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Multibit Programmable Optoelectronic Nanowire Memory
with Sub-femtojoule Optical Writing Energy

Ming-Pei Lu,* Ming-Yen Lu, and Lih-Juann Chen

Persistent challenges in the nanofabrication of optoelectronic memory ele-
ments with ready size-scalability, multibit data storage, and ultralow optical
writing energy have limited progress toward the construction of optical data
storage/buffering elements in high-density photonic-electronic circuits. Here,
a multibit programmable optoelectronic nanowire (NW) memory is described
that operates with an ultralow optical writing energy [ca. 180 a] bit™! (ca.

330 photons bit™")] and a low standby power consumption (<1 pW) at room
temperature. In this system, photoionized charged defects behave as surface
trapped charges to achieve the electrical memory effect. As a result of the
high surface electric field, the rate of dissociation of the photoexcited charge
is amplified, thereby decreasing the optical writing energy. Moreover, the
extremely high dynamic photoconductive gain (ca. 10'%) makes it possible

to write multibit optical data bit-by-bit into the NW. These findings should
open new opportunities in next-generation multifunctional nanochips for
optical data storage/buffering, optical data processing, and optical sensing

purposes.

1. Introduction

Developing nano-structured technologies for the integration of
photonics into electronics on the nanometer scale will enable
the preparation of highly integrated nanochips exhibiting great
functionalities and having promising applications in areas
ranging from optical interconnections to optical computing and
communications.!l One-dimensional nanomaterials having
high aspect ratios and significant surface effects have been
proposed as key elements (e.g., nanoscale lighting sources,?
optical switches,! photodiodes,* photovoltaic devices,?’! wave-
guides!® for the feasible production of 3D multifunctional
photonic circuits schemed wusing high-density nanoscale
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interconnects. Furthermore, to meet the
demands of an optoelectronic memory
element for optical data storage/buffering,
hybrid integration technologies com-
bining photoactive organic molecules and
nanostructured materials have been used
to prepare optoelectronic memories.’!
Nevertheless, considerable difficulties in
integrating hybrid devices into highly inte-
grated nanochips must be resolved if they
are to find practical applications.

The internal phenomenon of persis-
tent photoconductivity (PPC)—that is,
photoconductivity persisting for a long
time after termination of optical excita-
tion—originates from the slow recovery
of the atomically photoinduced structural
transition of certain defect centers with
large lattice relaxation; it has been inves-
tigated extensively over 40 years in many
semiconductors, including compound
semiconductors, metal oxides, and chal-
copyrite materials.®12l Only a few studies have attempted to
exploit the PPC effect to realize two-level optoelectronic thin
film memories without a photoactive organic coating;!'’! the
resulting optical writing energy of a few microjoules has, how-
ever, been several orders of magnitude greater than the sub-
femtojoule switching energy of state-of-the-art Si logic tran-
sistors possessing sub-100 nm feature sizes.'Yl The ability to
greatly decrease the optical writing energy appears to be the
most important challenge affecting the development of opto-
electronic memory technologies for use in future photoelec-
tronic applications.

Here, we demonstrate a multibit programmable optoelec-
tronic memory featuring an ultralow optical writing energy [ca.
180 aJ bit™! (ca. 330 photons bit )] and a low standby power
consumption (<1 pW) at room temperature, prepared using
an n-type ZnO nanowire field-effect transistor (NWFET); this
approach has promise for the development of optoelectronic
memory elements for use in nano-photonic-electronic circuits.
The positively charged defects formed upon photoexcitation
can be used as surface trapped charges to induce electrical
memory effects in NW memories. The resulting high electric
field within the surface space-charge layer enhances the dis-
sociation rate of the photoexcited charges. Our observation of
an ultrahigh dynamic photoconductive gain (ca. 101%) enabled a
memory capacity for writing optical data bit-by-bit into an NW.
Moreover, the presence of the significant PPC effect in the ZnO
NW favors the retention of photoconductive characteristics for
electrical reading at each optical bit.
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Figure 1. (a) Low-magnification TEM image of a ZnO nanowire. (b)
HRTEM image of a ZnO NW, revealing the lattice spacing of 0.52 nm
corresponding to the (0001) plane of ZnO. (c) Annular dark field (ADF)
and (d) annular bright field (ABF) STEM images of a ZnO NW; the ABF
STEM image reveals the ABAB stacking order of a wurtzite structure.

