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Abstract

Optical spectroscopy is one of the most widely used analytical techniques in science and
engineering. Miniaturizing an optical spectrometer can allow for a portable and handheld system
and lead to new opportunities for the Internet of Things (IoT) and lab-on-a-chip applications.
Visible-light spectrometers have broad applications in UV-VIS, fluorescence, and chemi-/electro-
luminescence spectroscopy. A spectrometer is a highly complex system consisting of optical,
mechanical, and image processing units. Miniaturizing such a system is a nontrivial task involving
the ability to integrate multiple material platforms and careful planning of performance tradeoffs,
such as spectral resolution, sensitivity, system size, and cost. Among various approaches,
spectrometers based on reconstructive algorithms shift the complexity of processing spectral
information from physical components to software computations. With the steady growth of
computational power per watt-dollar, this approach has become increasingly promising in
constructing an extremely compact spectroscopic system.

In this work, a low-profile reconstructive spectrometer with only the thickness of the
semiconductors and an operating range spanning the visible wavelength spectrum is reported. This
spectrometer concept is based on wavelength-selective semiconductor photodiodes monolithically
integrated on a chip area of 0.16 mm?. The absorption properties of individual photodiodes were
tuned via local strain engineering in compressively strained Indium Gallium Nitride/Gallium
Nitride (InGaN/GaN) multiple quantum well heterostructures. By varying the diameters of

individual nanopillars, the cutoff wavelengths of absorption were varied across the chip. The

Xvil



intrinsic wavelength selectivity is insensitive to the incident angle of light. The built-in GaN pn
junction enabled a direct photocurrent measurement.

In this dissertation, we first proposed and demonstrated a proof-of-concept spectrometer
based on 14 photodiodes, without any external optics or spectral filtering components, in the
wavelength range of 450 — 590 nm. Using a non-negative least square (NNLS) algorithm enhanced
by orthogonal matching pursuit (OMP), the spectrum of a test light source was reconstructed.

Secondly, we monolithically integrated a GaN-based LED with the spectroscopic chip. An
optical blocking structure was used to suppress the LED-photodetector interference and was shown
to be essential for spectroscopic functionality. A proof of concept using a reflection spectroscopy
configuration was experimentally conducted to validate the feasibility of simultaneously operating
the LED excitation light source and the photodiodes. Spectral reconstruction using an NNLS
algorithm enhanced with OMP was shown to reconstruct the signal from the reflection
spectroscopy. No external optics, such as collimation optics and apertures were used.

Thirdly, we discussed the spectrometer design conditions enabling an ultrathin form factor
to increase the light-harvesting efficiency. We proposed and demonstrated a simple strategy,
utilizing the well-established sapphire substrate patterning process to greatly enhance the
absorption efficiency while maintaining a large acceptance angle for the incident light. We also
demonstrate that spectroscopic performance can be significantly enhanced with this strategy.

Finally, we demonstrated a reconstructive spectrometer consisting of 16 spectral encoders
to deliver a decent spectral reconstruction performance in the wavelength range of 400 — 650 nm.
The accuracies of spectral peak positions and intensity ratios between peaks were found to be
0.97% and 10.4%, respectively. No external optics such as collimation optics and apertures were

used, enabled by angle-insensitive light-harvesting structures, including an array of cone-shaped
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back-reflector fabricated on the underside of the sapphire substrate. The small chip area and a
computationally efficient spectral reconstruction algorithm make the proposed spectrometer

especially suitable for wearable applications.
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Chapter 1 Introduction

1.1 Introduction to Spectroscopy

Optical spectroscopy is one of the most important and widely utilized scientific techniques.
A spectrometer measures an optical signal’s spectrum, i.e., the relative power spectral density P(A)
at different wavelengths A. The spectral analysis of the light that is transmitted, emitted, reflected,
or absorbed by a material or structure provides signature information about its physical and
chemical properties [1,2]. For example, in chemical analysis, the composition and concentration
of a sample solution are measured from the absorbed light by the solution [3,4]. Similarly, the
thickness of a thin film can be determined by investigating the light reflected from it [5]. With
impressive performance to characterize a versatile range of samples precisely, optical
spectrometers have found many applications in almost every branch of science and technology.
These applications have important impacts in the fields of physics, chemistry, biomedicine, food

engineering, environmental monitoring, quality control, and the life sciences [6—14].

1.2 Spectroscopic System Configuration

A conventional optical spectrometer typically consists of the following key elements [15]:
1. A light source to emit electromagnetic radiation.
2. An entrance slit through which light enters the spectrometer. This narrow slit
determines the amount of light that can be measured by the spectrometer.

3. Collimated optics to produce a collimated light beam.
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4. A dispersive optical element (DOE) to resolve the power of input light at different
wavelengths.

5. A focusing mechanism to focus the dispersed light onto the plane of the detector.

6. One or more detectors to measure the intensity of light. Exit slit can be eliminated
if a linear photodetector array is used.

7. An area to allow free-space light propagation. Dispersion of the spectral
components at the photodetector plane depends on the distance light is allowed to
travel after deflecting from the dispersive element. This free space also maintains
required optical path lengths in between the collimated and focusing optics to
condition the optical signal of the incident and refracted light beam. Optical path
length helps to control the interference and diffraction of light as it propagates.

Generally, spectrometers are categorized based on their underlying operating mechanisms
such as diffraction, interference, or Fourier transform. Figure 1-1 shows a schematic of a traditional
spectroscopic system in which a diffraction grating is used to separate different light bands by
different angles. A set of focusing optical elements focuses the light coming from all directions at
specified wavelengths. Sometimes, an exit slit is also used to project a small portion of spectrum
on one detector element at a time, such as in the Czerny—Turner monochromator configuration
[16]. A mechanical scanning setup is thus needed to rotate the grating and acquire the full range
of spectral lines. Such a system has a large footprint to accommodate the collimation and focusing

optics.
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Figure 1-1: Configuration of a standard optical spectrometer consisting of a dispersive optical
element, detector array, collimation, and focusing optics. A single detector can also be used if the
dispersive optical element is installed on a motorized rotation stage.

In addition, the Czerny—Turner monochromator’s spectral resolution generally increases
with a larger system size to establish sufficient optical path differences between two wavelengths.
This type of spectrometer requires a precise alignment of various optical paths [17,18]. The
complex alignment of sensitive optical parts adds sophistication to these benchtop spectrometer
systems and restricts their use only in laboratories with test site settings. But once aligned, it can

achieve excellent performance in terms of spectral resolution and sensitivity.

1.3 Miniaturization of Spectroscopic Systems-Motivation of this Work

One area that is of great interest in recent years is miniaturized, low-cost, and easy-to-use

spectrometers. The reduced footprint of spectrometers can enable their use for wearable and

22



mobile applications, which are highly desirable in the field of biochemical sensing, health
diagnostics, cosmetics industry, planetary exploration, quality control, machine vision, agriculture,
internet of things, surveillance, and lab-on-a-chip (LoC) systems [19-28].

A spectrometer is a highly complex system consisting of optical, mechanical, and image
processing units. Miniaturizing such a system is a nontrivial task involving the ability to integrate
multiple material platforms and careful planning of performance tradeoffs, such as spectral
resolution, sensitivity, system size, and cost. Among various approaches, spectrometers based on
reconstructive algorithms shift the complexity of processing spectral information from physical
components to software computations [29,30,39-48,31-38]. With the advantage of more readily
accessible computer processing power and reduced microprocessor size and cost, this approach
has emerged as a new paradigm.

A miniaturized spectrometer can be implemented using either a tunable laser plus a
broadband detector or a broadband source (which can be ambient light) plus an array of
wavelength-selective detectors. The latter is often realized with a combination of wavelength-
discrimination optics and a wavelength-insensitive sensor array. To miniaturize the spectrometer,
the optical grating in Figure 1-1 is substituted by an array of spectral filters as shown in Figure 1-
2, either dispersive or absorptive for wavelength discrimination [45,49-52]. Dispersive filters rely
on optical interference due to optical path length differences at different wavelengths, while
absorptive filters utilize materials with different light absorption properties. Examples of
miniaturized dispersive filters include Fabry-Perot cavities [53—55], microcavities [40,56,57],
photonic crystals [42], Michelson interferometer [58], and random media [59,60]. Dispersive
filters generally exhibit a strong sensitivity to the incident angle of light [35], which requires

collimation optics, e.g., an aperture plus a lens, and adds to the system's bulk.
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Figure 1-2: A miniaturized optical spectrometer based on multiple spectral filters and broadband
photodetectors. The spectral filters provide the wavelength-selective filtering mechanism to
resolve an incoming broadband spectrum at specific wavelengths. The broadband detector detects
the filtered signal.

Absorptive filters can overcome these issues using materials with different spectral
absorption properties, but an approach compatible with scalable manufacturing is crucial for

miniaturization [41,61].

1.4 Reconstructive Optical Spectrometers

In recent years, optical spectrometers based on reconstructive computational techniques
have become increasingly promising in realizing an extremely compact spectroscopic system. The
major challenges lie in the spectral reconstruction with a limited number of
encoders/photodetectors, which result in challenging estimation problems. Recent developments

in advanced signal processing and machine learning techniques have made it possible to realize
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miniaturization in the true sense. The reconstructive spectrometer encodes the signal with multiple
broadband spectral filters having different spectral response characteristics. The reconstructive
spectrometer has attracted intense research interest recently [29,30,64—66,40—42,44,55,61-63]
because

1. Computational power per watt-dollar grows rapidly;

2. Spectral filters can be highly compact and mass-produced;

3. With machine learning and optimization advances, the spectrum can be efficiently
reconstructed even with only a small number of encoders/photodetectors.[33,66,67]. These

features are especially attractive when miniaturizing a spectroscopic system.

1.4.1 Principle of Spectral Reconstruction

Mathematically, an optical spectrometer transforms an incident optical spectrum into a

photodetector response through a responsivity matrix as shown in Figure 1-3. Consider i
photodetectors with known spectral response function Ri(/ij) at j wavelengths. For an unknown
incident spectrum S;(4), the photocurrent I,,; generated by the photodetectors can be described as

the linear transformation by:

[Ipl] [Rm Ri, o . Rl,]-] [51]
|2 [|Riz Rzz =+ o Ryl S,
| i =l : A N PY | (1-1)
| ¢ | l SR J | ¢ |
leiJ R]',l R]',z R]-,]- lS]J

Reconstruction here refers to the solution of linear equation system as described in

Equation (1-1). This equation can be uniquely solved for the unknown incident spectrum S; (1),

only if i > j, which allows one-to-one mapping between the photodetector response and the

spectral values. However, mapping one wavelength to a specific detector is not possible when
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decreasing the spectrometer footprint. For example, in a classical spectrometer, the response
function matrix has only diagonal entries which permits different wavelengths j to be focused on
different photodetectors i. However, in real and practical applications, any full-rank and well-
conditioned matrix can be employed as the response function. On the other hand, the system also
encapsulates the noise present in the output signal. Hence, instead of the model (1-1), in the

presence of noise, we use the more complete signal plus noise model:
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This makes the problem critical specifically for on-chip implementation. Inside the chip,
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the propagation of light in undesired directions can lead to noise. Both stray and scattered light
can contribute as noise to the responsivity matrix.

Equation (1-1) can be discretized as:
I, =RXS. (1-3)
The spectrum can be solved by inverting Equation (1-3) as:
S=RT™R)RT x I,. (1-4)
While evaluating the unknown spectrum using an inverse of the responsivity matrix as in
Equation (1-4), the resultant spectrum can be comprised of large positive and negative spikes due
to two reasons. 1. The noise in the measurements, 2. Equation (1-3) is an underdetermined system

that can have an infinite number of solutions. This noisy solution can still mathematically lead to

a finite photodetector response [68—70].
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Figure 1-3: Mathematical Model of a spectroscopic system comprising of wavelength-selective
photodetectors with tailored spectral response. The model represents an underdetermined system
where the number of photodetectors is smaller than the number of spectral values in the
reconstructed spectrum.

For a robust and accurate estimation of the spectrum, proper computation schemes need to
be employed to solve an underdetermined system with i < j, as illustrated in Figure 1-3. In this
case, additional information based on the prior knowledge of spectrum can be incorporated to
estimate the most reasonable solution [71].

The randomness of different photodetectors’ responsivities is also important in finding a

plausible solution while reconstructing a spectrum. If the responses of two photodetectors are
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indistinguishable for two different wavelengths, it is impossible to determine which wavelength
leads to the measured response. Mathematically, the columns of the responsivity matrix R;;(4) in
Equation (1-1) should be as dissimilar as possible to achieve an accurate and precise numerical
solution. Compressive sensing and machine learning techniques are proven very promising in
solving an underdetermined system when the correlation between the response functions is
sufficiently small.

The estimation of spectrum is a typical signal-processing problem and many algorithms
can be applied to solve the problem. By adopting proper and suitable machine learning methods,
better data acquisition processes and efficient reconstruction algorithms are possible, leading to
faster and more accurate spectrum recovery with a limited number of encoders/photodetectors. In
return, the developed learning methods will provide guidance for the better design of the sensing

platform.

1.5 Current State of Knowledge-A Review of Previous Work

Researchers have attempted several approaches to develop different compact designs for
chip-scale miniaturized optical spectrometers. This section demonstrates some of the recent
developments, the technological aspects of different approaches, their relative merits, and their
drawbacks. Based on the mostly explored platforms, miniaturized spectrometers are organized into

five different categories that are discussed briefly below:

1.5.1 Spectrometers based on Dispersive Optical Elements

This configuration is based on the integration of nanostructured optical dispersive elements
along with detectors on the same platform [8,36,52,72]. Recent developments in micro/nano-

fabrication processes have provided the opportunity to scale down the sizes of optical components.
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The working principle of such systems is quite similar to a conventional benchtop spectrometer as
shown in Figure 1-1. The incident light is allowed to propagate through the device that interacts
with several miniaturized DOEs to provide necessary optical path length differences [7,10,73-75].
These optical elements are designed to resolve the light into different wavelengths and disperse it
by different angles. The resolved spectral components from all different directions are then focused
on different locations of the photodetector array.

For spectrometers based on DOEs, the spectral resolution of the system depends on the
optical path length of the system. When the system footprint decreases, the path length also
decreases thus dropping the spectral resolution. Different design configurations use different
strategies to compensate for this reduction. In one approach, collimated optics is replaced by a
concave grating that disperses and focuses light from different angles on to the detector array
[6,76—78]. As aresult, collimated optics and different reflective components are no longer required
and spectral resolution is also enhanced. A schematic illustration of the concave grating-based
spectrometer design is shown in Figure 1-4.

In addition to this, some designs utilize a G-Fresnel optical device, which offers an
integrated functionality of a diffraction grating with a Fresnel lens as shown in Figure 1-5 [7,79].
Recently, smartphone-based spectrometers have been demonstrated with G-Fresnel optical
components and are applied for biochemical investigations [80,81].

In another approach, waveguide gratings are used as the DOEs to couple light inside the
system [82—84]. The device is used for chemical and material analysis. When the light propagates
through the waveguide, it interacts with the chemical sample. An array of photodetectors is then

used to measure the absorption spectrum of the chemical as shown in Figure 1-6.
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Figure 1-4: Simplified illustration of a spectroscopic system based on a concave diffraction
grating.
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Figure 1-5: Schematic configuration of a spectrometer based on a G-Fresnel optical device.
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Figure 1-6: Schematic of a waveguide-based spectrometer with a buried grating on a waveguide
Sensor.

The spectrometers based on DOEs approach provide a fully integrated, on-chip system
with reasonable spectral resolution sensitivity and peak detection accuracy. However, these are
highly dependent on the incident light angles, light coupling efficiencies, quality of optical

components, and system alignment [85].

1.5.2 Fourier-Transform Spectrometers

The Fourier-transform spectrometer (e.g., FTIR) encodes the signal’s autocorrelation using
a variable delay line which is then converted into the signal’s spectrum via the Fourier transform
[42,86-94]. Miniaturized FTIR spectrometers are categorized into two types based on the principle
by which the interference of the light waves varies over time.

The first spectrometer is the Michelson interferometer, which consists of a beamsplitter, a

scanning mirror, a stationary mirror, and a single detector [95-98]. The optical input is divided
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into two equal beams with the help of the beamsplitter. One beam is reflected from the fixed mirror
whereas the other beam is reflected off the moving mirror. Both reflected beams recombine at the
beamsplitter and interfere with each other. A photodetector is used to measure the interferogram
of the incoming light. The schematic configuration of Michelson interferometer is shown in Figure
1-7.

The second configuration is based on the Mach-Zehnder interferometers (MZIS) in which
the input light is split into at least two unidirectional paths towards a single photodetector where
they interfere with each other [99-101]. MZIs spectroscopic systems have found broad

applications in integrated waveguides without any movable components.
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Figure 1-7: Schematic of a Fourier transform spectrometer based on a Michelson interferometer.
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The Fourier-transform spectrometer has two key advantages over those based on DOEs.
1. It measures spectrum based on the multiplexing principle i.e. collecting spectrum
information at one detector.

2. It prevents spectral dispersion resulting in a higher signal-to-noise ratio.

1.5.3 Fabry-Perot Spectrometers

In basic configuration, the Fabry-Perot device consists of two plane, parallel, highly
reflective surfaces (mirrors) spaced by a distance d [102,103]. The device also includes a dielectric
resonant cavity in between the reflective surfaces. The working principle is similar to a tunable
diffraction grating. The spectrometer operation depends on the optical cavity to transmit a narrow
spectral band to the detector. If the cavity length is varied spatially, it works as a variable filter.
Excellent resolution can be achieved by properly controlling the cavity length. The spectral
transmission of Fabry-Perot filter is controlled by the application of an acoustic signal that isolates
the spectral components on the time axis [104—106]. A detector is placed under the resonator
cavity, which eliminates the use of focusing optics. The device configuration is shown in Figure
1-8.

