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Reliable measurement of electrical charge transport in molecular layers is a delicate task that requires
establishing contacts with electrodes without perturbing the molecular structure of the film. We show
how this can be achieved by means of novel device consisting of ultra-flat electrodes separated by
insulating material to support the molecular film. We show the fabrication process of these elec-
trodes using a replica technique where gold electrodes are embedded in a silicon oxide film deposited
on the angstrom-level flat surface of a silicon wafer. Importantly, the co-planarity of the electrode
and oxide areas of the substrate was in the sub-nanometer range. We illustrate the capabilities of
the system by mapping the distribution of electrical transport pathways in molecular thin films of
self-assembled oligothiophene derivatives using conductive atomic force microscopy. In comparison
with traditional bottom contact non-coplanar electrodes, the films deposited on our electrodes exhib-
ited contact resistances lower by a factor of 40 than that of the similar but non-coplanar electrodes.
© 2011 American Institute of Physics. [doi:10.1063/1.3664789]

I. INTRODUCTION

A molecular level understanding of the structural and
electrical properties of organic thin films provide the basis for
the optimization of their structure for applications in photo-
voltaics, switches and sensors.! To correlate molecular struc-
ture and charge transport properties, bulk and surface char-
acterization techniques have been extensively employed. For
example, X-ray and electron diffraction provide the symme-
try and size of the unit cell and the orientation of crystalline
domains.> Scanning probe microscopy (SPM) makes possi-
ble to characterize film morphology, molecular lattice struc-
ture, and defects such as grain boundaries. The degree of
crystallinity and the density of defects are key parameters
that influence carrier mobility in organic materials. However,
combining electrical and structural characterization of molec-
ularly thin organic films is challenging because of the diffi-
culty of contacting the fragile organic materials without caus-
ing uncontrolled structural changes or damage.? Our ultra-flat
coplanar electrodes make also possible to examine the de-
tailed structure of the contact between organic films and elec-
trodes, which is crucial in determining the contact resistance
and intrinsic electrical properties in short channel devices.

Various techniques have been employed to provide non-
invasive electrical contacts with thin films. Boggild e al
designed multi actuated probes for 4-point measurement on
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ultra-thin organic films and combined this setup with scanning
Kelvin probe force microscopy (SKFM).* Smit et al. studied
monolayer organic field-effect transistors (FET) fabricated
by under-etching gold electrodes separating a SiO, dielectric
covered by self-assembled monolayer (SAM) of silanes that
extended underneath the electrodes.’ In another study, Cao
et al.>7 used graphene to establish electrical contact with the
organic layers.

An alternative method to create non-perturbative contacts
is to embed metal electrodes in the surface of an insulator
to create a flat, co-planar metal-insulator-metal substrate over
which an organic film can be deposited to form the channel
material of an FET.®° An atomically smooth transition be-
tween the metal electrodes and the insulator surface would
help minimize structural modifications of the organic film
at the contact. In addition, the planar configuration would
make it possible to study the structure of the organic film
by high resolution AFM. However, fabrication of embedded
electrodes with planarity and flatness at the molecular scale
is very challenging. In several studies, Xu et al.'>!! created
embedded electrodes by first etching a silicon oxide substrate
patterned by UV lithography followed by the evaporation of
a layer of gold with a thickness equal to the etched material.
However, the authors observed that the etch process produced
trenches between the electrode and the dielectric.

Using a similar method, Singh ef al. obtained also a pla-
nar surface with electrodes decorated by a trench 50 nm wide
and 5 nm deep.'” Higuchi et al. added mechanical polish-
ing to the protocol in order to smooth the device.'* Xu and
Singh compared the performance of their planar transistors
with regular bottom contact transistors and reported charge
mobility 30%—70% higher, while the contact resistance and

© 2011 American Institute of Physics
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threshold voltage were up to 50% lower in the planar config-
uration. Xu studied 60 nm thick films of pentacene and P3HT
while Singh focused on P3HT nano-fibrils 50-100 nm thick.
If similar electrodes are to be used with much thinner materi-
als such as organic monolayers, the co-planarity requirements
are likely to be much more stringent.

Another method to fabricate embedded coplanar elec-
trodes is based on a replica technique, as demonstrated by
Tsutsui et al.'* In that approach electrodes are first fabricated
on top of a flat sacrificial support, followed by deposition of
an insulating dielectric layer. The top of the insulator layer is
then bonded to a second support substrate. Finally, the sacri-
ficial substrate is removed by chemical-mechanical polishing.
Using this technique, they obtained nearly coplanar devices
with less than 1 nm peak to peak roughness.

