DIGITAL ACCESS 10 —
SCHOLARSHIP st HARVARD HARVARD LIBRARY

Office for Scholarly Communication
DASH.HARVARD.EDU

Vertical Silicon Nanowires for Image Sensor
Applications

Citation
Park, Hyunsung. 2014. Vertical Silicon Nanowires for Image Sensor Applications. Doctoral
dissertation, Harvard University.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:13065028

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:13065028
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Vertical%20Silicon%20Nanowires%20for%20Image%20Sensor%20Applications&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=053961c42fb6a72ba3de4f1d512bcae0&departmentEngineering%20and%20Applied%20Sciences
https://dash.harvard.edu/pages/accessibility

Vertical Silicon Nanowires for Image Sensor Applications

A dissertation presented

by

Hyunsung Park

to
The School of Engineering and Applied Sciences
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
in the subject of

Engineering Sciences

Harvard University
Cambridge, Massachusetts

September 2014



© 2014 — Hyunsung Park

All rights reserved.



Dissertation Advisor Author

Kenneth B. Crozier Hyunsung Park

Vertical Silicon Nanowires for Image Sensor Applications

Abstract

Conventional image sensors achieve color imaging using absorptive organic dye filters.
These face considerable challenges however in the trend toward ever higher pixel densities
and advanced imaging methods such as multispectral imaging and polarization-resolved
imaging. In this dissertation, we investigate the optical properties of vertical silicon
nanowires with the goal of image sensor applications. First, we demonstrate a multispectral
imaging system that uses a novel filter that consists of vertical silicon nanowires embedded
in a transparent medium. Second, we demonstrate pixels consisting of vertical silicon
nanowires with integrated photodetectors. We show that their spectral sensitivities are
governed by nanowire radius, and perform color imaging. In addition, we demonstrate
polarization-resolving photodetectors consisting of silicon nanowires with elliptical cross
sections. Finally, we discuss a dual detector device. Each pixel consists of vertical silicon
nanowires (incorporating photodetectors) formed above a silicon substrate (that also
incorporates a photodetector). Our method is very practical from a manufacturing standpoint
because all filter functions are defined at the same time through a single lithography step. In
addition, our approach is conceptually different from current filter-based methods, as
absorbed light in our device is converted to photocurrent, rather than discarded. This

ultimately presents the opportunity for very high photon efficiency.
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List of contributions

1.

3.

We developed a fabrication method for embedding silicon nanowires into
polydimethylsiloxane (PDMS). This presents a means for adding color to PDMS.
Silicon nanowires are etched from a silicon wafer and transferred to a PDMS film.
Each measured transmission spectrum exhibits a dip at a wavelength determined by

the nanowire radius.

We demonstrate of a compact multispectral imaging system that uses vertical silicon
nanowires to realize a filter array. Multiple filter functions covering visible to near-
infrared wavelengths are simultaneously defined in a single lithography step on a
silicon wafer. Nanowires are then etched and embedded into polydimethylsiloxane
(PDMS), thereby realizing a device with eight filter functions. By attaching this
device to a monochrome silicon image sensor, we realize an all-silicon multispectral

imaging system. We demonstrate visible and near-infrared (NIR) imaging.

We invent a new method for color imaging based on all-silicon nanowire devices and
no filters. We fabricate pixels consisting of vertical silicon nanowires with integrated
photodetectors, demonstrate that their spectral sensitivities are governed by nanowire

radius, and perform color imaging. Our approach is conceptually different from filter-



based methods, as absorbed light is converted to photocurrent, ultimately presenting

the opportunity for very high photon efficiency.

. We present a new type of image sensor pixel for polarization-resolved imaging based
on an all-silicon nanowire device. We fabricate pixels consisting of vertical silicon
nanowires with elliptical cross sections that incorporate vertical p-i-n junctions. We
demonstrate that the absorption spectrum of our device depends on whether the
incident light is polarized along the long or short axis of the elliptical cross section,

and perform polarization-resolved imaging.

. We fabricate a dual detector device that contains both nanowire and substrate

photodetectors. The nanowire photodetector absorbs light in a spectrally-selective
manner. The light not absorbed by the nanowires is largely transmitted into the
substrate. The incorporation of a second photodetector in the substrate to convert this

light to photocurrent could permit image sensor pixels with very high efficiency.

Xi
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Chapter 1 Introduction

1.1 Overview

Just as the human eye has a crystalline lens and a light sensitive retina, the digital camera
has a glass lens and a semiconductor-based image sensor. Image sensors convert information
carried by light to electrical signals. In a digital camera, these electrical signals are processed,
recorded in memory (usually solid state), and displayed on a screen. Due to this convenience,
the market share enjoyed by digital cameras has rapidly expanded in recent years meaning
that, at the time of writing, it dwarfs that of traditional film cameras. Although there has been
huge progress in the image sensor technology, still there is tremendous scope for
improvement. For example, higher resolution images are desired by consumers meaning that,
if the sensor size is kept constant, the pixel size must be scaled down. This results in a
decrease in the light impinging on each pixel. To exacerbate this problem, the majority of
digital cameras are in mobile devices such as laptop computers, cell phones and tablets. These
require the camera modules to be as small and light as possible, meaning that, in turn, the
image sensor needs to be as small as possible without sacrificing image quality. This
challenges manufacturers to develop image sensor pixels that are smaller, with higher
efficiency and with lower noise. Another trend is that image sensors are expanding beyond

mimicking human vision into modalities that include multispectral and polarization-resolved



imaging. This is due to the advantages that these modalities offer for applications such as
surveillance, automation and robot vision. The work described in this dissertation is focused
on the use of silicon nanowires to improve the efficiency and functionality of image sensors.
Specifically, we demonstrate a new type of image sensor pixel using vertical silicon

nanowires.

1.2 Image sensor technologies: challenges and

opportunities

1.2.1 Image sensor with higher efficiency

Conventional image sensors achieve color imaging using color filters based on organic
dyes. These color filters are situated between the microlenses and photodetectors (Figure 1.1),
and typically transmit red, green and blue spectral bands. These filters face considerable
challenges[1] however in the trend toward ever higher pixel densities. The filters are
inherently inefficient, in that they only transmit a portion of the visible spectrum, yet as
discussed in the previous section, high pixel densities are generating the strong need for
improved efficiency. This is evidenced by the introduction of back side illumination devices.
In front-side illumination devices (Figure 1.1(a)), light can be reflected or scattered by the
metal interconnection layers. Back side illumination devices were developed to reduce this
source of loss.(Figure 1.1(b)) In the beginning of the fabrication process, the back side

illumination device has same structure as front side illumination device. The photodetector



and interconnection layers are fabricated. At this point, for the back side illumination device,
the wafer is flipped and substrate is thinned until the photodetectors are exposed. After that,
the color filters and microlenses are fabricated on the thinned surface. This allows each pixel

to collect more photons because there are no metal layers in the light path.
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Figure 1.1 Conventional image sensor. (a) Front side illumination. (b) Back side
illumination

Although back side illumination achieves higher efficiency, the color filter still poses a
limitation in the scaling down of the pixels. The absorption coefficients of organic dyes set a
lower bound to filter thickness, limiting the realization of very small pixels. In addition,
organic dye filters degrade under ultraviolet illumination and at high temperatures. There is
therefore currently considerable interest for alternative approaches. Plasmonic color filters
present the advantages that the spectral response can be determined flexibly and that only
one material is needed.[1-3] However, the basic approach is unchanged from that used with
organic dyes: color filters transmitting certain wavelengths are formed on the detectors. The

wavelengths that are not transmitted are absorbed or reflected. ldeally, to maximize



efficiency, we would instead prefer this light to be converted to photocurrent. To this end,
image sensors based on color splitting have been proposed.[4] Another approach has been to
make use of the wavelength-dependent absorption length of light in silicon (Foveon X3®

image sensor, [5]).

Figure 1.2 The comparison between conventional color filter array based color image
sensor and Foveon X3® image sensor. Figure adapted from Reference [6].

Figure 1.2 presents a concept-level comparison between a normal color image sensor
and the Foveon X3® image sensor. The Foveon X3® image sensor has vertically stacked
photodetectors, while normal image sensor a two dimensional array of photodetectors and
color filters. Each pixel of the Foveon image sensor can detect all three primary colors and
there is therefore no need for the interpolation process that causes degradation of image
sharpness in conventional image sensors. However, the Foveon X3® image sensor has a
large overlap in the spectral response of three channels.[7] For example, the blue

photodetector (top photodetector) has much wider spectral response than blue channel in the



tristimulus function. Although post processing using an appropriate color matrix can generate
the correct color, the large off-diagonal terms of the color matrix add noise to the image. In
addition, pixel size of the Foveon X3® image sensor is relatively large by comparison to
conventional image sensors, which is probably due to the pixel structure being more

complicated.

1.2.2 Multispectral imaging

Conventional color imaging Multispectral imaging

3 broadband filters

- 3 images

Figure 1.3 Color imaging and multispectral imaging.

N narrowband filters

N images

In multispectral imaging, the spectrum is divided into multiple bands, enabling materials
or objects in a scene to be identified from the characteristics of their absorption or reflection
spectra. The conceptual difference between conventional color imaging and multispectral
imaging is illustrated in Figure 1.3. Multispectral imaging generally employs multiple narrow
band spectral filters, with each capturing a different portion of the spectrum. This approach
permits many applications, including remote sensing[8], vegetation mapping[9], non-
invasive biological imaging[10], food quality control[11] and face recognition[12].

Multispectral imaging systems generally use motorized filter wheels[13], multiple



cameras[14], line-scanning[15] or tunable filters[16] to obtain images in multiple spectral
bands. Despite this wide range of uses, relatively few commercial systems are available and
most are complicated, expensive and bulky. To address these limitations, several approaches
based on filter arrays have been proposed [17, 18]. An array of containing four NIR filter
functions was demonstrated. Because these filters were dielectric interference designs,
however, the fabrication process was relatively complicated as the deposition of multiple
dielectric layers was required for the realization of each filter function. Furthermore, this
process had to be repeated to achieve the four filter functions. Plasmonic structures have also

been proposed for color filtering [1-3, 19].

1.2.3 Polarization-resolved imaging

Although the human eye can perceive the color of visible light, it is not sensitive to its
polarization. By contrast, in other parts of the animal kingdom, eyes have evolved with
polarization sensitivity.[20-23] Polarization provides important additional information on
materials and scenes because it is affected by material characteristics, surface curvature, the
angle of incident light, as well as other factors. For example, objects with minimal intensity
variation are often much more readily discerned via their degree-of-linear polarization [24,
25], as this is sensitive to surface curvature via the Fresnel reflection coefficients. These
considerations have motivated the development of polarization-resolved imaging techniques

for applications ranging from biological studies to remote sensing.[26-30]
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Figure 1.4 Polarization-resolved imaging

One simple way to capture a polarization-resolved image involves mounting a polarizing
filter in front of a camera, mechanically rotating it to different orientations, and taking an
image at each. Figure 1.4 shows the basic method of polarization-resolved imaging. In many
cases, one would prefer to avoid mechanical rotation due to speed considerations. This has
motivated the use of electrically-controlled liquid crystal polarization filters.[31, 32] The
bulk and speed limitations of this approach however will be problematic for many
applications (e.g. imaging fast moving objects), despite being an improvement over the
mechanical rotation of a polarization filter. The integration of micro-polarization filters
directly onto the image sensor is one solution to these limitations.[24, 33-36] This approach
is analogous to the use of Bayer color filters in image sensors, and enables the realization of
compact systems that can perform polarization-resolved imaging at the frame rate of the
image sensor, i.e. there is no temporal overhead associated with filter rotation, et.c. These
devices are inherently inefficient, however, as they function by absorbing or reflecting the

unwanted polarization. The light being absorbed in the polarization filter cannot be captured.



(a)

Figure 1.5 Polarization-resolved imaging example: (a) conventional imaging (b) degree
of linear polarization (c) angle of polarization. Figure adapted from Reference [24].

The Figure 1.5 shows an example of polarization resolved imaging of a scene that
consists of a black plastic horse figure and a polarizer that has been cut into six segments and
arranged so that the orientation of the polarization axis of each segment is different. A
conventional (i.e. intensity-based) image of the scene is shown as Figure 1.5(a). It can be
seen that the shape of the horse figure is difficult to determine. On the other hand, the shape
is much more easily ascertained in the degree of linear polarization image.(Figure 1.5(b))
Similarly, the orientation of the polarization axes of the polarizer segments can be seen in the

angle of polarization image (Figure 1.5(c)).