In maximum transmission through the cavity, the light with wavelength A can be resonated

and enhanced in the cavity if d becomes an integral multiple of ’1/ o. The system resolution depends
on high reflectance of both mirrors. Moreover, the imperfection and nonparallelism in the mirrors
combined with the cavity defects lead to the reduction of spectral resolution [107]. This approach
is also sensitive to the incident light angle of incoming light. As the cavity reflects most of the

incoming light, throughput is not good because a large fraction of energy is lost.
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Figure 1-8: Simplified schematic illustrating the principle of a miniaturized Fabry-Perot cavity
spectrometer.

1.5.4 Colloidal Quantum Dot - A Reconstructive Spectrometer

This approach is based on colloidal quantum dots (CQD) that are chemically synthesized
filters with distinct, broadband transmission spectra [43,61]. The absorption properties of CQD
filters are tuned by their sizes, shapes, and composition to allow wavelength selectivity. Broadband
light, with its own specific spectrum, passes through the broadband spectral filters and reaches a
detector where its intensity is measured. The incident spectrum is generated by implementing
spectrum reconstruction techniques. The CQD spectrometer can efficiently reconstruct

narrowband spectrums with precision and accuracy. The method has no angular or polarization
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dependence. However, this approach involves nonconventional materials and non-standard

fabrication processes implying limited feasibility of scalable manufacturing.

1.5.5 Spectrometers based on Dispersive Media/Photonic/Plasmonics Slabs-A Reconstructive

Spectrometer

This configuration utilizes random spectral filters based on the photonic crystal (PC) or
plasmonic slabs with a specific optical transmission spectrum. A schematic illustration is shown
in Figure 1-9. The spectral response of each filter is unique and depends only on the structure and
geometry of the slab. The incoming light bounces back and forth many times within the structure.
This reduces the cross-correlation of the transmission spectra of each filter and enhances the
reconstruction capability. However, the transmission spectra are highly sensitive to the incident

angle of incoming light, which may affect the efficacy of the device.

@ — — @

Photodetector Light source

PC slab

Figure 1-9: Schematic illustration of a photonic crystal (PC) slab optical spectrometer. PC slab
filters are comprised of an array of air holes in a dielectric film. The transmission spectra depend
on the diameter, array period, and lattice constant of the holes.
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1.5.6 Filter-Free Optical Spectrometers based on Reconstructive Algorithms

In this class of spectrometers, instead of separately integrating DOEs with one or more
detectors, light filtering occurs within the detectors themselves. In this method, the detector’s
responsivity is tailored by engineering the bandgap of the material. Each detector has its own
response function, which is later used to generate the spectrums using spectral reconstruction
techniques. Moreover, the spectrometers based on nanostructured photodetectors e.g. single
nanowires [43] or GaN nanopillar arrays [30] have a clear advantage, as wavelength selective
photo-detection is inherent to the photodetectors due to which this configuration is insensitive to
the incident angle of light. This eliminates the need to condition the incident signal with any
collimation optics or aperture, enabling a versatile integration of the spectrometer chip with a lab-
on-a-chip sensor. A comparison of different existing spectroscopic approaches categorized by the

filter materials is also summed up in Table 1-1.
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Table 1-1: Summary of various methods for a miniaturized reconstructive spectrometer.

. . Signal )
Design Filter class Detection Pros Shortcomings
. * Requires an external
* Fully-integrat )
DOE:s based wiy-integra ed, optical fiber
optics free o
on Separate * Good spectral " Sensitive to the
CMOS diffraction, p pect coupling conditions.
) photodetector | peak estimation .
spectrometer interference, * Resolution depends
array accuracy . .
and « Range: 500 - 830 | O0 system dimensions
resonance ge: * Need to condition the
nm . .
incident light
. * A mini f
CMOS sensor | * High spectral TR 36
array and spatial filters required for
PC slab Passive . . decent reconstruction
spectrometer resonance (involves resolution * Highly sensitive to
p integration * Range: 550 - 750 Ly Sensitl
. the angle of incidence
with filters) nm - .
of the incoming light
* Accurate spectral
* High-resolution | reconstruction with at
CCD Camera spectrometer least 196 filters
. * No angular or * Non-standard CMOS
CQD Passive (assembled e ]
. polarization materials and
spectrometer absorptive separately ..
with filters) dependence fabrication processes
* Range: 400 — * Scalable
600 nm manufacturing is
crucial
* On-chip
integration of * Reasonable
. nanostructures reconstruction with
Nanowire . . . .
. with unique minimum of 30 units
Single . works as a L . )
. Active . responsivities * Operational range is
nanowire . photodiode , )
absorptive c . * Doesn’tneed to | just over 100 nm broad
spectrometer with in-built . C
filtering condition and is limited by the
incident light band gap of bulk
* Range: 510 — semiconductors
620 nm
* Spectroscopic
functionality with
Our Spectral only 16 PDs . . Needs improvement
. » Ultrathin, optics- | in the accuracy of
Spectrometer . filtering and . . . .
. Active . C. free & chip-scale | intensity ratios between
Strain- . sensing in the o
. absorptive * Insensitive to the | the peaks of
engineered same .
. incident beam reconstructed spectrum
semiconductor structure

angle
* Range: 400 -650
nm

37




1.6 Spectrometer Figures of Merit

The spectrometer design and its performance depends on several significant characteristics
often refers to as the figures of merit of the device. When miniaturizing a spectroscopic system, it
is essential to have a thorough understanding of the figures of merit and the trade-offs of the
strategies. These characteristics include optical throughput, spectral range, spectral resolution,
spectral multiplexing, and noise functioning. In this section, we compare our proposed approach
with other spectrometer designs in the light of these key parameters.

Throughput denotes the portion of incoming light accessible for the spectrometer and is
available to be analyzed by the system. It is the amount of light that passes through the
spectroscopic system and is detected by the detectors. Throughput depends on the area of the
aperture. For example, the DOEs based spectrometers use apertures or an entrance slit that limits
the amount of input light reaching the detector. In such cases, most of the light is lost and is not
available to traverse resulting a poor throughput. Our design approach does not need any aperture
or slit, so the throughput is not limited as compared to other spectrometers.

Spectral multiplexing is another important trait of a spectrometer. It is the ability of the
device to read multiple wavelengths simultaneously. Some spectroscopic systems such as tunable
light spectrometers measure one wavelength at a time. Our spectrometer can encode all spectral
information into one measurable optical signal as it uses a large fraction of incident light.

Spectral range is the span of the wavelengths measurable by the spectrometer. The spectral
operating range is often limited by the detector’s response at different wavelengths and sometimes
by the optical components. In a GaN-based spectrometer, the basic building block is GaN
nanopillars shaped by etching a standard GaN LED epitaxial stack. The strain relaxation around

the nanopillar’s perimeter leads to the modulation of the bandgap along the radial direction because
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of the piezoelectric effect. This property potentially enables GaN nanopillar structures to
continuously cover UV to near-infrared with InN/GaN (GaN/AIN) quantum wells.

The signal-to-noise ratio (SNR) is defined as the optical power divided by the root mean
square of the noise. When the optical signal is detected, it generates a current known as
photocurrent. Hence, electrical SNR is proportional to the optical power. In this way, SNR is
derived from the throughput, spectral multiplexing, and other characteristics.

Another important attribute of a spectrometer is its ability to read and convert the encoded
signal into a spectrum. Data readout implicates the output spectral information. Some
configurations use multiple detectors, while others need a linear transform of only one detector
output to produce a spectrum. In our design, readout detection takes place within the nanopillar
itself with light filtering. This eliminates any sort of integration with separate detectors. However,
the system still relies on reconstructive computational schemes and requires significant computing
power to operate. Depending on the simulation's computing device, this may increase the
complexity and total time consumption.

For a vast majority of portable and handheld applications, sophisticated bench-top
spectrometers with lab-grade sensitivity and resolution are not necessarily required. There are two
features, which are sufficient for most of the spectral sensing investigations. 1. Detection of the
spectral peak positions of a spectrum. 2. Determination of the intensity ratios between these peaks.
In practice, very accurate generation of the target spectrum is not required for some sensing
applications. Simple discrimination among known spectra with the low computational requirement
is an attractive and simple strategy. We can also take advantage of a priori information of an
unknown spectrum, e.g., the number of peaks, linewidth, or lineshape. In most cases, we have this

advance knowledge of the sensing material, which can be used to successfully detect, analyze and
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identify a target with an even less number of spectral encoders. This is our spectrometer’s

advantage.

1.7 InGaN/GaN-Based Photodetectors

In recent years, GaN and related compound semiconductors have emerged as critical
optoelectronic materials due to their exclusive functionalities of light emission, detection, and
transmission in the ultraviolet and visible wavelength ranges. In solid-state lighting, GaN-based
light-emitting diodes (LEDs) have made revolutionary developments. Beyond solid-state lighting,
GaN-based optoelectronic technology is unfolding a new realm of innovative and advanced device
applications such as head-up displays for augmented reality [108,109], visible light
communications (VLCs) [110,111], biochemical sensing [112], and multi-or-hyperspectral-
imaging [113].

In a semiconductor, absorption of light occurs when the incident photon's energy is greater
than its bandgap. Hence, a semiconductor photodetector's absorption cutoff wavelength can be
modified and controlled by tuning the bandgap. Local strain engineering was recently shown to
tune the bandgap of an InGaN dot-in-wire (DIW) nanostructure across the entire visible spectrum
[114,115]. There is a large lattice mismatch at the InGaN/GaN heterostructure interface that
generates compressive strain. This substantial built-in strain induces a strong piezoelectric field,
which leads to a large bandgap tilting, a phenomenon known as the quantum-confined Stark effect
(QCSE) resulting a redshift in the bandgap. This strain can be relaxed through the free surfaces of
nanopillar structures. A blueshift in the bandgap can be achieved by fabricating nanopillars with
different diameters using InGaN/GaN heterostructures. As a result, tuning of strain controls the

emission wavelength depending on the diameter[116]. Among different nanostructures, the
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nanopillar structure is one of the most effective. It has a higher surface-to-volume ratio compared
to nanostripes and nanoholes to enable more effective strain relaxation [117].

Local strain engineering in GaN DIW structures has been previously applied to control and
change individual nanopillars' emission wavelengths as a function of their diameters [118-122].
We expect a similar modulation of the photodetector’s cutoff wavelength because of the change
results from bandgap tuning. A notable advantage of tuning the intrinsic bandgap of a
photodetector for spectroscopy applications is the insensitivity to the incident angle of light. In
contrast, a similar silicon nanowire structure has also been shown to exhibit a diameter-dependent
cutoff wavelength [123]. However, the wavelength tuning was achieved by optical interference

and hence depended strongly on the incident angle of light [124,125].

1.8 UV/Visible Optical Spectroscopy- Potentially Enabled Applications

UV/VIS spectrometer is an essential analytical tool in scientific and industrial research for
performing in-situ, noninvasive, and multiplexed measurements [10,54,126—132]. It has found
broad applications in life science, microbiology, food industry, biomedical sensing, environmental
monitoring, pharmaceutical research, and quality control. In this section, some of the earlier well-
known applications using UV/VIS spectroscopy are reviewed.

In medical and life sciences, useful diagnostic information and surgical guidance can be
revealed in this spectral range. An excitation light source is used to excite a biological sample.
When light propagates through the sample, it undergoes multiple scattering and gets absorbed. The
characteristics of the absorption, fluorescence, reflection, and scattering spectra change during the
development of a disease. Hence, by making comparisons, disease screening is quantitatively
studied using subsequent spectra. For example, the concentrations and oxygen saturation of

hemoglobin [133], protein, and amino acid levels in cellular media are determined to diagnose two

41



hallmarks of cancer [134—137]. Cervical, skin, and breast cancers have spectral response curves
from 330 - 480 nm [138], 440 - 640 nm [139], and 450 - 700 nm [140], respectively.

In geology and mineralogy, iron oxide is one of the most examined soil minerals that has
an absorption spectrum in the UV-Visible wavelength range [141-145]. This is of great interest
because it determines the mechanism of photochemical reactions between iron oxides and organic
molecules in waters stimulated by sunlight [146]. Quantitative and qualitative analysis is also
important in planetary exploration to determine the surface mineralogy, at present a great deal of
attraction, for life to exist on Mars [147—-149].

In food quality, the ripeness of tomatoes [150], bruises on apples [151], peach firmness
[152] and infections in citrus food [153] are investigated in this spectral range. In all of these cases
and others, miniature spectroscopic instrumentation offers an excellent measurement tool for

remote sensing and nonionizing technology, especially operating in the UV-VIS wavelength range.

1.9 Monolithic Integration of Photodiodes and Light-Emitting Diodes

Most spectroscopic applications require not only a detection system but also an excitation
light source to provide a reference in reflection and transmission spectroscopy or to excite the
analyte in fluorescence spectroscopy. Chip-scale integration of an LED (light-emitting diode) light
source is an important part of miniaturizing a spectroscopic system. However, very few works
have been carried out to address this need [154—158]. There are two main challenges:

1. The difficulty of shrinking multiple dissimilar system components (light source and
photodetectors) while simultaneously addressing their integration [159,160].

2. The heterogeneous integration of different material platforms for the light source and
detectors, the already considerable size of the optical detection system preventing further

integration of the light source, and interference between the light source and the spectral signal.
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In reflection mode spectroscopy, the target sample is located on the top of the coplanar
light source and detectors, both monolithically integrated on the same chip. When the light source
is on, light is directed towards the target sample, where it interacts with the sample and is reflected
back towards the detectors. In integrated modules, the most commonly used excitation light
sources are mercury discharge lamps, halogen lamps, and lasers. However, GaN-based LEDs have
their own advantage due to their easily adjustable wavelength, pixel number, and size.

For on-chip detection of the signal, conventional photomultiplier (PMT), single-photon
avalanche diode SPAD detectors, CMOS photodiodes, and semiconductor photodiodes are
employed. Most of the schemes require the incorporation of an optical filter, distributed Bragg
reflectors (DBRs), or diffractive micro-optics to focus light onto the target sample and collect their
emitted signals. Optical filters and diffraction-based systems are strongly dependent on the
incident light angle. Light incident at low angles is strongly reflected whereas if incidence angles
become larger it is highly transmitted. As a result, peak reflectance becomes sensitive to the normal
incidence. However, for various applications sensing ability is needed under a wide range of
incident angles and over a wide spectral range. This becomes even more important in integrated
architectures where light may be incident over a wide range of angles due to intense scattering.
Hence, insensitivity to incident angle is a clear advantage. GaN-based photodiodes are independent
of the incident angle of light beam due to their larger viewing angle. In addition, optics-free

detection and inherent wavelength selectivity can make them a good choice.

1.10 Research Objectives

This research's main objective is to develop an ultrathin, optics-free chip-scale
reconstructive spectrometer based on GaN nanostructural absorbers The optical spectrometer

operates across the entire visible spectral range and can be extended to ultraviolet and near-infrared
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spectral regions. A spectrometer is not merely a device but a system. Miniaturizing a spectrometer
requires seamless integration and scaling of multiple dissimilar functional components, including
reference/excitation light sources, spectral encoders, photodetectors, and measurement circuits.
This work focuses on an all-semiconductor platform with the heterogeneous integration of GaN-
based LED and photodetectors. The demonstration of spectroscopic functionality without the use
of any collimated and focusing optics remains the key goal. The major challenges lie in the
spectrum reconstruction with a limited number of encoders/photodetectors, which result in
challenging machine learning problems and the existing method performed inadequately. The
research intends to resolve the challenge by developing new machine-learning methods with
precise models of the data acquisition process and reconstructive algorithms, leading to faster and
more accurate spectrum recovery.

There are several powerful techniques with which the InGaN LED and photodiode
structures can be easily removed from their primary substrate and transferred to another flexible
substrate. This opens up a novel approach that can potentially enable the realization of foldable,
flexible, deformable, and personal wearable optical spectrometers for disposable chip application

in a fully hybrid architecture, which is the motivation behind this research.

1.11 Research Contributions

The proposed research has provided the following key contributions:

e A proof-of-concept demonstration of an optical spectrometer based on 14
photodiodes, without any external optics or additional spectral filtering
components, in the wavelength range 450 — 590 nm [30].

e The absorption properties of individual photodiodes were controlled via local strain

engineering in nanostructured InGaN/GaN [30].
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Implementation of the photodiode array's spectroscopic function using compressive
sensing and machine learning algorithms [30].

Development of a monolithically integrated fully hybrid optical spectrometer
architecture comprised of independently addressable photodiodes and LEDs for
chemical sensing applications. An optical blocking structure was used to suppress
the LED-photodetector interference and was shown to be essential for
spectroscopic functionality. A proof of concept using a reflection spectroscopy
configuration was experimentally conducted to validate the feasibly of
simultaneously operating the LED excitation light source and the photodetectors
[161].

Designs to improve the absorption efficiency of InGaN nanostructured light
absorbers. This part of the work was in collaboration with Juhyeon Kim [29].
Proof-of-concept of a spectroscopic chip consisting of sixteen spectral encoders,
which simultaneously functioned as photodetectors were monolithically integrated
on a chip area of 0.16 mm?. A non-negative least square (NNLS) algorithm with
total-variation (TV) regularization and a choice of a proper kernel function was
shown to deliver a decent spectral reconstruction performance in the wavelength
range of 400 — 650 nm. The accuracies of spectral peak positions and intensity ratios
between peaks were found to be 1.08% and 11.3%, respectively. No external optics
such as collimation optics and apertures were used or necessary in the experimental
demonstration, enabled by angle-insensitive light-harvesting structures, for an

incident angle of light up to 30°, which included an array of nanopillar-shaped light
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absorbers and a cone-shaped back reflector fabricated on the underside of the

sapphire substrate [46].

