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ABSTRACT: The electronic properties of a molecular
junction (MJ) consisting of a redox-active molecular layer
and a 15 nm thick layer of aluminum oxide (AlOx) between
conducting carbon contacts were compared to the same
device lacking AlOx. For the electron acceptor naphthalene
diimide (NDI), a negative bias applied to an NDI/AlOx MJ
injects electrons into the NDI, which are blocked from further
transport by the oxide. The electrons stored in the NDI more
than double the charge storage over that of an equivalent
dielectric parallel plate capacitor, and the dynamics of
charging and discharging are completely distinct from those
of a parallel plate. Replacement of NDI with an electron donor
tetraphenylporphyrin (TPP) layer reverses the polarity of the charge/discharge process with electrons leaving the TPP layer
under positive bias. The charge/discharge kinetics are temperature and bias dependent, indicating the electrons injected into the
NDI layer result in nuclear reorganization to the configuration of an NDI− anion. The devices exhibit electronic properties
resembling a “dynamic chemical capacitor”, in which carriers are stored in the molecular layer and the charging kinetics are
controlled by reorganization energy, temperature, and applied bias. The molecule/oxide MJs are analogous to an
electrochemical cell lacking ions, double layers, and solvent and involve only a single half reaction. In addition to providing
kinetic information about basic electron transfer reactions underlying electrochemistry, electron donor−acceptor reactions, and
electrostatic effects in organic electronics, the molecule/oxide MJs may have valuable applications in charge storage, memory,
and as capacitors with a range of response times tunable by variations in structure and reorganization energy.

■ INTRODUCTION

Charge transport through single molecules or ultrathin (1−30
nm) molecular layers is the basis of molecular electronics,
which seeks to realize new electronic functions for molecular
devices which can augment silicon and conventional semi-
conductors. The molecular junction (MJ) consists of
molecules oriented between conducting contacts and has
been studied extensively with both single molecules and large
ensembles, often covalently bonded to the contacts by a variety
of techniques.1−5 Transport across molecular dimensions (d)
of 1−5 nm for aromatic molecules and 0.5−2 nm for alkanes is
due to coherent quantum mechanical tunneling exhibiting an
exponential dependence on charge transfer distance.6 Beyond
d = 5 nm, transport occurs via a series of “hopping” steps,
which may involve finite residence time of the carrier in the
molecular layer. For example, polarons formed in oligopheny-
leneimine molecules with d > 4 nm can cross a MJ via
tunneling7 or redox exchange,8 and molecules containing redox
centers can support transport over distances from 10 to 30
nm.9−14 Although transport in MJs when d < 5 nm is generally
accepted to involve coherent tunneling, the nature of the
“sites” involved in hopping mechanisms (d > 5 nm) is unclear,
as are the carrier residence time and the temperature
dependence of MJ behavior.

A different aspect of MJs relates to device function and the
identification of electronic properties unique to molecular
components that are difficult or impossible with conventional
semiconductors or may provide cost, power, or flexibility
advantages which would support commercialization. Molecular
tunnel junctions with d < 5 nm are available commercially, and
their smooth, sigmoidal current−voltage (I−V) characteristics
are useful for harmonic generation in electronic music
equipment.15 Charge storage in molecular junctions enables
low-volatility memory applications,16−18 including those based
on conducting polymers.19−21 To date, charge storage in MJs
involves solvated mobile ions and two redox systems and is
conceptually equivalent to a Faradaic electrochemical cell with
charge transfer and electronic behavior dependent on ion
motion and space charge compensation. In addition, redox
states of molecules in reported single-molecule junctions have
been observed only in liquid electrolytes.22−27 In the current
report, we describe electrolyte-free, dry MJs consisting of a
18−25 nm layer of donor or acceptor oligomers adjacent to a
15 nm redox-inert layer of disordered aluminum oxide (AlOx).
The I−V characteristics of the molecule/oxide bilayer are
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completely distinct from those of the individual layers and
provide unequivocal evidence that charge storage occurs in the

molecular layer. In addition, nuclear reorganization accom-
panying electron transfer engenders dynamic, temperature