1.3 Semiconductor nanowires

In this dissertation, we address the challenges and opportunities for image sensors
discussed in Section 1.2 through the use of nanotechnology. Nanoscale materials can exhibit

properties that differ from those of bulk materials, presenting opportunities for new



applications. Here, we investigate semiconductor nanowires. These have been widely studied

[37-42], but we employ them in novel ways for image sensors.
1.3.1 Synthesis of nanowires

SiH, — Si + 2H, Liquid over

@ 363°C
Solid

Figure 1.6 VLS growth nanowire method.[43]

Silicon nanowires are normally grown by the vapor-liquid-solid (VLS) mechanism
(Figure 1.6, [43]). The VLS method uses gas precursors and metal catalyst. The position that
the nanowire grows is determined by the position of the catalyst. Generally, there are three
way to prepare the catalyst. The first is the thin-film method, in which a thin gold film is
deposited then annealed, resulting in the formation of gold islands. The second method
consists of placing gold particles, e.g. prepared by chemical synthesis, on the surface. The
third method comprises gold deposition and lithographic patterning. Each catalyst particle
(gold island) reacts with silicon, forming Au-Si alloy droplets when the temperature exceeds
363°C. This temperature is very low compared with the melting points of silicon and gold.

Next, the precursor gas, i.e. silane (SiH4) or tetrachlorosilane (SiCls), is injected. Au-Si



droplets absorb silicon from gas precursor until they are saturated, resulting in nucleation of
silicon atoms at the liquid-solid interface. As this process continues, silicon nanowires are
grown in areas containing metal catalyst. Importantly, the direction in which the nanowires
grow is determined by the crystal orientation of the substrate. Vertical nanowires can be
therefore synthesized if a silicon <111> wafer is used for substrate. The diameters of the
nanowires are determined by the sizes of the gold catalyst particles. Figure 1.7 shows silicon
nanowires grown by the author using the VLS method in the Harvard Center for Nanoscale
Systems. We use the thin-film method, meaning that gold islands have non-uniform sizes.
This leads grown silicon nanowires with a range of radii. In addition, the process results in
the nanowires having random orientations. In other works, the growth of highly ordered
vertical silicon nanowires was demonstrated using silicon tetrachloride (SiClgs) as a precursor
gas.[44, 45] SiCl, often yields better control over the growth because the hydrogen chloride
(HCI) produced cleans the surface of the substrate as the growth proceeds. However, the use

of SiCls requires higher process temperatures.
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Figure 1.7 Silicon nanowires grown by the author using the VLS method. We use low
pressure chemical vapor deposition (LPCVD) system with silane gas mixture (5 % silane,
95 % hydrogen). The gas flow rate is 100 sccm. Process temperature is 550 °C and growth
time is 30 minutes.

1.3.2 Optical characteristics of absorbing horizontal nanowires

Nanomaterials such as quantum dots exhibit optical properties that differ from those of
bulk materials due to quantum confinement effects. For the nanowires considered in this
dissertation, however, quantum confinement effects are not applicable. Indeed, we take the
silicon nanowires to have complex permittivity equal to that of bulk silicon. Interestingly
however, the silicon nanowires considered here nonetheless have optical characteristics that
differ substantially from bulk silicon. In particular, the absorption spectrum of bulk Si is
determined by its complex permittivity, which is strongly dependent on its bandgap. The
silicon nanowires considered in this dissertation however have radii that are smaller than the
wavelength. Light therefore interacts very differently with silicon nanowires than it does with

bulk silicon, leading to particularly different scattering and absorption spectra. Two

11



configurations that are instructive for understanding light-nanowire interactions are the cases

of the nanowires being oriented horizontally (i.e. parallel to substrate) and vertically (i.e.

perpendicular to substrate). We consider the first case in this section. The second case is

considered in the next section.

Absorption efficiency (a.u.)
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Figure 1.8 Measurement of light absorption by horizontal germanium nanowires. (a)
Schematic of the germanium nanowire device (b) SEM image of nanowire with radius of 25
nm. (c) Measured absorption spectra of nanowires with the radii of 10 nm (black), 25 nm
(blue) and 110 nm (red). From Reference [46].

Cao et al showed that horizontal germanium semiconductor nanostructures have leaky-

mode resonances.[46] The manner with which these resonances confine light within a

nanowire strongly depends on its size. This enables one to engineer the absorption of light

12



by nanowires, which could be useful for applications that include photodetectors.[47]
Results obtained by Cao et al on the light absorption by individual germanium nanowires
with different radii are shown in Figure 1.8. These results were obtained as follows.
Germanium nanowires were grown by the VLS method. A nanowire was then placed on the
substrates and metal contacts were established, with the end result shown in the scanning
electron microscopy image of Figure 1.8(b). Light from a supercontinuum source was
coupled to a monochromator. The light from the monochromator was focused onto the
nanowire device. This allowed the photocurrent to be measured as a function of wavelength,
and the absorption efficiency was found (in arbitrary units, Figure 1.8(c)), under the
assumption that the internal quantum efficiency did not vary with wavelength. It can be seen
from Figure 1.8(c) that the germanium nanowires have absorption spectra that are highly
dependent on nanowire radius. This comes from the leaky mode resonances in which light is
highly confined to the nanowire, resulting in enhanced absorption. A schematic illustration
of such a leaky mode resonance is shown as Figure 1.9(a). The incident light couples to the
nanowire and then circulates around the nanowire’s circumference due to total internal
reflection. At resonance, there is constructive interference between the incident light and that
already circulating in the nanowire. This description is helpful for physical interpretation.
For quantitative results, the leaky mode resonance of a nanowire can be calculated using
Maxwell’s equations with appropriate boundary conditions [46]. Although germanium has
high refractive index, the nanowire supports a limited number of resonance modes, due to its
small size. The resonance modes can be divided into transverse electric (TE) and transverse

magnetic (TM) modes (Figure 1.9(b)). Absorption peaks occur near the leaky mode

13



resonances. The bottom of Figure 1.9(b) shows electric field intensity distributions of several
transverse magnetic modes of the horizontal germanium nanowire. It can be seen that the

electric fields are well-confined to the nanowire.
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Figure 1.9 (a) lllustration of resonance mode in the nanowire. From Reference [47]. (b)
Absorption efficiency of germanium nanowire (arbitrary units) under TM and TE
illumination. Peaks correspond to leaky mode resonances, whose locations are shown as blue
and red ticks above the spectrum. Nanowire has radius of 100 nm. Bottom: picture shows
electric field intensity for transverse-magnetic leaky modes. From Reference [46].

1.3.3 Optical characteristics of absorbing vertical nanowires

While the VLS method produces highly quality nanowires, it does so with less control
of the size, position and direction than would be desirable for many applications. By contrast,

through lithography and etching, nanowires can be produced with precise control over
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position, radius and length. Our group previously demonstrated that etched vertical silicon
nanowires show vivid colors. This is a consequence of peaks in their absorption spectra that
arise from the wavelength-dependence of the spatial distribution of the waveguide modes
that they support.[48] The fabrication process employed in that work [48] was as follows.
The starting substrate was a silicon wafer. Electron beam lithography was performed to
define circular openings in the resist. Aluminum evaporation and the lift-off process were
performed to produce a metal etch mask. Inductively-coupled plasma reactive ion (ICP-RIE)
etching was used to etch the nanowires. The aluminum mask was then removed by wet
etching. A scanning electron microscope image of nanowires with radii of 45 nm and heights
of 1 um is shown as Figure 1.10 (left). The pitch of nanowire array is 1 um. We can see that
the etching method provides excellent control over the geometrical parameters of the
nanowires. An optical microscope image of arrays of vertical silicon nanowires with different
radii is shown as Figure 1.10 (middle). It can be seen that the nanowire arrays have vivid
colors. The reflection spectra measured from the nanowire arrays are shown as Figure 1.10
(right). It can be seen that each reflection spectrum shows a dip. This corresponds to the

wavelength at which the nanowire absorption is maximized.
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Figure 1.10 Etched vertical silicon nanowires. Figure adapted from Reference [48].
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It is important to realize that the fact that the nanowires have color does not originate
from grating-type effects. Rather, it comes from the wavelength-dependence of the spatial
field distribution of the fundamental guide mode (HE11 mode) supported by each nanowire.
The interaction between incident light and a vertical silicon nanowire is illustrated as Figure
1.11(a). A portion of the incident light can couple to the nanowire’s mode, then propagate
along it, being absorbed in the process. The light arriving at the air-substrate is reflected or

transmitted.
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Figure 1.11 Wavelength selective coupling mechanism in vertical silicon nanowire
arrays. (a) lllustration of wavelength-selective waveguiding system. (b-d) Electric field
distributions (major transverse component, E,) of fundamental mode of a 45 nm radius
silicon nanowire for wavelengths of 547, 400, and 650 nm, respectively. From [48].
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The simulation results shown in Figure 1.11 enable us to understand the wavelength-
dependence of light absorption in vertical silicon nanowires. In Figure 1.11 (b-d), the spatial
profiles of the major transverse component of the HE11 mode are shown at three different
wavelengths. In all cases, the nanowire’s radius is 45 nm. At a wavelength of 400 nm (Figure
1.11 (c)), the mode is tightly confined to the nanowire. The spatial mode overlap between the
incident light and the nanowire is therefore low, leading to the coupling efficiency between
the incident light and the nanowire’s fundamental mode being poor. The absorption of light
by the nanowire is therefore low at this wavelength. In Figure 1.11(d), the spatial field
distribution is shown for illumination at a free space wavelength of 650 nm. It can be seen
that the mode is not very confined to the nanowire. Although this results in a large spatial
mode overlap, and therefore efficient excitation, a large portion of the guided light is located
outside the nanowire. This results in low absorption in the nanowire. In contrast, at some
intermediate wavelength (Figure 1.11(b)), the mode can be both efficiently excited by the
incident light and have appreciable fields within the nanowire. This leads to the absorption
being maximized. When the nanowire radius is increased, the wavelength at which the
maximum absorption occurs red-shifts. In this dissertation, we will use this phenomenon, i.e.
of wavelength-selective absorption by silicon nanowires, for various image sensor

applications.
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Figure 1.12 (a) Vertical silicon nanowire array (b) Absorption as a function of
wavelength and diameter of nanowire (c) Absorption spectra of nanowires with diameters of
70 nm (blue curve), 85 nm (green curve) and 120 nm (red curve). From Reference [49].

The work described above was primarily concerned with the fundamental mode of
vertical silicon nanowires in the visible wavelength region. In general, absorption peaks also
appear due to coupling to higher order modes. Wang et al studied this by numerical
simulations and optical waveguide theory.[49] They showed that light incident on vertical

silicon nanowires excites HEim modes, resulting in absorption peaks. They explained this as
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coming from symmetry matching conditions. If the incident light is polarized in the x-
direction (Figure 1.12(a)), the electrical field is anti-symmetric under reflection about the
y — z plane. This means that the modes that are anti-symmetric under reflection about the
y — z plane have the possibility of efficient coupling to the incident light. The HE1m modes
satisfy this condition. Figure 1.12(b) shows calculated absorption spectra of vertical silicon
nanowires as a function of nanowire diameter. Peaks corresponding to higher order modes
(HE12, HE13) appear as the nanowire diameter increases. The data along the dashed white
lines of Figure 1.12(b) are re-plotted as Figure 1.12(c). The nanowire with diameter of 120
nm has an absorption peak originating from the HE1; mode but also one originating from the
HE1> mode. Figure 1.13 shows the electric field intensity distributions corresponding to these
two modes along top- (x — y plane) and side-views (x — z plane). The HE11 mode for
excitation with light with a free-space wavelength of 670 nm is shown as Figure 1.13 (a).
Figure 1.13 (b) shows the HE1> mode for excitation with light with a free-space wavelength

of 400 nm.
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Figure 1.13 Electric filed intensity plots for silicon nanowire with diameter of 120 nm.
(a) Wavelength of incident light is 670 nm. (HE11 mode) (b) Wavelength of incident light is
400 nm. (HE12 mode). From Reference [49].

