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Gold/Molecule/p+ Si Devices: Variable Temperature
Electronic Transport
Adina Scott, Member, IEEE, and David B. Janes, Member, IEEE

Abstract—Although a considerable amount of experimental and
theoretical work has been devoted to nanoelectronic systems with
molecular components, relatively little work has been done on
molecular electronic devices on technologically relevant substrates
such as silicon. Metal–molecule–semiconductor (MMS) studies
have generally focused on structures in which the semiconductor
barrier is dominant or treated the semiconductor as a metallic contact. In this paper, we present measured temperature-dependent
current–voltage characteristics of gold/molecular monolayer/p+
silicon devices. We explore how the bandstructure of the degenerately doped semiconductor, molecular electronic properties, surface states, and molecular vibronic properties contribute
to the electronic transport. We also demonstrate that moleculedominated behavior can be achieved in a MMS device by appropriate engineering of the contact electronic properties.
Index Terms—Charge-carrier processes, molecular electronics,
silicon.

I. INTRODUCTION
N 1974, Aviram and Ratner suggested that an individual
molecule could function as an electronic device [1]. Since
that time, there has been considerable interest in developing such
molecular electronic systems. Advances in fabrication techniques and measurement capabilities have resulted in a wealth
of data on molecular conductance in recent years [2], [3]. Much
of the work that has been done to date has utilized metal electrodes, however, this has posed significant problems for device
stability and interpretation of results. Replacing one or both of
the metal electrodes with alternate materials such as semiconductors [4] or carbon [5] is a promising approach for addressing
such issues. A variety of molecular layers can be covalently
bound to semiconductor surfaces, leading to chemically stable junctions [6], [7]. Traditional microfabrication techniques
can be combined with molecular modification to achieve novel
structures. In situ spectroscopic characterization can be utilized
to verify the integrity of the resulting structures [7], [8].
It has been proposed theoretically [9] and demonstrated experimentally using scanning tunneling spectroscopy [10] that
novel behavior such as negative differential resistance (NDR)
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can be achieved due to the interplay between molecular electronic orbitals and the bandstructure of degenerately doped silicon. In spite of these promising experimental and theoretical
results, much of the experimental work on integrated metal–
molecule–semiconductor (MMS) devices has utilized lightly
doped semiconductors or structures, where there is a large builtin potential [4]. Such devices exhibit significant rectification
and Schottky diode-like behavior at low biases, suggesting that
the semiconductor contact is dominating the transport behavior [11], [12]. The molecular layer contributes to the electronic
properties by modulating the Schottky barrier height due to
dipolar considerations [13] but only represents the dominant
barrier at large forward biases when the semiconductor barrier is flattened out [14]. By utilizing a system in which there
is little or no semiconductor barrier, it is possible to tune the
devices into regimes where the molecular layer is the limiting
conduction barrier even at low biases [11]. A promising manner of achieving this while utilizing technologically important
materials is to use a p+ Si substrate and a top metal electrode
with little band offset such as gold. Such devices are of great
interest since significant changes in device transport can be
achieved by modifying the molecular layer in a manner analogous to metal–molecule–metal (MMM) devices. The use of
degenerately doped Si allows for measurement of temperaturedependent properties since the carriers in the semiconductor do
not freeze out.
MMS devices that are dominated by the metal–semiconductor
characteristics can be described by using a theoretical framework based on well-developed Schottky diode theory. Reasonably sophisticated models have been developed for MMM
device structures, which include the molecular electronic properties, coupling effects, and contact properties [15], [16]. Such
models have been instrumental in facilitating the interpretation
of qualitative trends in conductivity of MMM devices based on
molecular electronic properties [17]. In contrast, the theoretical
framework for interpreting MMS devices that are dominated
by molecular transport is not well developed. Prior experiments
with degenerately doped Si contacts have treated such structures as theoretically similar to MMM devices [18], however,
this treatment does not capture the characteristics of the semiconductor energy bands and bandgap, which can play a significant role in transport in such devices. In order to facilitate the
development of such models, experimental data that explores
temperature- and voltage-dependent transport in such devices
must be generated and analyzed.
In this paper, current–voltage (I–V ) characteristics through
Au/molecule/p+ Si devices are measured for various molecular layers at various temperatures. Transport mechanisms are
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Fig. 1. Schematic of device structure utilized in this experiment. The chemical
structures of the three molecular species used are shown in the inset.