2. Results and Discussion

2.1. UV Photoresponse of ZnO NWFET

We used transmission electron microscopy (TEM) and scan-
ning transmission electron microscopy (STEM, JEOL JEM
ARM 200F) to determine the crystal structure of the ZnO NWs.
Figures 1a and b present low-magnification and high-resolu-
tion (HR) TEM images, respectively, of a ZnO NW. The lattice
fringes have a spacing of 0.52 nm, corresponding to the lattice
constant of (0001) ZnO, indicating c-axis growth of the ZnO
NWs. We further investigated the atomic arrangement of ZnO
NWs under aberration-corrected conditions. Figures lc and
d display annular dark field (ADF) and false-colored annular
bright field (ABF) HR-STEM images, respectively, of a ZnO
NW. Notably, ABF STEM imaging can provide clear informa-
tion regarding the atomic arrangement of elements in mate-
rials.l’®! Accordingly, we observe the ABABAB stacking order
of wurtzite-structured ZnO along the <0001> direction in
Figure 1d.

The upper-right inset to Figure 2a displays a representative
structure of a back gate ZnO NWFET (see Experimental Sec-
tion for device fabrication). The lower-right inset to Figure 2a
presents a top-view scanning electron microscopy (SEM) image
of an NWFET featuring an individual ZnO NW bridging two
metal electrodes; the NW diameter (Ryyw) is approximately
130 nm and its channel length (Lyyw) is approximately 3.5 pm.
Figure 1a displays the conductance characteristics of the ZnO
NWEFET with ohmic contacts plotted with respect to the gate
voltage (V;, ranging from -80 to +20 V) in an ambient envi-
ronment. [t suggests that altering the width of the surface
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Figure 2. (a) NW conductance plotted with respect to the gate voltage
(Vg, varied from —80 to +20 V). Upper-right inset: Representative struc-
ture of a back gate ZnO NWFET. Lower-right inset: top-view SEM image
of an NWFET featuring a single ZnO NW (channel length: ca. 3.5 ym;
NW diameter: ca. 130 nm). (b) Ratios of photoconductance (G) to dark
conductance (Gg,y) under values of Vg of —25, =35, =37, =50, and -60 V,
recorded in real-time. (c) Band diagram of the ZnO NW under UV illumi-
nation. E, E,, and E¢ represent the conduction band, valence band, and
Fermi energy level, respectively, of the ZnO NW. The symbol @ represents
the positively charged defect. The large surface electric field (E) assisted
the dissociation of photoexcited charges and then drove the free elec-
trons toward the inner zone of the NW, leaving behind positively charged
centers near the surface.
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space-charge layer in the ZnO NW, through the application of
different values of Vi, will effectively modulate the conduct-
ance from the off mode through subthreshold to accumulation
modes.

To investigate the photoconductivity performance, we
recorded the ratios of the photoconductance (Gyy) to the dark
conductance (Gg,yt) of the NW in real-time under UV light
exposure [power density (Pyy): 25.75 nW cm™2] for 180 s at var-
ious values of Vg, as displayed in Figure 2b. Interestingly, we
observed a giant magnitude of approximately 107 for Gph/ Gdark
when we operated the ZnO NWFET in the off mode (Vg <
—50 V). In contrast, the magnitude of Gy,/Ggai Was approxi-
mately equal to 1 for the NWFET in the accumulation opera-
tion mode. Recent reports have described evident changes in
the conductance of two-terminal ZnO NW diodes only when
the NWs were exposed to high values of Pyy of at least several
microwatts per square centimeter.'®l Hence, our finding of a
giant value of G/ Gyyn, spanning several orders of magnitude,
at an ultralow value of Pyy appears to have great potential to
facilitate the technological development of photosensitive ele-
ments for future optoelectronic applications.

After the termination of UV excitation, the photoconductivity
exhibited a significantly slow recovery rate, implying that the PPC
effect dominated the physical mechanism of the photoconduct-
ance in the ZnO NW. First-principles theoretical calculations
suggested that neutral oxygen vacancies (Vp), which formed
deep defect-localized states (DLS) in the ZnO bandgap and could
be photoexcited to form a metastable defect configuration of
the ionized 2+ state (Vo?*), were responsible for the PPC effect
in ZnO.['¥l Thus, the slow recovery process could be attributed
to electrons captured by the immobile positively charged states
through a thermal activation process involving large lattice relaxa-
tion. Recently, a surface defect state located at 240 meV above the
valence band was observed experimentally in the PPC of ZnO.[""]
Further investigation will be required to provide more informa-
tion concerning the atomic defect configuration and the proper-
ties of the intrinsic defects responsible for the PPC in ZnO NWs.