1.4 Structure of the dissertation

The remaining chapters of the dissertation contain the following topics.
Chapter 2 describes a method | developed to transfer vertical silicon nanowires into a

transparent medium (polydimethylsiloxane). This enables us to demonstrate optical filters

based on the fact that the transmission spectra of the nanowires are governed by their radii.
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Chapter 3 describes multispectral imaging experiments performed using the optical
filters developed in Chapter 2. These are performed by attaching the filter to a monochrome
image sensor.

Chapter 4 describes the demonstration of a conceptually-new type of image sensor pixel
comprising silicon nanowire photodetectors (p-i-n junction) with selective color absorption.
We perform color imaging using our device. This makes use of our ability to control the
nanowire absorption spectrum by choice of nanowire radius, and no additional color filters
are needed.

Chapter 5 describes our demonstration of polarization-resolved imaging using
photodetectors formed in silicon nanowires with elliptical cross sections. We demonstrate
that the absorption spectrum of our device depends on whether the incident light is polarized
along the long or short axis of the elliptical cross section, and perform polarization-resolved
imaging.

Chapter 6 describes our demonstration of a dual photodetector device that presents the
opportunity for higher efficiency image sensor pixels. The device consists of an array of
nanowires containing photodetectors. In addition, a photodetector is integrated into the
substrate, i.e. below the nanowires. This enables us to collect the photons not absorbed by

the nanowires.
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Chapter 2
Adding colors to polydimethylsiloxane
by embedding vertical silicon

nanowires

Due to a range of exciting possibilities, numerous investigations have been made of
silicon nanowires.[50-52] It is therefore surprising how little attention has been generally
paid to their optical properties, particularly to the dramatic effects that arise from resonance
and waveguiding phenomena. In the previous work, it was shown that vertical silicon
nanowires take a surprising variety of colors, spanning the visible spectrum.[48] The effect
arose from the guided mode properties of the individual nanowires, not from scattering or
diffractive effects of the array. They could be readily observed in bright-field microscopy, or
even with the naked eye. In that work, however, the nanowires were on a silicon substrate.
Many applications, for example color filters, would be enabled by having the nanowires on
a substrate that is transparent at visible and near-infrared wavelengths. This is the subject of

this Chapter.
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Polydimethylsiloxane (PDMS) is chosen as the substrate into which the silicon
nanowires are transferred for several reasons. PDMS is a soft elastomer and can undergo
large deformation, making it suitable for potential applications that achieve tunability via
stretching. PDMS is optically transparent at visible and near-infrared wavelengths, and is
biocompatible.[53, 54] Importantly, PDMS is widely used for microfluidic chips. Recently,
there has been growing interest in the incorporation of optical elements into microfluidic
chips[55-59], due to the possibility for optical sensing in a very small platform. Color filters
are important optical components in optical sensing, and there have been several efforts at
realizing these in PDMS. Dye-doped PDMS has been used as a long pass filter for fluorescent
detection in a microfluidic channel.[60] Structural color has been realized in PDMS by self-
assembled colloidal photonic crystals.[61, 62] The realization of multiple filter functions on
a single substrate with dye-doped PDMS is challenging, however, due to the need for
multiple fabrication steps and multiple dyes with appropriate properties. This task is similarly
challenging with colloidal photonic crystals, as these achieve filtering via periodic effects,
meaning that they cannot be scaled to arbitrarily-small footprints.

In this Chapter, we demonstrate that embedding vertical silicon nanowires in PDMS
presents a means for adding color with several favorable attributes. Multiple colors can be
implemented in a single substrate, all using the same material (silicon), by appropriate choice
of nanowire radius, which is readily achieved in the lithography step. As the color effect
arises at the level of the single nanowire, the patterning of color with high resolution is
possible. Incorporation of vertical silicon nanowires into PDMS devices also opens up other

interesting possibilities for optical sensing in microfluidic chips, e.g. silicon nanopillar-based
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field-enhanced surface spectroscopy.[63] The process by which the etched nanowires are
transferred from the silicon substrate to the PDMS is of key importance. Several previous
works have demonstrated the transfer of vertical silicon micro- and nanowires to PDMS.
Vertical silicon wire arrays were transferred into PDMS which was then removed from the
substrate using a razor blade [64], but these were grown microwires rather than etched
nanowires. In another method, the occurrence of horizontal cracks in silicon nanowires was
used advantageously in the transfer process, enabling them to be broken from the substrate
more easily.[65] This method is limited, however, to silicon nanowires made by metal-
assisted etching. Shear forces have been used for transferring nano-and microwires. [66] The
method intentionally leaves a gap between the silicon substrate and the medium to which the
wires are transferred to facilitate the nanowires being broken from the substrate by shear
force. However, controlling the gap is not easy, and the method was demonstrated for
relatively large and long structures. In summary, the techniques mentioned above are not
feasible for relatively small nanowires suitable for color filtering that are produced by top-
down anisotropic dry etching, which have diameters of ~100 nm, are 1-2 um tall. Here, we
report a simple technique for transferring etched vertical nanowires into the PDMS. We
demonstrate that multiple colors can be added to a sheet of PDMS using embedded arrays of

silicon nanowires.
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2.1 Method for transferring vertical silicon nanowires

into PDMS
Etch silicon Cast PDMS Cut from

nanowires and cure 7 substrate
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Figure 2.1 Method for transferring vertical silicon nanowires into PDMS.

The fabrication method for the PDMS-embedded vertical silicon nanowire array is
shown as Figure 2.1. First, we fabricate silicon nanowires by dry etching.[48]
Polymethylmethacrylate (PMMA) resist is spin coated onto the silicon wafer. Electron-beam
lithography (Elionix ELS-7000), aluminum evaporation and lift-off are used to produce an
etch mask that comprises aluminum disks. The wafer is then dry etched using inductively
coupled plasma reactive ion etching (ICP-RIE, STS technologies) with 60 / 160 sccm of SFe

| C4Fg gases for the etching and surface passivation. The etching speed was 60 nm per minute.

25



The fabricated nanowires are 1.5 um tall, including the aluminum disks (0.04 um thick) on
top, and are on a square array with a pitch of 1 um. A scanning electron microscopy (SEM)
image of fabricated nanowires with radii of 65 nm is shown as Figure 2.2(left). We next spin

coat PDMS at 1000 rpm for 60 seconds onto the wafer. A mixture with the PDMS base and

curing agent in a ratio of 5:1 is used. The film is cured at 230 °C on a hotplate for one hour.

The PDMS film thickness is about 50 um. The cured PDMS film is removed by scraping
it from the substrate with a razor blade, using the method of Reference [64]. In that work,
however, the wires were much larger (~100 pum tall, ~1.5-~2 pm diameter), and made by
vapor-liquid-solid (VLS) growth. We initially applied the method of Reference [64] to our
etched vertical nanowires, but the yield was small. Because their adhesion to the PDMS was
low, the nanowires readily escaped from the PDMS during the razor blade scraping step
(Figure 2.1). It is for this reason that we cure the PDMS at 230 °C which is higher than the
standard PDMS curing temperature, as this increases the adhesion between the PDMS and
silicon. This results in the nanowires remaining within the PDMS film during the razor blade
scraping process (Figure 2.1), and excellent yield.

An SEM image of bottom surface of the PDMS film, the side into which the nanowires
are embedded, is shown as Figure 2.2 (right). It can be seen that the surface of PDMS film is
not very smooth. This is because small residues of broken nanowires are left on the substrate,
preventing the PDMS from being cut cleanly. The razor blade also can be damaged during
the process, which also affects the roughness. The root mean square (RMS) surface roughness
is about 35 nm, as measured by atomic force microscopy (AFM). That the surface is not

smooth could induce light scattering, although we did not observe any detrimental effects
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from this in our work. We note however the surface could be smoothened by the spin coating
of an additional PDMS layer if scattering were to prove problematic. The PDMS film shrinks
after the fabrication process due to its large coefficient of thermal expansion (CTE) of ~310
ppm / °C. We cure the PDMS at 230 °C, but use it at room temperature (20 °C). We therefore
expect that, at room temperature, the nanowire pitch will be 0.935 pum rather than 1 um. This

is reasonably consistent with the measured nanowire pitch of 0.947 um.

Figure 2.2 (Left) SEM images of vertical silicon nanowire array (30° tilted view). Radii
of nanowires are 65 nm and heights are 1.5 um. (Right) SEM images of bottom surface of
PDMS embedded vertical silicon nanowires. Arrow indicates direction of razor blade
insertion. Scale bars are 1 pm.
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2.2 Optical characteristics of PDMS embedded silicon

nanowires

(@) R=50nm 55 60 65

—
&
AN
o

w
o

Reflection (%)
N
o

-
o

500 600 700 800
Wavelength (nm)

Figure 2.3 (a) Optical microscope images of etched vertical silicon nanowire arrays on
silicon substrate in reflection mode. Scale bar is 100 um. (b) Measured reflection spectra of
nanowire arrays on silicon substrate.

An optical microscope image of four vertical silicon nanowire arrays on a silicon
substrate before transfer is shown as Figure 2.3(a). The nanowire radii (R) range from 50 nm
to 65 nm in steps of 5 nm. It should be noted that these, and all other radii quoted in this

paper, are the design values in the electron beam lithography step. The nanowires are 1.5 pm
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tall and have 1 um pitch. Each array has an extent of 100 pum by 100 pm and contains 10,000
nanowires. The difference in color between the arrays is clearly seen. We use a microscope
fitted with a spectrometer (Horiba Jobin-Yvon LabRAM) to measure the reflection spectrum
of each array. Unpolarized white light is incident upon the sample through the objective lens
(10x, NA = 0.25), with the reflected light collected by the same lens. Reflection spectra are
normalized by the reflection measured from a silver mirror. As shown in Figure 2.3(b), each
reflection spectrum shows a dip, whose position red shifts with increasing nanowire radius.
This is due to wavelength selective coupling and spatial distribution of the nanowire’s
waveguide mode.[48] At short wavelengths, the mode is tightly confined to the nanowire
core. The unfocused illumination does not excite it efficiently because of poor spatial overlap.
At long wavelengths, the mode is expelled from the core, and is excited efficiently. The
absorption within the core is small, however, due to the mode being delocalized from the
nanowire. At intermediate wavelengths, both coupling and absorption are high, leading to a
reflection dip. It is expected that the dip position shifts to the longer wavelength when the

radius of nanowire increases because of the scale-invariance of Maxwell’s equations.
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Figure 2.4 (a) Optical microscope image of PDMS embedded vertical silicon nanowire
arrays in transmission mode. Scale bar is 100 pm. (b) Measured transmission spectra of
PDMS embedded nanowire arrays.

A transmission mode microscope image of the vertical silicon nanowire arrays after
transfer to the PDMS is shown as Figure 2.4(a). It can be seen that the goal of adding color
to PDMS is achieved. Interestingly, it is evident that embedding the nanowires into PDMS
modifies that color that they appear. The nanowires with radii of 50 nm, for example, appear
magenta when on the silicon substrate, but purple when embedded in PDMS. A homebuilt
set-up is used to measure transmission spectra of the arrays. Collimated unpolarized white
light is incident upon the sample, with the transmitted light collected with a microscope
objective lens (50x, NA=0.55) and into a spectrometer. The transmission spectra are
normalized by spectra measured through a PDMS region not containing nanowires. The

results are shown as Figure 2.4(b). Transmission dips are slightly red shifted compared to the
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reflection dips. The average value of the dip shift is 15 nm. The dip shift arises because of
the increase in the refractive index of the embedding medium from n=1 (air) to n=1.43
(PDMS). This effect is also seen in extinction spectra of spheres when the index of the
surrounding medium increases, as predicted by Mie scattering theory.[67] We also simulate
the implications of the change in nanowire pitch that results from the PDMS shrinkage. The
transmission dip position is found to be almost unmodified and the transmission at the dip is
reduced by 5% when pitch is decreased from 1 um to 0.947 um. We conclude that the change

in pitch is therefore unimportant in the observed red-shift.

“he
PO:DO -
<D. b
- i 01:0?0
e i M:.:D. }.: . LR AR AR
bl r LAt bt bl il :Q .
. t. Mi.“...(b’{b. bl

:

“ie

.o nia

MR

..

..
r»

o
- e e
tete N
aunn
.. .
.
» ..
..o

4

..o
»
¢
.
-
.
0000000000:ooooon

ad

¥ - . ‘ L

- Ll n:ooooo LA Y io'o1u i
DOIM u«rﬂn 00000:»:}0 i s .
0308080 totetotstetotetotototabotatian

...

