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Abstract: This Communication reports a low-cost solution fab-
rication of wafer-scale ZnO/Si branched nanowire heterostruc-
tures and their high photodetection sensitivity, with an ON/OFF
ratio larger than 250 and a peak photoresponsivity of 12.8 mA/W
at 900 nm. This reported unique 3D branched nanowire structure
offers a generic approach for the integration of new functional
materials for photodetection and photovoltaic applications.

Branched nanowires (NWs) are 3D nanoscale tree-like structures
that consist of a NW core (“trunk”) and NW “branches”.1 The
formation of branched NWs offers direct homo- or heteroepitaxal2

integration of materials with very different properties at the nanometer
scale, which often lead to function integration or novel materials/
applications. Moreover, 3D branched NW heterostructures offer greatly
enhanced surface area and function and thus promise very attractive
potential applications in optoelectronics, photocatalysis, photovoltaics,
and sensing.3 ZnO and Si are the most investigated NW materials.4

ZnO is a direct band gap semiconductor with a wide band gap (Eg )
3.4 eV). It has a large exciton binding energy of 60 meV and is
piezoelectric,5 and thus it has been broadly studied for use in light-
emitting diodes6 and lasers,7 photodetectors,8 electrical generators,9

photovoltaics,10 transparent electrodes,11 chemical and biological
sensors,12 etc. On the other hand, Si NWs have an indirect band gap
of 1.12 eV and are piezoresistive; they have been intensively researched
for applications as transistors,13 logic circuits,14 photodetectors,15

photovoltaics,16 chemical and biological sensors,17 thermoelectric
devices,18 etc. Herein we report a low-cost, wafer-scale synthesis of
ZnO/Si branched NW heterostructures and their application as high-
sensitivity photodetectors. The direct integration of ZnO and Si and
the growth of 3D branched NW heterostructures enable new functional
materials to be synthesized for applications in optoelectronics, catalysis,
and photovoltaics.

The Si NW core and ZnO NW branches were synthesized using
simple and cost-effective aqueous solution methods. Both methods
are applicable for large-scale synthesis. The wafer-scale Si NW
arrays were obtained using a previously reported metal-assisted
chemical etching process.19 Figure 1a shows a scanning electron
microscopy (SEM) image of NW arrays that were etched for 5 min
on a 2-in. p-type Si wafer. SiNWs were about 680 nm in length,
showing single-crystalline structure (Supporting Information). An
optical image (Figure 1b) shows a very dark brownish color in the
NW region, in significant contrast to the surrounding area that was
covered from etching electrolyte, indicating that the light absorption
was due to the waveguide effect.16b Light absorption was then