discussed based on considering the voltage- and temperaturedependent characteristics. The physics of carrier transport in
such systems is analyzed considering the Si bandstructure and
molecular orbital energies as well as nonidealities such as surface states. Measured electronic properties are correlated with
spectroscopic data suggesting that molecular vibronic properties play an important role in tunneling transport under certain
conditions.

II. MEASUREMENT
MMS devices as shown schematically in Fig. 1 were fabricated using methods described previously [8], [11]. Samples
with hydrogen-terminated silicon, thin chemically grown silicon oxide, and three molecular species were measured over a
temperature range from 300 to 4.2 K. The diethylaminobenzene
(D-Benz), nitrobenzene (N-Benz), and 2-methyl-4-nitrobenzene
(2M4N-Benz) were electrochemically grafted to hydrogen terminated 1 1 1 Si surfaces in lithographically defined device
wells with diameters 2–6 µm. The acceptor doping density (Na )
of the substrates was 4 × 1019 cm−3 . Monolayers deposited
using nominally identical techniques have been characterized
using spectroscopic techniques, ellipsometry, and atomic force
microscopy, in order to verify near-monolayer coverage and
surface morphology [19]. In situ infrared (IR) spectroscopy
studies on structures following metallization have shown signatures of the molecular species and submonolayer oxidation
for most species [7]. Gold top contacts were deposited using a
“soft” evaporation technique [20] and patterned and etched using standard microfabrication techniques [11]. Measurements
were performed using a Desert–Cryo probe station. The samples were affixed to a sample holder using silver paint to form
the electrical back contact to the devices. The sample holder
was mounted in the probe station and the chamber was pumped
down to 2 × 10−7 Torr. The gold top electrodes were contacted
with a probe tip and current–voltage measurements were performed using an HP 4145B semiconductor parameter analyzer.
In all measurements, the bias is applied to the gold electrode and
the silicon substrate is grounded. Measurements were obtained
as the samples were cooled down, and as they were heated back
up to ensure that the observed effects are due to temperature and
not electrical stressing.

Fig. 2. Typical J V –T of Au–Si device. The devices exhibit Ohmic behavior
with specific contact resistances on the order of 10−5 Ω·cm2 .

III. RESULTS
Current density–voltage–temperature (JV –T) curves for a
representative gold/p+ Si device is shown in Fig. 2. The measurement was restricted to a bias range of ±0.2 V due to the
high sample conductivity levels. The total resistance through the
device is given by
Rtotal =

ρ
ρC
+
A
4r

(1)