Figure 2.5 Bright-field optical microscope image of PDMS embedded nanowire arrays
with different radii. Nanowires with design value radii of 50 nm, 60 nm, and 70 nm appear
yellow, purple, and blue, respectively. Scale bar is 10 um.

Our method permits the high resolution patterning of multiple colors in PDMS. Each
nanowire independently shows a color that is controlled by its radius. Figure 2.5 is analogous
to a Bayer pattern, but with yellow, purple and blue colors rather than red, green and blue.
The nanowires are 1.98 pm tall and have a pitch of 0.95 um pitch (in PDMS). The magnified-
view inset of Figure 2.5 shows that individual nanowires exhibit color. An individual

nanowire can therefore be thought of as the analog of a single ink dot in printing. The color
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of the nanowires in Figure 2.5 can be seen to differ from nanowires of the same radius in
Figure 2.4(a). This is because even though the lithography design value for nanowire radius
is the same, the etching step differs. In addition, the nanowires of Figure 2.5 are longer than

those of Figure 2.4(a) (1.98 um rather than 1.5 um).

2.3 Light absorption and scattering of silicon

nanowires embedded in transparent medium

To quantify the roles of absorption and scattering, we simulate a single nanowire in
PDMS with the finite-difference time-domain (FDTD) method. The silicon nanowire is taken
as having a radius of 50 nm, a length of 1.46 um, and the aluminum etch mask (0.04 pum
thick) is included. The refractive index of background medium (PDMS) is taken to be
1.43.[68] Perfectly-matched layers are used on all boundaries, and the total-field scattered-
field (TFSF) configuration is employed. The scattering, absorption, and extinction cross
sections are calculated (Figure 2.6(a)). It can be seen that scattering contributes to the
extinction cross section more than absorption. The dip in the transmission spectrum occurs
around the extinction maximum. The simulation (Figure 2.6(a)) suggests that the majority of
each transmission dip originates from scattering rather than absorption.

We next simulate arrays of nanowires, choosing the parameters to match those of the
experiments. Periodic boundary conditions are applied in the x- and y-directions, where the

z-direction is along the nanowire axis. The unit cell size is 947 nm x 947 nm. The nanowire
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radii range from 50 nm to 65 nm in steps of 5 nm. The nanowires are again taken as being
1.46 um long, with an additional 0.04 um thick aluminum cap. The field monitor plane is
located at 0.5 pm beyond the tops of the nanowires. To find the transmission, we take the
integral of the outgoing power through the monitor plane and normalize it by the source
power. We need to account, however, for the numerical aperture of the objective lens used
in the experiments (NA = 0.55). To consider this, we calculate the far-field projection of the
monitor plane, assuming that these far-fields are in air (n=1.0). This allows us to find the
fraction of power within the collection angle of the objective lens. This is accounted for in
the results of Figure 2.6(b). It can be seen that the transmission dip for the array of nanowires
with radii of 50 nm occurs at the same position as the extinction peak for the single nanowire.
We conclude that, like the single nanowire extinction, the transmission dip for the nanowire

array is mostly due to scattering, rather than due to absorption.
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Figure 2.6 FDTD simulation results. (a) Extinction cross-section of single vertical silicon
nanowire with 50 nm radius. (b) Simulated transmission spectra of vertical silicon nanowire
arrays (947 nm period) with radii from 50 nm to 65 nm. Simulation models the transmitted
light being collected by an objective lens with NA = 0.55.

It can be seen that the experiments (Figure 2.4(b)) and simulations (Figure 2.6(b)) are in
reasonable agreement, apart from the simulations being red-shifted from the experiments in
terms of dip position. We believe that this is due to the fact that simulated structures are

perfect cylinders, and do not account for the tapered sidewalls present in the real structures
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that result from undercutting in the etching step. Nanowires with radii of 40 nm and below
collapse during the etching process due to this undercut. In addition, the top radius of etched
nanowire tends to be slightly smaller than the actual mask size. In Reference [69], for
example, ~5 nm notches were observed for nanowires with diameters of 100 nm. For this

reason, the simulations are red-shifted with respect to the experimental results.

2.4 Conclusions

In summary, we described a method for transferring etched vertical silicon nanowire
arrays into PDMS. We demonstrate that this presents a means for adding color to PDMS. We
anticipate that this approach could find applications not only for color filtering, but

potentially for nanowire-based sensing in lab-on-a-chip devices.
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Chapter 3
Multispectral imaging with vertical

silicon nanowires

In Chapter 2, we developed a method for transferring nanowires into a transparent
medium (PDMS). Here, we demonstrate the use of the resultant device, i.e. a PDMS film
containing the embedded nanowires, for multispectral imaging. Figure 3.1 shows a schematic
representation of our approach. It was recently shown that silicon nanostructures show colors
[48, 70]. We demonstrated that vertical silicon nanowires exhibit colors that span the visible
and near-infrared (NIR) spectral ranges [48, 71]. The effect originates not from diffractive
effects of the arrays in which the nanowires are fabricated, but from the wavelength-
dependence of the spatial profile of the guided mode [48, 71]. The spectral response of each
nanowire is therefore determined by its radius. This phenomenon is advantageous for the
realization of multispectral filters as a single lithography step can define the optical response
of all filters in the array. In our approach, an array of PDMS-embedded vertical silicon
nanowires is attached to a monochrome image sensor (Figure 3.1). The unit cell of the array
contains eight different spectral filters and a transparent window in its center. This

configuration is analogous to the dye-based filter arrays (red/green/blue) used in color image
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sensors, but with eight filter functions that span visible to NIR wavelengths, rather than three
visible-wavelength filter functions. The device permits an image to be acquired from each

spectral channel in a single exposure (Figure 3.1).

PDMS embedded silicon nanowires

- e

Monochrome image sensor

Figure 3.1 Top: multispectral filter based on vertical Si nanowires. Bottom: concept
schematic of multispectral imaging system.
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3.1 Fabrication of silicon nanowire based multispectral

filter

The fabrication process for the multispectral filter is shown as Figure 3.2. The
process [19] starts with a silicon wafer (<100> orientation) that is coated with
polymethylmethacrylate (PMMA) resist. Electron-beam lithography (Elionix, ELS-7000) is
performed. An aluminum etch mask (40 nm thick) is fabricated using thermal evaporation
and the lift-off process. The wafer is then dry etched using inductively coupled plasma
reactive ion etching (ICP-RIE) with SFe and C4Fs gases. We next spin coat PDMS (ratio of
base to curing agent is 5:1) at 1000 rpm for 60 seconds onto the wafer containing the vertical
silicon nanowires. The PDMS is then cured at 230 °C on a hotplate for an hour. The cured
PDMS film is removed by cutting it from the substrate with a razor blade. The film is
mounted on a monochrome CCD image sensor (ICXO098BL, Sony) in a camera
(DMK21AF04, Imaging Source). The resolution of image sensor is 640 by 480 pixels, and
the pixel pitch is 5.6 um. The cover glass of image sensor is removed to enable the
multispectral filter to be directly attached to the surface of the image sensor. No adhesive is

needed.
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Figure 3.2 Fabrication steps for formation of multispectral filter.

It should be noted that the vapor liquid solid (VLS) method could present an alternate
means for realizing this array of vertical silicon wires[43]. We furthermore note that, while
we do not make use of this feature here, the transferal of micro- and nanostructures to PDMS
has been shown to enable new applications, due its flexible and stretchable nature [39, 64,

72].
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Figure 3.3 SEM image of array of etched vertical silicon nanowires (30° tilted view).
(a) Array is composed of 20 x 20 unit cells. Each unit cell (75 x 75 um) has eight different
filters (each 23 x 23 um), plus transparent region in its center. Each filter is composed of 24
x 24 nanowires and has an extent that corresponds to 4 x 4 pixels of the image sensor
employed in our experiments. We intentionally choose the size of each filter to correspond
to multiple image sensor pixels, rather than to a single pixel, to make it easier to align the
device to the sensor chip. Scale bars for a-d are 500 pm, 10 um, 1 pm and 200 nm. Nanowires
with eight different radii (45 nm to 80 nm in 5 nm steps) are fabricated. Heights of all
nanowires are 1.67 um, and pitch is 1 um. (c) magnified view of boxed area of panel ii. Radii
of nanowires are 45 nm, 50 nm, 70 nm and 75 nm (counter clockwise from upper right corner).
(d) nanowires with radii of 50 nm.

Figure 3.3 shows scanning electron microscope (SEM) images of a vertical silicon

nanowire array after etching. An optical microscope image of an array of vertical silicon
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nanowires on a silicon substrate is shown in Figure 3.4(a). The color difference between the
nanowires with different radii is clearly seen. A transmission-mode microscope image of the
vertical silicon nanowires after they are embedded in PDMS is shown as Figure 3.4(b). The
silicon nanowires still show their vivid colors. It can be seen that embedding the nanowires

in PDMS results in a small spectral shift to longer wavelengths.
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Figure 3.4 (a) Reflection-mode optical microscope image of etched vertical silicon
nanowire array on silicon substrate. Scale bars are 200 um and 20um (inset). Inset shows
magnified image of unit cell of array. Channels are numbered and contain nanowires with
radii as follows. Channel 0: no nanowires, 1: 45 nm, 2: 50 nm, 3: 55 nm, 4: 60 nm, 5: 65 nm,
6: 70 nm, 7: 75 nm, 8: 80 nm. (b) Transmission-mode optical microscope image of PDMS-
embedded vertical silicon nanowire array. Scale bars are 200 um and 20 um (inset).
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3.2 Characteristics of fabricated multispectral filter

Image captured by CCD

Figure 3.5 Top: photograph of multispectral filter mounted on 1/4 inch monochrome
charge-coupled device (CCD) image sensor. Bottom: image captured by sensor under
uniform illumination from monochromator (A center = 600 nm). Inset: magnified image of
filter area, with ~2x2 unit cells shown. Dark squares corresponds to filters containing
nanowires with diameters of 55 nm nanowires, as these have transmission dip at A= 600 nm.

After fabrication, the multispectral filter is mounted on the image sensor (Figure 3.5),
directly on its microlens array. We measure the spectral response of our multispectral

imaging system by sweeping the wavelength of the light from the monochromator from 400
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nm to 1000 nm in steps of 10 nm. From the image captured by the CCD at each wavelength,
the value of the pixels associated with each filter channel is recorded. This enables us to find
the transmission spectra (T(A)) of our filter channels, which are shown as Figure 3.6 along
with the image sensor’s relative response [73]. It can be seen that the nanowires act as
subtractive color filters, suppressing specific colors (transmission dip). To find the relative
response of each filter channel, we multiply the image sensor’s response (black dashed line
of Figure 3.6) by 1-T(A). Multiplying it by this factor, rather than T()), is convenient because
the transmission dips are converted to response peaks. The results are shown as Figure 3.7.
It can also be seen that the eight filters (Channels 1-8) cover visible to NIR wavelengths as
desired. The filter response in a multispectral imaging experiment will depend on the nature
of the application. Our approach enables a variety of filter functions to be realized. As an
example, we assume that our goal is for the system to have the spectral response shown as
Figure 3.8. We assign Channels VIS1-3 to have the ideal response of the CIE (1964) 10-deg
color matching functions [74]. We assign Channels NIR1-5 to have Gaussian shapes with
full-widths-at-half-maximum (FWHMs) of 100 nm, and center wavelengths that match those
of Channels 4-8, respectively. We then use the least squares method to find the linear
combination of Channels 1-8 (Figure 3.6) that achieves the most similar response to the
model (goal) response of Figure 3.8. The results of this optimization process are shown as
Figure 3.9. It can be seen that there are differences between the actual (Figure 3.9) and model
(Figure 3.8) responses, but that these are far smaller than the un-optimized result of Figure
3.7. It should be noted that Channels VIS1-3 are reconstructed by linear combinations of

Channels 1-4 to avoid them being sensitive to NIR wavelengths.
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Figure 3.6 Colored lines and symbols: measured filter transmission spectra, which are
found by normalizing the value of the pixels associated with each filter channel by those
measured from the reference area (Channel 0, no nanowires). Black dashed line: image
sensor’s relative response from datasheet.
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Figure 3.7 Relative response of multispectral imaging system. Channel 1-8 corresponds
to the filters in Figure 3.4(b).
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45



3.3 Multispectral imaging experiment

Imaging experiments are performed using our nanowire-based multispectral system
(Figure 3.10). No additional optical filters (e.g. IR blocking filter) are used. Nine images of
each scene are taken, with the image sensor mechanically translated in a 3 x 3 array. This is
done in order to increase the resolution and reduce the pixel calculation error due to the
geometrical position mismatch between color filters (Channel 0 and Channels 1-8). We
combine Channel VIS1-3 to obtain the linear standard red/green/blue (SRGB) image of
Figure 3.10. We then apply color correction using the results of imaging a Macbeth

ColorChecker [75] card.
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ah.,g;.

