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rom fundamental study through

technological application, nanomate-

rials have garnered unprecedented
attention due to their strikingly different
properties at nanolevel dimensions as com-
pared to the nature of its bulk counterpart.
Further, the complex structural varieties en-
hance additional functionalities in various
species of nanomaterials like nanowires,
nanoparticles, nanocrystals, nanorods,
nanocubes, nanoflowers etc. since the size,
shape, and morphological features influ-
ence the electrochemical and physical
properties of nanostructures.! Controlled
execution of these features makes any ma-
terial an attractive and promising building
block for advanced technological applica-
tions. Therefore, it is very challenging and
important to have complete control over
the size distribution, the shape evolution,
and the crystalline structure of the materi-
als. Synthesizing such novel nanostructures
and implementing them into various excit-
ing applications have been a major field of
research in the past decade.

In particular, semiconducting nanomate-
rials have been considered as the focal
point of the field of optoelectronic research
and technology for decades due to the
beauty and diversity in their electronic band
structure.2 Among the conventional semi-
conducting materials, cuprous oxide (Cu,0)
is known to be one of the earliest semicon-
ducting materials with a relatively low band
gap of order ~2 eV.2 As a consequence of
its superior optoelectronic properties, non-
toxic nature, natural abundance, simplicity
in the synthesis procedures, and inexpen-
sive market value, Cu,0O has been used ex-
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ABSTRACT We demonstrate a novel chemical-free water-based technique to synthesize various forms of

cuprous oxide nanostructures at room temperature. The self-assemblies of these nanostructures are formed by

the anodic oxidation of Cu in deionized (DI) water. Direct growth of these nanostructures on Si0,/Si (100) substrate

has been successfully achieved by tuning the bias voltage and the growth duration. A variety of nanostructures

from one-dimensional nanowires to different complex two- and three-dimensional structures are successfully

grown by this method. We show that the morphological evolution in the self-assembly of the structures strongly

depends on the spatial electric field distribution on the substrate. Furthermore, the electrical devices made from

these nanowire networks exhibit promising photon sensing characteristics under white light illumination and can

be exploited for future applications in photodetection and photovoltaic studies at the nanoscale level.
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tensively to resolve several energy-related
problems from solar energy conversion
to hydrogen production by photocataly-
sis of water.*”” The enhanced electro-
chemical reactivity in Cu,0 nanomateri-
als initiates its use as the negative
electrode material for Li-ion-based bat-
teries.® The antifouling and algicidic
properties® along with photon absorp-
tion capabilities make Cu,0O material a
very important base element for biologi-
cal and medical applications. Recently, an
enhancement in photocurrent for den-
dritic branched n-type Cu,0 has been re-
ported.' Apart from the technological
importance, Cu,0 materials offer the op-
portunity to study fundamental physical
phenomena like Bose—Einstein conden-
sation at low temperature'"'? due to the
large excitonic binding energy with long
lifetime and the electron—electron corre-
lation effects on the electronic structure
of the high-temperature cuprate-based
superconductors.
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In view of the great potential importance of
Cu,0 nanomaterials, it is necessary to have a ge-
neric synthesis process which can have control

(a)

over the size distribution, the shape evolution,

and the crystalline structure of the materials in a
very efficient way in order to exploit these addi-
tional functionalities into various successful ap-
plications at the nanoscale level. There have

been several approaches, from complex electro-
chemical reaction to thermal annealing, em-

ployed for the synthesis of copper oxide nano-
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wires.'? Solution-based electrochemical synthesis

of Cu,0 nanoparticles,*'*~'° nanowires,® nano-
spheres,?’ and nanocubes??? has been reported
previously.?*~26 Nevertheless, among liquid-

based techniques, electrodeposition is the most
popular and simplest synthesis methodology. It
gets even easier and simpler when deionized

(DI) water serves as the effective electrolyte in-
stead of hazardous inorganic and/or organic
chemical solvents. Furthermore, a synthesis pro-
cess that can directly integrate the functional
nanomaterials on any desired substrate for the
implementation of successful device applica-
tions is much more attractive and advanced

than that of solution-based nanomaterials. Here,
we demonstrate such a simple room-temperature-
based synthetic approach to prepare various Cu,0
nanostructures including very thin nanowires directly
on the substrate.