In this paper, we present results using a substantially
improved replica technique that produces embedded micro-
electrodes with a planar configuration free of trenches at
the electrode edges. We tested our electrodes by studying
monolayers of semiconductor molecules. The results were
then compared with those obtained with conventional bottom-
contact electrodes. We show that crystalline monolayer
islands can be contacted electrically and that a 40-fold re-
duction in the contact resistance can be obtained compared
to conventional 20 nm thick electrodes overlaid on the sili-
con oxide wafer. We also show that electrodes separated by
less than 100 nm can also be fabricated with electron-beam
lithography, demonstrating that the replica method is also ad-
equate to create coplanar nano-electrodes.

Il. EXPERIMENTAL
A. Patterning of silicon wafers with Au electrodes

The roughness of the electrode devices produced by the
replica method is determined by the roughness of the sacri-
ficial substrate. We used standard 6” polished silicon (100)
wafers with 0.2 nm RMS roughness as the sacrificial sub-
strate. A pattern containing 2-5 and 4-terminal electrodes
was defined with standard UV or e-beam lithography using
FujiFilm OiR 700-10 or PMMA resist, respectively. The gap
between the UV lithographically defined electrodes at the
center of the 4-electrode set was chosen to be between 2 um
and 500 nm, which is the resolution limit of the stepper used
in our set up (GCA 8500). The gaps of the electron beam pat-
terned electrodes were below 100 nm and the electrode widths
were 200 nm. The electrodes were deposited using an e-beam
evaporator and had nominal thickness between 12 nm and
15 nm. No adhesion layer was used in order to achieve min-
imal roughness over the wafer. Adhesion layers such as tita-
nium or chromium layers have RMS roughness two to three
times higher than a polished silicon wafer with its native ox-
ide, as measured by AFM. The wetting properties of gold on
Si0, imposed a minimum Au thickness of 12 nm in order to
obtain a continuous metallic film. Lower thicknesses led to a
network of poorly connected gold grains. After gold evapo-
ration the resist lift-off was performed by soaking the wafer
for 30 min in PRS-1000 (Baker) at 75 °C for the UV patterned
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structures and by soaking in dichloromethane at room temper-
ature for the e-beam patterns [Fig. 1(a)].

B. Oxide deposition and bonding to borofloat glass

In the next step [Fig. 1(b)], a silicon oxide layer was de-
posited with a nominal thickness of 150 nm on the gold pat-
terned wafer by Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD) of a silane (SiH4) precursor with nitrous oxide
(N,0O) at 350°C. The PECVD oxide covered the gold pat-
terned surface in a conformal manner. The height variations
due to the presence of the electrodes were preserved in the to-
pography of the oxide film after oxide deposition. Next a 6”
borofloat glass wafer was bonded to the wafer on the oxide
side by anodic bonding at 300 °C [Fig. 1(c)]. The electrode
was biased to —1000 V on the silicon wafer side while the
electrode on the glass side was grounded.

C. Dicing, polishing, and etching

The Si-wafer/Au/SiO,/Boroglass stack was diced in
pieces of 1 cm? in area by cleaving along the crystallo-
graphic directions of silicon using a diamond scribe. A Log-
itech lapping machine was used to polish the silicon wafer
side until ~50 pum of the interface [Fig. 1(d)]. The remain-
ing 50 um were subsequently etched in an aqueous solu-
tion of 25% tetramethylammonium hydroxide (TMAH) [Fig.
1(e)]. The etching was performed initially at 70 °C at a rate
of 1-2 um/min. We observed that the insulator part of the
exposed electrode pattern device had a higher than desired
RMS roughness after etching of the silicon oxide with the hot
TMAH, which we attribute to the limited etching selectivity
of Si vs SiO, at high temperature.'> Due to inhomogeneity
of the etching, exposure of the oxide to TMAH could not be
avoided while still etching away all the silicon. For this rea-
son the final few microns of the Si wafer were etched at room
temperature. This also helped minimize damage to the gold
electrodes. A disadvantage of the room temperature etching is
its slowness, and typically took several hours. After etching,
the samples were rinsed with MilliQ water to remove traces
of TMAH.