To obtain physical insight into the giant photoconductivity
associated with the PPC in ZnO NWs, we investigated the dis-
sociation rate of the photoexcited electron separated from the
positively charged center. From the point of view of photodi-
odes,'® the applied electric field in the space-charge region
plays a decisive role in determining the dissociation rate of
photoexcited charges. We estimated the surface potential (¢)
of a fully depleted ZnO NW having a diameter of 130 nm to
be approximately 2.2 eV when operating the NWFET in the off
mode, resulting in a large surface electric field (E) of approxi-
mately 6.7 X 107 V m™" (see Supporting Information, part S1).
Regarding the effect of the applied electric field on the dissocia-
tion rate of photoexcited carriers,l'%) it has been suggested, for
ZnO, that if the electric field exceeds approximately 10° V m,
then the dissociation rate of a photoexcited electron bound by
an attractive Coulomb potential, induced by positively charged
states, will be greatly improved (Supporting Information,
Figure S2). Under fully depleted conditions, the presence of
a large surface electric field will cause photoexcited electrons
bound by immobile positively charged states to more readily
surmount the attractive Coulomb potential and move along the
surface electric field toward the inner zone of the NW, leaving
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Figure 3. (a) Conductance of the NWFET plotted with respect to the total
number of incident photons per unit area upon UV illumination at various
power densities at a value of Vs of =50 V. The purple dashed line is the
noise level of the NW conductance. A power law (G, ~N,,*%%) was fitted
to the experimental photoconductance in the low-N,, regime (green solid
line). For comparison, the units of the upper x-axis have been scaled to
the number of photons incident on the NW. (b) Dynamic photoconduc-
tive gain plotted with respect to the total number of incident photons per
unit area. The extremely high photoconductive gain (ca. 10') is physically
ascribed to the modulation of the surface space-charge layer width after
the accumulation of positively charged surface defects.

behind the immobile positively charged centers near the NW
surface, as displayed in Figure 2c. Hence, the large surface elec-
tric field within the space-charge layer will assist the dissocia-
tions of photoexcited electrons and will also ensure the ultra-
high photosensitivity of the fully depleted ZnO NW.

2.2. Ultrahigh Photoconductive Gain in ZnO NWFET

We have demonstrated that an NWFET operated in the off
mode will result in a large surface electric field that will
assist the dissociation of photoexcited charges. To provide a
deeper understanding of the photoconductive characteris-
tics of the fully depleted ZnO NW, Figure 3a displays the pho-
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toconductance of the ZnO NWFET upon UV illumination at
values of Pyy ranging from several to tens of nanowatts per
square centimeter, plotted with respect to the total number of
incident photon per unit area (Npy), defined as

Nyt = Puvt/hv 1)

where t and hv are the UV exposure time and photon energy,
respectively. The conductance of the NW increased greatly upon
increasing the value of Ny, reaching almost saturated charac-
teristics in photoconductance when N, exceeded approximately
102 cm™. More importantly, the measured photoconductance
of the ZnO NW under different values of Pyy appeared to
follow the same trend with respect to Ny, implying that the
photoconductance strongly depended on the number of UV
photons exposed to the NW. Furthermore, we used a typical
power law to express the dependence of the photoconductance
Gy of the NW on the value of Ny, in the low-Nj, regime:

Gph ~ Nph3.95 (2)

The fitting line obtained using Equation (2) is plotted as the
green solid line in Figure 3a. Notably, the exponent (3.95) is
much larger than unity, implying that the dynamic accumula-
tion of positively charged defects near the NW surface would
govern the photoconductance of the ZnO NW in terms of mod-
ulation of the surface space-charge width. In addition, when we
scaled the value of Ny, to the number of incident photons at the
NW surface, by multiplying Ny, by Lyw and Ryy, we found that
the conductance of the fully depleted NW could be changed sig-
nificantly when applying only a few hundred photons incident
on the NW.

