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ABSTRACT OF THE THESIS

Short wave Infrared Hyperspectral Camera Design

based on Plasmonically Enhanced Nanowire Focal Plane Arrays

by

Chung Hong Hung

Master of Science in Electrical Engineering

University of California, Los Angeles, 2013

Professor Diana L. Huffaker, Chair

State-of-art short wave infrared hyperspectral cameras use filters for sorting photons which lead
to ineffective use of incoming light and/or longer recording time. This work proposes a
hyperspectral camera design that eliminates the need of a filtering layer and promises over 50%
reduction in pixel size. The significant size reduction is attributed from the use of surface

plasmon resonances, which enhances optical collection area and enables photon sorting below



the diffraction limited spot size unlike conventional methods. Absorbed photons are then guided
into nanowire absorbers. Compared to planar absorbers, a nanowire absorber allows three-
dimensional absorption volume, while at the same time reduces capacitance and lowers the dark
current. The performance of the designed structure is modeled, showing selective absorption at

1050, 1250, and 1550 nm for short wave infrared applications.
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1 Introduction

1.1 Why short-wave infrared hyperspectral camera?

While infrared light is invisible to human eye, short-wave infrared (SWIR) is mostly
reflective in nature, bouncing off of objects much like visible light. As opposed to mid-wave and
long-wave IR imaging based on thermal radiation given off from hot objects, images produced
by reflective SWIR cameras are usually much easier to perceive and are comparable to visible
light imagery. This gives rise to a range of applications for SWIR cameras, such as visual
penetration through fog and smoke and night glow imaging. Compared to cameras in other
wavelength of the electromagnetic (EM) spectrum, SWIR cameras are still relatively new in the

camera market 1",

Most SWIR cameras employ the hyperspectral imaging technology. Similar to the human
eye, which sees visible light in red, green, and blue bands, SWIR hyperspectral imaging breaks
down the SWIR spectrum (0.9 T 1.7 tm) into multiple sub-bands. Information of the incoming
light is processed based on the intensities and the ratios of the sub-bands. To do so, cameras use
focal plane arrays (FPAS) to capture light and convert it into electrical signal for further
processing in a read-out integrated circuit (ROIC) >°. Ideally, each pixel in the FPA has to be
able to split the incoming light into several sub-bands for detection. Traditional photodetectors
do so often by using filters or interferometers combined with scanning or subsampling to record
a spectral image ‘cube’ (with wavelength as the third dimension) "®. This often leads to

inefficient use of the incoming light and/or results in longer recording time.



1.2 State-of-art work

Recently, a new type of filtering technology has enabled direct recording of spectral
image cubes in a single exposure by sorting photons *"*. Using volume Bragg gratings to trap
light waves on the metal/dielectric interface, surface plasmon resonances can be excited,
effectively sorting and guiding incoming photons to desired location for photoabsorption
(Appendix A). This type of plasmonically enhanced filter ensures both high spectral and spatial
resolution, significantly increases sensitivity compared to other competing technologies such as

push broom spectrometer, liquid crystal tunable filters, or acousto-optic tunable filters ***3.

By texturing metal surfaces at the nanoscale to form gratings, incoming light can be
sorted into different wavelengths based on the surface plasmon resonances. Indications that these
concepts could be applied to the SWIR regime were further encouraged by the observation of
extraordinary optical transmission (EOT) of light through periodic arrays of sub-wavelength
holes/slits in a metal film **™® or a sub-wavelength aperture surrounded by periodic bullseye
pattern *?°. This phenomenon is accompanied by a significant enhancement of the electric field

within the subwavelength aperture, which can be leveraged for a variety of photonic applications.

