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ABSTRACT: Silicon-based photodetectors cannot distinguish
between di erent wavelengths. Therefore, these detectors relay
on color-speci ¢ Iters to achieve color separation. Color

Iters add complexity to color sensitive device fabrication, and
hinder miniaturization of such devices. Here, we report an
ultrasmall (as small as 20 nm by 300 nm), red-green-blue-
violet (RGBV) Iter-free spectrally gated eld e ect transistor
(SGFET) detectors. These photodetectors are based on
organic-silicon nanowire hybrid FET devices, capable of
detecting speci c visible wavelength spectrum with full width

at half-maxima (fwhm) under 100 nm. Each SGFET is controlled by a distinctive RGBV spectral range, according to its speci ¢
organic uorophore functionalization. The spectral-speci ¢ RGBV detection is accomplished via covalent attachment of di erent

uorophores. The uorophore molecules inject electrons into the nanowire structure as a result of light absorption at the
appropriate RGBYV spectral range. These photoinduced electrons modify the occupancies of the oxide’s surface states, shifting the
device threshold voltage, thus changing its conductivity, and functioning as a negative stress bias in a p-type SINW FETs. A
positive biasing can be achieved via UV light-induced ionization, which leads to detrapping and translocation of electrons at the
oxide layer. Furthermore, a novel theoretical model on the mechanism of action of these devices was developed. Also, we show
that suspended SGFETS can function as nonvolatile memory elements, which unlike fast-relaxing on-surface SGFETS, can store
discrete “on” (RGBV illumination) and “o ” (UV illumination) states for several days at ambient conditions. We also
demonstrate a unique single-nanowire multicolor photodetector, enabling in principle a broad spectral detection over a single
silicon nanowire element. These highly compact, spectral-controlled nanodevices have the potential to serve in various future

novel optoelectric applications.

KEYWORDS: Silicon, nanowires, optoelectronic, uorophore, wavelength speci ¢

hotodetectors are essential for imaging systems, environ-

mental surveillance, communications, and biological
sensing. Spectral discrimination by photodetectors is currently
realized using broadband inorganic semiconductor photodiodes
in combination with dichroic mirrors or a set of optical Iters.
Narrowband photodetection is usually realized by one of three
approaches: (1) by combining broadband photodetectors with
bandpass Iters and nanocrystals in the photodiode active
layer;* 3 (2) by splitting the light into its component colors;*
and (3) by intentionally enhancing absorption in a particular
wavelength range via the plasmonic e ect.” These approaches
are yet to demonstrate an appropriate set of performance
metrics for any meaningful application, that is, spectrally
tunable narrowband responses with full width at half-maxima
(fwhm) of <100 nm. Potential candidates for spectral speci ¢
detection, such as quantum dots, were widely explored as color
detectors, mainly in combination with graphene,®’ however,
these devices do not cover the entire visible spectrum. Only
recently, the rst color-speci ¢ nonsilicon-based detectors were
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reported, utilizing complex thin, as well as thick, Im
photodiodes based on perovskite crystals.>® Nevertheless,
these perovskite-based photodetectors are at the millimeter
scale and cannot be integrated into present silicon-based
integrated circuits. Over the past decade, nanowire-based
electronic devices have been demonstrated as a powerful
sensing platform, displaying signi cant advantages such as
rapid, direct,'® and ultrasensitive multiplexed detection of a
wide-range of biological***? and chemical species.** ** These
devices overcome intrinsic limitations of planar eld e ect
transistor (FET) devices, due to their one-dimensional (1D)
nanoscale morphology.’®*” The exceptionally high surface-to-
volume ratio of these nanostructures make their electrical
properties extremely sensitive to charges adsorbed on their

Received: September 9, 2017
Revised:  December 2, 2017
Published: December 4, 2017

DOI: 10.1021/acs.nanolett.7b03873
Nano Lett. 2018, 18, 190 201


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.7b03873
http://dx.doi.org/10.1021/acs.nanolett.7b03873

Nano Letters

03 -02 01 00 01 02 03
Vsd (V)

— (B) Electrode part lasers at 20%
—— (C) Electrode-wire part lasersat 1%
——(A) SiNW lasers at 1%

- —— (B) Electrode part lasers at 1%

633nm 546nm  1488nm

Time (s)

Figure 1. Architecture and characteristics of SGFET RGBV Devices. (a) An RGBV sensing chip array mounted on dedicated printed circuit board
(PCB) using wire bonding, consisting of 200 SGFET devices arranged in four regions, each being modi ed with di erent uorophore. (b) High-
magni cation of one of the four regions of the SGFET arrays chip displaying the devices arrangement. (¢) SEM image of the SGFET device, where a
SiNW s visibly connected by the source and the drain electrodes. (d) Emission spectra of SiINWs modi ed with di erent Alexa- uorophore
derivatives, (top to bottom) Alexa-610 (red emission), Alexa-555 (orange emission), Alexa-488 (green emission), and Alexa-430 (green emission).
(e) SEM image of submicron SGFET device, fabricated through e-beam lithography, displaying a single SINW connected with source and drain
electrodes. (f) High-magni cation SEM image of the same 300 nm source-to-drain SGFET device from (). (g) Typical I3 V4 curves of a p-type
SGFET device following Alexa uorophore modi cation for di erent V, ( 9 V to 9 V). (h) Schematic illustration of a four-color RGBV SGFET
detector fabricated by dry-transfer of SINWs onto a 600 nm SiO, p-type Si wafer. Each section of the RGBV device is represented by one modi ed
SGFET, whereas upon spectral illumination every SGFET detect a speci ¢ wavelength as determined by the attached uorophore absorbance. (i)
Laser re ection image taken by a laser scanning microscope (LSM), displaying one Alexa-488 modi ed SiNW forming a blue-SGFET device. Areas
A C indicate the di erent scan areas (area A, SINW; area B, electrode; area C, SINW/electrode connection). (j) Iy current measurements of the
device shown in panel i demonstrating the spectral-speci ¢ sensitivity of each designated area (A C) in panel i, following di erent laser excitations
(633, 546, and 488 nm). Note that only the nanowire area (A, blue line) reacts, and only to the blue 488 nm laser. Area B was also excited with a
higher laser energy (20%) showing no electrical e ect.

