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ABSTRACT We have investigated the electronic transport through 3 x«m long, 45 nm diameter InAs

nanowires comprising a 5 nm long InP segment as electronic barrier. After assembly of 12 nm long

oligo(phenylene vinylene) derivative molecules onto these InAs/InP nanowires, we observed a

pronounced, nonlinear /—V characteristic with significantly increased currents of up to 1 xA at 1V
bias, for a back-gate voltage of 3 V. As supported by our model calculations based on a nonequilibrium
Green Function approach, we attribute this effect to charge transport through those surface-bound
molecules, which electrically bridge both InAs regions across the embedded InP barrier.
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he transfer of charges across the

interface between organic molecules

and semiconductor material is of large
significance in various areas of applied re-
search including photovoltaics, sensors and
nanoelectronics. Much fundamental work
has focused on the detailed understanding
of the underlying transport mechanisms, in
particular, for organic self-assembled mono-
layers (SAMs) on silicon-based substrates,
here mostly using semiconductor-SAM-
metal sandwich architectures.'™* When
compared to metals, semiconductors offer
a much broader range of parameters that
can be tailored toward dedicated electronic
properties, including band gap, doping type,
and concentration, and eventually thin
surface dielectrics like oxides. While a large
variety of molecular electronic transport
studies has been carried out on molecules
bridging two metal electrodes "' only
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few reports have been published on all-
semiconductor contacts."* '

The narrow-band gap semiconductor
indium-arsenide (InAs) is a material of par-
ticular interest for such applications due
to the presence of an electron inversion or
accumulation layer at the surface.'” This is in
contrast to most other semiconductors that
feature a surface depletion layer. For this
reason, a low-resistance, metal-like contact
of organic molecules to InAs may be ex-
pected once these molecules have formed
a chemical bond to the substrate via, for
example, a terminal thiol group.’®~'® The
formation of an InAs contact pair with sep-
aration in the few nanometer regime, how-
ever, using the common concept of insert-
ing an insulating barrier material between
two conductive electrode layers,'® 2! is dif-
ficult to achieve. This originates from the
fact that in planar, layered heterostructure
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Figure 1. Electron microscopy images of InAs/InP heterostructure nanowires. (a) Scanning transmission electron microscopy
(STEM) image of the central region; the embedded InP segment is visible as dark stripe. (b) Scanning electron microscopy
(SEM) image of an individual, 2.8 xm long wire contacted by three metal leads as ohmic contacts (Ti/Au 5/100 nm, lateral width
ca. 200 nm), prepared by electron-beam lithography (EBL). Contacting with three leads allows for the simultaneous measure-
ment of a wire section with InP barrier (between right and center contact) and a wire section without barrier (bare InAs,
between left and center contact). Two markers with coordinates for EBL alignment can be seen at the bottom of the image.

growth techniques, such as molecular beam epitaxy,
InAs cannot easily be alternated with suitable larger
band gap materials such as InP due to the lattice
constant mismatch. These obstacles have been over-
come by the mature technology of nanowire hetero-
structure growth,?? where, for example, InP barriers of
almost arbitrary length can be embedded into InAs
nanowires during epitaxial growth.*> Hence, the for-
mation of an InAs nanoscale electrode pair, electro-
nically separated by an InP barrier, could allow for the
formation of a novel type of molecular electronic
device once suitably functionalized with organic mo-
lecular species that would bridge the barrier from InAs
to InAs.

In this article, we report on the realization of such a
device using InAs nanowires with 5 nm InP barriers that
were functionalized with 12 nm long oligo(phenylene
vinylene) (OPV) molecular wires. We attribute the ob-
served strong increase of conductance after surface
coating to resonant electronic transport through the
OPV molecular orbitals.

