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The effect of negative differential resistance (NDR),
discovered by Esaki[1] in Ge p ± n diodes, forms the basis for
a variety of high-speed semiconductor devices.[2] As future
generations of electronics may rely on molecules as part of
intelligent and/or nanoscopic devices,[3] much attention is
given to the idea of molecular NDR. Experimentally only a
few NDR devices utilizing molecules as the active component,
have been reported.[4±10] Except for one,[10] all were effective
only at low temperature (T� 78 K) and under high-vacuum
conditions. Herein we report molecule-controlled, room-
temperature NDR in a metal/molecular layer/semiconductor
diode in ambient atmosphere.

The diodes use a series of relatively simple molecules of the
type depicted in Figure 1. Hg was used as the metal and p-Si as
the semiconductor because:
1) Disulfide molecules are electrochemically active once

adsorbed on Hg.[11]

was removed under reduced pressure. The brown oil residue was then
poured into diethyl ether (20 mL). Insoluble TEAP was filtered off and the
filtrate was evaporated under reduced pressure, at 30 �C. Flash chromatog-
raphy of the residue on silica gel afforded the expected 1,4-benzoxazine
derivative.

16 : A mixture of 2,2-diphenylacetaldehyde, 2-methoxyethylamine (slight
excess), and toluene-p-sulfonic acid (catalytic amount) was heated at reflux
in benzene for 18 h. The water was removed initially by means of a Dean ±
Stark separator, and then by using a molecular sieve. The solvent was
removed under reduced pressure and the residue distilled. The freshly
distilled enamine A (2.5 mmol) was dissolved in methanol (250 mL) that
contained TEAP as the supporting electrolyte (5 mmol). 3,4-Aminophenol
1red (0.5 mmol) was then added to the resulting solution, along with
2-methoxyethylamine (0.5 mmol). The addition of the latter was necessary
to produce the monoanionic species of 1red, which is the sole form that can
be oxidized to o-azaquinone 1ox.[5] The resulting solution was then oxidized,
under nitrogen, at room temperature, at a mercury pool whose potential
was fixed at �50 mV vs. SCE. After exhaustive electrolysis (4 h,
2.1 Faradaymol�1), the solution was treated as above (general procedure)
to give the 1,4-benzoxazine derivative 16 in 51% yield.

2 : M.p. 133 �C; 1H NMR (300 MHz, CDCl3): �� 0.85 (d, J� 6 Hz, 3H), 0.90
(d, J� 6 Hz, 3H), 1.25 (s, 3H), 1.30 (s, 3H), 1.70 (m, J� 6 Hz, 1H), 1.90 (s,
1H), 2.50 (m, 1H), 2.80 (m, 1H), 4.00 (s, 1H), 4.65 (s, 1H), 6.40 (d, J� 9 Hz,
1H), 7.00 (d, J� 9 Hz, 1H), 7.50 (m, 3H), 7.65 (m, 2H), 12.8 (s, 1H);
13C NMR (75 MHz, CDCl3): �� 20.3, 24.5, 26.3, 28.8, 50.2, 53.0, 92.9, 108.5,
112.6, 120.9, 124.0, 128.0, 128.8, 131.2, 138.4, 146.9, 152.0, 198.5; UV/Vis
(methanol): �max (�)� 258 (21850), 320 (17150); MS-DCI: m/z : 355 [MH�].

10 : M.p. 110 �C; 1H NMR (300 MHz, CDCl3): �� 1.25 (s, 3H), 1.30 (s, 3H),
2.10 (s, 1H), 2.90 (dd, J� 6 Hz and J� 13 Hz, 1H), 3.10 (dd, J� 6 Hz and
J� 13 Hz, 1H), 3.35 (s, 6H), 4.00 (s, 1H), 4.45 (t, J� 6 Hz, 1H), 4.70 (s,
1H), 6.40 (d, J� 9 Hz, 1H), 7.00 (d, J� 9 Hz, 1H), 7.50 (m, 3H), 7.65 (m,
2H), 12.70 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 24.5, 26.3, 47.1, 50.2,
53.4, 54.1, 92.5, 104.2, 108.5, 112.8, 121.0, 123.9, 128.1, 128.9, 131.2, 138.5,
147.1, 152.1, 201.0; UV/Vis (methanol): �max (�)� 258 (21670), 319 (17050);
MS-DCI: m/z : 387 [MH�].