where ρC is the specific contact resistance, A is the area, ρ is
the bulk resistivity of the Si, and r is the radius of the device.
The first term is the contact resistance and second is a spreading resistance. The bulk resistivity of the wafers used in this
paper was 0.01–0.005 Ω·cm resulting in a spreading resistance,
which is less than 10% of the overall resistance. Therefore,
the current in these devices is limited by contact effects. The
back contact has a much larger area than the device well dimensions, therefore, the current is limited by the top contact.
The specific contact resistivity was determined by taking linear
fits to the I–V data and applying Ohm’s law (V = IR). The
resistance changes monotonically with temperature. Since the
Si is degenerately doped, the carrier concentration is largely
temperature independent. There is a small reduction in device
resistance as the temperature is lowered due to the activated
nature of scattering processes in the material, causing the mobility to be temperature-dependent. This is consistent with the
expected behavior of gold/p+ Si contacts [21].
The addition of a molecular layer is thought to introduce a
thin insulator with molecular electronic-dependent conductivity
into the junction. In order to replicate this situation in a control
experiment, a thin chemically grown silicon oxide was utilized
to form a metal–insulator–semiconductor (MIS) structure. The
JV –T characteristics of a representative gold/oxide/p+ Si device are shown in Fig. 3. The addition of the interfacial oxide
layer reduces the overall current density relative to the Au/p+ Si
control sample. The curves are no longer linear in shape. Moreover, the MIS devices have significant temperature-dependent
behavior in which the conductivity decreases monotonically as
the temperature is reduced. The temperature dependence is more
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provide a well-defined tunnel barrier for charge carriers. This
control study is used to differentiate effects due to molecular
electronic properties from device behavior due to the presence
of an arbitrary tunnel barrier and/or surface states. Prior studies of MIS devices on degenerately doped p-type substrates
indicate that the tunneling is strongly influenced by the details
of the Si surface states, which are dependent on the details of
the processing conditions [22]. The molecular samples exhibit
qualitatively different current densities and symmetries both
due to differences between the transmission through the molecular layer and oxide and differences in the states located within
the molecular layer and induced at the Si surface due to the
molecular electronic properties. Although tunneling transport is
typically thought to be relatively temperature independent, the
measured I–V curves in this paper show significant temperature dependence, indicating that mechanisms other than simple
tunneling contribute significantly to transport.
Temperature-dependent conduction processes can often be
described using an Arrhenius-type equation
− kE aT

|J| = |J0 |e

(2)

B

where Ea is the activation energy. Taking the natural log of both
sides of (2) and rearranging, one obtains
ln(|J|) = ln(|J0 |) −

Fig. 3. Temperature-dependent transport characteristics of gold/SiO2 /p+ Si
device on (a) linear and (b) semilog scales. (The legend in (a) is applicable to
both plots.)

prominent in the −V bias direction then the +V bias direction
and is more pronounced at low bias than at higher biases.
JV –T curves for representative gold/molecule/p+ Si devices
are shown on linear and semilogarithmic scales in Fig. 4. All of
the devices with molecular layers have much lower current densities than the hydrogen-terminated Si/gold sample. Moreover,
the I–V curves do not exhibit linear behavior. All of the molecular devices have asymmetric I–V curves and the direction and
magnitude of rectification are consistent with the trends seen
for the same molecular species in previous room temperature
transport studies [11]. All of the samples have conductivities
that decrease monotonically with decreasing temperature. The
temperature dependence is more pronounced in the −V bias
direction than the +V direction and is generally more prominent at low bias than high bias. The curves are relatively smooth
at higher temperatures and develop distinct features such as
changes in slope at low temperatures.
IV. ANALYSIS
Au/oxide/p+ Si devices were measured because the thin oxide layer should mimic the electrostatics of the MMS device, but

Ea 1
kB T

(3)

From (3), it is clear that the activation energy at a given bias
can be obtained by plotting the current density versus 1/T on
a semilog plot. If the conduction process has an exponentially
activated behavior, this Arrhenius plot will be linear and the
activation energy can be obtained from the slope. Arrhenius plots
for a representative gold/molecule/p+ Si device are shown in
Fig. 5. At high temperatures the current varies with temperature,
whereas below 80 K it is nearly independent of temperature.
Qualitatively similar behavior was seen for all molecular and
oxide devices and similar behavior has been reported previously
for MMM structures [23], [24]. The high and low-temperature
regimes will be considered separately.
The relatively temperature-independent behavior seen below
80 K is suggestive of tunneling transport through the molecular layer. In this regime, it should be possible to observe features related to the molecular–electronic structure in the transport characteristics of the devices. Conductance versus voltage
(G–V ) characteristics of molecular devices obtained by numerically differentiating the I–V characteristics at 4.2 K are
shown in Figs. 6 and 7 for the oxide and molecular samples,
respectively. The numerical derivative were calculated using
the finite difference method and no additional smoothing or
processing was applied to the data. The G–V curve for the
oxide sample is smooth, however, all of the molecular samples have distinct features such as peaks and shoulders in the
G–V characteristics, which are observed to be stable over many
measurements. Qualitatively, all of the molecular samples exhibit more numerous and prominent features in the negative-bias
direction than the positive-bias direction. The similarities and
differences between the various molecular samples suggest that
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Fig. 4. J V –T characteristics on linear and semilogarithmic plots of representative gold/molecule/p+ Si devices with (a) D-benz, (b) N-benz, and (c) 2M 4N-benz
molecular layers. (The legend in (b) is applicable to all plots.)

