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O
rganic silicon hybrid devices have
been investigated recently to com-
bine the advantages of silicon

devices and organic materials. The silicon
field-effect transistor (FET) is advantageous
because of its small scale, high perfor-
mance, and mature fabrication technology.
Extremely small devices with high carr-
ier mobility and small variability can be
achieved through well-developed silicon
fabrication technology.1�4 Additionally, or-
ganic devices have advantageous optical
properties and various functionalities. Or-
ganic light-emitting diodes (OLEDs) and
organic photovoltaic cells (OPVCs) are ex-
amples that use their optical properties.5,6

The advantages of both the silicon and
organic devices can be merged in organic
silicon hybrid devices.7�14 The silicon nano-
structure forms a framework for a hybrid
device on which the organic materials are
then functionalized. The organic molecules
immobilized onto the stable frame device
can be used for achieving optical sensitivity
and diverse functionality. The organic sili-
con hybrid device is a convincing candidate
that overcomes the limits that a conven-
tional pure device faces. Various appli-
cations such as nonvolatile memory,7�9

chemical sensors,10 optical switches,11 op-
tical memory,12 and optical inverters13 have
been introduced.
The basic operation principles of hybrid

devices are based on the electron transfer
between a silicon body and organic com-
pounds. Both electrical excitation alone and
optical excitation alone have been used to
control electron transfer. Electrical excita-
tion uses a strong instantaneous gate volt-
age pulse to confine inverted electrons
inside the p-type body, which causes organ-
ics to trap the electrons.7�9 Optical excita-
tion uses external light to activate the
organics to play a role in photoinduced
charge transfer (PCT).11�13 The photoactive

organics can serve either as the electron
donor or as the electron acceptor during
illumination.
Previous reports have shown various in-

teresting phenomena and important ana-
lyses; however, hybrid devices are still in
an exploratory stage. Various unknownphe-
nomena regarding charge transfer are not
completely understood, and most of the
structures proposed thus far are not ready
for practical applications. In particular, the
excitation method has not been thoroughly
investigated, despite the fact that excitation
has long been employed to characterize
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ABSTRACT

A porphyrin�silicon nanowire (Si-NW) hybrid field-effect transistor is introduced. The hybrid

device has separate electrical and optical gates surrounding the Si-NW channel. Porphyrin, a

component of chlorophyll, is employed as an optical gate to modulate the potential of the

Si-NW channel. Due to the independently formed hybrid gates, both optical and electrical

excitation can effectively modulate the device. The exposed porphyrin optical gate responds to

the optical excitation, and independently formed electrical gates respond to the electrical

excitation. Charge transfer characteristics between a semiconductor channel and the porphyrin

optical gate are deeply investigated. Optical, electrical, and opto-electrical excitation methods

are employed to analyze the charging and discharging behaviors. Of these methods, opto-

electrical excitation enables the strongest charge transfer because the inversion electron

formation by an electrical pulse and the photoinduced charge transfer by an optical stimulus

are affected simultaneously. Discharging processes, such as rapid discharging, exponential

detrapping, and the formation of metastable states are also analyzed.

KEYWORDS: organic silicon hybrid device . nanowire . field-effect transistor .
porphyrin . photoinduced charge transfer . opto-electrical excitation
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hybrid devices. Different excitation methods rely on
different chargingmechanisms even for the same type
of organic material. Furthermore, the structural devel-
opment of a hybrid device requires additional research.
Most hybrid devices are based on a global back-gate,
which cannot be applied in practical cases. A prototype
of an individually gated hybrid device was introduced
recently in which a partial nanogap is inserted into the
gate insulator region; however, a few problems remain,
such as a shadowing effect of the top-gate and poor
structural instability.12

In this paper, the new design of a porphyrin�silicon
nanowire (Si-NW) hybrid field-effect transistor is intro-
duced. The proposed hybrid FET has a multi-gate
structure composed of double electrical gates and a
single optical gate so that the device can bemodulated
by both optical and electrical excitations. The optical
gate is formed with porphyrins, which are a crucial
photoactive component of chlorophyll. The proposed
hybrid device is useful for analyzing charge transfer
because a small variation in the charge state results
in a large change in conductance. The charging and
discharging processes for various excitation methods
(e.g., electrical, optical, and opto-electrical excitation)
are evaluated.
Porphyrin is a special type of organic molecule. As

an element of chlorophyll, porphyrin charges and
transfers electrons during photosynthesis. Researchers
have analyzed both porphyrin�silicon interfaces
and porphyrin-related hybrid devices.11�15 Porphyrins
can act as either the electron donor or the electron
acceptor, depending on the presence of a central metal
atom.11�13 Porphyrin is a a promising candidate for
organic silicon hybrid devices because of their clear,
reliable optical characteristics.