Figure 3b reveals that the dynamic photoconductive gain (g)
reached up to approximately 10'%; we derived these values from
the data in Figure 3a, obtained using the equation

g ={(Gph — Gdark)VDhw/qnRxw Lnw Puv (3)

where q and Vj, are the elementary charge and the applied
drain voltage, respectively, and 7 is the efficiency of photon
absorption in the NW, estimated to be as high as 0.65.2%
Note that the presence of a surface electric field exceeding a
value on the order of 10° V m™ in the fully depleted ZnO NW
would significantly assist the rate of dissociation of the pho-
toexcited charges near the NW surface, as described above.
Thus, the surface density of immobile ionized defects accu-
mulated near the NW surface could reach as high as approxi-
mately 10 cm™2, resulting in the extremely high dynamic
photoconductive gain of approximately 101° (see Supporting
Information, part S3).

2.3. Multibit Programmable Optoelectronic NW Memory

The operating principle for electrical writing in charge-storage
memories that are used widely in commercial electronic prod-
ucts (e.g., FLASH memories) involves charge carriers being
injected into the empty trapping sites, typically by applying a
high electric field between the channel and gate.'® Accord-
ingly, the trapped charges will locally modulate the surface
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potential of the conducting channel and deplete carriers in
close proximity, resulting in decreased conductance, as depicted
in Figure 4a,b; the profiles of the surface potential V; at the
dielectric—channel interface along the channel direction under
thermal equilibrium for the initial and programming states are
sketched as solid red lines. In a similar way, we attempted to
utilize the surface photoionized defects, performing the role
of the trapped charges in charge trapping memories, to realize
an optical writing optoelectronic NW memory. Figures 4c and
d provide schematic representations of the operating principle
of such an optical writing NW memory, revealing that the sur-
face space-charge width (Wy,) will narrow upon formation of
positively charged surface defects under illumination with UV
light. The spatial distributions of the band-bending potential
drop V;, across the ZnO NW along the radial direction for the
initial and programming states are represented as solid red
lines. Note that the low degree of wavefunction overlap between
the positively charged surface defect and the electron confined
at the inner zone of NW will suppress the recombination rate,
resulting in significantly slower recovery.

Taking advantage of the photoconductive features of the
NW—the ultrahigh photon sensing, the extremely high photo-
conductive gain, and the significant PPC effect—enabled us to
prepare an optoelectronic NW memory. Figure 5a reveals the
performance of an optical-writing electrical-reading-erasing
ZnO NW memory having a multibit data storage capacity of
up to 8 bits at room temperature, with the positively charged
defects that originated from photoexcitation serving as the
storage charges for the memory. Each optical bit was written
bit-by-bit into the NW through UV excitation at a value of Pyy
of 3.996 nW cm™ for 10 s, followed by a retention period of
50 s for electrical reading; the optical writing energy was
ultralow, only approximately 180 a] bit™! (ca. 330 photons) for
each optical bit. After termination of the optical writing signal,
the magnitude of the photoconductance corresponding to each
bit persisted as a result of the slow photoconductance recovery
attributed to the significant PPC effect. Notably, we observed a
change of at least 30% in the NW conductance, relative to that
of the previous bit state, at a power density of 3.996 nW cm™2
in the higher data bit regime, as denoted by the red line in
Figure 5b. From the viewpoint of modern electronics, a change
of at least 30% in NW conductance in the higher conductance
regime would be easy to identify when using commercial read-
out ICs.

For electrical erasing of the persistent photoconductance, we
applied a positive gate voltage of 20 V to the NW memory to not
only raise the Fermi energy level but also increase the electron
density in the ZnO NW and, thereby, greatly enhance the prob-
ability of electron capture by positively charged defects through
a thermal activation process.B1221l After applying this high
value of V( for approximately 20 s, the conductance of the NW
returned back to that in the initial state—that is, the change in
conductance spanned more than six orders of magnitude. In
addition, we estimated the standby power consumption in the
NWEFET, considering the contributions of each electrode ter-
minal, to be less than 1 pW; this ultralow standby power con-
sumption suggests potential applications as programmable
optoelectronic elements in next-generation multifunctional
nanochips. Relative to modern nanoFETs featuring ultrathin

Adv. Funct. Mater. 2014, 24, 2967-2974
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Figure 4. (a) Operating principle and surface potential profile of the electrical-writing charge-storage memory (e.g., FLASH or quantum dot memory)
in the initial state. The profile of the surface potential Vs at the dielectric—channel interface along the channel direction is plotted as a red solid line. (b)
Operating principle and surface potential profile of the charge-storage memory in the writing state. The profile of the surface potential (Vs) electrically
deformed by the trapped charges along the channel direction is plotted as a red solid line. (c) Operating principle and band-bending potential drop (V})
of the optical-writing NW memory in the initial state. The value of V, across the fully depleted NW along the radial direction is plotted as a red solid
line. (d) Operating principle and band-bending potential drop (V;) of the optical-writing NW memory in the writing state. The value of V,, deformed by
the surface charged defects is plotted as a red solid line. The symbol @ represents the positively charged defects generated upon UV photoionization.
The black dashed line is used to sketch the spatial distribution of free electron carriers confined by the band-bending potential profile.