Fig. 6. Conductance–voltage characteristic of representative gold/SiO2 /p+ Si
device at 4.2 K. There are no features such as peaks or abrupt changes in slope
visible on this curve.

Fig. 5. Typical Arrhenius plots of 2M 4N-benz device for negative (a) and
positive (b) biases. There is significant temperature dependence at higher temperatures and below 80 K, the transport is largely temperature independent.

both molecular–electronic properties and electrode properties
contribute to transport in these devices.
Above 200 K, the Arrhenius plot has a linear region which is
expanded in Fig. 8(a) and (b) for the −V and +V bias directions
respectively. The “+” symbols are experimental data points and
the solid line is a linear fit. Activation energies extracted from
the average slope for the various gold/molecule/p+ Si devices
are shown in Fig. 9. The activation energies are on the order
of 50 meV at low bias for most samples, which is much lower
than the energies associated with the Schottky barrier heights
in the case of Au/molecule/n Si devices [25]. The activation
energies are largest at low bias and decrease with bias. With the
exception of D-benz, the samples have very similar trends in
Ea for negative biases, suggesting that the measured activation
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Fig. 7. Conductance–voltage characteristics of gold/molecule/p+ Si samples at 4.2 K with (a) D-benz, (b) N-benz, and (c) 2M 4N-benz molecular layers. More
features are observed in the −V than the +V bias direction.

Fig. 9. Activation energy as a function of applied bias for Au/molecule/p+ Si
devices.

V. DISCUSSION

Fig. 8. High temperature portion of typical Arrhenius plots from Fig. 5 in
(a) and positive (b) bias directions. The “+” symbols are experimental data and
the solid lines are linear fits.

energies are related to contact effects rather than the molecular
layer in this bias regime. For positive bias, there is more variation
in Ea for the different sample types, with N-benz exhibiting
much higher values than the other samples.

For each of the molecular species, five to six different devices
were measured. Although there was some device-to-device variation in absolute current density, the observed temperature and
voltage dependences were consistent for devices with a given
molecule. The devices in this paper in some cases exhibit absolute current densities that deviate from previously reported conductivities for samples fabricated in a similar manner, however,
relative trends in conductivity, curve shape, and rectification
characteristics are consistent with previous experiments [11].
Low conductivity samples were observed to have relatively poor
gold contact adhesion, therefore, the variation in current density is attributed to reduced effective device area due to patchy
gold contact. Since charge transport in a nonhomogeneus twoterminal device is dominated by high-conductivity regions, the
reduced effective area will simply add a geometric scaling factor
to the absolute current density, however, it will have minimal
impact on the dominant charge transport mechanisms.
Some of the observed trends in device characteristics can
be qualitatively explained by considering the expected band
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Fig. 10. Band diagrams of Au/molecule/p+ Si devices (a) at equilibrium, (b) under positive bias, and (c) under negative bias. The broadened Gaussian
distributions in the molecular layer in (a) represent the approximate molecular DOS associated with the D-benz and N-benz HOMO levels based on isolated
molecule calculations. The possible conduction paths under bias are illustrated by arrows in (b) and (c), respectively.