The two most common absorber materials used in SWIR detectors are Mercury Cadmium
Telluride (HgCdTe/MCT) and Indium Gallium Arsenide (InGaAs). Both materials can be
engineered to tune their optical absorption to the desired wavelength. Due to their high
sensitivity and high electrical mobility, few other materials exceed their performances in SWIR
detection. The two main parameters for a detector are the quantum efficiency (QE) and the dark
current. In terms of the QE, both materials are capable of sensing down to single photon using an

avalanche photodiode (APD) approach #"2*. HgCdTe based detectors however, suffer heavily



from thermal noise unless operated in cooled temperature, limiting their use in portable devices
due to requirement of heavy and bulky cooling units . In contrast, InGaAs based detectors are
able to operate in much higher temperature without sacrificing its performance 2°*%, This work

will focus on the use of InGaAs as the absorber material.

1.3 Proposed device design

Presented in this work is an innovative design to further modify the existing
plasmonically enhanced filter by placing a nanowire photodetector next to the subwavelength
aperture. The design schematic and scanning electron microscopy (SEM) images of a fabricated
FPA are shown in Fig. 1 to prove the practicality of the design. The nanowire absorber is grown
by metalorganic chemical vapor deposition (MOCVD) using a patterned SiO, mask, and the
subwavelength apertures are self-aligned to the nanowires by an angled metal deposition

(Appendix B). This design modification has several substantial advantages: 1) it combines the

Figure 1 a,b) SEM images from an array of fabricated devices showing uniformity of the
nanowires in the array. Subwavelength apertures are self-aligned to the nanowires by an
angled metal deposition using the nanowires as the shadow masks. ¢) Schematic of a side view
of the nanowire. The wire diameter (wd) and the exposed height (xh) are two important
parameters in controlling the surface plasmon resonances of the nanowire.
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plasmonic filtering layer with the photoabsorbing layer, which eliminates the need to focus or
align the apertures with the detectors underneath, 2) harvesting photons becomes more direct
with the enhanced field close to the nanowire detector, 3) the metal used for sustaining surface
plasmon resonances can also be conveniently used as the electrical contact, and 4) the nanowire
provides a shadow mask for self-aligned aperture using an angled metal deposition, avoiding any

need of sophisticated lithography techniques (Appendix B).

In general, the benefit of using a plasmonically enhanced photodetector (PEPD) is that
the large collection area of light can be concentrated onto a much smaller volume T in this case a
photodiode junction area in a nanowire. The use of nanowire as the photoabsorber is a very
attractive route for photodetectors. The miniaturization of volume significantly reduces
capacitance and dark current compared to planar detectors. In terms of optical absorption,
surface plasmon enhancement in planar detectors is often limited by the shallow penetration
depth of the electric field intensity into the absorption region. In contrast, the three-dimensional
(3D) absorption surface area of nanowires allows for greater absorbing volume enhancing light

collection and absorption 2°.

The 3D absorption surface of the nanowire enables various field enhancement
mechanisms to be leveraged, including the resonant field enhancement occurring in bounded
metallic/dielectric structures that support localized surface plasmon (LSP), and the enhancement
near the metal/dielectric interface in a propagating surface plasmon polariton (SPP) mode
(Appendix A). These resonant field fifocusingo effects effectively increase the optical path length
to be many times larger than the physical junction thickness. In principle, this allows the

reduction of the detector volume even below the diffraction limit resulting in more efficient



integration, reduced pixel size, material growth requirements, and higher signal-to-noise ratio
(SNR). However, detectors operating in the near infrared range are spectrally close to the plasma
resonances of noble metals resulting in ohmic absorption losses. These losses need to be

quantified and reduced for realizing high efficiency PEPDs.



2 Camera design
2.1 Design concept

The goal of this work is to develop a SWIR hyperspectral camera pixel design. The pixel
will have to be able to sort the incoming photons into three sub-bands centered at 1050, 1250,
and 1550 nm, a choice justified by the spectral intensity peaks of night glow. Three types of
InGaAs nanowire absorbers will be present in a pixel, each responsible to absorb one of the sub-

bands. The flow of the optimization process of the detector can be broken down as followings:

1) optimize LSP resonances for each nanowire detector for optical absorption at wavelength

(&) = 1050, 1250, and 1550 nm,
2) design gratings to further enhance the absorption through a hybrid SPP-LSP mode, and
3) arrange the three detectors into a square pixel.