surfaces, which alter the nanowire’s surface potential.***° This Following spectral-speci ¢ absorbance of uorophores, an
local change in the electrical eld alters the carrier density electron in the highest occupied molecular orbital (HOMO) is
within the nanowire structure, through electrostatic gating, thus excited to the lowest unoccupied molecular orbital (LUMO),
leading to changes in the device measured current.”’ where it normally relaxes back to the ground state by emitting
Furthermore, nanowires can be synthesized with a ne control uorescent light. Occasionally, once in 500 1000 excitations,
over their diameter, length, chemical composition,** doping/ the molecule visits the triplet state.** At this triplet state, the
electrical properties, and shape,? %° and with the ability to uorophore can transfer an electron to its surroundings. This
create large-scale arrays of discrete nanowire elements.”’ 2° phenomena is well observed in biological assays, as the
Recently, dye-sensitized (porphyrin) thin Ims were shown to formation of reactive oxygen species resulting in photo-
induce electric current changes in silicon nanowires (SiINWSs) toxicity.*® Following electron transfer, the uorophore enters
by light-induced eld e ect gating.>® However, these devices are a dark state, until regaining back an electron. This e ect is
not spectrally selective, nor can they optically control the known as redox innking, and lasts for a few milliseconds in
electrical “on”/“0 " state of the device. physiological solutions.® In the present work, we study the
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Figure 2. Spectral-speci ¢ response of SGFET devices. (a) Visible spectral response of unmodi ed as well as di erent R/G/B/V-modi ed SGFET
devices, sequentially scanned from the red 700 nm to the 400 nm violet section (2.5 + 1 mW x ¢cm 2) using monochromatic excitation with 10 12
nm steps (at 4 s intervals) at a total scan time of 300 s. The spectral current response I, "9"/1.,%™ of the di erent, top to bottom, violet (Alexa-
430), blue (Alexa-488), green (Alexa-555), red (Alexa-610), and unmodi ed devices, is presented as a function of the wavelength. The spectral
speci city is represented by an increase in the 1,4"9"/1,,% and the responsive wavelengths are indicated as dashed boxes as follows: violet (486 412
nm); blue (532 486 nm); green (554 590 nm); red (603 648 nm). All indicated wavelengths represent the center of the monochromatic
excitation beam and have a £6 nm shift due to the 10 12 nm bandwidth. (b) Absorbance spectrum of glass modi ed with the di erent uorophores
(Alexa 430, 488, 555, 610) as measured by a spectrophotometer (arbitrary units, dashed lines), and calculated spectral response of the di erent
RGBV SGFETSs (solid lines). Note the close overlap between the absorbance spectrum and the SGFET responses. (¢) Typical time-response of Iy
(shown for blue-SGFET) by blue excitation (120 mW x cm 2, pulse duration is indicated in blue). Calculated rise time = 6.1 s, decay time = 35.6 s,
t; =235, t, =159 5. Inset: sequential blue excitation cycles. (d) Iy V4 curves of p-type red-SGFET device without illumination and following 5 and
10 s illumination cycles of red excitation. Note the negative gate-like e ect of the spectral-speci ¢ excitation. (e) Extracted Vy, (calculated from
Supplementary Figure S5b) of red-SGFET device as a function of the accumulated red excitation time (2 mW x cm 2). Inset: V,, shift di erence
( V) as a function of natural logarithm of the accumulated excitation time (t;). Black circles are experimental data and red line is a linear t.

e ect of photoinduced uorophore-mediated electron transfer
in conjugation with SINWs in a dry environment to achieve
spectral-speci ¢ nanodetectors. Nowadays, there is a growing
need for nanoscale spectral-sensitive detectors for integration in
miniaturized sensing devices in optoelectronic applications.
Here, we present a novel paradigm of red-green-blue-violet
(RGBV) spectrally sensitive, as well as UV/vis spectrally
controlled, uorophore-induced electrical gating of individual
SiNW-based FET devices. These SGFETs detect di erent
colors by exploiting the spectral-speci ¢ absorbance, and
electron transfer tendency, of various uorophores upon
photoexcitation. By virtue of their relative simplicity and
nanometric dimensions, these SGFETS could be used to form
highly dense color sensors up to an e ective pixel size of 20 nm
x 300 nm, as well as forming 3D stacked sensors <500 nm in
height.

Results and Discussion. Device Fabrication and
Architecture. P-type boron-doped SiNWs (as well as n-type
phosphorus-doped nanowires) were grown by the vapor
liquid solid chemical vapor deposition method, followed by
dry transferring to their destined locations on a silicon wafer,
and the formation of electrical contacts by lithography and
metal deposition steps. SiINWs of 80 and 20 nm diameter were
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used as the sensing elements in our spectrally gated FET
devices (see Supporting Information). These SINWSs were used
as part of a sensing multi-FETs array chip (Figure 1a), which
consists of about 200 planar SINWs FET devices, 6 m long
(source-to-drain distance) (Figure 1b,c). Chips were fabricated
on a 600 nm thermal-oxide silicon n-type wafer. The opto-
sensing chip consist of four sensing areas, where each area can
be chemically modi ed to detect a di erent wavelength, as
indicated in Figure 1ah for the di erent RGBV color detection
(see Supplementary Figure Sl1a). In addition, FET devices of
smaller dimensions, 300 nm source-to-drain distance, were
fabricated by the transfer of SINWs of 20 nm diameter onto a
silicon wafer, followed by e-beam lithography to de ne the
source and drain electrodes (Figure 1e,[f). SiINWs were
chemically functionalized using 3-aminopropyldimethylethox-
ysilane (APDMES), followed by the cross-linking of amine-
reactive Alexa- uorophore NHS ester derivatives. The follow-
ing commercially available Alexa uorophores were used: Alexa
430, Alexa 488, Alexa 555, and Alexa 610 (see Supplementary
Figure S1b). Chemical modi cation was performed postfabri-
cation, e ectively covering the whole SiNWSs, as well as the
wafer, surfaces. Whenever SiNWs were to be selectively
modi ed (without modi cation of the whole wafer surface),
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the silicon wafer was precoated with a thin 5 nm alumina
layer, which serves as sacri cial layer, then removed after the
APDMES functionalization step and just before the NWSs
modi cation with the di erent uorophore molecules (Supple-
mentary Figure S2a).

