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Objectives

Exploration of concepts for high-efficiency photovoltaics based on semiconductor quantum wells and
nanowires

Development of high-efficiency quantum-well and quantum-dot solar cells exploiting scattering effects
from subwavelength metal and dielectric structures to engineer photon propagation paths within the
photovoltaic device

Development of high-efficiency photovoltaic devices based on semiconductor nanowire
heterostructures

Demonstration of basic concepts with the potential to enable realization of single pn-junction,
quantum-well solar cells with power conversion efficiency approaching predicted theoretical limit (for
unconcentrated sunlight) of ~45%

Accomplishments

Demonstration of increased power conversion efficiency in GalnAsP/InP quantum-well solar cells
compared to InP homojunction solar cells (~5-7% increase in power conversion efficiency)

Demonstration of extended wavelength response in quantum well/quantum dot solar cells

Demonstration of increased power conversion efficiency in quantum-well solar cells incorporating
nanostructure scattering effects relative to quantum-well solar cells without nanostructured scatterers
(~17% increase in power conversion efficiency)

Development and demonstration of substrate removal process for fabrication of ultrathin solar cells
incorporating light management approaches based on scattering from nanostructures

Demonstration of photovoltaic power conversion in hanowire-based solar cells consisting of n-InAs
nanowires on p-Si substrates.

Demonstration of light trapping/light absorption enhancement in vertical Si nanowire array solar cells.

Demonstration of photovoltaic power conversion in nanowire-based solar cells consisting of axial p/n
Si nanowire arrays.

Demonstration of photovoltaic power conversion in nanowire-based solar cells consisting of radial p/n
Si nanowire arrays.

Demonstration/simulation of the core doping effect to the photovoltaic power conversion in nanowire-
based solar cells consisting of radial p/n Si nanowire arrays.

Demonstration of the conformal electrode coating effect to the photovoltaic power conversion in
nanowire-based solar cells consisting of radial p/n Si nanowire arrays.

Demonstration of increased photovoltaic power conversion in nanowire-based solar cells consisting of
radial p/n Si nanowire arrays by surface passivation (8% of total energy conversion efficiency).

Demonstration of photovoltaic power conversion in nanowire-based photoelectrochemical cells
(PECs) consisting of ZnO nanowire arrays on ITO, Si, etc. substrates.



o Demonstration of photovoltaic power conversion in nanowire-based PECs consisting of 3D ZnO/Si
branched nanowire arrays on large-scale low cost solution etched Si substrates (IPCE >90% for 700-
900nm, and overall hydrogen generation efficiency of 3% accomplished).

o Demonstration of high photovoltaic power conversion in nanowire-based PECs consisting of 3D
ZnO/Si branched nanowire arrays on nanoimprinting patterned and RIE etched Si substrates.

e Demonstrated selective generation of hydrogen or oxygen from the 3D ZnO/Si branched nanowire
array photoelectrodes by tailoring the doping in the Si nanowire cores.

e Demonstration of photovoltaic power conversion in nanowire-based PECs consisting of CuO and

Cu,0 nanowire array electrodes.

Future Directions

e Optimization of metal/dielectric scattering structures for optical absorption enhancement in ultrathin

quantum-well and quantum-dot solar cells.

e Further development of substrate removal and related fabrication processes.

e Characterization and optimization of carrier confinement effects in, and carrier escape from, quantum-

well and quantum-dot structures.

e Fabrication and further improvement of semiconductor nanowire heterostructures for high-efficiency

photovoltaic devices.

e Study of photovoltaic power conversion and stability in nanowire-based 3D TiO,/Si branched

nanowire array photoelectrodes.

e Study the ALD surface coating effect on the photovoltaic power conversion and stability in

nanostructure photoelectrodes.

1. Introduction

The objective of this project was to exploit a
variety = of  semiconductor  nanostructures,
specifically  semiconductor quantum  wells,
quantum dots, and nanowires, to achieve high

power conversion efficiency in photovoltaic
devices. In a thin-flm device geometry, the
objectives were to design, fabricate, and

characterize quantum-well and quantum-dot solar
cells in which scattering from metallic and/or
dielectric nanostructures was employed to direct
incident photons into lateral, optically confined
paths within a thin (~1-3um or less) device
structure. Fundamental issues concerning non-
equilibrium carrier escape from quantum-confined
structures, removal of thin-film devices from an
epitaxial growth substrate, and coherent light
trapping in thin-film photovoltaic devices were
investigated. In a nanowire device geometry, the
initial objectives were to engineer vertical
nanowire arrays to optimize optical confinement
within the nanowires, and to extend this approach
to core-shell heterostructures to achieve broad-
spectrum absorption while maintaining high open-
circuit voltages. Subsequent work extended this

approach to include fabrication of nanowire
photovoltaic structures on low-cost substrates.