RESULTS AND DISCUSSION

We have prepared InAs/InP heterostructure nano-
wires using a vapor—liquid—solid (VLS) growth mode
as reported previously.”* The ~3 um long InAs wires
of typical diameter 45 + 4 nm, with growth-induced
n-doping, featured an about 5 nm long embedded
InP-segment (typically 5 £ 2 nm), located about 1.5 um
from the top end. Figure 1a shows a scanning transmis-
sion electron microscopy (STEM) image of the central
part of such a wire comprising the InP segment.

Electrical characterization measurements of indivi-
dually contacted nanowire samples (cf. Figure 1b)
were carried out before and after molecular surface
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Figure 2. (a) Schematic circuitry setup of the contacted
InAs/InP nanowire, on top of an oxide covered p*-Si sub-
strate acting as backgate. (b) Current—voltage characteris-
tics (at Vg = 0 V) of unfunctionalized reference samples: one
pure InAs nanowire (blue open circles and line) and one
InAs/InP nanowire (red full circles and line) at 77 K. Data
points for the InAs/InP wire were taken in 10 mV steps, the
inset shows the /—V trace in a larger range, up to +750 mV.

functionalization at 77 K, in the dark. Figure 2a shows
a schematic of the employed electrical circuitry setup.

Prior to the electrical measurements of heterostruc-
ture nanowires functionalized with organic molecules
we precharacterized these wires, together with pure
InAs wires, to verify proper electrical function. As shown
in Figure 2b, a pure InAs wire reveals a linear, ohmic
behavior with an overall, typical resistance of some
300 kQ. Here, the contribution of the Ti/Au ohmic
contacts adds to the bare wire resistance. We note that
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the /I—Vtraceis linear even around zero bias underlining
the good ohmic characteristics of the evaporated metal
contacts. The bare InAs wires show a moderate depen-
dence on the applied gate voltage, with a ~25%
increase of the low bias conductance between Vg = 1
and 3 V at room temperature (Figure S1, Supporting
Information). An increase of conductance is expected
due to the growing electronic charge density in the
InAs surface accumulation layer upon application of a
positive gate voltage.

In contrast to the bare InAs wires, the heterostruc-
ture wires comprising the 5 nm long InP segment show
excellent electrical insulation, with resistances of up
to more than 100 GQ (Figure 2b). This verifies the
InP segment acting as barrier to electronic transport.
The barrier originates from the energy difference of
~600 meV between the conduction band edges of
InAs and InP at the abrupt heterointerface (conduction
band offset) .2*

To test the applicability of our novel, semiconductor
nanowire-based contact scheme for molecular con-
ductance studies, we chose 12 nm long OPV deriva-
tives (Figure 3a) that can be surface-assembled from
solution. The molecules with s-conjugated backbone
were synthesized as described previously.® The
OPVs were end-terminated by two thioacetyl groups
(connected by short [CH,],-O- linkers), to provide
the tethering to the InAs, by forming surface-bound
thiolates presumably to the indium."’?%?” Prior to
functionalization of the InAs/InP wires, we investigated
the molecule deposition on a planar InAs surface by
atomic force microscopy (AFM) imaging and nano-
lithography techniques. A 5 x 5 um? surface was first
scanned in tapping mode. Then, a 1 x 1 um? square
within the prescanned area was “scratched” free of
molecules by using contact mode, effectively moving
the molecules to the square edges. Finally, the initial
scanning area was measured again in tapping mode,
imaging the exposed, free InAs square, see, Figure 3b.
Averaged line scans (height profiles) allowed for a
measurement of the molecular layer thickness with
respect to the clean InAs surface, as displayed in the
inset of Figure 3b.