Spectral-Speci ¢ Response of Fluorophore-Embedded
SiNWs-based Devices. SINWs SGFET devices were function-
alized using APDMES followed by the cross-linking of di erent
amine-reactive Alexa uoro-NHS esters (illustrated in Figure
1a,h), and as can be observed by their corresponding

uorescence emission (Figure 1d and Supplementary Figure
Sla). A representative current-to-voltage (I V) curve charac-
teristic of a uorophore-modi ed SINW SGFET device is
presented in Figure 1g. For comparison, a typical | V curve of
a bare-SiNW FET device is presented in Supplementary Figure
Slc. We rst tested the spectral response of our Alexa 488-
modi ed SiNWSs devices (blue-SGFET), using a laser scanning
microscope (Figure 1ij). This set of experiments was
performed using suspended SiNWs FET devices, in order to
exclude any e ect that may originate due to the concomitant
chemical modi cation of the device’s surrounding surfaces.
Suspended SiINW FET devices were fabricated using pre-
etching of the silicon oxide layer between the inner-electrodes,
for the formation of trench structures using reactive ion etching
(RIE), leading to suspended SiNW elements attached to a
metal electrodes array (see scanning electron microscope
(SEM) image as inset in Figure 1i). The microscope was
accommodated with 633 nm (10 mW), 546 nm (10 mW), and
488 nm (7.5 mW) lasers. All lasers were set to 1% of their
power output, and only the area of the nanowire was excited for
10 s using all three lasers sequentially (Figure 1i, area A). As
can be seen in Figure 1j (blue line), the blue detector
nanodevice only responds to the blue 488 nm laser, as
manifested by a Il current elevation, up to 150% above its
electrical baseline (1,4""/1,,%"). To be certain that the SINW’s
part of the device is responsible for the spectral-speci ¢ e ect,
we tested di erent parts of the SGFET device, including the
SINW section (Figure 1i, area A), the area of the electrodes
(Figure 1i, area B), as well as the area where the SINW is
connected to the metal electrodes (Figure 1i, area C). The
results clearly show that only the SINW area is accountable for
the observed spectral-speci ¢ e ect, and also an illumination
with a higher 20% laser power on the electrodes areas did not
result in any SGFET Iy current elevation. This demonstrated
the spectral-speci ¢ photoinduced I current elevation,
similarly to the application of negative gate bias in p-type
SINW FETs. To extend the spectral detection of our devices,
we tested di erent uorophores with absorbance spanning the
entire visible spectrum: Alexa-430 (violet-nanodetector), Alexa-
488 (blue-nanodetector), Alexa-555 (green-nanodetector), and
Alexa-610 (red-nanodetector)-functionalized planar devices
(using nanowires of 80 nm in diameter for the fabrication of
6 m channel-length SINWs devices), as well as non-
functionalized SiNWSs devices as reference nonspeci ¢ nano-
detectors. This time, we tested the spectral electrical response
of the di erent uorophore-modi ed SiNWSs detectors using a
xenon monochromatic light source (Polychromator IV, Till
Photonics) sequential scan of the visible spectrum from the red
(700 nm) to the violet (400 nm) (Figure 2a). The total scan
time was 300 s, at intervals of 10 12 nm spectral bandwidth
(at 4 s intervals). The Alexa-modi ed p-type SINW devices
exhibit a clear elevation in their Iy current following spectral-
speci ¢ response, and show no change in nonresponsive
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spectral regions. Examining the response curve of the Alexa-430
nanodetector (violet-nanodetector) demonstrates that light
excitation ranging from 700 nm down to about 486 nm does
not induce any change in the Iy current of the violet SGFET
detector; however, starting at 486 nm down to about 412 nm
there is a noticeable 2.2-fold elevation of the Iy current relative
to the dark state level of the device (1s4/1,%). We refer to this
part as the spectral-speci ¢ e ect, corresponding well to the
expected absorbance spectrum of the uorophore anchored to
the SINW devices (Figure 2b). Out-of-range illumination does
not cause any elevation in the measured conductivity, and the
Iy current gradually reverts back to its baseline level, as can be
clearly seen in all our uorophore-modi ed SINW RGBV
detectors (Figure 2b, solid lines). Calculation of the fwhm, and
the relative responsiveness of each color nanodetector (Figure
2b) reveals fwhm values of under 100 nm for all RGBV
detectors: 38, 45, 49, and 94 nm for the red, blue, green, and
violet nanodetectors, respectively. This extracted Iy response
entirely overlaps with the expected uorophores absorbance
spectra, as measured by a spectrophotometer (Cary 5000
Spectrophotometer, Figure 2b dashed lines). Altogether, our
di erent RGBV SGFET nanodetectors show spectral-speci ¢
detection of the appropriate color, which is spectrally tuned by
the absorbance spectra of their surface-anchored uorophores.
The measured rise and decay times using our blue-SGFET
devices, following blue excitation of 120 mW x cm 2 (Figure
2¢), are 6.1 s (with time constant t; = 2.3 s) and 35.6 s (with
time constant t, = 15.9 s), respectively. We further tested the
spectral speci city of an ultrashort e-beam lithography
fabricated SGFET device (20 nm diameter SINW with an
inter-electrode gap of 300 nm), to be potentially incorporated
in submicron color detection applications (Figure 1ef). The
results obtained from the ultrashort Alexa 488-modi ed blue-
SGFET nanodevice (Supplementary Figure S3a c) demon-
strate high spectral speci city (Supplementary Figure S3a), as
well as superior response and recovery times (Supplementary
Figure S3b). The devices also display a typical trans-
conductance response (Supplementary Figure S3c). Further-
more, SGFET devices display high optical as well as chemical
stabilities, with a minimal response reduction of <5% after
140,000, 2 s switching cycles at 40 mW x cm 2 at ambient
conditions (Supplementary Figure S4a). The performance and
chemical stabilities of our devices were further enhanced by the
formation of a conformal ALD-based alumina thin shell, 8 15
nm thickness (Supplementary Figure S4b), and shown to result
in  uorophore-embedded nanowire hybrid structures of
remarkably high chemical stabilities under the harshest tested
conditions, while maintaining the spectroelectrical activity of
the devices and the spectroscopic attributes of the embedded
uorophore molecules (see Supplementary Figure S4c f). We
believe that encapsulation of the uorophore molecules by the
alumina layer protects the uorophores from degradation and
undesired photobleaching under long illumination periods.
Encapsulation of uorophores was shown in the literature to
serve as protecting means against uorophores degradation.**°
Spectral-Speci ¢ Response Attained via the Field E ect.
To understand the e ect underlining the observed increase in
the electric current following spectral-speci ¢ uorophore-
mediated response, we tested the electric properties of SGFET
devices following spectral-speci ¢ excitation. To this end, a red-
SGFET (Alexa-610) nanodetector was excited with a 1.5 mW x
cm 2 red light source for di erent time durations, and the e ect
on the resulting I V curves was measured (Figure 2d). The
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shape of the 14/V curves following spectral-speci ¢ excitation
exhibit similar response to that of applying an increasing
negative V, biasing to a nonmodi ed p-type device
(Supplementary Figure S1c), which results in an increased
conductivity. The Vy, is de ned as the minimum gate-to-source
voltage di erential needed to create a conducting path between
the source and the drain terminals. We extracted the threshold
voltage (V) change using sequential transconductance experi-
ments, following red light excitation (2 mW x cm 2) of a red-
SGFET (Figure 2e, calculated from Supplementary Figure S5b)
to evaluate the spectral-speci ¢ eld-e ect gating. This gating
e ect is manifested by a shift in the Vg, as a function of
excitation duration, ranging from 0.1 V without illumination
to 7.5 V following 60 s of red light excitation, implying an
accumulation of negative charges at the Si/SiO, interface trap
states, serving as a local negative gate bias. Electrical
characterization of the spectral response of our blue-SGFET
nanodevices was repeated under di erent illumination
intensities in the 40 220 mJ x cm 2 range, using a blue
xenon light source, resulting in a correlative response, similar to
the change seen in the Vy, shift (Figure S5a). We also tested the
spectral-speci ¢ response of our nanodevices at various V,
biasing potentials, ranging from 9.5 to 9.5 V (Supplementary
Figure S5c¢) and found a direct correlation which clearly
demonstrates a eld-e ect based mechanism. At high negative
bias, when the device is close to saturation, the e ect of the
spectral-speci ¢ e ect is relatively small ( Iz = 15 nA),
whereas at high positive bias, close to the device depletion
region, the spectral-speci ¢ e ect is substantially larger ( 1y =
50 nA). These experiments give good indication that the
spectral speci city of the SGFET devices is attained via the
eld-e ect mechanism.