D. Atomic force microscopy and
monolayer preparation

The coplanar electrode structures were characterized us-
ing AFM in contact and tapping modes with Agilent 5500
and Veeco Icon instruments. For roughness measurements,
0.2 N/m silicon tips from Nanoworld were used. The RMS
roughness of the electrodes and oxide was measured using the
open source SPM image analysis program Gwyddion. To test
the quality of the coplanar electrode device and their ability
to establish electrical contact with molecular layers we de-
posited molecularly films of DSTBA, an oligothiophene on
the electrodes using the Langmuir-Blodgett technique. The
molecules were first dissolved in chloroform. A droplet of
the solution was then deposited at the air-water interface in
a Langmuir-Blodgett trough. The molecules self-assembled
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FIG. 1. (Color online) Fabrication of ultra-flat coplanar electrodes. (a) Pat-
terning and evaporation of 20 nm thick Au electrodes. (b) PECVD of 150 nm
of silicon oxide. (c) Anodic bonding to a glass wafer. (d) Mechanical pol-
ishing followed by etching in TMAH at 70°C. (e) The final few microns
are etched in TMAH 25% at room temperature. (f) Organic layer deposition
using the LB technique.

into polycrystalline islands which diameters varying between
500 nm and 2 um, which were subsequently transferred to the
coplanar electrodes [Fig. 1(f)].

lll. RESULTS AND DISCUSSION
A. Characterization of the electrodes

The ultra-flat electrodes were characterized by AFM to
determine the roughness and coplanarity of the dielectric/gold
interface. Figure 2(a) shows a tapping mode AFM image of
a region containing four embedded coplanar gold electrodes.
Long range undulations of approximately 10 nm amplitude
can be observed around the electrodes (Fig. 2(b)). These
height variations are due to the 12 nm gold electrode thick-
ness, which is conformally reproduced by the PECVD oxide
deposited on the patterned wafer. The interfacial stress relaxes
when the silicon layer is etched away and produces the ob-
served smooth long range undulations. Since these variations
are smooth over several micrometers they are not expected to
induce perturbations in the molecular scale structure of the
deposited films.

RMS roughness in the silicon oxide dielectric region was
found to be 0.3 nm, similar to that of the thermal oxides used
as dielectrics in organic FETs (0.4-0.5 nm RMS). It is also
sufficiently low to ensure preservation of the molecular align-
ment in the fragile organic film bridging the gap between elec-
trodes. In contrast, the roughness in the gold electrode regions
was about 1 nm, as shown in the height profile in fig. 2(b).
This is a result of the grainy character of the gold film that
poorly wets the SiO,. The expanded AFM image in fig. 2(c)
shows gold grains with sizes in the order of 100 nm. The re-
sistance of the gold film was below 100 €2, indicating that the
grains are joined to form a continuous conductive film.

In addition to the roughness of the oxide and gold sur-
faces, the degree of co-planarity, i.e., the step at the transition
between the gold electrodes and the dielectric is of the upmost
importance and should be as small as possible. The arrows in
Figs. 2(a) and 2(b) indicate the location of the Au/SiO; inter-
face. The step heights were 1 nm and 0.3 nm, respectively, for
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FIG. 2. (Color online) (a) Topographic AFM image showing 4 gold elec-
trodes embedded in silicon oxide. (b) Height profile along the black dotted
line across the electrode on the left. The Au/SiO; boundaries are indicated by
arrows. The top boundary has a step 1 nm high and the bottom one 0.3 nm.
(c) Expanded view of the gap between the two top right electrodes.

the top and bottom interfaces at the indicated positions. On
average the steps height was found to be 0.5 nm, with lower
values found often (but randomly) in some of the electrodes.
The step at the interface is primarily due to the transition from
smooth oxide to the rougher grainy gold surface.

B. AFM characterization of the organic monolayers

We used the Langmuir-Blodgett (LB) technique to de-
posit a monolayer film of decylpentathiophene butyric acid
(D5TBA) molecules on the embedded electrode substrates.
These oligothiophene molecules self-assemble into 3 nm
thick flower-like islands at the air-water interface of the
Langmuir trough.'® They consist of single crystal domains
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FIG. 3. (Color online) (a) Topographic AFM image of 3 gold electrodes em-
bedded in silicon oxide. (b) Height profile along the black dotted line. Num-
bers 2 and 4 mark the Au/SiO; transition, with steps less than 0.5 nm high.
Positions 1 and 3 mark the edges of two molecular islands, with a height of
2.6 nm. (c) Expanded view of a DSTBA island overlapping the SiO»/Au in-
terface showing that the monolayer adapts conformally to the grainy structure
of the Au electrode.