2. Technical Approach

With regard to thin-flm heterostructure device
geometries, initial efforts focused on the design
and demonstration of InP/InGaAsP quantum-well
solar cells in which scattering by metal or dielectric
nanoparticles would couple incident light into
optical modes confined by the refractive index
contrast between an InGaAsP multiple-quantum-
well region and surrounding InP electrode layers.
This would enable increases in optical absorption
within multiple-quantum-well layers that were
sufficiently thin that photogenerated carriers could
escape efficiently to generate photocurrent. In
subsequent work, efforts focused on the
development of a substrate removal process that
would enable fabrication of structures in which a
thin (~0.5-3um) device structure would serve as a
slab waveguide structure within which optical
modes would be strongly confined. Incorporation
of metal/dielectric sub-wavelength scattering
structures on the bottom of such a device would
enable scattering of long-wavelength photons, for
which absorption efficiency can be low, into
confined modes to increase absorption. The thin-



film geometry would allow such structures to be
combined with antireflection coatings on the top of
the device. The final device concept targeted in
this work is shown schematically in Figure 1.
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Figure 1. Schematic diagram of thin-film solar cell
structure with epitaxial growth substrate removed
and device transferred to alternate support
substrate, metal/dielectric subwavelength
structures integrated on the bottom of the device
for coupling of long-wavelength photons into
guided modes for increased absorption, and
antireflection coating incorporated on top surface
of device.

Regarding the nanowire photovoltaic devices,
efforts have been focused on (i) vertical core-shell
nanowire array solar cells and (ii) 3D branched
nanowire photoelectrochemical cells. For the
vertical nanowire solar cells, we have studied the
metal mediated solution etching of Si nanowires
and the ICP-RIE etched Si nanowires with
nanoimprinting lithography (NIL) (Figure 2a). N-Si
substrates with different background doping levels
(n or n") were used based on simulation of the p/n
junction depth and surface B diffusion. The
nanowire solar cells were constructed in the
following ways in order to study the charge
separation/collection process: (a) nanowires are
directly embedded in PDMS, tips exposed by RIE
etching, and deposited with top contact of ITO or
ITO/Ag grid; (b) nanowires are coated with
conformal layer of ITO contact, embedded in
PDMS, coated with ITO or ITO/Ag grid top
contacts; (c) nanowires are coated with ALD Al,O,
passivation layer, embedded in PDMS, tips
exposed by RIE etching, and deposited with top
contact of ITO or ITO/Ag grid; etc. The comparison
studies between (a), (b), and (c), while sometimes
samples with different nanowire diameters and/or
densities, allow us to isolate and understand the
effects of light absorption (Js), charge separation
pathway and collection and surface traps (Vo.),
and fill factors (series resistance), etc. Similarly for
photoelectrochemical cells (PECs), wet etched
and RIE etched vertical Si nanowires (p-type and
n-type) are used as backbone and ZnO nanowire
branches are grown using solution hydrothermal

method (Figure 2b). To better understand the 3D
nanowire PEC photoelectrodes, we have
compared both p-type or n-type core Si nanowires,
p-Si or p*-Si nanowires, ZnO nanowires directly on
planar Si substrate, and ZnO seedling layer on Si
substrates, etc. Figure 2b shows a typical cross
section SEM image of 3D ZnO/Si nanowire arrays
sample from solution etched Si nanowire and
hydrothermal ZnO nanowire branches.
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Figure 2. (a) The schematic illustration of the
vertical nanowire array solar cells consists of the
radial p/n junctions. In some cases, the substrate
is the same n-type Si as the nanowire core; the
top electrodes can are Ag grid on ITO coating with
or without PDMS embedding layer. (b) The energy
band diagram of the n-ZnO/p-Si branched
nanowire photoelectrodes. The SEM image of a
cross section version of the branched nanowires
are shown. It was shown that the hydrogen are
generated at the surface of ZnO nanowire
branches while O, are generated from the counter
electrodes (Pd).

