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Among the existing charge-storage devices of modern com-
puters, the dynamic random access memory (DRAM) pro-
vides the most interesting opportunity of integrating redox-
active molecular components.[1] The capacitance density of
today�s DRAM storage cell is on the order of 50–100 fFmm�2

(5–10 mFcm�2) with a benchmark cell size below the square-
micrometer range. In this context, ferrocene (Fc) and metal-
complexed porphyrins have been explored as the most
promising memory elements, because they show, both in
solution and confined on surfaces, one to several perfectly
reversible and stable one-electron redox reactions within an
attractive potential window, that is, 0.0 to 1.0 V vs. a saturated
calomel electrode (SCE). Therefore, the functionalization of
technologically relevant conducting surfaces, such as oxide-
free, hydrogen-terminated silicon (H-Si), with high-quality
Fc-terminated[2–8] and metal-complexed porphyrin-termi-
nated[9–12] monolayers has been demonstrated to be a powerful
bottom-up approach for the fabrication of electrically
addressable charge-storage devices with low-power consump-
tion. Compared with metalloporphyrins, Fc is a much smaller
molecule (average diameter of tetraphenylporphyrin and Fc
are about 18 and 6.6 �, respectively), and consequently is
immobilized on silicon with a higher surface coverage, which
gives rise to higher charge densities. Indeed, the surface
coverages reached for high-quality ferrocenyl monolayers are
in the range of (2.0–5.0) � 10�10 molcm�2. This does not only
allow for an extremely fast electron communication between
the electroactive groups,[5] but also yields charge densities in
the range of 20–50 mC cm�2.[2] These values are thus much

higher than those measured for Si/SiO2 capacitors currently
used in DRAM memories (5–10 mC cm�2).

Herein, we demonstrate that tailor-made micrometer-
sized patterns of such redox-active monolayers can behave as
light-activated molecular memory cells with unprecedented
capacitance performances, and can be constructed so as to
yield an efficient AND logical gate. To reach this challenging
prospect, we chose n-type silicon substrates as immobilization
platforms. For oxidation processes, n-type silicon behaves as
an insulator in the dark, and as a quasi-conductor upon
illumination,[13] providing a unique way to communicate
efficiently with the charge-storage centers when the light is
turned on. Since our molecular switches are based on two
states (ON and OFF states), they also offer great potential for
the development of binary logic gates using the electrical
voltage as an input function.

The functional surfaces were prepared by microcontact
printing (mCP), in which a polydimethylsiloxane (PDMS)
stamp[14] was inked by an amino-substituted Fc[6] onto
a preformed, reactive, acid fluoride-terminated alkenyl mon-
olayer[15] covalently bound to n-type H-Si(111) (Figure 1, see
also the Supporting Information).[4] Compared with Si�C�C-
linked monolayers prepared from 1-alkenes,[16–18] 1-alkyne-
derived monolayers are usually both more ordered and
displaying a higher surface coverage.[19–21] The unstamped
regions were then backfilled with butylamine to produce
nonelectroactive, butylamide-terminated chains around the
patterns. This patterning method resulted in 5 � 5 mm2 Fc-
functionalized squares separated by 5 mm of butylamide-
terminated areas, yielding 106 ferrocenyl microstructures per
square centimeter of the electrode. The pattern is evident
from AFM phase imaging, which displays the large differ-
ences in the chemical composition between the two regions,
and SEM images (Figures S6 and S8 in the Supporting
Information). In addition, also spot analysis by scanning
auger electron spectroscopy (SAES) displays the differences
in elemental composition of the spots and the background,
and so confirms the chemical nature of the Fc monolayer
spots (Figure S7 and Table S2 in the Supporting Information).

The different derivatized surfaces were further character-
ized by ellipsometry, contact angle measurements and X-ray
photoelectron spectroscopy (XPS). All these techniques
confirmed the formation of densely packed monolayers at
each grafting step with both the expected molecular compo-
sition and thickness, and without detectable oxidation of
underlying silicon (see the Supporting Information).

Voltammetric analysis of the micropatterned Fc-modified
surface in the dark shows the absence of a significant
oxidation current response. Upon illumination (white light
generated using a 50 W tungsten halogen lamp), a well-
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defined reversible wave corresponding to the oxidation of Fc
to ferrocenium (Fc+) appears at a formal potential E8’=
0.07� 0.01 V vs. SCE (Figure 2A). As predicted for surface-

confined reversible redox species, the peak currents are
proportional to the potential scan rate v. Moreover, we note,
in line with other reports,[2, 4, 22] that the E8’ of Fc bound to n-
type Si under illumination is about 300–400 mV lower than
that observed for Fc bound to p-type Si,[2] as a result of
activation of the redox process by photogenerated electron–
hole pairs.[23] The total surface density of attached Fc moieties
was estimated by integration of cyclic voltammetry peak to be
(1.2� 0.1) � 10�10 mol per square centimeter of electrode.
Considering the fractional coverage of the electroactive sites
(namely a quarter of the total area), this value corresponds to
(4.8� 0.4) � 10�10 mol per square centimeter of the electro-
active patterns. This is perfectly in line with the ball-like shape
of the Fc molecules with a diameter of 6.6 � and indicative for
a high-quality, densely packed Fc monolayer inside the
patterns.

