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Abstract

We fabricated localized surface plasmon resonance enhanced UV photodetectors on MOCVD
grown semi-insulating GaN. Plasmonic resonance in the UV region was attained using 36 nm
diameter Al nanoparticles. Extinction spectra of the nanoparticles were measured through
spectral transmission measurements. A resonant extinction peak around 300 nm was obtained
with Al nanoparticles. These particles gave rise to enhanced absorption in GaN at 340 nm.
Spectral responsivity measurements revealed an enhancement factor of 1.5. These results
provided experimental verification for obtaining field enhancement by using Al nanoparticles

on GaN.

(Some figures may appear in colour only in the online journal)

1. Introduction

Optoelectronic devices are getting smaller for better
performance in terms of sensitivity, spatial resolution,
high speed operation and technological developments [1].
Nano-scaled integrated circuit elements have gained much
attention due to the demand from the market for flexible,
faster and more responsive electronic components. The down
side of this miniaturization of the individual circuit elements,
however, is the reduction of the absorption cross section for
photodetectors in particular. Furthermore, when the device
size is shorter than the wavelength, diffraction limits the
amount of detectable radiation [2-5].

The light is scattered by small metallic particles because
of the resonant plasma oscillations of the conduction
electrons. In a small particle, unlike infinite metal-dielectric
interfaces, there is not enough space for surface plasmons to
propagate. Instead there occurs a resonant mode depending on
the size and shape of the particle. Localized surface plasmon
resonance (LSPR) is a manifestation of SPs on nano-sized
metallic particles. SPs interfere constructively at a resonance
frequency depending on the size and the shape of the particle.
Thus, a strong extinction is apparent in the transmission
spectrum of the nanoparticles [6]. This extinction causes the
localization of the electric field at the resonance frequency in
the vicinity of the particle. This property has led to the use
of metal nanoparticles in many applications such as surface
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enhanced Raman scattering [7-10] and biosensing [10-19].
There are also reports suggesting that this localized field
can enhance the light absorption in the vicinity of the
nanoparticles for thin film and organic photovoltaics [20-29].

UV monitoring has many potential civil and military
applications. For instance in situ temperature monitoring
in nuclear power plants and internal combustion engines,
telecommunication (inter-satellite communication in partic-
ular), secure non-line-of-sight communication, ozone layer
monitoring, biochemical agent detection, instrument calibra-
tion for UV lithography, missile plume detection etc [30, 31].
An optically small UV photodetector can further enhance the
performance of conventional UV photodetectors. However,
one must use a different metal which supports LSPR in UV
rather than the commonly used metals such as Ag or Au. Al
with its high bulk plasma frequency (15 eV) is a promising
candidate for UV plasmonics.

Mie established a general theory to explain the scattering
from gold nanoparticles which was later called after him
as the Mie Theory. The polarizability in this theory for
larger particles with sizes comparable to the wavelength of
excitation can be written as [32, 33]

1 — (e + em)x® + o(x*)
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Figure 1. Conceptual drawing of an LSPR enhanced MSM
photodetector (viewed from the top).

where V is the volume of the nanoparticle and x = 27r/A, the
size parameter. The quadratic term in the numerator explains
the retardation effect in excitation of the whole volume of the
particle which shifts the resonance. The quadratic term in the
denominator shifts the resonance further due to the retardation
of the depolarization field. For Drude-like metals this shift
in resonance is towards red as particle size increases. The
dielectric permittivity of the metal, e, plays a crucial role in
this equation. Different metals exhibit resonances at different
wavelengths even if their diameters are the same.

The quantitative analysis of the behavior of metallic
nanoparticles requires rigorous calculations. Nevertheless,
these formulations are limited to basic geometries such as
spheres. Kuwata et al developed an analytical model for
ellipsoid particles [32]; however, they establish their model
based on experimental data. Because of analytical limitations,
finite difference time domain (FDTD) simulations are often
used to predict resonance behavior of a specific nanoparticle.

In this study, LSPR enhanced photodetectors on the
GaN active layer operating in the UV regime are designed .
The design consists of Al nanoparticles fabricated between
the Schottky contacts of an MSM photodetector on a
semi-insulating GaN active layer. A schematic drawing of
the fabricated device is shown in figure 1. We fabricated
Al nano-dots of 30 nm diameter and 100 nm period with
e-beam lithography. We used Al because the plasma frequency
of widely used metals such as Ag and Au is not sufficient
to create a plasmonic response in the UV regime, which is
required for the GaN platform. Bias voltage was kept low in
order to collect the photo-generated carriers in the vicinity of
the Schottky contacts. We were able to compare the effect of
plasmonic particles on the quantum efficiency of the device.

2. Fabrication and results

The Al nanoparticles were fabricated using a Raith E-line
e-beam lithography system. Single dot exposure was used and
the diameter of the particles was varied by changing the dose
of the exposure. Sapphire and GaN were used alternatively as
substrates for the fabrication. The Al nanoparticles fabricated
on sapphire were used for transmission measurements
whereas those fabricated on GaN substrate were used as

photodetectors. The details of the growth conditions of
the GaN epitaxial layer can be found in our previous
report [34]. We fabricated several samples with different
particle diameters and periods. Diameters of the particles were
varied between 20 and 60 nm in 5 nm steps while the period
was varied from 100 to 200 nm in 25 nm steps. The total area
covered with nanoparticles was 50 x 50 pm?.