Figure 1. Schematic structures of (A) Au/C/molecule/C/Au and (B) Au/C/molecule/AlOx/C/Au junctions. (C) I−V responses for single layer
NDI and TPP MJs. Active junction area is 0.00125 cm2. (D) I−V responses for NDI and TPP MJs with the same thickness as in panel C, plus an
additional 15 nm thick layer of AlOx. Bias values are stated as bottom electrode relative to top and are scanned at 1000 V/s. Subscripts in labels are
layer thicknesses in nanometers. (E) Monomers of NDI and TPP layers with amino precursors shown in Figure S1. (F) HOMO and LUMO
energies of NDI and TPP relative to vacuum calculated by DFT at the B3LYP/6-31G(d) level and Fermi level of e-beamed carbon from UPS.

Figure 2. (A) Overlay of I−V cycles of NDI/AlOx junction initiated from 0 V initiated toward negative (dashed blue curve) and positive bias (solid
red). (B) Overlay of I−V cycles of NDI(18 nm)/AlOx(15 nm) junction from 0 V toward indicated negative biases obtained under vacuum at 1000
V/s. (C) Overlay of I−V cycles of NDI(18 nm)/AlOx(15 nm) junction before (blue) and after (red) the 70 000 cycles in vacuum at 4000 V/s.
Black curve was obtained after 30 min at open circuit. (D) Overlay of I−V cycles of TPP(25 nm)/AlOx(15 nm) junction from 0 V toward
indicated positive biases obtained under vacuum at 1000 V/s.
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dependent capacitance clearly distinct from a conventional
parallel plate capacitor and may have potential applications in
delay lines and memory applications.

■ RESULTS AND DISCUSSION

Schematic drawings of MJs made with a naphthalene di-imide
(NDI) derivative and tetraphenyl porphyrin (TPP) are shown
in Figure 1A for single molecular layers and 1B for molecule/
AlOx junctions with monomeric structures of the molecular
layers shown in Figure 1E. The oligomers are grown by
electrochemical reduction of the corresponding diazonium
reagents made from the amino precursors shown in Supporting
Information Figure S1 and are radical-mediated, resulting in
covalent anchoring on very flat carbon electrodes. The Au,
carbon (eC), and AlOx layers were deposited by electron-beam
evaporation with the details of both molecular and e-beam
procedures in the Supporting Information. Large-area molec-
ular junctions made by diazonium reduction have proven
reliable platforms for diverse molecular device applica-
tions15,28−31 with high reproducibility of current vs bias (I−
V) response and long lifetime reaching millions of I−V cycles,
partly owing to covalent bonding between the molecules and
contacts.32−34 Figure 1F shows frontier energy levels for NDI
and TPP monomers calculated from density functional theory
relative to the Fermi level of eC,33 all stated relative to the
vacuum level.
Current vs bias (I−V) curves for Au30/eC10/molecule/eC10/

Au20 MJs lacking AlOx are shown in Figure 1C for NDI (d =
18 nm) and TPP (d = 25 nm), scanned at 1000 V/s
(subscripts are layer thicknesses in nanometers). Both show a
constant parallel plate capacitor current near V = 0 and then an

exponential increase due to conduction through the molecular
layer at higher bias magnitude. Such behavior has been
described previously35−37 and is provided here for comparison
to MJs containing AlOx. The red curve of Figure 1D shows an
I−V scan at 1000 V/s for which the electrode adjacent to the
NDI layer becomes increasingly negative to V = −9 V and then
is returned to a constant positive bias of +7 V. The current
between −3 and −9 V increases significantly over the constant
current expected for a parallel plate capacitor and observed
between 0 and −3 V. Note that the rapid increase in current
for negative bias is qualitatively similar to that for an NDI MJ
lacking AlOx (panel 1C) but that the positive portion of the I−
V curve is completely different. A possibility explored in detail
below is that electrons are injected into the NDI layer during
the −3 to −9 V scan as was the case without AlOx present, but
these electrons could not cross the AlOx barrier. When the
NDI electron acceptor molecule was replaced with a TPP
electron donor, the I−V response is completely reversed (1D,
blue curve) with a large increase over a parallel plate response
during positive bias scans and a broad peak at approximately
−3 V on the reverse scan. This behavior is consistent with
removal of electrons from the TPP HOMO during the positive
scan, resulting in holes in the TPP layer which are refilled
during the negative scan.
The unusual behavior of the molecule/AlOx MJs was