In this study, we illustrate a catalyst-free, template-
free, nontoxic, low-cost, highly reproducible, one-step
synthesis process which can lead to a generic technique
to prepare various metal/metal oxide nanostructures di-
rected by the electric field. A simple anodic oxidation
of various active metals in DI water is the center point
of this method. By employing Cu as the active anode
material and DI water (resistivity ~18 M() - cm) as the
effective electrolyte, we present a standard process to
synthesize Cu,O nanostructures in various forms and
shapes directly on the substrate. Depending on (i) the
potential between the cathode and anode, (i) the time
duration of the applied bias, and (iii) the spatial depen-
dence of the effective electric field, different nanostruc-
tures are formed. From 1-D nanowire geometry to 2-D
and 3-D nanowire-based matrix structures are synthe-
sized directly on glass and SiO,/Si substrates. The
nanowires can have diameters in the sub-10-nm range
and a length in the range of 100—400 nm. In addition to
the synthesis, we explore the current—voltage (/I—V)
characteristics of different Cu,O nanowire networks
(area ~0.5—2 wm?). These measurements were carried
out on different density networks in both dark and
white light illumination conditions. The results indicate
that the devices are sensitive to the photon exposure
and yield very low dark current.
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Figure 1. (a) Schematic representation of the experimental setup
and the synthesis process. (b) FESEM micrograph of an as-fabricated
setup with two Cu electrodes on the SiO,/Si surface before growth.
(c) FESEM micrograph representing the condition after growth. The
region between the electrodes, marked with the white dotted lines,
indicates the growth region on the substrate.

RESULTS AND DISCUSSION

Figure 1a represents a schematic of the basic setup
and the synthesis process. The cell contains two elec-
trodes defined on a solid substrate immersed in DI wa-
ter. The electrodes are connected to an external electric
power supply. On application of an external electric
field, copper oxidizes to cupric ions at the anode (an-
ode: Cu — Cu?" + 2e7) and electrochemical reduction
happens for water at the cathode surface (cathode:
2H,0 + 2e~ — H, + 20H"). A threshold voltage to ini-
tiate the growth of the nanostructures is expected, as a
minimum potential must be provided to reach the cop-
per electro-oxidation and water reduction processes at
the anode and cathode, respectively. Higher electric
field accelerates the release of the copper ions from the
anode and simultaneously causes an increased electro-
phoretic force pushing those ions toward the cathode.?”
Near the cathode, copper ions combining with OH™
ions form Cu,0 molecules which act as the building
blocks for the self-assembly of Cu,O nanostructures
(2Cu?* + 20H™ — Cu,0 | + H,0). The growth starts
from the cathode surface and continues to cover the in-
terspace between the two electrodes with time.

Figure 1b,c represents the FESEM micrographs of a
sample cell before and after the growth of Cu,O nano-
structures, respectively. The as-fabricated sample ge-
ometry is shown in Figure 1b. After the fabrication of
electrodes, we immerse the sample in DI water and ap-
ply an electric field through the electrodes externally.
In Figure 1c, we show a sample subsequently removed
from the DI water following the growth of Cu,0 nano-
structures on the substrate. Depending on the electric
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Figure 2. (a) Collection of current vs time curves at different voltages applied to a set of samples prepared at the same con-
dition. (b—f) Corresponding SEM micrographs of the samples after taken out of the water. (b) Image showing the region with
highest probability of growth, i.e., the region close to the cathode. No growth was observed at 250 mV bias for the dura-
tion of about 36 min. (c—f) Images showing the regions chosen from the center part of the interelectrode spacing on the

substrate.