3. Results and Accomplishments

For the portion of the program focused on thin-film
heterostructure  devices, the key results,
referenced to project tasks, were as follows (Tasks
1, 3, 5, 7, 9. 11 were associated with this portion
of the project):



¢ Demonstrated enhancement in long-wavelength
photon absorption in quantum-well solar cells via
scattering from metallic (Au) nanostructures on
solar cell surface [Tasks 1, 3]

o Demonstrated improved power conversion
efficiencies (~1.07x) in quantum-well solar cell
compared to homojunction solar cell, and in
quantum-well solar cell with nanostructured
scatterers compared to same device without
scatterers (~1.17x) [Tasks 5, 7]

e Fabrication and characterization of ultrathin
quantum-well, quantum-dot, and reference solar
cells with substrate removed and metal/dielectric
scattering structure on back side of device
[Tasks 9, 11]

In our initial work, InP/GalnAsP quantum-well and
reference InP homojunction structures were
designed and grown by metalorganic chemical
vapor deposition, and solar cell devices were
fabricated from these epitaxial layer structures.
Current-voltage characterization of these devices
demonstrated that power conversion efficiency
was improved by ~1.05-1.07x in quantum-well
devices relative to the InP homojunction solar cell.
Incorporation of metal (Au) or dielectric
nanostructures to scatter incident light into optical
waveguide modes  associated with  the
heterostructure yielded a further improvement of
up to 1.17x in power conversion efficiency.

Subsequently, GaAs/InGaAs/InAs quantum dot
and quantum dot-in-well epitaxial layer structures
were grown by molecular-beam epitaxy through a
collaboration initiated with researchers at the
NASA Jet Propulsion Laboratory, and devices
were fabricated and characterized in efforts to
achieve further extensions in long-wavelength
response (beyond those possible in simple
quantum-well structures). These experiments
resulted in the demonstration of photocurrent
response in a GaAs-based solar cell extending
past 1000nm, well beyond the GaAs band edge at
~850nm.

The most recent work in this area has been
carried out via a collaboration between project
researchers at UT Austin and a group at the
University of Karlsruhe in Germany. This work
was directed towards realization of thin-film
quantum-well and quantum-dot solar cell
structures in which the device layers were
removed from the epitaxial growth substrate to
enable realization of the concept illustrated in
Figure 1. Specifically, epitaxial layer structures
were grown in which an AlGaAs sacrificial etch-
stop layer was incorporated beneath the actual

device layers, as shown in Figure . The figure
shows the device structure for a GaAs p-i-n
junction reference device. Similar structures have
been grown, and fabricated into devices, with
quantum-well and quantum-dot  structures
incorporated into the i-layer shown in the figure.

active device layers

etch stop layer

Figure 3.
structure for p-i-n solar cell device with AlGaAs
etch stop layer to facilitate separation of the active
device layers from the growth substrate. The
structure shown is for a reference GaAs p-i-n

Schematic diagram of epitaxial layer

structure. Analogous structures in  which
InGaAs/InAs quantum wells and quantum dots
have been incorporated into the i-layer have also
been grown and fabricated into devices.

Following epitaxial growth, metallization layers
were evaporated onto the top (as-grown) surface
and the surface of an alternate support substrate.
The resulting metal surfaces were then bonded
together and the growth substrate removed by a
combination of mechanical polishing and chemical
etch processes. We have also, very recently,
implemented an epitaxial liftoff process that allows
the device layers to be separated from the growth
substrate while preserving the substrate for
subsequent re-use. Figure shows a schematic
diagram and scanning electron micrograph of a
GaAs/InGaAs quantum-well solar cell device
structure ~750nm in thickness separated from its
epitaxial growth substrate and bonded to an
alternate support structure, in this case a Si wafer.
We have verified the functionality of these devices
in both current-voltage measurements and
photocurrent response spectroscopy. Figure (5)



shows current-voltage characteristics for a
representative device following the substrate
removal processing, and Figure (6) shows
photocurrent response spectra for a GaAs
reference device, GaAs/InGaAs quantum-well
solar cell device, and GaAs/InGaAs/InAs
quantum-well/dot solar cell device. As expected,
photocurrent response at successively longer
wavelengths is observed for the reference,
quantum-well, and quantum-well/dot devices.

| 2000nm

Figure 4. Schematic diagram of device structure
(except for top metal contact) following separation
of device layers from epitaxial growth substrate
and transfer to alternate mechanical support
structure (Si wafer). Also shown are cross-
sectional SEMs confirming that the device layers
were successfully transferred and bonded to the
mechanical support.
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Figure 5. Current-voltage characteristics for GaAs-
based solar cell device following substrate
removal process, in the dark and under
illumination.
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Figure 6. Normalized spectral response of thin-
film devices after substrate removal process:
(gray, hashed) p-i-n GaAs; (red, dashed)
GaAs/InGaAs quantum-well solar cell; and (blue,
solid) GaAs/InGaAs/InAs quantum-well/dot solar
cell.