16 : M.p. 190 �C; 1H NMR (300 MHz, CDCl3): �� 2.50 (s, 1H), 3.00 (m,
1H), 3.10 (m, 1H), 3.20 (s, 3H), 3.35 (t, J� 6 Hz, 2H), 5.20 (s, 1H), 5.80 (s,
1H), 6.35 (d, J� 9 Hz, 1H), 6.95 (d, J� 9 Hz, 1H), 7.20 to 7.55 (m, 13H),
7.65 (m, 2H), 12.90 (s, 1H); 13C NMR (75 MHz, CDCl3): �� 45.0, 58.6, 62.4,
72.6, 89.7, 108.8, 112.8, 120.8, 124.6, 126.6, 126.9, 127.0, 128.1, 128.2, 128.4,
128.9, 131.3, 143.0, 144.3, 147.2, 152.3, 200.6; UV/Vis (methanol): �max (�)�
258 (21950), 319 (17200); MS-DCI m/z : 481 [MH�].
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2) Hg can be applied simply as a top contact to relatively
large molecular junctions.[12±15]

3) Hg is known not to react with Si and SiOx surfaces.[16]

4) Hg makes a blocking contact with p-Si.
Junctions were assembled using clean-room facilities and

modifying various stages from previously reported proce-
dures.[12±15] Characterization of the molecular monolayers
used here, which included ellipsometry on Au, were reported
by us earlier.[17] A typical set of experimental current ± voltage
(I ±V) curves is shown in Figure 2. The largest NDR was
measured for molecules with a CF3 end group. Such devices
had a peak current density� 2 Acm�2, NDR�� 490 ��m2,
and a peak to valley ratio of 25:1, the best room-temperature
NDR characteristics reported for a molecule-based device.

The effect of the other dipoles on I ±V curves is less
pronounced, with NDR decreasing as the substituents on the
molecules change from CF3 to CN to H to CH3O. We
postulate that the observed trend is a result of two contribu-
tions, namely, different Schottky barrier heights and voltage
driven change in charge transmission.

Different Schottky barrier heights : Similar to what we have
reported on earlier,[18±20] the potential across Schottky junc-
tions can be tuned by assembling monolayers made up of
molecules with different dipole moments at the interface. The
change in potential is manifested as a change in the barrier
height inside the semiconductor, �b. This dipole effect is
demonstrated here for the first time on a p-type semi-
conductor. To a first approximation, the barrier height of a

p-type semiconductor is given by
[Eq. (1)],[21] where Eg is the band
gap of the semiconductor, �sc is
its electron affinity, �m is the
work function of the metal (prior
to modification) and �dipole is the
electrostatic potential step asso-
ciated with the film of molecular
dipoles.

�b � Eg� �sc� (�m��dipole) (1)

A dipole layer that effectively
increases the metal×s work func-
tion should decrease the barrier
height, after contact is made with
a semiconductor. The opposite
effect is expected if the dipole
layer decreases the metal×s work
function. The experimental re-
sults (see insert of Figure 2, and
Table 1) support this: junctions

containing molecules with dipoles for which �dipole� 0, that is,
with CF3 or CN substituents, have a lower effective barrier
height than those with molecules, containing -H or -CH3O
substituents, for which �dipole� 0. Samples without molecules

Figure 1. A schematic picture of the junction, and the dipolar molecules used. X�CF3, CN, H, OMe.

Tabelle 1. Parameters extracted from I ±V curves and related data. Dipole values were calculated by ab initio methods.�b and VNDR were extracted from the
experimental curves. � and V0 were the fitting parameters (see text).

End group Dipole moment [D][a] �b [V] � [eV] V0 [V] VNDR [V] Anion dipole moment [D][a]

CF3 0.9 0.36 2.70 0.80 0.92 � 1.1
CN 0.4 0.38 1.50 0.60 0.80 � 13.4
H � 5.4 0.40 0.95 0.43 0.71 � 15.9
CH3O � 6.6 0.44 0.45 0.43 0.70 � 16.6

[a] Negative dipole values are used to describe dipoles having their negative pole pointing to the metal surface.

Figure 2. Experimental I ±V curves for junctions of Figure 1, with the
different dipolar molecules. For the sake of clarity simulated results
(continuous lines) are shown only for the junctions with CF3- and CN-
substituted molecules. Insert: The low voltage (pre-NDR) range, of the I ±
V curves, which shows the effect of the molecular dipole moments on the
barrier height of junctions, as described in detail in refs. [18 ± 20].
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do not show NDR and give I ±V curves with higher currents
because of the lack of a molecular layer (cf. ref. [18]).

Voltage driven change in charge transmission : NDR behav-
ior in our system depends critically on that, upon adsorption
on Hg, the cyclic disulfide end of the molecules can undergo a
redox reaction [Eq. (2)].[11]

RSSR� 2e� �� 2RS� (2)

Several control experiments verified that indeed the
disulfide bond is the electrochemically active part of the
molecules:
1) Junctions made with simple thiols adsorbed on mercury

did not show NDR behavior.
2) Cyclic disulfide molecules with long alkyl chains instead of

benzene rings showed NDR behavior (see below); thus,
the active part of the system is not one of the rings.

