carrier
concentration. The lower 8C/8V signal in (e) indicates an excess of mobile holes for
the P 3 H T / P t case relative to the P 3 H T / A u case in (b)
116
Figure 6.1. (A) Schematic of a typical organic photovoltaic device. (B) Energy-level diagram
showing how incoming light generates current in a BHJ system. Image (B) from Blom,
et al.158
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Figure 6.2. A P3HT:PCBM 1:1 film deposited with (a) toluene and (b) chlorobenzene as the
solvent, imaged using AFM. Taken from Hoppe, et al.160
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Figure 6.3. Correlated (A) AFM, (B) Confocal, and (C), (D) Confocal Raman images of
P3HT:PCBM 1:2 and 1:5 (both in toluene, 10 jiL dropcast) films. The Raman images
reflect different integrated intensity ranges. (C) 200 — 400 cm focuses on PCBMrelated spectral features since P3HT has few features in that range. (D) 715 — 735 cm"1
focuses on P3HT. The Raman images indicate that topographically high areas in AFM
tend to be PCBM-rich but contain some P 3 H T characteristics, in agreement with
previous SEM-based results from Hoppe, et al.160 The (D) images also confirm directiy
the difference in P3HT concentration based on the contrast (more uniform in the 1:2
film). The scale bar is 4 |im in each image. 785 nm excitation
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Figure 6.4. An example of (A) confocal and (B)-(D) Raman spectroscopy images with higher
resolution on a P3HT:PCBM 1:5 film. The Raman images are integrated from: (B) 78 3312 cm' 1 , (C) 200 - 400 cm"1 and (D) 715 - 735 cm 1 , which emphasize both
components, PCBM, and P3HT respectively. The scale bar is 6 pm in each image
124
Figure 6.5. (A) Confocal microscopy image of P3HT:C 60 1:1 (toluene) film on mica. Raman
Spectra taken at locations (B) and (C) are shown as well. Peaks relating to published
data on polythiophenes (green) and C60 (blue) are indicated. For the dark region of the
confocal image, there is a significant C60 concentration. At the bright spots in the
confocal image, there is much more P3HT than C60. Raman spectra taken on a separate
C60 film and P 3 H T film are shown as well. The confocal image is 10 jj.m x 10 p.m (scale
bar is 2 |^m)
126
Figure 6.6. P3HT:PCBM (A) 1:2 and (B) 1:4 films on H O P G . Both were formed in
chlorobenzene with 0.0005% P3HT (by weight). The images show higher P3HT
coverage in (A), as expected, but no immediately visible evidence of PCBM. The
background is possibly a different P3HT phase, but it is not PCBM given the latter's
high mobility on H O P G . Imaging conditions: (A) -1 V, 3 pA. (B) -0.5 V, 5 pA
127
Figure 6.7. (A) Topography and (B) ACSTM images of a P3HT:C60 film. The circled feature
is an example of the isolated bright spots that may be "PCBM-rich" as referenced in the
text. Images taken at -1.0 V, 10 pA
128
Figure 6.8. Example of C60 deposition on an ordered P3HT substrate in UHV. (A) P3HT
layer prior to deposition. This is one of the very few ordered P3HT films that can be
observed in U H V without dosing. (B) After C60 deposition. The evaporation rate was
kept low to point out isolated molecules. In this image there is one isolated C60 on the
surface
129
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Chapter I
INTRODUCTION

1.1

Organic and Molecular Electronics at the Nanoscale

1.1.1 Organic Electronics
While conventional inorganic semiconductor microelectronics have been used for
several decades, the field of organic electronics, wherein electronic circuit elements use
conducting organic materials such as polymers and small molecules, has become a hotbed of
diverse and exciting research in the past twenty years. The promise of low-cost, flexible
technological applications such as organic field effect transistors (OFETs), 1 light-emitting
diodes (OLEDs), 2 and photovoltaic (OPV) devices,3 has continued to spur further
investigation.
Organic electronics began with the discovery of conducting polymers, namely
poly(acetylene), by Heeger, MacDiarmid, and Shirakawa.4 This discovery allowed researchers
to investigate an entire class of previously-ignored electronic materials for possible
applications. The primary interest was in coupling the extremely low costs associated with
fabricating organic devices with the flexibility of polymer materials that could hopefully,
allow for fully reel-to-reel fabrication similar to that used for conventional plastics and
fabrics. 5
Examples of some typical organic semiconducting materials are shown in Figure 1.1.
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Figure 1.1. A few examples of conducting polymers. Adapted from Conwell.16

Organic electronics however, suffer from a number of factors limiting their
applicability. Switching rates for typical polymer devices render them unusable for future
computer processors. In that case, OFETs may be more useful in specific applications where
the absolute processing speed is not as critical, such as in typical consumer electronics.
However, the ability of organic molecules to switch allows for radically different architectural
paradigms. The switching ability of a single organic molecule could circumvent the problems
inherent with scaling silicon technology down to the single-nanometer regime.

1.1.2 Molecular Electronics
Concurrent with the efforts to diversify from traditional inorganic semiconductors to
organic microelectronics has been a tremendous increase in the study of molecular
electronics. As used in this thesis, the term "molecular electronics" refers to systems wherein
the circuit element of interest is a single, often carefully tailored molecule (usually organic in
nature). A typical system might be an oligo-phenylene ethynelene (OPE) inserted into a selfassembled monolayer matrix. 7,8
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As stated above, organic electronic systems cannot feasibly replace silicon in
processor technology. However, the current top-down manufacturing approach will
inevitably face scaling issues from a lithographic standpoint as well as nanometer effects
such as tunneling that interfere with the transistor density expected from Moore's Law,
which states that approximately every 18 months the transistor density in processors tends to
double. The bottom-up approach of molecular electronics, wherein circuits are designed
from the individual components and then assembled into a whole device, offers an
alternative to the problems faced by silicon electronics.
Naturally,

hyperbole

and

sensationalism

have

seized

on

the

technological

wonderment of the field rather than the unique blend of physics and chemistry molecular
electronics offer at the fundamental level. However, that molecular electronic circuits may
never see the inside of a consumer's desktop computer is not to say the field is without its
merits. O n the contrary, molecular electronics offers much in the way of understanding the
basics of electronic transport and novel physics.
Though much of the relevant literature has focused on the behavior of molecules,
litde has been done to investigate interconnecting elements. This is an area where
conducting polymers or oligomers may be useful, as they can be integrated with other
organic elements. For example, one method would be to integrate a polymer within a selfassembled monolayer to connect inserted switch molecules. 9 In this way, the overlap of the
study of organic electronic materials and molecular electronics is evident.

1.2

Interfacial Considerations
The work in this thesis focuses on analyzing polymers in terms of their nanoscale

properties at metal and semiconductor interfaces. One of the barriers to the further
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development of organic and molecular electronics is the currently incomplete understanding
of charge transfer at the polymer-electrode interface. Interfacial properties are increasingly
important in the realm of molecular electronics. 10 ' 11 Such interfaces involve nanoscale effects
that can contribute to decreased efficiency in the resulting device. If the efficiency of organic
devices can be improved, then it may be possible to finally cross the ideal price-efficiency
point needed for commercial viability, particularly in the case of O P V materials.
Here we discuss in brief some of the properties of polymer-electrode interfaces. In
general, such issues can be broken down roughly into electronic and adsorption-related
effects. The following discussion is not intended to be exhaustive but instead to provide a
window into some of problems involved.

1.2.1 Electronic Effects
A primary concern in polymer-metal interactions is energy level alignment between
the semiconducting polymer and the metal electrode. A typical entry-level semiconductor
physics textbook provides much of the background on this subject. 12 There are two broad
models for alignment, vacuum-level alignment (the Schottky-Mott limit) and Fermi-level
pinning. 13 Examples of both are shown in Figure 1.2 below. This discussion assumes ap-type
semiconducting polymer.
Let us assume a simple metal with work function O m and a polymer with ionization
potential (IP), electron affinity (EA), and work function O p . The IP and EA levels are also
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). In the Schottky-Mott limit, O m is less than IP but greater than EA, within the
polymer H O M O - L U M O energy gap. In this model, the vacuum levels align, causing an
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interfacial charge injection barrier but no interfacial dipole. The hole injection barrier (pB H is
then simply defined as:

<PB,U =IP~®M

(1-1)

In the Schottky-Mott limit, the change of the barrier is proportional to the work function of
the substrate. In other words, the value of S where

is 1. The injection barrier

results generally results in non-Ohmic transport/rectification and possible band bending at
the interface.12 This is undesirable as a contact in many applications. Fortunately, physics
provides an alternative alignment mechanism.
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Figure 1.2. (A) General band alignment diagram for metal-organic semiconductor junctions.
(B) Vacuum-level alignment and (C) Fermi-level pinning. A is the interfacial dipole. Image
(A) from Hwang and Kahn. 13 Image (B) and (C) from Crispin, et al. u

Fermi-level pinning occurs when O m is greater than the IP level in the polymer. In
that case, spontaneous charge transfer occurs until equilibrium is reached with the Fermi
levels aligned. The barrier to conduction is small, if existent, and thus Ohmic transport can
occur. In this alignment regime, the value of S is instead 0. That is, the interfacial dipole is
independent of the work function of the substrate. From Figure 1.1 it is obvious that Fermi-
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level pinning requires a high work function substrate. Thus, it is typical for high work
function metals such as Au to be used. Poly(3-hexylthiophene) (P3HT) is expected to exhibit
a transition from vacuum-level alignment to Fermi-level pinning for substrates with a work
function higher than 4.0 eV.15 Because of its informative nature, the plot from that paper is
reproduced below. Whether this pinning occurs at the polaronic level indicative of so-called
integer charge transfer 16 or due to alignment at the D O S tail17 is under contention and
beyond the scope of this work.

<J>SUB ^ V ]

15

Figure 1.3. Plot from Tengstedt, et al showing the variation of work function of a
polymer+metal film versus the work function of the bare metal. For vacuum level alignment,
the work function changes with changing substrates (S=1). For Fermi level pinning, the
work function remains constant (S=0).

The alignment regime is thus a function of <&M and O p , but preparation
considerations are also critical. It was noted a few years ago that small molecules (e.g.
pentacene) tended to favor Fermi-level pinning while polymers (e.g. P3HT) exhibit vacuum
level-alignment.14 It was recently determined that this had little to do with any intrinsic
difference between small organics and polymers and more to do with UHV evaporation for
small molecules versus spin coating in ambient or inert environments for polymers.13'17
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The difference between polymers and small molecules is a related to changes in the
work function from environmental contamination. 16 The work function can also be
influenced by Coloumbic repulsion (sometimes called the "pillow effect"). 18 ' 20 This is due to
a compression of the electron "tail" that is a byproduct of mobile charges in the metal. The
adsorbed polymer's electrons repel those in the tail, thus reducing the work function. This is
different from interfacial dipoles in that it is merely related to the surface component of the
work function (which is comprised of both a surface and bulk component). 19 Analogously,
the pillow effect is shown to not occur if the substrate is a polymer with a work function
comparable to that of a similar metal.19
Several different groups have attacked the problem in various ways with multiple
experimental techniques. Ultraviolet and x-ray photoelectron spectroscopy (UPS and XPS)
have been used to probe organic-metal interfaces in various reports. 14,19 ' 21 ' 22 Photoelectron
spectroscopy techniques allow for accurate determination of the work function at the
interface; however, such methods lack spatially-resolved information.
Thus an alternative method to investigating contact effects is to use scanning
tunneling microscopy (STM) and its various spectroscopic extensions. Scanning Kelvin
probe microscopy (SKPM) has been used in previous work, 23 but STM is relatively
underutilized in examining organic-metal interfaces.
More information on polymer-metal interactions is presented in the discussion
Chapters 3 and 5, with some treatment in Chapter 4. Chapter 4 also brings in a discussion of
polymer solution effects, which we will now focus on.
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1.2.2 Polymer Solution Theory
As if the electronic issues at interfaces were not enough of a troublesome barrier to
organic electronics, the actual properties of the polymer while in solution and upon
adsorption play a critical role as well. The true description is beyond the scope of this work,
but as Chapter 4 discusses images in the context of solution-related effects, a brief summary
of the simple solution thermodynamics considerations and chain conformation is presented.
The primary issue comes down to two simple but often overlooked facts. First, that
polymers are simply long chains of repeating elements. Second, that solubility is related to
solvent-polymer interaction. Flory-Huggins solution theory is a relatively simple means to
evaluate the nature of the polymer in the solvent based on such interactions.
Much of this discussion is borrowed from a highly readable introductory text by
Rubinstein and Colby.24 Any additional references will be noted, but otherwise the reader
should consult that text for a thorough treatment.
A polymer can generally be viewed as a flexible chain comprised of repeating link
elements. However, the length of the "link" is intimately related to the structure of the
polymer itself. Thus, it is useful to define the persistence length /P as the size of a link
necessary for the polymer molecule to behave as a flexible chain. At length scales less than lP
the polymer acts like a rigid rod (the chain segments exhibit a correlated behavior). D N A ,
for example, is a fairly rigid material, therefore the persistence length can be several tens of
nanometers. 25 For a highly flexible chain like poly(3-hexylthiophene) this is only around 2.4
nm, or roughly 6 thiophenes. 26
An ideal polymer chain in solution exhibits a 3-D random walk conformation. By
"ideal" we mean that the chain is completely flexible and intrachain interactions are ignored.
In general, the end-to-end distance R in a polymer with N monomers is, for large N:
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R ~ Nv. The exponent V is related to whether or not the chain behaves ideally or as a real
chain. A real chain is defined to be a polymer chain such that the polymer cannot overlap
itself. Instead of a 3-D random walk, it exhibits a 3-D self-avoiding walk in solution. 27 As a
result, the chain is stretched out.
The value of v is related to the type of solvent and interaction between the monomer
units in the polymer and the solvent molecules. There are generally five solvent regimes, only
three of which are of interest in this thesis: athermal solvents, good solvents, 0-solvents,
poor solvents, and non-solvents. We concentrate here on the 0, poor, and good solvents.
The 6-temperature for a particular solvent (or the 0-solvent for a particular temperature) is
the thermodynamic condition at which the polymer is expected to exhibit an ideal chain
conformation., i.e. when monomer-monomer interactions exacdy balance monomer-solvent
interactions. 26 The value of v is 0.5 in this condition.
At non-0 conditions the solvent is either good or poor. In a good solvent,
monomers repel one another to a certain degree (and monomer-solvent

molecule

interactions are slightly preferred), which effectively causes the polymer to behave as a "real"
chain. In this condition, the polymer is slightly extended in solution because it now exhibits
self-avoiding behavior. The value of V is approximately 0.588 for a good solvent. In a poor
solvent, monomer-monomer interactions are preferred and the polymer behaves as a highly
coiled real chain. The polymer forms a more globular structure in solution. The value of V is
then 1 / 3 for a polymer in a poor solvent 24
A polymer in solution exhibits thermodynamic behavior described by Flory-Huggins
theory. The general Flory-Huggins equation for the free energy of mixing for a polymer in
dilute solution is:
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AF = kT ^ l n 0 + ( l - 0 ) l n ( l - 0 ) + ^ ( l - 0 )
N

(1.3)

Here N is the number of monomers in the polymer component, and (j) is the volume
fraction. The last factor plays a critical role in mixing. The factor X (usually greater than 0,
though not necessarily) is the Flory interaction factor, and it is generally inversely
proportional to temperature. The higher % the lower the solvent-polymer interaction. For
0.5 the system is in the 6 condition, while for 0<%<0.5 the solvent is deemed good and
for greater than 0.5 the solvent is poor. The value X = 0.5 is a critical point; at values greater
than 0.5 the solution well tend to segregate. Thus by changing the temperature and by
changing X, the interaction between the solvent and polymer can be changed. Increasing the
temperature effectively promotes solvent-polymer interaction and thus enters the good
solvent regime; the opposite case causes a poor solvent condition and segregation.
When adsorbed on a surface, a polymer segment can be fully in contact with the
surface (a "train"), but there is also a distinct possibility of segments raised from the surface
like an inchworm (a "loop"). 27 In Chapter 4 we explore such segments using STM.
With some background now given, we present the premise of the experiments in this
thesis.

1.3

Motivation
This thesis uses STM to analyze two different conducting polymer systems,

polydiacetylene (PDA) nanowires and P3HT thin films. These are shown below Figure 1.4.
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Figure 1.4. Schematic representations of (a) poly(3-hexylthiophene) and (b) polydiacetylene.

The former is of interest for molecular electronic interconnecting wires, while the
latter is of immense interest to organic transistors, optoelectronic, and photovoltaic systems.
The vast majority of the work in this thesis focuses on organic molecules and films
deposited on highly-ordered pyrolytic graphite (HOPG) and molybdenum disulfide (MoS2).
MOS2, a semiconducting transition metal dichalcogenide, has a layered structure similar to
that of HOPG. 2 8 Images of bare MoS2 exhibit large, flat terraces like those on H O P G , but
MOS2 surfaces have a higher number of surface defects. MoS2 has a lattice constant of 0.316
nm 29 versus 0.246 nm 30 for H O P G . In addition, MOS2 has a greater work function (anywhere
from 4.6 eV31 to 4.9 eV32 depending on the report) than H O P G (4.48 eV33 to 4.6 eV34). Also,
the fact that MOS2 is a semiconductor with a bandgap reported between 1.2 eV32 and 1.4 eV31
makes it an interesting substrate electrode material that may further elucidate various
transport properties of the organic layer. The two different substrates thus provide a rich set
of contrasting properties for investigating material-dependent effects in conducting polymer
films. In Chapter 5 we also use Au and Pt. Typical work function values for Au and Pt are
5.4 eV35 and 5.65 eV.36 Based on the discussion above regarding energy alignment, Au and Pt
are expected to make better hole injection materials.
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Figure 1.5. (A) H O P G and (B) MoS2 crystal structures. (A) taken from Kelly and Halas.30
(B) taken from Guo, et al.37

This thesis presents data that intends to, in part, answer the following fundamental
question: to what extent does the underlying substrate play a role in the nanoscale
electronic and physical structure of very thin conducting polymer films and
individual polymer molecules?
Though only a small part of the answer to this highly complicated question is
attacked through this set of experiments, it is the hope of we that the results herein shed
some unique light on the situation by approaching the problem from the unique vantage
point of ordered films on graphite and molybdenum disulfide.

1.4

Outline of this Thesis
This thesis involves PDA nanowires, which are linear nanostructures comprised of a

single PDA molecule, and P3HT monolayer/bilayer/thin films. These polymers are
primarily analyzed on H O P G and MoS2 using scanning tunneling microscopy (STM) and
various spectroscopic extensions. As discussed above, charge transport between polymers
and electrode materials is non-trivial and requires a whole suite of different experimental
analyses. This thesis approaches the issue using STM.
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Chapter 2 discusses the various experimental STM techniques used, such as work
function and density of states imaging. This includes a thorough discussion of alternating
current scanning tunneling microscopy (ACSTM), including a detailed presentation of the
ACSTM ultrahigh vacuum system frequency response.
Chapter 3 explores P D A nanowires and how they exhibit very different electronic
properties on H O P G versus MoS 2 . This includes some unique topographic data on over 200
wires at various bias voltages. Additionally, data are presented to demonstrate how individual
gold clusters and islands can drastically affect the PDA nanowires' electronic structure.
Unlike P D A nanowires, P3HT is a very long polymer that forms films at the
interface. O n H O P G and MoS2, the resulting film is highly ordered and crystalline. These
films are discussed in three related chapters. In Chapter 4, data primarily taken in ambient
conditions with very high, single-chain resolution is used to explore work function, density
of states, carrier concentration, and solvent-related effects in P 3 H T monolayer and bilayer
films. Chapter 5 explores ultrahigh vacuum investigations of the carrier density using the
ACSTM technique discussed in Chapter 2. This includes ambient data acquired on films
deposited using different thermodynamic conditions for the polymer solution.
Although the work presented is somewhat premature and more of a signpost of
things to come than a final word, this thesis also discusses some of the efforts to explore
bulk heterojunction films comprised of P3HT and a functionalized C60 molecule known as
PCBM. When mixed together, P3HT and PCBM form an organic photovoltaic system with
reasonable efficiency. Some STM, AFM, confocal, and confocal Raman data is presented on
different samples in Chapter 6. Lastly, some possible future directions are also presented in
Chapter 6. The reader may find such hypothetical experiments useful for planning future
work in this area.
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Chapter II
SCANNING T U N N E L I N G MICROSCOPY A N D SPECTROSCOPY

2.1

The Topografiner Begets the STM
In something of a grim testament to the erstwhile ability of private research to bring

about novel changes in fundamental physics studies, scanning tunneling microscopy (STM)
was invented at IBM by Binnig and Rohrer in 1982.38 The community was slow to appreciate
their invention until they solved one of the long-standing problems in surface science- the
structure of the Si(lll) 7x7 surface.39 In 1986, Binnig and Rohrer shared a Nobel Prize for
the discovery and invention of STM. Years later, Binnig would also invent the atomic force
microscope (AFM).40
The STM is essentially an extension of a device called the topografiner. 41 Invented in
1971 by Russell Young at what is now the National Institute of Standards and Technology
(NIST), the topografiner used a field-emission feedback mechanism that limited resolution
but was prescient in its design. In fact, vibration issues were primarily what kept Young from
moving from the field-emission regime to the tunneling regime. Despite Young's initial
success, NIST ultimately cancelled the project. 42 To their credit, Binning and Rohrer have
consistently recognized Young's efforts 4 3
The nature of STM is described in thorough detail in any number of books44"46 and
thus will only be covered in brief here. The focus of this chapter is instead on a technique
known as alternating current STM (ACSTM), which will be discussed in some detail later.