field intensity, we vary the growth duration. As an ex-
ample, we applied a bias of 500 mV for about 36 min to
get the sample shown in Figure 1c. A clear difference
appears at the region between the electrodes in Fig-
ure 1b versus that of Figure 1c, due to the growth of the
nanostructures. In Figure 1¢, the region marked by the
white dotted lines indicates the region of growth. The
image also indicates that the growth starts at the clos-
est center point on the cathode surface from anode.
Now, we present the effects of the bias voltage on
the nanostructure synthesis process illustrated in Fig-
ure 2. We have measured the current as a function of
time during the growth for different voltages from 250
mV to 1.25 V. In Figure 2a, we have displayed a collec-
tion of current versus time curves for all of the samples
shown in Figure 2b—f at different voltages. All of the
samples had the same geometry. Since the electrodes
were not connected, the current was mainly carried by
the ions present in the DI water. With increasing volt-
age, the current increases systematically. The black and
red curves represent the currents at 250 and 500 mV, re-
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spectively. The transient characteristics of the black
and red curves differ only at their initiation stage. As
the time progresses, except for the magnitude, the
characteristics of the two curves remain quite similar.
The green curve represents the current variation with
time for the bias of 750 mV. The overall current in-
creases as the bias increases from 500 to 750 mV. Fur-
thermore, there are some variations in the green curve
than that appears in the red curve at saturated parts.
These fluctuations indicate that there are ions coming
out from the anode time to time and contribute to the
current. The fluctuations appear more frequently with
higher amplitudes as we increase the bias from 750 mV
to 1.0 V (the blue curve) and to 1.25 V (the magenta
curve). Interestingly, the amplitude difference in the
overall current is much higher when we go from 1.0 to
1.25V than that from 750 mV to 1.0 V. This is mainly be-
cause at 1.23 V electrolysis of water starts at the anode
surface. The ions coming from the electrolysis of water
along with the increased copper ions from the anode
increase the overall current at a much higher level.
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The FESEM micrographs representing each of those
samples with the current—time characteristics pre-
sented in Figure 2a are shown in Figure 2b—f. At 250
mV bias, no growth is observed, as shown in Figure 2b.
No growth appeared near the surface of the cathode
where the growth is highly probable, indicating that the
applied bias is not enough to start the process. This is
obvious since a threshold voltage is needed to oxidize
and release the copper ions from the anode. At higher
bias with 500 mV (Figure 2c), we observe some scat-
tered nanostructures between the electrodes on the
substrate. With increasing voltage up to 750 mV, we ob-
serve higher density of the nanostructures (Figure 2d),
which is consistent with the higher current presented in
Figure 2a. Except for the density of the nanostructures,
we do not observe any distinguishable differences be-
tween the images displayed in Figure 2¢,d. At 1V, in Fig-
ure 2e, there is more coverage on the substrate with
the nanostructures than that in Figure 2¢,d. Finally, in
Figure 2f, at 1.25 V bias, we observe a very dense cover-
age of the nanostructures containing a random orienta-
tion of Cu,0 nanowires having diameter in the sub-
10-nm range and void spaces. With the geometry
mentioned above for this study, with 1.25 V bias ap-
plied for 36 min, we get a uniform 2-D network of
nanowires. Increasing the growth duration, one can cre-
ate a 3-D nanowire matrix medium. The duration of
the growth presented in Figure 2 is about 36 min for
all of the samples. Note, all the images from Figure 2c—f
are collected from the middle part of the substrate be-
tween the electrodes.

