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ABSTRACT: Large area molecular junctions were fabricated on
electron-beam deposited carbon (eC) surfaces with molecular layers
in the range of 2—5.5 nm between conducting, amorphous carbon
contacts. Incorporating eC as an interconnect between Au and the
molecular layer improves substrate roughness, prevents electro-
migration and uses well-known electrochemistry to form a covalent
C—C bond to the molecular layer. Au/eC/anthraquinone/eC/Au
junctions were fabricated on Si/SiO, with high yield and reproduci-
bility and were unchanged by 107 current—voltage cycles and
temperatures between 80 and 450 K. Au/eC/AQ/eC/Au devices
fabricated on plastic films were unchanged by 107 current density vs
bias voltage (J—V) cycles and repeated bending of the entire assembled
junction. The low sheet resistance of Au/eC substrates permitted
junctions with sufficiently transparent electrodes to conduct Raman or

UV-—vis absorption spectroscopy in either reflection or transmission geometries. Lithographic patterning of Au/eC
substrates permitted wafer-scale integration yielding 500 devices on 20 chips on a 100 mm diameter wafer. Collectively, eC
on Au provides a platform for fabrication and operation of chemically stable, optically and electrically functional molecules
on rigid or flexible materials. The relative ease of processing and the robustness of molecular junctions incorporating eC
layers should help address the challenge of economic fabrication of practical, flexible molecular junctions for a potentially

wide range of applications.
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evelopment of the field of Molecular Electronics was
D stimulated by intense scientific interest in the behavior

of single molecules or molecular monolayers as
elements in electronic circuits. The small size and wide range
of electronic configurations of molecules were investigated to
enable new electronic functions and possibly further extend the
exponential increase in device density in microelectronic
devices. Recent reviews of the progress of molecular electronics
document the many experimental paradigms used to provide
contact between conventional conductors and molecular
components,' > notably the quest for a molecular rectifier
first proposed in 1974." The current report deals with
“ensemble” molecular junctions (MJs), in which a large number
of molecules are bonded to a conductive substrate, then a “top
contact” is applied by one of several methods. Many distinct
electronic effects of ensemble molecular devices have been
demonstrated, such as nonlinearity,s_8 rectification,” ™" bist-
ability,lz*’15 photocurrents,l"”lé_19 light emission,”? %
redox events.'”>*™>° A key issue of molecular electronics is

and
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integration of molecular devices into microelectronic circuits,
with sufficient lifetime and temperature tolerance to be widely
practical in real applications. The impediments to developing
robust, practical MJs often lie in the requirement for substrates
which are flat on a molecular scale, possible electromigration or
oxidation of metallic contacts, and the difficulties in adapting
laboratory fabrication methods to real-world processing and
operating conditions.

Our group has developed carbon-based molecular junctions
based on covalent bonding of molecular layers to flat (<0.4 nm
rms) sp® hybridized carbon surfaces made by pyrolysis of
novolac photoresist, that is, pyrolyzed photoresist films (PPF).
PPF is patternable by photolithography, thermally stable, not
subject to electromigration, and electrochemical reduction of
diazonium reagents on PPF provides a variety of molecular

Received: July 22, 2016
Accepted:  August 16, 2016
Published: August 16, 2016

DOI: 10.1021/acsnano.6b04900
ACS Nano 2016, 10, 8918—8928


www.acsnano.org
http://dx.doi.org/10.1021/acsnano.6b04900

ACS Nano

Si/ SiOx

Quartz | Substrate

Molecular
Layer

Substrate

Figure 1. Schematic illustrations Au/eC/molecule/eC/Au molecular junctions suing electron-beam deposited carbon adjacent to molecular
layer. Each chip is 1.8 X 1.2 cm. Final dimension of each junction is 250 X 250 pgm.
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Figure 2. (a) AFM images of e-beam deposited Au and Au/eC surfaces on Si/SiO, substrate. Subscripts indicate thicknesses of each deposited
layer in nanometers. Ra and Rq are average and root-mean-square roughness, respectively. (b) AFM images of the surface of e-beam deposited
Cr/Au and Cr/Au/eC surfaces on Si/SiO, substrate. (c) AFM line scan profiles of surfaces shown in panel (a). (d) AFM line scan profiles of

surfaces shown in panel (b).

layer structures and thicknesses. A top contact of electron beam
deposited carbon (eC) or Cu yields molecular junctions with
high yield (>90%), good reproducibility, long cycle life (>10°
scans)?® and wide temperature tolerance (6—600 K).**” PPE/
azobenzene/eC/Au MJs were produced for implementation in
audio processing, and consumer devices containing 390 MJs
were sold publically in late 2015.”