Commercialized Maxwell solver software Lumerical using finite-difference time-domain
(FDTD) method will be employed for the computer-aided design (CAD) of the optimized
structure. The simulation is composed of (i) a simulation region box, (ii) an illuminating source,
(iii) the device structure, and (iv) a monitor to record electric field (Fig. 2). Each component of

the simulation is set as follows:

Q) The simulation region box defines the size of the simulation region, the boundary
condition of the region edges, and the mesh settings. For LSP simulation (section 2.2),
the size of the simulation region is 2.5 pm x 2.5 um, which is typically large enough to
model an isolated device performance, and the boundary condition is set as perfectly
matching layers (PML), which absorb EM energy incident upon them, imitating a

6
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Figure 2 a) Simulation schematics at different viewpoints showing the simulation region,
illuminating source, device structure, and the monitor used to record electric field. b-c)
Permittivity values for b) Ings3Gag 47As and c) silver used in the simulation.
boundary condition that allow radiation to propagate out of computational area without
interfering with the fields inside. For SPP simulation (section 2.3), the region size
depends on the pitch at interest, and the boundary condition is set as periodic on both

axes. Mesh is condensed around the region of the exposed nanowire. Depending on the

size of the nanowire, the mesh step is between 5 to 15 nm per computation node.

(i) The illuminating source is a normal incident plane wave source, with wavelength ranging
from 900 to 1700 nm. The polarization is chosen as along the aperture instead of
unpolarized to conserve simulation time. In principle, the same design procedure shown

in this work can be repeated for any polarization of light.

(i) The hexagonal Ings3Gag47As nanowire absorber is modeled using the material property

shown in Fig. 2b. To support LSP and SPP modes, silver is used due to its superior
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(iv)

performance in exciting surface plasmons **3'. A comparison in the quality factors for
exciting surface plasmons between silver and other metals can be found in Appendix A.
The optical property of silver used in the simulation is shown in Fig. 2c. From the SEM
image in Fig. 1b, the metal cap on top of the nanowire is slanted as a result of the angled
metal deposition. The effect is modeled by artificially etching the metal cap with a
slanted angle as shown in the xz view in Fig. 2a. The etch on the metal cap will remain to
be included in all simulations, even though the outline of such etching will be absent for
the rest of the schematics shown in this work to avoid complicated figures. The geometry
of the metal cap and the nano aperture will be scaled accordingly when the diameter or

the exposed height of the nanowire is changed.

Electric field data recorded by a monitor can be used to calculate the QE or to show the

electric field profile of a structure. Evaluation of QE is based on the following equation:

Y

5o o 1807 hanatas - 1 Qw o)

YEO10Q DEVQL

where] is the frequency, 07 hoioid is the electric field intensity, and - 71 is the
imaginary part of the nanowire permittivity. In Lumerical, monitors can only be defined
as parallel to x-, y-, or z- axis. Therefore, a 3D monitor cube is used to record the electric
field inside the nanowire absorber. To conserve computation memory, only the top half of
the nanowire is monitored, as the electric field of the bottom half of the nanowire is
negligible. Since the nanowire is hexagon in shape, the monitor cube will record
unnecessary electric field information outside the nanowire. To overcome this issue, the
recorded electric field data points are passed through a filter that determines whether a
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point is located inside the nanowire by testing the material index of that point. The
filtered electric field is then integrated over the volume of the nanowire inside the
monitor, which is then normalized by the source power, or the amount of power injected

into the simulation,

YEO1Q DEVQI

NI|O

1000 O ] QY )

where Oyzi01 IS the Poynting vector of the source, and 'Y is the size of the source. The

code for calculating QE using monitors in Lumerical is shown in Appendix C.