2.2

Scanning Tunneling Microscopy Basics
At its core, STM involves an almost remarkably simple experimental setup. STM

uses the principle of quantum mechanical electron tunneling to generate an image. A sharp
metal tip is brought close enough to a conductive surface such that at some modest voltage
(on the order of perhaps 1 V) quantum mechanical tunneling can occur. If the tip is close
enough to the substrate, the electron wavefunction becomes appreciably non-zero in the
material, implying that an electron can penetrate the barrier and enter an available state in the
material, should one exist (i.e. the material is not an insulator). The bias voltage aligns an
occupied electron state on one side of the barrier with an unoccupied state on the other side,
thus allowing for a net electron flow. The tunneling current is typically on the order of
nanoamperes to picoamperes (10~9 to 10"12 A). Piezoelectric scanning elements raster scan the
tip back and forth in the x-y plane while at the same time sophisticated feedback electronics
maintain a constant tunneling current by moving the metal tip up and down in the zdirection as necessary. The z-piezo motion is mapped to form a "topographic" image of the
surface.
Because the tip is probing occupied or unoccupied electron states, the acquired image
is in fact a convolution of both the topography and electronic structure of the surface. For
example, if the same surface is scanned with an applied sample bias voltage of -1 V versus
+1 V, the observed images are often different. This is because the tip is probing occupied
states at negative voltages and instead probing unoccupied states at positive voltages. In
other words, electrons are tunneling into the substrate at positive sample bias voltages and
out of the substrate at negative sample bias voltages. Equivalently, at negative voltages holes
are tunneling into the substrate.
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Because of the exponential dependence of the tunneling on distance, STM allows for
atomic-scale resolution of surfaces. STM images can be taken in ultrahigh vacuum (UHV) or
even ambient conditions as well. In this thesis, images were acquired in ambient conditions
using two custom-built STMs and commercial R H K electronics. Images in UHV were
acquired with two different commercial variable-temperature STM and electronics from
Omicron and RHK, both with main chamber pressures on the order of 10"10 torr. All images
were acquired in the constant current mode of operation, and bias voltages given refer to the
sample bias voltage. Images were processed in MATLAB to correct for piezo drift and were
then converted to T I F F images using Adobe Photoshop Elements. O n rare occasion, the
software WSxM47 and RHK's XPMPro software were used.*

2.3

Scanning Tunneling Spectroscopy
STM allows for various spectroscopic analyses. In addition to well-known examples

such as density of states or work function imaging, it is possible to use the topography to
determine some interesting spectroscopic data as well. Furthermore, we discuss some more
recent results using ACSTM to probe the system.

2.3.1

Topographic Analysis
Because STM can be used to probe empty and filled states of the same system,

comparing topographic data taken at different bias polarities can prove illuminating.48 O n an
organic system, voltage-dependent topographic data is highly useful. For example, analysis of
how the apparent height of an adsorbate changes both with magnitude and polarity can be

MATLAB is usually preferable in that it preserves height data more accurately than WSxM and allows for
finer color control than XPMPro. As of this writing, the XPMPro software from RHK is also prone to
memory leaks. The downside is that MATLAB is considerably more difficult to use.
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indicative of both H O M O - L U M O gap and relative Fermi level position. 49 By comparing the
heights at negative versus positive bias voltages, it is possible to examine the doped nature of
the substrate. A />-type system should exhibit greater heights at negative voltages because of
the shift in the relative position of the Fermi level. This and other topographic-related
analysis is discussed much further in the context of polydiacetylene nanowires in Chapter 3.

2.3.2

Density of States Imaging (dl/ dV)
Generally the term scanning tunneling spectroscopy

(STS) refers to

dl/dV

spectroscopy. A thorough analysis of the subject is present in numerous works, for example
in those by Chen, 46 Stroscio50 and Hipps, 51 each presenting slightly different but equally
instructive physical descriptions of STS. The information presented here is largely taken
from these references; the reader should consult them for more information on STS.
In normal STS, the tip is held stationary over a point on the surface while the bias
voltage is swept across a range of values. This yields an 1- V curve that can give information
on the density of states (DOS) in the material. Similar to bulk I-V characterization, STS of
an Ohmic material such as A u ( l l l ) will produce a linear I-Incurve. The information on the
D O S comes from equation (2.1) below.

eV

I(V) oc Jps(EF

- eV + E)pT{EF

+ E)dE

(2.1)

o

Here, p s is the D O S of the substrate while p T is the D O S of the tip. The voltage is swept
over some range V, which translates to the energy range eV (not to be confused with
electron-volts). Hipps and Stroscio include a term to account for the transmission
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probability of electron tunneling, T(E,eV). This probability becomes a significant issue when
the applied voltage approaches the work function of the substrate being scanned, but it can
be accounted for by using a technique known as variable gap spectroscopy wherein the
tunneling gap is changed during the spectroscopic sweep. Stroscio gives a proper description
of variable gap spectroscopy. Ignoring T(E,eV) for the these purposes, equation (4) implies
that if p T is constant within the measured range, the derivative would yield p s directly as
shown in equation (5).

dl

(2.2)

dV

Acquisition of the dl/dV

signal involves either taking the numerical derivative of an

I-Vcurve or by using more sophisticated lock-in spectroscopy. This involves modulating the
bias voltage with some small-signal oscillator source and then measuring dl/ dV directly with
a lock-in amplifier. This is expressed in Figure 2.1 below. The modulation frequency must
necessarily be beyond the bandwidth of the integrator in the system lest the feedback loop
compensate for any bias modulation. In practice frequencies are usually in the 4 to 10 kHz
range. If the current is modulated by a small signal then, when expanded through a Taylor
series, the tunneling current will yield a derivative term at the modulation frequency. This is
the dl/ dV signal and should be reflective of the D O S in the system.

19

Z
Lock-in
Amplifier

X
[^JSsubs
U

Electronic
L Controller

V

V
Bias Voltage

Figure 2.1. Schematic depiction of scanning tunneling spectroscopy. The voltage
modulation (blue) induces a modulation in the current that is then reflective of the density of
states.

2.3.3

Work Function Imaging (dl/ dZ)
Another spectroscopy technique is to use STM to acquire local work function data.

More accurately this might be considered the vacuum level height given that the work
function of a material is ultimately an averaged property taking into account bulk and surface
contributions. 52 The work function can be acquired by exploiting the

exponential

dependence of the tunneling current on distance (the z-piezo position). By applying a
modulation to the z-piezo signal rather than the voltage bias, the tunneling current will
exhibit a change due to the modulated z-piezo height. In general, the tunneling current is:

(2.3)

Here, % is the tip height, m is the electron mass, and (|) is the work function of the substrate.
By solving for (() in terms of the change in the tunneling current with respect to change in ^
position, the result is:
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(2.4)

Assuming % is in Angstroms and the work function is in eV, the coefficient is approximately
0.95 eV-A2.
Similar to the method for dl/ dV spectroscopy, for dl/

spectroscopy the tip height

is modulated with an external voltage signal. The signal must necessarily be small to avoid
crashing the tip by extending the z-piezo too much. The current then exhibits a small change
due to the change in height which is acquired at the modulation frequency via lock-in
spectroscopy. A more direct method is to apply a DC voltage ramp to the z-piezo and
observe the change in current with change in height. The work function can then be
determined by finding the slope of the d(In I)/d% plot. However, for acquiring data over a
large area work function images are acquired through lock-in signal detection, as is the case
with D O S imaging. A system-level schematic of dl/dZ spectroscopy is shown below in
Figure 2.2.

Z+

Bias Voltage

Figure 2.2. Schematic depiction of dl/spectroscopy.
A small voltage modulation (red) is
supplied by the lock-in amplifier to the tip z-piezo, causing a corresponding modulation in
the tunneling current. This signal is detected point-by-point in the lock-in amplifier and
results in a simultaneous
dl/map.

2.3.4

s^-V Spectroscopy
First reported by Alvarado et al53 in 1998,

spectroscopy uses the piezo elements

in the STM to function as more of a local probe than as imaging elements. Unlike dl/dV

or

dl/dZ imaging, %-V spectroscopy maintains the feedback while moving the tip into the
substrate. It has proven useful for analyzing organic thin films54"56 and molecules 57 on
substrates. At an initially high voltage (-1 to -2 V, say) the tip is outside the organic film layer.
As the voltage is slowly decreased, the tip must move closer to the surface to maintain the
same current. Eventually, the tip will in fact pierce the organic layer. As the applied voltage is
reduced such that it is within the H O M O - L U M O gap of the organic layer, the feedback
system will force the tip to move further within the organic layer until tunneling can occur
directly into the underlying material. This causes the tip height to abruptiy change. By
analyzing when this occurs for negative and positive sample bias conditions, it is possible to
extrapolate an averaged H O M O - L U M O gap for the organic layer. Of course, the tip is
probably damaged beyond repair after a number of such measurements. A cartoon depiction
is below, in Figure 2.3.
For P3HT on graphite, a typical %-V curve is shown in Figure 2.4. The exact height is
a function of conduction properties in the system, such as the prevalence of hole versus
electron conduction, as well as local variations in the tip state. The precise height is not
particularly useful, but the relative change as the voltage is swept is what matters. In Figure
2.4 the LUMO is indicated. This is explored in more detail in Chapter 5. Briefly, the plateau
closest to 0 V is indicative of direct substrate tunneling, thus the L U M O is first voltage
where the slope changes rapidly.
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Figure 2.3. Image from Alvarado, et al53 depicting the v^V method. The following text is
taken from that reference, as it is a very accurate and succinct description, "(a) At small
negative tip bias, electrons from the Fermi level EF of the STM tip can only access vacant
states above EF of the substrate. Under these conditions, the STM tip penetrates the
polymer layer and images the underlying substrate, (b) As the tip bias is made more negative,
electrons can eventually tunnel into vacant states in the polymer, and the tip images the
polymer surface instead."

Figure 2.4. Sample %-V spectra, here taken at positive sample bias voltages. The plateau
closest to 0 V corresponds to the LUMO gap here. The first change in ^ V slope indicates
the onset of the LUMO level (dashed line) A similar curve for negative voltages is observed.
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2.4

ACSTM
The ACSTM technique allows for C-V measurements using STM.58 By applying

high-frequency radiation to the dp-sample gap and measuring the response at that
frequency. 59 It has been established that irradiating the junction with microwave frequency
radiation allows for unique data which, in the case of semiconductors, is proportional to the
dC/dV

response. 60
ACSTM itself is not new. In 1989, Kochanski at IBM used a microwave resonator

cavity within which the STM was operated to observe a microwave signal response. 61 In the
twenty years since Kochanski's original report, ACSTM designs have matured considerably.
Such advances have included a tunable microwave cavity,62 attaching a microwave wire
direcdy to the STM head 63 and using a loop antenna around the STM tip.64 The loop antenna
in that report was used in ultrahigh vacuum (UHV), as does the system discussed here,
though both were developed independentiy.
Detection schemes have also advanced over the past several years. Traditional
ACSTM systems use a single frequency and thus require high-frequency signal detection
equipment as well as careful appreciation of high-frequency impedance matching and
reflection loss concerns. A more recent technique involving microwave frequency mixing
has proven useful. 65 ' 66 This method uses two microwave signals offset by a low-frequency
difference, typically a few kilohertz. The tunneling current signal is still modulated by the
high-frequency signals, but due to frequency mixing at the junction there is a signal at the
difference frequency as well. The low-frequency difference can then be acquired using
conventional lock-in amplifier equipment.
ACSTM has been used in previous reports to analyze various samples, including
highly ordered pyrolytic graphite (HOPG), 6 3 ' 6 6 WSe2,67 Cr(001),64 doped silicon, 58 ' 60 ' 65 and

molecular wires.7 Recently our group reported the use of U H V ACSTM to analyze doping
concentrations in P3HT films on gold and platinum substrates, 63 thus demonstrating the
efficacy of the technique. The system used in that report is described here in detail. This is
the first detailed instrument report of both a U H V ACSTM and should be useful for other
groups seeking to add additional functionality to existing U H V STM systems.

2.4.1

Simple Model of the Tip-Sample Junction
ACSTM theory has been described in previous works 60 ' 65 and is reviewed here. As

opposed to a truly robust physical description, a simple model for the ACSTM junction
response can be used, as adapted from Bourgoin, et al.60 The behavior of the STM junction
can be viewed as a metal-insulator-semiconductor/metal (MIS/MIM) capacitor structure,
where the metal is the tip, the insulator is the air/vacuum barrier, and the substrate is a
semiconductor/metal, depending on the substrate material of choice. One way to model the
system is to view the tip-sample junction as a circuit in series with a lumped resistorcapacitor (RC) element to account for losses as in Figure 2.5.60
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Figure 2.5. Lumped RC model of the STM tip-sample junction. G is the series conductance
loss and C is the series capacitive loss, each representing different loss components of the
tunneling current in the junction. V(ac) is the voltage from the microwave radiation that
successfully couples into the junction; V(bias) is the applied sample bias voltage, here shown
as positive but can be either positive or negative.

The tip is controlled via the DC current and can roughly be viewed as a simple
resistor representing the tunneling gap, with a gap resistance of perhaps 100 G Q for 1 V and
10 pA settings. The tunneling current accounting for AC and DC effects are in the rewritten
form of Ohm's Law in equation (1), wherein G and C are the conductance and the
capacitance in the circuit, respectively, and co is the voltage frequency.

It = (G + jcoC)V

(2.5)

The circuit model elements are indicative of series conductive and capacitive losses,
G(V) and C(V), and nonlinearities in either would result in observed effects such as
frequency mixing. The C(V) losses result from the capacitances of the tunneling gap and the
substrate depletion layer (assuming a semiconducting substrate), while the G(V) terms are
related to the effects of the tunneling current, resistance in the substrate material, and
differences between the density of states in the tip and the substrate.58 External highfrequency radiation will modulate the behavior of the capacitive element at the applied
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frequency co. On semiconductors, the tunneling current is dominated by the capacitive
effects, whereas for metals this response has been shown to be proportional to
where the differential conductance is

cfl/dV2,

G-dl/dV.6b

Of interest here is the semiconductor case. A MIM system is essentially a parallel
plate capacitor. In this case the only relevant capacitance (assuming the lack of any oxide or
adsorbed layer on the substrate) is that of the gap. The gap is on the order of perhaps 1 nm,
and in UHV the permittivity is assumed to be that of free space. In this case, the capacitance
due to the insulating gap CG (in Farads per unit area) is very simply expressed in terms of
free space permittivity £0 and tip height

CG=£0/Z

(2.6)

In a MIS system, the depletion layer of the semiconductor has to be taken into
account as an additional series capacitance. The total capacitance is now:

C -

C c C p

CG + CD

-
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/ z
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(£0Iz)+ ( S
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d

/ W )

Here, CD> £D, and W are the depletion layer capacitance, the permittivity of the
semiconductor layer, and depletion layer width. Based on simple metal-oxide-semiconductor
capacitor theory, the depletion layer grows with increasing voltage (assuming a correct
polarity such that the system is not in the accumulation regime) up until the threshold
voltage. As the depletion layer width increases the capacitance of that layer decreases given
the capacitance expression above.12 At this point, inversion takes place and the depletion
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width is at a maximum. In more relevant terms, the capacitance of the depletion layer no
longer decreases and the series capacitance reaches a minimum.
Going back to the circuit model, the lumped RC circuit is a simple high-pass filter.
The impedance of a capacitor varies inversely with input signal frequency, so at high enough
frequencies the tunneling current is dependent upon the capacitances in the system. In D C
conditions, the capacitor is an open circuit of infinite impedance, and the tunneling current
is again a resistor in series (accounting for the conductive losses described above). If the
tunneling current can be modulated in some manner at a high enough frequency, then it
would be possible to acquire some indication of the local capacitance with the resolution
afforded by tunneling.
Here we apply two frequencies with a difference Aa)=(jD1-a)2 to use the difference
frequency ACSTM method. 65 ' 66 Assuming a semiconductor substrate and relatively small bias
voltage, the capacitance term can be expanded into a Taylor series about the bias voltage, as
shown in equation (2).

I, =

The SC/dV

BC
...+12dV

(Ato)V

COS((Aa>)0+

...

(2.8)

Vn

term is proportional to the tunneling current response at the difference

frequency between the signals applied to the junction. The difference frequency is a result of
nonlinear mixing of the input microwave frequency signals at the junction. The idea behind
using the mixed signal of the two frequencies is that, after going through the appropriate
trigonometric relations, there will be a frequency at half the amplitude at the sum and
difference frequencies, the latter of greater importance in this situation. As mentioned
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earlier, by acquiring the signal at the frequency CO 1-002 using traditional lock-in amplifier
equipment, the high frequency modulation of the tunneling current can be detected at a low
frequency.
Frequency mixing comes from two different sources in the ACSTM system. The
microwave components themselves cause some mixing, most likely caused by the power
combiner in the circuit. However, the difference frequency signal is around -60 to -70 dbm
depending on the antenna position. The second source of frequency mixing is due to
nonlinear mixing at the junction, as noted above. This is typically at least 4 orders of
magnitude stronger than the mixed signal prior to entering the antenna, based on spectrum
analyzer-based power measurements.
Using the equation above, it is possible to come up with a simple way to relate the
lock-in magnitude signal to the 3C/3V signal (in F / V , assuming a preamplifier gain of 100
pA/V):

<?C _ (2V2 )(10"11 )VLI Gli
dV

Here, the V

u

(A co)Vj2

, Gu, Aco, and Vj refer the to lock-in amplifier output signal (V), the

lock-in amplifier gain (or sensitivity) setting (V), the difference frequency (Hz), and the
voltage at the junction (V), respectively. The parameter V j is difficult to determine exacdy. It
can somewhat be interpreted for each sample based on some of the data described in the
next section.

2.4.2

A UHV-STM System
Here we describe the modifications made to a commercial scanning tunneling

microscope to allow for broad microwave frequency alternating current scanning tunneling
microscopy (ACSTM) in ultrahigh vacuum conditions using a relatively simple loop antenna.
The advantages of our system is the use of a removable antenna to prevent interference with
other surface science processes in the U H V chamber, and it allows us to carefully move the
antenna into a position maximizing the microwave signal. Given that published data with
this instrument is presented in Chapter 5, here we simply include some

antenna

characteristics.
We retrofitted both UHV STMs and one ambient STM with a far-field microwave
approach. The most recent air STM was designed with the microwave cable in mind and
uses what might be considered a "near-field" approach. As the second system has been
described in some detail elsewhere 67 ' 69 the U H V system is instead described here in through
detail, ranging from frequency performance (and a somewhat indirect estimation of the S21
parameters) to an actual example of relevant data that was acquired.
Our ACSTM system is an adaptation of our commercial U H V STM from R H K (VTSTM, R H K Technology, Inc., Troy, MI). The STM uses an inverted beetle-style head, thus
making the diameter of the antenna and lateral placement particularly critical to avoid
interference with the stick-slip sliding of the piezoelectric legs as the tip is brought into the
tunneling position. The description of our system is divided into the system level, which
goes over the ACSTM technique at the microwave component level, and the antenna design,
which discusses the actual composition of the antenna and its characteristics.
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2.4.3

System-Level Description
The system-level schematic is shown in Figure la, along with a view of how the

antenna is positioned relative to the tip at the STM head. The schematic is adapted from the
works of Kelly, et al.58 The detection scheme here is the same as used in that report, and the
reader is directed there for further details. In brief, two microwave frequency signals, offset
by A(O/(2JT;) = 4 kHz, are generated by the microwave sources (N9310A, Agilent) and are
mixed together via a power combiner (ZX-10-2-12, Mini-Circuits). In our first experiments
the mixed signal was then amplified (ZFL-2500VH, Mini-Circuits), but we no longer do so
and instead connect the power combiner output to directional coupler (ZNDC-13-2G, MiniCircuits). The coupler splits the signal into a normal output and a -13 dbm output. The
latter, after passing through a Schottky Detector (4503A-03, Narda Microwave) is used for
the reference input on the lock-in amplifier, while the former (at approximately -0.2 db) is
connected to the antenna.
The combined microwave signal irradiates the STM junction via the antenna. The
tunneling current preamplifier converts the current, which is a DC+AC signal, into a voltage
for use in the STM feedback electronics. The voltage signal at ACO/(2K) is detected through
the use of a lock-in amplifier (Stanford Research Systems SR830). The magnitude and phase
are then detected at each point in the image, thus allowing for an ACSTM image to be
generated simultaneously with the topography image. When acquiring a simultaneous image,
care must be taken to ensure that the scan speed per point is slower than the time constant
on the lock-in amplifier, for obvious reasons.
As an instructive guide, Figure 2.6(b) illustrates how the modulation via the ACSTM
technique differs from that used in other spectroscopic techniques mentioned earlier.
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Figure 2.6. (A) ACSTM system-level schematic. Two frequencies offset by a small
difference Af are combined, amplified as necessary, and connected to the antenna via a
microwave coaxial cable. The loop antenna end is connected to the outer shield of the
microwave cable, which is connected to an isolated ground. The lock-in amplifier detects the
response of the current at the difference frequency Af and transmits the data to the control
electronics. The electronics plot the z-position and the lock-in outputs at each point, thus
producing a topography image as well as two spectroscopic images corresponding to the
dC/dW magnitude and phase, respectively. (B) Signal-level schematic of ACSTM. The
differential capacitance is measured by modulating the current directly using an applied
microwave field (green).