We have performed detailed numerical simulations
and modeling of structures in which metal and
dielectric sub-wavelength structures are
incorporated below the active device layers in an
device that has been removed from its epitaxial
growth substrate, as illustrated schematically in
Figure 1. The structure that was studied
numerically, and optimized structural parameters
obtained via a genetic algorithm, is shown in
Figure . A detailed model for quantum-well optical
absorption, incorporating appropriate polarization-
dependent selection rules for heavy hole-
conduction band and light hole-conduction band
transitions, and quantum-mechanical calculations
of confined-state envelope functions, was
developed and applied, and compared to results
obtained for a simpler, bulk-like model for
quantum-well optical absorption. The resulting
ratio of absorption with the grating structure shown
in Figure relative to that for a structure with a
planar metal rear contact, as a function of
wavelength, is shown in Figure . At shorter
wavelengths, Fabry-Perot oscillations due to
interference in the thin-film device structure are
visible. At longer wavelengths, large increases in
absorption are seen at particular wavelengths,
corresponding to the combination of absorption
peaks in the quantum-well and coupling to specific
optical modes within the thin-film structure.
Calculations employing bulk-like absorption
characteristics in the quantum well differ from
those for the quantum-mechanical treatment due
to incorporation of polarization-dependent
selection rules in the latter approach.
Experimental verification of these behaviors was
underway at the conclusion of this program.
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Figure 7. Diagram of the device structure
employed in numerical simulations, with a
broadband, two-dimensional grating located on its
rear with dimensions W; = 336 nm, Ly = 474 nm,
W, =92 nm, L, = 356 nm, Dy =900 nm, D, = 1130
nm. These specific dimensions were obtained via
optimization using a genetic algorithm.
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Figure 8. Spectral dependence of the ratio of

absorption of incident radiation by a quantum-well
solar cell with Pd/SiO, nanostructured backside
scattering elements relative to the same device
with a planar backside layer of Pd. The ratio is
shown for calculations using bulk InGaAs material
permittivity (blue, solid line) and using quantum-
mechanical absorption calculations (red, dashed
line).

For Tasks 2, 4, 6, 8, 10, 12 of the program that
focused on nanowire devices, the major results,
were as follows:

e Demonstration of photovoltaic power conversion
in nanowire-based solar cells consisting of n-
InAs nanowires on p-Si substrates. [Tasks 6, 8]

e Demonstration of light trapping/light absorption
enhancement in vertical Si nanowire array solar
cells. [Tasks 2, 6, 8]

e Demonstration of photovoltaic power conversion
in nanowire-based solar cells consisting of axial
p/n Si nanowire arrays. [Tasks 4, 6, 8]

e Demonstration of photovoltaic power conversion
in nanowire-based solar cells consisting of radial
p/n Si nanowire arrays. [Tasks 6, 8]

e Demonstration/simulation of the core doping
effect to the photovoltaic power conversion in
nanowire-based solar cells consisting of radial
p/n Si nanowire arrays. [Tasks 6, 8]

e Demonstration of the conformal electrode
coating effect to the photovoltaic power
conversion in nanowire-based solar cells
consisting of radial p/n Si nanowire arrays.
[Tasks 6, 8]

e Demonstration of increased photovoltaic power
conversion in nanowire-based solar cells
consisting of radial p/n Si nanowire arrays by
surface passivation (8% of total energy
conversion efficiency). [Tasks 6, 8]

¢ Demonstration of photovoltaic power conversion
in nanowire-based photoelectrochemical cells
(PECs) consisting of ZnO nanowire arrays on
ITO, Si, etc. substrates. [Tasks 10, 12]