RESULTS AND DISCUSSION

Figure 1 shows a schematic and images of the
fabricated device. A Si-NW is located between double
electrical gates, and the source and drain are placed at
the end of the NW (Figure 1A). The nominal width and
height of the NW are 40 and 100 nm, respectively, and
the thickness of the gate insulator is 30 nm (Figure 1B).
The geometric parameters can be modified by con-
trolling the fabrication conditions. A 3 nm layer of
silicon dioxide (optical gate oxide) was placed between
the Si-NW and the subsequently immobilized porphy-
rins. The optical gate oxide serves as a tunnel barrier
between the porphyrin and the Si-NW, whereas the
electrical gate oxide serves as a capacitive insulator
to electrically modulate the potential of the Si-NW.
The 3 nm thickness of the tunnel barrier effectively
facilitates the electron charging and discharging
processes.12,17 Thereafter, the porphyrins were immo-
bilized onto the top surface of the optical gate oxide,
which straddled the Si-NW. The porphyrins were ag-
glomerated in an amorphous state (Figure 1C). Electron

dispersive spectrometry (EDS) analysis confirmed that
the amorphous layer was porphyrin (see Figure S3
in the Supporting Information). The gate length was
200 nm with no undesirable short-channel effects
because the channel potential of the Si-NWwas tightly
controlled by the double gates (Figure 1D).
The device was operated bymodulating the channel

potential in the p-type Si-NW (i.e., n-channel). The
charge states of the porphyrins affect the density of
the inversion electrons, which determines the conduc-
tance of the Si-NW channel. The charge states of
the porphyrins are controlled by external excitations.
Optical excitation is a common method to control the
charge state of the porphyrins. Porphyrins gradually
absorb electrons during light illumination and become
negatively charged.12,13 The negatively charged por-
phyrins push electrons away from the surface of the Si-
NW, thereby preventing the surface inversion electrons
(i.e., electrons in the p-type body) from being confined
to the outer surface. In other words, the position of the
conduction band is elevated as a result of the nega-
tively charged porphyrins, which blocks the current
paths between the source and drain. When the current
paths become inhibited, a large gate voltage is re-
quired tomake the same amount of current. As a result,
the transfer curve shifts to the right after the electron
charging process.
The operation principle was visualized by three-

dimensional graphs using a commercial simulation
tool (ATLAS/Silvaco).18 Porphyrins were modeled as
a floating gate placed on the Si-NW.12 The graphs
showed the energy level of the conduction band edge,
which determines the amount of inversion electrons
in the Si-NW. When there was no charge in the

Figure 1. (A) Schematic of the hybrid nanowire FET. (B)
Cross-sectional TEM image of the hybrid nanowire FET. (C)
Magnified view of the top of panel B. (D) Bird's-eye SEM
image of the hybrid nanowire FET.
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porphyrins, the conduction band level was low
throughout the Si-NW, which allows large numbers of
inversion electrons to be formed (Figure 2A). Electrons
from the source can be easily transported to the drain
under this condition, resulting in high conductance.
When porphyrins absorb electrons and become nega-
tively charged, the conduction band level becomes
elevated (Figure 2B,C). The elevation of the conduction
band was stronger at the upper part of the Si-NW,

which is close to the porphyrins. Electron channels are
more inhibited by elevated conduction bands, which
decrease the conductance in this case. These data
suggest that the change of conductance and the shift
of the transfer curve should be larger for more strongly
charged porphyrins.
The electron absorbing behaviors during optical