Color correction
Gamma correction

Figure 3.10 Imaging experiments. Visible color imaging of resistor. Leftmost image is
taken by conventional color digital camera. Linear SRGB image generated from Channels
VIS1-3. Color calibration and gamma correction are applied (gamma = 2.2) to linear SRGB
image to produced corrected image.

Conventional camera Color

Figure 3.11 Images of Macbeth ColorChecker card by conventional camera (left) and
our nanowire-based system (right).
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A lens (model SMC Pentax-M 1:1.4 50 mm, Pentax) with a focal length of 50 mm and
an f-number of 5.6 is used for resistor imaging experiment. A daylight compact fluorescent
light bulb (CFL, model 37919, Westinghouse) is used as the light source for Figure 3.10. Our
multispectral filter comprises an array of 20 x 20 unit cells, each of which contains 3 x 3
patches (eight filter functions plus transparent region in center). We sample 3 x 3 pixels in
each patch. Thus, the resolution of a single-exposure image is 60 x 60 pixels. After the
mechanical scanning of the camera is carried out (3 x 3), the image resolution becomes 180
x 180 pixels. Every acquired image uses eight frames averaging for noise reduction. The
visible color reference image is taken by a commercial camera (8 megapixel camera of
iPhone 4S, Apple). For visible color imaging, first we convert the CIE XYZ tristimulus
values (Channel VIS3, VIS2 and VIS1) into the linear SRGB space (D65 illumination). This
linear SRGB image is multiplied by a color correction matrix. Gamma correction of 1/2.2 is
then applied. The color correction matrix is found by imaging the Macbeth ColorChecker
card (ColorChecker Classic, X-Rite) and finding the linear SRGB values of the 24 color
patches of the acquired image. The matrix that transforms these to the desired linear SRGB
values with minimum error is then found. The resultant color image produced by our
nanowire-based imaging system can be seen to be very similar to that produced by a
conventional camera. It can be seen that the resistor color codes are vivid. Figure 3.11 also
shows images of the Macbeth ColorChecker card obtained by our nanowire-based imaging

system. The measured RMS color difference AE*ab of the 24 color patches is 16.3 [74, 76].
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Conventional camera
- YW

VIS3 NDVI Combined colour-NDVI

Figure 3.12 NDVI imaging of green leaves. Black arrows indicate regions (leaves and
square from Macbeth ColorChecker) with similar dark green colors. The leaves and green
square appear very similar in color images, but can be readily distinguished in NDVI image.
Rightmost image is combined color-NDVI image, in which black shading is applied to
regions whose NDV I index exceeds 0.3. Note that, due to its material properties, the violet
color patch also has a high NDVI index.
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Our multispectral system has five NIR channels and can be used for NIR imaging
applications. As a proof-of-concept, we present a normalized difference vegetation index
(NDVI) image as Figure 3.12. NDVI images are used for mapping vegetation, and represent
the ratio between visible and NIR channels [77]. Vegetation areas exhibit high NDVI values
because their NIR reflectance is high and their visible-wavelength reflectance is low (due to
high absorption)[77]. To demonstrate our NDVI capability, we image a scene containing a
plant, a single leaf and the Macbeth ColorChecker card. A lens (model M0814-MP2,
Computar) with a focal length of 8 mm and an f-number of 5.6 is used for the NDVI
experiments. The CFL (model 37919, Westinghouse) and an incandescent lamp (power: 40
W, GE) are used as light sources for the NDVI imaging. The leaves have dark green colors
that are similar to one of the patches of the Macbeth ColorChecker card. In producing the
NDVI image, we take Channel VIS3 as the visible channel and Channel NIR3 as the NIR
channel. From the NVDI image of Figure 3.12, it is can be seen that the leaves have higher
NDVI values than the dark green color patch. This confirms that ability of our nanowire-

based multispectral imaging system to identify vegetation.
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Figure 3.13 Demonstration of NIR imaging through object that is opaque at visible
wavelengths (black ink on glass). Both white and IR light emitting diodes (LEDs) are used

as light sources.

Conventional camera Color NIR5

Figure 3.14 In color images obtained by conventional camera and our nanowire-based
system, object in front of screen is visible, while object behind screen is very difficult to
observe. Both front and back objects are observed in NIR image (Channel NIR5, gamma

corrected with gamma = 2.2).
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We next demonstrate that our nanowire-based system enables imaging to be carried out
through objects that are impervious at visible wavelengths. We make use the fact that a
number of dyes are transparent at NIR wavelengths[78]. A glass plate painted with a black
permanent marker is used as a screen that is opaque to visible light (Figure 3.13). A cross-
shaped green object is located in front of the black screen, while a donut-shaped green object
is located behind it. We uses both a white LED (model 276-320, RadioShack) and an IR LED
(model 276-143, Acenter = 950 nm, RadioShack) as light sources. The results are shown as
Figure 3.14. In the visible-wavelength images collected by a conventional camera and by our
nanowire-based system, the object in front of the screen is visible, while the back object is
observed only with difficulty. The NIR channel (NIR5) image collected by our nanowire-

based system, however, shows both front and back objects.

3.4 Conclusion

Through the creation of filter based on vertical silicon nanowires, we have demonstrated
multispectral imaging from the visible to NIR regions. The described method is very practical
from a manufacturing standpoint because all filter functions are defined at the same time
through a single lithography step, that then only needs to be combined with two simple
additional steps (etching and embedding in PDMS) to produce a fully-functional device. We
anticipate that this work will facilitate multispectral imaging systems that are more compact

and lower in cost than current approaches.
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Chapter 4
Filter-free image sensor pixels
comprising silicon nanowires with

selective color absorption

In this Chapter, we make use of the unique optical properties of semiconductor
nanowires, namely that their spectral absorption can be engineered, for filter-free color
imaging. A key motivating factor for the field of nanotechnology is that the properties of
materials can be dramatically altered when they take the form of one-dimensional
nanostructures. Semiconductor nanowires are especially of interest due to their unique optical
and electrical characteristics.[37, 39, 41, 50] It has been demonstrated that horizontal
germanium [46, 47] and silicon[79] nanowires show light absorption and photocurrent
spectra that vary with nanowire radius. In addition, wavelength selective photodetectors have
been demonstrated using self-aligned silicon fins in metallic slits.[80] To the best of our
knowledge, however, no color or multispectral imaging experiments have been performed
that make use of this, probably because of difficulty in assembling reasonable numbers of

the vapor liquid solid (VLS) grown nanowires into devices and in forming the necessary p-
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i-n junctions. These spatial distributions depend on the nanowire radius.[48, 49, 81] The
nanowires are in arrays, but the effect does not originate from diffractive effects, but can be
understood at the level of the individual nanowire. An important advantage of this approach
is that a single lithography step defines the nanowire radii, and therefore their optical
responses. We have previously shown that, when embedded into a transparent film, the
nanowires can be used as passive color filters for multi-spectral imaging.[71, 82] Here, we
demonstrate a conceptually-different mode of operation. Rather than acting as passive filters,
the nanowires incorporate photodetectors, meaning that absorbed photons are converted to

photocurrent. This permits color imaging.

4.1 Fabrication of vertical silicon nanowires

photodetector

The concept of our vertical silicon nanowire-based p-i-n photodetector is illustrated
schematically as Figure 4.1. Photodetectors based on vertical silicon nanowires have been
previously reported, and shown to exhibit high phototransistive gain and infra-red
response.[83, 84] The wavelength-selective absorption properties of nanowires have not been

used for color imaging however, to the best of our knowledge.
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Figure 4.1 Concept schematic of p-i-n photodetectors based on vertical silicon nanowires.

Key steps of our fabrication process are shown in Figure 4.2. We start with a silicon
epitaxial wafer (substrate: n+, epitaxial layer: n-). A silicon epitaxial wafer with n-type
substrate (n+, <100> orientation, R = 0.01 Qecm) and n-type epitaxial layer (n-, R > 100
Qecm, ~ 2 um thick) is prepared. We dope the top of the epitaxial layer to p+ using boron
diffusion from a spin-on dopant (PBF2.0A, Filmtronics) in a furnace (Lindberg Blue/M,
Thermo Electron Corporation, O2: 100 sccm, N2: 300 sccm, 950 °C for 20 min). After
removing the resulting thermal oxide (BOE 1:5 for 20 min), polymethylmethacrylate
(PMMA495-A2 and PMMA950-A2, Microchem) resists are spin-coated on the wafer and e-
beam lithography (ELS-7000, Elionix) is performed. The wafer is developed. An aluminum
etch mask (Al, 40 nm) is fabricated using thermal evaporation and the lift-off process. The
wafer is then dry etched using inductively coupled plasma reactive ion etching (ICP-RIE)
with SFs / CsFg gases with flow rates of 60 sccm / 160 sccm respectively. The aluminum

masks are removed using an aluminum etchant (Type-A, Transene). We then spin coat and
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cure PMMA (PMMAA495-A8, Microchem) onto the wafer containing the vertical silicon
nanowires. This is used as the spacer to form a top electrical contact. The PMMA spacer is
dry etched using an oxygen plasma (SCE106, Anatech LTD) to expose the tops of the
nanowires. We then sputter (Orion3, AJA) indium tin oxide (ITO, 60 nm thick) to make a
transparent electrical contact to the tops of the nanowires. A scriber (LSD-100
Scriber/Cleaver, Loomis Industries) is used to cut the ITO layer to ensure that the nanowire
arrays are electrically separated. Finally, the sample is mounted on a printed circuit board
(PCB) and electrical connections are established between each of the segments of the ITO
layer and separate PCB pads using gold wires and silver epoxy. The n+ substrate is also

connected to the PCB ground.

B sip+) MM si(n)

B sint) B Amask B 1ITO PMMA

Figure 4.2 Fabrication steps. (a) Epitaxially-grown n+/n- wafer doped with p+ on top.
Aluminum (Al) etch mask is fabricated using e-beam lithography, evaporation and lift-off.
(b) Vertical silicon nanowires are dry etched. (¢) PMMA is spun cast and cured. Top of
PMMA is dry etched to expose nanowires. ITO is sputtered to make a transparent electrical
contact to nanowires.
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Figure 4.3 SEM image of nanowires in step ii of Figure 4.2 (b). (30° tilted view). Each
array contains 100 x 100 nanowires. Arrays contain nanowires with radii of 80 nm, 100 nm,
140 nm and 120 nm (clockwise from upper left corner). Heights of all nanowires are 2.7 pm,
and pitch is 1 pm. Scale bar is 100 pum.

Figure 4.4 Magnified view of nanowires. (a-d) nanowires with radii of 80 nm/ 100 nm/
120 nm/ 140 nm. Scale bars are 1 um.
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We fabricate arrays containing nanowires with radii of 80 nm, 100 nm, 120 nm and 140
nm. It should be noted that these, and all other radii quoted in this Chapter, are the design
values in the electron beam lithography step. All nanowires are 2.7 um tall with a pitch of 1
um. We choose these parameters for fabrication considerations. We can etch nanowires with
this height without them collapsing. The period is chosen to guarantee the uniform filling of
polymethylmethacrylate (PMMA) between the nanowires in the later spacer fabrication step.
Each nanowire array comprises 100 x 100 vertical nanowires, and has an extent of 100 um
x 100 um. The nanowires have vertical p-i-n junctions, consisting of p+ / n-/ n+ layers with
thicknesses of about 200 nm / 1500 nm / 1000 nm, respectively. Figure 4.3 and Figure 4.4
show scanning electron microscope (SEM) images of arrays of etched vertical silicon
nanowires. These images are obtained from a dummy sample fabricated using the same
process as the actual device used in imaging experiments. This is done to prevent possible

damage of the actual device from electron beam radiation and to minimize contamination.[85]
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Figure 4.5 Reflection-mode optical microscope images of etched nanowires arrays.
Scale bar is 100 um. Radii of nanowires are 80 nm, 100 nm, 140 nm and 120 nm (clockwise
from upper left corner).