gate dielectrics, the 300 nm-—thick SiO, layer that served as the
gate dielectric in our present study made it more difficult to use
gated control to electrically modulate the carrier density in the
NW; accordingly, a large gate voltage should be applied to elec-
trically deplete or accumulate the electrons in the ZnO NW. We
suspect, however, that if the thickness of gate dielectric were
decreased to reach a level comparable with those in modern
nanoFETs, the gate voltage required to perform data-writing or
-erasing would scale reasonably to meet the requirements of
the operation voltage in modern electronic chips.

To obtain greater insight into the dynamic equilibrium
between the dissociation and recombination events in the NW,
we applied UV light at various values of Pyy as a means of
optical excitation to write optical data into the NW (Figure 5b).
The optical writing period for each bit was maintained at 10
s, followed by a reading time of 50 s. When more positively
charged defects and electrons were created upon UV excitation
at a higher value of Pyy, the probability of electron capture by
positively charged surface defects was augmented after termi-
nating the optical signal. Figure 5c presents a semilogarithmic
plot of the mean photoconductance for each programming bit,

Adv. Funct. Mater. 2014, 24, 2967-2974
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obtained through averaging of the measured photoconductance
after termination of optical excitation. The inset to Figure 5b
reveals linearity in the mean photoconductance of the ZnO
NW, implying high feasibility for using NWFETs to perform
linear optical computing. In Figure 5b, the real-time photo-
conductance of the NWFET under various UV power densi-
ties reveals dynamic equilibrium between the dissociation and
recombination events in the NW. The typical recovery charac-
teristics of the PCC effect, which can be described simply by
an exponential decay law, were evident when we exposed the
NW to UV excitation of higher power density, revealing that the
recovery time constant, reflecting the rate of the recombina-
tion between electrons and positively photoionized centers, in
the NW was at least a few tens of seconds. More importantly,
the recovery in conductance of the NW was slower when the
NW was exposed to UV excitation of low power density. There-
fore, this optoelectronic NW memory has potential applications
for transient optical data storage/buffering in future hybrid
photonic-electronic circuits.

The rate of dissociation of photoexcited charges within
the space-charge region is a critical parameter affecting the
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Figure 5. (a) An optical-writing/electrical-reading-erasing multibit programmable optoelectronic NW memory with capacity for optical data storage
of up to 8 bits at room temperature. Upper figure: Memory programming at a value of Vg of =50 V and the 20-s period of erasing at a value of V¢
of +20 V. Middle figure: Each optical bit was written into the NW through UV excitation at a value of Pyy of 3.996 nW cm™2 for 10 s, followed by a
reading period of 50 s. Lower figure: Each optical signal of approximately 180 aj bit™' (ca. 330 photons) could be used to write data bit-by-bit into
the NW, as denoted in the figure; inset: the symbol @ represents the positively charged defects accumulated near the NW surface. After termination
of the 8-bit optical writing process, the gate voltage was changed from =50 to +20 V for photoconductance erasing. (b) Real-time photoconductance
of the NWFET under optical writing at various power densities. The optical writing period for each bit was 10 s, followed by a reading time of 50 s
at a value of V¢ of =50 V. (c) Semilogarithmic plot of the mean photoconductance at each programming bit, obtained by averaging the measured
photoconductance after terminating optical excitation. Inset: Linearity in the plots of mean photoconductance; solid lines are merely guides

for the eye.