excitation can be described with a simple schematic
(Figure 3A). For an n-channel FET, the source and
drain are n-type, while the Si-NW is p-type. During
illumination, porphyrins absorb electrons from the
silicon body; however, there are not enough electrons
to completely charge the porphyrins because the
electrons are minor carriers in the p-type Si-NW. The
light-induced electron�hole pair generation phenom-
enon is also negligible because the volume of the
nanowire body is too small.13 The charging effect that
arises from the PCT was confirmed by the shift of the
transfer curves (Figure 3C). The transfer curve was
shifted to the right after optical excitation, as expected.
A stronger gate voltage was required to create the
same amount of inversion electrons because the cur-
rent paths were blocked off because of the negatively
charged porphyrins. The magnitude of the shift was
saturated as the light's intensity increased. Thus, op-
tical excitation alone cannot induce a large electron
transfer.
Electrical excitation, which is an alternative method

for charging porphyrins, is described by a simple
schematic (Figure 3B). When a voltage higher than
the threshold voltage (VT) is applied to the double
electrical gates in a dark ambient environment, a large
inversion electron density (greater than 1012/cm2 or
1019/cm3) is induced at the outer surface of the Si-NW,
which sufficiently countervails the background hole
density (∼1017/cm3). Therefore, the Si-NW develops an
electron-rich state, and some of the inversion electrons
are dispersed toward the top surface of the Si-NW by
the fringing field from the gates. This fringing field
forces the electrons to move upward from the Si-NW
and traps them within the porphyrins, which causes
the porphyrins to become negatively charged and
shifts the transfer curves to the right (Figure 3D). The
curve shifts were larger with stronger gate voltages.
However, the application of a voltage greater than
9 V causes the electrical gate oxide breakdown, which
imposes a constraint on the maximum magnitude of
the gate voltage by electrical excitation alone. There-
fore, the magnitude of the shift saturated in a manner
similar to that following optical excitation.
To overcome the aforementioned limitations, a new

excitation method, namely, opto-electrical excitation,
is proposed (Figure 4A). A strong gate pulse and optical
illumination were simultaneously applied to synergis-
tically strengthen the electron transfer behavior. Por-
phyrins can effectively absorb electrons through the
PCT process because enough electrons were supplied

Figure 2. (A) Three-dimensional simulation graph of the
conduction band energy when no charge is introduced into
the porphyrins. (B) Conduction band energy when a small
amount of charge is introduced into the porphyrins. (C)
Conduction band energy when a large amount of charge is
introduced into the porphyrins. The gate voltage is 0.2 V for
all simulations.
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by the gate bias as inversion charges. The shift of the
current�voltage (I�V) characteristics was clearly en-
larged, even under a weak light intensity and small
gate bias (Figure 4B). This amount of shift surpassed
the saturated shift values that result from optical
excitation or electrical excitation alone. A 4-fold
larger curve shift was achieved under the same light
intensity comparedwith optical excitation alonewith a
67 mW/cm2 intensity. An advantage of the proposed
hybrid FET structure is its simultaneous opto-electrical
excitation because the vertical double-gate channel
can harness the electrical excitation, while the planar
top channel favors the optical excitation because of the
nature of the uncovered surface by the gate at the top
of the Si-NW. The device parameters, such as an on�off
current ratio and a subthreshold slope, were not
degraded after excitation; that is, only parallel shifts
occurred. Control experiments confirmed that the
shifts of the transfer curves could be attributed to
the charged electrons in the porphyrins rather than
to other environmental effects (see Figure S4 in the
Supporting Information).

The sustainability of the stored charges after excita-
tion is an important concern. Absorbed electrons in
the porphyrins were emitted back to the Si-NW after
excitation. This discharging property was analyzed
using a real-time transient curve (Figure 5A). The
conductance sustained its initial value before the ex-
citation. Right after the illumination, the conductance
decreased because the current paths were blocked off.
After the sudden decrease, the conductance rapidly
returned to near its initial value as the electrons were
emitted back to the Si-NW. This rapid discharging
process occurred for approximately 2 min after the
excitation. During a long illumination time, charging
and discharging offset each other, thus creating an
equilibrium state. After the light is turned off, discharg-
ing is still activated; however, charging by PCT is
terminated. Therefore, weakly trapped electrons are
rapidly emitted back to the Si-NW, allowing the de-
creased conductance to recover until it approaches its
initial value.
Interestingly, the conductance did not completely