investigated quantitatively with the results shown in Figure 2. If
the scan is initiated toward positive bias for NDI/AlOx, the MJ
behaves like a parallel plate capacitor (Figure 2A). Figure S2
shows that the current in the positive bias region is linear with
scan rate, corresponding to a capacitance of 301 ± 2.3 pF over
the 250 to 2000 V/s range. The positive current peak at ∼0 V

Figure 3. Left panel: Responses of NDI/AlOx (A) and TPP/AlOx (C) junctions to 50 ms bias pulses from 0 V to indicated voltages with charging
(i) and discharging (ii) currents. Right panel: Discharge current responses of NDI/AlOx (B) and TPP/AlOx (D) junctions from indicated
potentials to 0 V.
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is observed only if the scan included sufficiently negative bias.
Figure 2B shows a series of 1000 V/s scans to increasingly
negative bias limits from −2 to −9 V, showing that the reverse
peak size increases for the more negative bias limits. The
integrated total negative charge under the curve for the −5 V
scan was 3.81 nanocoulombs (nC), nearly equal to the total
positive charge of 3.77 nC, indicating that most of the injected
charge is recovered during the reverse scan. The ratio of
positive to negative charge for scans to −4, −5, −6, and −7 V
were 101, 99, 97, and 94%, respectively, with the decrease in
recovery with more negative bias likely caused by leakage
across the AlOx layer. For the −7 V scan of Figure 2B, the
integrated charge for the positive scan is 5.51 nC, compared to
4.40 nC predicted for a conventional 300 pF capacitor. These
observations are consistent with generation of NDI anions in
the molecular layer with injected electrons returning to the
bottom electrode during the peak-shaped I−V response
between −2 and +7 V. Figure 2C shows that the injection
cycle may be repeated for 70 000 cycles at 4000 V/s between
−7 and +5 V with minor changes in curve shape. The inset
shows that the decrease in peak current is reversible with
recovery of the initial response after 30 min at open circuit.
The changes are likely due to residual charge in the molecular
layer building up due to incomplete discharge during the
positive scan. By analogy to a parallel plate capacitor, charge
injection into the NDI layer decreases with the distance
between the negative charge in the NDI electrode and the
positive image charge on the electrode adjacent to AlOx, thus
increasing overall capacitance. Figure 2D shows a series of I−V
curves to TPP/AlOx scanned at 1000 V/s to progressively

more positive bias limits with responses similar to NDI/AlOx
but with opposite polarity.
Bias voltage pulses can confirm the polarity and voltage

dependence of charge injection and provide further dynamic
information about electron transfer kinetics. Positive and
negative pulses shown in Figure 3A lasting 50 ms were applied
to the NDI/AlOx MJ with a return to zero bias after the
voltage pulse. The current resulting from both V = +5 and −5
V pulses are shown in Figure 3A with polarity stated as the
NDI electrode relative to the AlOx electrode. A +5 V pulse
exhibits a fast RC spike decreasing to a nearly constant leakage
current of ∼30 nA. Figure S3C shows a ln(I) vs time plot for a
100 μs pulse to +3 V, indicating an RC value for the spike of
∼30 μs, although the acquisition rate was too slow to yield an
accurate value. The return to V = 0 at 60 ms has similar but
opposite behavior and in both cases reflects the expected
response of an ordinary parallel plate capacitor. A pulse to V =
−5 V yields very different behavior with larger currents both at
the beginning and the end of the pulse and significantly slower
decreases in current magnitude with time. An expansion of the
return to V = 0 at 60 ms is shown in Figure 3B for increasingly
negative pulse voltage and two positive pulses. All positive
pulses returned rapidly to near zero current, while the negative
pulses produced larger and longer-lasting current decays over
∼5 ms compared to the <0.1 ms for positive pulses. Plots of
ln(I) vs time shown in Figure S4A for the discharge responses
60−70 ms of NDI/AlOx junctions were nonlinear, indicating a
discharge behavior distinct from a conventional parallel plate
capacitor. These decays are compared in more detail below,
but an important point is that the larger positive currents
following more negative pulses correspond to discharge of