Apart from the bias dependence of the growth pro-
cess, we have investigated the effect of the effective
spatial electric field distribution between the electrodes
and the duration of the growth. In Figure 3, we have
presented a collection of FESEM micrographs of nano-
structures with variations in structural morphology. We
have made a sketch of different regions presenting dif-
ferent electric field distribution between the electrodes
under an applied bias. The regions presented by differ-
ent color code are named numerically as shown in Fig-
ure 3a. In the inset (Figure 3a), we show the SEM image
of a sample after the growth of nanostructures on the
surface. The growth area indicated by the dotted ellip-
tical region in the inset resembles the sketch drawn
based on the electric field distribution (Figure 3a) in a
realistic way. Obviously, different regions represent dif-
ferent effective electric fields which govern the growth
process and the self-assembly of the structures in differ-
ent ways at different places. In Figure 3b—o, we dis-
play FESEM images of different nanostructures grown
on different regions (marked with the representative
colored zone) of the substrate with different growth
conditions. Figure 3b—h represents various morpho-
logically different nanostructures grown at different
zones with 1V bias applied for 50 min.
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The nanostructures formed near the cathode (zone
1) and the anode surfaces (zone 3) are shown in Figure
3b,c. In Figure 3b, we observe a similar type of nanowire
network as shown previously in Figure 2f with 1.25 V
for 36 min. Therefore, a similar type of nanostructure
pattern as shown in Figure 3b and Figure 2f can be
formed by varying the electric field and the growth du-
ration since the growth rate depends on the electric
field. On the other hand, we observe a clear difference
in the density and the diameter of the nanowires shown
in Figure 3b,c. Near the cathode, we observe a highly
dense network containing a much thinner nanowire (di-
ameter ~5 nm), whereas near the anode, we observe
that a low density network contained relatively thicker
nanowire structures. The higher nanowire density near
the cathode indicates that the ions after releasing from
the anode travel toward the cathode due to the electro-
phoretic force. At the transverse direction from the
boundary region (the gray zone, i.e., zone 7) to the cen-
ter of the interelectrode spacing (the green zone, i.e.,
zone 2), the product of various nanostructures is shown
in Figure 3d—f. At the boundary zone of the growth,
we find nanoflake-like structures which are scattered
on the substrate, as shown in Figure 3d. As we come
closer to the center of the interelectrode spacing, a
higher density of the nanostructures (nanowires and
nanoflakes) appears. The nanowires start to self-
assemble into a thicker nanowire followed by the for-
mation of the flower-like pattern on top of the initial
layer of the nanowire mat, as shown in Figure 3e. At the
middle part (the green region in Figure 3a) of the space
between the electrodes where the electric field is sup-
posed to be uniform, we observe mainly a mixture of
two types of structures: (i) nanowires and (ii) nanoleafs
as shown in Figure 3f. At zone 6, that is, a little inside
from the boundary region to the core region of the
growth, we observe flower-like multiwing structures
branched out from the center, as shown in Figure 3g.
These branched nanowire-based structures are very
similar to those presented in Figure 3e except for the
additional layer underneath indicating a higher density
growth toward the interelectrode spacing. Finally, at
the corner of the electrodes where the electric field is
supposed to be stronger than any other places, more
flower-like structures form on top of an initial layer of
2-D nanowire medium (Figure 3h;i). In the insets of Fig-
ure 3h, we display the magnified image of two nano-
flowers shown in Figure 3h. In Figure 3i, we present
the SEM image of a part of the anode along with the
surrounding region which contains a low density nano-
wire layer nicely topped with many nanoflowers, as
shown in the inset. The applied bias was 750 mV, and
the branches of the flowers are shorter than that pre-
sented in Figure 3e,g,h.

However, with a higher bias of 1.5V, the sacrificial
anode was observed to disappear within 15 min to
form the nanostructures shown in Figure 3j. After the
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Figure 3. Various Cu,0 nanostructures grown with different conditions on the substrate. (a) Schematic presentation of the different
growth zones depending on the electric field distribution between the electrodes. Inset: SEM image of a sample after growth with dot-
ted lines indicating the growth region. (b—h) Different nanostructures grown on different regions (indicated by the colored zone num-
bers) on the substrate with a bias of 1 V applied for 50 min. (i) SEM image showing the growth at the corner region (zone 4) with a bias
750 mV applied for 50 min. Inset: magnified image of the flower-like structures which appear as scattered points in (i). (j) Two different set
of structure (I and 1) formation due to a bias of 1.5 V for 15 min. (k,I) Magnified images of the type | and type Il structures (shown in j), re-
spectively. (m—o) SEM images showing from 1-D single nanowires to 2-D nanonetwork up to 3-D dendritic structures, respectively, de-
pending on the applied bias and the growth duration. The scale bar is 200 nm or otherwise as mentioned in the images.

formation of an initial coating with nanowires, a sec- tures (Figure 3k) resembles the similar type of network
ond layer containing 3-D dendrite-like structures is ob-  as presented in Figure 3b and Figure 2f. The second set
served. For a clear understanding, we have displayed clearly represents the formation of polycrystalline 3-D

those two sets of structures (I and Il in Figure 3j) sepa-  tree-like pattern structures with higher bias. Finally,in
rately in Figure 3k, respectively. The first set of struc-  Figure 3m—o0, we present the structural evolution from