return to its initial value. Some fraction of the electrons

Figure 3. (A) Schematic that describes the principle of optical excitation. (B) Schematic that describes the principle of
electrical excitation. (C) Transfer characteristics (I�V curve) before and after optical excitation. White light was used as
the light source with an illumination time of 20 s. (D) Transfer characteristics before and after electrical excitation. The
measurements were conducted in ambient darkness.
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in the porphyrins remained in the porphyrins even
after several days. This semipermanent charged state
is called a metastable state, which is caused by deeply
trapped electrons in organic materials.19,20 Unlike
single-crystalline inorganic semiconductors, organic
material usually exists in an amorphous state, which
inherently creates a large number of trap sites. Some
of the traps act as deep traps, which are located in a
midgap energy level of the organic semiconductor.
After the charges are trapped in the deep traps, it is
difficult to detrap them unless a strong external elec-
trical field is applied.19 The density of the deep traps
can be amplified due to the lattice distortion in an
organic layer. Therefore, the metastable state is more
clearly observed for an optical signal as compared to an
electrical signal. The metastable state can be advanta-
geous for the charge-retaining applications, such as
optical memory. Conventional flash memory unavoid-
ably uses a high gate bias (15�20 V) to enable carrier
tunneling from a channel to a charge-trapping layer.
This inevitably causes damage to the gate dielectric,
and the large power consumption is problematic.
However, the proposed optically assisted program
method uses a program voltage of less than 7 V, and
the damage to the gate dielectric is greatly reduced.

The same real-time optical charging experiment
was conducted for a p-channel FET (PMOS). The source
and drain are heavily doped by boron, and the Si-NW
channel is lightly doped by arsenic. All other device
parameters and experimental conditions are identical,
except for the doping polarity. Opposite to the n-channel
FET, the conductance increases upon illumination. This
opposite shift of the conductance is caused by the
different number of electrons in NMOS and PMOS
samples. When porphyrins are attached to the p-type
Si-NW in the NMOS sample, negatively charged por-
phyrins prevent the formation of inversion electrons.
Electrons from the source cannot easily be transported
to the drain, causing the conductance to be decreased.
However, when porphyrins are attached to an n-type
Si-NW in a PMOS, negatively charged porphyrins aid
the formation of inversion holes. Holes from the source
are readily transported to the drain, thus increasing the
conductance.
The discharging process of the PMOS sample after

illumination was similar to that of the NMOS. The
increased conductance rapidly returned to a value
close to the initial value in the first 2 min. The con-
ductance did not completely return to its initial value,
and the sample remained in a metastable state. The
difference between the initial conductance and the
metastable conductance was approximately twice that
of the NMOS sample. As described in Figure 3A,C, the
conductance shift by optical excitation is limited by
the number of the electrons in the Si-NW body. Because
an n-type Si-NW was used for the PMOS sample, there
were more chances for electrons to transfer from the
Si-NW to the porphyrin. Therefore, more electrons can
fill deep traps in the porphyrin layer, which results in a
large Δg, as shown in Figure 5B.
This discharging process was also characterized by

curve shift analyses (Figure 5C). After the excitations, a
rightward-shifted transfer curve tended to return back
to the initial state, so the curve shift value decreased. In
optical excitation, a rapid discharging phenomenon
was seen during the first 2 min. The rapid discharging
process was also observed after opto-electrical excita-
tion but was not observed after pure electrical excita-
tion. After electrical excitation, the curve shift value
was maintained for approximately 20 min before it
exponentially decayed, similar to the discharging pro-
cess of inorganic-based flash memory, such as silicon-
oxide-nitride-oxide-silicon (SONOS) memory.21 The
reason for this similarity is that the compulsive trap-
ping method, which employs an instantaneous gate
pulse, is similar to the program method of inorganic-
based flash memory. Opto-electrical excitation also
showed an exponential decay trend due to the effect
of the trapped electrons.
Themetastable state occurred in both the optical and

opto-electrical excitation states; however, the amount of
shift was notably larger for the opto-electrical excitation.