1.12 Thesis Overview

This work focuses on an optical spectrometer concept utilizing an array of GaN
photodiodes where local strain engineering enables the tailorable spectral response of individual
photodiodes. The dissertation proposal is organized as follows. Chapter 2 offers a comprehensive
description of the spectroscopic functionality of the GaN photodiodes array. Experimental results
and the spectrum reconstruction of a test light source are also discussed in detail. Chapter 3
provides the proof-of-concept of monolithically integrated photodiodes and LEDs on the same
platform. An experimental demonstration of such a hybrid optical spectrometer for reflectance
spectroscopy is presented. Chapter 4 discusses the design aspects to increase the light-harvesting
efficiency in the visible wavelength range. Improvement in the accuracy of spectral reconstruction
is also shown. Chapter 5 delivers a proof-of-concept of a wafer-thin chip-scale portable
spectrometer based on a reconstructive algorithm. A decent spectral reconstruction performance
in the wavelength range of 400 — 650 nm is also presented. Chapter 6 concludes the thesis and

proposes future study ideas in this research.
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Chapter 2 On-Chip Optical Spectrometer Based on GaN Nanostructural Absorbers!

This chapter demonstrates the proof-of-concept of a spectroscopic chip based on
wavelength-selective semiconductor photodiodes. The photodiodes have inherent spectral filter
properties eliminating the use of separate filters. The absorption properties of individual
photodiodes were tuned via local strain engineering in nanostructured InGaN/GaN. By varying the
diameters of individual nanopillars, the cutoff wavelengths of absorption were varied across the
chip. The spectroscopic function was also demonstrated using these photodiodes in combination
with a spectral reconstruction algorithm. The responsivity of each photodiode was measured and
stored as a library file. To measure the unknown spectrum of the incident light, photocurrent was
measured under illumination from each pixel. By using the measured photocurrent and
responsivity with a suitable reconstruction algorithm, the spectrum of unknown incident light was
generated. The spectral filtering is intrinsic to the nanopillars and has negligible dependence on
the incident angle of light, enabling an optics-free spectrometer chip and simplifying integration
in a lab-on-a-chip layout. Such a compact, ultrathin optical spectrometer is of great importance
due to its immense potential for portable and remote sensing applications. Figure 2-1 shows an

illustration of such a system.

''T. Sarwar, S. Cheekati, K. Chung, and P. C. Ku, "On-chip optical spectrometer based on GaN wavelength-selective
nanostructural absorbers," Appl. Phys. Lett. 116(8), (2020). TS: methodology, experiment, data analysis, and results interpretation;
SC: spectral reconstruction analysis; KC: fabrication.
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2.1 Operating Principle

A semiconductor photodiode is an optoelectronic device that absorbs optical energy and
converts it to electrical energy, which is known as photocurrent. The cutoff wavelength of a
semiconductor photodiode is given by its bandgap. In a GaN nanopillar array comprising of InGaN
quantum wells, the strain relaxation around the nanopillar’s perimeter leads to the modulation of
the bandgap along the radial direction because of the piezoelectric effect. The bandgap at the center

of the nanopillar can be determined using a solid mechanics model [162,163] as

Eg = Eo — Bnv(D), (2-1)
where E is the bandgap of bulk InGaN, E, — B,, is the bandgap of InGaN quantum wells in thin
films due to the quantum-confined Stark effect (QCSE), and

y(D) =1 —sinhkD/2, (2-2)
where y(D) is a geometric factor that depends on the elastic property of InGaN (k factor) and the
diameter of the nanopillar D [164—-166]. In this way, the bandgap of nanopillar structures is
directly related to the amount of strain relaxation that varies with diameter. The strain relaxation
in nano-pillars increases the bandgap. The concept of local strain engineering in GaN
nanostructures has been previously demonstrated to tune the emission wavelength of individual
nanopillars as a function of their diameters [118—122]. The same principle is used to control the
cutoff wavelengths of individual photodiodes across the visible spectrum. The DIW nanopillars
can be fabricated either using a top-down or bottom-up process. In this work, we adopted the top-
down process. The nanopillars were defined by lithography and etching. Because all nanopillars
have the same epitaxial structure, any change in the absorption properties can be attributed to the

strain relaxation effect.
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2.2 Sample Preparation

The sample consists of an array of 14 photodiodes as illustrated in Figure 2-1. Each
photodiode further comprises of an array of DIW nanopillar structures. The diameter of all
nanopillars within each photodiode was fixed but varied from 55nm to thin film among different
photodiodes. All photodiodes have the same dimensions of 100 um by 100 um. The overall size
of spectrometer is 1.5 cm by 1.5 cm. The nanopillar structures were defined and fabricated using
a top-down process. The epitaxial wafer is a standard LED structure with five periods of InxGai-
xN (2.5nm)/GaN (12nm) quantum wells grown on a c-plane sapphire substrate by metal-organic
chemical vapor deposition (MOCVD). The epitaxial structure of InxGai.xN/GaN nanopillars and

the fabrication process flow are shown in Figure 2-1 and Figure 2-2, respectively.

In Ga, N/GaN

Figure 2-1: (a) Schematic of the spectrometer concept utilizing a wavelength-selective photodiode
array to enable a thin, compact, and potentially flexible (by removing the substrate) spectrometer
chip. (b) The epitaxial structure of individual DIW nanopillar structures as a building block for the
wavelength-selective photodiode, comprising of 5 InGaN/GaN multiple quantum. wells (MQWs)
and a thin AlGaN electron blocking layer.
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Figure 2-2: Fabrication process flow of nanopillar by a top-down process. The epitaxial wafer is a
standard LED structure grown on a sapphire substrate. Fabrication involves e-beam lithography to
define the diameters of all nanopillars in a single step, ICP-RIE etching combined with subsequent
wet etching in a diluted KOH. After that, planarization and fabrication of electrical interconnects
were completed.
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The electroluminescence showed orange emission (A=590nm at 3V) from the thin-film
LED. E-beam lithography was used to define the diameters of all nanopillars in a single step.
Inductively-coupled plasma reactive ion etching (ICP-RIE) followed by wet etching in 2% KOH
solutions was used to fabricate the nanopillars. After defining the structure, the planarization,
electrical insulation, and the patterning of electrical interconnects were carried out [121]. The
scanning electron microscope (SEM) images for 55nm and 100nm InxGaix«N/GaN nanopillars are
shown in Figure 2-3(a) and 2-3(b), respectively. Optical microscope images of the spectrometer

device are shown in Figure 2-4(a) and 2-4(b).

Figure 2-3: The scanning electron micrographs of two as-etched nanopillar arrays of different
diameters before planarization and metallization. Vertical sidewalls were achieved using a two-
stage dry/wet etch process.
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Figure 2-4: (a) The bright-field optical microscope image of the spectroscopic chip used in this
study consisting of an array of 14 photodiodes, each with a size of 100um x 100um. Each
photodiode is further comprised of an array of nanopillar structures with different nanopillar
diameters. Chip contains some test pixels outside the photodetector array. (b) The fabricated
spectrometer device. The array of dark squares on the right are the photodiodes. The dark color of
the photodiodes is the result of light absorption.

2.3 Characterization of GaN Photodiodes Photoresponse

After fabrication, each photodiode was characterized for its photoresponse. The
measurement setup is illustrated in Figure 2-5. Light from a solar simulator (Abet Technologies)
was filtered by a monochromator (Acton Research Corporation 25001, 0.500m focal length, triple-
grating). The broadband spectrum of light source measured from a commercial spectrometer is
shown in Figure 2-6(a). The filtered light was then directed upon individual photodiodes via a fiber
optic cable. A current meter (Keithley 6482) was used to measure the photocurrent from the
photodiode which was biased at 0V. The wavelength of the incident light was swept from 450nm
to 590nm with a step size of 1nm. The spectrum of filtered monochromatic light is also measured

from a commercial spectrometer at each wavelength and shown in Figure 2-6(b).
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The optical power of incident light was separately measured from a reference detector

using an integrating sphere. The size of the optical beam spot on the sample was also estimated

which allowed us to calculate the responsivity.

Solar

Simulator B  Monochromator |

Reference
Detector

Current
Meter

Figure 2-5: Schematic of responsivity measurement experimental setup. Light from a solar
simulator was filtered by a monochromator and directed upon individual photodiodes with a fiber
optic cable. A current meter was used to measure the photocurrent from the photodiode which was

biased at OV.
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Figure 2-6: Measured spectrum using a commercial spectrometer for (a) Broadband light source,
a solar simulator is used in this study. (b) Filtered monochromatic light reaching the spectrometer
chip; one wavelength at a time.
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2.3.1 Results and Discussion-Responsivity

Figure 2-7(a) shows the result for responsivity of each photodiode under the illumination
of monochromatic light. It can be seen that the absorption cutoff wavelength blue shifts while the
nanopillar diameter decreases. The peak responsivity also decreases with the decreasing diameter,
which is largely due to the reduction of the InGaN light-absorbing area. Figure 2-7(b) shows the
responsivity normalized to the total nanopillar area in each photodiode. The normalized
responsivity of the smallest photodiodes is ~10X lower than that of the larger ones. The difference
is attributed to the surface recombination of photogenerated electrons and holes. Proper surface
passivation is expected to bridge the gap in the future.

To understand the blue shift of the cutoff wavelength, Figure 2-7(c) compared the
dependence of electroluminescence peak wavelength versus the nanopillar diameter measured
from the same photodiode devices but biased at the lowest possible forward voltage to avoid any
carrier screening. A very good agreement was obtained between the emission and the absorption
cutoff wavelengths, suggesting the origin of the absorption blueshift is due to the change of the

bandgap as a result of local strain engineering.
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Figure 2-7 (a) The measured responsivities of the 14 photodiodes with different nanopillar
diameters. (b) The measured responsivities normalized to the total nanopillar cross-sectional area
in each photodiode. (¢) The comparison of the emission wavelength from each “photodiode”
biased at the lowest possible forward voltage to obtain the electroluminescence spectra and the
cutoff wavelength from part (a).
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2.4 Spectral Reconstruction

Numerically, an optical spectrometer has an ability to transform the photocurrent from
photodiodes into an unknown incident optical spectrum through a pre-measured responsivity
matrix. Thus, an appropriate algorithm is required for spectrum reconstruction. Unprecedented
developments in advanced signal processing and machine learning techniques have enabled the
chip-scale miniaturization of spectrometers in the true sense. There are several reconstruction
algorithms available to determine the unknown spectrum information. By carefully adopting a
suitable reconstruction technique, we can achieve high-dimensional information from low-
dimensional data. Hence, after obtaining the responsivities for all 14 photodiodes, we
demonstrated the spectroscopic function by illuminating the sample with a test light source
comprising of two commercial light-emitting diodes (LEDs). Figure 2-8 shows the experimental
setup for measuring the photocurrent from each photodiode. No external optics was used between
the LED output and the sample. In addition, we also measured the spectrum of the test light source
using a commercial spectrometer (Ocean Optics HR2000) for comparison. We denote the

photocurrent measured (at 0V) from the i-th photodiode as Ip;. The spectrum P; of the test light

source at a wavelength 4; satisfies

Ip; = 2Ry X P, (2-3)
where R;; is the responsivitiy of the i-th photodiode measured at A;. Hence, the spectrum can be
reconstructed by inverting (1). Because the number of photodiodes is much smaller than the
number of wavelengths used to characterize R;;, we have an under-determined system for which

a variety of algorithms have been developed for spectral reconstruction. In this work, we applied

one of the simplest algorithms, the non-negative least square algorithm (NNLS) which minimizes
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min 0||Ip - RPguess"2 with an L, norm [49]. We also show an improved result by applying

Pguessz

orthogonal matching pursuit (OMP) [167-169].
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Figure 2-8: Experimental setup for measuring the photocurrent from each photodiode under the
illumination of a test light source comprising of two commercial LEDs. Photocurrent was
measured to demonstrate the spectroscopic function. No external optics was used. The spectrum
of the test light source was also measured using a commercial spectrometer for making a
comparison.
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2.4.1 Discussion_Spectral Reconstruction

The NNLS algorithm finds a solution by first constructing a zero spectrum and treating the
responsivity matrix as a set of basis vectors to compute its dual vector. Next, it finds the maximum
dual vector index and uses the responsivity pseudoinverse to assign the corresponding spectral
value at that index. This continues until the dual vector has all positive values. While this algorithm
will always converge to a solution, the solution might not be optimal [170]. Figure 2-9(a) shows
the reconstructed spectrum using the Kronecker delta function at each wavelength as a basis. The
reconstructed spectrum picks up the peak wavelengths of the test light source although the shorter
wavelength peak has a slight offset, likely due to the small number of photodiodes we used.
However, most of the spectral values remain 0 due to the nature of minimizing the L, norm which
makes the reconstructed spectrum sparse. For applications with prior knowledge of the spectral
nature, one can choose a different basis, e.g., a gaussian or Lorentzian basis [171]. We can also
enhance the NNLS algorithm using OMP which iteratively reduces the residual between the
measured photocurrent and calculated photocurrent (from the reconstructed spectrum) by using
the residual to construct a correction to the spectrum. The OMP cannot converge when there is
noise present in the photocurrent or responsivity values, so we simply limit it by setting a
maximum number of iterations to 141, the number of bases. Figure 2-9(b) shows spectral
reconstruction using the Lorentzian basis (Snm FWHM), with and without OMP. The result with
the OMP shows an improved intensity ratio between the two peak wavelengths as well as more
spectral contents outside the peaks. Further improvements are expected by designing a photodiode
array with a larger number of photodiodes. Moreover, the noise is expected to be reduced by
designing more equalized responsitivity between different photodiodes, e.g. by increasing the

number of nanopillars at a smaller diameter.

59



~~
Q
p

— — Actual spectrum
/h ——NNLS + § basis

Normalized Intensity

R -
~
-~ i) PSP

430 4é0 4S|)0 52|O SéO 580 610
Wavelength (nm)

—~
O
p

— — Actual spectrum

7] w —— NNLS + Lorentzian basis
'\ ——NNLS + Lorentzian basis
! + OMP

Normalized Intensity

°~
) Moo\ o~

430 460 490 520 550 580 610
Wavelength (nm)

Figure 2-9: Spectral reconstruction from the photocurrents measured from the 14 photodiodes
illuminated by a test light source. The spectrum measured from a commercial spectrometer is also
shown as a dashed line for comparison. The spectra reconstructed from the NNLS algorithm with
(a) Kronecker delta function basis and (b) Lorentzian basis (Snm FWHM) with and without
orthogonal matching pursuit (OMP).
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2.5 Conclusion

In summary, an array of monolithically integrated GaN-based photodiodes with built-in
spectral filtering responses was demonstrated. Local strain engineering in GaN DIW nanopillar
structures enabled the control of the absorptive properties of each photodiode. The comparison to
the emission wavelength variation from the same set of devices confirmed the strain relaxation
was the major cause for the blue shift of the absorption cutoff wavelength with a decreasing
nanopillar diameter. Spectroscopic function was also demonstrated using these photodiodes in
combination with a spectral reconstruction algorithm. The spectral filtering is intrinsic to the DIW
nanopillars and has negligible dependence on the incident angle of light, enabling an optics-free
spectrometer chip and simplifying integration in a lab-on-a-chip layout. Finally, spectral
reconstruction for an under-determined system is a topic in a rapidly developed field: compressive
sensing. A more suitable algorithm may be identified to work with the nature of our absorber

spectral properties.
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Chapter 3 Ultrathin Optics-Free Spectrometer with Monolithically
Integrated LED Excitation?

A semiconductor spectrometer chip with a monolithically integrated light-emitting diode
was demonstrated. The spectrometer design was based on a computational reconstruction
algorithm and a series of absorptive spectral filters directly built into the photodetectors’ active
regions. The result is the elimination of the need to employ external optics to control the incident
angle of light. In the demonstration, an array of gallium nitride (GaN) based photodetectors with
wavelength selectivity generated via the principle of local strain engineering were designed and
fabricated. Additionally, a GaN-based LED was monolithically integrated. An optical blocking
structure was used to suppress the LED-photodetector interference and was shown to be essential
for spectroscopic functionality. A proof of concept using a reflection spectroscopy configuration
was experimentally conducted to validate the feasibly of simultaneously operating the LED
excitation light source and the photodetectors. Spectral reconstruction using a non-negative least
squares (NNLS) algorithm enhanced with orthogonal matching pursuit was shown to reconstruct

the signal from the reflection spectroscopy. Optics-free operation was also demonstrated.

2 T. Sarwar and P. C. Ku, "Ultrathin Optics-Free Spectrometer with Monolithically Integrated LED Excitation,"
Micromachines 13(3), 382 (2022). TS: methodology, experiment, data analysis, and results interpretation.
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3.1 Introduction

To enable a portable and handheld in-vivo monitoring system, chip-scale optical
spectrometers in a fully integrated mode are needed. A fully hybrid design allows the integration
of photonic, microelectronic, and image-processing modules on a single chip. The integration of
micro-LEDs as a light source and photodiodes as a detector can provide localized illumination and
detection that is highly desirable in many applications because micro-LED can target specific
entities at precise wavelengths, without influencing other parts of the system. Among various
approaches, spectrometers based on reconstructive algorithms [172—174] shift the complexity of
processing spectral information from physical components to software computations [175-178].
A reconstructive spectrometer consists of a series of photodetectors with different spectral
responses Ry (1), where k denotes the k;;, detector and A is the optical wavelength. For an unknown
spectrum S(A), the photocurrent generated by the k;), detector is given by I, = R;(41)S(1). With
a set of known R, (1), one can reconstruct the unknown spectrum S(A) by inverting the above
equation using a computational algorithm, e.g., the non-negative least squares (NNLS) method.
The spectral resolution is determined by the size of the Ry (A1) matrix and how differently each
photodetector’s spectral response relates to another. Ideally, there should be no correlations
between any two photodetectors’ responses and the number of photodetectors should be equal to
the spectrometer’s spectral range divided by the desired spectral resolution. For many applications,
however, a reconstructive spectrometer can generate useful information even working as an
underdetermined system. For example, the locations of a spectrum’s peaks and the relative
intensities between them are often sufficient information. Moreover, the reconstruction algorithms

can be enhanced by adding constraints that can either be improved over time via learning or be
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constructed based on the specific characteristics of the application of interest [179,180]. This is
highly desirable for many applications targeted by a miniaturized spectrometer.