Figure 4. Discharge responses of molecule/AlOx molecular junction in series with a 147 kΩ resistor following a 5 ms pulse to the indicated bias
and then return to V = 0 at t = 6 ms. (A) NDI/AlOx compared to a 470 pF capacitor in series with the same resistor. (B) TPP/AlOx junction
compared to a 320 pF capacitor. (C) Enlargement of panel B for 6.0−6.3 ms discharge time. Transients were recorded in ambient air.
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electrons stored in the NDI layer as NDI− anions during the
negative pulse, confirming the scanning results of Figure 2B. In
addition, the larger and nearly constant current at the end of
the pulse for V = −5 V (−98 nA compared to +30 nA for V =
+5 V) is likely due to leakage of the injected electrons across
the AlOx layer. A TPP/AlOx junction exhibits similar behavior
with opposite polarity, corresponding to removal of electrons
from the TPP layer, i.e. the formation of cation species by
positive pulses, which is apparently not accessible by the
negative pulses (Figure 3C and D). Accordingly, currents
corresponding to discharge of cation species in the TPP layer
become larger for more positive pulses, validating the I−V
scans in Figure 2D, in which the discharge peak grows as more
positive bias is applied.
The current response below 50 μs after pulse initiation was

not well resolved with the current instrumentation, but the
transient could be slowed by adding a 147 kΩ resistor (R) in
series with the MJs, as shown in Figure 4A. The apparent
capacitances for the MJ−R combinations were determined
from the rectangular low bias region as shown in Figure S2,
and the MJ−R devices were compared to a conventional
capacitor having the same capacitance. Figure 4A shows
semilogarithmic plots of discharge currents of junctions and
their equivalent capacitors observed after 5 ms voltage pulses at
selected potentials, with examples of the entire charge/
discharge pulses provided in Figure S5. The 470 pF-147 kΩ
circuit has the expected slope corresponding to RC = 70 μs for
either −4 or −7 V pulses, while the NDI/AlOx-147 kΩ circuit
has a nonlinear and much slower decay with a bias-dependent
slope. The TPP/AlOx-147 kΩ combination has similar
behavior for positive bias pulses with an apparently linear
region between 6.1 and 6.5 ms showing a monotonic
dependence of slope on bias voltage. Expansion of the 6.0−
6.3 ms region for the TPP case is provided in Figure 4C,
revealing a change in slope for the MJ−R case and a V = −6 V
pulse from 69 to 175 μs. The initial slope for 6.0 to 6.1 ms is
nearly equal to that observed for the time constant of the RC
circuit, i.e. 51 μs. Beyond 6.1 ms, the slower decay for the MJ is
likely due to reorganization of the NDI− or TPP+ radical ions
after charge injection, resulting in an activation barrier for
return to the uncharged state at room temperature. Note also
that the decay rate past 6.1 ms is strongly dependent on pulse
voltage, and preliminary experiments indicate it is also
temperature dependent. In addition to providing kinetic
information, the pulses permit comparison of charge storage
in a simple capacitor to that in an MJ, via integration of the
transients in Figure 4A and 4B. QRC in Table 1 is the observed
charge under the discharge transient in Figure 4A for the 470