¢ Demonstration of photovoltaic power conversion
in nanowire-based photoelectrochemical cells
consisting of 3D ZnO/Si branched nanowire
arrays on large-scale low cost solution etched Si
substrates (IPCE >90% for 700-900nm, and
overall hydrogen generation efficiency of 3%
accomplished). [Tasks 10, 12]

e Demonstration of high photovoltaic power
conversion in nanowire-based PECs consisting
of 3D ZnO/Si branched nanowire arrays on
nanoimprinting patterned and RIE etched Si
substrates. [Tasks 6, 8]

e Demonstrated selective generation of hydrogen
or oxygen from the 3D ZnO/Si branched
nanowire array photoelectrodes by tailoring the
doping in the Si nanowire cores. [Tasks 10, 12]

e Demonstration of photovoltaic power conversion
in nanowire-based PECs consisting of CuO and
Cu,0 nanowire array electrodes. [Tasks 10, 12]



For the nanowire photovoltaic research, we have
studied the direct integration of vertical IlI/V
nanowire array on Si substrate and fabrication of
photovoltaic devices. (Figure 9). The devices show
very good photoresponse in a very broad
wavelength range (350nm — 3um) and the solar
energy conversion efficiency of 1.1% at room
temperature and 2.5% at 110K under 1.5AM sun
illustration. Core/shell heterostructure nanowires
were successfully grown, but no device were
studied.
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Figure 9. InAs nanowire on Si substrate nanowire
solar cells. Vertical nanowire arrays were growth
without metal catalyst in MOCVD on p-Si
substrate. InAs nanoiwre were embedded in
PDMS and consequently coated of top ITO
contact after RIE etching and exposure of InAs
nanowire tips, Both V., and Ji. change with
temperature.

In order to better understand the working
principles in nanowire solar cells, we took Si radial
p/n junction as a model system. 1D Poisson
simulation revealed that high doping level is
necessary to create radial p/n junctions. Figure 10
shows the simulation results and the
corresponding doping conditions to create
effective radial p/n junctions. Different surface
passivation coatings were studied, including
PECVD SiN, and ALD Al,O; coatings; ITO was
coated using sputtering as both passivation and
conformal electrode to nanowires were studied;
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Figure 10. 1D Poisson simulation and the junction

depth, along with the SIMS doping profile.

Si NWs with SiNx coating

Si NW with ALD Al, O, passivation
ITO

Figure 11. ICP-RIE etched vertical Si nanowires
with radial p/n junction and different surface

passivation coating, such as PECVD SiNx,
Sputtered ITO, and ALD Al,O;. The devices are
fabricated by with or without the PMGI embedding.
Top contacts are ITO or ITO/Ag grid.



different annealing conditions were also studied.
Table 1 summarized the device performance of
the Si radial junction nanowires, one can clearly
see (i) SiNy surface passivation improved the solar
cell efficiency by about 250%, (ii) conformal ITO
contact reduces the series resistance significantly
and improve the energy conversion efficiency
about 5 times compared to bare Si p/n junction
solar cells and about 2.3 times to that of SiN,
passivated devices, (iii) optimized doping profile
and the junction depth control is critical for the
efficiency (two step annealing of dopants at 800°C
almost tripled the solar cells efficiency), (iv) The
use of Ag mesh grid on ITO top contact
significantly reduce the series resistance and
increase of efficiency, (v) high quality ALD coated
Al,O3 passivation gives the best results of 8%
energy conversion efficiency with the short circuit
current density is comparable to previous result,
while the open circuit voltage, fill factor and
efficiency are greatly improved (Figure 12).

Table 1. Summary of Si nanowire solar cells.
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Figure 12. Photovoltaic curve of Si radial nanowire
solar cells with ALD Al,O5; passivation.

Separate effort on the nanowire photovoltaic
devices, such as photoelectrochemical cells
(PECs) were studied using nanowire and nanowire
heterostructure photoelectrodes. First of all, the
vertical nanowire arrays show enhanced light
absorption due to the light trapping (black surface
of Si nanowires of ZnO/Si nanowire arrays Figure
13). Secondly, the 3D nanowires show much

enhanced photocurrent densities compared to the
Si  nanowire arrays (very unstable), ZnO
nanowires on planar Si (identical doping to the
nanowires), ZnO seeding layer coated on Planar
Si, ZnO nanowire array on ITO, and bare Planar
Si, etc. photoelectrodes. Very fast hydrogen
evolution was observed. The 3D ZnO/Si branched
nanowires also show very high incident photon —
to-current efficiency (IPCE) (Figure 14). The
nanowire heterostructure photoelectrodes show
not only high IPCE (>90% at 700-900nm), but also
response to very broad spectra (370nm to
>1100nm). The comparison to the devices of ZnO
nanowire on Si (very low (<2% for 400 — 950nm)
and ZnO nanowires on ITO glass (only response
to UV).