WWW.acsnano.org VOL.3 = NO.12 = 3935-3944 = 2009 W} 3939




(a) 932.4 eV
CuZp As-Grown Sample
5
<
= 934.25 eV
2]
8
= 952.4 eV
= Cu 2p
] 12
3 942.4 ¢V
o
2]

950

930 935 940 945 955 960

Binding Energy (eV)
(b) g gy
931.8 eV 10f %0
— As-Grown Sample
|Cu2p —  AfterSputtering |

3/2

Counts ( x 1000)

z 8
Counts ( x 1000)

0
930 935 940 945 950 955 960
Binding Energy (eV)

Sputtered Sample

Spectral Intensity (a.u.)

930 935 940 945 950 955 960
Binding Energy (eV)

Figure 4. (a) Core-level X-ray photoelectron spectra of Cuy,
from as-grown nanowire sample deposited directly on a
glass substrate. The peak-fit reveals a main peak at 932.4
eV for Cu 2ps,, accompanied by other higher binding en-
ergy satellite peaks at 934.25 and 942.4 eV. (b) XPS spectra
of the same sample after sputtering with a removal of ~5
nm from the surface of the sample. The peak-fit indicates
only the main peaks at 931.8 eV for Cu 2p;/, and at 951.6 eV
for Cu 2p,,,. Inset: Comparison between the XPS spectra for
the ss-grown and sputtered sample.

a single 1-D nanowire to 2-D nanowire network up to
3-D tree-like dendritic structure formation by varying
the electric field and the growth time. A randomly ori-
ented network of well-separated individual Cu,0
nanowires has been successfully achieved (shown in
Figure 3m) by applying 1 V for 2 min. The individual
nanowires are very important for the exploration of the
fundamental electrical and optical properties at the
1-D limit. Two-dimensional nanonetwork (Figure 3n)
and 3-D matrix (Figure 3k) can be also formed by this
method for thin film application and for potential use
in biological systems. Moreover, when we increase the
bias up to 2 V, within 5 min, the anode dissolves into
3-D patterns, as shown in Figure 3o0. However, the
mechanism of 3-D pattern formation is also important
to study the growth at relatively higher voltages as in-
dicated in Figure 3l,0.

In order to determine the oxidation phase and the
surface characteristics of the nanostructures, we have
acquired core-level XPS spectra from the nanowire
sample grown with a bias of 1 V for 70 min on a glass
substrate. Figure 4a presents the XPS spectrum of Cuy,
for the as-grown sample. The spectrum is corrected
with reference to the C;; peak at 284.6 eV. The peaks
at 932.4 and 952.4 eV can be addressed to the binding
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energy of Cu 2ps/; and Cu 2p;,, respectively.?’ From
the peak-fit for the Cu 2ps/,, we observe two extra sat-
ellite peaks appearing on the higher binding energy
side, 934.25 and 942.4 eV along with the main peak at
932.4 eV. Since the 3d shell is expected to be com-
pletely filled in Cu,0, the shake up satellite peaks indi-
cate the presence of an unfilled Cu 3d° shell, that is, the
existence of CuO at the surface.*?

The existence of CuO phase in the as-grown sample
could be explained either by the surface oxidation in
ambient condition or by the core—shell-type of struc-
tures of Cu,0 nanowires with CuO as the capping sur-
face layer.?® Since the sample was exposed for a long
time in ambient conditions before the XPS spectra were
taken, the surface oxidation cannot be ignored. In or-
der to get a cleaner surface, we have sputtered to re-
move ~5 nm from the surface of the sample. The XPS
spectrum of the sputtered sample is shown in Figure
4b. The Cu 2ps/; peak has been now moved to 931.8 eV,
and notably, there is no satellite peak accompanied
with this main peak. This indicates that most of the sur-
face layers containing CuO phase for the as-grown
sample (Figure 4a) are removed by the sputtering. Still,
the broad satellite peak around 943.5 eV indicates a
weak presence of CuO even after the sputtering. For a
clear difference, we have presented the XPS spectra for
the as-grown sample and the sputtered sample in the
inset of Figure 4b. It is clear that sputtering significantly
removes the Cu?* phase from the sample. It has been
also reported that Cu,0 can be easily covered by a rela-
tively more stable CuO surface layer.3® Moreover, the
relative higher intensity of the Cu,O phase in Figure 4a
indicates the main contribution to the nanowires is
from Cu*. From the XPS analysis, we can conclude that
the nanowires are mostly of Cu,0 phase. However, CuO
phase might also be present as the capping layer. A de-
tailed study of the oxidation phase of the nanowires is
necessary and under consideration for future studies.