PPF is structurally similar to glassy carbon, but is a relatively
poor conductor (~200 S/cm), and the requirement for slow
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pyrolysis at >1000 °C in forming gas is not readily amenable to
large scale manufacturing. PPF can be made thin enough to
provide partial optical transparency,””*° but its low con-
ductivity as a thin film restricts possible applications. The
current research was undertaken to combine the high
conductivity and partial transparency of thin metal films with
the flatness and surface modification chemistry of PPF while
also avoiding high temperature processing. Electron-beam
deposited carbon has been described previously for deposition
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of 7—300 nm thick films of conducting carbon on quartz’"** or

silicon,™ in some cases resulting in a partially transparent
electrode. We describe below an “all-carbon” molecular
junction consisting of a covalently bonded molecular layer
between Au/carbon electrodes made by successive electron-
beam deposition of Au and carbon at room temperature shown
schematically in Figure 1. Complete molecular junctions may
be fabricated on rigid or flexible materials and retain the strong
C—C bond which underlies the stability of diazonium-derived
molecular layers. The resulting carbon/molecule/carbon MJs
can be made with conventional vacuum deposition with high
yield and excellent stability while avoiding the high temper-
atures and material transfer steps often required for previous
MJ designs.

RESULTS AND DISCUSSION

E-Beam Carbon Properties. As the feature size of the
active component decreases, factors such as electromigration,
surface roughness, film uniformity and stability of electrodes
begin to limit device performance.”*™® Experience with
numerous MJs having molecular layers of 1—5 nm thickness
indicates that substrate roughness should be less than 0.5 nm
rms (by AFM); for example, the PPF used in previous
reports”****”** and in commercial devices”® ranged from 0.4
to 0.5 nm rms. Figure 2 shows AFM images and line scans of
various films deposited on Si/SiO,(300 nm) with an initial
roughness of 0.15 nm rms. E-beam deposition of Au directly
onto Si/SiO, forms the well-known island film with high rms
roughness (R;) of 0.95 nm and peak-to-peak variation (R,,)
often exceeding +4 nm. Deposition of 10 nm of eC on top of
this rough Au surface results in the smoother surface of Figure
2a, with R; = 0.61 nm and R, of approximately +1.5 nm. The
decrease in roughness was unexpected because the low
likelihood of carbon diffusion and island formation should
track the underlying surface. The commonly used technique of
applying a chromium adhesion layer to reduce roughness is
shown in Figure 2b, with the resulting Cr;/Auy; film having Ry
= 0.53 nm and R, of 2.5 nm. eC deposition on this surface
also reduces roughness (Figure 2d) to Ry = 0.35 nm and Ry, of
+1.5 nm. [Note that subscripts on layer identities indicate layer
thickness in nm, e.g,, Aujs.] The roughness decrease is very
consistent, and valuable for subsequent fabrication of MJs, with
one possible origin of the effect being rapid formation of
covalent bonds between incoming carbon atoms and clusters
forming a “superlayer” which bridges defects or grain
boundaries in the underlying metal.

The resistivity of PPF is in the range of 0.003 to 0.006 Q-cm
for pyrolysis at 1100 °C, although this value varies significantly
with film thickness and thermal history.””**~*' It is similar to
the 0.005 Q-cm reported for glassy carbon, consistent with a
glassy, sp® carbon material. An early report on eC deposited on
quartz reported a sheet resistance of 2000—5000 £2/square for a
300 nm film, corresponding to a resistivity of 0.06 to 0.15 Q-
cm.”! Four-point probe measurements were carried out on eC
films deposited directly on quartz yield the results shown in
Table 1, which are averages of five measurements across a
“blanket” eC film for each thickness. eC films that are 10 to 30
nm thick have sheet resistances of 10%—10° Q/[], yielding
resistivities of 0.03 to 0.16 Q-cm, similar to that reported for
the 300 nm thick film.”" The low conductivity of eC can result
in significant ohmic losses in thin films, with a 10 nm film of a
0.05 X 1 cm strip having a predicted resistance of ~3 MQ.
However, we showed previously that because the current in a