By taking advantage of the fact that the communication
with the charge-storage centers can be turned on with light,
the charge-storage characteristics of our micrometer-sized
electrolyte–molecule–silicon (EMS) capacitor structures have
been examined using electrochemical impedance spectrosco-
py (EIS) with and without light. In the dark, the measured
frequency-dependent capacitance values are very small and
do not exceed 1 mFcm�2. In contrast, the capacitance curves
under illumination are characterized by a much more intense
capacitance peak at a potential relatively close to the E8’ of
bound Fc, the amplitude of which increases with decreasing
the measurement frequency (Figure 2 B).[24] For example,
a maximum capacitance of 120–140 mFcm�2 was measured at
50 Hz, which demonstrates the high photoinduced charge-
storage capacity of our hybrid device. These capacitance
peaks were not observed for nonelectroactive organic mono-
layers, and therefore were clearly attributed to the charging/
discharging currents associated with the oxidation/reduction
of bound Fc/Fc+.[25, 26]

Figure 3 shows the time profiles of capacitance at different
applied potentials with (ON state) and without light (OFF
state). The capacitance of the electrode at 50 Hz can be
switched from a few 10�1 mF cm�2 in the dark to approx-

Figure 1. Preparation of ultrahigh-capacity ferrocene-based memory microcells confined on a n-type Si(111) surface.

Figure 2. A) Cyclic voltammograms under illumination (white light
generated using a 50 W tungsten halogen lamp) of the micropatterned
Fc-modified surface at 0.1, 0.2, 0.4, 0.6, and 1 Vs�1. The inset shows
the corresponding jpa–v plot. B) Corresponding capacitance–potential
curves measured at different frequencies under illumination and as
shown in the inset in the dark. Electrolyte: CH3CN +0.1m Bu4NClO4.

12247Angew. Chem. 2013, 125, 12246 –12249 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


imately 100 mFcm�2 under illumination when the applied
potential is 0.06 V. Consistent with the potential-dependent
response, the capacitance switching was much lower for
potentials located before and after the capacitance peak. The
high capacitance state was retained as long as the voltage was
applied, and remained constant over numerous ON/OFF
switching cycles. Only a 10% decrease in the maximum
photocapacitance was observed after 103 ON/OFF switching
cycles (Figure 4). We have also checked that the electroactive
centers were responsible for this remarkable observed photo-
activity. Under similar illumination conditions, the photo-
capacitance of silicon uniformly modified with nonelectroac-
tive butylamide-terminated monolayer remains negligible,
with less than 10% of the maximum capacitance reached by
the ferrocene-functionalized device (Figure 4A).

The characteristics of this stimuli-responsive device are of
great scientific interest for data-processing applications, such
as redox-based Boolean logic gates.[27–31] In fact, the switching
of the capacitance upon light irradiation that is observed only
at a certain electrical potential can be applied for constructing
a two-input AND logic gate. The two inputs can be defined as
the illumination level and the applied electrical potential,
whereas the capacitance measured at 50 Hz can be considered
as the output signal, with output = “0” when the capacitance
is below 2 mFcm�2 and output = “1” when the capacitance is
higher than the threshold value of 80 mFcm�2. The system is in
state “1” only if both the interface is illuminated and the
electrical potential is fixed at about 0.06 V (i.e. close to the
formal potential of the Fc/Fc+ couple). All the other
combinations yield an output signal “0” with an interesting
magnitude difference of 50 times at least between the output
signals “0” and “1”. The truth table shown in Figure 5
summarizes the operation realized by such a redox-active
molecular logic gate. This is, as far as we know, the first all
solid-state molecular AND gate: it is entirely optically and
electrically addressable and does not require the addition of
chemical inputs in solution to function. As such, it is really
different from that based on other outstanding redox-active,
functionalized surfaces, such as reported by van der Boom
and co-workers.[27, 28]

In conclusion, we have fabricated a molecular photo-
switch and an all-solid AND logic gate device using redox-
active ferrocene micropatterns confined on silicon surfaces.
This system operates at a particularly attractive potential of
about 0.1 V vs. SCE and yields capacitance values of about
100 mFcm�2 with ON/OFF ratios reaching 103. Such perform-
ances, which can be ascribed to the judicious combination
between a photoswitchable conducting/insulating substrate

Figure 3. Capacitance–time profiles at 50 Hz of the micropatterned Fc-
modified surface measured at different applied potentials during
several dark (OFF state)/illumination (ON state) switching cycles.
Illumination with white light was generated using a 50 W tungsten
halogen lamp.

Figure 4. A) Comparative capacitance–time profiles at 50 Hz of the
micropatterned Fc-modified surface (black) and the non-electroactive
single-component butylamide-terminated monolayer-modified surface
(gray) measured at 0.10�0.05 V during several dark (OFF)/illumina-
tion (ON) switching cycles. B) Stability of the photocapacitance
measured at 50 Hz for an applied potential of 0.06 V vs. SCE as
a function of the number of ON/OFF cycles. Illumination with white
light was generated using a 50 W tungsten halogen lamp.

Figure 5. Truth table for AND logic gate based on Fc-functionalized
silicon surfaces using the illumination level (“0” and “1” states for
dark and illuminated conditions) and the applied electrical potential
(“0” and “1” states for �0.25 and + 0.06 V vs. SCE) as the “A” and
“B” inputs, respectively. The output is the capacitance response
measured at a frequency of 50 Hz (in mFcm�2).
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and high-quality redox-active assemblies, demonstrate the
potential of these interfaces for molecular memory devices.
Another stimulating prospect of this research is that such
interfaces are also excellent platforms to produce other
molecular logic functions. By using silicon surfaces micro-
patterned with two redox centers electrochemically oxidiz-
able or reducible at two well-separated potentials (instead of
non-electroactive butylamide-terminated regions as in the
present study), it should be possible to fabricate a series of all
solid-state multi-input redox-based logic circuits. Toward this
challenging goal, silicon surfaces micropatterned with two
different metallocenes or differently substituted Fc-deriva-
tives are currently under preparation in our groups.
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