To further investigate the source of the observed spectral-
speci ¢ uorophore-induced eld e ect, we performed a series
of surface potential mapping experiments using Kelvin-probe
microscopy (KPFM), in order to measure the surface potential
change following spectral-speci ¢ excitation of our devices.
Samples were prepared by transferring Alexa-modi ed SINWs
on top of native oxide silicon wafer substrates, resulting in a
dense arrangement of SINWSs. Alexa 555-modi ed SINWSs were
used, and a 25 m? area was scanned, while the topography of
the same area was simultaneously examined (Figure 3a). The
atomic force microscopy (AFM) topography of the scanned
area revealed several SiINWSs, some lying at in direct contact
with the wafer surface (Figure 3a, indicated by a yellow arrow),
while others stacked one on top of other forming partially
suspended SINWs (Figure 3a, indicated by a blue arrow). In
parallel, KPFM surface potential was acquired, showing a
uniform surface potential for the uorophore-modi ed SINWs
(Figure 3b). Following 40 s of illumination at 546 nm, 200 mW
x cm 2 (Figure 3c), it can be seen that the SINWs have gained
a signi cant rise in their surface potential, 60 mV (see
Supplementary Figure S6a d), while certain sections of the
SiNWs, as well as the surrounding wafer areas, exhibit only a
modest uniform potential rise. The sections of the SINWs
displaying increased surface potential upon wavelength-speci ¢
illumination are clearly identi ed in the topography scan as
wires slightly elevated from the wafer surface. Note that each
scan takes about 25 min, consequentially all fast dissipating
charges will not be detected during the slow KPFM
measurements. One hour postillumination, an additional
KPFM scan measurement shows that the accumulated charge
was only detected at the most suspended SiNW sections, while
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Figure 3. Accumulation and dissipation of charges following spectral-
speci ¢ excitation of SGFET devices. (a) AFM scanning results of 5

m x 4 m area of Alexa-555 modi ed p-type 80 nm diameter
SiNWs, which were dry-transferred onto a native oxide p-type silicon
wafer. SINWs bright suspended sections are marked by blue arrow, at
SiNWs sections are marked by yellow arrow. (b d) KPFM scanning
of the same area as in panel a; bright color represents more positive
areas. (b) KPFM scan displaying similar electrical potential
distribution along all of the SINWSs, as well as the wafer surface. (c)
Following 40 s of green light excitation (200 mW x cm 2), displaying
bright positively charged areas in suspended sections (blue arrow). (d)
One hour postexcitation, only suspended areas (blue arrow) of the
SiNWs still retained their positive charges triggered by the light
excitation. (¢) SEM image of a suspended SGFET device. (f) Long-
term measurements of the 14"9"/1,,% of a suspended SGFET device
under ambient conditions, following blue excitation for 20 s (2 mW x
cm 2). The device retains 2 fold of the original value (before
excitation) for about 14 h. Inset: First 2 min postexcitation. Note that
planar SGFETs revert back to their original value about 1 min
postexcitation (for comparison see Figure 2c).

it is completely lost from other nonsuspended parts of the
nanowires (Figure 3d, indicated by a blue and yellow arrow,
respectively)

Following spectral-speci ¢ excitation of uorophore-modi-
ed p-type SiNWs devices, we observe an elevation in the
conductivity of the nanowires, indicating a negative shift in
electric potential at the Si/SiO, interface. KPFM measurements
show that following spectral-speci ¢ excitation, there is an 60
mV shift in the electrical potential as detected at the outer
surface of the uorophore molecular layer decorating the
SiNWSs (Supplementary Figure S6d). This apparent contra-
diction can be resolved by the idea that photoinduced negative
charges transfer from the uorophore molecules at the outer
molecular-layer of the chemically modi ed device toward the
SINW structure, resulting in a net positive electrical potential
change as detected by the KPFM measurements. Our results
clearly show the nature of the accumulated charge, which
originates at the uorophores decorating the SINWs surface,
and translocate to the SINW structure following spectral-
Speci ¢ excitation.
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Figure 4. Spectral control of the “on” and “o " States of the suspended SGFET nonvolatile memory elements. (a) Spectrally induced long-term
nonvolatile memory e ect of blue-SGFETS. Following blue excitation for 20 s (2 mW x cm 2), the device retains 2 fold of its original current
baseline value (before excitation) for about 3 days under ambient conditions. Breaks in the graph demonstrate the nonvolatile capability of the
retention of memory e ect in the absent of V, electrical potential. (b,c) Sequentially cycles of blue excitation (5 s, 20 mW x cm 2) and UV
excitation (2 s, 25 mW x cm 2), controlling the level of 1,,/1,%™ at an interval of 10 min (b) and 1 min (c). (d) Suggested model for SGFETs
operation (d2,3), and for the UV light modulation over the of I,/1,% of the SGFET devices (d4). The model illustrate the di erent RGBV
uorophores attached to the silicon oxide surface of a p-type SINW, and the appropriate estimated energy band diagrams. (d1) Bare SINW. (d2)
Before spectral-speci ¢ excitation. (d3) Following spectral-speci ¢ excitation of the appropriate RGBV uorophores, an electron is excited from the
HOMO to the LUMO state, and transferred to the nanowire. The excess minority charge carriers in the nanowire increase the trapping rate and shift
negatively the trap charge density. Thus, negative gate bias is applied, resulting band bending, accumulation of holes in the SINW, and increase in its
conductivity. (d4) Suggested model for UV-gating e ect on SGFETS. Following UV irradiation (below 400 nm) UV photons induces ionization of
electrons held in traps at the inner part of the oxide layer to the outer oxide layer and as a consequence reintroduce electrons back into the
uorophore layer, enabling the control the “on”/“o ™ states of the SGFETS by vis/UV light cycles.