pF-147 kΩ RC circuit, while QMJ−R is the charge for the NDI/
AlOx-147 kΩ combination. For increasingly negative bias
pulses, QRC has the expected linear dependence on bias
magnitude, while QMJ−R is nonlinear and significantly exceeds
QRC by more than a factor of 2 for high pulse magnitudes. We
define QFaradaic as the excess charge stored in the MJ over that
for the conventional RC circuit, i.e. QFaradaic = QMJ−R − QRC. As
discussed below, electrons injected into the NDI layer can
migrate to the NDI/AlOx interface under bias, effectively
decreasing the distance between the electrons and their
positive image charges in the AlOx electrode. A similar
nonlinear trend is observed for a TPP/AlOx-147 kΩ circuit
with QFaradaic exceeding QRC obtained from a 320 pF-147 kΩ
circuit when the positive pulse bias exceeds +7 V.
The proposed injection of electrons into an NDI LUMO

during negative bias excursions would likely be followed by
nuclear reorganization because the electrons are trapped inside
the NDI layer by the AlOx barrier. Reorganization would result
in a temperature dependence of both injection and discharge
which may differ significantly from that expected for classical
Marcus redox kinetics. Figure 5A shows 1000 V/s scans on a
NDI/AlOx MJ with slightly thicker layers than those used to
make Figure 2. If the scan range is −3 to +7 V, the response is
nearly rectangular with an apparent capacitance of 286 pF
based on the parallel plate model. The minimal change in
current or scan shape between 80 and 450 K implies that only
electrons are moving without activation associated with nuclear
motion. Figure 5B shows a wider scan range of ±7 V with a
pronounced decrease in current with decreasing temperature,
except for the +6 to 0 V portion attributable to a parallel plate.
Magnification of the positive half of the voltammogram in
Figure 5C shows changes in peak shape and position with
temperature but also that the wave shape is nearly constant
over the 80−200 K range. Integration of the current while
scanning from −2 to +7 V provides the total discharge current
(Qtotal) following a scan to negative limit, Vlim, as shown in
Figure 5D for Vlim = −9 V. Using the same integration range
for different scan rates to Vlim = −3 to −9 V yielded Qtotal
plotted in Figure 6A for scan rates from 250 to 6000 V/s at
300 K. Qtotal increases with a more negative Vlim and with
slower scan rate, both of which are consistent with electron
injection into NDI. Figure 6B shows Qtotal for 1000 V/s scans
over the 80−450 K temperature range and Vlim= −3, −5, −7,
and −9 V vs 1000/T, revealing a T-independent region below
200 K and an activated region above 200 K. Also shown is the
Qtotal observed for a 286 nF conventional parallel plate
capacitor. For a negative limit of −3 V and T < 250 K, the
capacitance of NDI/AlOx MJ is independent of temperature
and stores the same charge as the 286 pF capacitor.
For more negative scan limits, Qtotal increases with T and

exceeds the parallel plate charge. Note also that charge storage
is independent of T below 200 K but still significantly exceeds
the parallel plate charge. QFaradaic plotted in Arrhenius format in
Figure 6C indicates near linearity for the T = 300−450 K
range, and activationless below 200 K for Vlim= −5, −7, and −9
V with charge injection significantly above the parallel plate
value even at T = 80 K. Furthermore, the apparent activation
energies in the 300−450 K range shown in Figure 6D decrease
linearly (R2 = 0.985) with E1/2 across the entire NDI/AlOx
layer. The negligible Arrhenius slopes below 200 K imply that
nuclear reorganization must follow or coincide with electron
transfer but is not required preceding electron injection as
would be the case for classical Marcus kinetics.

Table 1. Charge Storage from Discharge Responses of
Junctions and Capacitors

NDI18/AlOx15 TPP25/AlOx15

Vpulse
(V)

QRC
(nC)

QMJ−R
(nC)

QFaradaic
(nC)

V
(V)

QRC
(nC)

QMJ−R
(nC)

QFaradaic
(nC)

−4 1.9 4.0 2.1 +4 1.7 2.2 0.5
−5 2.3 5.8 3.5 +5 2.1 3.0 0.9
−6 2.8 7.3 4.5 +6 2.3 4.2 1.9
−7 3.3 8.1 4.8 +7 2.6 5.1 2.5

+8 3.0 6.4 3.4
C, nF 0.47 1.38 0.91 0.31 1.05 0.74
C, μF/
cm2

1.10 0.73 0.84 0.59
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Figure 5. Voltammetry of an NDI/AlOx MJ in vacuum at 1000 V/s. (A) Scan limits of −3 and +7 V at 80, 300, and 450 K. (B) Initial scan to −7 V
and then return to +7 V at 9 temperatures from 80 to 450 K. (C) Magnification of positive currents in panel B. (D) Integration of an IV scan with
Vlim = −9 V to determine Qtotal, Qpp, and QFaradaic for the portion of the positive scan between −2 to +7 V.