diagram of the device and resultant conduction mechanisms.
Due to the degenerate doping density, the p+ Si has an impurity
band hybridized with the valence band, leading to a relatively
narrow band of occupied hole states (empty electron states) in
the valence band at all temperatures [21], [26]. Due to the band
lineup between the gold Fermi energy and the Si valence band
there is little built-in potential, as shown in the band diagram in
Fig. 10(a). As positive bias is applied, assuming that a majority
of the potential falls across the interfacial insulating layer (either
molecule or oxide), the metal Fermi level is shifted down with
respect to the Si impurity band. Under these conditions, the
most likely conduction mechanism is injection of electrons from
states in the valence band through the molecular layer into the
metal as shown in Fig. 10(b). As a negative bias is applied,
the metal Fermi level shifts up with respect to the Si bands.
In this case, the electron can tunnel using a direct path 1) or an
indirect path 2) due to interaction with molecular vibronic states
or traps/virtual states at the Si surface, as shown in Fig. 10(c).
In this case, the range of energies over which transport takes
place will be defined by the width of the impurity band and the
energetic distribution of surface and vibronic states. In the oxide
MIS samples, the high relative current density for negative bias
suggests a significant surface state density, which is expected for
a chemically formed oxide. For MMS devices on lightly doped
substrates, typical surface state densities on the order of 1011 –
1012 cm−2 have been observed [25]. Given the high doping
density of the substrate, the measured surface state densities are
insufficient to considerably affect the device electrostatics. Since
the surface state densities are more then 100 times lower than
the surface density of molecules, they are unlikely to dominate
the device transport.
In the positive-bias direction, the conduction takes place over
a range of energies between the gold and Si Fermi energies. This
situation is analogous to transport in MMM structures. Since
there are states available in both contacts for conduction, charge
transport at zero temperature can be calculated by integrating
the tunneling probability through the molecular layer over the

energy between the contact potentials [15], [16]. The tunneling
probability at a given energy is related to the molecular density
of states (DOS) and the coupling to the contacts. As the positive bias is increased, the window of energies over which the
molecular DOS is interrogated increases. Because of the integration over energy, features in the molecular DOS are likely to
appear as changes in slope in the measured I–V characteristics.
In the negative-bias direction, however, the conduction takes
place through a narrow band of states, implying that a relatively
narrow energy window of the molecular–electronic structure is
influencing conduction. Assuming that modest band-bending
occurs at the Si surface, the convolution of the narrow band
of states with the molecular transmission properties should resolve features in the I–V due to the molecular DOS with a small
amount of broadening. Also, since most of the applied bias is
dropped across the molecular layer, the contact potentials can
move with respect to the molecular states, thereby distinguishing molecular–electronic features.
The observation that there are qualitatively more moleculedependent features for negative biases than positive bias voltages
at low temperature is consistent with these proposed conduction
mechanisms. In Fig. 7, the G–V curve of the oxide sample is
smooth, indicating that there are no sharply defined electronic
features in energy. The molecular samples, on the other hand,
all have distinct peaks in the G–V curves. For all molecular
samples, there are prominent features in the negative bias direction, whereas the positive bias G–V spectra appear smoother.
This is consistent with the expected conduction mechanisms
based on the band diagram. Similar features have been reported
previously for scanning tunneling spectroscopy experiments on
individual molecules on p+ Si [10], however, this is the first
report of such behavior in an integrated MMS device. More sophisticated calculations of the molecular–electronic properties
are needed to determine the specific molecular levels responsible
for the observed features in the low-temperature G–V spectra.
For one molecular species, it is possible to unambiguously
correlate features on the low-temperature I–V curve with
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Fig. 11. IETS obtained using the ac 2 Ω lock-in technique plotted with (a) a
dc I–V curve and (b) numerically calculated d2 I/dV 2 from a dc I–V curve
for gold/N-benz/p+ Si samples at 4.2 K. The curves in (b) are offset for clarity.

