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We have completed the set target to optimize the defects in oxides and
examine the wavelength conversion and demonstration of a “ plasmon-mediated photoelectric
transfer” . With suitable combinations of plasmonic metal (TiN/Au) and oxides/nitrides (Ge02/C3N4),
we demonstrated the near IR light induced photocurrent generation and photocatalytic chemical
reactions for water splitting. The defect-mediated broad-band NIR upconversion is still under
investigations. The work on optimization of defects in Ge02/Ge pyramids structure, NIR light induced
photocurrent generation and TiN/carbon nitride composite have been presented in various
conferences/meetings (S. L. Shinde et. al. IUMRS-ICAM, Aug. 2017; 1SSS-8, Oct. 2017; MANA
International Symposium, March 2018) and published in peer-reviewed journals (S. L. Shinde et. al.
ACS Photonics 2017 (4), 1722, ACS applied materials & interfaces 2018 (10), 2460).
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Photon wavelength conversion is useful
in many applications such as photovoltaics,
deep-tissue  bioimaging, photodynamic
therapy, data storage, and security and
surveillance applications. In most of these

applications, either lanthanide-based
solid-state or  organic  bimolecular
converters are used. While organic

bimolecular wavelength converters can be
as efficient as 16% and lanthanide are only
about 2-5% in efficiency. Moreover, the
absorption and emission wavelength
ranges for these wavelength converters are
fixed by the atomic or molecular energy
levels yielding narrow-band emissions and
are challenging to tune.

We propose a new type of "lanthanide
and molecule free" wavelength converters:
We examine the combination of plasmonic
nanostructures with the
semiconductor/oxide heterojunction for the
photon  wavelength  conversion and
emission in the visible to near infrared
region. This defects mediated wavelength
conversion is a novel unique approach
proposed by us for applications in energy
transducers such as  photocatalytic
reactions and thermophotovoltaic (TPV).
Here, plasmonic metals such as Au or TiN
(as  low-cost alternative  plasmonic
ceramics) will be adopted to constitute the
plasmonic light harvesters which also act
as sources for hot carriers. Plasmonic
excitation at the metal/Ge interface yields
hot electrons and holes and will inject them
into Ge conduction and valence bands.
Subsequently, they drift into the defect
levels of GeO: and then recombines to
radiate into photons with higher energies
compared to the incident photons.

The underlying aim is to develop
rare-earth free metal-oxide plasmonic
hybrid structures for  wavelength
conversion via hot carrier generation in
plasmonic antennas and subsequent
recombination/light emission at the
oxide/semiconductor interface and
near-infrared photoelectric transfer.

The proposed project is divided into two
parts: 1) first part deals with the plasmonic
wavelength converter and the other deals
with 1) plasmonic charge separator for NIR
photovoltaic module and catalytic reactors.
The proposed work will be carried out in
following steps:

We have developed the design and
fabrication methods for synthesis of
plasmonic antenna for optimum VIS-NIR
photon confinement, the wavelength
conversion and plasmonic metal combine
oxide/nitride for catalysis. In the proposed
wavelength converter (GeO2/Ge/TiN/Si),
under illumination of longer wavelength
light at plasmonic TiN and narrow band
gap Ge interface, the hot carrier generated
in TiN transfer to the defects containing
GeO:2 through Ge, where it recombine to
emit shorter wavelengths. To have
wavelength conversion, the defects state in
oxides plays the important role.
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Figure 1. SEM images of (a) etched Ge
wafer and (b) etched Ge wafer annealed at
400 °C for 2 h. Raman spectra of etched (c)
and annealed (d) Ge wafers at different
positions, respectively. (e) 3D PL mapping
image of the annealed samples (f) PL
spectra of an as-etched sample and an
annealed sample before and after the
addition of CdTe QDs. The excitation
wavelength was 470 nm.