Studies were also performed on the ICP-RIE
etched Si nanowires with well defined diameters
defined by NIL. Specific focus was on the doping
of the Si nanowire cores (trunks). Figure 15 shows
the SEM images of the NIL/RIE Si nanowires with
Zn0O seeding layer and ZnO nanowire branched.
We  fabricated 3D branched nanowire
heterostructures, consisting of vertical Si nanowire
cores and uniform ZnO nanowire branches, to
apply as PEC photoelectrodes. By tuning the
doping in the p-type Si nanowire core, the

photoelectrochemical H,/O, generation can be

Figure 13. Cross-sectional view (top row) and top
view (bottom row) SEM images of ZnO/Si
branched NW arrays with different backbone and
branch lengths. ZnO NW branches from growth for
25 hr on Si NWs with different lengths by
chemical etching for (a) 5 min, (b) 10 min, and (c)
15 min, respectively (scale bar = 500 nm). ZnO
NW branches grown for different time of (d) 30 min
and (e) 2.5 hr on Si NW arrays etched for 15 min
(scale bar = 1 ym). The PEC measurement setup
and optical images of the surface of nanowire
photoelectrode with or without light illustration. The



dark surface also indicated the enhanced
absorption due to light trapping effect.
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Figure 14. Incident photon conversion efficiency
(IPCE) vs wavelength measurement and
comparison between 2D ZnO/Si photoelectrodes
to AnO nanowires on planar Si substrate, and pure
Zn0O nanowires on ITO glass.

adjusted. When the core is lightly doped, the p-
Si/n-ZnO branched nanowire array electrodes
provide photocathodic H, production with a
broadband absorption from UV to near IR region,
while the p*-Si/n-ZnO branched NW arrays show
photoanodic O, generation with photoresponse
only to UV light. The photocurrents of these
unique 3D n-ZnO/Si branched NW

heterostructures are orders of magnitudes higher
than that of the bare Si NW photoelectrodes.

Zn0 seeding layer coating 10min ZnO NW branches

Figure 15. SEM images of NIL/RIE Si nanowires
with ZnO seeding layer (coated by sputtering) and
ZnO branches by hydrothermal growth.

— 4-

"E‘_1 15} €

Z | = o

2 9 Ti OPsec)ZOO

Q 05p -1.5V

B

= 0.0 —

o 2 b Il 2 Il 2 5
15 10 05 00 05 10 15

Potential (V)

10min ZnO NW branches on 12min
p-Si NW cores

E o2t ‘

E’ oo}

%‘ __ 0.0 h

=

& -0.2E-01

E 0.2

8 -04r ¢ T'meopsecj AN -
-1.5 -10 -05 00 05 10 15

Potential
10min ZnO NW branches on 12min

p*-Si NW cores

Figure 16. |-V characteristics of p-Si/n-ZnO
(Si(100), p-Si, boron doped, resistivity of 1-20
Qcm) and p*-Siln-ZnO (p™-Si, boron doped,



resistivity of 0.001-0.004 Qcm) branched nanowire
photoelectrodes.
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Figure 17. IPCE of NIL/RIE Si/ZnO branched
nanowire photoelectrodes. p-Si/ZnO branched

nanowires present a broad photo-response from
UV to near IR region, while p*-Si/ZnO branched
NWs lead to photoresponse only to UV light.

Figure 18. Future works on other nanowire PEC
devices consists of CuO nanowires, 3D branched

ZnO/CuO, and TiO,/Si branched nanowrie
photoelectrodes for high efficiency of better
stability.

These unique 3D branched NW heterostructures
are promising photoelectrodes for high efficient
photoelectrochemical H, generation. A detailed
study has been done to show the NW dimensions
effect on the PEC performances and consequently
optimize the heterostructure for optimum high
efficient photoelectrochemical production of H,.

Lastly, we have also carried out the PEC studies
on new materials, including p-type CuO
nanowires, and 3D branched ZnO/CuO, and
TiO2/Si branched nanowries, which can lead to
future studies for new photoelectrodes with high
efficiency or improved corrosion resistivity and life
time.
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