A layer thickness of ~2.2 + 0.4 nm was obtained
from this analysis. We also measured the thickness
by ellipsometry, which yielded a slightly larger value
of 2.8 + 0.2 nm. This small discrepancy may arise from
local surface roughness (bright spots in AFM image,
Figure 3b) that were not taken into account for AFM
height profiling. Clearly, these thickness values would
not indicate the formation of a self-assembled mono-
layer (SAM) with upright-standing molecules. Rather,
it appears more likely that molecules which have
potentially bound with one or both ends to the sub-
strate would lie down. The lateral width of the OPV
derivative measures about 2.2 nm, including the
branched side chains. Hence, a compact layer of lying,
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Figure 3. (a) Structural formula of the investigated OPV
derivative molecule. (b) AFM image of an InAs surface after
deposition of the molecule shown in (a). A 1 x 1 um? square
was scratched free from molecules, which have visibly
piled up at the edges of the square. The dark horizontal
bars extending from these regions are imaging artifacts.
A height profile line scan, averaged over the area within the
white dashed line box, is shown in the inset. Averaging
between the red and black cursor lines, respectively, yields
a step height of 2.2 + 0.4 nm.

possibly laterally stacked molecules may explain our
finding. To support our conclusion that the molecules
were chemically grafted to the surface by thiolate
bonds, we conducted a control experiment with a
structural analog of the OPV, which however featured
—OH groups instead of the thioacetyl groups linked to
the terminal phenyls. Very little surface coating could
be detected in this case (order of 0.5 nm thickness),
most likely due to mere physisorption with the OPVs
lying flat on the surface (Figure S4, Supporting
Information). Hence, we conclude that in contrast the
thiolate terminated OPVs have formed a chemisorbed,
compact monolayer of lying molecules on the surface
of planar InAs.

Following the same procedure for molecule deposi-
tion as was used for the planar InAs surfaces we coated
the InAs/InP heterostructure nanowires that had been
electrically precharacterized, using the original OPV
derivative shown in Figure 3a. Only those nanowires
were chosen for this step that had shown highly
insulating characteristics before. The /—V characteristic
of one such unfunctionalized heterostructure wire with
currents below 200 pA between +3 V and -2V,
measured at T = 77 K, is included in Figure 4. The
observed increase of current at more negative voltages
might be due to (soft) dielectric breakdown of the
InP segment. After warming the sample back to room
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Figure 4. |-V traces of an InAs/InP nanowire before and after surface functionalization with OPV derivatives, as function of
back-gate voltage, measured at 77 K. Left inset: same /—V traces in a semilogarithmic plot, for the absolute value of I as
function of Vps (same color coding). Right inset: schematic illustration of how OPV molecules may electrically bridge the InP

barrier segment.

temperature, the nanowire was surface-coated with
molecules and cooled again to 77 K. Figure 4 sum-
marizes the [—V characteristics of the same nanowire
measured before as reference, now functionalized,
and as function of back-gate voltage. Clearly, the
current has significantly increased for the entire bias
range after functionalization, partly up to more than
6 orders of magnitude, while still keeping Vg =0V
(inset in Figure 4). In total, we have observed a qualita-
tively similar increase of conductance for OPV coated
InAs/InP nanowires in three individual experiments
(see Figure S2, Supporting Information).?2° In the linear
current scaling of Figure 4, the prominent conductance
gap now appears significantly reduced with respect to
the clean wire, ranging from about —1.5 to 1.5 V. From
these voltages on, the drain current Ip enhances up
to a few uA at £3 V. When a positive backgate voltage
is applied, the threshold for this significant onset of
conductance shifts rapidly to smaller source-drain bias,
turning the ~3 V wide conductance gap observed at
Vs =0V to a zero width one for Vg = 3 V, with approxi-
mately linear /—V and a resistance of about 1—2 MQ at
small bias.