further improved by integration of ZnO NWs on Si NW surfaces,
revealed by reflectance evaluations. This enhancement is due to
smoothing of the refraction index on going from the environment
to the Si substrate. Hydrothermal growth of ZnO NWs is attractive
due to its low reaction temperature and large-scale synthesis
capability. Compared to gas-phase approaches, this method does
not require expensive equipment, metal-organic source materials,
or high temperatures. Hydrothermal growth of ZnO NWs on the
seeded Si NW arrays was conducted according to the technique
reported elsewhere.10a To ensure a uniform coating over the Si NW
surface, low-pressure sputtering was used for seeding. The as-grown
ZnO NW/Si NW heterostructures are shown in Figure 1c-e.
Hexagonal ZnO NWs with diameter around 30 nm and very high
density grow nearly perpendicular to the surface of the Si NW core
and form highly ordered 3D branched NW heterostructures, as can
be seen in a low-resolution transmission electron microscopy (LR-
TEM) image (Figure 1f). It also appeared that the ZnO NWs grown
on Si NW tips have larger diameter, presumably because there is
less spatial hindrance and higher reactant concentration from
diffusion. Devices were then fabricated by embedding the hetero-
structure into an insulating polymer, followed by reactive ion
etching (RIE) and top transparent contact deposition using indium
tin oxide (ITO) and a Ti/Au probing pad (Figure 1g). Nanowire
synthesis and fabrication procedures can be found in the Supporting
Information.
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Figure 1. (a) Cross-sectional SEM image and (b) optical image of NW
arrays on a 2 in. p-type Si wafer (etched for 5 min). (c) 45° view SEM
micrographs of the ZnO/Si branched nanowire heterostructures at low
magnification. (d) 89° view and (e) top view SEM micrographs of the ZnO/
Si branched nanowire heterostructures at high magnification. (f) LR-TEM
image on a single Si/ZnO branched NW. (g) 45° view SEM image of a
photodetector device with top ITO contact.
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The current-voltage (I-V) characteristics of the Au/Ti/ITO/n-
ZnO/p-Si/In device were tested in the dark and under illumination.
Figure 2a-d illustrates the schematics of junctions along a single
ZnO/Si NW heterostructure formed at different positions of the Si
NW substrate, which are superimposed with the energy band
diagrams. The carrier concentration was about 1018 cm-3 in ZnO
NWs10a and about 1015 cm-3 in Si NWs. ∆EC ) 0 eV and ∆EV )
2.78 eV were derived from the electron affinity and band gaps of
ZnO and Si and confirmed by using a 1D Poisson solver20 (Figure
2a,d). ZnO NWs had a carrier concentration 3 orders of magnitude
higher than that of Si NWs. Therefore, the depletion width (rp)
was much larger in the Si NW core than in the ZnO branches (rn)
(Figure 2c), and the Si NWs were fully depleted and partially
inverted to n-type (Figure 2d). p/n junctions were also formed
between the ZnO NWs grown on Si substrate between the Si NWs,
with larger depletion width (Wd) under the area between the Si NWs
and smaller depletion width under the Si NWs, as shown in Figure
2b. Figure 2e shows the dark and photocurrent (under xenon lamp
illumination) measurements at room temperature. Both dark and
photocurrent voltage characteristics were rectifying, and the best
ON/OFF ratio achieved at -1 V was about 250. Because of the
clean interface between ZnO and Si NWs, the rectifying behavior
was assigned to the ZnO/Si heterojunction and the Si substrate
(Figure 2a-d). High-resolution TEM studies showed an oxide-free
interface between ZnO and Si NWs (Figure S1, Supporting
Information). A photovoltaic effect was observed, and the best solar
cell device performance showed a power conversion efficiency
under 1.5 a.m. solar simulator lumination of η ) 0.154%, with JSC

) 4.1 mA/cm2, VOC ) 0.15 V, and FF ) 0.25.
The spectral photoresponse of the ZnO/Si NW heterostructure

device (400-1100 nm) was measured under a reserve bias of -1
V using a calibrated Si p-i-n photodiode (model 818-UV from
Newport with OD3 attenuator) and monochromator (see Supporting
Information for setup details). The photoresponsivity was calculated
by calibrating the measured photocurrent density to that of the Si
photodetector. Responsivity was calculated on the basis of eq 1,

where Rλ and Rλdet are the photoresponsivity of the ZnO/Si
heterostructure device and calibration Si photodetector, respectively,

Jph and Jdet are the measured current density from our device and
the calibrated Si photodetector, and Pinc is the incident optical power.
The external quantum efficiency (EQE) can be calculated by

where η is the EQE, q, h, and V are the electron charge, Planck’s
constant, and frequency of the incident photon, respectively, and λ
is the wavelength. Figure 2f shows the photoresponsivity and EQE
of the heterostructure device. The distinctive peak is the band edge
absorption in the Si NW/substrate layer.21 The maximum respon-
sivity measured for this ZnO/Si heterostructure was as high as 12.8
mA/W at around 900 nm, and the maximum quantum efficiency
was 2.20%.

In summary, ZnO/Si branched NW heterojunction photodiodes
are fabricated using a cost-effective solution-phase process. This
unique chemical integration of NW branches to vertical NW arrays
promises enhanced light-trapping due to the aperiodically arranged
nanowire array and high refractive index material filling, as well
as advantages in broadband photon detection. Although ongoing
research is addressing some of the challenging issues (such as
uniform top contact and defects concentration) in order to further
improve device performance, this unique branched NW hetero-
structure shows a peak responsivity of 12.8 mA/W at around 900
nm. These results indicate that the branched heterostructures, along
with the wafer scale and low-cost solution processing, offer new
functional materials for photodetection and photovoltaic cells.
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