Figure 6. Total and Faradaic charge from −2 to +7 V for an NDI/AlOx junction determined as shown in Figure 5D. (A) Qtotal as a function of Vlim
and scan rate (250, 500, 1000, 2000, 4000, and 6000 V/s). Dashed line is Qtotal for a conventional 286 pF capacitor. (B) Qtotal vs inverse
temperature for 1000 V/s scans to the indicated Vlim. (C) Natural log of QFaradaic vs 1000/T, with QFaradaic = QMJ−R − QRC. (D) Expansion of panel
C with apparent Eact indicated for each case over the T = 300−450 range.
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Although electrochemical reactions have been reported in
molecular junctions,20,27,38−41 organic thin film transis-
tors,42−45 and organic light emitting diodes,46−48 quite distinct
behavior is indicated in the NDI/AlOx and TPP/AlOx MJs by
the lack of solvent, electrolyte ions, double layers, and counter
reaction necessary for conventional electrochemistry. The
absence of changes in electronic behavior after 70 000 cycles
operating in a vacuum is not consistent with redox reactions of
trace water or oxygen being involved in the observations
because such reactions are expected to be chemically
irreversible. A schematic of the proposed mechanism which
is supported by the evidence is shown in Figure 7 with panel A
representing an 18 nm layer of NDI and 15 nm of AlOx
between two carbon electrodes having Fermi levels (EF) at
−4.8 V vs vacuum at zero bias. The HOMO and LUMO
energies of NDI are shown with the LUMO being closer to EF
than the HOMO.
Figure 7B occurs after imposing a +5 V bias and assuming a

linear potential profile through both the molecular and oxide
layers. The simplified schematic does not reflect possible band
bending or broadening, Fermi level pinning, interactions
between the electrodes and molecules, and increased
delocalization in an applied electric field. Electrons are
prevented from entering the NDI LUMO from the right-
hand electrode by the AlOx layer, which is too thick to permit
tunneling. When the opposite −5 V bias is imposed (Figure
7C), electrons begin to inject into the LUMO but are
prevented from traversing the AlOx layer because its orbitals
are not energetically accessible. Transport across the NDI layer
through its LUMO orbitals causes accumulation of electrons at
the NDI/AlOx interface (Figure 7D) with an accompanying
increase in capacitance due to the smaller distance between
charged layers compared to that in Figure 7B. The positive
image charge on the right electrode of Figure 7C is in addition

to that present from the parallel plate capacitor, and the
steeper potential profile reflects the higher electric field across
the AlOx compared to that in Figure 7B. The electrons in the
NDI layer are responsible for the increase in charge storage
over that of the parallel plate for more negatively biased pulses,
i.e. QFaradaic in Table 1. The reorganization of NDI molecules
near the AlOx interface to the nuclear coordinates of the NDI−

anion could be considered a Faradaic reduction, although there
is no accompanying oxidation reaction or ion motion, and the
image charge provides charge compensation. Return of the bias
to V = 0 results in a reversal of the electric field across the NDI
layer which drives electrons into the left electrode to produce
the discharge pulses of Figure 4A. For the TPP/AlOx MJ case
shown in Figure 7E−H, positive pulses extract electrons from
TPP, and the resulting TPP+ holes move toward the TPP/
AlOx interface and are compensated by the negative image
charge at the right electrode. Both electron injection into NDI
and hole injection into TPP can be considered “redox”
processes, albeit quite distinct from classical Faradaic reactions.
The effect of charge injection on capacitance can be assessed