A conventional semiconductor-based photodetector’s spectral response cannot be easily
tuned. Therefore, a reconstructive spectrometer has often been implemented with a series of
filter/detector combinations. However, dispersive spectral filters are highly sensitive to the
incident angle of light, requiring additional collimation optics, which add to a system’s bulkiness
and weight. Recently, absorptive filters, either standalone or built into the photodetectors, have
been successfully integrated into a reconstructive spectrometer [31,41,43]. Absorptive filters’
spectral responses have a weak dependence on the incident angle of light [47]. As a result,
collimation optics either become optional or can be replaced by other imaging optics to enable a

spectrometer array for hyperspectral imaging.

3.2 Monolithic Integration of LED and Photodiodes

Most spectroscopic applications require not only a detection system but also an excitation
light source to provide a reference in reflection and transmission spectroscopy or to excite the
analyte in fluorescence spectroscopy. Chip-scale integration of an LED (light-emitting diode) light
source is an important part of miniaturizing a spectroscopic system. However, very few works
have been carried out to address this need [112,135,143,156,158,181-183]. The main challenges
include the heterogeneous integration of different material platforms for the light source and
detectors, the already considerable size of the optical detection system preventing further
integration of the light source, and interference between the light source and the spectral signal. In
this work, we successfully demonstrated monolithic integration of LEDs and an array of

wavelength-selective photodetectors.
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Figure 3-1: Schematic of the spectrometer concept utilizing monolithically integrated wavelength-
selective photodiode array with Light emitting diode (LED) to enable an optics-free, ultra-thin film
spectrometer chip.

We experimentally validated the feasibility by showing the negligible interference of the
on-chip LED due to the portion of light directly leaked to the detector array. We also showed an
example of reflection spectroscopy using the on-chip LED and a notch filter to simulate an analyte

absorbing at a specific wavelength as shown in Figure 3-1.

3.3 Design Configuration

The spectrometer design consists of an array of GaN-based wavelength-selective
photodetectors [184]. When the strained InGaN quantum well active region is made into a
nanopillar geometry, the strain relaxation shifts the emission wavelength of the quantum well to a
short wavelength [185]. The strain relaxation is nonuniform and decreases from the edge to the

center. As GaN exhibits a large piezoelectric polarization due to the in-plane strain, the strain
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relaxation leads to the change of the bandgap and the absorption cutoff wavelength. The amount
of wavelength shift depends on the nanopillar’s diameter and the emission wavelength of the
original quantum well. In this work, the sample’s epitaxial structure includes five periods of
InGaN/GaN quantum wells sandwiched between a GaN pn junction. The room temperature
(sample uncooled) electroluminescence peaked at 590 nm and can be tuned between 480 and 590

nm depending on the nanopillar diameter.

3.4 Materials and Methods

Figure 3-2 shows the device schematic. The device consists of an array of photodetectors,
each constructed based on an array of GaN nanopillars comprising InGaN/GaN multiple quantum
wells. It also has an LED which was made of GaN nanopillars. The nanopillar’s diameter was
varied to control emission and absorption properties. The sample was grown by metal—organic
chemical vapor deposition (MOCVD) on a c-plane sapphire substrate. After growth, the sample
was patterned using electron-beam lithography into a series of nanopillar arrays. Each array is
either a photodetector or LED depending on the bias. Each array occupied a chip area of 100 um
by 100 um. All nanopillars in the same array have the same diameter. The spacing between two
adjacent nanopillars was 250 nm for smaller nanopillar diameters and 2 um for larger ones. The
nanopillars were formed using a two-stage etching process, first using inductively coupled plasma-
reactive ion-etching (ICP-RIE) followed by an anisotropic wet etch in a 2% diluted KOH solution
(AZ-400). Chromium was used as the etch mask. The wet etch step created a vertical sidewall,
allowing the nanopillar diameter to be better controlled. The etching was stopped once we cleared
the quantum well region. The resulting nanopillar height was 260 nm. After etching, a conformal

50 nm thick SiNy layer was deposited to form electrical insulation around the nanopillars. The
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sample was then finished with planarization using SiO> and electrode deposition (Ni—Au for p-

contact and Ti—Au for n-contact).

3.5 Experimental Details

Two sets, each containing a total of 14 nanopillar arrays were fabricated along with a few
additional test structures. The optical image of the as-fabricated sample and the scanning electron
micrographs of two of the arrays immediately after the patterning step are shown in Figure 3-3. To
choose the nanopillar diameters, we aim to distribute the absorption cutoff wavelengths of the
nanopillar arrays evenly across a wide wavelength range. Previously, using a simple one-
dimensional solid mechanics model which modeled the InGaN quantum well with a linear chain
of atoms whose positions were determined from the balance of the strain relaxation due to the
nanopillar geometry and the intrinsic compressive strain due to the lattice mismatch. The result is
that the emission wavelength of each nanopillar array follows an exponential dependence 1 —
sinh kD /2 on the nanopillar’s diameter D, where k describes the material’s elastic property [186].
The emission wavelength of each nanopillar array was previously shown to be identical to the
absorption cutoff wavelength at a zero bias [30]. To this end, we varied the nanopillar diameter
from 55 to 100 nm with a 5 nm increment and from 100 nm to thin film with a larger increment to
even out the emission wavelength distribution across the blue—green—orange range. One of the 14
nanopillar arrays was chosen to operate in the LED mode with a forward bias applied. The

emission spectrum was measured by Ocean Optics HR2000 and is shown in Figure 3-4.
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Optical
Blocking

Figure 3-2: Schematic of the proposed spectrometer chip with a monolithically integrated LED.
As shown in the illustration, there are three photodetectors and one LED separated by an optical
blocking structure. The three photodetectors exhibit different spectral responses due to the

difference in the nanopillar diameter.

optical blocking LED

Figure 3-3: The optical image of the as-fabricated spectrometer chip with a monolithically
integrated LED light source. Each yellow square is a nanopillar array with a chip area of 100 um
x 100 pm. The nanopillar diameters of the 13 arrays enclosed by the dashed line vary from 55 nm
through thin film (see Figure 3a,b for the diameter values). The black-colored structure is the
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enamel-coated PET optical blocking structure to suppress the direct capture of the LED emission
by the photodetectors. The edge-to-edge spacing between two arrays is 0.3 mm. The two scanning
electron micrographs show two nanopillar arrays after etching but before planarization. The
diameters of the nanopillars are 80 nm and 800 nm for the images on the top and bottom,
respectively.

Relative Intensity (a.u)

450 470 490 510 530 550 570 590
Wavelength (nm)

Figure 3-4: The emission spectrum of the on-chip LED (biased at 8V) measured by Ocean Optics
HR2000. The LED device is also a nanopillar array with a diameter of 200 nm.

3.6 Optical Blocking and its Effectiveness

As shown in Figure 3-2, the LED is placed adjacent to the photodetector array. The spacing
between each array is 0.3 mm. Due to the proximity, the LED emission can be directly captured
by the photodetectors. This interference can overwhelm the spectroscopic signal, which is likely

to be much weaker than the emission along a direct path from the LED to the photodetectors. To
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address this challenge, we fabricated an optical blocking structure using polyethylene terephthalate
(PET). We first coated the PET with black enamel. We then shaped the PET sheet into a wall-like
structure and attached it to the sample surrounding the LED. Figure 3-4 shows that the PET optical
blocking layer successfully suppressed the LED interference. The photocurrents due to the direct
LED emission being captured by the photodetectors were significantly reduced to be within the

same order of magnitude as the dark currents measured with the LED turned off.
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Figure 3-5: The photocurrents measured from the 13 photodetectors using a semiconductor
parameter analyzer (Keithley 4200) under various scenarios: the dark currents measured when the
on-chip LED was electrically disconnected; the photocurrents with and without the optical
blocking structure integrated on the LED (shown in Figure 1a) which was biased at a constant 8V.
LED emission reflected from an off-chip object is negligible. As a result, the photocurrents
measured were the result of LED emissions being directly captured by the photodetectors along a
direct path on the chip. With optical blocking, the photocurrent due to the LED interference can
be considerably suppressed to be within the same order of magnitude as the dark current.
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3.7 Results

Unlike a filter-based spectrometer, the reconstructive spectrometer’s operating range is
largely determined by the wavelength range in which the photodetectors’ responses do not have a
strong correlation. To determine the operating wavelength range of our device, we first measured
each photodetector’s responsivity between 450 and 590 nm with a 1 nm spectral resolution. All
photodetectors were kept at zero bias. The results are shown in Figure 3-6(a,b). The responsivity
shown uses a standard definition for a silicon photodetector and accounted for all the light not
absorbed when passing between the nanopillars and ~88% not absorbed when passing through the
quantum wells. A stronger absorption, e.g., by increasing the nanopillar array’s fill factor, can
further enhance the responsivity.

Once the responsivities of all 13 photodetectors were obtained, we can determine the
operating range of the spectrometer by performing the NNLS algorithm with a series of delta-
function spectra, i.e., spectra with only a finite value at a specific wavelength and zeros everywhere
else. The result is shown in Figure 3-7. The reconstruction is accurate between 450 and 540 nm.
Although the emission wavelength of the photodetector ranges from 480 through 590 nm, the
operating window is not the same. The photodetectors’ responses beyond 540 nm are not
sufficiently diverse, which results in a large reconstruction error between 540 and 590 nm. This
can be remedied by increasing the responsivities of all photodetectors [187]. In contrast, although
all photodetectors absorb strongly between 450 and 480 nm, the correlation between their

responsivities is weak enough to still lead to an accurate reconstruction.
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Figure 3-6: (a,b) The responsivities of the 13 photodetectors measured at a zero bias using a tunable
monochromatic light source (adapted from [29]). The optical power at the sample was
characterized separately using an integration sphere. The photocurrent was measured using a
semiconductor parameter analyzer (Keithley 4200). The legend shows the nanopillar’s diameter

in each photodetector.
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Figure 3-7: Determination of the spectrometer’s operating range using an NNLS algorithm with a
series of delta-function spectra between 450 nm and 590 nm. The shaded area from 541 to 590 nm
indicates the wavelength range in which the reconstruction has a large error. The result implies an
operating range from 450 nm through 540 nm.

3.8 Reflectance Spectroscopy Feasibility

Next, we demonstrated the viability of the monolithically integrated LED light source in
the configuration of reflection spectroscopy. Figure 3-8 shows the schematic of experimental setup
to demonstrate the proof-of-concept using reflection mode spectroscopy. We tested two
configurations. In one configuration, we placed a mirror approximately 4 cm from the sample, as
shown in Figure 3-9(a). In the second configuration, we inserted a notch filter (Thorlabs NF-533-
17) with a center wavelength of 533 nm and a linewidth of 17 nm between the mirror and the
sample as shown in Figure 3-10(a). No other optics were used. In the experiment, the LED

emission emanated from the sample passed through the notch filter, was reflected from the mirror,
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and passed through the filter another time before being absorbed by the photodetectors. The
returned spectra were measured by a commercial spectrometer and shown by the dashed curve in
Figure 3-9(b) (without placing a notch filter), and Figure 3-10(b) (with a notch filter).

To reconstruct the reflected spectrum, we used an NNLS algorithm enhanced by the
orthogonal matching pursuit (OMP) method to address a full range of spectral components
simultaneously at multiple photodetectors [30]. We used a Gaussian basis with a 12 nm linewidth
and a maximum iteration value of 141, which is equivalent to the number of wavelengths used to
characterize the response function of photodetectors. The reconstructed spectra for both
configurations are shown in Figure 3-9(b) and Figure 3-10(b) with the blue solid curve which
reasonably matches the spectrum measured by a commercial spectrometer (black dashed curve).
The spectral reconstruction in this work is an underdetermined problem with only 13 photocurrent
values available. As a result, only an approximate instead of an exact spectrum can be

reconstructed in Figure 3-10(b).
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Figure 3-8: Experimental setup to show the feasibility of using our spectrometer chip for chemical
analysis in reflection spectroscopy configuration.
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Figure 3-9: (a) The experimental configuration to demonstrate the feasibility of the monolithically
integrated LED light source in reflection spectroscopy. We used a mirror, imitating as a chemical.
To demonstrate reflection spectroscopy. The distance between the mirror and the chip is 4 cm. No
external optics were used. (b) The LED emission (black dotted curve), captured by Ocean Optics
HR2000, and the reconstructed spectrum (red solid curve) using an OMP-enhanced NNLS
algorithm.
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Figure 3-10: (a) The experimental configuration to demonstrate the feasibility of the
monolithically integrated LED light source in reflection spectroscopy. A notch filter was used to
modify the LED emission. Together with the mirror, the reflected spectrum simulated an analyte
absorbing around 533 nm with an absorption linewidth of 17 nm. The distance between the mirror
and the chip is 4 cm. No other optics other than the two shown were used. (b) The LED emission
(green dotted curve), the reflected spectrum (black dashed curve) just above the chip captured by
Ocean Optics HR2000, and the reconstructed spectrum (blue solid curve) using an OMP-enhanced

NNLS algorithm
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3.9 Discussion

The reconstructive spectrometer chip designed, fabricated, and characterized in this work
used a series of wavelength-selective photodetectors that exhibited a very weak dependence on the
incident angle of light. As a result, collimation optics were not necessary for the functionality of
the device. It was evident that the responsivities used in the spectral reconstruction in Figure 3-
10(b) were measured using a completely different illumination profile. The responsivities were
measured using a monochromatic light focused onto the sample while the reflected spectrum in
Figure 3-10 diverged significantly due to the incoherent nature of the LED emission. The results
highlighted an important advantage of the reconstructive spectrometer using absorptive spectral
filters, which in our case were built in as part of the photodetectors. The optionality of the
collimation optics can enable a miniaturized spectrometer in an ultrathin form factor. One can also
opt to integrate focusing lenses to increase the signal-to-noise level and/or to easily enable an array
of spectrometers on the chip for hyperspectral imaging.

The spectroscopic operating range in this work can be expanded by reducing the correlation
between the photodetectors’ responses, €.g., by enhancing the absorption in the long-wavelength
region. When some photodetectors’ responsivities are very low, they effectively become non-
participating and correlated, as 0 and O are always correlated. The enhanced absorption can allow
more photodetectors to participate in the reconstruction algorithm. This was shown in [29].

The optical blocking in this work was fabricated using an enamel-coated PET sheet
manually attached to the spectrometer chip. A more scalable approach can be to use a MEMS
(microelectromechanical system) process. For example, when patterning the nanopillar arrays, one
can keep a checkerboard pattern of GaN unetched. These wall-like structures can then be

heightened using PDMS (polydimethylsiloxane) which can be subsequently coated with a thin
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metal layer to be rendered light-blocking. As the LED is simply a forward-biased photodetector in
our design, a photodetector array separated by optical blocking structures can enable a

reconfigurable excitation spectrum for more versatile applications.

3.10 Conclusions

In summary, we designed, fabricated, and demonstrated the feasibility of an optics-free
spectrometer chip with a monolithically integrated LED light source. With 13 photodetectors, we
successfully achieved spectroscopic functionalities in the wavelength range between 450 nm and
540 nm. We also demonstrated the feasibility of reflection spectroscopy using the on-chip LED
source and photodetectors simultaneously. The optical blocking structure successfully suppressed
the direct capture of the LED emission by the photodetectors, which were as close as 0.3 mm from
the LED. Finally, we showed that the spectrometer chip in this work did not require any external
optics for its functionality. Therefore, the proposed spectrometer design can potentially enable a
miniaturized spectroscopic system in an ultrathin film platform which can enable new

opportunities, e.g., a wearable spectrometer chip to monitor physiological conditions in real-time.

71



Chapter 4 Designing an Ultrathin Film Spectrometer Based on III-Nitride Light-Absorbing

Nanostructures?

In this chapter, a spectrometer design enabling an ultrathin form factor is proposed. Local
strain engineering in group Ill-nitride semiconductor nanostructured light-absorbing elements
enables the integration of a large number of photodetectors on the chip exhibiting different
absorption cut-off wavelengths. The introduction of a simple cone-shaped back-reflector at the
bottom side of the substrate enables a high light-harvesting efficiency design, which also improves
the accuracy of spectral reconstruction. The cone-shaped back-reflector can be readily fabricated
using mature patterned sapphire substrate processes. Our design was validated via numerical
simulations with experimentally measured photodetector responsivities as the input. A light-
harvesting efficiency as high as 60% was achieved with five InGaN/GaN multiple quantum wells

for the visible wavelengths. (This work was done in collaboration with Juhyeon Kim.)

4.1 Introduction

An absorption-based spectrometer utilizes a series of optical filters with different
absorption responses. The absorption responses from any two optical filters need to have minimal
spectral correlations. Once this condition is satisfied, the photocurrent I; generated from the i-th

photodetector/optical filter combination can be determined by,

3 J. Kim, S. Cheekati, T. Sarwar, and P. Ku, "Designing an Ultrathin Film Spectrometer Based on III-Nitride Light-
Absorbing Nanostructures," Micromachines 12(7), 760 (2021). JK: simulations and analysis; SC: spectral reconstruction analysis;
TS: photodetector design and measurements.
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Ii = Rij X P; (4-1)

where P; is the optical power at a wavelength 4; absorbed by the photodetector, and R;; is the
responsivity, with a unit of A/W, of the i-th photodetector/optical filter combination at a
wavelength 4;. Once the responsivities of individual detection elements are measured, one can

invert the above equation to obtain the optical spectrum P. In practice, the measured photocurrents
include noise, and, thus, the above equation may not have a solution. However, one can seek a
solution that minimizes the norm of the difference between the two sides of Equation 4-1. This is
a topic of immense interest in recent years [188—192]. As the spectra of interest are often not
arbitrary, the accuracy of spectral reconstruction can be improved with a set of constraints, e.g.,
by assuming the optical spectrum consists of a series of Gaussian spectra with a finite linewidth.
The estimation approach also allows one to recover important spectral information even when the
number of photodetectors is less than the number of wavelengths [193—-196].