For the preliminary work on
optimization of defects in GeO2/Ge
structure, we fabricated GeO2/Ge pyramids
structures on Ge wafer and studied the
defects states by luminescence and Raman
measurements. Figure 1a and b show the
SEM images of nanopyramids of GeOs2/Ge
prepared by chemically etching the Ge
wafer. The Raman spectra are shown in Fig.
1c and d before and after annealing of
pyramids structures confirm the tip of
pyramids contains more defects compared
to side walls. The Raman measurements
confirmed the presence of a heavily
roughened GeO2/Ge interface. Thus, a



higher density of oxygen defects would
naturally be expected. To associate the
defect-related luminescence to the spatial
information, we performed PL imaging of
the etched Ge samples. Figure 1d shows PL
mapping for the annealed sample. As
expected, only the tip (center) part of the
pyramid-shaped region was bright (yellow
color), that is, luminescent. The
luminescence decreased away from the
pyramid’s tip, which suggests a variation
in the defect density along the side wall.
Surprisingly, when the Ge nanostructures
were coated with CdTe QDs (Fig. 1f), the
PL intensity was further enhanced

remarkably. Further, this defect containing
GeO2/Ge will be combined with plasmonic
nanoantenna for the
wavelength conversion.
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Figure 2. (a) Schematic of in-situ fabricated
TiN/Ge interface for sub-band gap
photodetection. (b) I-V  curve, (¢
Absorptance and (d) photocurrent density
under illumination of NIR light for Ge film,
top TiN and top Ge films.

Also, the TiN/Ge interface plays the
crucial role in light absorption and
plasmonic hot carrier transfer from TiN to
GeO2. We have studied the interfacial
properties of TiN/Ge by measuring the
photocurrent under illumination of NIR
light. The planar samples that form in-situ
Ge/TiN interface (Fig. 2a) are fabricated by
DC sputtering technique, and the
generation of photocurrent by
near-infrared (NIR) light illumination is
confirmed up to 2600 nm, well exceeding
the absorption limit of Ge. The fabricated
TiN/Ge interface form slightly Schottky
contact (Fig. 2b) and shows absorption in
visible to NIR region (Fig. 2c). The bare Ge
file shows photocurrent for the excitations
of light above the band gap of Ge and very
weak or negligible photocurrent below
band gap excitations. For TiN/Ge film, we

observe much higher photocurrent below
the band gap of Ge. Below band gap
excitations, the plasmonic hot carriers
generated in TiN and transfer through Ge
results in sub-band gap photocurrent in
TiN/Ge (Fig. 2d). This results will,
therefore, facilitate the use of TiN, which 1s
robust and inexpensive, as an alternative
for photo-exciting hot carriers in NIR
photodetection and in photovoltaics.
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Figure 3. (a) Schematic of GeOs/Ge/TiN
pillars/Si wavelength converter. (b and c)
SEM images of TiN pillars and
GeO2/Ge/TiN pillars on Si. (d) Experimental
and calculated reflectance spectra of
GeO2/Ge/TiN pillars/Si. (e) PL of the thin
film of Ge, GeO2/Ge, GeO2Ge/TiN and
GeO2/Ge/Au. (f) PL of nanopillars of
GeO2/Ge/TiN and GeO2/Ge/Au. The
excitation wavelength was 470 nm.

Next step 1is to fabricate the
defects-containing oxide layers on the
plasmonic nanostructures and examine the
wavelength converting properties. By
controlling the plasmonic nanostructure
size and shape, the light confinement and
1mprovement in absorption are possible. As
observed for Ge pyramids, the VIS-NIR
light absorption is observed to be more
than 90% compared to ~ 60% for flat film of
Ge. We have successfully developed the
TiN pillars with specific dimension
nanostructure plasmonic antenna on Si
substrate for optimum NIR confinement by
colloidal lithography method (Fig. 3a).
Figure 3b show the SEM images of TiN
pillars antenna grown on Si substrate. On
the above structure, we fabricated GeO2:/Ge



structure for examining the wavelength
conversion. The 50 nm Ge is coated on 200
nm diameter TiN nano pillars further
heated at 550 °C for 10 mn to form defects
containing GeO2/Ge layer (Fig. 3c). All the
films are well characterized to have better
quality and stability. These structures
show the broad absorption in NIR region
(Fig. 3d). Experimental results are in good
agreement with the calculated reflectance.
We studied the defects in GeO:z by
luminescence measurements.