Figure 4.6 SEM image of nanowires embedded in PMMA and covered by ITO. Scale
bar is 1 pm.
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Figure 4.7 Device after scribing has been performed on ITO layer to electrically separate
nanowire arrays. Scale bar is 100 um.

An optical microscope image of an array of etched vertical silicon nanowires on a silicon
substrate is shown in Figure 4.5. The color difference between the nanowires with different
radii is clearly seen. Figure 4.6 shows an SEM image of the silicon nanowires (radii: 80 nm)
after the PMMA is etched and ITO is sputtered. It is evident that the tops of the nanowires
are exposed as desired, meaning that electrical contact can be established. To electrically
separate the nanowire arrays, the 1TO layer is next scribed (Figure 4.7). Finally, the device
is mounted on a PCB and electrical contact is made by gold bond wires and silver paste

(Figure 4.8).
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Figure 4.8 Photograph of fabricated device mounted on PCB. Inset shows magnified
image of device. Scale bar is 5 mm. Electrical connection established using gold wires and
silver epoxy.
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4.2 Electrical measurement and optical simulation
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Figure 4.9 Electrical measurement and optical simulation of fabricated device. (a) Dark
state I-V curve of fabricated device (log scale) (b) 1-V measured in dark state, and under
illumination of 270 mW / cm? at a wavelength at 633 nm. Nanowires have radii of 140 nm.

The current-voltage (I-V) characteristics measured from un-illuminated (dark state)
fabricated nanowire arrays with four different radii are shown as Figure 4.9(a). I-V

characteristic of an array of nanowires with radii of 140 nm under dark and illuminated
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conditions is shown in Figure 4.9(b). A sourcemeter (2400, Keithley) is used for the 1-V
measurements. The device is connected to the source meter and the voltage is swept from -1
V to1lVin 0.05V steps. We use a He-Ne laser (Melles Griot, A=633 nm) for the I-V
measurement performed under light illumination. Each array contains 100 x 100 nanowires,
and all measurements are conducted at room temperature. The dark current measured from
each array is ~300 pA at a bias of -1 V. The dark current density is therefore ~3 uA / cm?,
which is significantly higher than state-of-the-art CMOS devices ( 3.8 pA / cm?).[86] We
believe this comes from thermal generation due to surface states that are increased by the
large surface-to-volume ratio of the nanowires and damage to the silicon crystal structure
from dry etching.[87, 88] We anticipate that the dark current could be reduced by
synthesizing the nanowires using alternative methods or by adding passivation layers.
Alternative synthesis methods could include metal-assisted chemical etching[89] or VLS
growth[43], as these frequently yield nanowires with smoother surfaces than dry etching. It
has been reported that surface passivation using silicon dioxide[90] or amorphous silicon[91]

reduce nanowire surface states.
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Figure 4.10 Measured responsivities of photodetectors with nanowire radii (R) of 80 nm,
100 nm, 120 nm and 140 nm.

We measure the responsivities of devices containing nanowires with radii (R) of 80 nm,
100nm, 120 nm, and 140 nm at 0 V bias. A monochromator (MS257, Oriel instruments) with

a halogen lamp is used for measuring the responsivities of the silicon nanowire arrays. The
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output bandwidth of monochromator is 5 nm. The light from the monochromator goes
through a pinhole (200 um diameter) and is focused onto the nanowires array using an
objective lens (10x, NA 0.28, Mitutoyo). The power of light incident onto the nanowires
array at the wavelength of 630 nm is 20 nW. A beam splitter is located between the pinhole
and objective lens to image the sample using a CCD camera (DMK21AUO04, Imaging Source).
We adjust position of the sample so that spot of focused light from the monochromator is
incident upon the nanowire array. The photocurrent from the nanowire array is measured by
a picoammeter (6485, Keithley). The power of the light incident upon the device is measured
using a reference silicon photodetector. This enables us to calculate the responsivity. The
external quantum efficiency (EQE) is found using EQE = R (hf / g) (R : responsivity, h:
Planck’s constant, f: frequency of light, g: magnitude of electron charge). The results are
presented as Figure 4.10, and demonstrate that the choice of nanowire radius strongly
modifies the positions of the responsivity peaks.

The major peaks correspond to HEi;, HE1> and HEiz modes.[49] It should be
furthermore noted that, by adding a bottom photodetector, it would be possible to convert the
light that is not absorbed by the nanowires to photocurrent. This presents the exciting
prospect of image sensor pixels with significantly higher photon efficiencies than current
filter-based approaches as in principle all light incident on the device can be converted to

photocurrent. This is pursued in Chapter 6.
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Figure 4.11 Measured and simulated external quantum efficiencies (EQEs) for nanowire
devices with different radii. Insets show electric field intensity profiles (normalized)
simulated at wavelengths of peaks of EQE spectra (simulations) denoted by dagger or double
dagger. Profiles are horizontal slices (400 nm x 400 nm) at tops of intrinsic regions, i.e. 200
nm below nanowire top ends. White circle shows nanowire outline. Inset of (a) shows
simulated EQE of nanowires (R = 60 nm) when embedded in air (n=1) rather than PMMA
(n=1.495). HE11 mode around 700 nm is distinct when surrounding medium is air, but
suppressed when embedded in PMMA.

The method furthermore has advantages over the approach to filter-free color imaging
that uses the wavelength-dependent absorption length of light in silicon, as the spectral
absorption properties in our case can be controlled by nanowire geometry, rather than being
a fixed material property. From the responsivity data, the external quantum efficiency is

found and plotted as Figure 4.11. To estimate the internal quantum efficiency, we perform
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electromagnetic simulations using the finite-difference time-domain (FDTD) method. The
geometries of the simulated structures are chosen to match those of the actual devices except
for the nanowire radii. A nanowire is located on the silicon substrate and length of the
nanowire is 2.7 um. The nanowire radii vary from 60 nm to 120 nm in steps of 20 nm. The
PMMA layer (2.5 um thick) covers the nanowire and substrate. The refractive index of
PMMA is taken to be 1.495. An ITO layer (60 nm) is on top of the PMMA layer. The ITO
refractive index is taken to be 1.95. Periodic boundary conditions are applied in the x- and y-
directions, where the z-direction is along the nanowire axis. The unit cell size is 1 um x 1
um. The illumination is taken as a normally-incident plane wave. The absorption of intrinsic
region of nanowire is then calculated. Length of intrinsic region is taken to be 1.5 um. The
intrinsic region starts at 200 nm below the top of the nanowire. The electric field intensity
profile of Figure 4.11 is plotted on the (horizontal) x — y plane at the top of the intrinsic
region.

We find that improved agreement between experiments and simulations is achieved
when the simulated nanowires have radii 20 nm smaller than the design values of the actual
devices. We believe that this is due to fabrication imperfections in the actual devices. The
top radii of etched nanowires tend to be slightly smaller than the actual etch mask. This is
consistent with previous reports of ~5 nm notches for nanowires with diameters of 100
nm.[69] In addition, the simulations assume perfect cylinders, and do not account for the
tapered sidewalls present in the real structures that result from undercutting in the etching
step. The simulated external quantum efficiency is taken as the ratio between the power

absorbed in the intrinsic region and the incident power, meaning that the internal quantum
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efficiency is assumed to be 100 %. To estimate the internal quantum efficiency of the
fabricated devices, use the least squares method to find the factor that, when multiplied by
the simulated external quantum efficiency, results in the best fit to the experimental data.
This factor is then the internal quantum efficiency. For nanowires with radii of 80 nm / 100
nm / 120 nm / 140 nm, the measured external quantum efficiencies are in reasonable
agreement with the simulated external quantum efficiencies for internal quantum efficiencies
of 0.24 / 0.26 / 0.28 / 0.30. That these are not unity is likely to be mainly due to surface
recombination at the etched surfaces of the nanowires. We believe that the internal quantum
efficiency can be increased by passivating nanowires using the methods mentioned above. In
addition, the external quantum efficiency can be enhanced by optimizing the height and
period of the nanowire arrays.

Simulations indicate that light absorption increases as period decreases or height
increases. Figure 4.12 shows the effect of nanowire period on the absorption spectra. The
spectral peak increases in height as the period decreases. This shows that amount of light
absorbed strongly depends on the nanowire period. The simulated external quantum
efficiency lineshapes are largely unchanged as the period is varied, for periods greater than
0.6 um. When the nanowires are sufficiently close (period = 400 nm), however, the coupling
between the waveguide modes of the nanowires is strong enough to induce absorption peak
broadening. Figure 4.13 shows the effect of intrinsic region length on the absorption spectra.
The absorption increases as the length of intrinsic region increases while the spectral
lineshapes are largely unchanged. This implies that the amount of light absorbed in the

nanowires strongly depends on their height.
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Figure 4.12 Simulated external quantum efficiencies for nanowire devices with different
periods. Radii of the nanowires are 80 nm. Heights of nanowires are 2.7 um.
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Figure 4.13 Simulated external quantum efficiencies (EQEs) for nanowire devices with
different intrinsic region lengths. Radii of the nanowires are 80 nm. Period is 1 um.
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In Figure 4.11 (inset), the simulated external quantum efficiency is shown for the case
that the nanowires are embedded in air, rather than PMMA. The HE11 mode can be seen to
generate strong absorption peak at A = 700 nm. This peak is suppressed when the nanowires
are in PMMA. It is for this reason that we use higher order absorption peaks, rather than the

HE11 mode, despite the fact that they produce multiple absorption peaks in the visible range.

4.3 Color imaging with nanowire based photodetectors

Imaging experiments are performed using the nanowire-based photodetectors. In Figure
4.14, the ideal response of the CIE (1964) 10-deg color matching functions is shown.[74] We
choose a linear combination of the signals from the four nanowires arrays (Figure 4.10) to
achieve a response similar to the standard color response of Figure 4.14. It can be seen that
there are differences between the standard response (Figure 4.14(a)) and that of our device
(Figure 4.14(b)) because of the multiple peak nature of the responsivities of our devices
(Figure 4.10). We assign channels VIS1-3 to be the red, green and blue (RGB) channels,
respectively. In Figure 4.15, images of the Macbeth ColorChecker card[75] obtained with
our nanowire-based imaging system are shown. These are obtained by recording
photocurrents from the four nanowire photodetector arrays as the device is mechanically

translated in a 180 x 128 array.
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Figure 4.14 (a) CIE 1964 XYZ color matching functions. (b) Channels VIS 1-3 represent
linear combination of four relative responses (R = 80 nm, 100 nm, 120 nm, 140 nm). Linear
combination is chosen to achieve result similar to standard color responses.

A lens (Pentax) with a focal length of 50 mm and operated at an f-number of 2.0 is used
for the imaging experiments. The light source consists of three daylight compact fluorescent
light bulbs (CFL 30W, EiKO). Mechanical scanning of the device is carried out (180 x 128

positions) using two motorized stages (T-LSMO50A, Zaber Technologies). The scanning step
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is 142.875 um. The overall extent of the scanned area is 25.57 mm x 18.15 mm. For the
linear RGB image, we assign channels VIS1, VIS2 and VIS3 as corresponding to red, green
and blue. This linear RGB image is then multiplied by a color correction matrix. Gamma
correction of 1/ 2.2 is then applied. The color correction matrix is found by imaging the
Macbeth ColorChecker card (ColorChecker Classic, X-Rite) and extracting the linear RGB
values of the 24 color patches of the acquired image. The matrix that transforms these to the
desired linear RGB values with minimum error is then found.

We combine the images obtained by the nanowire photodetector arrays (Figure 4.15(a-
d)) to obtain a linear RGB image. We then apply color correction and gamma correction
(Figure 4.15(e)). The resultant color image produced by our nanowire-based photodetector
can be seen to be similar to the actual color chart. The measured RMS color difference AE*ab
of the 24 color patches is 22.28.[74, 76] We also take the image of a scene of test objects
with our device. Figure 4.16(a) shows the color corrected image. It can be seen that this is
very similar to that obtained with a conventional camera (Figure 4.16(b)), with the slight
differences due to the spectral response of our device (Figure 4.14(b)) not being perfectly

matched to the standard response (Figure 4.14(a)).
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Figure 4.15 Images captured by our nanowire arrays. (a) R = 80 nm (b) R = 100 nm (c)
R =120 nm (d) R = 140 nm. (e) Color calibration and gamma correction are applied (gamma
= 2.2) to linear RGB image to produced corrected image.
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Figure 4.16 (a) Color image of test objects taken by our nanowire arrays. (b) Color
image of test objects taken by conventional digital camera.