molecular vibronic properties. The molecular vibronic structure of molecular transport junctions can be measured using
inelastic electron tunneling spectroscopy (IETS) [8], [27], [28].
Although IETS is an electronic transport measurement, the signal due to the vibronic contribution is typically much smaller
than elastic tunneling. For this reason, it is typically necessary to
use an ac probe signal and a second harmonic (2 Ω) lock-in measurement technique in order to measure the signal (d2 I/dV 2 ).
The low SNR in the measurement typically necessitates specialized sensitive electronic components and measurement times on
the order of hours, however, IETS from dc I–V measurements
have been reported previously for molecular devices with two
metallic contacts [29]. We have previously reported on IETS of
this type of device obtained using the ac lock-in technique and
details of the measurement, analysis, and peak assignment can
be found in [8]. The I–V measurements presented in this paper,
however, are measured using a standard semiconductor parameter analyzer with measurement times of less than one minute.
Fig. 11(a) shows the low-temperature dc current–voltage characteristics of N-benz along with the 2 Ω ac IETS showing features
at similar energies. The correlation between the two measurements is seen more strikingly by numerically differentiating the
I–V curve, as shown in Fig. 11(b). The numerical differentiation was performed using the finite difference method and no
smoothing or other data processing was applied. In this case,
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there is remarkable agreement between the two curves, indicating that the inelastic tunneling current is a relatively large
component of the overall current. Two factors are likely to contribute to this transport behavior. First, the elastic component
is relatively weak, as indicated by the low current densities observed for the N-benz sample, suggesting that transport through
the molecule is nonresonant and the molecular DOS is relatively
low near the contact Fermi levels. This is consistent with the calculated highest occupied molecular orbital (HOMO) energy for
N-benz which is well below the contact potentials, as shown in
Fig. 10(a). Second, the relative prominence of features in the
I–V curves in the negative bias direction, even at comparable
current densities, suggests that the range of energies over which
elastic transport can occur plays a significant role. This effect is
also observed for molecular species with higher conductance.
Based on the Si-bandstructure, elastic transport is expected to
occur over approximately the full range of energies between the
contact Fermi levels when a positive bias is applied, whereas in
the negative bias direction it occurs over a significantly smaller
energy range (≈Ev − EF in Si) as illustrated in Fig. 10(b) and
(c). This energy filtering property of the degenerately doped
silicon contact leads to the larger relative inelastic contribution
in the negative bias direction, thereby enabling the direct observation of vibronic features in a simple dc I–V measurement.
Our prior study assigned a number of IETS peaks to specific vibronic modes expected for N-benz [8]. A subset of these modes
are indicated on Fig. 11(a). βCH and νCH are carbon hydrogen
ring modes, C–C represents a carbon–carbon aromatic mode,
and the N–H stretch arises from partial conversion of the NO2
headgroup to amine [19]. The Si–H stretch is attributed to some
remaining hydrogen-terminated sites on the Si surface and the
Si phonon mode is weakly visible.
Although qualitative features of the low-temperature transport can be understood using the band diagram in Fig. 10, a more
complete description is necessary to capture the temperaturedependent behavior. MMM devices can be approximated as an
array of discrete conducting levels in parallel coupled to two
contacts. In general, the current density in such a system can be
expressed as

q
T (E)[f1 (E) − f2 (E)]dE
(4)
J =N
h E
where N is the number of parallel conducting channels per
unit area, q is the charge on an electron, h is Plank’s constant,
f1,2 (E) are the Fermi functions in the two metal contacts and
T (E) is the transmission function. The details of the contact
and molecular electronic structure are contained in T (E)
T (E) = 2πD(E)

γ1 γ2
γ1 + γ2

(5)

where D(E) is the molecular DOS and γ1,2 are the coupling
coefficients to the two contacts. The information about the
contact DOS and carrier velocities are contained in the coupling coefficients. In metal contacts there are a large number of
states at the Fermi energy and the carrier velocities do not vary
significantly with energy, therefore, the coupling coefficients
can be approximated as energy-independent parameters. For
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Fig. 12. DOS and equilibrium hole density in Si as a function of energy relative
to the valence band edge. At low temperature, the carriers are primarily in the
impurity band whereas as elevated temperatures there is a significant density of
carriers in the valence band.