separated by boundaries oriented roughly radially from the
center. We found that the crystalline structure and morphol-
ogy of the monolayer film was the same regardless of the sub-
strate where it was deposited, including Au, SiO,, and mica.
The film consists of islands with diameters in the range of
500 nm to 2 pum, as shown in Fig. 3, with many of them
overlapping the electrodes. A height profile along the dashed
line in Fig. 3(a) is shown in Fig. 3(b), with the edge of the
electrodes indicated by blue arrows. The step height between
electrode and dielectric is a few tenths of a nanometer at both
Au/Si0O; interfaces. The locations indicated by arrows 1 and
3 correspond to discrete 2.6 nm steps at the edges of molecu-
lar islands. The RMS roughness on the gold electrodes and the
oxide are 1 nm and 0.3 nm, respectively, as indicated earlier.
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FIG. 4. (Color online) (a) AFM topographic image of a DSTBA organic
crystalline film deposited on a silicon oxide wafer patterned with 20 nm thick
gold electrodes. (b) Schematic of the setup used to probe the conductivity of
the monolayer film and its contact resistance with the gold electrode. (c) Cur-
rent image showing the current from the tip and the electrode as a function of
position of the contact. Several monolayer islands are electrically connected
to the gold electrode located at the top of the image.

C. Electrical contact between organic layers
and electrodes

The electrical contact between organic monolayer and
electrodes was investigated by measuring the current flow-
ing through the DSTBA monolayer islands from the AFM
tip in contact with the molecular island to one of the em-
bedded electrodes. We used normal loads of 5—10 nN, which
we found to be sufficiently low to ensure that no deformation
of the molecular film occurs.'® The measured current did not
vary significantly with applied load in this regime. To com-
pare with the commonly used non-coplanar electrode devices
we patterned similarly shaped 20 nm thick electrodes onto
silicon substrates with 100 nm of thermally grown oxide. A
schematic of the experiments on the non-coplanar and the
co-planar electrodes is shown in the insets of fig. 4(b) and
fig. 5(b). In both cases the AFM tip was grounded while a
—5 V bias voltage was applied to the gold electrode via a con-
tact made by wire bonding.

Figs. 4(a) and 4(c) show topography and current images
of a monolayer located close to the edge of the non-coplanar
gold electrode located at the top of the image (bright yellow
region). The current image shows that most of the islands in
physical contact with the electrode were also electrically con-
nected. When the tip contacted the film at less than 100 nm
distance from the electrode the current varied between 20 pA
and 50 pA, which corresponds to a total series resistance of
100-250 G2 at —5 V. This resistance is the sum of 3 terms:
the tip-film contact resistance, the intrinsic resistance of the
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FIG. 5. (Color online) (a) AFM topographic image of a DSTBA film deposited on the ultra-flat electrodes. The white contour marks the boundary of a particular
island of D5TBA. (b) Schematic of the set up to probe the conductivity of the monolayer and the contact resistance between the monolayer and embedded
electrode. (c) Current image showing that some monolayer islands are electrically well connected to the gold electrode located at the top of the image. The
central island, emphasized by a white contour, corresponds to the island shown in (a). The color contrast corresponds to the current level (vertical bar) in various

parts of the islands. Profile along the black line is shown in the inset.

film, and the contact resistance at the electrode. An approxi-
mate value for the tip-film contact resistance can be obtained
by measuring the current when the tip is in contact with the
monolayer at a position on top of the Au electrode. The cur-
rent there was larger than 1 nA implying that the tip-film con-
tact resistance was smaller than 5 GQ. In addition, the re-
sistance of the molecular film is in the range 1-20 GQ2 as
shown by the results of CAFM on embedded electrodes in
fig. 5 described below. The total resistance therefore is domi-
nated by the contact resistance at the electrode-film interface.
Although in principle the conductivity of the film and the re-
sistance of the grain boundaries could be derived from spa-
tially resolved current measurements with the AFM tip, the
low level of the current which was close to the noise level of
the instrument (a few pA) prevented accurate determination of
these parameters. In addition, in some cases molecular islands
that appeared to be in physical contact with the electrode did
not show any current, implying that they are not electrically
connected or had contact resistances in the hundreds of GS2.
These islands were probably disordered or otherwise dam-
aged at the electrode interface. We will now show that the
planar electrodes configuration is more suitable for determin-
ing properties of the film due to the lower contact resistance
with the gold electrode.