quantitatively from the observed capacitance values listed in
Table 1. The discharge of a real 470 pF−147 kΩ RC
combination yields an observed capacitance of 0.47 nF
determined from the slope of Q vs V, which accurately reflects
the expected charge stored in the capacitor. For an MJ−R
combination with an MJ capacitance of 470 pF determined
from voltammetry at low bias, the discharge following a 5 ms
negative pulse is 0.84 μF/cm2, based on the slope of Q vs V.
For the d = 33 nm MJ, the apparent relative dielectric constant
from the standard parallel plate model is εr = 41. This value is
much higher than that for either Al2O3 (εr ≈ 10) or aromatic
molecules (εr ≈ 10)37 and physically unreasonable. However, if
the charge separation is in fact ∼15 nm, as shown in Figure 7D,
the apparent dielectric constant is εr = 19, and if only the

Figure 7. (A) Schematic energy levels in NDI/AlOx MJ relative to the carbon Fermi level, EF (−4.8 eV relative to vacuum), at zero bias. (B) With
+5 V bias applied to the NDI electrode; the dashed line indicating a linear potential profile through the molecular and oxide layers. (C) MJ
immediately after a −5 V bias is applied, showing initiation of electron injection into the NDI LUMO. (D) Same device after migration of electrons
to NDI/AlOx interface, increasing the electric field across the AlOx and device capacitance. (E−H) Similar events with opposite bias polarity for
the case of the TPP electron donor. Energy shifts are estimates for illustration only, and nonlinear potential profiles are possible and likely in panels
C, D, G, and H.
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Faradaic capacitance of 0.73 μF/cm2 is considered, the
apparent dielectric constant is 12. Given the uncertainly in
thicknesses (±1 nm) and differences between e-beam
deposited AlOx and bulk Al2O3, the observed capacitance
from discharge pulses agrees semiquantitatively with the values
predicted from the mechanism depicted in Figure 7A−D.
Analysis of discharge pulse data for TPP/AlOx yields similar
results with the apparent εr decreasing from 38 for d = 40 nm
to 14 for d = 15 nm.
The events depicted in Figure 7 have similarities to

“electrostatic doping” in organic thin film transistors (TFTs),
in which an image charge in a gate electrode is compensated by
polarons in an organic semiconductor to modulate con-
ductance in a channel between source and drain electrodes.
TFT channels are generally a few micrometers wide, and
doping must propagate into the channel by a series of electron
transfers.49,50 The current MJs have simpler, parallel plate
geometry and much shorter transport distances of 18−25 nm,
enabling redox events on a 10−100 μs time scale. Potential
applications include a “dynamic chemical capacitor” in which
the charge and discharge times can be varied by structural
changes which vary the reorganization energy, and possibly
local energy storage. The asymmetry of polarity apparent in
Figure 3 is distinct from a parallel plate and will impart some
rectification not present in conventional capacitors. The slow
and tunable discharge rates of a chemical capacitor have some
elements of the “memristor” which is widely studied and
represents a distinct electronic component.51−53

■ CONCLUSION
Returning to the electrochemical analogy, the chemical
capacitor is directly analogous to “dry electrochemistry”
involving only one-half reaction, no corresponding counter
reaction, no solvent, and no ion motion or ionic double layer.
The chemical capacitor is “Faradaic” in that it involves electron
transfer and nuclear reorganization, and the absence of solvent,
ion motion, and a counter reaction may impart stability,
indicated by the 70 000 redox cycles with slight and reversible
changes in electronic response. The kinetic effects apparent in
Figures 4 and 5 are of potentially broad interest because they
represent a very simple form of electron transfer without
solvent or ions. Understanding the fundamentals of charge
transfer kinetics in molecule/oxide devices should be of
interest in electrochemistry, electron donor−acceptor reac-
tions, and electrostatic effects in solid-state organic electronic
devices. Dry redox reactions and associated reorganization
energy are factors not present in conventional microelectronics
which may provide useful variables for rational design of
molecular charge storage devices for memory applications and
on-chip energy storage.
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