8920

Table 1. Four-Point Probe Resistances of eC and Au Films
on Quartz, Q, and SiO,

sheet resistance (Q/[])  resistivity (€-cm)

Q/eCy, 1.04 x 10° 312
Q/eCyo 167400 0.167
Q/eCy 19940 0.040
Q/eCy 11310 0.034
mean (10—30 nm) 0.080
Q/Cr,/Au,5/eCyy 2.98

Q/Cr,/Auyy/eCyy 1.03

Si/Si0,/Cr,/Ausy/eC 1.05

PPF (1000 nm)*’ 51 0.005
eC (310 nm)*’ 44000 0.136
OTPPF”(40 nm)*’ 500 0.002

“Subscripts denote layer thicknesses in nm. “Optically transparent
PPF.

MJ passes through the short dimension of the eC film (i, 10
nm), its contribution to resistance is negligible, and the current
density vs bias voltage (J—V) responses of PPF/NAB/eC/Au
MJs were indistinguishable for eC thicknesses of 2 to 30 nm
(NAB = nitroazobenzene).” In order to use eC as a substrate,
it was deposited onto a Cr;/Aus film, without breaking
vacuum. The sheet resistances of various Au/eC bilayers listed
in Table 1 are 1-3 Q/[], compared to >10* Q/[] for eC alone,
reducing the resistance predicted for a 0.05 X 1 cm strip from 3
MQ for eCy, alone to 60 Q for a Au,s/eC,, bilayer. The Au
carries most of the current in the lateral directions of the Au/
eC film, and the eC, resistance in series with the molecular
layer is less than 0.3 m€ for a 250 X 250 pm molecular
junction. The higher conductivity of Au/eC films compared to
PPF eliminates most of the ohmic potential error when
acquiring J—V curves in two-wire mode, as shown in
Supporting Information section 4.1. In addition, we will show
below that the Cr;/Au,5/eC, films are excellent substrates for
molecular junction fabrication, are partially optically trans-
parent, and can be patterned lithographically.

Raman spectra of e-beam carbon on silicon have been
presented previously,”® and show a broad peak from ~1000 to
~1600 cm™ in the region of the sp” carbon bands, indicating a
very disordered structure. Pyrolysis at 1000 °C led to
observable “D” and “G” bands at ~1360 cm™ and ~1600
cm™!, similar in position to the bands observed for PPF. A
more detailed Raman analysis was carried out for the current
eC films in order to estimate the relative content of sp* and sp*
bonded carbon as shown in Supporting Information section 3.1.
Raman spectra of eC and PPF are compared in Figures S5 and
S6, along with that of eC after annealing in forming gas at 1000
°C for 3 h. Several reports have described the deconvolution of
the broad carbon bands into D and G components, and the
relationship of their positions and intensities to the sp*/sp’
ratio of the carbon film.*”** Similar analysis and the resulting
sp° contents are shown in Supporting Information Figures S4—
S7. The as-deposited eC is estimated to be 30—40% sp’
hybridized carbon, with the remainder sp? but the sp* content
becomes negligible after annealing at 1000 °C (Figure SS). The
same analysis applied to PPF and glassy carbon yields negligible
sp’ content (Figure S6 and S7). X-ray photoelectron
spectroscopy (XPS) has also been used to estimate the sp*/
sp> content of disordered carbon materials based on relative
intensities of components of the C;; band.***> XPS spectra of
the C,, region for eC is shown in Figure S8, and the sp® content
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indicated by the XPS is 30% for as-deposited eC, which
decreases to 11% upon annealing (Figure S9). Although the sp*
percentages from XPS and Raman should be considered
approximate, they clearly indicate significant sp> content in as-
deposited eC, which is distinct from that of PPF or annealed
eC. The eC resembles various “diamond like carbon”
materials** ™" and sputtered carbon films®"** in this respect,
although the microstructure and specific bonding geometries
may be different. Note that eC is near the disordered extreme
for carbon materials compared to fullerenes, diamond, and
graphite and is likely isotropic in its structure and properties.
The important properties of eC for MJ fabrication are flatness,
sufficient conductivity, stability, substrate adhesion, ability to
modify the eC surface with covalent C—C bonds to molecular
layers, and suitability for lithographic patterning, as described
below.