semiconducting contacts, however, the carrier supply to the
junction can limit current in the device due to the DOS in the
contact. In this case, the carrier supply functions to the junction,
i.e., the contact DOS, Fermi functions, and impinging carrier
velocities, must be considered.
In the positive-bias direction the transport is analogous to
the MMM case, therefore, (4) and (5) should provide a reasonable description of the carrier transport. The Fermi functions and transmission function both vary as a function of bias
and temperature. At low temperatures, the Fermi functions are
very abrupt, however, as the temperature is raised, the Fermi
functions broaden, effectively broadening the energy range over
which conduction takes place. The activation energy can arise
from the overlap of the Fermi tails with energy ranges in which
the transmission function through the molecular layer or semiconductor barrier is higher.
In the negative-bias case, the supply of carriers due to the SiDOS and bandstructure greatly influences the current density,
therefore, a description of the carrier distribution in the silicon
electrode as a function of energy and temperature is necessary.
The hole distribution and Fermi energy can be calculated by
considering that

g(E)(1 − f (E − EF ))dE
(6)
p=
E

where g(E) includes the parabolic valence band for the Si plus
a Gaussian acceptor band with NA states located 45 meV above
the valence band edge [26]. For this doping level, the equilibrium hole concentration does not vary with temperature, therefore, p = NA [21]. A plot showing the calculated hole density
as a function of energy in the Si valence band and impurity band
at equilibrium is shown in Fig. 12. Within the parabolic band,
the energy–velocity relationship corresponding to the average
effective mass within the Si valence band is assumed. Since the
acceptor band states are more localized, the effective velocity
and/or contact coupling for the acceptor band are assumed to be
small with respect to the states in the parabolic valence band.
Near flat band conditions, which would apply for low biases,

Fig. 13. Carrier density in p+ Si as a function of energy relative to the valence
band edge at (a) 50 K and (b) 300 K for the biases in the legend. The DOS in
the Si is also shown.