We attribute the observed, strong impact of OPV
functionalization on the nanowire conductance to
electronic transport through the surface assembled
molecular wires which may have directly bridged
the embedded InP segment, thereby connecting both
InAs sides. In general, a change of nanowire elec-
trical properties may also be induced by mere sur-
face passivation with thiols.'’>° To exclude such
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chemisorption effects on the conductance of our
nanowires we carried out control experiments with
InAs wires having a 7 = 2 nm InP barrier. We functio-
nalized these wires with a ~5 nm long OPV analog
derivative, featuring the same terminal binding groups
as for the 12 nm OPV shown in Figure 3a. The assembly
was verified on a planar InAs substrate, with measured
ellipsometric thickness 2.7 + 0.1 nm. We did not
observe any increase in conductance of the InAs/InP
wire after functionalization, independent of gate volt-
age (Supporting Information, Figure S3). We ascribe
this finding to the fact that (1) the mere surface thiolate
bond formation alone did not enhance the junction
conductance and that (2) these molecules were too
short to bridge the InP barrier electrically, as expected.
N-type InAs comprises an electron surface accumu-
lation layer providing a 2D metallic type of conduc-
tance which is also reflected in the -V trace displayed
in Figure 2b. In our heterostructure nanowires the
conduction band offset between InAs and InP intro-
duces a 600 meV electronic barrier of 5 nm length
for electrons that are to traverse the InP segment.
This barrier suppresses the conductance considerably.
A possible conduction path could be tunneling
through the barrier. Based on the Simmons model,*'
we estimate a small bias resistance of about 60 MQ at
100 mV for nonresonant tunneling only (see Support-
ing Information). The currents at 100 mV for both
the functionalized and the reference heterostructure wire,
however, were measured to be even more than 2 orders
of magnitude lower than expected from this estimate.
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Figure 5. (a) Calculated current—voltage characteristics for various gate voltages. (b) Total charge density of the resonant
orbital for V=0V, Vps=2Vand (c) for Vg =3V, Vps =0.2 V. (d—f) Schematic energy diagrams at equilibrium, at Vg =0V and
Vps=2.0V, and at Vg =3V and Vps = 0.2 V, respectively. 4, and uy are the chemical potentials of the left and right electrode,
respectively. Energy diagrams are qualitative and not drawn to scale. See Figures S5 and S6 (Supporting Information) for the

quantitative transmission spectra.

While the measured low conductance persists up
to a few volts bias for the unfunctionalized InAs/InP
reference wire, the same wire reveals a significant
current enhancement after molecule assembly above
a certain threshold voltage, as described above. From
the molecule geometry and size and from our finding
for the assembly on planar surfaces, we estimate a
maximum total number of about 300 OPVs that may
align in parallel around the circumference of the wire,
thereby eventually bridging the InP region (schematic
sketch in Figure 4). In our previous experiments in-
vestigating the same molecule connected to about
9 nm separated Au electrodes, we observed the same
qualitative current—voltage behavior, with the same
typical threshold voltage for the onset of conductance,
without applied gate voltage.>*? We note, however,
that the absolute magnitude of currents reached in our
present work is by orders of magnitude larger, even for
a possibly smaller number of molecules. This may well
result from the smaller barrier length that could allow
partial charge transfer directly into the conjugated
backbone of the OPV or from the proximity of the InP
barrier material that may also affect the molecular
orbital energetic landscape.