Figs. 5(a) and 5(c) show topography and current images
of the DSTBA monolayer film at the edge of an embedded, co-
planar gold electrode. Note that the current scale in Fig. 5(c)
is 50 times larger than in Fig. 4(c). The current varied from
tens of pA to >1 nA (saturation of the current amplifier) close

to the electrode edge, which corresponds to a total resistance
from the AFM tip through the monolayer to the electrode be-
tween 1 G2 and 20 GS2. The current profile in the inset shows
a sharp gradient (0.5 nA in 50 nm), with the current reaching
saturation of the current amplifier when the tip was within
100 nm of the electrode. Extrapolation of the current to zero
tip-electrode distance gives a current higher than 2 nA. Cor-
respondingly we estimate the sum of the tip-film and film-
electrode contact resistances to be below 2.5 GR.

The details of the current image show that for DSTBA
islands overlapping with the electrodes the current varies
within a single island. This implies the electrical circuit is
not dominated by the gold-island contact resistance, but is
significantly modulated by the conductance of the islands
themselves. Close to the electrodes the current is saturated,
dropping to 0.3 nA in the top left region of the molecular is-
lands, which corresponds to an increase in resistance in the
order of 10 GRQ2. In the top right-hand region of the central
island at the same distance from the electrode the current is
only 200 pA and there is a sharp step in the current between
these two regions. The fast scan direction of the AFM tip is
horizontal, so that the appearance of a sharp vertical bound-
ary cannot be attributed to a change in the state of the AFM
tip. Our studies of DSTBA islands inform us that this corre-
sponds to a grain boundary, the reduction in current indicating
a grain boundary resistance on the order of 10 GS2. Finally, a
current of 80 pA is measured on the bottom island, which is
in physical contact with the large central island through an
inter-island boundary. Kelley et al. measured individual grain
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boundary resistance in sexithiophene monolayers connected
to a gold nanowire with a conducting AFM tip and found a
resistance in the order of 25 GQ.!7 Using a doped Si gate,
they also found that the GB resistance could be modulated by
an applied bias.'® The value obtained by Kelley et al. is close
to the 10 G2 measured in this study.

From these results we can reach two conclusions. For
non-planar electrodes (20 nm thick in our case), where the
contact resistance varies between 100 G2 and open circuit,
little information can be obtained about the conductivity of
the organic monolayers because the contact resistance masks
any features specific to islands. For embedded electrodes, the
contact resistance is below the resistance of the crystalline
monolayer and grain boundaries. The resistance of a grain
boundary in DSTBA is close to 10 GS2.

D. Nano-electrodes by e-beam lithography

AFM images of coplanar electrodes made by e-beam
lithography are shown in Fig. 6. We fabricated electrodes

......
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FIG. 6. (Color online) AFM images of co-planar nano-electrodes fabricated
by the replica process and e-beam lithography using SiN (a) and HSQ dielec-
tric material (b). The dashed lines mark the edges of the electrodes. (c) and
(d) Height profiles across electrodes along the lines in (a) and (b). In all cases
the electrode-dielectric step is below 1 nm.
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with SiN and HSQ as embedding insulators. The SiN was de-
posited by PECVD and the HSQ is a curable spin-on insula-
tor material. The SiN containing electrodes were produced in
the same way as those fabricated using UV lithography. Elec-
trode structures, containing HSQ as an insulator, were fabri-
cated using an ultra-flat nickel etch stop layer, which was first
deposited on the silicon sacrificial substrate before electrode
patterning and deposition. Similar to the UV-defined elec-
trodes we observed long range smooth height variations due
to film relaxation. This effect was significantly reduced in the
gaps narrower than 100 nm, resulting in smaller height varia-
tion at the transition between the gold and the nitride or oxide.
The co-planarity at the electrode gap was within 0.5 nm. The
roughness on the nitride and oxide had a comparable value to
the oxide of UV-defined electrodes and the roughness on the
gold was, in contrast to the UV electrodes, well below 0.4 nm.
These results demonstrate that the replica method is also ap-
plicable for creating nano-size, coplanar electrode structures.

IV. CONCLUSIONS

We have developed a method for fabricating electrodes
embedded in insulators (silicon oxide and nitride) that are co-
planar within a fraction of a nanometer. The roughness of the
dielectric and electrode areas was 0.3 nm and 1 nm RMS, re-
spectively. Using an oligothiophene derivative (D5STBA) pre-
pared by the Langmuir-Blodgett technique we demonstrated
that these ultra-flat electrode devices are suitable for measure-
ments of the electrical properties of organic films of nanome-
ter thickness. In comparison with the 20 nm thick deposited
gold electrodes the electrode-molecular film resistance de-
creased more than 40-fold. From our test case study we can
conclude that electrical conduction through 2D crystals of
DS5TBA is grain boundary dominated.
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