2.4.4

Antenna Design
In our system, the antenna is a two-loop circular antenna, approximately 1 cm

diameter, affixed to a long piece of non-insulated microwave coaxial cable (UT-34, Huber &
Suhner) and connected between the inner conductor and the outer ground shield. The
antenna and the connections to the cable are coated in Torr Seal (Varian Associates) to
ensure that it is insulating in the case that the antenna accidentally makes contact with one of
the piezoelectric legs in the STM head. The loop antenna is attached to a linear translator
(LMT-156, MDC, Inc.) on the STM chamber to allow for insertion and retraction of the
antenna during tip/sample exchange processes. The translator, with an approximate lateral
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range of 15 cm, has a through port to allow for an isolated SMA U H V flange. The antenna
and the linear translator are shown in Figure 2.7. The UT-34 microwave cable connects to
the flange through an assembled SMA connector (11SMA-50-1-1, Huber & Suhner) that is
filled with a microwave epoxy (Vary Flex resin and hardener, Sigma Plastronics) to minimize
reflections.
The loop antenna in this case is an electrically small antenna, i.e. its circumference is <
V10, 7 0 where ~k is the wavelength of the input frequency. In this system, the antenna
circumference is approximately 6.28 cm. Because the microwave sources are tunable, we can
move from the electrically small regime (X./10 > 6.28 cm, f < 477 MHz) to electrically large
(X « 6.28 cm, f = 4.77 GHz); however, frequencies above 1.5 G H z prove very sensitive to
impedance matching and reflection loss considerations. In the electrically large regime, the
current in the loop is no longer approximately uniform and thus the radiation properties can
be very different. It is unclear if there is any tangible benefit to using such high frequency
signals in terms of measuring the capacitive response. We did not employ any tunable filter
element to try and impedance match to the antenna, since the idea behind ACSTM does not
require superb transmission efficiency. That being the case, a reasonable efficiency often
suffices. As will be described below, the best case power loss from input to tunneling current
preamplifier output is approximately -10.2 dbm. It is important to also consider the tip when
looking at the frequency response, as this is essentially a two-antenna system where the
receiver (the metal STM tip of lengths around 0.4 cm, thus equating to a monopole with an
ideal operating frequency of 18.75 GHz.

Figure 2.7. (A) Photograph of the linear translator/SMA flange where the microwave
system is connected. Here the coupler is shown, along with the translator arm. The
microwave coaxial cable is within the bellows on the flange and is not visible. (B) Video
camera image of the antenna encircling the STM tip during tunneling. In the RHK beetle
STM design the tip is brought down from the top and rotated along the sample holder
ramps until in position for tunneling. Photo (A) was adjusted in Photoshop CS4 to highlight
the translator arm.

For the sake of completeness, it should be noted that the second UHV STM in our
lab (Omicron VT-STM) has also been retrofitted with ACSTM capabilities. However, given
the head design in that microscope, the antenna cannot be repositioned relative to the tip
and thus employs a loop large enough to encompass the entire range of course lateral
motion.

2.4.5

System Response
We characterized the antenna first in terms of its microwave properties and then

using some experimental data. Measurement of microwave properties involved use of a
spectrum analyzer (E4402B, Agilent) to analyze the signal strength depending on component
positions, antenna position, mixing, and microwave power at the junction.
Based on the company data for the various microwave components, the system is
expected to lose approximately 1.85 db due to insertion losses (much of that due to the
frequency range of the directional coupler used; a better one that worked in the range of
frequencies employed here would surely reduce the insertion loss to under 1 db). It was
found that by changing the position of the DC block component the loss can be reduced by

up to 0.6 dbm at the difference frequency; in this case, the optimal position is to have one
D C block in the system and to have it at the input to the lock-in amplifier. Using high quality
cables is also important. The cables from the microwave sources to the power combiner
were standard RG58 SMA cables, while the cable from the combiner output to the coupler
was a much higher quality (in terms of reflections and cable losses) CSY-SMSM-42 cable
from Midwest Microwave.
By measuring the power before and after the antenna stage, it is possible to get an
idea of how much loss occurs in both the microwave frequencies and the difference
frequency. Because of the slightly asymmetric insertion loss at the power combiner, it is
sometimes necessary to offset the power of the inputs by as much as 0.6 dbm to ensure
equal power for each of the source frequencies in the resulting mixed signal, as measured via
the spectrum analyzer. At input frequencies 300 and 300.004 MHz with input power of 7.1
dbm and 7.7 dbm, the output power at these two frequencies (not the difference) as detected
in the tunneling current just before the STM current-to-voltage preamplifier stage in Figure
2.6 is approximately -20.4 dbm. The loss through the system is thus between 27.5 and 28.1
dbm for the microwave frequencies.
The peak response is at 308 MHz. We measured the power just before the tunneling
current-to-voltage preamplifier stage and just before the lock-in amplifier input to see the
loss as a function of the STM electronics. Here we used input frequencies 308 and 308.2
MHz with power 10.1 and 10.5 dbm. The power at the microwave frequencies was -13.2
dbm right before the tunneling current preamplifier stage and -56.3 dbm before the lock-in
amplifier input. Given the limited bandwidth of the tunneling current preamplifier, the
strong microwave-frequency attenuation is to be expected. The power at the difference
frequency (20 kHz) was -67.9 dbm just before the preamplifier stage, but the power just

before the lock-in amplifier input was -0.155 dbm. This is another advantage of the
difference frequency method; the STM preamplifiers allow for limited loss at the lowfrequency difference, which means that the mixed signal comprising information about the
microwave response can be easily preserved with little adjustment to the STM feedback
electronics.
Figure 2.8a shows the frequency response of the antenna from 80 MHz to 2.08
GHz, taken while the STM tip was in tunneling (-1 V, 10 pA). Specifically, Figure 2.8a is
measuring the magnitude of the difference frequency response as measured via the lock-in
amplifier. It is clear that there are a series of specific frequencies with very high antenna
transmission characteristics. The peak, as mentioned earlier, occurs at approximately 308
MHz. The response measured here was all taken while the STM was in tunneling to ensure
that the response is consistent with that observed during actual data acquisition.
Unfortunately we do not have ready access to a network analyzer as was used to
characterize a previous ACSTM system.67 Thus we lack some relevant data relating to
reflection loss that might be determined with full S-parameter analysis.
Figure 2.8b shows the difference frequency response (dC/dV) and the simultaneous
density of states response ( d l / d V ) as the antenna is moved laterally. The two plots were
acquired by simultaneously modulating the current via the antenna and modulating the bias
voltage using the STM electronics. The response to each modulation was measured at
different frequencies (4 kHz for the 5 C / 3 V response, 5.678 kHz for the dl/dV

response)

and with two separate lock-in amplifiers. The bias modulation and microwave power were
adjusted to yield approximately the same initial signal, though the dl/dV
adjusted by a factor of 1.3017 to ensure an exact starting point in the plot.

curve here is
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Figure 2.8. (A) Difference frequency response of the ACSTM antenna at input frequencies
from 80 to 1480 MHz in terms of difference frequency magnitude in mV (top) and the
difference frequency output power in dbm (bottom). The antenna was tested using input
frequencies offset by 5 kHz at a power of 10.1/10.5 dbm for the frequency/frequency+5
kHz signal, respectively. For example, the data point at 100 MHz above is extracted by
measuring the 5 kHz signal based on input frequencies 100 and 100.005 MHz. In the power
plot, each point is offset by 10.5 dbm to set the reference level to 0 dbm. The minimum loss
is approximately -10.2 dbm at 308+308.005 MHz. (B) Simultaneously-acquired lock-in
amplifier magnitude signals for the ACSTM dC/dV (blue) and density of states dL/dV
(green) response as a function of lateral antenna position from 11.2 cm to 11.5 cm, covering
a the portion of the enclosed region in the loop that could be accessed without having the
antenna come in contact with the STM tip or the piezeoelectric legs. While the ACSTM
response is highly position-dependent, as is expected, the density of states signal is not. Two
lock-in amplifiers were used with the same time constant and gain settings, and the input
magnitudes for the microwave sources (ACSTM) and the bias voltage modulation (density of
states) were set to approximately the same magnitude. The density of states curve was scaled
by a factor of 1.3017 to account for initial magnitude differences. All data for (A) and (B)
were taken while in tunneling at parameters o f - 1 V and 10 pA.

In Figure 2.8b there are clear points where the microwave response peaks. In an
ideal loop antenna, the radiation pattern should exhibit only a single depression at the
center,70 whereas here there are two very clear minima. It is probable that the presence of the
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STM tip strongly influences the expected radiation pattern. It is evident that the

dl/dV

response varies significantly less with respect to the antenna position, as expected. This
provides some evidence that the ACSTM response is uniquely dependent upon the antenna
and thus separate from the dl/d]/ response. The data also indicates that careful positioning
of the antenna is critical to maximizing the ACSTM response.
ACSTM is a useful technique with a substantial history, primarily in ambient STM,
thus the ability to use ACSTM in U H V offers unique insight. The retrofit described here
allows those with existing commercial U H V STM systems, particularly R H K systems, to take
advantage of the myriad experimental possibilities offered by microwave radiation. We are
currently exploring some electromagnetic models of the antenna-STM system to see if there
is a way to compare the measured microwave power with that theoretically predicted, and we
are also investigating measurements of the ACSTM signal across the entire sample to
provide a 2-D mapping of ACSTM difference frequency signal versus antenna position.

2.5

Concluding Remarks
STM and its spectroscopic brethren allow for a multitude of different experimental

techniques with which to analyze organic semiconducting systems. In this thesis we focus
primarily on topographic analyses and ACSTM, with some work function, DOS, and %-lS
measurements as well. These techniques were used to analyze two very different systems:
P D A nanowires and P3HT films.
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Chapter III
POLYDIACETYLENE NANOWIRES: SUBSTRATE-DEPENDENT
ELECTRONIC BEHAVIOR

[Note: much of the work in this chapter has been published in the following papers and
conference proceedings.71"73 Figures are copyrighted by the appropriate associations, in this
case the American Chemical Society and IEEE]

3.1

PDA Nanowires: The Other Molecular Interconnect
O n e of the under-researched areas of molecular electronics is that of interconnects,

namely the lack of a controllable, high conductivity organic wire to connect various
switching elements. A potential nanostructure to use is a polydiacetylene (PDA) nanowire.
PDA is a semiconducting polymer of the form (—C-C=C-C=)„ that exhibits increased
conductivity when doped with iodine.74"76 As a molecular interconnect, P D A nanowires offer
an advantage over other organic nanostructures in that they can be controllably formed on
the surface of an ordered monolayer of diacetylene derivative molecules. The molecules can
be polymerized to form PDA nanowires by irradiating the sample with ultraviolet light77 or
by applying a voltage pulse at certain locations with the scanning tunneling microscopy tip,
as was first shown by Okawa and Aono. 78 '

79

PDA nanowires have been studied using

scanning tunneling microscopy (STM) at solid-air,78"80 solid-liquid,81"83 and solid-vacuum
interfaces. 71 In addition, thin films of PDA have been used in technological applications such
as monolayer organic field effect transistors84"86 and photovoltaic devices.87 While the
electronic behavior of P D A nanowires on graphite has been studied previously, 88 ' 89 atomic-

scale investigations have not addressed the significant issue of substrate-dependent P D A
nanowire behavior.
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. 46 As a result, features that appear taller in an STM image may in fact appear so
because of electronic effects. Such is the case in Figure 3.1, where two parallel columns 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 P D A nanowires. The PCDA ordering is shown schematically, for clarity. The bright
bumps in the center of each column are the diacetylene moieties in each PCDA molecule.
The height cross-section indicates that the typical height of a diacetylene moiety is
approximately 0.12 — 0.17 nm. Although there are four carbon molecules in diacetylene, the
STM images the two carbons in each triple bond indistinguishably, presumably due to the
derealization of the electrons within the 71 orbitals. The diacetylene moiety in each PCDA
molecule is brighter than the neighboring alkyl chains because of the enhanced electronic
charge transfer in multiple carbon bond structures. 90 While the STM image implies that the
diacetylene groups are topographically higher on the surface, they are actually in the plane
with the alkyl chains in each molecule. 79 ' 80,91
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Figure 3.1. (a) Atomic resolution image of two ordered, unpolymerized PCDA stripes on a
H O P G surface (6.5 nm x 3.9 nm, -1.3 V, 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
diacetylene moieties, with the two triple-bonded regions appearing as bright protrusions, (b)
Height cross-section along the path indicated by the black line in image (a), divided to
indicate the different regions of the PCDA molecule: the alkyl chains (I), the diacetylene
moiety (II), and the graphite substrate imaged in the gap between columns of molecules

(III).

3.2

P D A Nanowire Preparation and Imaging
Polydiacetylene nanowires were formed by polymerizing an ordered monolayer film

of 10,12-pentacosadiynoic acid (PCDA) molecules (Sigma-Aldrich). The PCDA molecules
were deposited in two ways. In the first process, PCDA was deposited on the substrates
using a Langmuir-Schaefer (LS) deposition technique92 as reported previously.71'

93

Specifically, 10 uL of a 0.75 m g / m L solution of PCDA dissolved in chloroform was
deposited on a surface of ultrapure (~ 18 M-ohm) water. The PCDA monolayer films were
transferred onto freshly-cleaved H O P G and MoS2 substrates(SPI) using a commercial trough

41
apparatus (Kibron, Inc.). This method, while difficult, results in a single layer of molecules.
A schematic of the LB/LS processes are shown in Figure 3.2 below.

(a)

r

(b)

TTTl=t
Figure 3.2. (a) LB film deposition. In this case, the film is deposited on a hydrophilic
substrate, (b) LS film deposition, where the molecules lie flat on the surface due to the lower
surface pressure during deposition. Adapted from Roberts. 94
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 |iL of a 0.75 m g / m L (2
mM) solution of PCDA dissolved in chloroform onto the heated substrate. This method
allows for much faster, more reliable sample preparation as compared to LS films.
Nanowires were formed by irradiating the surface with 254 nm UV light (Spectroline 11SC1, Sigma-Aldrich) in a UV-filtered environment. 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. The schematic of
polymerization of PCDA to form PDA is illustrated in Figure 3.3. STM images of surfaces
prepared by both methods revealed no difference in terms of structure, ordering, or
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nanowire height. It should be noted that deposition was attempted on several other
substrates, such as gold, iodine-on-gold, tantalum disulfide, and aluminum, but STM scans of
these samples did not reveal any ordered films. This is assumed to be an effect of both
surface roughness and high PCDA-substrate interaction, to former inhibiting domain size
and the latter inhibiting self-assembly dynamics.

(A)

(B)

Figure 3.3. Schematic showing polymerization of (a) PCDA into (b) PDA.

Images were acquired with cut platinum:rhodium (80:20) tips using a homebuilt
STM95 operated by commercial RHK electronics 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 3.4 were processed using WSxM.47

3.3

Substrate Dependent Properties on HOPG and MoS 2
We discuss here our recent work using scanning tunneling microscopy and

spectroscopy to analyze PDA nanowires across a range of sample bias voltages and on both
H O P G and MoS2. Because of the nature of STM (discussed in Chapter 2), the height of the
nanowire structures can be used to explore such effects.
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3.3.1

Epitaxial Alignment
Before discussing the difference in nanowire images on the two substrates, it is

instructive to look at the how the substrate influences the molecular ordering of PCDA. The
PCDA molecules self-order on the H O P G and MoS 2 substrates and exhibit threefold
symmetry commensurate to that of the underlying material.79"81 This is probably due to an
epitaxial arrangement of the alkyl side chains on the surface, similar to that observed for
various other materials on both substrates. 96 ' 97 However, P C D A does not seem to selfassemble on other surfaces of interest such as A u ( l l l ) . While typically the monolayers
exhibit domains wherein the molecules are only oriented in three possible directions, Figure
3.4a and 3.4b (on H O P G and MoS 2 , respectively) show that the monolayers can sometimes
exhibit a slight misfit angle from the preferred orientation. The colored arrows in these
images emphasize the observed misfit angles. To better clarify this effect, Figure 3.4c and
3.4d show the 2D fast Fourier transform (FFT) images of the two STM images. In Figure
3.4c, two of the three symmetry directions exhibit such an effect. The misfit angle of PCDA
on H O P G

is approximately 6°, in agreement with the misfit found for poly(3-

hexylthiophene) on HOPG, 9 8 while on MoS 2 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 H O P G and l l ° t o 13° on MoS 2 . The difference in misfit
angles may be partially due to the different lattice constants, given that molecular ordering is
influenced by both the lattice constant and interactions with the substrate. 99

Figure 3.4. Examples of typical PCDA monolayers exhibiting misfit angles on (a) H O P G
and (b) MoS2. The PCDA monolayer on H O P G shows all three expected orientations, but
two different misfits as well. The monolayer shown on MoS2 only exhibits one direction and
thus only a single misfit. The misfit directions are clarified by the red and yellow lines on
H O P G and the green lines on MoS2. The 2D FFT images are shown in (c) and (d). In (c), all
three directions are observed, and the misfit angles are also visible as expected from the red
and yellow lines corresponding to the same features in (a). The misfit angle between each set
of lines is approximately 6°. In (d), the misfit angle on the MoS2 is also evident. In this case,
the misfit angle is approximately 11°. Imaging conditions: (a) -1.0 V, 10 pA, 152 x 65 nm 2 (b)
+1.3 V, 5 pA, 140 x 61 nm 2 . Images (a) and (b) were derivative-filtered to improve clarity.

3.3.2

Substrate-Dependent Electronic Properties
Typical STM images of PDA nanowires on H O P G and MoS2 are shown in Figure

3.5 with both images mapped to the same color scale. The unpolymerized PCDA molecules
from Figure 3.1 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
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film. The PCDA monolayer appears the same on both substrates, though the monolayer on
MOS2 exhibits a number of regular MoS 2 surface defects not seen on H O P G . The MoS 2
surface defects appear brighter than the PCDA monolayer on the surface. The defects are
measured to be approximately 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 2 the nanowires are substantially brighter than on H O P G despite the nanowires having
been formed and prepared 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 P C D A
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. 79 ' 80 More recently, Okawa et al used atomic force microscopy (AFM) on
similarly-prepared samples on H O P G and determined the height of the nanowires to be
approximately 0.13 nm. They also performed density functional calculations for comparison,
which yielded a height of 0.146 nm. 100 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 influence of electronic structure on height in STM images. For example,
the nanowires on H O P G in Figure 3.5 are approximately 0.7 nm high, a difference of nearly
0.55 nm from the AFM data. The remainder of this paper focuses on electronic
contributions to the apparent height, particularly those specific to the substrate.

Figure 3.5. Typical images of PDA wires on (a) H O P G and (b) MoS2, with the same color
scale. The false coloring in the image reflects a measured height range of 2 nm. Imaging
conditions: (a) -1.0 V, 10 pA, 112 x 112 nm 2 (b) -1.23 V, 5 pA, 203 x 203 nm 2

Another set of PDA nanowires on H O P G and MoS2 are shown in Figure 3.6 along
with their height profiles. The boxed regions indicate where height profile averaging 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 information). Figure 3.6 shows that the PDA heights differ substantially between
the two substrates. The nanowire in the MoS2 image is measured to be 1.02 nm tall, whereas
the three nanowires in the H O P G image measure 0.71 nm, 0.71 nm, 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 surrounding PCDA monolayer. Similar height values were
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found on many other H O P G and MoS 2 samples, with an overall average P D A height of 0.65
nm on H O P G and 1.00 nm on MoS 2 at -1.0 V.
The nanowire heights were measured using a custom MATLAB script. It should be
noted that determining nanowire heights on a periodic background such as the P C D A
monolayer can, if not done carefully, result in misleading data. This is because measuring
nanowire heights not only requires selecting a reasonable upper bound but also requires a
consistent baseline with limited manual input in order for the heights across different
nanowires to be compared with any confidence. The baseline here is the average height of
the surrounding PCDA monolayer. The method to select the baseline must be consistent for
each measurement; as noted in Figure 3.1, 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 perpendicular to the
nanowire within the selected region were averaged 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. 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 monolayer was clearly visible and where the
nanowires were linear; in other words, care was taken to not include any possible "redphase" nanowires 101 in the height measurements. The images were median filtered prior to
measurement to eliminate the influence of noise spikes on the height measurement.
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Figure 3.6. Images of PDA nanowires on (a) H O P G and (b) MoS2, along with averaged
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 direction perpendicular to each
nanowire) were averaged together to produce the resulting cross-sectional data, (c) The
nanowire heights on H O P G are 0.71, 0.71, and 0.72 nm from left to right, (d) The nanowire
height on MoS2 is 1.05 nm. Imaging conditions: (a) -1.0 V, 10 pA, 126 x 126 nm 2 and (b) -1.0
V, 5 pA, 147 x 147 nm 2

To further evaluate the electronic effects on STM-measured heights, we changed the
applied voltage polarity 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 electron carriers at positive voltages. Thus, for the same system it is possible to see

striking differences depending on the voltage polarity that can also provide spectroscopic
information. 45 This is shown in Figure 3.7 for nanowires on H O P G . The images in Figure
3.7 were simultaneously acquired at -1.0 V 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 71
that can occur with sequential imaging.
The P D A nanowire in the positive bias voltage image exhibits much lower contrast
than in the negative bias voltage image. P D A nanowires appear with different heights
depending on the state being probed, similar to the effect observed for napthalocyanine
deposited on HOPG. 4 9 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 Figure 3.1a) is somewhat more prominent in
the positive 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 3.7.
Numerous images acquired with many different tips at other bias voltage magnitudes, multivolt or otherwise, have confirmed these results.

(b)

21.6 nm
0

3.25

6.5 A

Figure 3.7. STM images of PDA nanowires on H O P G 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 2 .

Figure 3.8 shows a set of images on MoS2, again acquired using the same multi-volt
imaging method. Unlike the case with H O P G , the nanowires 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. Surprisingly, at
positive voltages a structure resembling the PCDA layer in terms of height and spatial
periodicity 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 electrons. Again, this has also been confirmed
on many different 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. 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
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and less prominent at negative sample bias voltages. In fact, the defects hidden beneath
nanowires in the negative image are visible in the positive image, indicating that the STM is
tunneling direcdy through the nanowires in the positive voltage case. Positive bias voltages
up to +1.5 V did not reveal any nanowires on MoS2.