Suspended SGFET as Nonvolatile Memory Elements. Our the wafer oxide promotes recombination events leading to
KPFM measurements suggest that uorophore-modi ed charge equilibrium and redistribution of electrons along the
suspended nanowire sections are capable to accumulate and wire, and reintroduction of electrons back into the uorophore
hold negative electric charges following their spectral-speci ¢ layer. These memory elements are nonvolatile in nature,
excitation. To this end, we tested suspended nanowire SGFET depending only on the eld-e ect gating, which persists also in
devices (suspended devices in Figure 3e and Supplementary the absence of any applied Vg potential (Figures 4a and S8).
Figure S7a versus planar devices in Figures 1c and Sic). Spectral Control of the “On” and “O " States of the
Electrical measurements of the current decay following spectral- Suspended-Nanowire SGFET Nonvolatile Memory Devices.
speci ¢ excitation show a prolonged memory e ect, which fully Several optoelectronic applications require e cient control of
supports our KPFM observations (Figure 3f). While the Iy the “on” (write) and “o " (erase) states of a device. In most
current of planar SGFETS reverts back to its original baseline cases, this is done using broad-band illumination to reach the
value about 1 min postexcitation (Figure 2c), in suspended “on” state and no illumination for the “o ” state.*® However,
SGFET devices the light-induced elevated Iy current persists, this approach requires continuous illumination through the
and is found to be preserved at 2 3 folds above the baseline “on” state, which is highly power demanding, generating heat
value for days postexcitation at ambient conditions (Figure 3f, and noise sources. In other applications, the “on” state is
Figure 4a for blue-SGFET, and Supplementary Figure S8 for generated via pulse illumination, whereas the “o ' state is
green-SGFET). We attribute this prolonged memory gating achieved via high-voltage gate bias.>’ In this case, the device is
e ect to the isolation of the suspended SGFET nanowire only semioptically controlled. As described above, following
devices from the wafer surface, leading to the extended spectral-speci ¢ excitation, negative charges translocate from
retention of light-induced negative charges at the nanowire. the uorophores to the SINW and cause elevation of I for p-
In planar SGFETS, the close contact of the nanowire oxide with type SGFETs. The accumulation of charges, in particular in
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suspended devices, results in a prolonged “on” state that can
persist for days at ambient conditions. We have found that UV
illumination at <390 nm ( 3.1 eV), causes the reciprocal e ect,
causing a rapid reduction/elevation in 1l for p-type/n-type
SINW FETs, respectively (Figure S9a). Combining UV
illumination with the SGFET spectral-speci ¢ excitation
properties allows the control of the “on (write)"/“0 (erase)”
states of our nonvolatile memory elements, without the use of
an electrical gate bias. As presented for the suspended blue-
SGFET devices (Figure 4b,c, and for green-SGFET Supple-
mentary Figure S10a,b), following short UV illumination (365
nm, 2 5s), there is a rapid decrease in the Il current of the
device reaching the “o ” state, while following spectral-speci c
blue excitation (488 nm, 5 s) there is an elevation of the Iy
current to the “on” state. The “on”/“0 " switching is
maintained for multiple sequential UV/blue excitation cycles,
at intervals of 10 and 1 min (Figure 4b,c respectively) and for
suspended green-SGFET (Supplementary Figurs S10a,b,
respectively). Similar experiments of sequential spectral-
speci ¢/UV excitation cycles were done also using n-type
blue-SGFET devices (Supplementary Figure S9b), displaying
opposite behavior to the p-type SGFETSs, where the blue
excitation causes reduction of the electrical Iy current, while
UV illumination results in an elevation of the I current. To the
best of our knowledge, this represents the only device capable
of performing color-coded spectral-speci ¢ writing/erasing
switching.

Suggested Model of Operation. The measured SINW
SGFETSs in this study belong to the subgroup of FETs named
junctionless FETs (JLFETS), in which the doping level of the
silicon channel and the source/drain regions are similar and
high*® “° In these devices a reasonable amount of current

ows when they are turned on, and charge is fully depleted in
the “o ” state. Often, due to interface traps within the
surrounding oxide, or in close vicinity of the Si/SiO, interface,
many SINW FETSs exhibit hysteretic behavior in their transfer
characteristic (TC).** The physical origin for this hysteresis
relies on charging and discharging of interface states within the
oxide which interact with mobile charges at the silicon wire
depending on the position of the SINW's Fermi energy, Eg, and
trap states. The charge of these interface traps can be negative,
positive, or neutral, depending on the relative position of Eg
and the intrinsic midgap energy level, E;, at the Si/SiO,
interface. Traps below E; act as donors, that is, below Er are
neutral and above E¢ are positively charged. Traps above E; act
as acceptors, that is, below Eg are negatively charged, and above
Er are neutral. Because interface traps can be located even 1 or
2 nm inside the oxide, they exhibit long capture time constants
due to tunneling processes from the Si/SiO, interface into the
oxide (see Supplementary Figure S11a).*?

The relative position of E; with respect Eg is determined by
the external gate voltage, work functions di erence between the
channel and the gate, xed charges at the oxide or its vicinity,
Qi and interface trap charges, Qy, according to the following
relation®®

Qi

V, =W, W, +
g 9 sc Cor

Qu
) COX COX
where W,/Wj represents the gate/channel work function, is
the electrostatic potential at the Si/SiO, interface (r = R)
measured with respect to E;(r = 0), Q, is the space charge
density, and C,, is the gate-silicon mutual capacitance. All the
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Q'’s and capacitance are de ned per unit length. Q; can be
expressed as Q=2 ReDy(Ep Er e =2 Re?Dy( g

s), where R is the wire radius, D;; is the interface state density
with units of [cm 2. eV 1], e = |¢| is the electron charge, E;, is
the intrinsic midgap energy level at the wire origin (r = 0), and
e g=Eo Er=kgT In(N,/n)where N, is the acceptors doping
concentration of the studied SINWSs.