In order to study the electrical properties, we have
fabricated two microelectrodes (length ~3.2 pum, width
~500 nm) on top of the nanowire network in
metal—semiconductor—metal (MSM) geometry. For
each device, both the metal —semiconductor contacts
are symmetric and we have also observed symmetric
I—V characteristics for all of the devices. Electrodes are
defined by electron beam lithography followed by an
e-beam deposition of ~100 nm of Au on top of ~5 nm
of Ti. The nanowires were grown with 1 V bias applied
for 50 min for all four samples. In Figure 5a—d, we have
displayed SEM micrographs of four such MSM devices
having channel lengths (i.e., the spacing between the
electrodes) of 210, 260, 580, and 720 nm, respectively.
Depending on the interelectrode spacing, we have cat-
egorized those four devices into two sets. Set | con-
tains sample-1 and sample-2, and set Il consists of
sample-3 and sample-4. Besides the channel length,
the SEM images indicate that sample-1 and sample-2
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Figure 5. (a—d) SEM micrographs of Cu,O nanowire devices having electrode spacings of 210, 260, 580, and 720 nm, respectively.
The electrodes are 3.2 um wide for all of the devices. The scale bar is 100 nm. The current—voltage (/—V) measurements are carried
out at dark and under illumination conditions for all four samples. Depending on the interelectrode spacing, the samples are catego-
rized into two sets, viz. set |: sample-1 and sample-2; set Il: sample-3 and sample-4. (e,f) I—V characteristics of set | and set Il, respec-
tively. (g,h) Plot of the ratio of photocurrent (/,noto) to the dark current (I4.n) vs bias voltage for set | and set I, respectively. Insets of (g)
and (h) represent the photocurrent as a function of bias for set | and set Il, respectively.

comprise similar density nanowire films, whereas the
density of nanowires in sample-3 is more than that of
sample-4. Note, the difference in the densities for
sample-3 and sample-4 for the selected area, as pre-
sented here, is not clear, but for the whole area of the
devices, the difference was noticeable. In order to inves-
tigate the feasibility of a Cu,O nanowire-based MSM
photodetector, we have carried out /—V measurements
on those four samples under white light illumination
and under room darkening conditions. The /—V charac-
teristics, in both dark and illuminated conditions, for
set | (i.e., for sample-1 and sample-2) and set Il (i.e., for
sample-3 and sample-4) are displayed in Figure 5ef, re-
spectively. Since the contacts are symmetric, we selec-
tively present the /—V characteristics for set | in the posi-
tive bias and for set Il in the negative bias direction.
For set ll, at |V,| = 5V, the current was at the noise level,
and hence, we measured the /—V characteristic above
|5 V| (Figure 5h). The corresponding current densities in
mA/cm? for these four devices are shown in the Sup-
porting Information.

As the channel length increases from 210 nm for
sample-1 to 260 nm for sample-2 in set | (from 580 nm
for sample-3 to 720 nm for sample-4 in set-ll), the dark
current decreases from the black curve to the blue
curve in Figure 5e (Figure 5f). Figure 5e,f also shows a
higher current under illumination conditions (the red
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and the green curves) than in the dark (the blue and
black curves) for all four devices. The corresponding
photocurrent—voltage curves, which can be deduced
by subtracting the dark current from the current under
illumination for all devices, are presented in the insets
of Figure 5g,h. Note, we have observed that the
samples are very stable with respect to their photosen-
sitivity over time when they are stored under moder-
ate vacuum conditions.