In general, different electronic transport paths
through the molecule may contribute. While the inner
part of the molecule comprises a conjugated electron
system, the short alkyl-oxygen linker groups at the
termini of the OPV effectively decouple it from the
contacts, acting as electronic barriers of height ~1 eV.
We note that, without such linker groups, we had
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observed a much smaller threshold voltage of about
300 mV for similar OPV derivatives, as reported in
earlier work. 3 For the present system in general, either
Coulomb blockade effects** or the transition from
nonresonant tunneling to direct, resonant charge
transfer through molecular orbital levels may arise.>®
We attribute our observations to the latter mechanism
as supported by our model calculations. For this pur-
pose, we rely on our previous calculation of an OPV
molecule linked to gold electrodes.® There, a conduc-
tance gap (approximately —1.5 to 1.5 V, with no gate
present) had been observed when a relatively short
OPV was linked to Au nanogap contacts. With the help
of a density functional theory (DFT) approach coupled
to nonequilibrium Green's function (NEGF) methods
(Atomistix ToolKit version 11.2.3, QuantumWise A/S,
www.quantumwise.com), the transport mechanism
responsible for conduction could be qualitatively
explained. At low bias, a current is only possible via
electron tunneling across the OPVY HOMO—LUMO gap.
Because such a process has a low probability, the
corresponding current is negligible. The threshold at
1.5V corresponds to the bias at which the LUMO (or the
HOMO) level becomes aligned with one of the contact
Fermi levels, thus, giving the possibility for electrons to
go across such a resonance state, with a much lower
overall resistance. We have extended the calculation
by including a gate electrode located a few nm from
the molecule. Extended Hiickel theory coupled to the
NEGF is employed in the calculation of the gated OPV
device.
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At zero gate voltage (blue curve in Figure 5a), the
previous results are reproduced. Interestingly, when
a positive bias is applied to the gate, the threshold
voltage decreases, in agreement with the experimental
observations, showing basically no threshold behavior
already at Vg =2 V (Figure 5a). By looking at the orbital
configuration for different gate voltages and at the
corresponding energy-dependent transmission prob-
abilities (Figure 5b,c, and Supporting Information,
Figures S5 and S6) we can attribute the gate behavior
to an electrostatically induced change of the orbitals
providing the resonant conductive channels. The pos-
itive gate potential attracts electrons to the OPVs and
makes the LUMO level available for conductance at
a much lower bias than in the absence of the gate,
see the schematic energy diagram in Figure 5f. This
is reflected by the predominantly negative charge
density (depicted with red color, in Figure 5b,c) found
on the LUMO at Vg =3V, Vps = 0.2 V, compared to
the situation at zero gate voltage (Vps = 2 V) where
the HOMO level contributes mostly to the conduction.
The background color in the two figures reflects
the potential profile along the molecule. As mentioned
above, the linker groups at the two contacts create a
potential barrier between Au and OPV. Each barrier
originates due to a charge dipole which in turn is
created by the electron charge attracted by the
strongly electronegative oxygen atom. At Vg = 0,
Vps = 2 V, most of the potential drop occurs near the
linker groups. The application of a positive gate voltage
screens both dipoles inducing a more linear potential
drop over the whole OPV and the onset of conduction
at very small voltages.

Although the calculation refers to a highly simplified
system with respect to the experiment (shorter OPV,
Au electrodes, and gate electrode in vacuum at short

METHODS

InAs/InP Nanowire Sample Preparation. Nanowires were me-
chanically transferred from the growth sample onto thermally
oxidized (100 nm SiO,), p-doped (Boron, 0.01—0.02 Q-cm), 9 x
9 mm?silicon samples. These Si/SiO, samples featured arrays of
Pd—Au markers on the surface, prepared by EBL, electron-beam
evaporation and lift-off, for assigning coordinates (mapping) to
those individual wires to be electrically contacted. Subsequent
to transfer, preinspection, selection, and mapping in SEM, we
chemically etched the deposited nanowires in a solution of
acetic acid and hydrobromic acid (17:3 mL) for 2.5 min at a
temperature of 22 °C. This treatment slightly recess-etched the
surface of the InP segment, thereby further smoothening/
leveling out the heterointerface region. We typically chose 12
nanowires per sample to be electrically contacted, either nine
of which contain an InP segment, and three pure InAs wires as
reference, or as combined wires shown in Figure 1b. Ohmic
contacts to the chosen nanowires together with the metallic
leads to larger bond pads at the outer edge of the sample were
prepared by EBL using a 560 nm PMMA layer, electron-beam
evaporation of 5 nm Ti/100 nm Au and lift-off (Aceton 80 °C, 3 h,
rinsing in iso-propanol and deionized water, drying in stream
of nitrogen). Subsequently, possible residues of PMMA were
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distance from the molecule) we believe that our results
can provide a proper picture of the critical processes
involved in molecular transport. In particular, we have
also calculated the potential distribution in the exact
back-gate configuration shown in Figure 2a, using a 3D
Poisson solver. The actual potential at the surface of the
wire where the OPV molecules are located is around
0.2 eV for Vg = 3 V. This is fully consistent with the
potential that the molecules experience in the gate
configuration we used to calculate the charge trans-
port properties of OPV (Figure 5).