The photodetector/optical filter combination can be further simplified by a photodetector
design with an intrinsic tunable absorption response. For example, indium gallium nitride (InGaN)
dot-in-the-wire (DIW) light-absorbing nanostructures have been shown to exhibit a tunable
absorption response by changing their geometric parameters, such as diameter and shape [197].
The intrinsic strain stored in the InGaN DIW region grown on GaN due to lattice mismatch is
relaxed near the surface of the nanostructure, modifying the electronic band structure and thus the
absorption response. Lithographically defined InGaN DIW nanostructures can tune their
absorption cut-off wavelengths from ultraviolet through near-infrared spectra [186,198-200].

Previously, an absorption-based spectrometer using an InGaN DIW nanostructure directly
integrated with a GaN pn junction was demonstrated [201]. Such a design enables an extremely

compact construction, eliminating the need for a separate silicon photodiode array. However,
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InGaN DIW nanostructures have very limited light absorption in the visible wavelength range due
to a small absorption length. Significantly increasing the InGaN thickness will not be feasible due
to a large lattice mismatch with GaN.

In this chapter, three major aspects were analyzed to visualize the improvement in the
current device design. 1. We theoretically evaluated the absorption coefficient of nanopillars using
Nextnano® simulation tool. 2. This work proposed a simple strategy, utilizing the well-established
sapphire substrate patterning process to greatly enhance the absorption efficiency while
maintaining a large acceptance angle for the incident light. We also demonstrated that
spectroscopic performance can be significantly enhanced. Simulations and analysis for this part
were carried out by Juhyeon Kim. 3. The electrical characteristics of the photodetectors were
studied thoroughly by employing equivalent circuit models to investigate any room for

improvement in the performance of our spectrometer.

4.2 Calculation of Absorption Coefficient

Nextnano is a simulation software for electronic and optoelectronic semiconductor
micro/nano devices [202—-204]. It provides theoretical models for understanding designing, and
improving the electronic and optical properties of nanostructures with any arbitrary arrangement
of geometries and materials. Here, Nextnano® tool was employed to theoretically calculate the
absorption coefficient of nanopillars with different diameters. The program process flow and used
equations model are shown in Appendix A. The simulated structure is a GaN nanopillar that
contains a 2.5 nm InyGaN;.x quantum well (QW) embedded 10 nm below the top surface with x =
0.32 i.e., the indium composition. The nanopillar was surrounded by air. A nanopillar structure
with 40 nm diameter is shown in Figure 4-1 as an example. The numerical model was based on

continuum elasticity approximation that minimizes the total strain energy in the nanopillar. A 6-
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band k. p model was used to solve the strain-involved electronic band structure and energy states
in the conduction (CB) and valance band (VB) [205-209]. The interaction between the CB and the
VB was ignored. The calculated band structures are plotted in Figure 4-2(a) and (b) in the x-
direction at the top and bottom of the InGaN layer, respectively. The 1st electron and hole Eigen
energy states are also labeled. A total of 100 Eigen values in both CB and VB were calculated by
solving Schrédinger’s equation under the effective mass approximation and shown in Figure 4-
2(c) and (d), respectively. Wavefunctions and wavefunction overlap integrals were also calculated
for all those Eigen states. A MATLAB code was used to calculate the absorption coefficient for
different nanopillar diameters using imported data files from Nextnano®. Absorption rates were
calculated only for the QW region since the barrier material has a higher bandgap and does not
participate in the optical process because the photon energies are much higher. The Eigen values
and Eigen functions with Spatial overlap only in the QW region were considered. MATLAB
algorithm for carrying out this analysis is reproduced in Appendix B. Figure 4-3 shows the results.
The absorption pattern for each nanopillar is dissimilar to the other. This diversity in the signature
patterns defines the resolving power of a reconstructive spectrometer and is thus very important

for finding the most ‘plausible’ solution.
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Figure 4-1: The schematic of the InxGaN;.x/GaN nanopillar structure simulated in Nextnano® with
its coordinates. Nanopillar has a diameter of 40 nm with 32% Indium content.
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Figure 4-2: (a) The electronic band structure in the x direction at the top of the QW layer and the
corresponding first electron Eigen state. (b) The band structure at the bottom of the QW layer and
the corresponding first hole Eigen state. Eigen energy states were calculated by solving

Schrodinger’s equation under the effective mass approximation in (¢) conduction band, and (d)
valance band.
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Figure 4-3: The absorption coefficient response curves of InGaN/GaN nanopillars with various
diameters at different wavelengths. The absorption rates were calculated using Nextnano?
simulation tool.

4.3 Device Design using Finite-Difference Time-Domain (FDTD) Simulations

Although silicon is a ubiquitous and often preferred material for a wide range of electronic
and optoelectronic applications, silicon’s light absorption properties cannot be easily tuned, which
is necessary for an absorption-based spectrometer. To address this limitation, the proposed
spectrometer design consists of an array of GaN-based photodiodes. Individual photodiodes’
absorption cut-off wavelengths are tuned by changing the nanopillar structures’ diameters. The
underlying principle for absorption tuning is local strain engineering [210]. When the compressive
strain in the InGaN multiple quantum well (MQW) regions is relaxed at the nanopillars’ sidewalls,
the absorption band-edge is blue shifted due to the reduction of the quantum-confined Stark effect
(QCSE). Local strain engineering has been previously applied to monolithically integrate red,
green, and blue-light-emitting diodes (LEDs) on the same substrate using a single epitaxial stack

[211-213]. The same principle has also enabled the realization of an absorption-based
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spectrometer [30]. InGaN absorbs light efficiently, exhibiting a large absorption coefficient
>104/cm. However, the lattice mismatch with GaN limits the total InGaN thickness to a few tens
of nanometers, resulting in a low absorption efficiency and photodiode responsivity. To increase
the light-harvesting, one can employ light trapping structures, such as optical cavities, a roughened
surface plus a back-reflector, plasmonic structures, and photonic crystals. In this work, we
investigated a simple strategy using a metal-coated patterned sapphire substrate (pss) acting as a
back-reflector and light scatterer to deflect the incident light in order to increase the optical path.
The process of fabricating a pss is well established and widely used in the LED industry [214]. As
a result, the proposed pss as a wafer-scale light trapping structure can be fairly economical to
manufacture. In the current design, we consider the pattern to be fabricated on the bottom side of
the sapphire substrate, as a laser lift-off (LLO) process to separate the GaN layer from the pss
substrate is still in development [215-217]. In the future, it may be possible for the photodiode
epitaxial stack to be grown directly on a pss, which can then be coated from the underside with a
metal back-reflector after substrate removal. In addition to the back-reflector, we also included
optional top TiO> grating, which we found to further enhance light absorption in large-diameter
nanopillar structures. (This study was done by Juhyeon Kim.)

Figure 4-4 shows the schematic of the proposed device structure. For the pss, we
considered an array of cone-shaped, silver (Ag)-coated structures with adjustable sidewall angle
@, which can be tweaked by the resist reflow condition and the subsequent transferring of the resist
pattern into the sapphire via dry etching [218]. We fixed the base diameter of the cone and assumed
the backside of the sapphire substrate was polished before the cone structures were formed. The
photodiode consists of an array of nanopillars. The epitaxial stack of the nanopillar is a typical

LED structure with an InGaN/GaN MQW active region sandwiched between a GaN pn junction.
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Figure 4-4: Schematic of the proposed wavelength-selective photodetector. The structure consists
of three parts: the light absorbing InGaN/GaN MQW active region, the photodetector p-type (ITO,
Ni/Au) and n-type contacts, and the light-trapping structure consisting of the silver (Ag)-coated
cone-shaped back-reflector and the top TiO2 photonic crystal (PhC) layer. The InGaN active region
and the GaN pn junction are formed by lithographically patterning a thin-film structure of the same
epitaxial stack, as shown by the scanning electron micrograph on the right, with an array of InGaN
DIW nanopillars with a diameter of 80 nm before filling the space between the nanopillars with
the insulating SizNa.

The nanopillar’s diameter D determines the active region’s absorption cut-off wavelength.
In this work, we considered five pairs of 2.5 nm InGaN/12 nm GaN MQWs with an emission
wavelength of 590 nm at room temperature. The absorption cut-off wavelength decreased with the
nanopillar diameter and became 485 nm with a nanopillar diameter of 50 nm. To complete the
photodiode, the nanopillars were first coated with 50 nm of SiNx as the insulator, and the voids
were filled and planarized by SiO». The p-type contact consists of 5 nm each of Ni and Au plus a
200 nm-thick indium-tin—oxide (ITO) as the current spreading layer. The device fabrication and
photodiode characterizations were previously reported in Ref. [219].

To evaluate the light-harvesting efficiency (LHE), which we defined as the fraction of light

intensity absorbed by the InGaN active region in the wavelength range 20 nm above the cut-off
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wavelength, we used finite-difference time-domain (FDTD) simulations with a periodic boundary
condition (performed by Juhyeon Kim). We considered an unpolarized incident light at an angle
6. We included the entire epitaxial stack, including the metal layers, and assumed a transparent Ni
layer. After thermal annealing of the p-type contact in air at a high temperature, the Ni layer
transformed into a transparent NiO. Although the absorption in InGaN depends on the wavelength
as shown in Figure 4-3, we assumed a constant absorption coefficient of 10> cm™ for simplicity.
This assumption is justified because we are mainly interested in the relative improvement in
absorption after introducing the light-trapping structure. We considered five different nanopillar
diameters: 50 nm, 100 nm, 200 nm, 1000 nm, and thin film, corresponding to the absorption cut-

off wavelengths of 485 nm, 518 nm, 536 nm, 570 nm, and 590 nm, respectively.

4.3.1 Results and Discussions

We first determined the optimal cone angle ¢ for the back-reflector. We focused on the
smallest diameter nanopillar array, as it has the lowest LHE. The edge-to-edge spacing between
two adjacent nanopillars was fixed at 50 nm for all nanopillar arrays. This spacing was chosen
because it can be readily patterned using modern lithographic tools. Figure 4-5 compares the
relative LHE as a function of the cone angle. It can be seen that the LHE peaks at a cone angle
range between 32° and 37°. We fix ¢ = 33° in the following discussions.

Next, we considered a design with a higher density of nanopillars and added a TiO» two-
dimensional grating structure on top of the GaN nanopillar array. We also proposed to grow the
epitaxial structure on a patterned sapphire substrate (pss) to increase the optical path length through
the MQW region. These strategies can significantly increase the absorption efficiency, as shown
in Figure 4-5, determined using finite-difference-time-domain simulations (in collaboration with

Juhyeon Kim).
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The absorption responses of different photodetectors in an absorption-based spectrometer
need to be uncorrelated. In our design, the correlation is removed by varying the absorption cut-
off wavelength. photodetectors’ LHEs.

Finally, we examined how the improved LHE impacts the spectrometer’s performance. We
considered 14 photodetectors with absorption cut-off wavelengths varying from 485 nm to 590
nm. Starting from the experimentally measured responsivity curves for these detectors, we
estimated the new responsivity matrix R based on the calculated LHEs. To compare the spectral
reconstruction’s performance, we inputted a monochromatic light §(A), varied its wavelength A

from 460 nm to 590 nm, determined the theoretical photocurrents I, = R X §(A4), and calculated

the peak positions of the reconstructed spectra P using the non-negative least square (NNLS)

algorithm with an L, norm || - ||, on the following inequality [49]:
. 2 _
min||l, — RP|I3. (4-2)

The result is shown in Figure 4-6. Without the LHE enhancement, the spectral
reconstruction has a large error between 540 nm and 570 nm. The cone reflector increases its LHE
by more than 10 times, resulting in a much more accurate spectral reconstruction. Further
improvements are expected by increasing the number of photodetectors in the long wavelength

range and the level of responsivity with improved electrical characteristics.
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Figure 4-5: The relative LHE as a function of the cone-shaped Ag back-reflector’s sidewall angle
¢ calculated using 2D FDTD simulations. The nanopillar diameter is 50 nm. The edge-to-edge
spacing between two adjacent pillars is 50 nm.
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Figure 4-6: LHEs of various photodetectors with different nanopillar diameters for an unpolarized,
normally incident light. The absorption cut-off wavelengths are 485 nm, 518 nm, 536 nm, 570 nm,
and 590 nm in the order of the nanopillar diameter. The LHE is defined as the fraction of light
intensity absorbed by the InGaN active region in the wavelength range 20 nm above the cut-off
wavelength. For each photodetector, the LHEs for different light-trapping designs are also shown:
“prior result” corresponds to the experimental device that was previously reported without any
light-trapping structure and with a low nanopillar fill factor. Proposed design contains a high fill
factor, metallic, and TiO2 grating corresponds to the complete light-trapping structure shown in
Figure 4-4.
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4.4 Electrical Characteristics of Nanopillar pn Junction Diode

In this section, we studied the electrical characteristics of the photodiodes comprising of
nanopillars with diameter 55 nm to thin film. Current density-voltage (J — V) measurements were
performed at room temperature and under dark conditions using Keithley 4200 semiconductor
parameter analyzer. We fitted the experimental (J — V) curves as shown in Figure 4-7(a), using an
equivalent circuit model, which is also shown in Figure 4-7(b). The current equation of an ideal

diode is given by Shockley diode equation [220-224] and can be described as:

qVv

I = Isexp (W) (4-3)

But a real diode has unwanted parasitic resistances for which the Shockley equation

modifies as:

1= (52 = exp(q (S22, (4-4)

nkpT

where R, represents the series resistance that includes both the contact resistance and the
bulk resistance through the nanopillar. Rp represents the shunt resistance due to surface leakages.
1 denotes the ideality factor. We used a MATLAB algorithm for fitting the (J — V) curves using
Equation 4-4. Here, we present the fitting results for only three photodiodes i.e. blue (55 nm),
green (200 nm), and red (thin film) channels as shown in Figure 4-8 (a), (b), and (c), respectively.
MATLAB code can be found in Appendix C.

When fitting R, we used the same resistivity p, of the different photodiodes because they
were fabricated on the same epitaxial wafer. We obtained R, to be 230 Q (red), 1.9x10* Q (green),
and 1.3x10°Q (blue); and Rp to be 10° Q (red), 4x10° Q (green), and 5x10°Q (blue). The smaller
values of R; compared to Rp suggest that dominant photo-generated carrier transport occurred

through the p-MQW-n junction inside the nanopillar. Further observing the R and Rp values for
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the three photodiodes, the difference between Rg and Rp is much smaller for the blue (55 nm)
channel. In particular, Rp for the smallest diameter nanopillar array is three orders of magnitude
smaller than that for the red and green nanopillars, suggesting a non-negligible surface leakage for
the blue nanopillars. We attribute this enhanced surface leakage for the blue nanopillars to the
plasma damage during the ICP-RIE rather than intrinsic to the epitaxial materials since all red,
green, and blue photodiodes share identical device structures and fabrication processes. It has been
reported that the penetration depth of the plasma damage due to the Ar and/or Cl; etch gas is
approximately 50-100 nm [225-227], which is larger than the diameter of the blue-emitting
nanopillars. Although the top region of the p-GaN was protected by the Ni etch mask, the plasma
damage can still affect the sidewall of the InGaN active region, leading to large leakage current
through surfaces and tunneling current through MQWs even if electrons and holes are transported
through the inside of the nanopillar. This is further confirmed by the larger ideality factor m
associated with the blue photodiode. A large ideality factor for the InGaN LED is often attributed
to defect-assisted tunneling through the MQW region. From the (J — V') curves, the ideality factor
n was estimated to be 6.5, 9, and 28 for the red, green, and blue photodiodes, respectively.
Meanwhile, the green nanopillar has a diameter larger than the plasma damage penetration depth.
Therefore, the green photodiode exhibits better optical and electrical characteristics compared to

the blue nanopillar.
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Experimental responsivity measurements give strength to our discussion. The normalized
responsivity of the smallest photodiodes was ~10X lower than that of the larger ones (Figure 2-
7(b)). The difference is attributed to the surface recombination of photogenerated electrons and
holes. To reduce the impact of plasma damages, one can increase the initial dimensions of the
nanopillars after ICP-RIE and remove the outer 50 —100 nm of materials using a wet etch
[226,227]. Surface passivation has also been shown to reduce the surface recombination [228,229].

Proper surface passivation is expected to bridge the gap in the future.

4.5 Conclusion

In summary, we have demonstrated an absorption-based on-chip optical spectrometer
design based on a standard LED epitaxial stack. Using local strain engineering, the detector’s
absorption cut-off wavelength can be tuned geometrically by various lithographically defined
arrays of nanopillars with different diameters. In spite of InGaN’s high absorption coefficient, the
lattice mismatch between InGaN and GaN limits the LHE of an InGaN/GaN MQWs to a few
percentage points. To this end, we introduced a simple cone-shaped, Ag-coated back-reflector at
the bottom side of the sapphire substrate to enhance the absorption. The interplay between the light
scattering from the nanopillar array and the deflection from the cone shape significantly increases
the absorption length through the active region. The LHE can be further enhanced with the addition
of a thin TiO2 film dotted with a two-dimensional TiO: periodic structure. Using a photodetector
design previously demonstrated by experiments, LHEs of 20-60% can be obtained in the
wavelength range of 450 nm—590 nm, which represents a 10-fold improvement on the prior results.