In general, the MSM devices can be considered as
two back-to-back Schottky diodes, one of which can
be considered as forward-biased and the other one as
reverse-biased. Under a high applied bias, the total dark
current through the devices will be controlled by the
reverse-biased Schottky thermionic emission current
as31

liark = AAXT?e™ W5l kT = pp*T2e= a0 AT (1)
where A is the surface area of the photodetection re-
gion between the metal electrdes, A" is the Richardson
constant, g is the electronic charge, ¢s,, is the effective
barrier height, ¢ is the Schottky barrier height at the
metal—semiconductor interface, k is the Boltzmann
constant, T is the absolute temperature, A = ((gE)/
(4me))"? is the image force induced lowering in the bar-
rier height due to the applied electric field £, and e is
the dielectric constant of the semiconducting material.
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The electric field, E, can be calculated as V/L, where V
is the applied bias voltage and L is the spacing between
the electrodes.?? Nevertheless, the |-V characteristics
shown in Figure 5e,f do not saturate at high bias volt-
age but slowly increase with increasing bias, confirm-
ing the barrier height lowering for the devices due to
the applied electric field.

Under illumination with higher energy than the
band gap of the semiconducting material, electron—
hole pairs are generated due to the absorption of
photons, and hence the carrier density increases
inside the material. There is a net photocurrent flow
through the detector if the photogenerated carriers can
reach the electrodes before they recombine inside an
active region of the material. Furthermore, an electric
field can accelerate the carriers to reach the electrodes
before their recombination, resulting in a higher photo-
current. The occupancy of the interface levels also
changes due to the illumination at the interface caus-
ing a re-adjustment of the space-charge region hence
the barrier height at the interface.>® However, in steady
state under constant illumination, the photocurrent
(Iohoto) is proportional to the electron—hole pair genera-
tion rate and is given by3?

A qP
= DM Ry — oy om

photo
Ao hv

I

where Ay is the active area covered with the nano-
wires between the electrodes, Ag,;, is the total area be-
tween the electrodes exposed to the illumination, R is
the reflectivity, « is the absorption coefficient, d is the
thickness of the nanowire matrix, 1 is the quantum effi-
ciency, that is, the number of electron—hole pairs gen-
erated per incident photon, hv is the photon energy,
and Po, is the optical power of the incident light.?
Since in the experimental study we used the same light
source with same conditions for all of the devices, the
channel length and the nanowire density take control
over the photocurrent. The photocurrents for set | and
set Il are shown in the insets of Figure 5g,h, respectively.
For all of the samples, the slow increase in the photo-
current with increasing bias indicates that the photo-
current is controlled by the effective barrier height at
the interfaces. We observe a higher photocurrent for
sample-1 than sample-2 in set I. Although the spacing
and hence the area between the electrodes for
sample-1 is smaller than that for sample-2, the in-
creased photocurrent at relatively low voltage indi-
cates that there might be a slightly higher density of
nanowires for sample-1 as compared to sample-2. How-
ever, the average length and the orientation of the
nanowires in the devices also influence the overall
transport through the device. A fraction of photocur-
rent is also expected to be lost due to recombination
in the longer active channel devices. Unlike the set |, in
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the inset of Figure 5h, we observe a higher photocur-
rent (the red curve) for sample-4 (longer spacing) than
sample-3 (the black curve) even though the nanowire
density was much lower in sample-4 compared to
sample-3 (Figure 5¢,d). This definitely indicates that
the higher surface area absorbs much more photons
and hence yields an increase in photocurrent. It is im-
portant to note that the nanowires are mostly less than
500 nm long, and hence the devices in set Il possess
multiple cross-junctions connected by the nanowires
between the electrodes. Each of these nanowire junc-
tions faces interfacial barriers, which reduce the overall
current as seen for the samples in set Il. With multiple
cross-junction-based devices, transport is controlled
not only by the barrier height at the metal—semicon-
ductor interface but also by the tunneling barrier at
each cross-junction. However, under direct illumina-
tion on each of these cross-junctions, the tunneling of
the carriers through the junctions can be enhanced as
it is indicated by the higher photocurrent for the longer
spacing sample (sample-4) in the inset of Figure 5h.