According to Shockley Read Hall** model for nonradiative
recombination of holes and electrons the density of negatively
charged trap with energy  located at a distance x from the
interface into the oxide behaves as exp( t/ ) with time
constant, ,, which depends on both the surface density of
electrons and holes in the silicon wire (n, p,), as well as on the
occupancy of the trapped state.” At speci ¢ set of external
parameters, the time constant of a trap for capturing an electron
can be approximated by = nyy, . Where vy, is the average
thermal speed of free electron, and . = e 2 **is the reduced
capture cross section for an electron located a distance x from
the interface. | is the evanescent wavenumber of an electron
within the oxide barrier which can be approximated to 1/(2 o)

1 2 A under normal operation conditions.

Under applied stress biases from the back gate, the interface
traps can be populated or depopulated according to their
distance from the silicon interface, and densities of free charges
at the Si/SiO, interface which depend on  that is, ng = n;
exp(e( s ) ps=mexp(e( g ) wherenis the
carrier density for intrinsic wire, and = 1/kgT. These traps
charges, Q;, will modify the threshold voltage of the device
according to the following relation: Vi, Q:/C,,. Because
of the long time constants of trapping and detrapping of
interface states the system is far from thermodynamic
equilibrium and a di erence in the traps occupancies is
common even for the same gate voltage when sweeping the
voltage in the upward or downward direction. This
phenomenon can be observed as hysteretic behavior in the
TC of the device and will depend on the sweeping range and
rate.”> Moreover, for p-type transistors, clockwise hysteresis
reveals charge transfer between traps at the oxide, where
counterclockwise hysteresis indicates charge trapping or
detrapping between the silicon and the oxide.

As mentioned above, the time constant for trapping also
depends on n, which is typically modi ed by the gate voltage.
However, it is well-known that under low charge injection,
either by optical generation or other means, it is possible to
signi cantly increase the minority charge carriers (in our case,
electrons) above their thermal equilibrium value, that is, n;

n, = n?/N, where n, is the electron density at the wire interface
under equilibrium conditions. In such circumstances, the charge
trapping rate by the interface states will increase and a negative
shift in the trap charge density will occur, that is, Q; < 0
(Figure 4d, illustration 3). As a consequence, the threshold
voltage will increase ( V > 0) causing current increase/
decrease for p-type/n-type transistor. At steady state con-
ditions, the excess electrons will recombine and the total charge
density of the minority carrier will become ny Ny = Gop rec
where we assume high boron-doped wire (in our wires N,

10" cm 3hence n; 102 cm *).** G, is the generation rate of
excess electrons ([Gyp] = [cm *t ®]) and ., is the indirect
recombination time. Alternative explanation of Q; is the
following: Under generation of extra electrons, above their
equilibrium value two quasi Fermi energies form, one for the
electrons and one for holes (Eg, and Eg,). Since we are
interested in low charge injection, the holes concentration is
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barely changed, hence, Eg, remains the same. However, n, is
dramatically changed, therefore, Eg, increases and more donor
states at the interface captured an electron, reverting their
charge state from positive to neutral, that is, making Q; more
negative. If Eg, increases above the midgap energy level E; at
the Si/SiO, interface, acceptor states will capture an electron,
shifting their charge state from neutral to negative, and again
causing Q; < 0.

The duration of the charge injection (G,,) will not change n;
since o is extremely short (sub ns*®) and it reaches its steady
state value very quickly. However, since G, is equivalent to
gate bias stress, as the stress is longer more remote traps will be
populated increasing Q;; and V4, shift. Estimation for V; can
be done as follows: On the basis of our previous work™ we
assume an APDMES coverage of 1.2 x 10% molecules/cm?,
and a surface coverage of 4 = 1 x 10 molecules/cm? of the
Alexa uorophores. Under strong light illumination, all the
Alexa molecules are activated but only a small fraction ( 0.1
0.2%) do not recombine uorescently to their ground state.
Few of these excited electrons can overcome the oxide barrier
and be injected to the silicon wire with small probability, T,
calculated by Wentzel, Kramers, Brillouin (WKB) approxima-
tion. Since charge conservation must prevail, the following
relation exists

2 R+dy) 4 10 . R°Gy,
fl
where dg, is the wire oxide shell (3 4 nm), and 4 is the
recombination time of the Alexa uorophores (approximately a
few nanoseconds).”’ Putting together forn,  ng = Gop rec ONE
nds
n, = 2 4 103T=5 10"Tcm 3
R fl

whereR=40nmand ./ 4 O0.1wereused ( . few 100 ps
and 5 fewns). The maximum in the transmission probability
calculated by WKB for an electron in the Alexa’s excited state
and wire’s oxide barrier yields T 10 %% and the resulted
electron density is n, = 5 x 10 cm 3 or even 10 (if 0.2%
Alexa molecules undergo nonradiative recombination) which is
much larger than ng but still much lower than p,, in agreement
with low generation rate. If all the traps in the additional
window (Eg, Eg,) will have enough time to be populated,
the maximum shift in the threshold voltage will satisfy the
following equation

Qit — 2 Re Dit (EFn
COX COX

The shift of the electron quasi Fermi energy is calculated
from the injected carrier density using the following relation

(Een  Egp) =kgT In(ng/ny), and can be as large as 0.11 eV for
n, = 10* cm 3. For typical values of D, =2 x 102 cm 2eV 1%
nanowire radius of 40 nm, and nanowire gate distance of 600
nm, Vg, can be as large as 7.5 V, where we assume the gate
wire capacitance per unit length to be C,, = 2 , /In(2h/
R).® 4( o) is the vacuum (oxide relative) dielectric constant
and h is the distance between the wire center and the highly
doped silicon substrate. Because of the fact that h is large, the
capacitance is small and the threshold shift is much bigger in
comparison with devices with smaller ratios of 2h/R. This large
expected shift is in good agreement with our experimental
results and is much larger than the estimated threshold shift

EFp)

Vin
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which is attributed to the electrostatic dipole moment formed
between the positive Alexa molecules and their injected
electrons.®® This shift can be as large as 0.1 V in our setup,
and certainly cannot explain the large measured voltage
threshold shift found in our experiments.