Figure 4. (A) Schematic describing the principle of opto-
electrical excitation. (B) Transfer characteristics before and
after optical, electrical, and opto-electrical excitations. The
optical source was 67 mW/cm2 white light applied for 20 s,
and the gate voltage was 7 V applied for 3.2 ms.
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Although the density of the deep traps in the porphy-
rins was the same under both excitations, a larger
amount of electrons can be inserted into the trap sites
in the porphyrins because of inversion electrons.
Even with similar amounts of curve shifting, electrical
excitation alone cannot generate a metastable state.
Because electrical excitation is based on compulsive
charge movement using the short-term pulse duration
of the external electric field, trap-level redistribution in
the porphyrins does not occur. Therefore, deep traps
cannot be sufficiently generated to cause a noticeable
metastable state. For optical excitation, the meta-
stable state occurred immediately after the rapid dis-
chargingprocess, while it occurred after the exponential
decay process for the opto-electrical excitation. The
opto-electrical excitation exhibited the combined

charge sustainability of the optical and electrical
excitations.
An interesting advantage of porphyrin is that ametal

atom can be placed at the center of the porphyrin
molecule. We prepared a Cu(II) meso-tetra(4-sulfona-
tophenyl)porphine molecule (Cu-porphyrin) to con-
firm the effect of the centered metal. Other chemical
structures are identical to those used with the unme-
talated porphyrin (H2-porphyrin), except for the center
metal atom. In previous research on porphyrin�In2O3

NW hybrid devices, improved redox behavior in a
metalated porphyrin was demonstrated during pure
electrical excitation, but the optical properties of the
porphyrin were not considered.8 The charge transfer
characteristics with different excitation methods are
compared in Figure 6A. For all three excitationmethods,

Figure 5. (A) Real-time discharging characteristic of n-channel MOSFET (NMOS) after optical excitation. Gate voltage
was 0.5 V, and drain voltage was 0.05 V. Optical intensity was 67 mW/cm2. (B) Real-time discharging characteristic of
p-channel MOSFET (PMOS) after optical excitation. Gate voltage was�1.0 V, and drain voltage was�0.05 V. (C) Amounts of
curve shift after optical, electrical, and opto-electrical excitations using 67 mW/cm2 white light for 20 s as the optical source
and 7 V for 3.2 ms as the gate pulse. The threshold voltage (VT) was read at a drain current of 100 nA (i.e., conductance of
2 � 10�6 S).
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the shift of the threshold voltage showed an increase in
the Cu-porphyrin (Figure 6B). This increment arises
from the increased trap density in the porphyrin. The

total trap density inside the porphyrin layer is in-
creased due to the redox-active center metal atoms,
allowing a large amount of charges to be trapped in
the metalated porphyrin under the same excitation
conditions.

CONCLUSIONS

In summary, a hybrid nanowire FET was proposed
and analyzed in terms of its porphyrin�silicon interac-
tions. The excitation methods could be thoroughly
analyzed because of the hybrid gate structure, inwhich
both the electrical and optical gates coexist in the
nanowire body. The analysis of the optical, electrical,
and opto-electrical excitations was performed based
on the charging and discharging behaviors of the
porphyrins. The optical excitation clearly caused the
electron transfer through the PCT process; however,
the amount of the curve shift was limited because of
the lack of electrons in the p-type Si-NW. The electrical
excitation can cause a larger curve shift by forming
inversion electrons, but this shift was also limited
because of the electrical breakdown by the high gate
voltage. The largest curve shift that did not disrupt
the structure was obtained using opto-electrical ex-
citation. The porphyrins sufficiently absorbed elec-
trons via the PCT process even under a weak light
intensity and low gate voltage by forming inversion
electrons at the Si-NW surface. The electron dischar-
ging process was also analyzed by the different
excitation methods. The rapid discharging, exponen-
tial detrapping, and metastable state were observed
in these analyses. The opto-electrical excitation
showed combined discharging characteristics of the
optical and electrical excitations. The experimental
results and analyses of the proposed hybrid FET
provide a clear understanding of the mechanisms
associated with this new hybrid FET and provide
new insight that can be used for further development
of generic hybrid devices.

METHODS
The hybrid FET was fabricated using a top-down approach.