29.2 nm

kb>

—
5.25

-

10.5 A

Figure 3.8. STM images of PDA nanowires on MoS2 acquired simultaneously line-by-line at
(a) -1.0 V and (b) +1.0 V. Although the PCDA monolayer is easily discernable in the positive
bias image, none of the nanowires appear. The bright points in (b) are surface defects, which
are smaller but evident in (a), and in fact in (b) some of the surface defects hidden beneath
the nanowires in (a) are imaged. Imaging conditions for both (a) and (b): 8 pA, 146 x 98 nm 2

Voltage-dependent imaging provides a simple method for extracting spectroscopic
structure from the specific surface features of interest.45 For example, changing the bias
voltage while scanning semiconductors has been known to produce different images, even
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without changing the polarity of the bias voltage.48 Numerous images of P D A nanowires on
both H O P G and MoS 2 were thus acquired at many different bias voltages and the average
nanowire heights were measured. 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 values was found at
different bias voltages.
The general trend across a range of bias voltages is evident in Figure 3.9, which plots
the measured nanowire 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. Each data point is an average of the average height values at each
voltage. In total this plot represents the heights measured on approximately 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 between negative and positive bias images, the different tips used, and the various
current setpoints used for different 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 highlyordered PCDA monolayer were considered, in which case these were probably "blue phase"
P D A nanowires.101
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Figure 3.9. The height of PDA nanowires on H O P G (black) and MoS2 (red) analyzed at
sample bias voltages from -1.3 to +1.3 V, indicating bias-dependence in the nanowire height
due to electronic effects. The error bars indicate the standard error in the mean height value
at each voltage. Nanowire heights were determined by averaging the height cross-section of
each wire, as was done in Figure 3.6. The increased error at positive bias voltages is due to
less stable imaging conditions in this regime. On H O P G , 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 bandgap and the substrate-polymer charge transfer interaction effect,
respectively. On MoS2, the height decreases more rapidly, and no nanowires were visible at
voltages above -0.6 V. The asymmetry in the height-voltage data on H O P G , and the extreme
asymmetry in the data on MoS2, reflect the substrate-dependent electronic effects when
imaging the PDA nanowires. Comparing the two indicates a definite role of the substrate in
determining PDA nanowire height.

3.3.3

Discussion of Physical Effects
Because the tunneling current is related to the density of states (DOS) at a particular

bias voltage, the height of the tip is related to the integrated D O S 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 indirect) spectroscopic information about the system. The plotted height values are
related to the electronic structure at the interface and also contain information about gap
narrowing in the PDA nanowires as well as the influence of substrate effects such as doping,

charging, and electron screening. The data in Figure 3.9 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 observed via dl/d\S spectra of P D A nanowires on
HOPG. 88 - 89
The height-voltage measurements described here are also different from v^V
spectroscopy measurements reported elsewhere.53"56 In a v^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 purpose of determining the so-called "single
particle gap" in the system. A %-V measurement does not provide any information on
whether a structure's height actually changes with respect to bias voltage because the tip
height, rather than the nanostructure height, is measured. 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 %-V experiments. O n PDA nanowires,
piercing the polymer causes irreparable damage, such as inducing desorption, 71 ' 81 ' 83 making
accurate determination of the single-particle gap impossible.
Four features in the height data in Figure 3.9 stand out: a decrease in nanowire
height as the bias voltage magnitude-dependent approaches 0 V, evidence of imaging within
the bandgap of PDA, an asymmetrical height-voltage profile on H O P G and MoS 2 , and the
lack of nanowires at substrate bias voltages greater than -0.6 V on MoS 2 . Bulk P D A has a
reported gap between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of 2.34102 to 2.5 eV103 while P D A nanowires on
H O P G have a reported gap as small as 0.5 eV.88 In Figure 3.9, nanowires are clearly visible
on H O P G at bias voltages within the bandgap. The asymmetry on both H O P G and MoS 2 is
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due to the change in carriers and the band alignment in the system, particularly the location
of the Fermi level (EF) in the nanowire. For H O P G , the measured heights at positive bias
voltages are far less than those at negative bias voltages; for MoS 2 , the height values drop
rapidly between -0.8 V and -0.6 V, with no data points for any voltages beyond that at
negative or positive voltages. The nature of P D A 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 3.9, such as substrate-induced doping, screening by the substrate,
polymer charging, polymer-electrode coupling issues, surface dipole and work functionrelated issues, band banding and rectification on MoS 2 , 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 P D A nanowires have only focused on H O P G
substrates. An assessment of the contribution of these factors to the data points in Figure
3.9 follows.
The decrease in measured heights as the bias voltage magnitude approaches 0 V is
likely due to the energy gap present in the P D A nanowires. 88 ' 102 As the sample bias voltage
magnitude is reduced, the level being probed approaches the edge of the H O M O - L U M O
gap. This results in limited tunneling probability, given that the density of states (DOS) in
the nanowire is lower near the bandgap. 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 asymmetry data. Because of the
H O M O - L U M O gap in the nanowires, P D A 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. 79 ' 88

Figure 3.9 supports the idea of p-type doping given that hole transfer (at negative bias
voltages) is far more efficient than electron transfer (at positive bias voltages). The result is a
shift in E F closer to the H O M O 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 explain why the nanowires are taller on
MOS2 substrates. The initial assumption given the increase of nanowire height at negative
substrate bias voltages is that the MoS 2 substrate p-type dopes the nanowire more than
H O P G . This is consistent with the observation that naturally-occurring MoS 2 (as was used
here) is typically p-type doped. The difference in doping may be due to the surface sulfur
atoms on MoS 2 , which cleaves between adjacent sulfur planes. Figure 3.10 shows possible
energy band diagrams for PDA nanowires on H O P G and MoS 2 , assuming vacuum-level
alignement, and using the work function and gap values noted earlier as well as a work
function of 4.8 eV for the Pt:Rh tip.104 PDA is positioned based on an ionization potential of
5.1 eV.105 The influence of the P D A H O M O - L U M O gap on tunneling is evident through
each set of images. Doping moves E F closer to the H O M O level, and there is thus a larger
gap before conduction can take place at positive sample biases (assuming LUMO and
H O M O band conduction at positive and negative biases, respectively). Because MoS 2
possibly dopes the P D A backbone more than H O P G , Ep is positioned closer to the H O M O
level on MoS 2 . The smaller the difference between E F and the H O M O level, the more
asymmetric the resulting I - V curve and height-voltage plot.
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Figure 3.10. Illustrative energy band diagrams for PDA nanowires on (a) H O P G and (b)
MOS2 at (i) 0 V, (ii) negative bias voltage, and (iii) increasing positive bias voltage. The
schematics in (ii) show the onset of conduction when E F in H O P G or the valence band
maximum in MoS 2 are equal to the PDA H O M O level. In (iii) conduction begins when the
E F 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.

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 MoS2 than
H O P G at negative bias voltages (that is, if hole injection is highly efficient), then that would
cause the nanowire to appear taller on MoS2 in negative voltage images. Similarly, if the
nanowires exhibit weak electron transfer, then the nanowires would appear shorter on
H O P G ; if the electron transfer is extraordinarily 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(3dodecylthiophene) (P3DDT) on H O P G , screening by the substrate was offered as the cause
for narrowing the gap from 1.48 eV to 0.93 eV.106'107 Screening occurs due to the transient
charge on the polymer during the tunneling process. In the PDA system, the tunneling is in
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two steps: from the tip to the P D A nanowire and from the P D A nanowire to the substrate
(or vice versa, depending on the voltage polarity). During tunneling P D A can have a net
charge due to the finite tunneling time required (either an extra electron in the L U M O level
or a hole in the H O M O level), which causes an increased H O M O - L U M O gap in the
polymer due to the shift in the respective orbitals. This self-energy effect 107 in the nanowire
is then screened by the substrate or tip, thus effectively reducing the P D A H O M O - L U M O
gap. The degree to which screening occurs is related to the substrate. Metals, like H O P G ,
probably screen more strongly than semiconductors like MoS 2 , thus E F may be farther from
the H O M O on H O P G than on MoS2. Screening is also important for keeping the molecular
orbital levels fixed under an applied bias.108 As MoS 2 probably screens the P D A internal
charge less than H O P G , the H O M O and L U M O levels may not be constant over the bias
range.
Differing degrees of coupling asymmetry 107 ' 109 ' 110 in the

tip-PDA-substrate

system

can also contribute to the difference in heights on H O P G versus MoS2. Such coupling
concerns are related to work function issues that affect the PDA height. The work function
of a material is comprised of both its bulk component and its surface dipole. It is wellestablished that the tails of the electron states in the substrate due to its surface dipole can
allow for STM imaging of otherwise insulating molecules such as xenon, 111 which is in part
one of the reasons that PDA can be imaged at biases less than the energy of the H O M O LUMO gap. An organic adsorbate, even if physisorbed as is the case here, has an effect on
the surface dipole,21 as described in Chapter 1. A decrease in the hole injection barrier would
result in lower asymmetry in the height-voltage curve in Figure 3.9. Clearly, this surface
dipole effect is related to the substrate material. This increases the difference in asymmetry
between the data on H O P G and on MoS2. As noted above, the work function of the two

substrates differ 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 reduction is minimal,
the mere difference in work functions between H O P G and MoS 2 would still cause a
difference in the hole injection barrier between the two substrates and would thus help
explain the difference in height values. The hole injection efficiency on MoS2 would be
higher than on H O P G because E F would necessarily be closer to the H O M O level in
PDA. 112 This is shown in Figure 3.10 by the different vacuum-level alignments due to the
work function values of H O P G and MoS 2 .
Lastiy, the transparency of the nanowires at positive substrate bias voltages on MoS 2
must be addressed. O n e possibility is that the band alignment of MoS 2 with that of P D A
prevents the overlap of LUMO states with that of the conduction band in MoS2. However,
the states of MoS 2 must overlap to at least some degree with those of the unpolymerized
PCDA molecules given that the monolayer is evident at all bias conditions. That a PCDAlike structure is evident at positive voltages where P D A nanowires should be is due to the
interaction between the polymer and the substrate, so even if the system is tunneling
through the nanowires the local variation in barrier height is similar to that of the P C D A
layer.45
The rectifying effect of MoS 2 may also limit tunneling at positive voltages, as was
noted

for copper phthalocyanine. 113 Being a semiconductor, MoS 2 will exhibit

an

accumulation or depletion effect at the MoS 2 -PDA interface depending on the applied bias,
similar to that exhibited by silicon at the poly(3-hexylthiophene)-silicon interface. 108 Such a
Schottky barrier effect results in band bending at the interface, as depicted in Figure 3.10.
The resulting rectification effect limits tunneling, particularly at low bias regimes, and is
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probably responsible for the lack of PDA nanowire images beyond -0.6 V in Figure 3.9.
Depending on how strong the band bending is, and thus how strong the resulting Schottky
barrier, this could also determine what means of conduction are possible in the system. As
mentioned above, highly inefficient 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 Figure 3.9 as well as the difference in height on H O P G and MoS2. A
shift in the P D A nanowire Fermi level, which contributes to I- V and height-V asymmetry,
can be caused by substrate doping, screening, or surface dipole effects. The reduction in the
H O M O - L U M O gap from the bulk P D A value to that of P D A nanowires on H O P G is
probably due to charge screening effects, as was found for P 3 D D T on H O P G . PDA
nanowires on H O P G can be imaged within the H O M O - L U M O gap due to the tail of the
electronic states from the substrate overlapping the Fermi level even within the gap. Each of
these issues is substrate-dependent and thus may explain the difference in height values
between P D A nanowires on H O P G versus those on MoS2. Additionally, rectification and
injection barrier due to alignment with the MoS 2 substrate may help explain why nanowires
do not appear at positive sample biases.

3.4

PDA Nanowires on Au-HOPG Samples
While there is significant evidence that H O P G and MoS 2 greatly affect the charge

transport properties, gold would be a more commercially relevant substrate. As noted in
Chapter 1, higher work function materials like Au may promote Fermi-level pinning versus
expected vacuum-level alignment on H O P G (since typical value of 5.2 eV for Au is close to
the expected IP of P D A of 5.1 eV noted above). Au substrates also have a more practical
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technological place as opposed to H O P G , which is not able to sputter coated or electron
beam evaporated onto a substrate, or MoS2. However, the use of Au is complicated by the
fact that PCDA molecules fail to self-assemble on the surface, making polymerization of the
molecules into P D A an impossibility. This may be due to a combination of higher surface
interaction (stronger van der Waals bonding), lattice-related mismatch with the preferred
epitaxial direction of the molecules, and the generally higher surface roughness of Au
samples as compared to the micron-sized terraces found on H O P G and MoS 2 . The minimal
interaction is what allows self-ordering and reordering, as was discussed in the context of
epitaxy. In a recent publication, we also offered some insight into ordering based on
interaction concerns. 71
However, in collaboration with Dr. Lili Wang, (currently at the Chinese Institute of
Physics) it was proposed that the use of H O P G substrates with sub-monolayer coverage of
Au atom islands might still be amenable to PCDA

self-ordering and

subsequent

polymerization into P D A nanowires. Thus A u - H O P G samples were prepared as a substrate
for PDA nanowires.*

3.4.1

Preparing PDA on Au-HOPG Substrates
A u - H O P G samples were prepared using our Omicron U H V system with a base

pressure of 10"10 mbar. H O P G samples were cleaved in air and then loaded into UHV. Using
a K-cell evaporator, we evaporated approximately 2 ML of Au at a flux rate of 0.2 M L / s
while the H O P G was heated to 700 K. The samples were subsequently annealed for 5 hours.

t In this section, the Au-HOPG substrates were prepared by by Dr. Lili Wang. I did much of the analysis using
MATLAB to investigate the change in heights and was in charge of preparing the PDA nanowires on the AuH O P G substrates. Dr. Wang then imaged and took the relevant spectroscopy data.
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PCDA monolayers were prepared using the same heated dropcast method described above.
PDA nanowires were then created through UV polymerization as before.
Topography images were acquired using the same ambient STM. Local work
function dl/images

were acquired by modulating the ^-piezo with a 5 mV, 3.998 KHz

sinusoidal voltage and acquiring the signal using lock-in spectroscopy as described in
Chapter 2. STS (DOS) images were acquired by superimposing a 3.4 mV, 3.998 KHz
sinusoidal voltage to the sample bias and similarly acquired.

3.4.2

Au-Dependent Effects on PDA Nanowires
Figures 4.11(a)-(c) show typical topography images of samples in the sequence of

preparation: A u / H O P G , monolayer films of PCDA monomers on A u / H O P G , and PDA
nanowires along with PCDA monomer films, respectively. Flat Au islands of 1 ML and 2
ML high and small Au clusters are formed on H O P G . Ordered films of PCDA monomers
are prepared successfully by using the drop-cast while heating method. So, the heating might
enhance the mobility of molecules and induce the formation of monolayer films beyond the
suppression from Au clusters. However, more than one layer of PCDA might be produced
at higher dosage, with the second layer unstable and easily removed by the STM tip during
scanning. After UV irradiation, P D A nanowires are formed in PCDA films, and some even
attach to or cross Au islands. Since both PDA nanowires and PCDA films coexist on the
A u / H O P G samples, the following STM results on these samples indicate the interactions
between P D A / P C D A and A u / H O P G .
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Figure 3.11. STM images of samples in the sequencing of preparation, (A) Au
islands/clusters on H O P G (200 nm x 200 nm), (B) monolayer films of PCDA on
A u / H O P G (100 nm x 100 nm), and (C) PDA nanowires coexisted with PCDA monomer
films after polymerization (162 nm x 162 nm). Imaging conditions: (A) +0.7 V, 100 pA (B),
(C) -1.0 V, 10 pA.

Figure 3.12(a)-(d) is a series of high-resolution images. PCDA films are oriented
parallel to the H O P G substrate in ordered domains. Based on the three-fold symmetry of
H O P G , the PCDA films domains orientate in three directions at an angle of 120. This is
confirmed through the three-fold arrangement of PDA nanowires in Figure 3.11(c).
Although the density of Au clusters at the domain boundary is not observed to be higher
than that in domains, the PCDA domain size is smaller than that on bare H O P G , as can be
seen in Figure 3.12(a). Accordingly, the density and length of PDA nanowires decreases. As
shown in Figure 3.12(a)-(b), PCDA monomer films are observed on flat-top Au islands of 1
ML and 2 ML high, and they are continuous at the island edges. In Figure 3.12(c) and (d), we
observe a PDA nanowire terminated at Au clusters and crossing a Au cluster, respectively.
N o ordered PCDA films are observed on islands higher than 2 ML. This is different from
our experimental results on single crystal Au(l 11) substrates where no ordered PCDA film
can be formed. So it can be concluded that, firstiy, the bonding with H O P G is weaker than
that with Au but the PCDA-Au cluster interaction is still weak enough in there samples to
allow self-assembly into an ordered layer, presumably because of the small size of the Au
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clusters. Secondly, the intermolecular PCDA-PCDA interaction is strong enough to cover 1
to 2 ML Au islands of diameter 10 nm. At Au islands greater than 2 ML, however, the AuPCDA interaction becomes strong enough to inhibit ordering.

Figure 3.12. Representative STM images of PDA nanowires on the Au-HOPG surface. (A)
PDA nanowire in contact with a Au island along with several PCDA domains. (B) PDA
nanowire crossing such a Au island. Here tip-induced motion caused the wire to wrap over
itself. (C) Typical isolated PDA nanowire terminated between Au clusters. (D) PDA
nanowire crossing a Au cluster.

As was shown above, comparing heights of the same structure (a PDA nanowire) on
different substrates ( A u / H O P G versus bare HOPG) yields unique insight into the contact
effects. The height of these PDA nanowires on A u / H O P G samples is different from that
on bare H O P G , especially when the nanowires are in contact with Au clusters. Figure
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3.13(b) shows the line profile along the nanowire crossing a Au cluster from Figure 3.12(d)
above. At the same sample bias, the nanowire is 0.58 nm as a whole and is 0.76 nm when it
crosses the Au cluster for a PDA nanowire peak-to-peak height difference of 0.18 nm. The
PDA nanowire is thus only 0.46 nm when it crosses the 0.3 nm Au cluster. Height
measurements on other samples showed similar numerical results.
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Figure. 4.12. (A) Image 4.11(d) above, with a height profile taken along the blue line and
shown in (B). The height profile shows an increase of 0.18 nm in PDA height when it
crosses the Au cluster. Otherwise, the PDA nanowire height is 0.58 nm. (C) Cartoon
depiction that clarifies some of the height differences in the system. The nanowire is reduced
from 0.58 nm to 0.42 nm when it crosses the Au clusters.

From the height data there are two electronic effects at play: a localized delocalized
decrease in height along the entire nanowire backbone and a highly localized additional
decrease in PDA nanowire height at the Au contact. On bare H O P G , PDA nanowires
imaged at -1.0 V are 0.71 nm tall, while the nanowires on A u / H O P G substrate here are 0.58
nm high regardless of whether the nanowires are attached to or cross Au islands/clusters or
not. This 0.13 nm reduction is the delocalized electronic effect due to Au.

The localized effect is evident in the change in height when the PDA nanowire either
crosses a Au cluster (an increase of 0.18 nm in height, as shown in Figure 3.13). This is
interesting given that the Au features are 0.3 nm tall whereas the P D A nanowire height
changes by less than that; the arithmetic conclusion is that the P D A nanowire height is
further reduced from the 0.58 nm height mentioned above to 0.46 nm when crossing a Au
cluster. This change is localized only to the Au contact point. The height of the nanowires
were confirmed on multiple scan areas and samples and were measured using the box
averaging technique used previously. The data thus indicate both a localized and, even more
curiously, a delocalized electronic effect on the nanowires. Such results indicate an increased
hole injection barrier on A u / H O P G due to the Au that is further increased at the Au
contact point, thus evidencing a strong contact-dependent conduction mechanism in P D A
nanowires.
Additionally, when the sample bias is decreased from -1.0 V to -0.8 V and -0.6 V, the
heights of the nanowire on H O P G regions decrease from 0.58 nm to 0.46 nm and 0.24 nm,
respectively. In contrast, PDA nanowires are 0.71 nm, 0.55 nm and 0.42 nm at -1.0 V, -0.8
V, and -0.6 V when analyzed on bare HOPG. 1 9 The fact that the height of the nanowires
changes is indicative of the decreased density of states in P D A at lower bias voltages,88 but
the rapid drop in height of almost 50% between -0.4 V and -0.2 V may be indicative of a
stronger electronic effect. To further identify the electronic structure, the necessary
spectroscopy study will be shown and discussed further below.
Since nanowires are easily perturbed by the STM tip,71 only image spectroscopy such
as dl/images

and dl/dV

images can be performed successfully with confidence that

spectroscopy process itself did not disrupt the nanowire. The local work function and

dl/dV

image measurements were performed at different sample bias conditions, and the images
acquired with a sample bias of-1.0 V exhibit the sharpest contrast.
Figures 4.14(a) and 4.14(b) show the topography and local work function images
acquired simultaneously. It is interesting to see that the work function of monomers on 2
ML Au islands is higher than that of monomers on H O P G , while that of monomers on 1
ML Au islands is lower. The work function of bulk Au is higher than that of H O P G , as
noted earlier, and the value for Au thin films exhibits gradual and monotonic increase
toward the bulk value with increasing Au thickness, 52 so the Au islands should be imaged
brighter than H O P G in the local work function image.
More importandy, the P D A nanowires are imaged bright in the work function image
at the Au contact point, which means that the work function increases after polymerization.
Considering the local work function was measured at a negative sample bias, at which
electrons tunneling from the P D A H O M O to the tip usually dominates the current, the
higher the energy of H O M O is relative to EF in the Au, the smaller the value of the work
function should be. O n the other hand, holes are transferred from the substrate upon
polymerization and are distributed on not only the PDA nanowire backbone but also the
alkyl chains with an electronegative carboxyl end group, 79 which increases the work function
in P D A in turn. Since the work function of Au is higher than that of H O P G , hole transfer
from Au should be stronger than that from H O P G . Consequently, the polymer on Au is
more electronegative and behaves with a higher work function.
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Figure 3.14. STM topography (a) and local work function ( d l / d ( b ) images acquired
simultaneously. STM topography (c) and D O S (dl/dV) (d) images acquired simultaneously.
The work function images show a localized increase at the Au contact, whereas the effect in
the D O S images is delocalized.