As was mentioned before, population or depopulation of
interface traps within the oxide can span several orders of
magnitude in time, depending on the trap energy and distance
from the Si/SiO, interface. As a consequence, the dependence
of the voltage shift with respect to the duration of the applied
stress (either by gate voltage or carrier injection) usually does
not follow a single exponential decay or increase, but a
logarithmic behavior™* with respect to the stress duration (t;) of
the following form Vy, 2 Re Dy E In(t/ty)/C,,, Where E
is the relevant accessible energy window at the interface, and t,
is the shortest time scale in the measurement.

In the next section, we quantitatively examine the agreement
between our experimental results and the suggested theoretical
model. First, we examine the TC of bare and modi ed wires
and observe two important facts: (i) after APDMES
modi cations Vy, shifts almost 20 V toward negative gate
voltages, implying accumulation of positive charge at the outer
surface of the wires. After Alexa modi cations the threshold
voltage shift back toward less negative or even positive gate
voltages (Supplementary Figure S11b). These two trends
originate from the positively charged amine groups at the
vicinity of the SGFETs after the APDMES modi cation, and
the negatively charged groups of the Alexa uorophores
modi cation. The net charge that accumulates at the outer
surface of the wire per unit length, denoted as Qy, will be
extracted shortly. (i) The TC for bare and modi ed SiNWs
exhibit hysteretic behavior, depending on the sweeping rate and
voltage range (Supplementary Figure S11c). For low sweeping
rate (<10 mV/s) the hysteresis is counterclockwise (CCW) and
for higher rates it is clock wise (CW). This hysteretic
characteristic is a clear indication for interface states at the
wire’s oxide, and their density (D;;) can be measured from the
di erence between the threshold voltages of the right and left
sweeps using the following relations

2
FB 9 SC C C
0X (0
Qi RPN,e
ViR, L) =W, W + (R, L) T o
00X '0X
2 RED( 5 (R/L)
COX

where R and L denote values of the right or left curves, and Vg
is the at band gate voltage. For example, from the TC of the
unmodi ed wire presented in Supplementary Figure S11d we
could extract the surface density of xed charges, 7 = Qs
2 (R+dy)e 042 x 10" cm 2 and Dy = 1.67 x 10* ¢cm 2
eV I which is in good agreement with interface states density
measured in native oxide SINWs.*® Using the same D, in the
TC depicted in Supplementary Figure S11b for the same wire
before and after chemical modi cations, resulted with g,
(before) = 0.51 x 102 cm 2and g (after) = 1.6 x 102 cm 2.

As discussed before, upon spectral-speci c light excitation the
Vi increases for p-type SGFETs. Taking gy V, sweep after
each light excitation (Supplementary Figure S5b) enables us to
consecutively extract the threshold voltage. Such analysis is
presented in Figure 2e, where Vy, as a function of the
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accumulated time of illumination, which is equivalent for the
stress duration in gated devices, is plotted. First, we see that for
long stress duration the threshold shift almost saturates,
implying traps population approaching thermodynamic equili-
brium. Second, the saturation value is close to 8 V, in excellent
proximity to the estimated value of 7.5 V. Third, we plot Vi, =
Vi, Vi (t = 0) of the same data set versus In(t;) as predicted
for a broad time constant dispersion of interface traps within
the oxide™ (Figure 2e, inset). The data nicely t to the
predicted model, and the slope (a) should be compared to a =
2 Re Dy E/C,,. This relation can be reverted for extracting
the relevant energy window for traps population E. Using a =
16and 1.67 x 10> D, 2x10%cm %eV ‘one nds0.12

E 0.14 eV which is in good agreement with our previous
estimation of 0.11 eV.

When light is turned “o ", planar SGFET devices are relaxed
back to their base state in tens of seconds (Figure 2c). The
reason for this rapid relaxation relies on the fact that positively
charged Alexa molecules can regain back their missing electron
from the nearby oxide of the entire wafer. When these
molecules return to their neutral states, no attraction between
the negatively charged traps within the wire oxide to the
positively Alexa molecules prevails, and the trapped electrons
can relax back to the wire body in a similar rate for the trapping
process. For suspended SGFET, as previously described
(Figure 3f), current relaxation persists for days at ambient
conditions. In this case, electrons from the wafer's surface
cannot di use toward the positively charged Alexa molecules,
due to presence of the air gap, and as a result, only electrons
which succeed to tunnel through the entire oxide shell of the
wire can neutralize the Alexa molecules. This process lasts a
long time because no light illumination is involved and causes
slow relaxation of the current in suspended devices. UV
illumination (Figure 4d, illustration 4) induces ionization and
detrapping of electrons held in traps, which was shown to occur
at an initial energy of 3.1 eV in others experimental
systems,>** as well as in commercial applications similarly to
the e ect seen in an erasable programmable read-only memory
(EPROM) chip. UV-induced ionization consequently reintro-
duce electrons back into the uorophore layer, reverting the
wire conductivity back to its state before uorophore
excitation. This repeated interplay between the uorophores
spectral-speci ¢ excited electrons and the UV oxide ionization
allows control over the “on”/“o ” state of our SGFETS.

Single-Nanowire Multi-Color Detector. Reducing the
dimensions and complexity of color detection devices is of
critical importance in future applications. For this purpose, we
designed the fabrication of multicolor single-nanowire
detectors. These devices consist of a single-nanowire element,
electrically coupled in a manner that allows the formation of
multiple SGFETS on a single nanowire unit through the use of
lithography means. The subsequent segment-speci ¢ chemical
modi cation with multiple uorophores allows the formation of
multicolor pixels along a single-nanowire, as illustrated in
Figure 5a.