2.2 Localized surface plasmon optimization

The two main parameters that can affect the LSP resonance are the wire diameter (wd)
and the exposed height (xh) as shown in Fig. 1c. Wire diameter is defined as the flat-to-flat
distance of the wire, as it gives more accurate measurements compared to corner-to-corner
distance measurements in SEM images. To pinpoint the best geometry for the detector, both
parameter sweeps are modeled. Note that eq. 1 can no longer be used for the evaluation of power
absorbed in a PML simulation. Instead, the formula has to be modified to account for the correct
distribution of the incident power (Appendix C). The figure-of-merit, absorption cross-section, is

calculated as below:

i B 1507 hotaigs - 1 Qo

OMTENNOIEE MIETT TQOONEE T

N

3)

(€010 1€00€ 100

where the normalization factor is source intensity instead of source power.
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2.2.1 Nanowire diameter
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Figure 3 a) The absorption cross-section on different wire diameters (wd) in a PML
simulation is plotted. The exposed height (xh) is kept at 304 nm. b) Each spectrum is
normalized by the maximum absorption cross-section to show selectivity of the spectra.

The optimization of the 1250 nm detector will be demonstrated in detail here. Shown in
Fig. 3a is the result of wd variation in a PML calculation. Exposed height is fixed at 304 nm,
while the width of the hole is linearly scaled as the wd is varied. In bottom-up MOCVD
nanowire growth, wd = 300 nm is approaching the upper limit, further increase in width will
result in nanowire arrays with small aspect ratio. In general, larger wd gives higher absorption
cross-section, which might not be at all surprising since more material is available for absorbing

the incident light.

While a high absorption cross-section peak is favorable in getting a better photoresponse,
the selectivity of the absorption peak is equally important. For example, if wd = 300 nm is
chosen to build a 1550 nm detector solely based on its high absorption cross-section, the result
will be detrimental since most of the photoresponse will instead be contributed from the 1400 nm
peak. To have a better understanding of the selectivity, each spectrum in the contour plot is

normalized by its maximum absorption cross-section as shown in Fig. 3b. Considering both
10



absorption cross-section and selectivity, there are two candidates for the 1250 nm detector: wd =
140 and 250 nm. While both of them are not perfect in terms of selectivity and sustain a
secondary mode at a longer wavelength, wd = 250 nm is a better choice for the detector given
that 1) it has a higher absorption cross-section which can provide higher photoresponse, and 2) it

has the potential to suppress its secondary peak after an xh optimization.

The second reasoning can be realized by studying the electric field profiles for the two

wire sizes in Fig. 4. For wd = 140 nm, the spectral peak at & = 1250 nm shows a LSP mode

300

N
(o))
o

N
o
o

150 [

Wire diameter [nm]

100
50 Jf 2 i xh =304 |uw

900 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength [nm]

Figure 4 Comparison between wd = 140 and 250 nm. In both cases, two different types of
modes can be observed: one excited closer to the center of the exposed tip (wd = 140 nm, & =
1250nm; wd = 250 nm, & = 1500 nm); and one near the metal-cap/nanowire interface
(wd=250 nm, & = 1250 nm; wd = 140 nm, & = 1475 nm). Due to the nature of the modes, the
former type varies in strength given a change in xh while the latter type is independent of xh.
Therefore, by changing xh, one mode can be suppressed while the other remains unaffected.
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spreads out at the center of the exposed tip, while the spectral peak at & = 1475 nm shows a mode
closer to the metal-cap/nanowire interface. For wd = 250 nm, an opposite case is shown, where
the lower wavelength peak (1250 nm) has an interface mode, while the higher wavelength peak
(1500 nm) has a exposed center mode. The significance of identifying the location of the modes
is to determine if there are any xh dependencies in any of them. Intuitively, the exposed center

mode will most likely be affected by any variation in xh, while the interface mode will not.

This suggests that to improve the selectivity for a 250 nm diameter wire, xh can be
decreased to reduce the optical absorption at & = 1475 nm while keeping the variation in the
1250 nm peak minimal. On the other hand, for the case of wd = 140 nm, a seemingly well
argument would be to say that by increasing xh, the optical absorption at & = 1250 nm can be
increased, thus achieving a better selectivity. However, the fact that this mode is depended on xh
means that as xh is varied, the resonant wavelength will also be affected. Therefore, while it is
possible to obtain a better selectivity spectrum on the wd = 140 nm structure by varying the xh,
the resonant wavelength will no longer remain at & = 1250 nm. To conclude, the wd = 250 nm

wire will be chosen and will serve as the starting point for an optimized 1250 nm detector.