4.4 Conclusion

In conclusion, we have demonstrated filter-free color imaging using vertical silicon
nanowire p-i-n photodetectors whose spectral responsivities are controlled by nanowire

radius. Our method is not only simplifies the fabrication process, because the optical
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responses of the color pixels are defined simultaneously through a single lithography step,
but also opens the way to collect the photons that would be otherwise absorbed in
conventional color filters. This method also presents the exciting opportunity for wideband
multispectral imaging via the use of nanowires made from other semiconductor materials,

for example heterogeneous epitaxial nanowires.[40]
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Chapter 5
Elliptical silicon nanowire
photodetectors for polarization-

resolved imaging

In previous Chapter, we demonstrated color imaging using vertical silicon nanowire
photodetectors. A key benefit of etched nanowire is that the nanowire’s cross section, i.e. its
shape and size, can be chosen at-will, being defined by lithography. Making use of this
benefit, our group demonstrated lens elements - reconfigurable by polarization - that
comprised amorphous silicon nanowires with elliptical cross sections.[92]

Here, we demonstrate vertical silicon nanowire photodetectors with elliptical cross
sections. The elliptical nanowires have polarization dependent absorption, with the absorbed
photons being converted to photocurrent and collected by integrated p-i-n junctions. We
present measurements that show the polarization dependence of the responsivities of
fabricated devices and perform polarization-resolved imaging. In our approach, no additional
polarization filters, such as those based on metal wire grids and dichroic materials, are needed.

Importantly, our approach is conceptually different from polarization imaging with
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conventional polarization filters, as absorbed light in our case is not discarded, but rather
converted to photocurrent. As we discuss later, this fundamental difference between this and

previous approaches could be employed in future devices to achieve higher efficiency.

5.1 Vertical silicon nanowires photodetector with

elliptical cross-section

E-field

Figure 5.1 Schematic concept of photodetectors based on elliptical silicon nanowires.
Nanowire’s absorption depends on polarization state of incident light.

Figure 5.1 shows the operating principle of the device we introduce. The absorption
spectrum of an elliptical nanowire depends on the polarization state of the illumination. We
have previously shown [48, 93] that vertical silicon nanowires with circular cross sections

exhibit absorption spectra containing peaks. The wavelength of each peak is highly
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dependent on the nanowire’s radius, being determined by interplay between the coupling
coefficient and confinement factor of a mode supported by the nanowire. Due to symmetry,
the absorption spectra of circular nanowires are polarization-independent. By contrast, for
elliptical nanowires, the absorption spectra differ depending on whether the incident light is
polarized along the long or short axis. We use this phenomenon for polarization-resolved

imaging.

N

' PMMA

Figure 5.2 Fabrication process for elliptical silicon nanowire photodetectors. Epitaxially-
grown n-/n+ wafer is doped p+ on top. Etch mask that comprises aluminum elliptical disks
is patterned on wafer and dry etching is performed to fabricate vertical nanowires. PMMA
spacer is fabricated and transparent top contact (ITO) is deposited.

Fabrication starts with an n-type silicon substrate on which an n- layer of epitaxial silicon
has been grown (Figure 5.2). We dope the top surface of the n- epitaxial layer to p+ using a
dopant diffusion process in a furnace. After removing the resultant thermal oxide, we spin

coat polymethylmethacrylate (PMMA) to perform e-beam lithography to make arrays of
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ellipse patterns. We fabricate an aluminum (Al, 40 nm) etch mask using metal evaporation
followed by the lift-off process. We dry etch the wafer to form nanowires with a height of
2.7 um. After removing aluminum mask using wet etching, PMMA is spin-coated onto the
wafer with nanowires and cured. This PMMA layer is dry etched in an oxygen plasma until
the tops of the nanowires are exposed. Indium tin oxide (ITO) with a thickness of 60 nm is
then sputtered to deposit a transparent top electrical contact. We use the substrate as the

bottom electrical contact.

Figure 5.3 SEM image of elliptical nanowires after dry etching. Four arrays (each 100 x
100 nanowires) of elliptical nanowires with different orientation are fabricated (image in
center). Scale bar is 100 um. Magnified views (side images) of arrays (N1, N2, N3 and N4)
show that constituent nanowires have different orientations (0°, 45°, -45°, 90°). Scale bar in
magnified image is 100 nm.
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(b)

Figure 5.4 (a) 30° tilted view of elliptical nanowire array. Nanowires have heights of 2.7
um. Scale bar is 1 pm. (b) Side view of nanowires from four arrays. Scale bar is 200 nm.

We fabricate four arrays of elliptical nanowires, each with its own orientation to
calculate the first three Stokes parameters. These allow determination of angle of polarization
(AOP) and degree-of-linear polarization (DOLP). The nanowire arrays are denoted N1(0°),
N2(45°), N3(-45°) and N4(90°). The angle in parenthesis refers to the orientation of the
elliptical nanowires of the array. Figures 5.3 and Figure 5.4 are scanning electron microscope
(SEM) images of the elliptical silicon nanowires. The fabricated nanowires are 2.7 um tall
and are on a square array with a pitch of 1 um. Each array has 100 x 100 elliptical nanowires
with an extent of 100 um x 100 um. The elliptical cross-section of each nanowire has minor
and major radii of 60 nm and 120 nm, respectively. The nanowires comprise vertical p-i-n
junctions with p+/n-/n+ layers. Each layer has thicknesses of 200 nm / 1200 nm / 1300 nm.
The color that each array appears depends on the orientation of the constituent elliptical

nanowires and the polarization angle (Figure 5.5).
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N2(45°)

lo-cr

N4(90°)

N3(-45°)

N O=-45°

Figure 5.5 Optical microscope images of elliptical nanowire arrays, in reflection mode
with linearly polarized illumination. Arrow indicates polarization of incident light
(polarization angle 6 = 0°, 45°, -45° and 90°). Color that each elliptical nanowire array

appears depends on orientation of array and polarization angle of incident light. Scale bar is
100 pm.
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5.2 Device characterization

We measure current-voltage (I-V) characteristics for fabricated nanowire arrays (Figure
5.6 and Figure 5.7). A general purpose sourcemeter (2400, Keithley) is used for the current-
voltage curve measurements. We sweep the voltage from -1 V to 1 V in 0.01 V steps and
measure the current. We use a He-Ne laser (A=633 nm, Melles Griot) for the I-V
measurements that are performed with illumination. These measurements are conducted in a
dark environment at room temperature. The dark current is ~ 2 nA at a bias of -1V. Figure
5.7 shows measured I-V characteristics of the N4 array under dark and illuminated conditions.
We next measure the photocurrent generated in response to linearly-polarized light provided
by the combination of a monochromator (A = 400-1000 nm, steps of 10 nm) and a linear
polarization filter. To measure the responsivities of the devices, light from a monochromator
(MS257, Oriel instruments) is focused into a pinhole (diameter: 200 um), then passes through
a polarizer (10GT04, Newport). The resultant linearly polarized light is focused onto the
nanowire array using an objective lens (magnification 10x, NA 0.28, Mitutoyo). A 50:50
non-polarizing cube beam splitter is installed between the pinhole and polarizer in order for
the light reflected from the nanowire device to be collected and imaged onto a charge-coupled
device camera (DMK21AUO04, Imaging Source). A picoammeter (6485, Keithley) measures
photocurrent from the nanowire array. The power of the light incident on the nanowire device

is measured with a reference photodetector.
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Figure 5.6 Log scale I-V curve of nanowire arrays in dark (no illumination).
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Figure 5.7 1-V curve of array N4 in dark and under illumination of 820 mW / cm? at a
wavelength at 633 nm. Light is linearly polarized parallel to major axis of elliptical nanowires.

The photocurrent of the N1 array is measured by a pico-ammeter (OV bias: photovoltaic

mode). It can be seen that the spectral response of the elliptical nanowires depends on the
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polarization state of the incident light (Figure 5.8). We also perform finite-difference time-
domain (FDTD) method simulations of the external quantum efficiency (QE), assuming an
internal QE of 100% (Figure 5.9). We obtain reasonable agreement between the measured
external QE lineshapes and external QE lineshapes simulated for elliptical nanowires with
minor and major radii of 40 nm and 80 nm, respectively. That these dimensions differ from
those of the actual devices could be due to fabrication imperfection. Comparison between
measurements and simulations indicates that the internal quantum efficiency of our device is
20 %. That this is less than unity is attributed to surface recombination due to surface damage

from the dry etching process.[88]
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Figure 5.8 Measured external quantum efficiency (QE) spectra of array N1 under
vertically- and horizontally-polarized illumination.
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Figure 5.9 Simulated external QE spectra of array N1.
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Figure 5.10 Extinction ratio calculated from measured external QE. Dotted line indicates
cut off wavelength (Acut-off = 665 nm) of long pass filter used in later experiments.
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Figure 5.11 Normalized photocurrent at wavelength of 700 nm as a function of
polarization angle 6.

From the measured QE spectra (Figure 5.8), we find the extinction ratio as the QE for
light polarized along the nanowire’s long axis divided by the QE for light polarized along the
short axis. The results are shown as Figure 5.10. Because the nanowire array absorption
depends on wavelength and has a multiple peak nature [48, 49, 81], the extinction ratio varies
with the wavelength. It can be seen that the external QE of the array N1 under vertically
polarized illumination is higher than that under horizontally polarized illumination in the
wavelength range from 600 nm to 1000 nm. To demonstrate polarization-resolved imaging,
we therefore install a long pass filter (Acutoff = 665 nm) in front of our device. For A > 655
nm, the elliptical nanowire photodetector has an extinction ratio exceeding 2.9. Figure 5.11

shows the normalized photocurrent of array N1 as a function of polarization angle
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© (illumination at A=700 nm). It can be seen that the response approximately follows Malus’s

law, being approximately proportional to cos20.

5.3 Polarization-resolved imaging with elliptical

nanowire photodetector

Polarization-resolved imaging is performed using the elliptical nanowire photodetectors.
We take images of 3-D glasses (Figure 5.12) that comprise pairs of orthogonal linear
polarization filters (45°, -45°) by measuring photocurrents from the four elliptical nanowire
photodetector arrays (N1, N2, N3 and N4) as they are mechanically translated in an array of
150 x 150 positions. A single-lens reflex (SLR) camera lens (focal length: 50 mm) operated
atan f/ 2.0 is used for imaging experiments. A long pass filter (Acut-off = 665 hm, FGL665S,
Thorlabs) is installed between the camera lens and the nanowire device. Two incandescent
bulbs (60 W each) illuminate the front side of the 3-D glasses and one incandescent bulb (60
W) illuminates the back side of the 3-D glasses. Two motorized linear stages (T-LSMO050A,
Zaber Technologies) are used for scanning the nanowire device in a sequence of 150 x 150

positions with a scanning step of 119 um. AOP and DOLP are calculated using the following
equations. DOLP = \/S? + S2/S, , AOP =1/2(tan"*(S,/S,)) . Sy, S1, and S,, are Stokes

parameters. These are obtained from S,=1(0")+1(90") , S =1(0")-1(90°) and
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S, =1(45")—1(-45°) where I(9) is electric field intensity transmitted through a polarization

filter with orientation angle 6.

Figure 5.12 Polarization-resolved imaging using fabricated device. Images captured by
nanowire arrays N1(0°), N2(45°), N3(-45°) and N4(90°).
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Figure 5.14 Angle of polarization (AOP) image found from images.

It can be clearly seen that each polarization filter of the 3-D glasses has a brightness that
varies with the angle between its polarization axis and the orientation of the elliptical

nanowires of the array. We next calculate the angle of polarization (AOP) and the degree of
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linear polarization (DOLP). The polarization filters of the 3-D glasses are measured to exhibit
high DOLP values as expected (Figure 5.13). The DOLP values measured by our nanowire
devices (Figure 5.13) are lower than their true values however, due to the limited extinction
ratio of our devices.[94] From Figure 5.14, it can be seen that the AOP images produced by
our nanowire devices correctly display the orientations of the polarization axes of the filters
of the 3-D glasses.