Not only can the Ag-coated cone-shape back-reflector be readily fabricated using mature
patterned sapphire substrate processes, but the enhanced LHEs can lead to improved accuracy of

spectral reconstruction in the situation when the number of photodetectors is smaller than the
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degree of freedom or the number of independent wavelengths. Moreover, the LHE enhancement
to the cone-shaped back-reflector and the top TiO:2 layer exhibit weak dependence on the incident
angle of light, reducing the requirement to include collimation optics as is often needed for most
spectrometers. Therefore, our spectrometer design can enable an ultrathin form factor for an array

of spectrometers on the chip, which can be attractive for many mobile applications.
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Chapter 5 Miniaturizing a Chip-Scale Spectrometer Using Local Strain Engineering and

Total-Variation Regularized Reconstruction*

A wafer-thin chip-scale portable spectrometer based on reconstructive algorithms was
proposed and demonstrated. 16 spectral encoders which simultaneously functioned as
photodetectors were monolithically integrated with a chip area of 0.16 mm? using the principle of
local strain engineering in compressively strained InGaN/GaN multiple quantum well structures.
The built-in GaN pn junction enabled photocurrent measurements at a zero bias. A non-negative
least square (NNLS) algorithm with total-variation (TV) regularization and a choice of kernel
function was shown to deliver a decent spectral reconstruction performance in the wavelength
range of 400 — 650 nm. The accuracies of spectral peak positions and intensity ratios between
peaks were found to be 1.08% and 11.3%, respectively. No external optics such as collimation
optics and apertures were used or necessary in the experimental demonstration, enabled by angle-
insensitive light-harvesting structures, for an incident angle of light up to 30°, which included an
array of nanopillar-shaped light absorbers and a cone-shaped back-reflector fabricated on the
underside of the sapphire substrate. The small chip area together with a computationally efficient
spectral reconstruction algorithm makes the proposed spectrometer especially suitable for

wearable applications.

4 T. Sarwar, C. Yaras, X. Li, Q. Qu, and P.-C. Ku, "Miniaturizing a Chip-Scale Spectrometer Using Local Strain
Engineering and Total-Variation Regularized Reconstruction," Nano Lett. 22(20), 8174-8180 (2022). TS: methodology,
experiment, data analysis, and results interpretation; CY and XL: spectral reconstruction analysis under the supervision of QQ.
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5.1 Background

Optical spectroscopy is one of the most important and widely utilized scientific techniques. A
spectrometer measures an optical signal’s spectrum, i.e., the relative power spectral density P(A)
at different wavelengths A. A visible-wavelength spectrometer is a versatile tool for applications
in chemistry, life science, microbiology, food industry, biomedical sensing, lab-on-a-chip,
environmental monitoring, pharmaceutical research, cosmetic industry, and quality control. A
spectroscopic system consists of three parts: a light source for reference or fluorescence excitation,
a series of spectral encoders to encode the optical signal from the sample, and one or more
photodetectors to convert the encoded signal into the spectrum. The most common Czerny—Turner
configuration[16] (e.g., in a monochromator) uses a grating to encode the signal’s wavelength onto
different spatial coordinates, which are subsequently measured by a linear photodetector array.
The Fourier-transform spectrometer (e.g., FTIR) encodes the signal’s autocorrelation using a
variable delay line which is then converted into the signal’s spectrum via the Fourier transform.
The tunable light spectrometer (e.g., a tunable laser spectrometer; an oximeter in a
smartwatch[136,181]) uses multiple LEDs or a tunable laser as the encoder to isolate the signal
one wavelength at a time. However, this approach is not suitable for detecting an active optical
signal such as that from fluorescence, chemi-, and electro-luminescence. The reconstructive
spectrometer encodes the signal with multiple broadband spectral filters, R, (A1) where k is the
index of the spectral encoder.[230] Each of the encoded signals is measured by a separate or
integrated photodetector. The collective photocurrents {I,} are then used to reconstruct the
spectrum, e.g., using a non-negative least square (NNLS) algorithm P(A): minps||I — RP||?/2.
The reconstructive spectrometer has attracted intense research interests recently[29,30,64—66,40—

42,44,55,61-63] because 1. Computational power per watt-dollar grows rapidly; 2. Spectral filters
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can be highly compact and mass produced; 3. With machine learning and optimization advances,
the spectrum can be efficiently reconstructed even with only a small number of
encoders/photodetectors.[33,66,67] These features are especially attractive when miniaturizing a
spectroscopic system.

In this chapter, a low-profile reconstructive spectrometer with only the thickness of the
semiconductors and an operating range spanning the visible wavelength spectrum is reported.
Visible spectrometers have broad applications in UV-VIS, fluorescence, and chemi-/electro-
luminescence spectroscopy. In our design, the spectral encoders are based on wide-bandgap
gallium nitride (GaN) semiconductors. As GaN semiconductors are an excellent light emitting
material, monolithic integration of a reference or excitation light source on the spectrometer chip
is possible and has been shown previously.[161] Heterogeneous integration with silicon
transimpedance amplifier (TIA)[231] or monolithic integration of GaN TIA[232] have also been
previously reported for GaN-based detectors.

The GaN-based spectral encoders were programmed using local strain engineering and had
a very weak dependence on the incident angle of light[29], eliminating the need to condition the
optical signal’s angle distribution with collimation optics or an aperture. Computationally efficient
machine learning methods were applied to further reduce the number of encoders needed and the
chip area of the spectrometer without greatly sacrificing the spectral reconstruction performance.
The result is an ultrathin-film form factor as illustrated in Figure 5-1 which is suitable for the
integration with a lab-on-a-chip sensor for epidermal sensors, biochips, neuro- and endoscopic

probes, internet-of-things, and environmental monitoring.
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Figure 5-1: The conceptual illustration of the strategies used to achieve a low-profile ultrathin
spectrometer chip based on the spectral reconstruction technique utilizing an array of GaN-based
spectral encoders and photodetectors (This Work). As shown is the monolithic integration of the
GaN reference or excitation LED and three spectral encoders which double as photodetectors. The
programming of each spectral encoder is via local strain engineering using nanopillar-shaped
InGaN/GaN multiple quantum wells (MQWs). The negligible angle dependence of the spectral
encoders’ absorption eliminates the need to condition the incident optical signal using collimation
optics or apertures, enabling a direct integration on a lab-on-a-chip platform.

5.2 Device Design

A proof-of-concept chip-scale reconstructive spectrometer consisting of 16 spectral
encoders was prepared (Figure 5-2; see Methods — Sample Preparation). Each encoder consisted
of a pn junction and therefore also functioned as a photodetector biased at a zero voltage.
Moreover, each encoder exhibited a unique spectral responsivity determined by the geometric
shape of the constituent light absorbers. The encoder comprises of an array of nanopillar-shaped

GaN nanostructural light absorbers. The strain profile of the InGaN/GaN multiple quantum wells
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(MQWs) inside each nanopillar follows a hyperbolic secant (4sec) profile along its radial direction
with a zero strain (fully relaxed) at the perimeter and an increasing strain (partially relaxed) toward
the center.[116] When the nanopillar diameter is large, the strain at the center reaches its maximum
value as determined by the lattice mismatch between InGaN and GaN. However, as the nanopillar
diameter is on the order of several hundreds of nanometers or smaller, the strain at the center does
not reach the maximum value. A smaller strain increases the bandgap and decreases the absorption
cutoff wavelength, allowing the spectral response to be programmed simply by changing the

nanopillar’s diameter using lithography and etching.
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Figure 5-2: The device schematic showing the cross-sectional view of seven photodetector sections
and the light-trapping back reflector. Each photodetector section consists of an array of nanopillar-
shaped LEDs of a different diameter. The diameter programs the spectral response via local strain
engineering.
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5.3 Methods

5.3.1 Sample Preparation

The sample used in this study was grown on a 50-mm diameter double-side-polished
(DSP), c-plane sapphire substrate by a commercial foundry (NovaGaN) using metal-organic
chemical vapor deposition (MOCVD). The epitaxial structure was a simple LED heterostructure
with GaN pn junction and five periods of Ino32GaoesN (2.5 nm)/GaN (12 nm) multiple quantum
wells (MQWs) in the active region. No electron blocking layer was added. The indium
composition in the MQWs was controlled such that electroluminescence at room temperature
showed red emission (A=630nm at 7V). The sample started with the underside of the substrate
with the preparation of dome-like light trapping structures. First, 500-nm thick SiO; was deposited
on the front side of the substrate to protect the epi-layers. A photoresist (SPR 220) was then spin-
coated on the backside of the substrate and patterned with an array of circles (4 um diameter with
an interval of 3 um) using optical lithography. The resist was reflowed at 140° C for 6 minutes
using a hot plate in air to achieve the desired shape. Next, the resist pattern was transferred to the
sapphire substrate using inductively-coupled-plasma-reactive-ion-etching (ICP-RIE), resulting in
a sidewall angle of ~32°. The shape and sidewall angles of the dome-structures were verified by
atomic force microscopy and shown in Figure 5-3. The scanning electron microscopy (SEM)
image of the resulting dome-structures array is shown in Figure 5-4(a). After ICP-RIE, SiO; layer
was removed using Buffered HF. A 300 nm thick Ag layer was deposited on the domes as the
reflector.

The photodetectors with integrated spectral encoders were fabricated by a top-down
process. Electron beam lithography and ICP-RIE were used to define the nanopillars of various

diameters. To get a vertical sidewall and remove the plasma damage, a wet etch in a buffered KOH
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solution (AZ 400K) was performed after the dry etch. The SEM images for the 60 nm GaN
nanopillars are shown in Figure 5-4(b). After achieving cylindrical nanopillars with a height of
200 nm, the sample was planarized. A 500 nm SiO> was deposited using plasma-enhanced
chemical vapor deposition (PECVD) followed by a 600 nm spin coating of
polymethylmethacrylate (PMMA). After planarization, PMMA and SiO; were etched back using
ICP-RIE with a subsequent ion milling to expose the tips of the nanopillars. lon milling was used
to avoid plasma damage on the circumference of the exposed nanopillars. Finally, the metallization
for the electrical interconnects was carried out. We used 7 nm/7 nm Ni/Au layer for p-contact
thermally annealed in air and 30 nm/100 nm Ti/Au for n-contact. All photodiodes share a common
n-contact. Bright-field optical microscope images of the spectral encoders after metallization are
shown in Figure 5-5. Pictures of the sample at the beginning of the process and the fabricated
spectrometer device used in this work are also shown in Figure 5-6. The detailed fabrication
process flows of nanopillars and the dome structures are shown in Figure 5-7 and Figure 5-8,

respectively.

Figure 5-3: The 3D AFM image of cone structures fabricated on the backside of the sapphire
substrate (left). Surface height histograms are also shown with a 20 um scan length (top right).
The bottom right scan is the zoom view of the center parabola. Scan shows a height of 2.074 pum
giving a sidewall angle of 32°.
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Figure 5-4: The scanning electron microscopy (SEM) image of a representative nanopillar array is
shown on the bottom-left. The SEM bird’s-eye view of the light-trapping back-reflector is shown
on the bottom-right.

Figure 5-5: (Left) The bright-field optical microscope image of the array of spectral encoders, each
with a size of 100pm x 100pum. The underside of the substrate is patterned with an array of cone-
shaped light-scattering structures coated with silver. (Right) The zoom-in view of three encoders
comprising of arrays of nanopillars of different diameters.
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Figure 5-6: The starting sample (left) and the fabricated spectrometer device (right) used for the
demonstration in this work. The array of dark squares on the right are the spectral encoders shown
in Figure 5-5. The silver background is from the silver coating on the underside of the sapphire
substrate. The dark color of the spectral encoders is the result of light absorption. The yellow-ish
tint on the left is from the weak light absorption through the InGaN/GaN multiple quantum wells.
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Figure 5-7: Spectral encoders’ detailed fabrication flow using a top-down approach.
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Figure 5-8: Fabrication process flow of cone-shaped structure on the sapphire substrate.
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5.3.2 Optical Measurements

Each photodiode was characterized for its intrinsic response under the illumination of a
monochromatic light in the spectral range of 400 nm to 700 nm with a step size of 1nm. We used
a solar simulator (Abet Technologies) as the light source. The broadband spectrum was filtered
through a monochromator (Acton 25001, 0.500m focal length triple-grating) and impinged upon
each photodiode via fiber optic cable. The photocurrent was measured at 0V using a current meter
(Keithley 6482). The optical power of the impinged light was separately measured from a reference
detector. The responsivity of each photodiode was calculated from the measured photocurrent and
optical power of incident light. We also considered the estimated illumination area and the
dimensions of each photodiode (including areas without nanopillars) in the responsivity

calculations.

5.4 Responsivity-Results

Figure 5-9 shows the 16 encoders’ responsivities Ry (A1) measured at OV with a 1-nm
spectral resolution as a function of the nanopillar’s diameter (see Methods — Optical
Measurements). We also determined the operating wavelength range by using the NNLS algorithm
with a monochromatic delta-function spectrum &(f,) as an input tuned from 400 nm through 700
nm. We calculated the photocurrents I, = R, d(f,) and applied NNLS to check how well 6(f;)
can be recovered. The reconstructed peak wavelength versus the input is plotted in Figure 5-10.

The straight-line segment from 400 nm to 645 nm represents the operational window of the device.
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Figure 5-9: The responsivities of the 16 photodetectors measured using a tunable monochromatic
light (see Methods — Optical Measurements). The legend shows the diameter of the nanopillar in
each photodetector, ranging from 60 nm to thin film (TF). The responsivity is not normalized to
the active region area but rather to the chip area.
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Figure 5-10: The spectrometer’s spectral reconstruction accuracy in the range of 400 nm to 700
nm, using both the monochromatic input (solid curve) and LED sources (dots). A diagonal section
between 400 nm and 650 nm represents the spectrometer’s operating range.
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5.5 Dependence on Angle of Incidence

In a spectrometer, the encoders’ spectral responses Ry (1) must remain constant under all
measurement conditions for the reconstruction algorithm to correctly determine the spectrum.
Thus the incident light’s angle distribution is often conditioned in a reconstructive spectrometer,
e.g., by letting it go through a pinhole or/and collimation optics. This is because the spectral
response is generally sensitive to the incident angle of light. The external optical elements filter
or/and fix the distribution of the incident angles but also increase the difficulty of miniaturizing
the spectrometer, especially achieving a chip-scale device with a low profile. While on-chip
aperture and coupler have been reported to address this limitation, these structures inevitably
reduce the light-harvesting efficiency (LHE) and the signal-to-noise ratio (SNR). Alternatively, a
nanostructural absorber can reduce the sensitivity as light can bound around between the
nanostructures which effectively randomizes the angle distribution. A light trapping structure,
which increases light scattering at all angles also helps.

In this work, a periodic array of microscale dome-like silver-coated back-reflectors was
added on the back side of the sapphire substrate. Figure 5-11 shows the LHEs of different encoders
as a function of the incident angle of light. The result suggests that the LHE is relatively insensitive
to the incident angle of light up to +30° corresponding to a numerical aperture of 0.5. The
sensitivity increases when the incident angle is more than 30° for larger-diameter and thin-film
photodetectors. Further improvements are possible with a second light scatterer added on the top

[29] or a microlens to function as a spatial filter.
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Figure 5-11: The light-harvesting efficiencies (LHEs) of different photodetectors as a function of
the incident angle of light calculated using the three-dimensional finite-difference-time-domain
(FDTD) method. The legend shows the diameter of the nanopillar in each photodetector. A bottom
light-trapping structure with a sidewall angle of 32° as shown in (A) was included in the
calculations

5.6 Spectroscopic Performance

To characterize the spectral reconstruction performance, a variety of commercial 5-mm
LEDs of different colors and their combinations were used as the test light sources. These LEDs
were mounted around 5 cm above the sample with no special alignment or any external optical
elements other than making sure the light from all LED devices hit the photodetector area on the
sample. The LED emission was separately measured by a commercial spectrometer to obtain the
ground truth.

To reconstruct the spectrum, as there are only 16 spectral encoders, the linear system

specified by Ry (1) is heavily underdetermined. On the other hand, Rj, (1) may change for different
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scenarios. While the LHE of the photodetectors used in this study is relatively insensitive to the
incident angle of light up to £30°, the sensitivity starts to increase at a larger incident angle for
large-diameter and thin-film photodetectors. The change in the illumination angle distribution may
lead to the uncertainty of R; (1) which means the reconstructed solution may be inaccurate.

To address both challenges, we introduced a variant of total-variation (TV) regularization

[233]. The TV loss is defined as ||S||3, = %||DS||%, where D € R300%300 s the first-order

difference matrix given by

[1 -1 0O 0 O 0]
|0 -1 - 0]
o o 1 -~ 0|
D=, o ol (5-D
|l0 _1JI
O 0 0 0 O 1

We solved § = arg mings, %||I — RS||5 + A||S]|3y, where A > 0 is the weight of the TV loss.

We can interpret the optimization problem as

§ = agming.o 2 |[R]s-[]]] (52

Given the size of the new sensing matrix [ /1RD]’ the original problem is now transformed into an

over-determined system. This is the uniqueness of our solution for estimating the spectrum.
Second, using the modified TV regularizer improves robustness to the uncertainty of Ry (4). It is
well understood that adding a regularizing term (e.g., ridge regularization) reduces the sensitivity
of the solution S to errors in the measurement process [234]. In particular, regularization schemes
such as ridge regression are known to be optimally robust against perturbations in the sensing

matrix R, which is precisely where the uncertainty arises [235]. Finally, it is worth mentioning that
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our formulation is a specific instance of generalized ridge regression — in this case, we encourage
the reconstructed spectrum to be smooth, which is generally applicable to most optical spectra.

In the following, we present the results of TV regularized spectral reconstruction with an
empirical choice of A = 107> using MATLAB’s Isqnonneg routine. The results are summarized
in Figure 5-12, where Figures 5-12(a) and 5-12(b) show the results from single- and three-LEDs,
respectively. More results can be found in Appendix D. Moreover, for many potential applications
of a miniaturized spectrometer, the nature of the optical signal is almost always known a priori.
In this study, the LED emission can be represented by the sum of multiple Lorentzian-shaped lines,
i.e., inhomogeneously broadened. Therefore, in addition to the above results from TV

regularization, we convolve the result with a Lorentzian kernel function

AE

L, AE) = 250 yerar

(5-3)

where AE is the FWHM line width, h is the Planck’s constant, and c is the speed of light. A
commercial LED typically has a line width in the range of 3 — 10kT. In this work, we chose AE =

6kT.