Voltammetric curves for reduction of 2-anthraquinone (AQ)
diazonium reagent are compared in Figure 3 for PPF, Au, and
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Figure 3. Cyclic voltammograms of Anthraquinone diazonium
solution on PPF, Cr/Au, and Cr/Au/eC surfaces. The solution was
contained 1 mM AQ diazonium fluoroborate in acetonitrile with
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) as
supporting electrolyte, and scan rate was 50 mV/s for all cases.
Detailed grafting conditions and cyclic voltammograms are shown
in Supporting Information section 2.2.

eC, in acetonitrile in all cases. The reduction peak corresponds
to formation of a phenyl radical which binds to the surface as a
mono- or multilayer. The shape and peak potential of the
reduction wave on PPF vary for different diazonium precursors,
but in all cases studied to date, the reduction peaks are better
defined on Au/eC than on PPF. The lower resistance of the
Au/eC contact avoids ohmic potential error, and the greater
structural disorder of eC likely has more nucleation sites for
phenyl radical attachment. As will be described next, well-
defined electrochemical layer formation also contributes to high
junction reliability.

Electronic Behavior of eC/Molecule/eC Junctions.
Current density vs bias voltage (J—V) curves for five
thicknesses of AQ in Si/SiO,/Cr;/Au;s/eC,o/AQ,/eC,o/Auys
molecular junctions are shown in Figure 4, on both linear
(panel a) and semilogarithmic scales (panel b). The yield
(number of MJs not shorted) for all junctions fabricated with
eC is 100% and the standard deviations of current density are
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shown in Figure 4 as error bars and also are listed in Table S4.
Vapor-deposited Au has been used successfully for ensemble
MJ fabrication,"”'**> but in most cases requires temglate
stripping to provide a sufficiently flat substrate surface.””>*~>”
Figure 4c shows results from junctions fabricated with an
identical procedure to that for Figure 4a, but omitting the
substrate eC layer to yield Cr;/Au;s/AQ,/eC,o/Au;. For the e-
beam deposited Au substrate without the additional eC layer,
the yield was low (>50% “shorts”) and reproducibility of
nonshorted devices was poor. The variability of current density
was large enough to obscure the effect of AQ thickness, as
evident from comparison of the 3 and 5.3 nm cases. A more
complete test of the effect of thickness on J—V behavior is
shown in Figure 4d, which plots In(J) at V= 0.1 V vs AQ layer
thickness for three different substrates. The slope of such plots
yields the attenuation coefficient 3, which is widely used to
compare the thickness dependences of molecular tunnel
junctions.”®*~®* The slope and intercept of the f plot for
PPF (Figure 4d) are —2.8 + 0.13 and 4.7 + 0.5S, respectively.
The slope and intercept of the same plot for Au/eC are —2.7 +
0.12 and 4.7 + 0.47. These results from PPF and Au/eC
electrodes are statistically indistinguishable, and comparable to
the —2.7 + 0.6 nm ™" slope observed for eight aromatic MJs in
PPF/molecule/Cu devices.” ] values for the Au substrate
lacking the eC, layer deviated greatly from the line in Figure
4d and exhibited the high standard deviations apparent in
Figure 4c.