In order to demonstrate this concept, we embarked the
design and fabrication of a dual-color detector device,
consisting of a single nanowire dual-SGFET, chemically
modi ed with Alexa-488 and Alexa-555 uorophores. Shortly,
single-nanowire dual-FETs were fabricated, displaying an active
channel length of 2 m each. The segment-speci ¢

uorophores chemical modi cation was performed through
the use of photolithography steps (please see Supplementary
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Figure 5. Single-nanowire multipixel nanodetector. (a) A dual-color
SGFETSs array architecture illustration, displaying two pairs of single-
nanowire, four colors, dual-pixel elements, covering the entire visual
spectrum in a highly con ned area. (b) Fluorescence image of the site-
speci ¢ Alexa modi cation of a green (Alexa 555 - red emission, left
section)/blue (Alexa 488 - green emission, right section) on dual-color
single-nanowire. (c) Normalized current response of a single-nanowire
dual-color green-blue nanodetectors (excitation band-pass lters
spectrum are indicated at the side of each excitation 10s pulse)
displaying spectral-speci ¢ response of each dual-color detector with
some crosstalk due to the uorophore absorbance overlapping
spectrum. (d) Fluorescence image of the site-speci ¢ Alexa
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Figure 5. continued

modi cation of a red (Alexa 610 - red emission, left section)/violet
(Alexa 430 - green emission, right section) on dual-color single-
nanowire. (e) Normalized current response of a single-nanowire dual-
color red-violet nanodetectors (excitation band-pass Iters spectrum
are indicated at the side of each excitation 10 s pulse) displaying highly
spectral-speci ¢ response of each dual-color detector with a minimal
crosstalk due to the uorophore absorbance large separation.

Illustration 1 for details). The successful fabrication of the
segment-speci ¢ uorophore-modi ed devices is shown in
Figure 5b. It can be clearly observed that the dual-SGFET
single nanowire devices are successfully segment-speci cally
modi ed with two uorophores, Alexa-488 (green uores-
cence) and Alexa-555 (red uorescence), each covering a
di erent spectral range. This successful fabrication sequence
allowed the creation of single-nanowire dual-color detector, as
shown in Figure 5¢ (blue-green pixels) and Figure 5e (violet-
red pixels). Important to note that Alexa-488 and Alexa-555
uorophores display a considerably large spectral overlapping,
(see Figure 2b for absorbance characteristics), thus, this fact is
expected to be directly re ected on the spectroelectrical
behavior of the resulting color detector devices.

The dual-color single-nanowire detectors exhibit a clear
spectral-speci ¢ response upon excitation at wavelengths of
blue (460 500 nm), green (520 550 nm), and red (590 620
nm). Examining the temporal response curves (Figure 5¢) of
the Alexa-555 segment (green pixel) versus the Alexa-488
segment (blue pixel) on the single-nanowire dual detector
demonstrates that green light excitation induces a considerable
change in the Iy current of the respective green pixel detector,
while only displaying a moderate current elevation for the blue
pixel. Alternatively, blue excitation causes a fast and
considerable change in the Iy current displayed by the blue
pixel segment, while leading to smaller current changes shown
by the green pixel segment device. The smaller current changes
observed in these cases are attributed to the spectral
overlapping of the chosen uorophores. Furthermore, red
light excitation, outside the spectral range of the respective

uorophores, does not elicit a considerable change in the
current of the blue-green single-nanowire dual-pixel device
(Figure 5c¢). Figure 5e shows the spectrally selective electrical
results of a similarly fabricated single-nanowire dual-pixel
detector, modi ed with Alexa-430 and Alexa-610 uorophores.
These uorophores display a considerable smaller spectral
overlapping in comparison to the blue/green dual-pixel devices
(Figure 5¢). The e ect of the reduced spectral overlap on the
resulting electrical responses is evident, as expected. Notably,
the large toolbox of available uorophores allows the exible
design and fabrication of various spectral-speci ¢ detector
combinations with controllable spectral width as well as
improved spectral selectivity.

Conclusions. We demonstrated a novel concept of Iter-
free color detection at the nanometer scale. This new concept is
based on the inherent high sensitivity of SINW FETSs, in
conjugation with the spectral-speci ¢ absorbance and photo-
induced charge transfer of various molecular uorophores. We
show that SGFET devices can be used to distinguish between
di erent colors at the violet-red spectrum with a fwhm <100
nm bandwidth, which correlates to the absorbance spectra of
the covalently attached uorophores. In this work, we used
commercially available Alexa- uorophore derivatives, which are
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known to be highly stable; however, it is most possible that the
use of other uorophores, which absorb at di erent wave-
lengths and which have higher tendency to transfer electrons,
could extend the spectral sensitivity and response time of the
SGFETSs. We demonstrate the nature of this spectral sensitivity
by measuring the change in the surface potential of the excited
uorophore-modi ed devices, and show that the spectral-
speci ¢ modulation of the SGFETSs conductivity is due to the
spectrally generated threshold voltage shift by repopulation of
interface charged traps. The light illumination causes injection
of minority charge carriers from the uorophore to the SINW
body, and this excess charges enhance the capturing rate of
electrons within the oxide traps, shifting the threshold voltage
to positive values, and the conductivity increases. We present a
way by which our SGFETS can be controlled spectrally without
the need for a physical gate bias by using UV light, and be
utilized to form spectrally controlled memory elements from
suspended SGFET devices. Alternatively, the fabrication of
such devices on a thinner oxide surface could be potentially
used to enable fast erasing, using high voltage back-gate pulses
in order to improve the decay time of the SGFETSs.
Furthermore, we developed the fabrication of ultrasmall
multicolor single-nanowire detectors. Our highly compact
nanometric SGFETs have the potential to be integrated into
miniaturized optoelectronic applications, by virtue of their
simple design. We have found that the chemical stability of our
SGFETs can be greatly enhanced by the formation of a
conformal ALD-based alumina thin shell, 8 15 nm thickness
(Supplementary Figure S4b), forming uorophore-embedded
nanowire hybrid structures of remarkably high chemical
stabilities under the harshest tested conditions, while
maintaining the spectroelectrical activity of the devices and
the spectroscopic attributes of the embedded uorophore
molecules (see Supplementary Figure S4c f). This type of
miniature optoelectronic devices would be of interest also in
biological applications, to serve for example as in vivo
uorescence-signal detection, or as a color-sensitive arti cial
retina implants. After their alumina nanoencapsulation, the
SGFETSs can also operate under wet physiological conditions.
This allows the SGFETSs to be incorporated into diverse bio-
optoelectronic applications, where such compact sensors are
highly required. All together, we believe that these compact
SGFET devices would be highly useful in various future
miniature optoelectronic applications.

ASSOCIATED CONTENT

7= Supporting Information

The Supporting Information is available free of charge on the
ACS Publications Web site. The Supporting Information is
available free of charge on the ACS Publications website at
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characteristics of suspended SGFETs (Figure S7). Long-
term memory e ect under ambient conditions of green-
SGFETs (Figure S8). UV illumination of SGFETS
(Figure S9). Spectral control of the “on” and “o0 ” state
of suspended green-SGFET nonvolatile memory ele-
ments (Figure S10). Electrical TC analysis of planar
SGFETSs (Figure S11) (PDF)
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