2.2.2 Nanowire exposed height

Obviously, the next step then is to reduce the xh for the wd = 250 nm wire in order to
suppress the secondary peak. The range of xh studied here is in between 204 and 504 nm. Given
that the metal thickness is approximately 150 nm, the lower limit of 204 nm is chosen to have a
large enough fiopeningo of the nanowire tip for sufficient light to be brought in to the nanowire.
The upper limit of 504 nm on the other hand, is set based on practical fabrication consideration

that the metal coating along the sidewall of the wire has to be continuous for electrical contact.

12
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Figure 5 a) Exposed height variation in a PML simulation with wd = 250 nm. b) Each
spectrum is normalized by the maximum absorption cross-section to show the selectivity of
the spectra. The & = 1250 nm mode (metal-cap/nanowire interface mode) shows no
wavelength dependency on the xh; whereas the & = 1500 nm mode (excitation mode at the
center of the exposed tip) becomes prominent only when sufficient xh fiopeningo is provided
to the structure, or simply when the aspect ratio is above 1.36.

Figure 5 shows the xh variation for the wd = 250 nm nanowire. Agreeing with the conclusion

drawn from the above section, as the xh is lowered, the exposed tip center LSP mode is no longer

confined, leaving only the xh independent interface mode excited at & = 1250 nm.

To simplify the difficulty in tracking both wd and xh at the same time, the two parameters
can be combined into one variable defined as the aspect ratio (xh/wd). In the case for wd = 250
nm, xh = 340 nm is approximately the borderline that separates between the two different kind of
modes. In other words, an aspect ratio < 1.36 (340/250) favors the interface mode, whereas an
aspect ratio > 1.36 favors the exposed tip center mode. Judging from the contour plot, the
optimized geometry for the nanowire is wd = 250 nm and xh = 229 nm (aspect ratio a 0.9) for a

1250 nm detector.

Moving on to the design of the nanowire for the 1050 nm detector, the xh = 304 nm

contour plot in Fig. 3 can again be the starting point. The only available spectral peak is with the

13



wd = 80 nm structure. It is however, a poor candidate because of the limited photoresponse due
to the low wd and the poor selectivity due to the broad spectral peak. It will therefore be a great
asset if the concept derived in the previous section can be used to uncover a better geometry with
a different xh. One possible direction is to extend the metal-cap/nanowire interface mode in the

wd = 250 nm structure to a lower wavelength as shown in Fig. 6a.

Judging from the metal-cap/nanowire interface mode extension in the wd = 250 nm
structure, the mode will have an excitation wavelength of 1050 nm if the wd is approximately

200 nm. The same aspect ratio of 1.36 calculated from before will be used as the upper bound for

50 ‘
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Figure 6 a) Normalized contour plot for xh = 304 nm. Dashed line showing the interface mode
extending to wd = 200 nm for a & = 1050 nm resonance. b) Normalized contour plot for xh =
272 nm. Extension of the interface mode to wd = 200 nm by using an xh of (200 nm 3 1.36) =
272 nm. ¢) Normalized contour plot for wd = 200 nm. As predicted, the aspect ratio = 1.36 line
can be seen as the borderline in favoring one mode versus the other.
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the structure to sustain the favorable interface mode. Based on the information, an xh of (200 nm
3 1.36) = 272 nm will be the initial guess for the interface mode to appear at 1050 nm. Figure 6b
shows the wd contour plot for xh = 272 nm. As shown in the plot, the interface mode is extended
to wd = 200 nm for a 1050 nm excitation. In Fig. 6¢, the xh contour plot is shown, and as
predicted, the separation between the two modes lies approximately at xh = 272 nm. For the
optimization for xh, 204 nm will be chosen for its highest absorption cross-section for the
interface mode. The nanowire geometry for the 1050 nm detector therefore, is settled as wd =

200 nm and xh = 204 nm.