One advantage of “all carbon” MJs is stability, with the eC
layers resistant to both oxidation and electromigration. We
reported previously that PPF/nitroazobenzene/eC/Au were
unchanged by current densities exceeding 1000 A/cm” at +3 V,
whereas the analogous PPF/nitroazobenzene/Cu/Au broke
down when the Cu/Au was biased more positive than +2 V.**
The present Au/eC/AQ/eC/Au devices were subjected to
several stability tests, with the results shown in Figure S. Panel a
shows a typical J—V response for a MJ with a 3.4 nm layer of
AQ, both initially and after storage in air for 85 days. Figure Sb
shows a different device before and after scanning 10 times to
+1.3 V in air and shows no changes in shape or current
magnitude. This high operational stability significantly exceeds
that using different self-assembly fabrication methods reported
in the literature.”>~%" Figure 5c shows J—V responses acquired
between 80 and 450 K in vacuum, and the associated Arrhenius
plot is provided in Supporting Information Figure S12. The
apparent activation energies are similar to those observed for
PPF/molecule/Cu MJs,”® with near zero slope between 77 and
150 K and ~38 meV slope near 300 K. As noted above, the
successful application of 390 PPF/azobenzene/eC/Au devices
in consumer electronics over a period of six months with no
known failures™® provides clear evidence of the stability of “all-
carbon” MJs.

Flexible and Transparent eC Junctions. Fabrication of
stable electronic devices on a flexible substrate is a significant
objective toward realizing next generation nanoelectronic
technologies in consumer products.”*®” As noted above, one
disadvantage of PPF is the requirement for high pyrolysis
temperatures over an ~8 h period, which is impractical in
commercial production, and especially for many flexible
materials. The Au/eC substrate and eC/Au top contact can
be applied at room temperature on a variety of substrates which
would not tolerate PPF formation. Figure 6a shows images of
complete Crs/Au;s/eC;o/AQ/eCy/Au;s MJs deposited on
poly(ethylene terephthalate) (PET) “transparency” film, and
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Figure 4. (a) Current density vs bias voltage (J—V) curves for junctions fabricated by Cr/Au/eC electrode as bottom contact, determined with
a Keithley 2602A sourcemeter. AFM thicknesses of anthraquinone molecular layer are indicated in nanometers. Yield for tested junctions was
100% (nonshorted junctions) and error bars represent +standard deviation for eight junctions of each thickness. (b) Semilogarithmic scale of
J—V curves shown in panel (a). Right side inset: schematics of tested junctions (Cr layer under the Au is not shown in schematics). (c)
Semilogarithmic scale of J—V curves for junctions fabricated by Cr/Au electrode as a bottom contact. Yield for tested junction was lower than
50% (nonshorted) and error bars represent + standard deviation for nonshorted junctions. (d) Corresponding attenuation plot at 0.1 V for
different bottom electrodes. f is the slope of observed for SiO,/Au,;s/ eC,;,/AQ,/eC,y/Au,; devices.
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Figure 5. (a) Overlay of J—V curves for fresh Au/eC/AQ/eC/Au junction before and after being stored in ambient air for 85 days. AQ
thickness ~ 3.6 nm. (b) Overlay of J—V curve of a Au/eC/AQ/eC/Au junction before and after 10 million J—V cycles to +1.3 V in air at 1000
V/sec. AQ thickness ~ 4.4 nm. (c) J—V curves for a single Au/eC/AQ/eC/Au junction at four temperatures from 77 to 450 K in vacuum. AQ
thickness ~ 4.4 nm. Corresponding Arrhenius plot is shown in Supporting Information Figure S12. Junctions were deposited on a Si/SiO,
substrate with 3 nm Cr adhesion layer in all cases.

Figure 6b shows the ability of the entire assembly to flex. Figure
6c (lines) is the J—V response for three different AQ
thicknesses. Eight junctions for each thickness showed the
same characteristic J—V shape as AQ devices on SiO, with no
“shorts”, however the standard deviation of J was higher. The
variability was likely due to molecular layer thickness variations,
possibly due to static charges which affected the electro-
chemical deposition. The points superimposed on the same
curves are the J—V responses for each device after being flexed

8922

100 times to the extent shown in Figure 6b. Because the total
M]J thickness of ~60 nm is much less than the radius of
curvature during bending, the strain on the MJ itself is small. In
addition, eC is a disordered, amorphous type of carbon without
crystalline structure which may make it more tolerant of
mechanical stress in thin film structures.”” Combined with
strong bonding between eC and the molecular layer, the
mechanical properties of eC provides stable junctions with
identical J—V response before and after bending (Figure 6c).
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Figure 6. (a) Optical image of PET/Cr;/Au;s/ eC,y/AQ/eC,o/Au; devices deposited on transparency film (PET). Magnification shows an
individual junction. (b) Optical image of the fabricated device on PET substrate while bent. (c) J—V curves of junctions fabricated on flexible
PET substrate before (lines) and after (points) being bent 100 times to the degree shown in panel (b), which reduced the 1.8 cm dimension in
panel (a) to ~1.4 cm. Three AQ thicknesses were deposited electrochemically but were not be verified by AFM. (d) Overlay of J—V curve of
freshly fabricated AQ junction on flexible PET substrate before (blue) and after (red) 10 million JV cycles to 1.3 V in air.