We have designed and assembled a custom spectral
micro-transmission setup for the extinction measurements of
the fabricated Al nanoparticles (figure 2). The light from
a broad spectrum Xe lamp (1) is carried to a collimating
f-number matched UV lens (2) through a non-solarized UV
multimode fiber. Then light is focused on the sample with the
secondary lens (3). The sample is mounted on a special pcb
board (x) and is placed on a micro-positioner for translation.
After passing through the sample, the light is collected with
the imaging lens (4). The image is projected on to a plane
where there is placed a variable aperture (5). This aperture
allows us to select the area where a transmission measurement
is desired. Light is then folded by an easy mount mirror (6)
towards camera focusing optics (7). We monitor the position
of the samples with a CCD camera (8). We remove the folding
mirror after the individual nanoparticle area is aligned and
selected with the aperture. Another focusing lens (9) couples
the light to the collection fiber. The spectrum is then measured
by an Oceanoptics USB4000 model spectrometer (10).

Figure 3 illustrates the fabricated Al nanoparticles and
the spectral transmission response of the structure. The size
distribution suggests a very uniform fabrication. Here we
present two selected extinction spectra of Al nanoparticles at
two different wavelengths. The resonance shifts towards red as
the diameter of the particle increases as expected. In addition
resonance gets stronger as the diameter increases because
particles become more closely packed, which increases the
inter-coupling between the particles. We performed FDTD
simulations for further justification of the measurements
using a commercial software package by Lumerical Inc. Our
simulations are in excellent agreement with the measured
values. It should be noted that these are fabricated on sapphire
which has a refractive index of 1.8. Actual devices are
fabricated on GaN nitride which has a much higher refractive
index (~2.5). This will cause a red-shift in the resonant
wavelength. We expect the peak resonance will be at 339 for
36 nm diameter particles when they are fabricated on GaN.
Here we assumed that the effect of substrate on the effective
refractive index of the surrounding environment is limited by
the bottom area of the nanoparticle.

The calculated electric field (E-field) distributions in
the vicinity of the Al nanoparticles are illustrated in
figure 4. Here we compare the E-field intensities at different
wavelengths. When the wavelength of illumination is near the
LSPR peak, there is a strong confinement in the dielectric
compared to an illumination wavelength which is far from
the resonance. This further explains the enhanced absorption
in the semiconductor. Note that, we could not repeat FDTD
simulations of Al nanoparticles on GaN substrates since our
simulation tool does not provide a reasonable material fitting
for the real and complex parts of the dielectric function of
GaN in order to calculate its absorption.
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Schematic of the micro-transmission setup.
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Figure 3. Fabricated Al nanoparticles: (a) a scanning electron microscopy image of the particles. Scale bar is 100 nm. (b) Size distribution
of the particles in the image in (a). (c) The extinction spectra of the Al nanoparticles with two different diameters fabricated on sapphire.
Dots represent the measurements whereas lines correspond to FDTD simulations.

The fabrication of the MSM photodetectors started with ~ with 36 nm diameter and 100 nm in period with e-beam
Schottky contact metallization with optical lithography. The lithography. The size and the period of the particles were
contact distance was 20 um. We used Ni/Au as contact metal.  then confirmed with scanning electron microscopy (SEM). We
The design includes large probing pads. Therefore this was fabricated photodetectors without nanoparticles as reference
a single-step process. Then we fabricated Al nanoparticles devices as well.
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Figure 4. E-field intensity distributions of the Al nanoparticles on sapphire substrate calculated via FDTD simulations. On the left,
normalized (to the maximum value) E-field intensity distribution cross sections at a resonant wavelength of 302 nm are shown. Whereas,
distributions at an off resonant wavelength of 450 nm are presented on the right for comparison. The z direction is normal to the surface and

the sapphire/air interface lies within the z = 0 plane.

We measured spectral responsivity characteristics of the
LSPR enhanced photodetectors using a Stanford Research
Systems SR830 Lock-in Amplifier. The output of the UV
enhanced Xe lamp (Spectral Products ASB-XE-175) was
monochromated (Spectral Products DK240) then modulated
mechanically by a chopper. It is then coupled to a multimode
non-solarized UV enhanced 100 xm diameter fiber which was
used to illuminate the photodetector under test. We calibrated
the spectral output power illumination setup with a NIST-
traced calibrated Si photodetector (Newport 818-UV-L). We
measured both photodetectors with nanoparticles and without
nanoparticles. The results are illustrated in figure 5 in a
comparative manner and they reveal a significant increase in
the quantum efficiency around 340 nm. We analyzed these
results further in order to calculate the enhancement. figure 6
shows that we have almost 50% enhancement in the quantum
efficiency which is due to the localization of the incident
electromagnetic field on the surface where most of the light is
collected in an MSM photodetector. Here we cut the curve at
360 nm simply because the data at longer wavelengths have no
meaning since GaN is completely transparent in that region.

3. Conclusion

In conclusion, we examined the effects of plasmonic scatter-
ing on absorption and photocurrent collection in the prototype
visible blind GaN photodetector with size-optimized Al
nanoparticles. At wavelengths of surface plasmon resonance,
scattered incident light by the nanoparticles yielded enhanced
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Figure 5. Spectral quantum efficiency measurement of the LSPR
enhanced photodetector along with the control sample.

absorption in the active layer of the photodetector. Al
nanoparticles were first investigated separately via spectral
transmission measurements. An enhancement of 50% at
340 nm was measured in the fabricated photodetector. The
results showed that scattering with nanoparticles enhances the
absorption in the UV region. This enhancement can increase
the detectivity performance of a photodetector.
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