the holes are confined primarily to the acceptor band at low
temperatures, while the hole distribution extends farther into
the parabolic band as the temperature increases, as shown in
Fig. 12. The additional carriers at larger energies/velocities results in the activated conduction for temperatures above 200 K.
For temperatures below 100 K, the temperature dependence
is significantly reduced because few carriers are in the highvelocity parabolic states. As the bias is increased, the majority
of the applied potential is dropped across the molecular layer,
although a small portion drops across the semiconductor, resulting in modest band bending corresponding to an accumulation
of holes. As the density of holes increases, the Fermi level
moves into the parabolic band as shown in Fig. 13, resulting
in a significantly increased current density, particularly at low
temperatures. The difference between current levels at low versus high temperatures is, therefore, more modest, resulting in
the reduced activation energy observed with increasing bias.
Experimentally, the temperatures at which activated transport
occurs are high enough such that the Fermi function is sufficiently broadened to populate significant hole states in the Si
valence band. The temperature-independent regime, however,
occurs over a temperature range at which the carriers are largely
localized in energy to the acceptor band, as seen in Fig. 12.
The energy-dependent transmission coefficient through the
molecule (Tm ol ) contributes to the observed voltage and temperature dependences. Based on prior MMM modeling, the
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transmission through the molecule is related to the molecular DOS which is related to the isolated molecule orbital energies that are shifted and broadened due to contact coupling
effects [15]. For the molecular modifiers on Si in this paper,
the molecular transmission can be approximated by a Gaussian
distribution with a half-width in the range of 0.5–1 eV [30].
As shown in Fig. 10(a), the HOMO for isolated D-Benz is expected to be close to the contact Fermi levels, while the HOMO
energies for N-Benz and 2M 4N-benz are expected to be more
than 1 eV lower. Spectroscopically, it has been determined that
NO2 -substituted molecules can reduce, forming a partially NH2 terminated molecular layer [19]. This can introduce an HOMO
energy that is close to the contact Fermi levels for the N-benz
and 2M 4N-benz molecular species as well. Although these
isolated molecule HOMO levels can assist in the qualitative interpretation of device behavior, a more detailed calculation of
the broadened levels would be required in order to accurately
establish the levels within the device.
Under bias, the molecular levels are expected to move relative to the metal and semiconductor Fermi levels, based on a
capacitance divider between the contacts [15]. For negative biases, the voltage divider is expected to be close to 0.5, since the
semiconductor is accumulated and the capacitive charge motion
is near the contact/molecule interface for both contacts. Under
increasing negative biases, the molecular level is pulled up in
energy, generally resulting in a larger Tm ol in the energy range
where the semiconductor contact can supply holes. For D-Benz,
this effect may increase the energetic alignment of the molecular
HOMO with the semiconductor Fermi level, although no clear
signatures of the associated molecular charging are observed,
likely due to the significant broadening of the molecular level.
At a given bias, the energy dependence of Tm ol also contributes
to the temperature dependence, since larger temperatures provide a larger number of holes in lower energy states within the
semiconductor; at these energies, the Tm ol is larger. For positive
biases, the center of the HOMO level is pulled down. Since the
semiconductor is somewhat depleted in this bias direction, the
HOMO energy is expected to move primarily with respect to the
silicon Fermi level, i.e., the capacitance divider is likely somewhat different than 0.5. Although the conduction is distributed
over a broader range of energies in this case, an effect due the
changing energy distribution of Tm ol is also expected in this bias
direction.
The observation that N-benz, 2M 4N-benz, and the oxide sample have relatively similar activation energies as seen in Fig. 9
is consistent with non-resonant tunneling through the interfacial layer with the measured activation energies arising from the
temperature-dependence of the carrier distribution within the Si
electrode. As shown in earlier work, the calculated HOMO energy for the D-benz molecule is near the contact potentials [11].
It was postulated that this leads to molecular orbital-assisted
processes which contribute to conduction. The fact that Ea is
relatively independent of bias for the D-benz devices under negative bias (see Fig. 9) is consistent with a level-mediated conduction process, suggesting that a large number of the charge
carriers are interacting with a state that is energetically located
≈45 meV from one of the contact potentials.
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The current in MMS hybrid devices can be explained by combining molecular transport and solid-state concepts. The carrier
supply in the contacts and the transparency of the molecular
barrier both contribute to device characteristics. Many features
of the bias and temperature dependence can be explained by the
interplay between the Si carrier distribution and the molecular
HOMOs. A more quantitative description of the devices will
require a more accurate description of the molecular electronic
structure, however, qualitative features of the JV curves can be
explained with this simple model.
VI. CONCLUSION
Variable–temperature I–V measurements were performed on
gold/molecule/p+ Si devices. The hydrogen-terminated samples exhibit Ohmic behavior with a low specific resistance. The
molecular samples exhibit activated behavior at higher temperatures and are relatively temperature-independent below 80 K.
Due to the Si bandstructure, molecular–electronic features can
be clearly observed at low temperature under appropriate biasing conditions. Bias polarity-dependent peaks in the lowtemperature G–V curves are observed for all molecular samples due to the interplay between the DOS in the Si contact and
the molecular–electronic properties. For one molecular species,
these features are attributed to vibronic modes that are also seen
in IETS measurements. A model has been presented to qualitatively explain the observed bias and temperature-dependence of
these devices based on the contact and molecular electronic
properties. Collectively, these observations demonstrate that
molecular electronic-dominated conduction can be achieved in
metal–molecule–semiconductor structures by appropriate engineering of the contact electronic properties.
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