Note also that the PET surface is not flat on a nanometer scale
like Si/SiO, or quartz substrate, but has defects visible in an
optical microscope. Apparently, the MJ deposition process is
sufficiently conformal, or the defects are sparse enough that
yield is high, albeit with variations in current density. The PET
substrate did not permit AFM “scratching””® to determine
molecular layer thickness due to deformation and roughness,
hence the thicknesses were estimated from the diazonium
reduction conditions. Figure 6d shows the initial J—V cycle for a
PET/Cr/Au/eC/AQ/eC/Au device plus a second |-V curve
obtained after 107 bias cycles to +1.5 V, indicating excellent
flexible device stability.

Molecular optoelectronics refers to an area that investigates
both measurement capabilities (eg., optical spectroscopy) and
our fundamental understanding of electronic transport
mechanisms in molecular junctions.”' Optoelectronics with
molecular junctions requires one or both conducting contacts
to be partially transparent in order to conduct measurements in
the local environment. Both eC*"*”* and PPF***° were
investigated previously with the objective of making optically
transparent carbon electrodes, usually on quartz substrates.
However, the high sheet resistance of partially transparent
layers of eC and PPF creates ohmic potential errors, which can
be serious in either electrochemical or electronic applications.
We have used metal/eC films previously for making sufficiently
transparent top contacts on molecular junctions to monitor
device structure while functioning with Raman’*’* and UV—vis
spectroscopy’”’* and to observe light emission”’ by MJs. The
combination of Au,s/eC, was used in the current work partly
to provide transparency, and the combination of low sheet
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resistance and optical transmission with the stability and surface
chemistry of carbon makes Au/eC films attractive both as
substrates and top contacts. Figure 7a shows absorbance spectra
of several “blanket” e-beam coatings on a quartz slide,
referenced to an uncoated slide in air. The Q/Cr;/Au,s/eCy,
junction substrate, which is 30—40% transparent in the visible
range, and the addition of anthraquinone layers (4—11 nm
thick) yields additional absorbance in the region expected for
free anthraquinone (220—280 nm). Figure 7b shows the same
spectra after subtraction of the spectrum of an unmodified Q/
Crs/Au;s/eC), sample, clearly showing the absorbance of the
AQ layer. The Au;s/eCy, electrode layer is clearly sufficiently
transparent for optical spectroscopy and observation of
photoeffects, including while the device is in operation, but
to date such measurements have been constrained to reflection
geometry through one partially transparent electrode. Figure 7c¢
shows the absorbance of a complete molecular junction in
transmission mode with the optical beam passing through both
electrodes and the AQ layers. Subtraction of the spectrum of
Q/Cr;/Au;s/eCyy/Auys “blank” containing no AQ layer yields
the spectra of Figure 7d. The spectra of Figure 7b and d are
quite similar, with differences likely due to variation of internal
reflection efficiencies at the AQ/eC interfaces. Although one
transparent contact is sufficient for Raman monitoring of the
device under bias in reflection geometry, the transmission
geometry enabled by two transparent contacts is generally
easier to interpret than reflection mode for UV—vis absorption
spectroscopy.