3) The same dipole molecules adsorbed on gold do not show
NDR behavior,[19] in agreement with literature data that
suggest that disulfide bonds are broken upon their
adsorption on gold.[22]

The junctions that we deal with are between a metal and a
p-type semiconductor which means that under forward bias
conditions the Hg atoms are negative with respect to the Si
ones. As the forward bias voltage is increased it reaches a
value that is sufficiently negative (with respect to the Si) to
drive the reduction in Equation (2). This reaction can occur at
the interface as no other reagents are needed, there are no
products to be removed, and because the necessary electro-
static screening, normally provided by solvent molecules or
counterions, is supplied by image charges on the metal.

The two added electrons are mainly localized on the sulfur
atoms.[23] This localization results from:
1) The electronegativity of sulfur.
2) That the reduced disulfide bond is not conjugated to the

rest of the molecule.
3) There is good screening of the disulfide bond by the metal

(see above).
As one side of the interface is a semiconductor, extra charge

at the interface will normally lead to realignment of the
semiconductor energy-band positions, with respect to the
metal Fermi level, to change the band bending and thus
produce a new barrier height, �b, inside the semiconductor.
However, since in our case (see Table 1), the reduction in
Equation (2) occurs at forward bias potentials that are higher
than the barrier height, that is, with no depletion left in the
semiconductor, it is likely that the observed NDR results from a
change in tunneling probability, rather than from a change in�b.

The localized charges reduce the charge transmission across
the junction by creating a potential barrier at the ends of the
molecules.[24±27] Electrons essentially have to tunnel through
this potential barrier that can be as high as a few eV. As more
molecules are reduced, charge transmission becomes less
efficient and the I ±V curve collapses to a curve with lower
current characteristics, establishing the NDR effect.

We have semi-quantitatively simulated this process assum-
ing that:
1) The governing mechanism of charge transfer in our devices

is thermionic emission.[2]

2) The reaction in Equation (2), the process by which the
dipoles are changed, can be treated using Laviron×s method-
ology for surface-bound electrochemical reactions.[28]

3) Since the molecules are not conjugated, with a free-
molecule HOMO±LUMO gap in the order of 7 eV,[23, 29]

tunneling is assumed to be nonresonant with, as a first
approximation, the tunneling probability defined for a
rectangular potential barrier.[2] The width of the barrier
was taken as 2.5 nm, based on ellipsometry measurements
of the SiO2 (1.5 nm) and of the molecular monolayers
(1 nm, see reference [17]).
Fitting of simulations could be carried out by varying only

two parameters, the maximal change in tunneling barrier, �,
and V0 the ™standard reduction potential∫ of the disulfides.
The barrier height, �b, and VNDR, the onset potential of NDR
were extracted from the experimental curves.[30]

The different parameters are summarized in Table 1. From
this we see that:
1) There is excellent qualitative agreement between the trend

seen in the onset potentials of NDR (calculated by
differentiating the I ±V curves) and the standard redox
potentials, V0, of Equation (2) that were used as fitting
parameters. The onset potentials are shifted relative to the
V0 values, because of the irreversibility of the reduction
process.[28]

2) The added barrier for tunneling correlates well with the
calculated dipoles for the anions that are produced by
reduction in Equation (2). Internal electrostatic fields are
known to affect the rates of charge transfer.[31, 32] In
general, electron transfer in the direction of a permanent
dipole (�����) is slower than the rate of electron transfer
in a direction that opposes the dipole. In our case, the
molecules with the electron withdrawing groups, that is,
CF3 and CN, have the highest opposing field to electron
transfer from the Hg to the p-Si. The dipole with the CF3

substituent produces the strongest NDR because this
dipole produces the biggest change in junction properties,
that is, from initial smallest Schottky barrier to final lowest
tunneling probability (see Table 1).
The devices age as a consequence of repeated cycling and

the NDR effect usually disappears after 3 ± 4 cycles.[33] This
effect is probably because of complete random disorientation
of the molecules after detachment from the mercury following
reduction [Eq. (2)]. Structural rearrangements at interfaces
have been shown to exist even in highly ordered monolay-
ers.[34] Rearrangements at our interfaces are probable because
the molecules used are too short to allow their assembly into
highly ordered monolayers. Indeed, we know from previous
studies that layers of this type of disulfide molecules are not
highly ordered.[17] To test this, we made a device based on a
similar molecule with long alkyl chains instead of the benzene
rings. This molecule, monolayers of which on Au were found
to be twice as thick (2 nm) as those of the molecules shown in
Figure 1 (1 nm[17]) gives a more ordered monolayer than the
other cyclic disulfide species used here.[17] The resulting I ±V
curves in Figure 3 show that after several cycles the junction
becomes stable without any further degradation. Initial aging
probably results from some structural rearrangements in the
vicinity of defects in the monolayer.
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The above results suggest a newmechanism for controllable
NDR in molecule-controlled devices. The diversity of electro-
switchable dipole molecules that can be prepared makes this
new approach a promising tool for tailor-made NDR devices.
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