photoconductive performance of photodiodes and optoelec-
tronics. Especially for nanostructured materials that exhibit
a strong surface effect, the surface space-charge layer signifi-
cantly modulates the conductance and photoconductive charac-
teristics.l?23l In this study, we created a high surface electric
field—as high as 6.7 x 107 V. m™'—in the fully depleted ZnO
NW to greatly amplify the rate of dissociation of the photo-
excited charges. Recently, Yang et al. found experimentally that
the dielectric constant of a ZnO NW decreases upon narrowing
its diameter, implying that the dielectric constant of the sur-
face space-charge layer is much lower than that of bulk ZnO
(8.66).1211 If we take into account the decrease in the dielectric
constant of the space-charge layer of the ZnO NW, the surface
electric field in the fully depleted ZnO NW would be enhanced;
consequently, the rate of dissociation of the photoexcited
charges in the surface space-charge layer of the ZnO NW would
increase. Further investigation will be needed to determine the
dielectric constants of surface space-charge layers in nanomate-
rials to be used for nano-optoelectronics and nanoelectronics.
Notably, several reports have demonstrated that the photocon-
ductive response time in a ZnO NW is on the scale of nanosec-
onds.1623] Tn addition, it has been observed that the PPC effect
in metal-oxide transistors can be eliminated effectively using
a 10-ns gate pulse.l'Z Those reports confirm the possibility of
high-speed operation of optoelectronic memories incorporating
ZnO NWs.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.4. Issues in Optoelectronic NW Memory: Toward Practical
Applications

In this study, we developed an approach to utilize the internal
PPC effect, without deposition of an additional photoex-
cited charge storage layer, to enhance the storage capacity of
multibit optical data in a ZnO NWFET. In addition, PPC phe-
nomena have been observed widely in a variety of semicon-
ductor materials,’®1% suggesting that interactions, involving
lattice relaxation, between photoexcited carriers and defects
are responsible for the slow recovery of the photoconductance.
Therefore, this approach toward the realization of optoelec-
tronic memory elements in high-density photonic-electronic
circuits, using ZnO NWFETs, might also have promise when
applied to other FET-based optical memories incorporating
other nanostructured materials. Further optimization of the
NW diameter, channel length, and doping concentration
should enable single-photon memory, single-photon detection,
and photon counting.

We also observed degradation of the photoconductive char-
acteristics of the ZnO NWFET over time. Figure S4a presents
the conductance of the as-fabricated device and that measured
two months after fabrication; more active traps were gener-
ated naturally over time, due to device degradation, leading to
poorer gate control. Consequently, the ZnO NWFET became
less sensitive to UV excitation, as revealed in Figure S4b.

Adv. Funct. Mater. 2014, 24, 2967-2974
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Note that we adopted an upside-down FET structure without
any passivation layer, ensuring direct exposure of the NW to
the ambient environment. As a result, the device character-
istics of the ZnO NW memory degraded significantly over
time. Previous reports have demonstrated that the fabrication
of ZnO NW with a passivation layer not only eliminates the
influence of water or gas molecules on the electrical charac-
teristics of ZnO NWs[?226l but also leads to improved device
characteristics.””l Accordingly, application of a thin passiva-
tion layer should provide a feasible route toward improving
the stability and electrical performance of optoelectronic NW
memories.

Modern electronic systems feature several types of memory
devices—for electrical data storage/buffering functions in
data processing—that have been widely investigated and
developed in academic and industrial settings over many dec-
ades.”®! Depending on its distinctive features (e.g., program-
ming energy per bit, cell size, operation speed, data retention,
and endurance), each commercial memory device has been
assigned to perform a typical role during electrical data pro-
cessing. For instance, DRAM and FLASH memories, two dif-
ferent memories in terms of their data storage mechanisms
and memory performance, are applied functionally for short-
term data buffering and long-term data storage purposes,
respectively, in electronic systems. Here, we have attempted to
open up new opportunities for NWFETs as fundamental optical
data storage/buffering elements to bridge the gap between
electronics and photonics. Accordingly, this preliminary report
of an optoelectronic NW memory device—featuring multibit
data storage capacity, ultralow optical writing energy, and low
standby power consumption—demonstrates, at the labora-
tory level, functions of optical data processing that might be
useful in the next generation of functional photonic-electronic
circuits. There remain, however, several performance issues
that must be resolved if we are to progress with optoelectronic
NW memories and, thereby, position them in a distinctive role
for optical data processing in future hybrid photonic-electronic
circuits.