Wafer Scale Lithography for eC Molecular Junctions.
The Cr/Au/eC substrates shown in Figure 1 were deposited
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Figure 7. (a) Optical absorbance of Quartz/Cr;/Au,/eC,,/AQ relative to an air reference. Three different thicknesses of AQ molecular layer
are shown. (b) Absorbance spectra of panel (a) following subtraction of the unmodified Q/Cr3/Au,;/eC,, spectrum, to yield the absorbance
due to the AQ molecular layers. (c) Absorbance spectrum of complete Quartz/Cr;/Au,s/eC,,/AQ/eC,o/Au,s junction relative to an air
reference, for three different thicknesses of Anthraquinone. (d) Absorbance from panel (c) following subtraction of the spectrum of a “blank”
Q/Cr;/Au;s/eC,y/Au, s sample.
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Figure 8. (a) Image and enlargement of 100 mm diameter wafer of integrated chip design after dicing but before molecular layer deposition.
(b) Completed chip with 25 Si/SiO,/Cr;/Ausy/eC,o/NAB/eC,o/Au,, after molecular layer and top contact deposition. NAB =
nitroazobenzene oligomers. Magnification shows individual junction with the position of four probes for electrical contact to Au surfaces.
(c) Overlay of J—V curves for 8 junctions selected randomly on a chip with a 4.1 nm thick layer of NAB. (d) Average J—V curves for integrated
junctions with four different NAB thicknesses. Yield for tested junction was 100% of nonshorted junctions and error bars represent +standard
deviation for 6—8 junctions of each thickness. Statistics are provided in Supporting Information section 6.
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through a shadow mask, which imposes constraints on the
width and shapes of the “stripes” and the sharpness of their
edges. Photolithography permits a wider range of patterns and
dimensions, and a diced wafer consisting of 20 substrates made
with conventional photolithography is shown in Figure 8a.
When transparency is not required, the Au thickness was
increased to 30 nm, so that the substrate pattern is initially Cr;/
Auy, across the entire chip. Contact with Au/eC with standard
tungsten probes sometimes results in significant contact
resistance in two-wire mode, so eC is deposited only on the
junction region through a shadow mask. In the final junction
shown in Figure 8b, the molecular layer is in contact only with
eC at both electrodes, and the probes contact only Au, as
shown. The Cr/Au/eC substrate may be coated with
photoresist for protection during long-term storage or shipping,
which is stripped off before modification with the molecular
layer. The large Cr/Au pad at the top permits electrical contact
to all five “stripes” during electrochemical reduction of the
diazonium solution, and a razor cut after deposition across the
five stripes isolates the electrode lines from each other for
subsequent electronic testing. Finally, the eC/Au top contact is
deposited on the modified Cr/Au/eC substrate through a
shadow mask with a pattern of 25 rectangles, resulting in 25
M]Js which can be contacted by 2, 3, or 4 probes on Au surfaces
without stray currents or interference from nearby devices. We
refer to the design of Figure 8b as “integrated”, in order to
distinguish it from the “crossbar” format of Figures 1 and 6
made entirely with shadow masks.

Four integrated M]J chips were used to make Si/SiO,/Cr;/
Au,,/eCiy/NAB,/eC,y/Au,y, molecular junctions, with the final
resist layer of a chip shown in Figure 8a removed preceding
electrochemical deposition of nitroazobenzene (NAB) molec-
ular layer thicknesses of 3.6, 4.1, 4.8, and 6.2 nm. After
deposition of the eC,y/Au,, top contacts, 28 MJs on the four
samples were selected randomly and tested, involving 6—8 M]Js
on each chip. The yield was 100%, meaning that none of the
devices exhibited an eC/eC short circuit. Figure 8c shows eight
overlaid J—V curves for the chip with NAB thickness of 4.1 nm,
which had a relative standard deviation of current density of
13% for IVl = 1 V. Figure 8d shows averaged J—V curves with
error bars of + standard deviation of | for the four thicknesses
examined. Direct comparison of the ]—V responses for crossbar
vs integrated MJs is difficult due to thickness differences, but
the attenuation plots of In J vs d may be compared directly. For
the NAB MJs of the type shown in Figure 1, # (0.3 V) =2.2 +
0.31 nm™' and an intercept of 6.3 + 1.2, whereas the
microfabricated devices had # (0.3 V) = 2.0 + 0.22 nm™! and
an intercept of 5.7 + 1.8. Therefore, the J—V behavior of the
integrated and crossbar eC/NAB/eC devices are statistically
indistinguishable. Although the junctions shown in Figure 8b
are relatively large (250 X SO0 um), eCarbon devices are
completely compatible with previous lithographic methods”
for fabricating a range of junction areas from 3 X 3 ym to 400 X
400 pm.