As expected, due to the narrow band gap,
the bare Ge film does not show any visible
luminescence on the excitation of 470 nm
(Fig. 3e). When Ge film annealed in oxygen
deficient condition, the defects containing
GeO2 form on Ge. This shows very weak
luminescence in the visible region. The
defects containing GeQO2/Ge film fabricated
on TiN or Au film shows luminescence
enhancement. The luminescence
enhancement is observed to be ~ 3-fold and
2-fold for GeO2/Ge/TiN and GeO2/Ge/Au
films, respectively compare to GeQO:/Ge
film (Fig. 3e). The GeOs/Ge fabricated on
nanopillars of TiN and Au on Si, the
luminescence enhancement is observed to
be ~ 109-fold for TiN pillars and ~ 64-fold
for Au pillars (Fig. 3f). The reason for very
large enhancement in luminescence could
be strong confinement and absorption of
light and efficient transfer of excitons from
plasmonic metal to defects state in GeOa.
The results of sub-band gap photodetection
and hot carrier mediated luminescence
enhancement suggest that under
excitation of NIR light there is a possibility
of hot carriers transfer from plasmonic
metal to defects state in an oxide, where it
recombine to emit shorter wavelengths.
The defect-mediated broad-band NIR
upconversion is still under investigations.

The next part is a demonstration of a
“plasmon-mediated photoelectric transfer”
with suitable combinations of plasmonic
metal and oxides/nitride and near IR light
induced photocurrent and chemical
reactions study. For this, we have developed
the Plasmonic TiN and carbon dots
embedded carbon nitride composite for
efficient NIR absorption and catalysis. In
this work, a promising strategy to increase
the broadband solar light absorption was
developed by synthesizing a composite of
metal-free carbon nitride—carbon dots
(CsNs—C dots) and plasmonic TiN
nanoparticles (Fig. 4a) to improve the
photoelectrochemical water-splitting
performance under simulated solar

radiation. Hot-electron injection from
plasmonic TiN NPs to CsN4 played a role in
photocatalysis, whereas C dots acted as
catalysts for the decomposition of H20:2 to
O2. The use of C dots also eliminated the
need for a sacrificial reagent and prevented
catalytic poisoning. Utilization of the TiN
NPs and the incorporation of C dots into the
CsNs matrix led to an increase in the
UV-VIS to NIR absorption over the major
part of the solar spectral region (Fig. 4b),
which performed better than the CsNy
composite with Au NPs and C dots. By
incorporating the TiN NPs and C dots, a
sixfold improvement in the catalytic
performance of CsNs was observed (Fig. 4c
and d). The proposed approach of
combining TiN NPs and C dots with CsNy
proved effective in overcoming low optical
absorption and charge recombination losses
and also widens the spectral window,
leading to improved photocatalytic activity.
Further improvement is expected through
the optimization of this synergistic effect
and could provide useful information
toward designing visible photocatalysts for
commercial applications.
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Figure 4. (a) Schematic of TiN-CsN4-C dots
composite. (b and ¢) Absorptance and
incident photon to current conversion
efficiency (IPCE) of C3N4s and TiN-CsN4-C
dots composite. (d) Schematic of
photoelectrochemical cell to study the
water splitting reactions.

Overall, we have completed the set
target to optimize the defects in oxides and
examine the wavelength conversion and
demonstration of a “plasmon-mediated
photoelectric transfer”. With suitable
combinations of plasmonic metal (TiN/Au)
and oxides/nitrides (GeO2/C3sN4), we



demonstrated the near IR light induced
photocurrent generation and photocatalytic
chemical reactions for water splitting. The
defect-mediated broad-band NIR
upconversion is still under investigations
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