At first glance, this conclusion is inconsistent with the topographic data. The
explanation might have to do with how much the work function of Au is altered by PDA
versus that of H O P G . It is known that the change in substrate work function, even for
materials with otherwise similar work functions, results in a change in hole injection barrier
depending on whether there is a strong Coloumbic repulsion effect.19 Because of the nature
of H O P G , it is possible that PDA does not locally reduce the work function of H O P G but
does so for Au, resulting in a higher hole injection barrier, similar to that comparing
pentacene on H O P G to other metals.114 Thus, the relative work function for PDA is higher
on Au due to the contact with a higher work function substrate (the work function for both
Au and PDA is higher than HOPG), but the topographic height may be reduced due to
repulsion effects (the relative work function difference between Au and PDA is higher than
for HOPG). This explanation is tentative without any direct work function data like UPS,
though.
Figures 4.14(c) and 4.14(d) show the topography and dl/dV

images acquired

simultaneously. The dl/dV image shows differences in the density of states. Similarly, the
three areas with ordered monomer films are imaged darker than those without ordered
monomers. The D O S of the monomers on the 2 ML Au island is higher than that on
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H O P G , while that of monomers on the 1 ML island is lower. In contrast to the work
function, the density of states is uniform through the whole nanowire even when it crosses a
Au island, although the part on Au islands looks higher than that on H O P G in topography
image. This seems to be consistent with the topographic conclusion that the nanowires on
A u / H O P G substrate are uniformly 0.14 nm lower than those on bare H O P G , which implies
that the effect of Au is delocalized along the polymer backbone. This is consistent with the
uniform decrease in height for these nanowires compared to those on bare H O P G in the
earlier parts of this chapter.

3.5

Conclusions
We have utilized scanning tunneling microscopy to investigate the substrate-

dependent behavior in polydiacetylene nanowires. Voltage-dependent averaged height cross
sections of the P D A nanowires on H O P G and MoS 2 show a change in electronic behavior
due to the substrate material. We also investigated the structural and electronic properties
of PCDA monolayer films and P D A nanowires on Au islands on a H O P G substrate using
STM and both dl/dV and dl/spectroscopic

imaging. Ordered PCDA monolayer films and

P D A wires are prepared successfully on both H O P G and Au islands 1 to 2 ML in height,
with the PCDA molecules covering the Au islands. We observed nanowires traversing the
Au clusters. STM topography images show that PCDA films arrange in smaller domains
than on plain H O P G due to the density of Au clusters. The spatially-resolved

dl/and

dl/dV images are acquired simultaneously with topography images using localized STS. The
local work function images indicate a localized effect where the P D A nanowires cross Au
islands versus the parts of the nanowires that are only on the H O P G surface. In contrast, the
dl/dV images show a delocalized effect of Au on the D O S of the PDA wires. The

dl/and

dl/dV images are consistent with topographic analyses of P D A heights; the heights of P D A
nanowires on the A u - H O P G substrates are as a whole lower than those on bare H O P G , and
the heights of P D A nanowires exhibit a further decrease in height localized to the Au cluster
contact point.
The substrate material used thus plays a critical role in P D A nanowire devices such
as interconnects in molecular circuitry. The results presented here demonstrate the first
atomic-scale insight into this phenomenon on PDA. Further analysis with complementary
surface techniques, particularly various scanning probe spectroscopy methods, as well as on
other layered substrates will hopefully provide additional insights beyond the data presented
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Chapter IV
P O L Y ( 3 - H E X Y L T H I O P H E N E ) T H I N FILMS I: H I G H L Y - O R D E R E D
MONOLAYERS A N D BILAYERS

4.1

Poly(3-Hexylthiophene)
Poly(3-hexylthiophene) (P3HT) is, unlike the case with PDA, a highly popular

material for organic electronics research. Polythiophenes, particularly poly(3-alkylthiophenes)
such as P3HT, have been studied for many years as a material of interest in organic
electronic devices due to their relatively high mobility compared to other organic
semiconductors and solubility in a wide range of organic solvents. P3HT films typically have
a mobility on the order of 10"2 cm2/V-s,115-117 and more recently mobilities closer to 10"1 have
been reported.118'

119

However, this does depend

strongly on solvent and casting

conditions. 115 ' 120 ' 121 Because P3HT can be solution processed and spun onto an appropriate
substrate, it is exceedingly less expensive than silicon. P3HT has seen widespread study in
field-effect transistors, light-emitting diodes,122 and even as a component in organic
photovoltaics. 123 As a point of reference, the structure of P3HT is reproduced below.

Figure 3.1. (A) Structure of poly(3-hexylthiophene) (B) Examples of P3HT ordering on the
surface and the relative direction of both.
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Being a soluble conjugated polymer, P3HT can be dropcast or spuncast onto a
substrate to form a thin film. This is typical when forming P3HT-based organic field effect
transistor (OFET) devices. While P3HT O F E T s have published in numerous reports, one of
the factors limiting further development is a limited ability to establish a perfectly ordered
film. It is well established in the literature that the crystallinity and ordering of P3HT in
polymer devices plays an exceedingly important role in determining device performance. 115 '
120

In fact, the structure of the P3HT layer at the substrate interface possesses the most

critical function in determining the performance of bulk film devices.124

4.2

Interfacial Studies of P3HT
The work in this chapter approaches the P3HT interfacial structure problem from

the vantage point of highly ordered films. P3HT is known to form two-dimensional
crystalline P3HT

films

on

HOPG

surfaces when

deposited

at

sufficiendy dilute

concentrations 98 ' 106 ' 125 ' 126 or when examined at the liquid-solid interface 127 Such films offer a
unique testbed for observing interesting electronic and chemical information with singlemolecule resolution. However, to date such reports have focused primarily on submonolayer
films. In addition, STM studies have eschewed any substrates or solvents besides H O P G and
CHC13, despite the dire clear need for understanding if and how the thermodynamics of
dilute P3HT solutions affects the resulting monolayer film. There is thus a prominent gap in
the literature regarding nanoscale analysis of P3HT, particularly using STM.
Here we apply the formal analysis of topographic imaging and spectroscopies such as
work function, dl/dV, and ACSTM developed in the previous chapter to analyze nanoscale
electronic and chemical behavior in P3HT monolayer and bilayer films on H O P G . We also
compare ordering of films on H O P G versus MoS 2 . To our knowledge, this is also the first
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discussion of P 3 H T on MoS2. We also explore some of the solvent-related topographic
effects on resulting films.

4.3

Experimental
P3HT films were prepared in a similar fashion to that of PCDA films. Particularly,

substrates were heated up to approximately 430 K, at which point 2 JJL of a dilute solution
of regioregular P3HT (Sigma-Aldrich 445703, M N — 64000) was deposited on the surface.
This differs somewhat from previous works that dropcast P3HT on 300 K substrates and
then annealed the films post-deposition. 98,

106 125

'

Empirically we have surmised that our

method provides larger, more uniform films rather than the isolated islands found in
previous work. The tentative reasoning behind the success of our method is that the film is
essentially "quenched" in an ordered state through rapid evaporation of the solvent. When
using this method, care must be taken that the substrate not exceed much beyond 430 K for
the solvents employed here lest the droplet skate around the surface instead of evaporating a
nicely ordered film (the Leidenfrost effect).*'128
The temperature was monitored using a K-type thermocouple attached to a stainless
steel plate on which the sample was placed. Both a normal laboratory oven and a hot plate
were used, each with similar results. Concentrations were typically no greater than 0.001%
(by mass) and the solvent was primarily chloroform, though as is discussed later,
chlorobenzene and toluene were also used (all HPLC grade). Solutions were filtered using a
0.25 um PTFE filter. The substrates used were H O P G and MoS 2 , the same as those used in
Chapter 3. As it turns out, while Au and Pt may be more traditional electrode materials, they

i The exact temperature for the Leidenfrost effect in this system is difficult to gauge, but a general guideline is
to stay below 473 K at most. The 430 K specified here is just an empirical observation. Elbahri, et al paper
states that a typical suspension droplet has a Leidenfrost temperature of roughly 503 K.
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do not work as substrates to produce ordered films. Although one group has shown
somewhat ordered P3HT films on Au(l 1l),129 the ordering tends to be in isolated portions
of a generally disordered film.
In this chapter, images were acquired using either of the two available ambient STMs
in our lab, each operated by R H K control electronics. Results were generally similar
regardless of which scope was used. U H V STM results are discussed in the subsequent
chapter.

4.4

Ordered P3HT Films on HOPG
An example of typical ordered P3HT films are shown below in Figure 4.1. The

P3HT aligns along the graphite substrate as noted above, in this case with the P3HT
molecules parallel to surface such that the [010] direction is normal to the HOPG. 117 ' 130 ' 131
The (100) plane is indicative of alkyl chain stacking ("edge" stacking) while the (010) plane
reflects JI-JI stacking. The FFT in Figure 4.1a (inset) clearly shows the 3-fold symmetry of
the dropcast P3HT layer. The P3HT is ordered and exhibits changes in chain direction at
angles corresponding to the hexagonal symmetry of the H O P G lattice. Such changes in
direction can be attributed to the existence of intrachain defects consisting of a trans to cis
conformational change.127 Figure 4.1b shows an atomic-scale view of P3HT on the surface.
Each individual "bump" corresponds to a thiophene unit in the P3HT backbone, each
approximately 0.4 nm wide. Contrast variations between different thiophenes are tentatively
considered to be indicative of torsional angle differences, as is expected based on X-ray
diffraction experiments. 132 The inset shows P3HT at approximately the same scale, rotated
along the backbone to align with the chains depicted in the image.
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Figure 4.1. (A) P3HT film exhibiting highly-ordered, 3-fold crystalline structure on the
H O P G surface, imaged in UHV. Inset: FFT image showing the 3-fold symmetry. (B)
Atomic-scale image of P3HT. The "bumps" are individual thiophenes. (C) P3HT image
showing the chain wrapped into a second layer. The green circle indicates where the P3HT
transitions from the first to second layer, and the blue circle shows a hairpin turn in the
wrapped part of the chain. Imaging conditions: (A) -1.2 V, 3 pA. (B), (C) -1.2 V, 4 pA.

Figure 4.1c shows an interesting example of how P3HT can fold over itself in certain
cases. Here close examination reveals that the second-layer here is actually the same P3HT
chain folded on top. This is evident by focusing on the transition region, where the P3HT
molecule exhibits a continuous structure between the first and second layer. Curiously, the
folded part maintains the same epitaxial order, even with a hairpin turn (circled) in the
second layer.
In contrast, Figure 4.2 shows an example of a P3HT film with a limited number of
second-layer P3HT segments that are not folded parts of the initial layer. What is
immediately apparent in Figure 4.2a, 4.2b, and 4.2c is the lack of alignment in the second
layer versus the first layer. This is related to the underlying physical mechanism of how
P3HT orders on the surface. Ordering on H O P G is most likely due to epitaxial alignment of
the hexyl chains with the H O P G substrate, coupled with sufficiently low van der Wals
interaction to allow the film to order into a crystalline and entropically-favorable condition.
That is, the P3HT-P3HT interaction is relatively stronger than that between P3HT and

H O P G , but the P 3 H T - H O P G interaction is enough to induce epitaxial ordering. For the
second-layer P3HT segments, however, there is no H O P G lattice to provide an epitaxial
anchor, thus resulting in a relatively disordered second-layer film. This is quite different from
the images in Payerne, et al125 and Scifo, et al,106 where they generally saw sub-monolayer
P3HT coverage and thus only isolated second-layer segments. In fact, the second layer
exhibits a higher degree of direction changes and hairpin turns indicative of intrachain
defects/disrupted regioregularity. In terms of polymer physics, the persistence length of
second-layer polymers, the length below which polymers behave like linear rods rather than
flexible coils, is significandy reduced in the second layer. The persistence length of P3HT
was found to be 2.1 nm,26 though this was in solution and did not take into account surfacemediated effects.
Figure 4.2d shows a different sample with a higher bilayer coverage. Here, the
second layer does exhibit some increasing amount of order relative to the other images in
Figure 4.2. At higher bilayer coverage the crystallinity and 7t-7t stacking improve slightiy. In
Figure 4.2d, the second layer exhibits a more crystalline structure, but it is still does not
follow the crystallography of the H O P G substrate as closely as the first layer. The hexyl
chains promote interdigitation in the second layer at higher coverage. This is commonly used
to explain ordering of P3HT films into crystalline structures. 98 ' 125 ' 127 ' 130
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Figure 4.2. Various images of P3HT films with evidence of second layer chains at different
length scales. (A) 158 x 158 nm 2 (B) 57 x 57 nm 2 (C) 29 x 29 nm 2 . (D) P3HT film with
higher density of second layer segments. While the second layer is still relatively disordered,
elements of the first layer are visible underneath. The second layer is more ordered than that
in (A) through (C), possibly" indicating efficient Jt-Jt stacking at higher surface coverage.
Imaging conditions: (A) -1.0 V, 7 pA, (B)-(D): -1.0 V, 10 pA.

In Figure 4.3, we show images based on P3HT deposited from two different solution
concentrations, 0.001% and 0.00025% by mass in chloroform, the samples having been
prepared using the same heated dropcasting method. The 0.00025% image is taken from the
same set as Figure 4.1(c). The difference in concentration is important, for reasons relating
to "trains" and "loops" as discussed in Chapter 1. Specifically, the lower concentration image
shows evidence of several loop segments on the surface. The higher concentration image
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shows more of a disordered second layer rather than easily discernable loop segments. It
seems that at lower concentrations the ability for the P3HT to form such loop segments is
not hindered by other P3HT molecules during deposition, unlike the higher concentration
case. Interestingly, the second image shows a somewhat more disordered initial layer, with
higher density of bends and hairpin turns in the adsorbed layer.

Figure 4.3. P3HT on H O P G deposited using a (A) 0.001% and (B) 0.00025% (by weight)
solution of P3HT in CHC13. The image in (A) shows several second-layer P3HT segments.
The image in (B) shows instead a number of areas where the polymer is raised from the
surface or possibly wraps over itself. Both images are at -1.0 V, 10 pA, approximately 92 x
92 nm 2 .

4.5

P3HT on HOPG versus MoS2
Figure 4.4 compares images acquired on H O P G and MoS2 prepared using the same

concentrations. It should be noted that P3HT forms an ordered layer on both. The ordered
layer on MoS2 is consistent with claims that MoS2 is generally non-reactive with
thiophenes, 133 and just as with H O P G the limited interaction allows for an ordered film due
to the interaction of the sidechains. However, the most immediate difference is the change
in relative periodicity. Given that the lattice constants on MoS 2 and H O P G are 0.316

29

versus 0.246 nm 30 the different periodicities is not surprising. The different values here are
approximately 0.84 nm and 1.02 nm for H O P G and MoS2, respectively, which corresponds
well to the 28% difference in lattice constant. The alkyl group spacing between parallel
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P3HT sections increases due to the change in lattice constant, so while interdigitation is
preserved the periodicity increases. The MoS2 image indicates a high number of polymer
sections raised from the surface (loops), though that is more a trait of this area of the sample
rather than a defining surface-mediated characteristic.

(A) HOPG

Figure 4.4. Representative images of P3HT on (A) H O P G and (B) MoS2, with line profiles
taken along the black lines in each image. The P3HT spacing on MoS3 is approximately 1.02
nm versus 0.84 nm for P3HT on H O P G . The change in P3HT periodicity is close to the
difference in lattice spacing on each substrate.
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4.6

Polymer Solution Effects on Images

4.6.1

Background
T o further explore the characteristics of adsorbed P 3 H T molecules on graphite, we

varied both the solvent and the solvent temperature. Based on simple polymer solution
physics (a brief summary of which is presented in Chapter 1), P 3 H T exhibits different
conformations in dilute solutions depending on its interaction with the specific solvent and
the temperature. 26,134 For CHC13 and T H F at room temperature, P3HT is "moderately good"
or slighdy beyond the 0-solvent condition. 26 The 9-temperature for a particular solvent (or
the 0-solvent for a particular temperature) is the thermodynamic condition at which the
polymer is expected to exhibit an ideal chain conformation, i.e. a three-dimensional random
walk in solution. At this point the excluded volume is exactly 0; at higher temperatures the
excluded volume of the polymer in solution increases which is correlated with a stretched
conformation beyond random walk conditions (mathematically, the end-to-end distance is
proportional to ]\J°588 instead of IV0'5 in a good solvent, N being the number of monomers in
the chain)24
We used P3HT dissolved in toluene, chlorobenzene and CHC13, the latter discussed
above. With chlorobenzene we also tried depositing the P 3 H T with the solution at three
different temperatures, at approximately 263 K, 300 K, and approximately 400 K. The
premise of these topographic images is to see if we can visually observe polymer adsorption
differences at the nanoscale, similar to that used in AFM to study bio-polymers like DNA. 25 '
us, 136 These experiments also relate to previous work investigating P 3 H T ordering on a
heated substrate.131 The concentration is 0.001% by weight for each of the samples in this
section.
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4.6.2

Solvent-Dependent Comparison of Surface Ordering
Examples of P3HT in CHC13 are shown above in Figure 4.1, 4.2 and 4.3, and have

been studied before.

98

'

106

'

125

Figure 4.5 shows examples of P 3 H T dissolved in

chlorobenzene at three different temperatures at the same length scale. We also compare
high and low-temperature images at different length scales. In Figure 4.5a, at 300 K, the
P3HT exhibits an ordered first layer with a disordered second layer, though the P3HT also
seems to cover less area in this image. Interestingly, the second-layer segments here exhibit a
more stretched conformation, contrary to what might be expected. However, whether this is
attributable to any solution-related effects or rather is due to the lower density of this second
layer is unclear.
For the second image the solution was heated up to approximately 400 K, which is
very close to boiling point of chlorobenzene (404 K). Here, the polymer exhibits fewer
second-layer segments. The lower coverage is consistent with the P3HT being in an
extended conformation. Similar images were found at various areas of the surface.* The lack
of wrapped P3HT implies that the P3HT is an extended, 2-D conformation here and thus
the end-to-end distance should scale with v=0.75 rather than 0.588,24,

25

based on the

mathematics of a two-dimensional self-avoiding walk. However, the lack of individual P 3 H T
islands to measure end-to-end distance R precludes any definitive statement on this point.
A less-predictable effect is evident from the 263 K solution images. As CHC13 is a
moderately good solvent at 300 K, and P3HT is less soluble in chlorobenzene than in
CHC13, it was assumed that at -10 C this would be in the poor solvent regime wherein the
P3HT is more coiled (the excluded volume is negative). What is interesting is that the film
* The "shadow" is the result of a tip artifact.
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still appears to be relatively uniform with few bilayer segments indicative of loops or
wrapped P3HT, which is consistent with the other temperature regimes if not more indicative
of an extended conformation on the surface. However, closer examination via STM in the
last image indicates a disordered film that lacks a high degree of epitaxial alignment, implying
that at low temperatures, the P3HT does not form a crystalline layer. Only isolated parts of
the P3HT show the same ordered structure of the other images.

(A) 300 K Solution

(B) 400 K Solution

(C) 263 K Solution

Figure 4.5. (A) 300 K, b) 400 K and (C) 263 K P3HT/chlorobenzene solutions deposited
on heated H O P G . The top row shows a smaller length scale (scale bar is 12.4 nm) versus the
bottom row (scale bar is 28.2 nm). The concentration was 0.001% by weight in all cases. All
images taken at -1.0 V, 5 pA except the larger 300 K image (-0.4 V, 5 pA).

There are thus two related effects in the 263 K data that occur at different length
scales which, at first glance, seem contradictory. However, a tentative explanation is

proposed. At lower temperatures, even if the substrate is held at an elevated temperature,
there is an increase in the necessary solvent evaporation time - here, on the order of seconds
versus milliseconds. In that case, the film is akin to an unannealed dropcast film on a nonheated substrate 125 in that the benefit of raised substrate temperature (rapid quenching) is
obviated by the lower solution temperature. Like those films, this film exhibits poor
ordering, yet unlike in those works the film here is not post-annealed to improve
crystallinity. That suffices to explain the lack of epitaxial alignment. The fact that the film is
still widely spread with littie bilayer presence may be explained by assuming a solvent regime
change during the slow evaporation. The solvent is heated by the substrate after casting, thus
the polymer exhibits an increased excluded volume with temperature in the time scale of
evaporation. At low temperature deposition what we are actually observing in the 263 K
images is less an image related to the polymer conformation and more related to typical
dropcasting effects. If this is true, the conclusions drawn by Chang, et al120 are not consistent
with our results. The next step in such experiments would be to change the substrate
temperature to compensate for such an effect. Alternatively, it may be possible that the
P3HT is simply more rigid in poor solvent conditions. 132,137 In that case, when deposited the
P3HT exhibits an extended but less flexible conformation, perhaps explaining the lack of
local ordering yet large film coverage.
Based on the results above, we also used toluene as an alternative to see if, at room
temperature, the change in solvent affects the adsorbed film. The results are preliminary, but
at first glance we did not notice any immediately obvious ordering effects. Figure 4.6 shows
a few representative images from P3HT in toluene (at 300 K) deposited on heated H O P G .
The initial observation is that the P3HT tends to form a much more disordered layer, with
strong indication of second (and possibly higher) layer segments. These are not easily
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identifiable as separate molecules like in Figure 4.2 above, so it could be the P3HT wrapped
on itself in a three-dimensional conformation. Even the initial layer exhibits a less ordered
conformation, as in Figure 4.6c, without the pristine, three-fold ordering of chlorobenzene
or chloroform-based P3HT films. This is consistent with the lower solubility and higher
aggregation of P3HT in toluene at room temperature, thus resulting in a less-extended film
on the surface.121

(A)

(B)

(C)

Figure 4.6. Images of P3HT films using a 0.001% by weight solution of P3HT in toluene.
(A) 73 x 73 nm 2 (B) 102 x 102 nm 2 (C) 38 x 38 nm 2 . All images taken at -1 V, 5 pA.