3. Conclusions

We have developed a new multibit programmable opto-
electronic NW memory, featuring an ultralow optical writing
energy of approximately 180 aJ bit™! (ca. 330 photons bit™!) and
a low standby power consumption (<1 pW), that can be oper-
ated at room temperature; in this device, photoionized charged
defects behave as surface trapped charges to provide the elec-
trical memory effect. As a result of creating a high surface elec-
tric field along the radial direction in the surface space-charge
layer, the rate of dissociation of the photoexcited charges is
greatly improved, thereby decreasing the optical writing energy
in the optoelectronic memory. Moreover, the extremely high
dynamic photoconductive gain (ca. 10'°) makes it possible to
write optical data bit-by-bit into the NW. This finding could
be a major step toward the realization of optoelectronic nano-
elements in 3D highly integrated optoelectronic nanochips
for optical data storage/buffering, optical data processing, and
optical sensing purposes.
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4. Experimental Section

Fabrication and Characterization of ZnO NWFETs: Among the various
1D semiconducting nanomaterials, ZnO NWs, which possess a
large direct band gap (3.37 eV) and a high binding energy (60 meV),
are widely considered as promising candidates for use in functional
optoelectronics,?! including UV nanosensors/switches,?3% UV
nanoLEDs,232 and nanolasers.*?! For that reason, a ZnO NW was used
to realize an optical memory as a route toward nano-optoelectronics
based fully upon ZnO nanomaterials.

Naturally n-type—-doped ZnO NWs, several micrometers in length,
were grown on an n-type Si (001) wafer through thermal vapor
deposition without growth catalysts.?234 Briefly, a mixture of ZnO and
graphite powder was placed in an alumina boat and positioned at the
zone of the furnace at 1050 °C. The ZnO thin film—coated Si substrates
were located horizontally inside the furnace at a pressure of 1.0 x
1073 torr and the growth temperature was kept at 600 °C. After ZnO NW
growth, TEM was used to identify the crystal structure and the growth
direction of the ZnO NWs; it revealed a preferential [0001] growth
direction (Figure 1). Subsequently, the vertically aligned ZnO NWs on
the growth substrate were mechanically transferred onto the surface of
the heavily doped Si wafer covered with a 300 nm thick SiO, dielectric.
The highly doped Si substrate served as the gate (G) electrode in the
NWFET to electrically tune the width of the space-charge layer as well
as the electron carrier density in the NW. The patterns of the source
(S) and drain (D) electrodes contacting the two ends of a single ZnO
NW were defined using e-beam lithography. After definition of the S/D
electrode patterns, Ni/Ti layers (50 nm Ti; 120 nm Ni) were deposited
for ohmic contact, using an electron beam evaporation system followed
by a lift-off process. An upside-down structure for the back-gate NWFET
was adopted to ensure that the NW channel was directly exposed to the
UV radiation, as illustrated in the upper-right inset to Figure 2a.

To estimate the electron carrier density (n.) within the NW, the
geometrical gate capacitance (Cg), considering the effect of the
fringing electric field distributed spatially in the SiO, dielectric and
air environment, was calculated by using the finite element method
(FEM).B3 The value of n, per unit length in a ZnO NW at a gate voltage
of 0 V was calculated using the equation

fle = Cc|Vinl/q 4

where C¢ and Vy, are the geometrical gate capacitance and the threshold
voltage, respectively. Accordingly, the electron doping concentration
(Np) was determined to be approximately 5 x 10'7 cm™.

Measurements of Conductance and Photoconductive Characteristics of
ZnO NWEFET: In all measurements, ZnO NWFETs were placed inside a
metal box with good grounded shielding at room temperature (300 K).
The conductance-voltage (G-V) characteristics of the ZnO NWFETs
were recorded using a high-performance source meter (Keithley 2636A).
The drain voltage (Vp) and gate voltage (V) were applied to the drain
and gate electrodes of the NWFETs, respectively. The value of Vp
was maintained at 2 V in all conductance measurements. The source
electrode was connected to the ground terminal of the measurement
system. To perform the photoconductance measurement, a commercial
365-nm UV LED was powered by a DC power supply (Agilent). The
output light of the UV LED was filtered using a narrow bandpass filter
(Newport). The incident direction of the UV light was perpendicular to
the NWFET surface. To supply UV light at an ultralow level, a neutral
density filter (Newport) was used to modulate the UV power density from
several to tens of nanowatts per square centimeter. The UV power density
was measured using a high-performance optical power meter (Newport
1918) equipped with low-power UV photodiodes (Newport 918D).
Moreover, for measurements of the optical-writing, electrical-reading,
and electrical-erasing memory, an automatic measurement system using
Labview software was used to control all of the instruments involved.
Because of the limited response time of this home-built measurement
system, the time periods for optical writing and electrical erasing were
set on the order of several seconds to obtain stable and reliable data.
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