A nanowire (NW) channel was made on a bulk silicon wafer
using the Bosch process, which has advantages in terms of the
fabrication cost and practicality compared with the silicon-on-
insulator (SOI) wafer process.16 The p-type nanowire channel
was doped with boron at a concentration of 1017 /cm3. A gate
(G), source (S), and drain (D) were doped with arsenic at a
concentration of 1020/cm3. The gatewasmade frompolycrystal-
line Si (poly-Si), while the gate insulator was composed of
thermally grown silicon dioxide (electrical gate oxide). A che-
mical mechanical polishing (CMP) process was employed to
separate the electrical gates. This process removed the poly-Si
completely and a hard mask nitride partially on the top surface
of the NW. Here the hard mask nitride was used as an etching
stopper during the CMP. Thereafter, the remaining hard mask
nitridewas etched out using hot phosphoric acid so that the top

surface of the Si-NW was exposed. Finally, porphyrins were
immobilized onto the exposed Si-NW by drop-evaporation for
24 h at room temperature. See the Supporting Information for
further details regarding the fabrication processes.
Measurement of the device characteristics is conducted

with a semiconductor parameter analyzer (4156C, Agilent Tech-
nology Inc.). The devices are kept in a dark environment in a
measurement box during the experiments. An optical white
light source (Megalight100, Schott) is placed inside the mea-
surement box and turned on when optical excitation is applied.
After contact of the probe tips onto the device pad (source,
drain, and gate pads), a waiting time of 10 min passes for
stabilization. To apply opto-electrical excitation, the light is
initially turned on and the gate pulse using the parameter
analyzer is applied at the midpoint of the illumination time.
The I�V curve is then immediately plotted after the illumina-
tion. A delay of approximately 1 s is unavoidable owing to the
manipulation of the buttons in the parameter analyzer.

Figure 6. (A) Transfer characteristics before and after op-
tical, electrical, and opto-electrical excitations when Cu-
porphyrin was used for charged source. The optical source
was 67 mW/cm2 white light applied for 20 s, and the gate
voltagewas 7 V applied for 3.2ms. (B) Amount of curve shift
when optical, electrical, and opto-electrical excitation was
used. Gray bar presents the results when H2-porphyrin was
used, and the red bar presents the results when Cu-
porphyrin was used. Inset schematic describes the chemical
structure of Cu-porphyrin.

A
RTIC

LE



SEOL ET AL. VOL. 6 ’ NO. 9 ’ 7885–7892 ’ 2012

www.acsnano.org

7892

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This work was sponsored through grants
from the National Research Foundation of Korea (Grant Number
2011-0020487), which is funded by the Korean Ministry of
Education, Science and Technology and by the Nano R&D
program of the National Research Foundation (Grant Number
2011-0002182). It was also supported by the Smart IT Conver-
gence System Research Center funded by the MEST (SIRC-2011-
0031845).

Supporting Information Available: Detailed fabrication pro-
cedure, UV�visible and Raman spectra of porphyrin, energy-
dispersive spectrometer (EDS) analyses, control experiment
results, and body width dependency. This material is available
free of charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Meindl, J. D.; Chen, Q.; Davis, J. A. Limits on Silicon

Nanoelectronics for Terascale Integration. Science 2001,
293, 2044–2049.

2. Hisamoto, D.; Lee, W. C.; Kedzierski, J.; Takeuchi, H.; Asano,
K.; Kuo, C.; Anderson, E.; King, T. J.; Bokor, J.; Hu, C. FinFET;
A Self-Aligned Double-Gate MOSFET Scalable to 20 nm.
IEEE Trans. Electron Device 2000, 47, 2320–2325.

3. Choi, Y. K.; King, T. J.; Hu, C. Nanoscale CMOS Spacer FinFET
for the Terabit Era. IEEE Electron Device Lett. 2002, 23,
25–27.

4. Choi, Y. K.; King, T. J.; Hu, C. Spacer FinFET: Nanoscale
Double-Gate CMOS Technology for the Terabit Era. Solid-
State Electron. 2002, 46, 1595–1601.

5. Mitschke, U.; Bauerle, P. The Electroluminescence of
Organic Materials. J. Mater. Chem. 2000, 10, 1471–1507.

6. Spanggaard, H.; Krebs, F. C. A Brief History of the Devel-
opment of Organic and Polymeric Photovoltaics. Sol.
Energy Mater. Sol. Cells 2004, 83, 125–146.