4.6.3

Discussion
In work on rigid polymers like DNA, it was reported that the scaling of end-to-end

distance actually correlated closely to the three-dimensional case even on a surface.25 In that
case, the polymer crosses over numerous times upon adsorption, thus evoking characteristics
of a three-dimensional conformation. P3HT typically exhibits no such effect and instead
shows a typical two-dimensional self-avoiding random walk conformation. However, there
are isolated instances when the P3HT will wrap upon itself, as shown in Figure 4.2., but
there are not enough to alter the general scaling behavior. At this time we do not have
enough data to provide an exact number of the end-to-end distance, but the scale of the
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STM images provides direct evidence of a two-dimensional film, assuming a good solvent.
At poorer solvent conditions, such as using toluene or chlorobenzene at low temperature, it
is not clear that the P3HT has formed a two-dimensional film rather than a two-dimensional
projection of three-dimensional film structure.
It is widely known that changing the solvent drastically affects the mobility in a
P3HT device;115'

120 121

'

however there is some conflict over which solvent results in the

highest mobility, with chloroform reported as being both superior 115 and inferior 120 to
chlorobenzene. P3HT has been reported to exhibit crystallization in poor solvents.132 With
our method (wherein the substrate is heated up to 440 K, beyond the boiling point of all
three solvents) the hope is that the conformation is quenched via rapid solvent evaporation
and only reordered due to any substrate-mediated effects. Based on the results above, it
seems that better solvents (e.g., chloroform) and higher temperature (chlorobenzene at 400
K) result in higher crystallinity in the adsorbed film. Since crystallinity is direcdy linked with
higher mobility,138 these experiments provide an initial glimpse at a nanoscale explanation for
behind previous mesocale measurements.
Such a discussion would be incomplete, however, considering these results are
limited in applicability and are less likely to carry over to thicker-film devices. The different
stacking orientations, (100) versus (010), present in thicker films117'

124 130 131

'

'

(often

simultaneously) as well the lack of epitaxial alignment on substrates besides H O P G , MoS 2 ,
and other atomically flat substrates pose significant scientific barriers.
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4.7
4.7.1

Electronic Effects
Bias-Dependent Imaging
As was discussed in Chapter 3, bias-dependent data allows us to probe interesting

electronic properties of the organic film. Figure 4.7 shows both magnitude and polaritydependent effects in a series of P3HT images. At low bias voltage, the P3HT crystalline
order is clear. As the bias voltage is increased, the P3HT second layer becomes visible.
Another way to view this is to say that the second layer is not energetically accessible at
lower bias voltages. This implies that the H O M O level of the second-layer is non-trivially
shifted from that of the first layer, similar to that expressed by Scifo, et al.106 It should be
noted that there is a strong dependence on the local film conformation and environment;
not all of the second layer P3HT is energetically invisible at lower voltages, which seems to
point to a spatial variation in injection barrier. The second set of images are taken using the
"multi-volt" method of Chapter 3, wherein the bias is changed from +1 V to -1 V on a lineby-line basis. In this case, the images reflect the occupied (-1 V) and unoccupied (+1 V)
states of the same area of the surface. Certain features that are not imaged at +1 V appear
clearly in the - I V , implying instead that those local features are void of available electron
states. Conversely, the P3HT film appears topographically flat at -1 V yet has strong local
contrast variations at +1 V. The different polarities imply that P3HT, unlike a more pristine
polymer like the P D A nanowires, has localized variations in both the H O M O and L U M O
levels and as a result has localized variations in hole and electron injection barriers.
Figure 4.8 shows several images from a set of fifteen taken on the same area of the
sample. Each of the images is shown at the same relative color scale. Two topographic
observations can be made based on this figure. First, just as the previous figure showed, the
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second layer is not energetically accessible below approximately -0.4 V. Second, the relative
height of the P3HT first layer compared to H O P G decreases as the bias voltage magnitude
is reduced. This is similar to the result from PDA in Chapter 3.72 The decrease is consistent
with the decreased D O S in P3HT as the bias approaches the H O M O - L U M O gap. As a
point of reference, the H O M O / L U M O levels relative to E F (P3HT) at the H O P G interface
are, based on both UPS data and density-functional theory, +1.41 eV/-0.29 eV22 and +0.55
eV/-0.38 eV,22'

107

respectively.

However, in STM experiments the interaction with the

surface allows for STM imaging at -0.1 V. This is most likely due to an overlap of H O P G
surface states with the Fermi level in P3HT, similar to that allowing for Xe imaging.111
We also determined quantitatively the change in height as a function of voltage. This
was accomplished by taking the difference in histogram values between the different layers.
This plot is shown in the last image on Figure 4.8. The blue curve shows the height of the
second layer, while the first layer height is in red. Below a certain voltage, the second layer is
no present in the plot due to its energetic inaccessibility. The general decrease in height is
reflective of decreasing density of states. Interestingly, the height of the second layer changes
more rapidly than the height of the first layer. At -1.5 V. the height jumps quite a bit in the
second layer. This may be a reflection of the different D O S characteristics in the second
layer versus the first, and it possibly has to do with greater density of states in the two-layer
film than the single layer film at a given energy.
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(A)-0.4 V

(B) -0.8 V

(C)-1.0V

Figure 4.7. Bias-dependent images of P3HT. (A)-(C) P3HT images taken at increasing bias
voltage. As the bias increases, second layer segments become more prevalent. The fact that
some second layer segments can be imaged at -0.4 V but not others is indicative of local
variations in the hole injection barrier. (D), (E) P3HT polarity- dependent data at -1.0 V and
+1.0 V, respectively. In the unoccupied states image (+1.0 V), multiple areas of the film are
not imaged while there are a few topographically high features without any corresponding
occupied states features. The generally smaller area of P3HT films at +1.0 V is indicative of
the high electron injection barrier and its spatial dependence, as some of the film can still
imaged but not all. All images taken at 5 pA.
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Figure 4.8. Bias-dependent data of P3HT on H O P G , with evidence of bare H O P G , first
layer P3HT, and some second layer P3HT. Images (A)-(H) are taken from a set of 15
images. The bias voltages are (A) -1.5 V (B) -1.3 V (C) -1.1 V (D) -0.9 V (E) -0.7 V (F) -0.5 V
(G) -0.3 V (H) -0.1 V, all at 5 pA. As the bias is reduced, the second layer can no longer be
imaged. Also, the height of the P3HT decreases in both layers as the voltage changes. The
plot at the bottom reflects this result. The -1.5 V for the 2nd layer follows the larger pattern
of the 2nd layer height increasing more rapidly than the first layer height as bias voltage
increases in magnitude.

Figure 4.9 shows that this effect can occur within a single polymer Strang, intrachain,
as opposed to interchain. Similar to Figure 4.8, this shows a few bias-dependent images from
a larger set of data. The second layer chain, which, as was stated above, is most likely the first
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layer either wrapped on top or in a "loop" conformation on the surface. The fact that these
segments exhibit a similar bias-dependent effect seems to show that contact with the surface
plays a critical role in the H O M O level position.

Figure 4.9 Bias-dependent images of P3HT deposited from 0.00025% solution, taken from
the same image set as Figure 4.3(b). As the voltage is changed, areas of the chain wrapped
into the second layer are pushed away by the tip. This indicates that energetic differences
between second and first layer have much to do with surface contact, as even intrachain
segments have different H O M O levels.

4.7.2

Spectroscopic Imaging
Figure 4.10 provides some sample images from a P3HT layer across both positive

and negative bias voltages. Here, like Figure 4.9 above, we can see a disappearance of the
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folded secondary layer as the bias is decreased. A similar effect is observed at positive bias
voltages, though the structure of second layer P3HT in terms of unoccupied states appears
somewhat different from the occupied states images. In this case, the LUMO level is also
different for the second layer P3HT. However, just as above, the overlap of P3HT states
with that of H O P G possibly allows for imaging, despite the calculated electron injection
barrier of 0.55 eV.107
As a transition into some spectroscopic analyses, Figure 4.10 also shows the
corresponding dl/d% image converted into approximate work function values. Since these
were taken in ambient conditions, the work function values cannot be taken as definitive
numerical characteristics. Here, the work function was calculated using established equations
presented in Chapter 2 and was corrected for any slope effects as well.
It is known that there is some inherent bias-dependence in STM work-function
images.52

In previous work, it was established that the work function (as determined by

subtracting the interfacial hole-injection barrier from the ionization energy) is between 4.53
eV and 4.57 eV on H O P G 2 2 In these images, the work function scale is kept constant over
the images. At higher bias, the P3HT of the second layer is close to the expected value. The
first layer has a lower work function consistent with the effect organic adsorbates have on a
metal surface. 19 As the bias is reduced, the averaged spatial work function continues to
monotonically decrease. Upon switching to positive bias voltages, a similar increase in work
function occurs as the magnitude increases.
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Figure 4.10. Work-function images taken on the same general area at various sample bias
voltages, as indicated. The work function images are all shown at the same relative scale,
with the actual work function value calculated out. Aside from the bias-dependent
topography, the work function does not seem to change significantly between layers. The
work function does seem to decrease with applied bias. Because this is in ambient
conditions, the exact work function numbers should be regarded with some hesitancy. All
images at 5 pA, taken at the same scale (46 x 46 nm2).

We also compare local D O S images with work function images. Figure 4.11 shows
an example of the local dl/d^ and D O S over the same area of the surface. While the work
function image shows some degree of local variation, the D O S appears relatively flat. Again,
because of the nature of ambient imaging, this is not a definitive test. Also, here the folded
portions in the P3HT layer exhibit a slightiy reduced work function relative to the rest of the
film.
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Figure 4.11. Correlated (A) Topography and relative (B) dl/and
(C) dl/dV images. (A)
taken from the same set as Figure 4.2(C). Image (B) shows some spatial variation in the work
function, whereas image (C) implies that the D O S over the same area is relatively constant.

4.7.3

ACSTM Imaging
As a final spectroscopic analysis step, we use ACSTM to probe some highly-ordered

P3HT layers. A more thorough analysis of ACSTM on P3HT films is presented in the next
chapter. Here we show two examples of ACSTM.
In the first case, as in Figure 4.12, ACSTM is used to probe carrier concentration on
a film over various bias voltages. As the bias is reduced, the P3HT ACSTM response
increases to a point and then decreases, in line with the expected response for a />-type
material such as P3HT in air. However, as yet we do not have a specific number that can be
attributed given the limited characterization in this air scope. Thus we can only compare
relative values. The data here indicate that while there is a local variation in carrier
concentration at the nanoscale, but also the ACSTM images at higher bias show that there is
actually a lack of local variation between second and first layer segments.
In fact, it was originally proposed 69 that perhaps ACSTM could be used to probe
subsurface features, for example carbon nanotubes in a polymer film.69 Because of the
unique nature of P3HT, wherein we have isolated second layers, we tried to use ACSTM to
see if the first layer could be examined. Figure 4.13 shows an example of high-resolution
ACSTM on such a layer. Here the layer underneath is not actually resolved via ACSTM. In
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fact, the ACSTM image instead shows both the second and first layer convolved into a single
layered ACSTM image. The implication is that the differential capacitance does not change
between layers, but this is a tentative conclusion.

-0 25 V, 2.6 pA

Figure 4.12. Bias-dependent images, the dC/dV signal increases to a peak around -0.75 V,
then decreases, as expected in a p-type material. The behavior at -1.5 V is possibly reflective
of a small P3HT layer over the H O P G or contamination that causes an erroneously high
value for H O P G versus P3HT.

( A )

T o p o g r a p h y

( B )

A

C

S

T

M

Figure 4.13. (A) Topography and (B) ACSTM of P3HT focusing on subsurface analysis.
The ACSTM image shows that both layers exhibit similar dC/dV contrast, implying that the
carrier concentration does not change drastically between layers.

4.8

Conclusions
A primary concern with the ACSTM data here is lack of a clean, ultrahigh vacuum

environment. In the next chapter, we present data using ACSTM to probe P3HT on various
substrates. However, because of some of the difficulties in attaining crystalline ordering
UHV, this chapter instead analyzes such films in terms of their spatially-resolved electronic
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and topographic features. The key conclusion to take away from Chapter 4 is that there is a
strongly local variation in P3HT films that depends on interaction with the substrate. Such
variations are expressed in work function data as well as ACSTM data. Furthermore, the
nature of the P 3 H T in the solvent also affects the resulting film ordering. The data here thus
presents unique STM-based insight into ultrathin P 3 H T films.
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Chapter V
P O L Y ( 3 - H E X Y L T H I O P H E N E ) T H I N FILMS II: SUBSTRATED E P E N D E N T BEHAVIOR IN U H V

5.1

Polymer-Electrode Interfaces Revisited
O n e the issues discussed in Chapter 1, 3 and touched on in Chapter 4 is the notion

of substrate-dependent interfacial structure. The band alignment between the polymer and
the electrode plays a critical role in the contact barrier for holes or electrons. 13 ' 114 ' 139441 The
work function of the substrate is known to determine whether the energy levels between
P 3 H T and the substrate exhibit vacuum level alignment (the Schottky-Mott limit) or Fermi
level pinning. 15 Specifically, if the work function of the electrode approaches either the
H O M O or the L U M O in the polymer, alignment is best described by Fermi level pinning. 13
This is complicated by the possible reduction in work function due to Coulombic repulsion 19
as well.
It is thus necessary to probe such films on various substrates. Here we use H O P G ,
MOS2, Pt, and Au. The Pt and Au work is in collaboration with Dr. D o u g Natelson and Jeff
Worne. While Pt and Au are c o m m o n electrode materials for studying polymer-electrode
interface effects, H O P G and MOS2 are less studied. Relevant properties of the four materials
were reviewed in Chapter 1. By contrasting the properties of P 3 H T o n various substrates,
hopefully some additional light can be shed on the subject of energy level alignment at
interfaces. In addition, we also investigate films prepared in our U H V chambers as well as
films prepared outside to try and compare the influence of contamination.
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To our knowledge, P3HT has not been studied on MoS 2 before. Some groups have
studied

various

organic

semiconductors

phthalocyanine, 142 pentacene, 143 '

144

on

HOPG

in

previous

work,

such

as

poly(3-dodecylthiophene), 106 and P3HT. 22 These works,

with the exception of Scifo, et al,106 have primarily used UPS to investigate the surface. In the
work by Fukugawa, et al,142 it was noted that H O P G acts somewhat differendy from other
substrates in terms of energy level alignment. The lack of strong interaction between H O P G
and P3HT, which is partially responsible for crystalline ordering in Chapter 4, 98 ' 125 is also
evident in the very small interfacial dipole of 0.05 eV on HOPG 2 2 and band bending very
near the interface, implying strong vacuum level alignment. Similar Schottky-Mott behavior
was found for pentacene on H O P G . This is in contrast to the expected result for materials
with work function greater than 4.0 eV, where Fermi level pinning in expected. 15 The hole
injection barrier for P 3 H T on H O P G is reported to be 0.29 eV, though the overlap of states
with H O P G allows for "in-gap" imaging (see Chapter 4). However, for P3HT on Au, the
interfacial dipole and hole injection barrier were measured via UPS to be 1.01 eV and 0.59
eV, respectively,35 though post-annealing the latter can increase to 1.2 eV.145 As for Pt, the
results are even more curious, where the hole injection barrier should be 0.6 eV in U H V
post-annealing.
For all four substrates, hole-injection current is expected to dominate given a naive
view of work function and alignment. Typical work function values for Au, Pt, and H O P G
are

5.4

eV,35,

5.65

eV36

and

4.6

eV,34

respectively.

For

MoS 2 ,

the

ionization

potential/bandgap have been reported in the range is from 4.6 eV/1.2 eV31 to 4.9 eV/1.6
eV.32 P3HT has an ionization potential of 4.6 eV,146 which is close to the Fermi level in
graphite, and an approximate H O M O - L U M O gap of 1.7 eV.147 Thus the initial assumption
would be that vacuum level alignment might dominate on Au and Pt, while on H O P G
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Fermi pinning should occur. MoS 2 , being a semiconductor, poses a different problem
entirely. O n semiconductors, the lack of charge screening from mobile surface electrons has
been tentatively correlated with changing H O M O - L U M O levels in the P3HT with applied
bias.108
Recent arguments have been made 147 that differences in preparation such as invacuum deposition versus spin-casting can have a significant effect on how alignment
occurs. Interestingly, they found for the polymer poly[2-methoxy-5-(2'-ethyl-hexyloxy)-l,4phenylene vinylene] (MEH-PPV) that vacuum level alignment dominates while for Au
Fermi-level pinning occurs. Similar results were found with P3HT. 22 This is observed despite
the expectation that both substrates with MEH-PPV should exhibit vacuum level alignment
and H O P G , not Au, should exhibit Fermi-level pinning for P3HT. 147 Because of the known
effect of ambient contamination on the work function, 16 the discrepancy is attributed to
preparation methods.

5.2

Ultrahigh Vacuum P3HT Films
The previous chapter focused largely on ordering in monolayer P3HT and its

relation to solution-related and electronic effects. Most of that work was in ambient
conditions, but it is preferable to analyze such films in a UHV environment in order to get a
more accurate spectroscopic picture of interfacial electronics. Thus, in this chapter we
instead study P3HT in U H V using STM and ACSTM with a commercial UHV-STM by
RHK. The pressure was on the order of 1CT10 torr during scanning.
ACSTM allows for nanoscale characterization of the differential capacitance and thus
the carrier concentration, so we use this technique to compare the relative surface-dependent
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effects in these films. We also use the STM as a local probe for

V analysis to probe films in

UHV. P3HT (and similar conducting polymers) can be dropcast outside of the chamber and
then analyzed in UHV, 106 deposited using a electro-spray deposidon technique, 22 ' 35 ' 147 ' 148 or
dosed onto the surface using a fast-actuating solenoid valve.149 In this work we primarily use
the last method.
For theses ACSTM experiments a loop antenna geometry as described in Chapter 2
was used to apply microwave radiation to the junction similar to studies previously
reported. 64 We used the difference frequency ACSTM technique 65 ' 66 to simplify detection of
the high-frequency modulation of the tunneling signal by allowing the use of conventional
lock-in amplifier equipment. Two frequencies, either at 300 MHz/300.004 MHz or
310/310.005 MHz, were simultaneously applied to the junction via the antenna, and the
current signal was acquired at the difference frequency (4 kHz or 5 kHz) using a standard
lock-in technique. The ACSTM signal was acquired at each point during scanning, thus
producing dC/dV

spectral images (magnitude and phase) and the topography image

simultaneously. Topography images were plane- and offset-subtracted in MATLAB, while
ACSTM images were only median filtered. Care was taken to ensure that the ACSTM data
on both samples were acquired under nearly identical conditions.

5.3

Dosing and Imaging
A picture of the dosing valve and an example of single chain deposition are shown

below in Figure 5.1. Here, the dosing valve is mounted on a flange in the load lock of our
UHV R H K system. The dosing valve is actuated through connection to an input signal,
typically 28 V and 0.4 A. When opened, the pressure differential forces the solution into the
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chamber. To deposit the P3HT, we use a slightiy higher concentration than in the
dropcasting experiments, in this case on the order 0.005% by weight in CHC13.
Dosing reauires
the use of a simnle
L
L BTT
J transistor switch circuit,' with the R H K
controller as an input to the base, the dosing valve as the output at the emitter, and a power
supply set to 28 V and 0.4 A maximum values to the collector. The R H K electronics are
connected to the input such that when a 3 V signal from the controller is sent, the transistor
circuit opens and shorts the 28 V, 0.4 A signal to the output. This actuates the dosing valve
at precisely timed intervals. In our case, the dosing valve is set to open for 25 ms, close for 2
s, open again for 25 ms, then close. The two-step process was found by Dr. Andrew Osgood
to produce the highest-quality samples. For some of the samples below, we actually used 50
ms steps and dosed the P3HT twice, ensuring a thicker coverage. This is important in the
context of the

experiments discussed later on. After deposition, the films were annealed

for approximately 10 minutes at 400 K in the UHV main chamber to remove any residual
solvent and to try and promote crystallinity in the film.

(A)

(B)

Figure 5.1. (A) Photo showing the dosing valve attached to the UHV chamber. (B)
Switching circuit schematic.

Typical dosed images of P3HT on H O P G and MoS2 are shown below. The Figure
5.2a and 5.2b the P3HT is dosed once and twice onto H O P G , respectively. Similarly, Figure
5.2c and 5.2d show the same on MoS2. A rough estimate based on %-V spectra indicates that
the twice-dosed films are approximately up to 8 nm, depending on the area being probed.
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T h e single dose films are roughly on the order of a few nm, based on reladve height data
during imaging; of course, the exact value can be misleading for reasons presented in
Chapter 3.