In addition to the photocurrent, the ratio of photo-to-
dark current (i.e., Iphoto/laar) is @an important parameter to
evaluate the performance of the detector as an optically
controlled electronic switch.3* We have displayed the
Iohoto/ldark ratio for set 1 and set Il samples in Figure 5g,h, re-
spectively. In the similar current range, we observe that
for the samples in set | the Iphoto/ldark ratio almost stays in-
dependent of the bias voltage, whereas for the samples in
set Il the Ipnoto/ldark ratio shows a strong voltage depen-
dence. The constant Iphoto//aark ratios for sample-1 and
sample-2 (in Figure 5g) indicate that both the photocur-
rent and the dark current vary in a similar way with bias. In
this case, since the channel lengths of the devices are
within the range of the nanowire length, we can neglect
the tunneling effect and hence the transport is domi-
nated by the Schottky thermionic emission. For the case
of longer spacing devices as in set Il (Figure 5h), the
Iohoto/ldark ratio increases with bias initially and saturates
at higher voltages for both of the samples. Due to the
presence of multi-cross-junctions in these samples, in ad-
dition to the Schottky thermionic emission, the tunnel-
ing takes a demanding role up to certain voltage (below
the onset of the saturation), and we observe an increas-
ing photo-to-dark current ratio. Obviously, the saturation
voltage depends on the optical power and the density of
the nanowire. In this case, the effect of the disorder on
the transport should also be considered as it has been re-
ported for the disordered molecular systems.3®

CONCLUSION

In conclusion, we have demonstrated a novel
simple route to synthesize various interesting nano-
structures of Cu,0 directly on Si substrates. The syn-
thesis route described in this study is based on the
electric field distribution on the substrates between
two metal electrodes. This intriguing technique is
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room-temperature-based, liquid phase, low-cost,
highly reproducible, simple, and new route to syn-
thesize various transition metal oxide nanostruc-
tures. Using this route, we have been able to synthe-
size well-separated individual Cu,O nanowires, two-
dimensional nanowire networks, and three-
dimensional matrix nanonetworks in desirable pack-
ing densities directly on the substrate. Finally, the re-
sults on the electrical property of Cu,O nanowire-

EXPERIMENTAL METHODS

Synthesis of Cu,0 Nanostructures: We used Si (100) substrate with
thermally oxidized SiO, (thickness ~100 nm) as the top dielec-
tric layer for the growth of Cu,0 nanostructures. In addition to
SiO,/Si, SisN4/Si and glass slides were also used as substrates for
the growth, and we do not observe any distinguishable differ-
ences in the nanostructures. At first, two Cu electrodes (area
~300 X 100 pm?), separated by a distance of 100 um, were fab-
ricated on the SiO,/Si substrate. The electrodes were patterned
via electron beam lithography and/or mid-UV contact lithogra-
phy followed by an e-beam deposition of Cu (thickness ~100
nm). We used Karl Suss Microprobe station to connect the elec-
trodes to the external power supply from a Keithley 4200 source
measure unit. We used DI water (7.5 mL; resistivity ~18 M() - cm)
as the electrolyte for the synthesis. We employed Supra-55 for
field emission scanning electron microscope (FESEM) imaging.
We have characterized the materials by X-ray photoelectron
spectroscopy (XPS). XPS spectra were acquired in PHI 5400 in-
strument using a Mg Ka probe beam.

Device Fabrication and Electrical Measurements: After the synthesis
of the nanostructures, we have contacted a small area (in the
range of 0.5—2 um?) of nanowire network by two metal elec-
trodes. In these devices, the density of the nanostructures was
varied by selecting different regions on the substrates as ex-
plained in Figure 3. Electrical measurements are carried out with
the same Keithley 4200 source measure unit at dark conditions
and under white light illumination. A 100 W light bulb was used
as the white light source, and the light was focused through a
microscope objective lens above the surface of the samples. We
have calibrated the illuminance of the light falling on the surface
of the samples by an illuminance meter (Model P30SCO, LMT).
The measured illuminance was about 3.8 kix, while the ambient
in-door light illuminance referred as the dark condition was
0.25 kix.
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