CONCLUSION

We have demonstrated a novel molecular elec-
tronics device configuration where the electrical contacts
to the organic molecules consist of all-semiconductor
material. InAs nanowires comprising a 5 nm embedded
InP barrier segment were surface functionalized with
12 nm long OPV derivatives. These OPVs formed a
dense layer on planar InAs of thickness ~2.2 nm, as
verified by AFM studies. The observed nonlinear |-V
characteristics of coated InAs/InP heterostructure
nanowires can be understood in terms of electronic
transport through those molecules which bridge both
InAs halves of the wire across the InP barrier. We
attribute the onset of conductance at bias above
1.5 V to resonant tunneling predominantly through
the HOMO level of the OPV. This threshold effectively
shifts to smaller values with increasing backgate volt-
age eventually leading to finite, ohmic-like conductance
at zero bias, in agreement of experiment and model
calculations. Future work shall address to more detail the
transport mechanism in our InAs—molecule—InAs sys-
tem, in particular, taking into account the coupling to the
contacts and the influence of the InP dielectric barrier
material onto the molecular orbital energetics.

removed in O, plasma, 30 s. To improve the quality of the ohmic
contacts to the InAs wires, their native surface oxide layer was
removed and the surface was passivated just before evapora-
tion (transfer time below 2 min) using a dedicated ammonium
polysulfide process.3® After preparation of the ohmic contacts
the backside of the sample was etched in a 6% buffered
HF solution for 2 min to remove the 100 nm backside oxide.
The sample was then mounted in a ceramic chip carrier using
melted indium as conductive adhesive. Finally, the front side
outer bond pads of the sample were Au wire bonded.

InAs Surface Functionalization with OPV Derivative Molecules. For
functionalization studies on planar InAs (100) oriented,
centimeter-sized samples (undoped, Wafertech) were at first
exposed to buffered HF solution (6%) vapor for 60 s. Right
afterward, the samples were immersed in a 72 uM solution
of the OPV derivative molecules dissolved in tetrahydrofuran
(THF, =299.9%) for 24 h. During this time, the solution with
sample was kept inside a closed beaker with THF-saturated
atmosphere, to avoid concentration changes by evaporation.
Subsequent to molecular deposition, the samples were first
annealed (60 °C for 1 h, in nitrogen atmosphere), and then kept
in isopropanol at 30 °C for 1 h. For acetyl deprotection and
thiolate bond activation, the substrates were immersed in a
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0.06 M solution of NH4OH in THF/isopropanol (1:2 w/w) for 1 h.
Following this step, the samples were rinsed in THF/iso-propanol
and finally blown dry in a stream of nitrogen.

The same recipe was used for surface functionalization of
the heterostructure nanowire samples.

AFM and Ellipsometry. AFM imaging and nanolithography was
performed using a Veeco Dimension V instrument, equipped with
a Nanoscope V controller, and using aluminum-coated silicon
tips. For ellipsometry studies, an EL X-02C rotating-analyzer ellipso-
meter model (DRE Dr. Riss, Ratzeburg) was used, at fixed wave-
length 1 = 632.8 nm, and angle of incidence 70°, assuming a
refractive index of n = 1.55% for the organic layer.

Electrical Measurements. A bonded sample chip under study
was mounted into a custom-made, shielded measurement
rod and immersed into liquid nitrogen. Measurements were
taken at 77 K to avoid possible thermionic excitation over the
barrier, which had been observed at room temperature
previously.?® Current—voltage (/—V) characteristics were taken
using a Keithley 2635 source meter connected to source and
drain contacts and controlled via a PC (LabView software).
A variable backgate voltage Vs was applied to the p-doped Si
substrate wafer (Agilent E3641A voltage source), with the 100 nm
thermal oxide below the nanowire acting as gate insulator.
During the measurement of a given nanowire, all electrical
contacts connecting further nanowires were set to common
ground potential, for protection against damage from possible
electrostatic discharge.
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