25.6 n m "

BBBu^K''

.

7 1-2nm n^f"'1

4^5 nm

Figure 5.2. P 3 H T deposited on H O P G and MoS 2 . (A) Single dose on H O P G (thinner film).
(B) T w o doses on H O P G (thicker film). (C) Single dose on MoS 2 (thinner film). (D) T w o
doses on MoS 2 (thicker film). Imaging conditions, (A)-(C): -1.0 V, 10 pA. (D): -1.5 V, 15 pA.

5.4

f^-V Spectroscopy on HOPG and MoS2
We begin our spectroscopic investigations using

brief description of the %-V method. T o briefly recap, the
the change in tip position

analysis. Chapter 2 provided a
method involves measuring

versus applied voltage while maintaining the same tunneling

current (i.e. the feedback is active). As the voltage magnitude is reduced, the tip must move
closer to the surface to maintain a constant current. The tip eventually has to pierce the
organic film to maintain the same current at lower voltages. At a certain voltage threshold,
the tip abrupdy changes height and moves closer to the surface; this is correlated with an
inability to tunnel through the organic layer due to the lack of available tunneling states. For
voltages smaller in magnitude than this threshold, tunneling occurs directiy between the tip
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and substrate beneath the organic film, and the %-V resembles a typical more or less flat,
featureless curve indicative of a metal susbtrate.
Thus the threshold implies the minimum voltage needed for tunneling into the
organic layer. Earlier reports determine the polaronic levels E+ and E based on the threshold
at positive and negative sample voltages, 53 ' 56 while Dougherty, et al57 view the thresholds as
the LUMO and H O M O positions relative to the EF of the substrate. In the former case, the
difference is the so-called "single-particle gap" ECSP while for the latter it is simply the
H O M O - L U M O gap. For the sake of this discussion, we call this the H O M O - L U M O gap,
functioning on the assumption that the polaron level is not more than 0.2 eV from either the
H O M O or LUMO. 13 The contrast between this view and, for example, a so-called "integer
charge transfer" model 16 wherein the polaron levels cannot be similarly ignored is beyond
the scope of the work here. Analysis of these curves instead provides an investigation of
pinning versus vacuum alignment; which levels that align is inconsequential to the analysis
(but of course, not to the totality of polymer-electrode physics).
The initial plateaus closest to 0 V corresponds to the H O M O - L U M O gap in the
P3HT. Additional plateaus correspond to regions between subsequent energy levels. This is
analogous to the peaks found when taking typical dl/dV spectra and attributing consecutive
peaks to the H O M O , HOMO-1, etc. When the energy is high enough that the carrier can
tunnel or out of the next excited state (LUMO+1 for electrons, H O M O - 1 for holes), the
additional path increases the current and therefore the tip must move farther away from the
surface to compensate.

5.4.1 z-V Experimental Results
The advantage of such analysis is that it can ultimately provide a nanoscale view of
energy l e v e l s .

1 3 1

In fact, because the STM tip probes the interface between the P 3 H T

and the substrate, the %-V method can be used to determine the relative H O M O and L U M O
position; the value when compared to known values of P3HT and H O P G can be used to
extrapolate the alignment mechanism. For our

work, we used the STM tip as a local

probe at 256 locations over a 124 x 124 nm 2 region on H O P G and MoS 2 . The imaging
conditions were -1 V, 5 pA and +1 V, 5 pA in UHV, for a total of 512 spectra for each
sample. The collected spectra were then analyzed in MATLAB to determine the location of
the H O M O , LUMO, and additional levels by measuring the change in %-V slope. An
automated script was written to limit any observer-bias on selecting transition regions in the
^-Kdata. The determined level positions are then added to an array and analyzed via built-in
MATLAB histogram and curve-fitting tools. A typical example of a single set of %-V curves
for the negative and positive cases is presented below in Figure 5.3. The height for the
negative voltages was reduced for the sake of clarity; in reality, polarity-dependent charge
transport and tip state changes can alter the default tip height. For the MoS 2 curves, height
changes are not generally easily discerned. In MoS 2 there is a sharp peak at +0.195 V that
corresponds to the bandgap edge in the substrate. In this case, the MoS 2 is highly p-type, as
no such sharp feature was found at negative sample voltages. We can also roughly determine
the film thickness from these graphs. In this case, the film is approximately 7 to 10 nm thick
based on the height change between direct H O P G tunneling and the bottom-most contact
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Figure 5.3. Representative ^-Kplot taken on P3HT on H O P G film. The H O M O , H O M O 1, LUMO, and LUMO+1 points are indicated. The green plot (-Vb) was adjusted so that the
minimum is at 0 nm, for the sake of clarity.

Figure 5.4 shows the acquired t^Vspectra for a P3HT on H O P G film, based on 512
spectra. The high number of samples allows for minimization of local topography effects.
The top image shows the histogram for the first, second and third slope changes in the
spectra that, for negative voltages, can be tentatively attributed to the H O M O , HOMO-1,
and H O M O - 2 (and analogously, the LUMO, LUMO+1, and LUMO+2 levels for the
positive voltage case).56 The bottom image shows the histogram of HOMO-LUMO gap
values. In both cases the values follow a distribution easily modeled in an approximate
Gaussian fit.
The

measured

values

for

the

P3HT

HOMO/HOMO-1/HOMO-2

and

L U M O / L U M O + l / L U M O + 2 levels are -0.76/-1.0/-1.26 eV and +0.471/+0.79/+1.09 eV
relative to E F (HOPG). The %-V data for H O P G thus implies that, surprisingly, the E}- level
is actually closer to the LUMO level in P3HT. There is also a much narrower range of
LUMO level values versus H O M O level values. Using Figure 5.4b, wherein the H O M O and
LUMO values at each pair of points are subtracted to produce a distribution of possible gap
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values, the energy gap is 1.33 eV, less than 1.7 eV22 for a similar P3HT on H O P G film. The
H O M O - l : L U M O + l and HOMO-2:LUMO+2 gaps are 1.85 eV and 2.31 eV.
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Figure 5.4. %-V data on H O P G , based on 512 spectra. (A) Histograms of H O M O ,
HOMO-1, HOMO-2, LUMO, LUMO+1, LUMO+2 levels along with the corresponding
Gaussian fits. (B) Histograms of HOMO-LUMO gap, HOMO-1 :LUMO+l gap, H O M O 2:LUMO+2 gap values, and the Gaussian fit for each.

Similar spectra were taken on MoS2 with peculiar, though not unprecedented, results.
Figure 5.5 shows the MoS2 data along with the HOMO-LUMO gap values. The ^-K spectra
for P3HT films on MoS2 are not as easy to analyze, as the slope changes tend to not be as
abrupt as with H O P G . Thus there is a level of uncertainty with the results. The values here
for the HOMO-LUMO gap is split into three values, the most common being a 1.97 eV gap,
but there is also evidence of a 1.1 eV and 2.87 eV gap. For H O M O - l : L U M O + l , the gap is
3.23 eV. The H O M O and LUMO levels vary considerably. For the H O M O , the values
found are -1.11 eV and -0.11 eV (the latter is probably less related to P3HT than to the
semiconducting nature of MoS2); for the LUMO, values found were 0.59 eV and 1.59 eV.
For the HOMO-1 and LUMO+1 levels, the values are -1.4 eV and -0.31 eV (the latter again
possibly a surface-related feature), and 1.31 eV and 1.7 eV, respectively. The wide
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distribution of H O M O and LUMO values leads to a large variation in possible H O M O LUMO gap values. Similar results were found in previous work by others; this is discussed in
the next section.

HOMO/LUMO

/ m

HOMO-1 /LUMO+1

H O M O - L y ^ a Gap
H O M O - 1 :LUMO+1 Gap

HOMO-2/LUMO+2

Figure 5.5. ^-Kdata on MoS2. (A) Histograms of H O M O , HOMO-1, HOMO-2, LUMO,
LUMO+1, LUMO+2 levels along with approximate Gaussian fits to the various peaks. (B)
Histograms of HOMO-LUMO gap and H O M O - l : L U M O + l gap values. The split nature of
the H O M O / L U M O levels is similar to the spatial variance found for PPP on A u ( l l l ) by
Alvarado, et al.56

5.4.2 Interpreting the

Data

There are a few outstanding issues relating to the %-V data to be addressed. O n
H O P G , the gap narrowing relative to the data found by Cascio, et al22 can be interpreted
using a few different physical explanations. The most obvious is that, as stated above, the
V data are instead reflective of the polaronic states rather than the H O M O and LUMO
levels,56 and as those states are within the gap, the energetic difference is of course smaller.
Unlike some previous reports on polydiacetylene,88 we are certainly not claiming that the
electron from the tip is creating polaron states into the system; rather, the alignment at the
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interface may allow for an inherent transfer of holes that can be equated to polaron
formation. This is also discussed in the context of Pt data further on. Additionally, as
mentioned in Chapter 4, there is probably an overlap of H O P G surface states with the
Fermi level of the adsorbed P3HT. 111 This also effectively reduces the gap.
An additional, more pressing concern is the position of the H O M O and L U M O
levels. Based on the ^ - K d a t a , this would seem to imply that EF is closer to the L U M O level
and would imply an «-type film. T h e initial assumption that this is due to the P 3 H T being
vacuum deposited is inconsistent with the results of Cascio, et al.22 Fortunately, there is a
scientific basis for such a result. In our experiments we anneal the film post-deposition to
improve crystallinity. T h e side-effect is an effective dedoping of the P 3 H T film.145 We thus
tentatively contend that the result here is due to annealing-related effects.
O n MOS2, there are two possible explanations for the splitting effect. In Alvarado, et
al's work on poly(para-pheny!ene) on Au(lll), 5 6 they saw a splitting of the E+ levels in their
spectrum. In that case, the argument was that local variations in the organic film caused
different electronic results. This results in different H O M O levels and thus different gap
values.

Significant local changes in local polarizability can also affect the H O M O and

L U M O values.57
An alternative view is to examine the data as reflective of the semiconducting nature
of MOS2. Because of the bandgap in MoS 2 in the 1.4 to 1.6 eV range, 152 determining an
accurate P 3 H T H O M O - L U M O gap is complicated. It has been proposed that for P 3 H T on
H-passivated Si(100), the orbital levels change with applied bias due to the lack of charge
screening in semiconductors. 108 In that work, they found that the H O M O - L U M O gap in
P 3 H T increases f r o m 1.67 eV to 1.89 eV just by probing the D O S with an increased gap.
Since in v^V measurements, the height is constandy decreasing along with decreasing bias
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magnitude, it is assumed that in fact the H O M O - L U M O gap is similarly decreasing. O f
course, this greatiy complicates the ability to glean the exact H O M O - L U M O values on
MOS2. T h e values determined in Figure 5.5b are thus possibly indicative of the minimum and
maximum determined H O M O - L U M O gap values.
T h e problem with the latter view is that it assumes a lack of charge transfer between
the substrate and the P3HT. At low biases (close to or within the MoS 2 gap) that seems
credible, but at high bias that view is not consistent with our work o n P D A nanowires on
MOS2, for example. It thus may be that the %-V data is only related to changing H O M O
levels at low bias magnitudes and reflective of the actual H O M O / H O M O - 1 values at bias
voltages beyond the MoS 2 gap.

5.5

ACSTM Analysis
As a further tool to examining substrate-dependent properties, we use ACSTM to

explore local carrier concentration effects in P 3 H T films on H O P G , MoS 2 , Au, and Pt.
Following along some of the preparation-dependent remarks above, the films here were
prepared in several different ways. T h e films on Au and Pt were prepared by spin casting
P 3 H T onto Au- and Pt-coated Si0 2 /Si substrates. 68 The films on H O P G were prepared by
both dosing in vacuum and by dropcasting as in Chapter 4. For MoS 2 , we only prepared
films via dosing.
As was discussed in Chapter 2, the ACSTM method allows us to extrapolate the
differential capacitance dC/dV in the P 3 H T film. T h e SC/dV value is inversely proportional
to the carrier concentration. To our knowledge, we are only the second group, and the first
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in 13 years, to use ACSTM to analyze an organic system. This is also the first report using
ACSTM to investigate substrate-dependent properties.

5.5.1 Substrate-Dependent Carrier Concentration
Figure 5.6 shows a few images from sets of ACSTM data on all four substrates. All
images were corrected to account for differences in input intensity and the power at the
junction. The exact numbers in p F / V should be taken with a grain of salt, but the relative
behavior is stressed. The first column is the topography, and the second through fifth
columns are the 5 C / 9 V maps. Here, we are comparing roughly equal thickness films. That
is, certain areas of the P3HT film are depleted to different degrees at each voltage. This
indicates a strongly localized carrier concentration dependence in these films. For H O P G
this is consistent with the local variation in H O M O and LUMO values (which correlate with
hole and electron injection barriers). We assume a similar behavior is evident for the Au and
Pt case as well.
We plot the numerical values taken from the images in Figure 5.7 below, with the
error bars corresponding the standard deviation in the image. Figure 5.7 shows the individual
plots and then combines them to emphasize trends that may be lost on the unified plot.
Because dC/dV is inversely proportional to the carrier concentration at a given voltage, the
P3HT exhibits highest to lowest hole concentration on Pt, Au, MoS 2 , and H O P G . The MoS 2
versus H O P G results are somewhat surprising, though consistent with the increased height
of P D A on MOS2 versus H O P G discussed in Chapter 3.
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Figure 5.6. Topography (left) and 8C/8W (right) images on (A) H O P G , (B) MoS2, (C) Au,
and (D) Pt. The dC/dW images are corrected to be in units of p F / V , and the colorbars for
the topography images are in units of nm. All images are taken at -1.0 V, 10 pA. The
magnitude of d d d \
decreases from (A) to (D), indicating an increase in carrier
concentration at -1.0 V from (A) to (D).

Sample Bias Voltage (V)

Figure 5.7. Comparative dddW plot for P3HT films on H O P G (green), MoS2 (red), Au
(black), and Pt (blue). The plots at the sides show the zoomed-in data, indicating the voltagedependent dC/SV response on each film. In the main plot, the lower the 8C/8V the higher
the carrier concentration at that voltage across different samples. Thus, the samples in order
of increasing carrier concentration are H O P G , MoS2, Au, and Pt. Error bars correspond the
standard deviation of the spatially-averaged dddV value.
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In all of the films, there is a general change in the average ACSTM value at each
voltage as well. In an ideal MOS capacitor, there should be an expected peak in the

dC/dV

that corresponds to roughly half-way between the 0 V and the fully depleted case.12 O n
H O P G / A u / M o S 2 , this peak occurs around -1.8 V/-1.0 V/-0.5 V, respectively. The lower
voltage for Au is consistent with higher carrier concentration versus the other two
substrates. For H O P G , the high voltage corresponds with a lower carrier concentration and
thus a high voltage until the depletion layer is maximized. This is consistent with the

V

results (fairly high interfacial barrier for both carrier types) and the idea of dedoping in U H V
compared to the expected low hole injection barrier from ambient height versus voltage data
in Chapter 4. For MoS 2 , the lower voltage is possibly due to the depletion in the substrate
itself rather than the P3HT overlayer. O n Pt, the behavior is curious in that there is a small
decrease around -0.75 V and then an increase in the dC/dV

value. Furthermore, there is a

dramatic increase in the standard deviation on Pt, far more than on any of the other
substrates. The different behavior on Pt can be partially explained by the high doping of the
P3HT film on Pt. For example, if the dC/dV peak is less than -0.25 V (the minimum probed
in our experiments), then that is consistent with the idea that at 0 V there is still a strong
evidence of doping. Similarly, the high standard deviation corresponds with very local
doping effects that, as will be shown in the last figure in this chapter, do not correspond to
obvious surface features.
Based on this plot, it is possible to qualitatively determine an alignment mechanism.
For H O P G , vacuum-level alignment was shown to be dominant (with a very small interfacial
dipole and some evidence of band bending) 22 despite the H O P G work function falling in the
Fermi-level pinning regime for P3HT. 15 The deviation is assumed to be due to the generally
2-D nature of H O P G and lack of interaction with the P3HT. 114 This also makes sense given
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the propensity for P3HT ordering on H O P G versus Au or Pt(see Chapter 4), i.e. the lack of
electronic interaction allows for ordering. Because the carrier concentration for P3HT on
H O P G is very low (and the lower work function of H O P G ) , it is expected that there is a
lack of overlap between the tail states and the Fermi level of H O P G to dope the film with
mobile hole carriers, unlike Pt. In fact, given the H O M O and LUMO positions from the %-V
data, there is a fairly substantial barrier to hole injection unless band bending exists to reduce
the barrier at the interface. Since we know from Chapter 4 and the data here that P 3 H T can
be imaged at voltages within the H O M O - L U M O gap, the tentative assumption is that the
band bending is stronger than that measured by Cascio, et al.22 In Chapter 4 we argued that
such overlapping states are useful for explaining for "in-gap" imaging, which may be true
without the vacuum annealing here. However, that is not entirely sufficient to explain this
system.

5.5.2 The Influence of Film Thickness on ACSTM Data
We also wanted to investigate the difference in film preparation. Figure 5.8 plots the
difference in dC/dV

for the thick film above and a thinner dosed film on H O P G and MoS 2

(example images were shown in Figure 5.2 above). For both substrates, the 5C/3V signal
decreases with decreasing film thickness, which is counter-intuitive. For H O P G

the

difference is much greater than on MoS2. Additionally, for the thinner dosed film there is a
strong change in dC/dV

between -0.5 V and -1.0 V. This may relate to the topographic

analyses of Chapter 4. O n thin films the d d d W
H O P G properties (where the dC/dV

data at -0.5 V and -1.0 V is reflective of

should be low, ideally 0 p F / V , being a metal) due to

fewer available tunneling states in the P3HT.
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Perhaps most confusing, the thinner P3HT film on H O P G has a higher carrier
concentration than on MoS2, but the opposite behavior occurs for the thicker P3HT film.
The thicker the P3HT film is, the less influence the H O P G substrate seems to have on the
material. This is surprising given the already low interaction between H O P G and P3HT
(based on the data above and Chapter 4). These results are in contrast to the single-polymer
case of PDA nanowires, where the MoS2 was thought to potentially dope the polymers.
However, here we have something of a more direct probe with the ACSTM technique. It is
important to note that STM-based spectroscopies also depend on the tip geometry.54
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Figure 5.8. dC/dV data on P3HT films deposited on H O P G and MoS2 using one dose
("thin") or two doses ("thick"). As the thickness of the P3HT layer decreases.

As a last test of ACSTM varying with deposition, we dropcast 2 fiL of a 0.001%
P3HT-chloroform solution on heated H O P G and then loaded the film into UHV. The
results of this test are shown in Figure 5.9 below, along with the dC/dV plot. The images
show a mosdy-ordered crystalline sub-monolayer. The plot in Figure 5.9 is based on values
only over the P3HT regions. Here the increase in dC/dV

is significant, changing by almost
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10% from -0.2 V to -2.0 V. In general the values measured fall in between the two plots for
HOPG-based films in Figure 5.8.
Additionally, there are peaks in the response indicative of semiconductors (-1.6 V, 1.3 V. -0.8 V, +0.7 V, +1.3 V, +1.8 V). Unlike Figure 5.7, though, the dC/dV

signal

continues to increase with bias magnitude beyond those isolated peaks. The voltagedependent change in 3C/3V may also be reflective of the bias-dependent topography for
explaining Figure 5.8 above; in fact it looks much like the height-voltage curve of Chapter 3
for P D A nanowires. At positive bias voltages, the signal decreases. This can be interpreted in
two ways. The first is that, as above with the dosed films, lower 5C/5V signal is related to
increased carrier concentration. The implication then is that the electron concentration is
higher than the hole concentration in P3HT films. Given that these were dropcast in air, that
seems unlikely unless dedoping effects 145 are critical even in unannealed films. We do not
think the ACSTM data shows a higher electron concentration and instead believe that the
data is likely influenced by tunneling straight into H O P G .
We found imaging the dropcast films in UHV highly problematic, and Figure 5.9
shows one of the few dropcast films we managed to image successfully. Even when taking
care to prevent any ion gauge-related degradation, 153 we still had trouble visualizing such
samples. For most of these films, we also had significant trouble imaging at positive sample
bias. For example, the images in Figure 5.9 indicate a relatively ordered film; the same area
scanned at positive bias voltages revealed a disordered image.
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Figure 5.9. dC/dV data for a dropcast P3HT film on H O P G , analyzed in UHV. (A) Plot of
the data from -2 V, 20 pA to +2 V, 20 pA. The data indicates a few peaks though the general
trend is to increase with bias magnitude. (B) Topography and (C) ACSTM image showing
the typical data used for determining this plot. The images were taken at -0.8 V, 8 pA, 53 x
53 nm 2 .

5.5.3 Variations Among Metallic Substrates
Pt and Au are known through our previous work68 and the data above to exhibit
different carrier concentration properties. By comparing two P3HT samples on each metal
with the same tip and approximately same imaging conditions, we tried to accurately
determine if the above conclusions in Figure 5.7 were correct regarding the relative
concentration between P3HT on Pt versus Au.
In Figure 5.10, the topography and ACSTM magnitude images are both shown at
various bias conditions of P3HT deposited on Au and Pt, respectively. The ACSTM images
are shown at the same relative color scale in units of pF/V. The gap resistance was kept
constant at —100 G Q to eliminate the influence of tip height on the resulting data. A direct
comparison of the ACSTM data on the Au and Pt shows a marked contrast in carrier
concentration. Averaged over the scan area, the carrier concentration is 8.8% larger on Pt
than on Au, but there is also a higher spatial variance on the Pt sample despite the
comparable surface structure. This is consistent with the interpretation that there are more
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mobile holes in the P3HT layer on Pt. Measurements taken at multiple locations on each
film confirm these results. In addition, the percentage difference between average dC/dV
data on Pt vs Au increases to 41% as the tip bias relative to the sample is increased to 2 V.
This shows that the carriers present on Au are easier to deplete relative to those on Pt. It is
difficult to compare quantitatively the ACSTM data in there vertical layered structures with
the situation in the transistor geometry. However, the ACSTM data presented here clearly
indicate that Pt increases the carrier concentration in the P3HT film by more than the Au
layer.