7. Duan, X.; Huang, Y.; Lieber, C. M. Nonvolatile Memory and
Programmable Logic from Molecule-Gated Nanowires.
Nano Lett. 2002, 2, 487–490.

8. Li, C.; Ly, J.; Lei, B.; Fan, W.; Zhang, D.; Han, J.; Meyyappan,
M.; Thompson, M.; Zhou, C. Data Storage Studies on
Nanowire Transistors with Self-Assembled Porphyrin
Molecules. J. Phys. Chem. B 2004, 108, 9646–9649.

9. Li, C.; Lei, B.; Fan, W.; Zhang, D.; Meyyappan, M.; Zhou, C.
Molecular Memory Based on Nanowire-Molecular Wire
Heterostructures. J. Nanosci. Nanotechnol.2007, 7, 138–150.

10. Paska, Y.; Stelzner, T.; Christiansen, S.; Haick, H. Enhanced
Sensing of Nonpolar Volatile Organic Compounds by
Silicon Nanowire Field Effect Transistors. ACS Nano 2011,
5, 5620–5626.

11. Winkelmann, C. B.; Ionica, I.; Chevalier, X.; Royal, G.; Bucher,
C.; Bouchiat, V. Optical Switching of Porphyrin-Coated
Silicon Nanowire Field Effect Transistors. Nano Lett.
2007, 7, 1454–1458.

12. Seol, M. L.; Choi, S. J.; Kim, C. H.; Moon, D. I.; Choi, Y. K.
Porphyrin�Silicon Hybrid Field-Effect Transistor with In-
dividually Addressable Top-Gate Structure. ACS Nano
2012, 6, 183–189.

13. Choi, S. J.; Lee, Y. C.; Seol, M. L.; Ahn, J. H.; Kim, S.; Moon, D. I.;
Han, J. W.; Mann, S.; Yang, J. W.; Choi, Y. K. Bio-Inspired
Complementary Photoconductor by Porphyrin-Coated
Silicon Nanowires. Adv. Mater. 2011, 23, 3979–3983.

14. Liu, Z.; Yasseri, A. A.; Lindsey, J. S.; Bocian, D. F. Molecular
Memories That Survive Silicon Device Processing and
Real-World Operation. Science 2003, 302, 1543–1545.

15. Wen, L.; Liu, X.; Yang, N.; Zhai, J.; Huang, C.; Li, Y.; Jiang, L.
Photoelectric Conversion Behavior Based on Direct Inter-
facial Charge-Transfer from Porphyrin Derivative to Silicon
Nanowires. Appl. Phys. Lett. 2010, 97, 253111.

16. Ng, R. M. Y.; Wang, T.; Liu, F.; Zuo, X.; He, J.; Chan, M.
Vertically Stacked Silicon Nanowire Transistors Fabricated
by Inductive Plasma Etching and Stress-Limited Oxidation.
IEEE Electron Device Lett. 2009, 5, 520–522.

17. Mathur, G.; Gowda, S.; Li, Q.; Surthi, S.; Zhao, Q.; Misra, V.
Properties of Functionalized Redox-Active Monolayers on
Thin Silicon Dioxide;A Study of the Dependence of
Retention Time on Oxide Thickness. IEEE Trans. Nanotech-
nol. 2005, 4, 278–283.

18. Silvaco International. ATLAS User’s Manual Device Simula-
tion Software; http://www.silvaco.com/.

19. Dutta, S.; Narayan, K. S. Gate-Voltage Control of Optically-
Induced Charges and Memory Effects in Polymer Field-
Effect Transistors. Adv. Mater. 2004, 16, 2151–2155.

20. Borghetti, J.; Derycke, V.; Lenfant, S.; Chenevier, P.;
Filoramo, A.; Goffman, M.; Vuillaume, D.; Bourgoin, J. P. Opto-
electronic Switch and Memory Devices Based on Polymer-
Functionalized Carbon Nanotube Transistors. Adv. Mater.
2006, 18, 2535–2540.

21. Lusky, E.; Shacham-Diamand, Y.; Bloom, I.; Eitan, B. Elec-
trons Retention Model for Localized Charge in Oxide-
Nitride-Oxide (ONO) Dielectric. IEEE Electron Device Lett.
2002, 23, 556–558.

A
RTIC

LE