For a 1550 nm detector, the mode that is used in both 1050 and 1250 nm detectors is not
longer available since the mode stops at & = 1450 nm at the maximum 300 nm wd (Fig. 3).
Fortunately, for both xh contour plots in Fig. 5b and 6c, the secondary mode is located near the
1550 nm region. A 1550 nm detector can be achieved simply by extending the xh of the wd =
200 nm structure. The chosen geometry for the 1550 nm detector is wd = 200 nm and xh = 379

nm. A summary on the three optimized wires is shown in Table 1.

Table 1 Nanowire geometry for each detector

Wire diameter, wd [nm] | Exposed height, xh [nm]

1050 nm detector 200 204
1250 nm detector 250 229
1550 nm detector 200 379

15



To illustrate the concept of building a hyperspectral detector from the three LSP-
optimized nanowires, Fig. 7a shows a structure schematic by simply putting them together and
utilizing LSP as an absorption enhancement mechanism. As simple as the arrangement seems,
the design can already be considered as a pixel for the camera. Control on the different positions
and diameters of the nanowires can be achieved by lithographical control over the patterned
holes on the SiO, mask before the MOCVD growth, while the xhds of the nanowires can be
obtained by a series of subsequent selective-area etching on the nanowires (Appendix B). The

proposed structure is simulated, with distance between each detector to be 1414 nm. The
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Figure 7 a) Schematic of the LSP-optimized hyperspectral pixel. b) Absorption cross-section
of the three detectors showing reasonable absorption strength at their responsible resonant
wavelength. c-e) Top down electric field profiles for the three detectors at ¢) 1050, d) 1250,
and e) 1550 nm excitation wavelength.
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absorption spectra and the electric field profiles of the structure are shown in Fig. 7b-e. The
results are encouraging, suggesting sufficient selectivity at all three wavelengths. This
preliminary structure design will serve as the basis for the forthcoming design of the SWIR

hyperspectral detector.

2.3 Surface plasmon polariton

Although the above LSP-optimized design will fulfill the basic functionality of a
hyperspectral detector, to claim it as a high performance detector design is hardly convincing
unless there is some notable improvement on the selectivity of each peak. The fact that a camera
is often arranged in periodic pixels suggests that periodic metal gratings can be designed for
additional SPP mode coupling with the optimized LSP, resulting in a hybridized mode. The SPP

resonance due to periodic arrangement is:

— — 4)

where 0 is the pitch, - - are the permittivities of the metal and dielectric respectively, 111
correspond to the different SP modes in a square array. This equation describes the first order
approximation on the conservation of momentum condition necessary to couple normally
incident radiation to propagating SPP modes on a metal/dielectric interface. The dependency of a
SPP resonance lies on the fimacroscopic propertieso such as the lattice pitch and the metal

permittivity, and never takes into account the imicroscopic structureo within a lattice cell.
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Using the equation, theoretical SPP resonances can be calculated. Three types of
metal/dielectric interface will be considered: silver/air, silver/bchb, silver/InGaAs. For each type
of SPP mode, only the zero-order resonance will be included (i = 1) since higher order modes are
located outside the 900 T 1700 nm range. Figure 8 solid lines show the pitch dependencies on
the SPP modes (Appendix E). This plot provides a basic guideline in choosing a pitch size that
suits best in obtaining a certain SPP mode. While the equation provides predictions on the
resonant positions and suggests the origin of each of the SPP resonance, it does not give any

information on how well the structure supports each of them. Simulation on periodic arrays will

Figure 8 a) Theoretical calculations on the SPP modes and the Woodds anomalies for the
silver/air, silver/bch, and silver/InGaAs interface. b-d) Pitch dependence on the QE of the
periodic detectors optimized for the absorption of b) 1050, ¢) 1250, d) 1550 nm. The three
zero absorption lines on each plot are caused by the Woodds anomaly. LSP excitations can be
seen as the vertical high absorption region in all three cases, with the pitch-independency
effect especially profound at lower wavelengths. Hybridized modes are formed when SPP
mode couples with a vertical LSP band.
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