Figure 5.10. Topography (a), (c) and ACSTM dC/dV (b), (d), and (c), (f) dl/dV (DOS)
images of P3HT films deposited on Au (a), (b), (c) and Pt (d), (e), (f). The simultaneously
acquired dC/8V images are shown at the same relative color scale. All images were acquired
at -1.0 V sample bias, 10 pA tunneling current, and are 473 nm x 473 nm. The scalebars on
all images are 94.6 nm. The color bars are in units of nm for the topography images and
p F / V for the ACSTM images. The dl/dV image color bar is in a.u and thus merely shows
low and high density of states. Compared to the dC/dV images, there is no immediate
correlation between high D O S regions and the carrier concentration. The lower dC/dV
signal in (e) indicates an excess of mobile holes for the P 3 H T / P t case relative to the
P3HT/Au case in (b).
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We also compare the 3C/SV data to dl/dV
mind that, within a single sample, changes in dC/dV

images of the same area. Keeping in
reflect the extent depletion, Figure 5.10

indicates that spatially there is littie correlation between areas with a higher local D O S and
the depletion level at -1 V.

5.1

Conclusions
We have shown in this chapter that the substrate has a localized but non-trivial

electronic effect on the substrate. This is evident in both a^V data and the extensive set of
ACSTM data presented here. It is evident that the carrier concentration increases when
P3HT is deposited on Pt, Au, MoS 2 , and H O P G . The carrier concentration on H O P G
exhibits a strong dependence on film thickness, while P3HT on MoS 2 exhibits a similar, but
smaller change. There is a significant spatial variation in the carrier concentration consistent
with locally stronger doping, and the variations are not obviously reflected in the
corresponding topography image. The ^ - K d a t a also shows a local variation in the H O M O
and L U M O levels, in that the distribution of values indicates a shift depending on where the
spectrum was acquired. O n MoS2, the ^-l/'data is complicated by the semiconducting nature
of MoS 2 and the possibility of mobile H O M O and LUMO levels. The data presented here
adds to the breadth of knowledge regarding the nature of P3HT on different contacts, and
especially given the dearth of P 3 H T - H O P G data and complete lack of P3HT-MoS 2 data, the
results should provide a baseline for future evaluations. The Au and Pt data are consistent
with data acquired via OFET-based experiments.
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Chapter VI
BULK HETEROJUNCTION FILMS A N D O T H E R F U T U R E WORK

6.1

Here Comes the Sun
The analysis in the preceding chapters forms the crux of this thesis. This chapter

instead explores a preliminary set of data using STM, AFM, and confocal Raman
spectroscopy to examine organic photovoltaic bulk heterojunction films. The data here is
intended to supplement that of the literature, and it provides a convenient transition to
examining in progress and potential future work in the area and organic materials in general.
As a concluding set of remarks, we also explore some other ideas building upon the work in
this thesis.
Photovoltaic devices, which convert sunlight into useable electric power, have been a
source of intense research for many decades, with the ultimate goal of supplementing, if not
supplanting, current fossil fuel technology. Conventional solar panels are inorganic, but over
the past decade or so organic photovoltaics have received increased attention. While organic
devices are less efficient, 154 they offer the advantages of low cost and relatively simple
fabrication compared to the expensive nature of inorganic semiconductor processing. 5

6.2

Organic Photovoltaics
Among the various types of organic solar cell devices, bulk heterojunction (BHJ)

films are some of the most studied. A BHJ device uses a simple mixture of a conducting
polymer and C60 to produce an active photovoltaic layer.155'156 The polymer functions as the
electron donor while the fullerene is the electron acceptor. After mixing these two
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components in solution, a layer is drop cast or spun onto a surface. This produces a film of
intermixed polymer chains and fullerenes, on top of which a cathode is evaporated to
produce a full device such as that shown schematically in Figure 6.1a. An organic
photovoltaic device works by absorbing photons, which then excite an electron from the
H O M O to the LUMO level, creating an exciton. If the electronic structure of the
components permits, the electron and the hole will be swept to different electrodes, thus
generating a voltage from incoming sunlight as shown in Figure 6.1b. There is a limited time
and distance that the exciton can travel before decaying, thus it is critical that the charges be
separated and swept to their respective electrodes quickly.3'157

(A*

(B)

11 •>
Figure 6.1. (A) Schematic of a typical organic photovoltaic device. (B) Energy-level diagram
showing how incoming light generates current in a BHJ system. Image (B) from Blom, et

Part of the reason BHJ devices work is due to the intermixing of the two
components, creating multiple interfaces that can transfer charges to the electrodes. This
chapter focuses on P3HT and a fullerene derivative, (6,6)-phenyl-C61 butyric acid methyl
ester (PCBM). The other conducting polymer used in BHJ films, poly(2-methoxy-5-(3,7dimethyloctyloxy)-l,4-phenylenevinylene) (MDMO-PPV), may also be studied. PCBM is
used because it is more soluble than Q n .
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Efficiency is related to the number of donor-acceptor interfaces, thus the more
homogeneous the film, the higher the efficiency. BHJ film structure is determined by several
factors, among them the solvent, the solubility of the components in the solvent, the
interaction parameters that govern polymer conformation in the solvent, vapor pressure,
deposition temperature, and the proportion of polymer to fullerene.159 There is thus a vast
array of scientific questions yet to be answered.

6.3

Spatial Mapping of BHJ Films
Spatial mapping of BHJ films has been reported in several publications. For example,

different

groups

microscopy, 164 '
microscopy 161 '

have

166

171

'

used

scanning
172

and

AFM,160"162
Kelvin

near-field

conducting

probe

AFM, 1634 65

microscopy,167"170

scanning

optical

electrostatic

transmission

microscopy 173 '

174

force

electron
to

probe

polymerrfullerene blends. STM-based analysis is very much lacking; we will visit this issue in
the Section 6.3.2. For now, however, we will focus on optical microscopy and AFM.
Much like the case with P3HT in Chapter 4, it is known that the solvent plays a
critical role in the performance of BHJ devices. PCBM is less soluble in toluene than in
chlorobenzene; PCBM forms clusters within the solution prior to evaporation, resulting in
larger segregation between the PCBM clusters and the polymer in the toluene-based films
and thus reducing the efficiency.160 The fullerene is the limiting factor in terms of solubility.
P3HT is about fifteen times more soluble in chloroform than in toluene,129 yet C60 is about
one-seventeenth as soluble in chloroform than in toluene.175 Figure 6.2 below shows an
example comparing chlorobenzene to toluene-based films. The large features in the AFM

121
region, particularly Figure 6.2b, are attributed to PCBM-rich regions.163 Specifically, it has
been reported that such grains are in fact PCBM crystallites encased in a polymer layer.160

Figure 6.2. A P3HT:PCBM 1:1 film deposited with (a) toluene and (b) chlorobenzene as
the solvent, imaged using AFM. Taken from Hoppe, et al.160

One of the limitations of scanning probe methods such as AFM or STM is the lack
of chemical information. Confocal microscopy provides indirect chemical information, since
different materials absorb light in different ways. Different combinations of P3HT and
PCBM absorb light at a specific frequency to different degrees.176 Raman spectroscopy
provides detailed chemical information by measuring the difference in the light emitted
versus that absorbed. Different chemical bonds and vibrational modes in polythiophenes 177
and C60178 exhibit different Raman peaks, thus by analyzing the peaks found at different
points on the surface, it should be possible to construct a detailed composition map. Along
this line, Raman spectroscopy has been used to analyze phase segregation in BHJ blends.179'
180
Thus by studying the spatial properties of these films using various techniques, it
should be possible to deduce the variations in chemical structure and electronic behavior
that affect photovoltaic efficiency. For example, one issue is if the large bumps in Figure
6.2b are clusters of PCBM molecules covered in a thin layer of polymers, as has been
proposed based on cross-sectional SEM.181 However, absent chemical data this is difficult to
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definitively determine. Confocal microscopy and Raman spectroscopy would provide a
chemical answer, but then that would not explain issues such as where should the charge be
generated in such films. It might be due to chemical composition differences between those
two surface features that are unknowable via CAFM. This is just one example of an issue yet
unanswered.

6.3.1

Examples of Correlated AFM/Raman Analysis 5
Despite the existence of published results using either AFM or Raman, as noted

above, there is something of a surprising lack of thorough analysis correlating AFM
topography with Raman spectroscopy. 174 '

180

Partially this is due to instrumentation;

fortunately the Witec AFM/confocal microscopy/confocal Raman spectroscopy system we
have access to provides a convenient means to complete such experiments. The correlation
between AFM and Raman spectroscopy data allows for determination of spatial topography
and Raman spectroscopy data simultaneously. Here we use the Witec system to study BHJ
films on mica, all deposited using toluene to provide higher phase segregation so that we can
study the grain composition like those in Figure 6.2b in more detail. A 785 nm excitation
laser was used for the microscopy work; the AFM signal was detected using a 980 nm laser.
Figure 6.3 shows an example of the type of correlated analysis proposed here. In
Figure 6.3, we show an example of correlated AFM, confocal, and Raman microscopy data
for two samples: a P3HT.-PCBM 1:2 and 1:5 film, both in toluene., 10 |uL and 15 juJL
deposited on freshly cleaved mica freshly-cleaved mica. The samples were probed using assupplied Witec AFM tips and, for the optical work, a 785 nm excitation laser. The confocal

5 Some of the work in section 6.3 was in collaboration of Albert Chang. All of the data was performed in Dr.
Naomi Halas's lab using a Witec NSOM/AFM/confocal/confocal Raman instrument. The data presented was
that I acquired.
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image indicates that topographically high features on the surface absorb strongly at 785 nm,
i.e. they appear dark in the optical image but bright in the AFM image. The Raman images
are shown with different integration regions. The region defined between 200 and 400 cm 1
is attributed to PCBM given its high similarity to C60.178 Similarly the region from 715 to 735
cm"1 is attributed to P3HT, 177 though there is a peak at 709 cm"1 due to C60.178 The images
here show a tentative correlation between high AFM regions with high PCBM concentration
and high PCBM concentration with strong 785 nm absorption. The former result agrees
with the results from the literature.160'180 Despite the generally low 785 nm absorbance in
P3HT and PCBM films,176 the confocal data indicates a relatively stronger absorbance level
in PCBM-rich regions.

(A)
(B)
(C)
(D)
P3HT:PCBM 1:2

P3HT:PCBM 1:5

Figure 6.3. Correlated (A) AFM, (B) Confocal, and (Q, (D) Confocal Raman images of
P3HT:PCBM 1:2 and 1:5 (both in toluene, 10 p.L dropcast) films. The Raman images reflect
different integrated intensity ranges. (C) 200 — 400 cm"1 focuses on PCBM-related spectral
features since P3HT has few features in that range. (D) 715 — 735 cm"' focuses on P3HT.
The Raman images indicate that topographically high areas in AFM tend to be PCBM-rich
but contain some P3HT characteristics, in agreement with previous SEM-based results from
Hoppe, et al.160 The (D) images also confirm direcdy the difference in P3HT concentration
based on the contrast (more uniform in the 1:2 film). The scale bar is 4 |j.m in each image.
785 nm excitation.
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The Raman spectroscopy shows directly the difference in film composition. In
Figure 6.3d, there is a wider, more uniform P3HT coverage in the 1:2 sample than in the 1:5
sample, just based on the contrast in the images. Given the percentage difference in P3HT,
this to be expected. For PCBM, though, the coverage does not seem immediately different
between images. Given the low solubility in toluene and likelihood of crystallite formation, it
seems that the dense PCBM concentration in the topographically tall grains overwhelms the
contrast from surrounding areas with much lower concentration of PCBM.
This assumption is verified to some extent by Figure 6.4. Another P3HT:PCBM 1:5
film is imaged with higher-resolution Raman spectroscopy images. The Raman spectroscopy
image in Figure 6.4b, integrated over the entire spectral range 78 — 3312 cm"1, shows very
distinct features. By integrating over the PCBM and P3HT ranges as in Figure 6.3, it is clear
that the dominant features are correlated with high PCBM concentration. It is also clear
from Figure 6.3c that there is PCBM through most of the film; the P3HT is basically
uniform through the film.

Figure 6.4. An example of (A) confocal and (B)-(D) Raman spectroscopy images with
higher resolution on a P3HT:PCBM 1:5 film. The Raman images are integrated from: (B) 78
- 3312 cm"1, (C) 200 - 400 cm"1 and (D) 715 - 735 cm"1, which emphasize both components,
PCBM, and P3HT respectively. The scale bar is 6 (j.m in each image.

Figure 6.5 shows typical confocal Raman spectra from different areas on the surface.
Here are typical Raman spectra from a pure C60 on mica, pure P3HT on mica, and several

typical Raman spectra from a P3HT:C 60 film, with the regions noted on the image at the
right. As noted above, PCBM is merely used for solubility reasons, thus the use of C60 versus
PCBM should not be a significant factor in the results. The data confirm the above, that high
topographic regions are compositionally PCBM-rich. This is determined by comparing
salient features between individual component Raman spectra and the peaks in the BHJ film
spectra. Interestingly, many of the previous papers using Raman spectroscopy on such films
fail to look at a broad spectral range180 or have poor signal detection in their confocal Raman
setup.182 The former paper also concentrates on spectra in the 1300 to 1600 cm"1 range. We
found that comparing the relative intensity of the 270 cm"1 and the 1440 cm"1 peaks gives an
indication of local C 60 :P3HT ratio. Additionally, the 1440 cm"1 to 1378 cm' 1 ratio is also
somewhat inversely proportional to the C 60 :P3HT. This is due to the lack of a peak near
1378 for C60178 that exists in P3HT. 177 ' 183
One feature to take away when looking at the spectra at the PCBM-rich regions is
that there is still evidence of strong P3HT regions. This is in line with the assessment above
that such regions have some non-trivial P 3 H T composition; whether this is a "shell" as
proposed is not determinable a priori from these results, but it does give a chemical reason to
back up the physical explanation.
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Figure 6.5. (A) Confocal microscopy image of P3HT:C 60 1:1 (toluene) film on mica. Raman
Spectra taken at locations (B) and (C) are shown as well. Peaks relating to published data on
polythiophenes (green) and C60 (blue) are indicated. For the dark region of the confocal
image, there is a significant C60 concentration. At the bright spots in the confocal image,
there is much more P3HT than C60. Raman spectra taken on a separate C60 film and P3HT
film are shown as well. The confocal image is 10 (im x 10 p.m (scale bar is 2 jam).

6.3.2

STM of Bulk Heterojunction Films
Though AFM and optical spectroscopy have been used in previous works, STM

work is virtually non-existent. The advantage of STM is that it can image with a resolution
exceeding the exciton diffusion length (approximately 10 nm).158 We used STM to try to
image both thick and very thin BHJ films. The success is limited, thus far, but some of the
results may be useful as a basis for further experimentation. The ultimate goal would be to
characterize a film with all three techniques and/or to use STM to image exciton diffusion
with and without photoexcitation.
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One critical problem with combining STM with Raman experiments is the nature of
graphite. Specifically, graphite's strong Raman signature versus the relatively Raman-inactive
nature of mica poses significant problems. Conversely, mica is an insulator and cannot be
used for STM experiments.
Figure 6.6 shows an example of two P3HT:PCBM films on H O P G at very dilute
concentrations, similar to that in Chapter 4. Here, two films were prepared with
concentrations of 1:2 and 1:4 P3HT:PCBM. The polymer and PCBM were dissolved in
chlorobenzene in a 0.0005% and 0.001 %/0.002% by weight solution for the 1:2 and 1:4
concentrations, respectively. From the images, it is clear that the higher PCBM concentration
results in fewer isolated P3HT islands. The area in between contains a clear background layer
that is probably indicative of the secondary P3HT phase.125 Films of pure PCBM on H O P G
do not show any clear indication of molecules on the surface, which is possibility related to
the mobility of fullerenes on the surface. The BHJ films here are thus too dilute to allow for
stable imaging of PCBM molecules, even on top of the P3HT islands.

( A )

( B )

Figure 6.6. P3HT:PCBM (A) 1:2 and (B) 1:4 films on H O P G . Both were formed in
chlorobenzene with 0.0005% P3HT (by weight). The images show higher P3HT coverage in
(A), as expected, but no immediately visible evidence of PCBM. The background is possibly
a different P3HT phase, but it is not PCBM given the latter's high mobility on H O P G .
Imaging conditions: (A) -1 V, 3 pA. (B) -0.5 V, 5 pA.
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We have also tried a limited amount of ACSTM on such films. The images in Figure
6.7 indicate a peculiar bright region in the ACSTM in-phase image. Assuming the ACSTM
response here is inversely proportional to carrier concentration as before, the tentative
assumption is that such features are isolated areas in the film with lower hole concentration
than the surrounding area. Since the ^-type P3HT is generally thought to have a higher hole
concentration, the bright spots can tentatively be considered C60-rich areas.
Such data is preliminary, but it shows an example of the type of experiments that are
possible in regards to BHJ films.

(A) Topography

-

Figure 6.7. (A) Topography and (B) ACSTM images of a P3HT:C 60 film. The circled feature
is an example of the isolated bright spots that may be "PCBM-rich" as referenced in the text.
Images taken at -1.0 V, 10 pA.

6.4

Future Work in BHJ Films and Other Experiments
The extension to these results would be to image realistic OPV devices in operating

conditions such as dark and light illumination circumstances. Furthermore, ACSTM may
provide unique insight into such films. Extending the results of Figure 6.7 to UHV and
under illumination would give a unique view into the charge-transfer at the polymer:fullerene
interface. Thus far we have tried a limited amount of various STM spectroscopies (STS,
dl!ACSTM)

but have yet to glean a great deal of information. Combining such results
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with the correlated optical results above would provide a bountiful harvest of unique
spectroscopic and chemical information. The power of STM to image at a resolution
exceeding the 10 nm exciton bottleneck makes further investigation of such systems
particularly desirable. STM may also provide a unique spectroscopic tool to investigate
interfacial dipole effects between P3HT and C60.184
It would also particularly insightful to investigate charge transfer at the single C60P3HT interface. For example, evaporating C60 onto an ordered layer could produce a testbed
for exciting work. Figure 6.8 shows an example of such a film, though here the coverage is
fairly low and no spectroscopy was performed. It is merely illustrative of the type of
experiments that could be performed.

( A )

6.0 nm

( B )

B 5 . 3 nm "*

Figure 6.8. Example of C60 deposition on an ordered P3HT substrate in UHV. (A) P3HT
layer prior to deposition. This is one of the very few ordered P3HT films that can be
observed in UHV without dosing. (B) After C60 deposition. The evaporation rate was kept
low to point out isolated molecules. In this image there is one isolated C60 on the surface.

The premise of this chapter was focus on some data that lays the groundwork for
other related experiments, but it is instructive to investigate various work that follows along
the lines of the previous chapters as well. There are, of course, areas in this thesis that could
be expanded upon. For example, in Chapter 4, the polymer solution work might benefit
from trying P3HT in tetrahydrofuran because of the similarity to CHC13 in terms of polymer
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conformation. Similary, there is a desire for more images of toluene at different temperatures
to compare direcdy to the chlorobenzene temperature-dependent data. Also, reducing the
concentration to try and produce individual P 3 H T islands would be a useful system for
analyzing scaling behavior in P3HT adsorption and to try and get a numerical value for the
end-to-end distance of P3HT on different surfaces.
One set of experiments of interest is exploring metal islands on graphite in relation
to P3HT. While A u - H O P G substrates were used with P D A in this thesis, and Au and Pt
films were used with P3HT, the permutation of the two would prove unique to investigating
the local effect of different metals versus H O P G and whether or not such effects are
localized to contact. It could also be very useful to study P3HT films in realistic device
situations and investigating contact effects. This would extend the results of Chapter 5 on
Au and Pt to a more useful geometry. Additionally, investigating the temperature-dependent
carrier concentration properties of such films would be instructive given the thorough
literature on temperature-related effects in polymers, but in this case would add the unique
ACSTM element to the mix.
In terms of novel physics, since P3HT forms ordered films on H O P G and MoS 2 ,
presumably it would self-order on either similar substrates. For example, layered transition
metal dichalcogenides such as TaS 2 and NbSe 2 offer the unique properties of roomtemperature charge density waves and superconductivity above 4 K, respectively. Whether
such properties are affected by or instead affect an ordered polymer on the surface, and if so
how such effects occur may be of interest. Admittedly, that is somewhat beyond the scope
of P3HT experiments in terms of devices and beyond the focus of this thesis, but the results
of such investigations would surely provide information on novel physics especially with
regard to many-body phenomena.
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6.5

A Final Word
This thesis attempted to answer a key question, proposed in Chapter 1. Specifically,

to what extent does the underlying substrate affect the nanoscale electronic and

physical

structure of very thin conducting polymer films and individual polymer molecules? Using
P D A nanowires and P3HT thin films, monolayers, and bilayers and by comparing different
surfaces using topographic analyses, density of states and work function imaging, and
ACSTM-based carrier concentration studies, it is my hope that the work here adds to the
relevant literature in answering that question. Given the generally small number of published
STM-based works on such systems, the data provide an alternative view to conventional
measurement techniques. After all, the nature of the polymer-electrode interface requires
multiple experimental methods to get a complete picture of the complex physics involves.
Then again, the complexities only make the science and engineering that much more
interesting.
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