5.7 Spectrum Reconstruction Accuracy

Figure 5-13 summarizes the spectral reconstruction performance. We focus on the major
features of the spectrum such as the peak positions and the relative optical powers between these
peaks, which are likely going to be sufficient for many miniaturized spectrometers’ targeted
applications. The accuracy of the peak wavelengths has a standard deviation of 0.97%,
corresponding to 4 to 6 nm of wavelength accuracy in the visible wavelength range. The accuracy
for the intensity ratio at different peak positions is not as good with a standard deviation of 21.1%

or 10.4% if the one outlier is removed). Accurately determining the intensity ratio requires more
y g y q
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spectral information and hence a larger number of spectral encoders, which is left for future
investigations. Increasing the number of spectral encoders is also expected to improve the

wavelength accuracy but at the expense of a larger chip area and more computational resources.
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Figure 5-12: The measured spectra constructed from a TV-regularized NNLS algorithm (solid
curves) and their comparison to the ground truths (dashed curves) measured by a commercial
spectrometer. (a) A series of single-color Smm LEDs as the test light sources. A total of 10 were
measured with six results shown here (see Appendix D for the entire data set). (b) Test light source
with three Smm LEDs of different colors.
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Figure 5-13: The accuracies of spectral reconstruction performance of various test light sources
comprising of 1, 2, and 3 LEDs of different colors. (a) The accuracy of the reconstructed peak
wavelength positions A4 = Ayeconstructea — 4 as compared to the ground truth (4). (b) The
accuracy of the intensity ratios ARatio at different peak wavelengths as compared to the ground
truth (Ratio).

5.8 Discussion

In this work, we assumed the nature of the optical signal was known to improve the spectral
reconstruction with an appropriate kernel. It is likely true that the optical signal in many scenarios
is categorizable based on the specific application. On the other hand, those applications often have
constraints on system size, thickness, weight, power consumption, and reliability under constant
motion. The proposed spectrometer design in this study is most suitable for applications that value
the thinness and lower power consumption more than the ability to analyze an arbitrary spectrum
with a high spectral resolution. Examples can include a wearable or epidermal sensor that regularly
monitors an optical signal for a long time.[236-238] By thinning or removing the sapphire

substrate and vertically stacking a silicon ASIC that incorporates TIA and microprocessor for
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spectral reconstruction as illustrated in Figure 5-1, the overall dimensions of the spectrometer can
be no more than a few hundred micrometers in thickness and a few millimeters in the lateral
directions. Multiple photodetectors can share one TIA in a round-robin fashion.

While advanced machine learning methods such as deep learning can likely improve the
spectral reconstruction performance, they require training with a large number of test light
sources.[33,66] In this study, an alternative was suggested based on the known nature of the optical
signal---in our case, the Lorentzian lineshape of the LED emission. By manually convoluting the
appropriate kernel with the reconstructed spectrum obtained from a simple NNLS algorithm can
greatly increase the computational efficiency of the spectrometer while still achieving a reasonable
accuracy. Such an approach can potentially greatly reduce the power consumption, a feature likely

important for wearable applications.

5.9 Reducing the Number of Detectors

A key step in miniaturizing a spectrometer is determining a minimal subset of detectors
that can achieve accurate reconstruction results. However, if we have M available detectors, the
time to find an optimal solution to this problem scales exponentially with M. Instead, we can use
a “greedy” approach to significantly reduce the number of detectors without sacrificing
performance, which scales only quadratically with M. The algorithm is as follows: at iteration t,
we keep a candidate subset of detectors S; (we set initial S, to be all available detectors). We then
choose § to be the detector s € S; that minimizes L(S; \ {s}), where L(S) is a loss function

measuring reconstruction performance using the subset S of detectors. For our purposes, we use

L(S) =X (x; — 2% + (0 — )%, (5-4)
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Figure 5-14: Determination of the spectral reconstruction performance using a subset of spectral
encoders for the 3-LED spectrum. For each iteration, the encoder that minimizes the loss function,
which evaluates the difference between the reconstructed spectrum and ground truth based on the
position and magnitude of the spectral peaks, is removed. This process continues until the increase
of L for the new iteration exceeds 1%. (a) The percentage increase of the loss function L after each
iteration. The increase is negligible up to nine encoders removed, suggesting seven encoders will
be sufficient for an accurate reconstruction of the 3-LED spectrum. (b) and (c): The comparison
of the spectral reconstruction performance for the entire set of 16 encoders and with only 7
encoders. No noticeable differences can be observed.

where {(x;, pi)}?gﬂ} are the pairs of peak locations and magnitudes of the ground truth spectrum
(ordered such that p; > p, = -+ = py), {(X;, ﬁi)}gzl} are the largest N pairs of peak locations and
magnitudes of the reconstructed spectrum using detectors (ordered such that p; = p, = -+ = py),
and N is the number of peaks in the ground truth spectrum. If there are less than N peaks in the
reconstructed spectrum, we let L(S) = c. We then remove § from our candidate subset, setting
St+1 = St \ {8}. If the percent increase in L is larger than some threshold (e.g. 1%), then S; is the
final subset, otherwise, we continue to the next iteration.

We applied this procedure to our M = 16 detectors on the same test light source with three
5 mm LEDs of different colors. Results are shown in Figure 5-14. We found that we could remove

9 consecutive detectors until there is any loss in reconstruction, and we stopped on iteration 10,
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the final minimal subset consists of detectors 10-16. While we had more than halved the number
of detectors used, the reconstruction results shown were nearly identical to the spectrum recovered

using all 16 detectors.

5.10 Specific Detectivity D*-Figure of Merit

Specific detectivity D*is an important figure of merit for a photodetector based on which

the sensitivity of a photodetector is quantified [239-242]. Numerically, it is given by,

« _p |1 -
D* =R /Ze]d, (5-3)

where R is responsivity, J; is dark current density, and e is the electronic charge.

According to Equation (5-5), specific detectivity D* is related to the dark current for a
photodetector. This makes the dark current an important factor. High dark currents yield high noise
levels due to which D* decreases. In this work, GaN-based photodiodes comprising of an array of
nanopillars having a diameter of 1000 nm, 600 nm, and 100 nm showed a maximum responsivity
of 4.82 X 10~* A/W, 2.57 x 107> A/W, 3.24 x 107 A/W and D*of 2.98 x 10° Jones, 6.07x
108 Jones, 2.23 x 107 Jones, respectively. The thin film showed a maximum responsivity of 3.7 X
10™* A/W and D*of 1.17x 1019 Jones. Figure 5-15 illustrates the results for D* as a function of

wavelength for different photodiodes.
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Figure 5-15: The D* of the photodetectors measured from the responsivity and dark current. The
legend shows the diameter of the nanopillar in each photodetector, ranging from 60 nm to thin film
(TF).

5.11 Conclusion

A wafer-thin chip-scale portable spectrometer system based on the NNLS spectral reconstruction
algorithm was proposed and demonstrated. A total of 16 spectral encoders which simultaneously
functioned as photodetectors were monolithically integrated with a chip area of 0.16 mm? using
the principle of local strain engineering in compressively strained InGaN/GaN MQW structures.
When the InGaN MQW active region is shaped into an array of nanopillars, the strain is relaxed
from the edge of the nanopillar which modifies the absorption cutoff wavelength and the spectral
response. Using different nanopillar diameters, the absorption properties were programmed and
tuned across the visible spectrum. The built-in GaN pn junction enabled photocurrent

measurements at a zero bias. The sensitivity of the absorption was suppressed for an incident angle
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of light up to 30° using a cone-shaped back-reflector fabricated at the underside of the sapphire
substrate. As a result, no external optics such as collimation optics and apertures were used or
necessary in the experimental demonstration. A non-negative least square (NNLS) algorithm with
total-variation (TV) regularization and a choice of Lorentzian kernel function was shown to deliver
a decent spectral reconstruction performance in the wavelength range of 400 — 650 nm. The
accuracies of spectral peak positions and intensity ratios between peaks were found to be 1.08%
and 11.3%, respectively. The small chip area together with a computationally efficient spectral
reconstruction algorithm makes the proposed spectrometer especially suitable for wearable

applications.
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Chapter 6 Conclusion

6.1 Summary

In summary, we proposed and demonstrated a reconstructive optical spectrometer concept
based on GaN semiconductors. Local strain engineering in GaN DIW nanopillar structures enabled
the control of the absorptive and emission properties of each diode. Spectroscopic functionality
was demonstrated using advanced machine-learning methods. The ultrathin profile of the proposed
spectrometer chip enables miniaturize spectroscopic techniques, including UV-VIS, fluorescence,
chemi-, and electro-luminescence, and diffuse reflectance spectroscopy to open new opportunities

for biosensing, neuro- and endoscopic probes, internet-of-things, and environmental monitoring

First, an array of monolithically integrated GaN-based photodiodes with built-in spectral
filtering responses was demonstrated. The comparison to the emission wavelength variation from
the same set of devices confirmed the strain relaxation was the major cause for the blue shift of
the absorption cutoff wavelength with a decreasing nanopillar diameter. Spectroscopic function
was also demonstrated using only 14 photodiodes in combination with a spectral reconstruction
algorithm. The spectral filtering is intrinsic to the DIW nanopillars and has negligible dependence
on the incident angle of light, enabling an optics-free spectrometer chip and simplifying integration

in a lab-on-a-chip layout.
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Second, we designed, fabricated, and demonstrated the feasibility of an optics-free
spectrometer chip with a monolithically integrated LED light source. With 13 photodetectors, we
successfully achieved spectroscopic functionalities in the wavelength range between 450 nm and
540 nm. We also demonstrated the feasibility of reflection spectroscopy using the on-chip LED
source and photodetectors simultaneously. The optical blocking structure successfully suppressed
the direct capture of the LED emission by the photodetectors, which were as close as 0.3 mm from
the LED. We showed that the spectrometer chip in this work did not require any external optics
for its functionality. Therefore, the proposed spectrometer design can potentially enable a
miniaturized spectroscopic system in an ultrathin film platform which can enable new

opportunities, e.g., a wearable spectrometer chip to monitor physiological conditions in real-time.

Third, we have demonstrated an absorption-based on-chip optical spectrometer design
based on a standard LED epitaxial stack. Using local strain engineering, the detector’s absorption
cut-off wavelength can be tuned geometrically by various lithographically defined arrays of
nanopillars with different diameters. In spite of InGaN’s high absorption coefficient, the lattice
mismatch between InGaN and GaN limits the LHE of an InGaN/GaN MQWs to a few percentage
points. To this end, we introduced a simple cone-shaped, Ag-coated back-reflector at the bottom
side of the sapphire substrate to enhance the absorption. The interplay between the light scattering
from the nanopillar array and the deflection from the cone shape significantly increases the
absorption length through the active region. The LHE can be further enhanced with the addition
of a thin TiO» film dotted with a two-dimensional TiO; periodic structure. Using a photodetector
design previously demonstrated by experiments, LHEs of 20-60% can be obtained in the

wavelength range of 450 nm—590 nm, which represents a 10-fold improvement on the prior results.
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Not only can the Ag-coated cone-shape back-reflector be readily fabricated using mature patterned
sapphire substrate processes, but the enhanced LHEs can lead to improved accuracy of spectral
reconstruction in the situation when the number of photodetectors is smaller than the degree of
freedom or the number of independent wavelengths. Moreover, the LHE enhancement to the cone-
shaped back-reflector and the top TiO: layer exhibit weak dependence on the incident angle of
light, reducing the requirement to include collimation optics as is often needed for most
spectrometers. Therefore, our spectrometer design can enable an ultrathin form factor for an array

of spectrometers on the chip, which can be attractive for many mobile applications

Lastly, a wafer-thin chip-scale portable spectrometer system based on the NNLS spectral
reconstruction algorithm was proposed and demonstrated. A total of 16 spectral encoders, which
simultaneously functioned as photodetectors, were monolithically integrated on a chip area 0of 0.16
mm? using the principle of local strain engineering in compressively strained InGaN/GaN MQW
structures. When the InGaN MQW active region is shaped into an array of nanopillars, the strain
is relaxed from the edge of the nanopillar, which modifies the absorption cutoff wavelength and
the spectral response. The absorption properties were programmed and tuned across the visible
spectrum using different nanopillar diameters. The built-in GaN pn junction enabled photocurrent
measurements at a zero bias. The absorption sensitivity was suppressed for an incident angle of
light up to 30° using a cone-shaped back reflector fabricated on the underside of the sapphire
substrate. As a result, no external optics such as collimation optics and apertures were used or
necessary in the experimental demonstration. A non-negative least square (NNLS) algorithm with
total-variation (TV) regularization and a choice of Lorentzian kernel function was shown to deliver

a decent spectral reconstruction performance in the wavelength range of 400 — 650 nm. The
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accuracies of spectral peak positions and intensity ratios between peaks were found to be 1.08%
and 11.3%, respectively. Spectral reconstruction for an under-determined system is a topic in a
rapidly developed field: compressive sensing. A more suitable algorithm may be identified to work

with the nature of our absorber spectral properties.

6.2 Future Perspective

The future vision of this research lays in creating a highly portable and versatile sensing
platform for various spectroscopic techniques. Spectroscopy is a system. Miniaturizing it involves
a combination of multiple inventing schemes to conceive a mature multifunctional version. This
study has a great potential to envision new avenues for which multilateral research can accelerate

convergence. In this section, a few prospects for future work are unveiled.

6.2.1 Automation of Data Acquisition

The first step in the pipeline is to replace the current experimental setup with a fully
automated system for better, faster, and more reliable data acquisition. The electrical
characterization of the spectroscopic chip was currently done by using micropositioners that
manually positioned the probes on one pixel at a time to measure photocurrents, which was a time-
consuming and arduous job. To sidestep this issue and accelerate the testing, wire bonding can be
used. The sample can be mounted on a leadless chip carrier (LCC), which provides an easy and
direct insertion on a circuit board. Electrical interconnects between the sample and LCC can be
made via wire bonding as shown in Figure 6-1. Electrical testing can be conducted with circuit

boards driven by executable code using computer programs.
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Automated chip testing will also facilitate a faster and more accurate spectrum recovery
with a limited number of photodetectors. With this, a massive amount of training data points can
be collected to design effective optimization methods. Moreover, instead of manually modeling

the data acquisition, a network can be formed to automatically sequence the whole data model.

Figure 6-1: Optical image of a silicon die, which is wire bonded on LCC [243]. The purpose is to
give an illustration of conceiving the automated mode of testing using our own device.

6.2.2 Entirely Integrated Hybrid Architecture

In future, research can be focused on the seamless integration and scaling of multiple
dissimilar functional components, including reference/excitation light sources, spectral encoders,

photodetectors, and measurement circuits in an ultralow profile. A conceptual illustration of the
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strategies is shown in Figure 6-2. In this dissertation, we showed a very weak dependence of GaN
photodetectors on the incident angle of light due to their inherent spectral filtering property. Taking
advantage of this, there is no need to condition the optical signal’s angle distribution with
collimation optics or an aperture enabling a direct integration on a lab-on-a-chip platform. The
proof-of-concept chip has a total thickness of <I mm and a lateral dimension of ~0.1 mm. In future,
the chip’s thickness can be further reduced to <50 um for flexible and wearable applications with

the removal of sapphire substrate or by using ultrathin silicon substrates
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Figure 6-2: Schematic of the proposed miniaturized spectrometer integrating all necessary
functional components including LED light sources, spectral encoders, photodetectors, and
measurement IC on a chip-scale platform in an ultralow profile (~<Imm or 40um with sapphire
removal and ultrathin silicon). Optical blocking (black rectangle) suppresses interference between
on-chip LED and detectors. As shown is the monolithic integration of the GaN reference or
excitation LED (one or more) and spectral encoders, which double as photodetectors.
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6.2.3 Developments with Machine-Learning

Spectral reconstruction for an under-determined system is a topic in a rapidly developed
field: compressive sensing. The reconstructive spectrometer has attracted intense research interest
due to its ability to offer miniaturization in the true sense. With machine learning and optimization
advances, the spectrum can be efficiently reconstructed even with only a small number of
encoders/photodetectors. Hence, in the future, new methods with more precise models are needed
to develop for better spectrum reconstruction. Finetune network architectures, hyperparameters,
deep learning methods, and their effectiveness are fast-growing challenging areas worth working

on.

6.2.4 Wearable Optical Spectrometer for Chemical Sensing

The photodetector’s size is currently 100 pmx100 pum with a photocurrent output from 0.1
nA up to~1 pA ata zero bias. To continue shrinking the detector’s size while improving the signal-
to-noise ratio, an optimization is required for both detector’s electrical property and light-
harvesting efficiency. This can be achieved by continuing improvements in the device fabrication
(e.g., the uniformity of the planarization process before metallization) and design. With these
optimizations and improvements, the number of detectors can be increased while decreasing the
chip area, which is suitable for sensor arrays. Figure 6-4 shows an illustration of a wearable senor
for noninvasive and multiplexed sweat monitoring. There are several powerful techniques, with
which the GaN nanostructures can be easily detached from their primary substrate and transferred

to another flexible substrate. This opens up a novel approach that can potentially enable the
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realization of foldable, flexible, deformable, and personal wearable optical spectrometers for

disposable chip application in a fully hybrid architecture.

Absorbance
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Figure 6-3: The illustration of the future integration of a wearable chemical sensor. The cross-
section of the proposed optical chemical sensor is also shown.