CONCLUSIONS

Successive e-beam deposition of carbon and Au provides the
very flat surface, low sheet resistance, and chemical stability
important to the fabrication and performance of molecular
junctions. Au/eC as a substrate shows excellent behavior for
surface modification by reduction of diazonium ions, and eC/
molecule/eC have excellent lifetime and no apparent tendency
to electromigration or oxidation. All-carbon MJs tolerate a
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100—450 K temperature range and endure millions of |-V
cycles in ambient air without observable effects on electronic
behavior. All-carbon MJs based on e-beam carbon may be
deposited on flexible substrates and do not subject the substrate
to high temperatures, thus significantly increasing the range of
materials onto which molecular electronic devices can be
incorporated. Partial transparency of one or both contact
surfaces in all-carbon MJs permits live monitoring of molecular
junctions under bias with optical spectroscopy as well as
photocurrent generation and emission of photons. All three of
these approaches have proven valuable as diagnostics of M]J
structure and operation, and may have applications combining
molecular electronics and photonics.

METHODS

The junction structure is shown in Figure 1, and is similar to the
crossbar junctions reported previously using PPF substrates. The initial
substrate was Si with 300 nm of SiO, prepared by wet oxidation.
Electron beam deposition was carried out in commercially available
systems, either a Kurt Lesker PVD 75 or a Johnsen Ultravac 3000-GE
vacuum system. A high energy (7 kV) electron beam is directed onto a
target of Au or high purity graphite (source) by a magnetic field in a
vacuum of 107° Torr or less. Atoms and clusters from the target then
travel in a straight line to the sample, positioned normal to the atom
beam and 20—30 cm from the e-beam target. In most cases, the
electrode pattern was defined by a shadow mask with four parallel
rectangular slots 250 ym wide. The work function of eC was
determined with ultraviolet photoelectron spectroscopy’ on four
different samples with minimal air exposure to be 4.83 + 0.06 eV,
comparable to 4.7 & 0.1 eV determined similarly for PPF. Electron-
beam deposited carbon will be denoted as eC, and layer thicknesses by
subscripts in nm, for example, Au,;s/eC,. Substrate layers of Cr, Au,
and eC were deposited without breaking vacuum, as were the top
contacts of eC/Au. The substrate Au layer was 15 nm in the crossbar
geometry of Figure la in order to maximize transparency, but 20—30
nm layers yield similar results. In all cases the deposition rates were
0.03 nm/s for Cr, 0.03 nm/s for Au, and <0.01 nm/s for eC, with the
e-beam current adjusted during eC deposition to keep the rate below
0.01 nm/sec. The target for eC deposition contained spectroscopically
pure graphite rods (SPI Supplies, PA). The same deposition
conditions were used to prepare Cr/Au/eC/molecule/eC/Au devices
on PET transparency film, as described below. Detailed conditions for
molecular layer deposition by diazonium ion reduction are similar to
those reported previously,”**”>’ and are listed in Supporting
Information section 2.2. The anthraquinone layer is covalently bonded
and partially ordered,”””® and thickness was always verified with
AFM.”° In all cases, the top contact was 10 nm of eC and 15 nm of Au,
deposited by e-beam evaporation in one vacuum cycle.

In addition to the crossbar geometry of Figure 1, an “integrated”
format shown in Figure 8 was fabricated with a lithographic lift-off
process rather than shadow mask, in part to reduce contact resistance
and also provide a wider range of junction dimensions. The full
procedure is provided in Supporting Information section 6 and results
in a “chip” of 25 molecular junctions, with the entire substrate
protected by photoresist. The resist is removed by dimethyl sulfoxide
(DMSO) before electrochemical reduction of the diazonium reagent
to form the molecular layer. After deposition of the top contact
through a shadow mask, the completed junctions have four Au pads
for electrical contact.

Current—density vs bias voltage (J—V) curves were obtained in
four-wire mode unless indicated otherwise, as described previously,”
and UV—vis absorption spectra were obtained with a PerkinElmer
Lambda 1050 dual beam spectrometer.
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