The most ubiquitous approach in which polarization is used to improve imaging contrast
is that of polarized sunglasses. Glare from horizontal surfaces, e.g. water, is polarized parallel
to these surfaces. In order to reduce this glare, polarized sunglasses therefore comprise filters
that transmit vertical polarization. We next demonstrate that our elliptical nanowire
photodetectors can achieve this functionality. Figure 5.15 shows the experimental setup. A
tilted glass slide is situated near a piece of white cardboard attached to a vertical surface.
Light can be reflected or scattered by the white cardboard and then reflected by the glass
slide. This reflected light reduces the visibility of the object (coin) under the glass slide. For
this experiments, two incandescent bulbs (60W each) are used for front side illumination.
We then apply the gamma correction of 1/ 2.2 to the images taken by our nanowire device.

Figure 5.16 shows images taken by a conventional camera with horizontal and vertical
polarization filters. When the horizontal polarization filter is used, the resultant image shows
a strong reflection from the glass slide. By contrast, this reflected light is suppressed and the
coin is clearly seen when the vertical polarization filter is used. We take images of the same

scene using our elliptical nanowire photodetectors (Figure 5.17). In the image recorded by
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array N1, the reflection from the glass slide is suppressed, and the visibility of the coin is

enhanced.

. White card-
board

- Coin

~

Camera - Glass slide

Figure 5.15 Schematic of experimental setup used for demonstrating polarization-
resolved imaging with nanowire device. Coin below glass slide cannot be seen clearly due to
strong reflection from glass.

Figure 5.16 Image taken by conventional camera with horizontal and vertical
polarization filters. Arrow indicates axis of polarization filter.
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Figure 5.17 Images captured by our elliptical nanowire arrays N4(90°) and N1(0°).
Gamma correction of 1/ 2.2 is applied.

5.4 Conclusion

In summary, we have demonstrated polarization-resolving photodetectors consisting of
silicon nanowires with elliptical cross sections. Our approach is conceptually different from
that employed in division-of-focal plane imaging polarimeters based on polarization filter
arrays. In such devices, the unwanted polarization is discarded via absorption (or reflection)
by the filter. By contrast, in our approach, absorbed light is converted to photocurrent. In our
current configuration, the light not absorbed by the elliptical nanowires is largely transmitted
into the substrate. The incorporation of a second photodetector in the substrate to convert this
light to photocurrent would permit the compelling possibility of polarization-resolving pixels

with very high efficiency.
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Chapter 6
Implementation of substrate

photodetector for higher efficiency

In the previous Chapters, we experimentally demonstrated color and polarization-
resolved imaging using photodetectors incorporated into silicon nanowires. These nanowire
photodetectors have the unusual and technologically-useful property that the spectral
absorption can be engineered by changing the radii of the nanowires or by changing the cross-
sectional shape. In this Chapter, we describe the demonstration of a more advanced
configuration, in which a second photodetector is added to the substrate, i.e. beneath the
nanowires. This could form the basis of an image sensor pixel in which part of the spectrum
would be captured by the nanowire photodetector, and converted to photocurrent. The
remainder of the spectrum would be captured by the substrate photodetector, and again
converted to photocurrent. In this way, photon capture would be performed in a highly
efficient manner, as photons would be not discarded by absorptive filters. Figure 6.1 shows
the concept schematic of this dual photodetector device. The nanowire photodetector
selectively absorbs part of spectrum and the substrate photodetector absorbs the light not

absorbed by the nanowire.
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Figure 6.1 Schematic of dual photodetector device.

6.1 Fabrication of dual detector device

The starting substrate for our device is a silicon wafer on which multiple layers have
been grown epitaxially. The use of an epi-wafer is motivated by the fact that to collect the
photons from the nanowires and the substrate, both parts need to contain p-i-n junctions. Our
multilayer epitaxial wafer contains p+/n-/n+/n-/p+ layers. Figure 6.2 shows the layers of the
epitaxial wafer. Nanowire photodetectors are to be fabricated in the top p+/n-/n+ layers. The
bottom n+/n-/p+ layers are for the bottom p-i-n junction. We ordered wafers from the
company IQE Silicon (UK), providing to them the specification shown in Figure 6.3. The top
p+/n-/n+ section thickness is 3.2 um. This is chosen to match the intended heights of our
nanowires. This is in turn dictated by the capabilities of our fabrication process, as to etch
nanowires that are taller than this is challenging. For bottom photodetector, we choose the n-

layer to be fairly thick (4 um), in order to absorb as much of the light (not absorbed by the
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nanowires) as possible. We measure the doping profile using secondary ion mass
spectrometry (SIMS) performed by Evans Analytical Group (USA). The SIMS method use
an ion beam to break apart materials, with mass spectroscopy performed on the atoms
separated from the substrate. The measured depth profile (Figure 6.3) generally shows good
agreement with the design that was provided to the manufacturer (Figure 6.2). The main
difference is that rather than being completely abrupt, as indicated in the idealized schematic
illustration of Figure 6.2, in the actual wafer there are transition regions at the junctions

between the layers.

P+ (R = ~0.01 ohm cm)

Epitaxial N+ (R = ~0.01 ochm cm)

layers

Substrate P+ (R = ~0.01 ohm cm)
(<100>)

Figure 6.2 Design of epitaxial structure with p+/n-/n+/n-/p+ layers.
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Figure 6.3 Depth profiling using SIMS. ‘B’ indicates the boron and ‘P’ indicates
phosphorus.

Transparent top contact
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%

Figure 6.4 Schematic illustration of dual photodetector device: starting substrate (left)
and final device (right).
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In Figure 6.4, we provide a schematic illustration of the dual photodetector device.
Fabrication begins with etching nanowires using the methods previously described in
Chapters 4 and 5. It is important, however, that the etching depth be well-controlled to ensure
that the resultant nanowires do indeed contain p+/n-/n+ junctions. We therefore choose to
etch the nanowires until middle of the n+ layer. The next step is to define the substrate
photodetector. We pattern thick photoresist (~4 um thickness). We etch a mesa structure to
a depth of ~8 um, so that the substrate (p+) is exposed. This defines the substrate
photodetector. We use deep reactive-ion etching (DRIE) for this process. The photoresist is
then removed by a solvent stripper (PG Remover from MicroChem). As indicated in Figure
6.5, the device at this stage consists of etched nanowires formed on a mesa. The nanowires
have heights of 2.6 um and the height of mesa is 8.8 um.(Figure 6.5(a)) Scanning electron
micrographs (SEMs) of nanowires with radii of 80 nm are shown as Figure 6.5(b). We
fabricate arrays of 100 x 100 nanowires with a pitch of 1 um. The radii mentioned here are
the design values in the electron beam lithography step. Scanning electron microscopy
reveals that the nanowires are undercut. The SEM image in Figure 6.5(c) shows the mesa
structure. The lateral extent of the mesa is 3mm x 3 mm. This size is chosen to permit PMMA
spacer fabrication to be carried out. If the mesa is too small, then the PMMA coating will be
very non-uniform. Figure 6.6 shows optical microscope images of the structures comprising
nanowire arrays on mesas. It can be seen that, like the results of the previous Chapters, the
nanowire arrays show vivid colors.

To fabricate the top transparent contact, we spin coat PMMA onto the sample. We then

place the sample in an oxygen plasma in order to etch the PMMA and expose the tops of the
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nanowires. An ITO layer is then sputtered on top. We use silver epoxy and gold wires to
establish three contacts (ITO, n+ and substrate). The result is shown as Figure 6.7(a). The
contact in the bottom right corner of Figure 6.7(b) corresponds to the n+ layer contact. This

formed by scratching away the PMMA to expose the n+ layer.

(@)

2.6 um

8.8 um

()

Figure 6.5 SEM image of etched structure. (a) height of nanowires and a mesa (b)
etched nanowires (c) etched nanowires on a mesa structure.
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Figure 6.6 Optical microscope images of nanowire arrays fabricated on mesa structures
that each contains a substrate photodetector. (a-d) arrays of nanowires with radii of 80 / 100
/120 / 140 nm.

(b)

Figure 6.7 Wire bonding to fabricated device (a) wire bonding for the ITO and middle
n+ layer (b) magnified view of the contact.
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6.2 Measurement of fabricated device

We measure the responsivities of both the nanowire and substrate photodetectors using
the method described in Chapter 4. The responsivity of the photodetector comprising
nanowires with radii of 80 nm is shown in Figure 6.8. It can be seen that, like the devices of
Chapters 4 and 5, the responsivity spectrum shows distinct peaks. The magnitude of the
responsivity is however ~10 times smaller than that of previous devices. We believe that this
is due to the changes in the etching characteristics of the ICP-RIE machine (STS) used for
this work that occurred after the results of Chapters 4-5 were obtained. These changes to the
etching characteristics resulted in increased damage to the nanowire surface. That the etching
characteristics changed is evidenced by the fact that the nanowires have more strongly
undercut profiles than before. By contrast the substrate photodetector (Figure 6.9) shows
responsivity (~ 0.25) that can be considered good, being similar to that of a conventional
silicon photodetector without an anti-reflection coating. However, the responsivity of
substrate photodetector does not shows distinct dips that correspond to the absorption peaks
of the nanowire. This is because light extinction due to the absorption in the nanowire is
relatively small (~ 20 %). In addition, the ripples in the substrate photodetector’s response

make it harder to see.
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Figure 6.8 Responsivity of nanowire photodetector.
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Figure 6.9 Responsivity of substrate photodetector.
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As discussed above, the peak responsivity of the substrate photodetector (Figure 6.9) can be
considered good. At short wavelengths, however, the responsivity is lower than that of an
idealized device in which all incident photons are converted to photocurrent, due to the fact
that the incident photons are absorbed near the top surface in the highly-doped n+ region
(~500 nm thick) rather than being absorbed in the intrinsic (n- region) and generating
electron-hole pairs that are collected. Similarly, the responsivity is lower at near-infrared
wavelengths than that of an idealized device (in which all incident photons are converted to
photocurrent) as the intrinsic region of the substrate photodetector is only ~4 um thick. This
means that the longer-wavelength photons have a tendency to exit the intrinsic region without
being absorbed. Modulation of the responsivity spectrum of the substrate photodetector, i.e.
ripples, can also be seen. This is because the PMMA film containing the embedded nanowires
acts as a Fabry-Perot cavity, resulting in modulation of the spectrum of the light transmitted
into the substrate.

To better understand the capabilities of the dual photodetector structure, we perform
simulations of the light absorbed in different regions of the device (nanowires vs substrate).
The simulation configuration is shown as Figure 6.10. We intentionally do not include the
ITO layer and we assume that the PMMA layer is infinitely thick. This is done to remove the
Fabry-Perot effect seen in Figure 6.9, in order to understand the device behavior that would
occur were an anti-reflection coating used. Furthermore, we assume that the n+ and p+
regions of the nanowire have heights of 500 nm / 100 nm in each. The nanowire has a height
of 2 um, meaning that the intrinsic region therefore has a height of 1.4 um. In finding the

absorption spectrum of the nanowire, we consider the power absorbed in this region. The
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simulation results are shown as Figure 6.11. Well-defined peaks can be seen in the absorption
cross section spectrum of the nanowire at wavelengths of 410 nm and 520 nm. These result
in dips in the substrate absorption cross section spectrum at these wavelengths. One can
therefore regard the power absorbed in the nanowire as being analogous to the power
absorbed in a photodetector of an image sensor containing a red-green-blue (RGB) Bayer
filter. Similarly, the spectrum of power absorbed in the substrate (Figure 6.11) can be thought
of as analogous to the power absorbed in a photodetector of an image sensor containing a
cyan-magenta-yellow (CMY) filter. This approach should thus permit color imaging to be

performed with high efficiency.

Surrounding Medium PMMA
(n=1.5)
SiNW
photosensitve ~ ___________
region 1.4 ym

0.5 um
0.3 um

Substrate
photosensitive

region

Width 0.8 um
Hight 3 um

Figure 6.10 Simulation configuration. Radius of nanowire is 100 nm.
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Figure 6.11 Absorption cross-section of nanowire photodetector and substrate photodetector.

6.3 Conclusion

We fabricate a dual photodetector device comprising silicon nanowires, each containing
a photodetector, formed above a substrate that also contains a photodetector. The measured
responsivities show that nanowire and substrate photodetectors each absorb parts of the
spectrum of the illumination. Our approach enables us to collect photons, i.e. absorb and

convert to photocurrent that would be otherwise discarded by conventional color filters.
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