6.2.5 Optical Spectroscopy in UV/VIS Wavelength Extended to Infrared

As a part of this research, we have shown a decent spectroscopic functionality of our chip
in the wavelength range of 400 — 650 nm. Local strain engineering was used to tune the bandgap
of the nanostructures monolithically integrated on the chip. Group-III nitride semiconductors

exhibit direct bandgaps across a wide spectral range from 190 nm through 1.9 um. Strain
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engineering in III-nitride disk-in-wire (DIW) polar nanostructures can be extended from the
aforementioned spectral range. Upon the formation of quantum dots with a nanopillar diameter up
to a few tens of nanometers, I1I-nitride quantum dots can cover a wavelength range from 260 nm
through 1300 nm. Figure 6-4(a) shows this geometric tuning using Nextnano® by simulating a
nanopillar structure with 1 nm of InN QW embedded in a 12 nm GaN barrier. Hence, IlI-nitride
quantum dots can potentially provide an ideal platform to realize continuous and arbitrary tuning
across the UV, visible, and near-infrared spectra with heterogeneous integration of InN/GaN and
GaN/AIN heterostructures using for example the transfer printing technique.

Moreover, in the future efforts can be made on an all-semiconductor platforms with the
heterogeneous integration of silicon and GaN, the two most popular semiconductors. For example,
InN/GaN DIW nanostructures can be integrated with silicon photodetectors as passive spectral

filters. A possible design scenario is shown in Figure 6-4(b).

6.2.6 Hyperspectral Imaging

Finally, the theoretical and experimental analysis of the current study suggests that a GaN-
based optical spectrometer can be used for hyperspectral imaging. The main challenge of
miniaturizing a spectrometer is the difficulty of shrinking multiple dissimilar system components
while simultaneously addressing their integration and performance. On the hardware end, the focus
in future studies will continue to address three areas of need: 1. Chip-scale integration of
reconfigurable (narrowband, broadband) light sources with broadband spectral encoders with an
ultralow profile. 2. Further reducing the number of detectors by adopting new machine learning

methods that lead to faster and more accurate spectrum recovery. 3. Continuing shrinkage of the
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spectrometer’s chip area. Significant research in all these areas can eventually enable a large sensor

array or hyperspectral imaging with a high spatial resolution
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Figure 6-4: (a) Cut-off wavelength tuning of InN/GaN DIW nanopillar structures with different
diameters. Nextnano simulation tool was used to simulate a nanopillar with InN (1 nm)/GaN
(12nm). Strain-induced I1I-nitride quantum dots can cover a wavelength from 300 nm through 900
nm by properly choosing the composition, thickness, diameter, and barrier material. (b)
Conceptual design of heterogeneous integration of GaN semiconductors with silicon. It uses an
all-semiconductor construction where the integration takes place via tight-pitch SLID bonding.
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Appendix A

Code Flow Scheme of Nextnano 3 Software

/Drift-Diffusion Equations:\

Input: Describe Define quasi-Fermi levels
nanopillar
Structure Evaluate Band Structure using
deformation potential theory Poisson Equation:
: : Calculate global Strain with Define electrostatic potential
Define material continuum elasticity approach
parameters from
database Schrodinger equation:
Define Wave functions, Eigen

K Energies

Post processing
Output Calculate electric field, current
and optical absorption

o Optical and
Transition . .
¢ Wave function electronic
Matrix Elements .
properties

Figure A-1: Simulation flow scheme of Nextnano® software. The program was used to calculate
the band structure and Eigen state energies of the 3D nanopillar structure. GaN nanopillar was
comprised of a single InGaN quantum well with 2.5 nm thickness.
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Appendix B
MATLAB Program for Calculating Absorption in Nanopillar Structures

clear all;
close all;

datal = tdfread('10nmLH.txt', '"\t');
% datal = cellZmat (struct2cell (data));
data2 = dlmread ('10nmLH.txt","\t");
A=dataz;
indicesl = find(A(:,2)==0);
A(indicesl, :) = []1;
Enm LH = A(:,1);
Inm LH = A(:,2);
figure (1)
stem (Enm LH, Inm LH)

title('Overlap Integral LH');
xlabel ('Transition Energy(eV) ');
ylabel ('Overlap Integral LH')

.
4

[¢]
HH textfile3%%33%5%5%%5%%%%%55%

data3 = tdfread ('10nmHH.txt', '"\t');
datad4 = dlmread ('10nmHH.txt', "\t");
B=data4;
indices2 = find(B(:,2)==0);
B(indices?2,:) = [];
Enm HH =B (:,1)
Inm HH = B(:,2)

Ne e
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.
4

xlabel ('Transition Energy(eV) ')

title('OveElap Integral HH');

figure (2)
stem (Enm HH, Inm HH)

ylabel ('Overlap Integral HH'");
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D1=-3.7; %$1in eV same for both GaN & InN
D2=4.5; %$1in eV same for both GaN & InN
000000000000000000000000000000000000000000000000000000
O 0O 0O 00000 O0OO0DO0DODODODODOODODODODODODODODODOODODODODODODODODODOODODODOODODOOOOOO™DO

$%% NextNano I

$Taken at the center of Nanopillar x=0.125nm,
z= 10.125nm

y=0.125nm &

epsilon xx= -0.019;

%$Taken at the center of Nanopillar x=0.125nm,
& z=

y=0.125nm
10.125nm
epsilon yy= -0.019 ;
$Taken at the center of Nanopillar x=0.125nm, y=0.125nm
& z= 10.125nm
epsilon zz= 0.0056 ;
E 2=-1.91 ;
E 3=-2.13 ;
% effective mass of electron in InGaN
me well=(inv (((1-
indium composition) (me_GaN))+((indium_composition)/(me_InN
))) )
% effective mass of heavy hole in InGaN
mhh well=(inv (((1-
indium composition)/ (mhh GaN))+ ((indium composition)/(mhh I
nN))));
% effective mass of light hole in InGaN
mlh well=(inv (((1-
indium composition)/ (mlh GaN))+ ((indium composition)/ (mlh I
nN))));
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%Reduced mass heavy hole and electron
mr hh=(inv((l1/me well)+(1/mhh well))) *mO;
%Reduced mass heavy hole and electron

mr lh=(inv((l1/me well)+(1/mlh well))) *mO;

o

3 bandgap of InGaN

Eggw = indium composition*0.64+ (1-
indium composition) *3.44;

delta Ec = (3.4-Eggw) *0.6; % we assume 0.6/0.4
bandoffsets

delta Ev = (3.4-Eggw) *0.4;

0000000000000 00000000o0o0oo0o0oo0o0oo0o0oo0oo0oo0oo0oo0oo0oo0oo0oo0oo0oo0oooooocoooooaoaooo
000000000000 00000000000000000000000000000000000000O0O0o0
0000000000000 000000000o0o0o0oo0o0oo0o0oo0oo0oo0oo0oo0oo0oo0oo0oo0oo0oo0oooooocoooooaoaooo
0000000000000 00000000000000000000000000000000000000O0O0o0
— 1k N * / A * * * 1
pre factor = ((pi*(e)”"2*h bar mQ) *"2*c*n r*epsilon));

$TE-Polarization from HH-C

E p HH=((1-
indium_ composition)*E px GaN)+ ((indium composition)*E px In
N) ;
matrix moment HH=(1/4)*mO*E p HH;
lambda= (Dl*epsilon zz)+ (D2* (epsilon xx+epsilon yy));
p_square= 1; $%(E_2-lambda)/(E_2-E 3);%%ASSUMPTION

$TE-Polarization from LH-C
matrix_moment_LH=p_square*(1/4)*mO*E_p_HH;
f c=0;
£f v=1;

0 0 0000000000000 00000000000000000000000000000000000000ao0
5555505505 60506060066005060506060660506050606606605605065505606%
00 0000000000000 0000000O0 0 00000000000
3%5%%5%3%5%%%55%5%5%5%53%%53%5sIntegral Overlap LH$%%%%%%%%%%%
1 —_— .
1 1;

I LH = 0;
fs = [];
for E ILH = 1:0.001:3.4
for n =1 : length(d)
Enm LH = A(n,1);
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Inm LH = A(n,2);
if (E LH > Enm LH)
I LH = I LH + Inm LH;
end
end
matrix value (i, 1) = E LH;
matrix value (i, 2) = I LH;
% Final sum = sum; % final one value for whole text file
hold on;
figure (3)
plot(E LH, I LH, '.')

title('Overlap Integral LH');
xlabel ('Photon Energy(eV) ') ;
ylabel ('Overlap Integral LH'");
I LH = 0;

i =14+ 1;

enm LH=A(:,1);
inm LH=A(:,2);
% e start=min (enm);
% e _end=max (enm) ;
e start LH=1;
e end LH=3.4;
stepsize LH=0.001;
e LH=e start LH:stepsize LH:e end LH;
inew LH=[];
for 1=1:length (e LH)
xe LH=e LH(1);
x1 LH=0;
for j=1l:length (enm LH)
if enm LH(J)<xe LH
x1 LH=x1 LH+inm LH(J);
end
end
inew LH=[inew LH, x1 LH];
end
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.
14

.
14

xlabel ('SE LHS', 'Interpreter', 'Latex')

ylabel('$I_LH$',’Interpreter','Latex')

.
14

grid on
title('Overlap Integral LH'");

plot (e LH,inew LH)

figure (4)
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xlabel ('Swavelength$', 'Interpreter', 'Latex"')

1240/ (e LH(g));

length (e LH)

.
.
14

1
wavelength (g)

ylabel ('SI LHS', 'Interpreter', 'Latex')

plot (wavelength, inew LH)
title('Overlap Integral LH'");

for g

end
figure (11)
grid on
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3.4
T HH + Inm HH
% final one value for whole text file

: length (B)
2)
sum;

0.001

B(m,2);
if(E HH > Enm HH)

B(m,1);

1

=1
_HH

I

.
14

fgr m
Enm HH
Inm HH
end
matrixivalue(k,
Final sum
hold on

matrix wvalue (k,
figure (5)

for E HH
end

[
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plot (E HH, I HH, '.')
title('Overlap Integral HH');
xlabel ('Photon Energy(eV) '),
ylabel ('Overlap Integral HH'");

I HH = 0;
14
k =%k + 1;
14
00 0000000000000 00000oo0o0o0o0oo0oo0oo0o0o0oo0o0o0o0oo0o0o0o0oo0oo0oo0o0o0oo0oo0o0o0oo0oo0oo0oo0oo0oooo
5%%5%%5%5%%5%5%35%5%%5%5%53%5%5%55%5%5%5%555%5%5%55%5%%5%5%53%5%5%5%3%5%5%5%5%%%%5%%%
00 0000000000000 000000oo 0.0 000000000l
3%5%3%3%5%%%55%5%5%5%53%%53%ssIntegral Overlap LH$%%%%%%%%%%%

enm HH=B(:,1);
inm HH=B(:,2);
e start=min (enm);
e end=max (enm) ;
e start HH=1;
e end HH=3.4;
stepsize HH=0.001;
e HH=e start HH:stepsize HH:e end HH;
inew HH=[];
for t=1:length (e HH)

xe HH=e HH(t);

xt HH=0;

for p=1:length (enm HH)

1f enm HH(p)<xe HH
xt HH=xt HH+inm HH(p);

o
o
o

o

end
end
inew HH=[inew HH, xt HH];
end
figure (6)
plot (e HH, inew HH);
grid on;

title('Overlap Integral HH');
xlabel ('SE HHS', "Interpreter', 'Latex');
ylabel ('SI HHS', 'Interpreter', 'Latex');

figure (12)

plot (wavelength, inew HH);
grid on;

title('Overlap Integral HH');
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xlabel ('Swavelength$', 'Interpreter', 'Latex"') ;
ylabel ('SI HHS', 'Interpreter', 'Latex');

for s=1:1length (e HH)
absorp HH(s)=
(1/e HH(s))*pre factor*matrix moment HH* (f v-

f_c)*(mr_hh/(pi*(h_bar“Z)*Lz))*inew_HH(s)*(l/lOO);
end

figure (7)

plot (e HH,absorp HH);

grid on;

title('Absorption Coefficient HH');

xlabel ('SES', '"Interpreter', 'Latex"');

ylabel ('SAbsorption
Coefficient HHS', 'Interpreter', 'Latex');

figure (13)

plot (wavelength, absorp HH) ;

grid on;

title('Absorption Coefficient HH');

xlabel ('Swavelength$', 'Interpreter', 'Latex"');

ylabel ('SAbsorption
Coefficient HHS', 'Interpreter', 'Latex');

P

for z=1:length (e LH)
absorp LH(z)=
(1/e LH(z)) *pre factor*matrix moment LH* (f v-

f_c)*(mr_lh/(pi*(h_bar“Z)*Lz))*inew_LH(z)*(l/lOO);
end

figure (8)

plot (e LH,absorp LH);

grid on;

title('Absorption Coefficient LH');
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xlabel ('SES', 'Interpreter', 'Latex"') ;
ylabel ('SAbsorption
Coefficient LHS', 'Interpreter', 'Latex');

figure (14)

plot (wavelength, absorp LH);

grid on;

title('Absorption Coefficient LH'");

xlabel ('Swavelength$', 'Interpreter', 'Latex');

ylabel ('SAbsorption
Coefficient LHS', 'Interpreter', 'Latex');

=== == = =

for y=1:length (e LH)

absorp (y)= absorp HH(y)+absorp LH(y);

end

figure (9)

plot (e LH, absorp);

grid on;

title('Total Absorption Coefficient');

xlabel ('SES', 'Interpreter', 'Latex"') ;

ylabel ('SAbsorption Coefficient Total $ ',' Interpreter
','" Latex'");

figure (15)

plot (wavelength, absorp) ;

grid on;

title('Total Absorption Coefficient');

xlabel ('SWavelength$', 'Interpreter', 'Latex"');

ylabel ('SAbsorption Coefficient
Total$', 'Interpreter', 'Latex');

0000000000000 0000000000000000000000 00000000000 000
©000000000000000000000 ©000000000000000000000
/06/0666666666666666666R€Sp0n8lVlty/066/066666666666666666

k B= 1.38e-23;
T= 300;

u n=200 ;

u p= 20;
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P=2.5e-3;

Ref=0;

A=pi* ((D/2)" )

V=pi* ((D/2)"2)*Lz;

D n=((k_ B*T)/e)*u n;

D p=((k B*T)/e)*u p;

L n=sgrt (D n*t n);

L p=sqrt (D_p*t_p);

for f=1: length(e LH)

Res (f)=(A* (e* ((P*(1-Ref))/ (V*e LH(f)*1.6e-19))* (l-exp (-

absorp (f) *Lz) ) * (L n*le-2+Lz+L p*le-2)))/P;

End

figure (10)

plot (e LH,Res);

grid on;

title ('Responsivity');
xlabel ('SES', '"Interpreter', 'Latex"') ;
ylabel ('SResponsivity$', 'Interpreter', 'Latex"');

figure (16)

plot (wavelength, Res) ;

grid on;

title ('Responsivity');

xlabel ('SWavelength$', 'Interpreter', 'Latex"');
ylabel ('SResponsivity$', 'Interpreter', 'Latex"');
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Appendix C
MATLAB Program for Solving the Shockley Diode Equation
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xlsread (IV) ;

IVv="Bl11J.x1lsx"'
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Saturation
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Resilistance
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Rs=0.01
Rp=220

Parallel Resistance%%%%%
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Boltzmann Constant*T (300K)%%%%

vVt=0.026

n=15;
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Is error

res

[
o

=[1;
-5.4

.
4

(Is,2)

=l:size
i

J

for

1ze (V)

slze

=]1:

for

@(I) (I-((V(i)-I*Rs)/Rp)-

problem.objective
(Is(J)*(exp((V(i)-I*Rs)/(n*Vt)))));

138



% problem.objective = @(I) (I-((V(i)/Rp)-
((I*Rs)/Rp)+(V(i)/Rc)-((I*Rs)/Rc))-(Is(J)*(exp((V (1)~
I*Rs)/ (n*Vt)))));

problem.x0 = 1.0;

problem.solver = 'fzero'; % a required part of
the structure

problem.options = optimset (@fzero); % default
options

x = fzero(problem);
res(i)= x ;

end

Is error(j)=mean((B-res')."2)

figure (1)

plot (V,log(res), 'LinewWidth', 2)
hold on;

plot (V,1log(B), "'-g', 'LinewWidth', 2)

figure (2)
plot (V, res, "Linewidth', 2)
hold on;
plot(V,B,'-g', 'Linewidth', 2)
end

fprintf ('The final result is '");
res'

0000000000000 0000 0000000000000 000000000000000000000000

% Error analysis for V using formula

err= abs ((B-res'));

abs diff=sum(abs (B-res'));
err sg=err.”2;

t no=numel (err) ;

sum_err sg=sum(err sq);
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Appendix D
Spectrum Reconstruction Results Using NNLS and TV-Regularized NNLS

Algorithms for 1-LED, 2-LED, and 3-LED Test Light Sources
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Figure D-1: Spectral reconstruction from the measured photocurrents of 16 photodiodes under the
illumination of a 5Smm single color LED. In total of 10 different LEDs were used. The spectrum
recorded from a commercial spectrometer is also shown as a red dashed line for comparison. The
spectra reconstructed via (A-J) TV-regularized NNLS algorithm (solid blue curves) and (K-T) with
the addition of an inhomogeneously broadened Lorentzian lineshape with linewidth of AE = 6kT

(solid red curves).
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Figure D-2: Spectral reconstruction from the measured photocurrents of 16 photodiodes under the
illumination of a test light source comprising of two Smm LEDs with different peak wavelengths.
The spectrum recorded from a commercial spectrometer is also shown as a red dashed line for
comparison. The spectra reconstructed via (A-D) TV-regularized NNLS algorithm (solid blue
curves) and (E-H) with the addition of an inhomogeneously broadened Lorentzian lineshape with
linewidth of AE = 6kT (solid red curves).
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Figure D-3 Spectral reconstruction from the measured photocurrents of 16 photodiodes under the
illumination of a test light source comprising of three Smm LEDs with different peak wavelengths.
The spectrum recorded from a commercial spectrometer is also shown as a red dashed line for
comparison. The spectra reconstructed via (A) TV-regularized NNLS algorithm (solid blue curves)
and (B) with the addition of an inhomogeneously broadened Lorentzian lineshape with linewidth
of AE = 6kT (solid red curves).
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